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I INTRODUCTION 

I.l. INTRODUCTION 

In the beginning of this century the molecular beam technique was introdu

ced. Molecules effuse from a source into vacuum through a small orifice. With 

the aid of diaphragms a minute fraction of all effusing molecules is selected to 

form a beam of non-interacting molecules; this beam is used for further experi

ments, among others the famous Stern Gerlach experiment. 

In the source the pressure is held such that d/λ < 1; λ stands for the mean 

free path of the molecules in the source, d is the orifice diameter. Optimum 

intensity of the beam is reached for d/λ = 1 

At higher pressures the intensity levels off and the source becomes diffuse, due 

to the supposed formation of a cloud in front of the source; this cloud would limit 

the intensity, functioning as a broad virtual source. Formation of the cloud is 

considered uninfluenced by the pumpcapacity; its origin is attributed to colli

sions of effusing beam molecules amongst themselves. 

In 1927 Johnson reports a continuous intensity increase for an Hg-beam, up 

to pressures at which d/λ ~ 1000. The first chamber of his apparatus is pumped 

with a liquid air trap, a more effective pump for Hg than possible for any other 

gas at that moment. He attributes the intensity limitation of earlier experiments 

to a pressure build up in the first chamber by insufficient pumping. His experi

ment, however, fails to draw appropriate attention. 

Some years later, Rodebush proposes a source design with a conical first 

diaphragm (skimmer) to avoid the cloud formation. His design, very similar to a 

modern nozzle source, is ignored for a long time, too. Sources are operated at 

d/λ 2έ 1, and the spurious cloud continues to obscure the truth. 

It is 1951 when Kantrowitz and Grey propose a high pressure source, using 

flow conditions which can be described by continuum theory. In their design the 

gas is allowed to expand freely from high pressure into vacuum through a 

nozzle. Thereby, the thermal energy of the gas is converted into flow energy in 

forward direction. Orders of magnitude were promised to be gained in intensity 

if the dA= 1 barrier would be left behind. A skimmer cuts the central part out of 

the flow, which is transferred to high vacuum and forms a molecular beam. In 

1951 a first attempt by Kistiakowsky and Slichter does not yet fulfill all expecta

tions, although they demonstrate that higher intensities can be obtained. In 

1954, Becker and Bier are able to observe the predicted increase in intensity and 

narrowing of velocities with the aid of larger pumps. Since then the development 

and understanding grows rapidly. To illustrate this, a time table is given below. 
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1911 Dunoyer, design of first molecular beam apparatus (Le Radium, 8, 142) 
1919 Stern and coworkers, start of a series of beam experiments (Z. Physik, 

2, 49 and J, 417) 
1926 birth of the "cloud" (Z Physik, 39, 764 and 780) 
1927 Johnson, first free jet source, unrecognized attack on the cloud (Phys. 

Rev ,31, 103) 
1931 Rodebush, review of the early experiments of Stern; proposal of a 

source design similarto modern nozzle source (Rev. Mod Phys.,5, 392) 
1951 Kantrowitz and Grey, proposal of a continuous flow source (Rev. Sci. 

Instr., 22, 328) 
1951 Kistiakowsky and Shchter, first attempt with a nozzle source (Rev. 

Sei. Instr., 22, 333) 
1954 Becker and Bier, investigation of beams with Laval nozzle shows pre

dicted high intensity and narrow velocity distribution. Discovery of 
beam seeding (N2 in H,) (Z. Naturforschung, 9 A, 975) 

1956 Becker et al., sudden discontinuity in velocity distribution and increase 
in beam intensity at high pressures. First suggestion of condensation in 
the beam (Z. Physik, 146, 333) 

1958 First rarefied gas dynamics symposium (Nice) 
1961 Bentley et al.; Henkes at al , independent reports of condensation in 

highly expanded nozzle beams, detection of small clusters by a mass 
spectrometer (Instruments and Measurements, 5th Conference, Stock
holm; Z. Naturforschung, I6A, 842) 

1966 Andres, Anderson and Fenn, investigation of jets from nozzles, deter
mination of velocity distribution in molecular beam. A study of the 
transition of continuum flow to free molecular flow. Velocity slip and 
seeding of gas mixture expanding from nozzle studied, (see J.B. Ander
son in "Molecular Beams and Low Density Gasdynamics", ed. P. 
Wegener, M. Dekker, New York) 

1966 McMichael and French , electron beam fluorescence for density mea
surements in the beam (Phys. Fluids, 9, 1419) 

1967 Marrone, electron beam fluorescence to determine temperature (rota
tional) and density in the expansion (Univ. of Toronto. Inst. Aerosp. 
Studies, Rep. no 113) 

1969 Andres and Miller, a two dimensional Maxwell Boltzmann model to 
deal with the non-isotropic character of the flow for mixtures of gases 
(Vlth RGD symposium) 

Experiments with the techniques mentioned above and those in large scale wind 
tunnels have led to a good understanding of the flow from the nozzle orifice and 
the transition from continuous flow to free molecular flow. Some recent molecu
lar nozzle beam experiments worthwhile to be mentioned (IXth. R.G.D., Got-
tingen) are 
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1974 Campargue, alternative pumping system, able to produce the beams 

with spead ratios ν/Δ ν exceeding 150 

1974 Malthan and Toennies, cooling of CsF by seeding with Xe, achieved 

rotational temperature of 20K 

1974 Winkelman and Toennies, application of Miller-Andres theory forpure 

gases with quantum mechanical collision cross sections 

1974 Lewis et al., rotational distribution of N, in nozzle beams measured by 

electron beam fluorescence and laser (Raman) scattering. 

Since its discovery in 1956, condensation in beams from small nozzles has had 

the attention of a considerable number of investigators. 

1960 Becker et al., start of a series of experiments by Henkes, Hagena and 

Gspann and others on beams with clusters containing up to 10h molecu

les. Cluster beams of He are produced. Cluster beams of hydrogen 

isotopes are proposed for thermonuclear reactions. Also studied are 

mass seperation effects, (t) 

1963 Greene and Milne, mass spectrometric observation of small argon clus

ters in a nozzle beam (J. Chem. Phys. 39, 3150) 

1964 Leckenby et al., mass spectrometric detection of clusters from nozzle 

expansion of various gases (Proc Royal Soc A 280, 409) 

1967 Milne and Greene, careful study of the argon dimer ion signal, depen

dence on pressure and nozzle diameter. (J. Chem. Phys, 47, 4095) 

1967 Audit and Rouault, clusters in beams of argon analyzed by electron 

diffraction ( C R . Acad. Sc. Pans, 265, 1100 B) 

1969 Clampitt and Gowland, production of cluster ions of hydrogen by bom

bardment of solid hydrogen with ions H+, Li+ (Nature, 223, 815) 

1970 Milne et al., attempt to formulate a theory for dimer formation in nozzle 

beams (J.Chem. Phys., 52, 1552) 

1970 Golombetal . , pressure and temperature dependence of mass spectra 

from cluster beams of various gases (J. Chem. Phys., 52, 1545) 

1971 Herschbach et al., alkali dimers produced in nozzle expansion of pure 

alkali vapours (J. Chem. Phys., 54, 2393) 

1972 Foreman et al.; Klempereretal., reactive scattering with alkali dimers; 

radiofrequency spectra of (HF), (Mol. Phys., 23, 117;J. Chem. Phys ,56, 

2442) 

1974 Bederson et al., determination of polanzability of alkali dimers (J. 

Chem. Phys., 61, 1816) 

1974 Klempereretal, radiofrequency spectra of dimers ArHCl and ArOCS 

(J. Chem. Phys., 59, 2273 and 63, 881) 

t For a list of references, see Quarterly Report no 49, Atomic and Molecular Physics Group, 
Katholieke Universiteit, Nijmegen 
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1974 Muenter et al., radiofrequency spectra of H 2 0 and D 2 0 dimers (J. 
Chem. Phys., 60, 2929) 

1975 Bernstein et al., reactions of (CH,I)n clusters with alkalis (J. Chem. 

Phys., to be published) 

Alkali dimers can be separated from monomers and trimers by deflection in 
an inhomogenous magnetic field. In reactive scattering one can distinguish 
between monomers and dimers by the different kinematics. Klemperer and 
Muenter are able to discriminate dimers vs. larger clusters by the use of focusing 
fields. For atoms or molecules which have no magnetic or electric dipole 
moment we have to look for other characteristics, by which clusters of different 
size can be recognized. In most experiments involving clusters of noble gases or 
simple diatomics only a mass spectrometer has been used for detection. Little is 
known about the fragmentation which may occur in the ionization process. Due 
to lack of information fragmentation is often neglected completely. 

I 2 NEW INFORMATION, DESCRIPTION OF THE CONTENTS OF THIS THESIS 

In the experiments described in this thesis a nozzle beam is detected by a 
mass spectrometer; the intensity of signals for ion masses four times the mono
mer mass or more is measured as a function of the source pressure P0 at certain 
fixed temperatures T 0 . 

In chapter II which has been published in 1973, the first results are given for 
an H2-cluster beam. The intensity of the ion signals and the velocity of the 
corresponding neutral clusters have been measured. At low pressures the dimer 
signal is masked by a space charge in the ionizer, which produces spurious dimer 
ion signals. With the ionizer tuned to work without space charge pure dimer 
signals are detected. 

In chapter III, published in 1975, the intensities and cross sections for 
Ar-clusters are communicated; in chapter IV those for Ne, H 2, N 2 , NO and О,. 
With increasing source pressure P 0 all cluster ion signals appear in order of 
increasing mass number, m; they show a rise proportional to P 0 " m . The pres
sure region where this proportionality holds is called the onset region. At 
pressures above the onset region the signals go through a maximum. Because 
a m is found to be independent of the source temperature T„, the pressures can 
be scaled such that the ion intensities of each species coincide for different T 0 . 
This reduction of quite a body of observational material into simple empirical 
plots (see fig. 111.1 for instance) is a step forward compared to most earlier 
investigations, where this onset region was overlooked due to the use of less 
efficient detectors. 

To be sure of the origin of the ion signals and to fill the information gap 
concerning the fragmentation in the ionizer, we have installed a collision cham-
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ber in the neutral beam path and have determined the attenuation of the ion 
signals due to a scattergas. If an ion signal corresponds to a single cluster 
species, a constant attenuation is measured independent of P 0. The important 
outcome of our work is that this correspondence exists for dimers and mono
mers in the onset region. Once this correspondence had been established, the 
total collision cross sections of dimers can be obtained, (see chapter III and IV). 

In chapter V the results for a He-cluster beam, published in 1975, are given. 
Signals from He2

+-ions are detected. At low pressures the measurement of the 
total collision cross section proves that a single neutral parent is responsible for 
this signal; it is concluded that this parent must be a He-trimer. 

For each source temperature T 0 a pressure P! is defined in chapter III and 
IV where the attenuation of the dimer ion signal starts to rise above the value 
which corresponds to neutral dimers. At this pressure the dimer ion signal 
becomes contaminated by fragments of larger clusters. Larger cluster ions 
appear at pressures slightly higher than P, . For Ar, Ne, H,, and Ν, the 
temperature dependence of P, has been determined. Applying the principle of 
corresponding states a simple empirical formula is given in section IV.4. 

For dimers which may possess a sufficiently large magnetic moment - those 

of H,, NO and 0,-we have looked for information on this moment from the 

deflection of the dimers in an inhomogeneous magnetic field, see section IV.5. 

From the deflection of (H 2), we infer a magnetic moment comparable to that of 

the monomers. For ( 0 2 ) : a deflection of 70% of the beam is observed in strong 

fields and for (NO), no deflection at all. Consequently, for some investigators 

more unexpectedly than for others, free 02-dimers possess a magnetic moment. 

At pressures lower than P, only dimers and monomers are present in the 

nozzle beam. The question arises whether the observed dimers are already 

present in the source (prefabricated), or are they formed during the expansion 

(postfabricated)? To answer this question we have compared in chapter VI the 

measured dimer fraction with the calculated equilibrium fraction in the source. 

For Ne, Ar and H, the observed dimer fraction is in fair accordance with these 

calculations over a range of dimer intensities of two orders of magnitude. The 

diatomic systems show a temperature dependence of the dimer fraction which 

fits préfabrication. However, the pressure dependence does not follow a P¿ -
law as expected for prefabricated dimers. Together with other experimental 
evidence (section VII.4) this deviation has convinced us that the dimers are 
actually postfabricated. as discussed in section VI.4. 

The investigation of cluster beams from gas mixtures is described in chap
ter VII. Addition of Ar to Ne. Ne to He, and Ar to H, leads to the production of 
mixed dimers, NeAr, HeNe, and H,Ar. Their intensity has been measured as a 
function of P0 and their total collision cross section determined. An increase of 
Ar-dimers in the Ne-Ar mixture is observed with respect to the pure Ar-case, 
see section VII.4. 
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In chapter VIII we discuss the ratio of dimer to monomer cross section, 

σ,/σ, as a function of reduced velocity, vred =fiv/eRm . The collision velocity ν 

has been calculated under the assumption of full isentropic expansion of the 

nozzle beam taking into account the thermal velocity of the scattergas. The 

values for ε and Rm are taken from a Lennard Jones 12-6 interaction potential 

between the monomer and the scattering partner. The important feature of this 

plot is that in good approximation all our dimer results fall on a single curve for a 

large range of vrcd 

At low reduced velocities, г Ы < .4 , σ2/σ, is found between 1.33 and 1.45. 

For these velocities the total collison cross section of the monomer is dominated 

by the attractive part of the interaction potential -C 6/r 6. Assuming that this 

holds for the dimer too, the ratio σ2/σ, indicates that the C6-factor for the dimer 

interaction is about twice that of the monomer interaction. 

At high reduced vélocités vred 3 .8, repulsive forces become of importance; 
the ratio σ2/σ, reaches a value 1.9. A value σ,/σ,= 2 would correspond to 

separate collisions of both monomer constituents of the dimer. 

For an H2-beam and Ar as scattering partner the reduced velocity ranges 

fromv rcd = .24, well in the attraction dominated region, to vred = .58, where one 

enters the transition region; a gradual increase of σ2/σ, is found. 

For NO the ratio σ2/σ, is apparently lower than for all others species 

investigated. This may be caused by a dipole coupling between two NO molecu

les; NO is the only species used possessing an electric dipole moment, but also 

the only species where a weak chemical binding force could be expexted. 
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II MEASUREMENTS OF INTENSITY AND VELOCITY DISTRIBU
TION OF CLUSTERS FROM A H2 SUPERSONIC NOZZLE BEAM 

A. VAN DEURSEN AND J. REUSS 

Fysisch Laboratorium, Katholieke Universiteit, Nijmegen (The Netherlands) 

(First received 9 October 1972; in final form 27 December 1972) 

ABSTRACT 

Measurements on the production of (H2)„ clusters of small size are reported. 
The abundance of different clusters is found to rise to a flat maximum, at optimum 
source conditions for a specific cluster size. These maxima reach values of about 
10 % of the H2

 + signal without a strong tendency to decrease with increasing mass. 
The possibility of production of neutral cluster beams of known cluster size is 
discussed, which can be used in molecular beam scattering experiments. 

INTRODUCTION 

The aim of the reported experiment has been the production of (H2)„ 
clusters in a molecular beam suitable for scattering experiments. Our main interest 
was focused on clusters of small size, in contrast to the work of a group in Karls
ruhe1 on the formation of very large (H2)„ clusters. 

The production of clusters takes place during the expansion of gas flow into 
vacuum from a high pressure source. The temperature of the source is held a few 
degrees above the condensation temperature. The decisive temperature drop takes 
place immediately behind the source opening (nozzle) where the effusing molecules 
still collide with each other and where thermal energy is transformed into directed 
kinetic energy of hydrodynamical flow. In this region neutral clusters are formed, 
their sizes depending on the source conditions. 

The only way to detect clusters of known size is to use a mass spectrometer 
equipped with an electron bombardment ionizer. However, the observed cluster 
ions may originate from neutral clusters of different sizes. A way to judge the origin 

* This work is part of the research program of the "Stichting voor Fundamenteel Onderzoek 
der Materie (F.O.M.)" and has been made possible by financial support from the "Nederlandse 
Organisatie voor Zuiver Wetenschappelijk Onderzoek (Z.W.O.)*'. 
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of a cluster ion is to look for the pressure dependence of the signal, for a fixed 

source temperature. Our results show that one can adjust the source conditions 

such that a well-defined neutral cluster appears as parent for cluster ions of a fixed 

mass. 

We have also investigated, whether a difference in the velocity distribution 

for neutral clusters of different masses could serve as a means of determining the 

parentage of a cluster ion. However, the velocity distributions of the clusters were 

nearly independent of the ion mass. 

The measured relative abundances of ions show that the signals for different 

ion masses are influenced by the different stabilities of the cluster ions. Even masses 

have intensities about 50 times smaller than odd masses. Mass 4 could not be 

detected with certainty. Ions of masses 9 and 15 appear to be of high stability. 

APPARATUS 

The molecular beam apparatus used was of conventional design. It consists 

of six separately pumped chambers (Fig. 1). The source chamber is pumped by a 

1000 1 sec - 1 jet pump with a water cooled baffle. Stable operation was obtained 

at pressures lower than 2 χ I O - 3 torr, with the molecular beam on. The next 

chamber contains a beam chopper w (30 Hz, permits phase sensitive detection) 

and is equipped with a 2000 1 sec - 1 oil diffusion pump and a water cooled baffle. 

The pressure measured here was always less than 10" 6 torr. The following chamber 

accommodates the velocity selector (slotted disc type). Between the chopper 

chamber and the velocity selector a separately pumped chamber can be inserted 

containing the scatter box, " b " for total collision cross section measurements. The 

velocity selector is followed by a buffer chamber and the detector chamber with 

ionizer and mass spectrometer. The pressure in the detector chamber is 10" 9 torr 

TOP VIEW SIDE VIEW 

UHV DETECTOR CHAMBER 

SOURCE CHOPPER SCATTERING VELOCITY BUFFER IONIZER I O N - L E N S M S MAGNET 
CHAMBER CHAMBER CHAMBER SELECTOR CHAMBER 

Fig. 1. Scheme of the apparatus. Heavy vertical lines indicate a division between separately 
pumped chambers. The detector utilizes half a sector field so that a carefully prepared parallel 
ion beam is needed (i = immersion-lens; e = Einzel-lens). 
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under working conditions. In Fig. 1 the dimensions of the whole apparatus are 

indicated. 

During most of the measurements presented here the scattering chamber 

was removed. In the first chamber the molecular beam source s is mounted. The 

nozzle opening has a 28 μ diameter pierced into a 25 μ thick stainless steel foil by 

an etched molybdenum wire. The foil is held between a brass plate with a central 

bore of 1 mm diameter and a brass mounting base with a small rim for vacuum 

sealing. This base is attached to the source body, which can be cooled to about 

20 °K and wherein the pressure can be varied between 0.05 and 8 atm. 

The source body is made of a rectangular copper piece with an 11 mm 

central bore into which a shaft of sintered material is crammed in good thermal 

contact with the walls. The hydrogen gas flows through' this sintered material 

accommodating to the temperature of the source body. The whole source system 

is mounted onto a Klipping-He-cryostat (Leybold VMK 500). Two vapour 

pressure thermometers monitor the temperature of the cryostat and the source 

body. Between the two points a temperature difference was observed which depends 

on the inlet pressure; at high inlet pressures the background pressure in the source 

chamber increases and causes higher thermal losses. 

The temperature of the source was regulated between 20° and 28 °K; most 

measurements were made at 26 °K. Hydrogen molecules of the background gas 

in the source chamber intermittently condense on the cappillary through which 

the liquid He flows to the cryostat. Consequently, the pressure in the source 

chamber fluctuates and causes a varying attenuation of the molecular beam. We 

sealed all openings between the cold capillary and the source chamber with tape 

and were able to reduce the beam fluctuations below a tolerable limit. A conical 

skimmer sk (90° full cone angle, 0.72 mm diameter orifice) is placed 12 mm down

stream from the nozzle. The skimmer forms the only vacuum connection between 

the first and the second vacuum chamber. Collimation of the molecular beam is 

achieved by two adjustable slits si, one between the chopper chamber and the 

scattering chamber and one in front of the detector chamber. 

The molecular beam is analysed with a small magnetic mass spectrometer 

developed by Stolte2. Its mass range is 1-40, its resolution M/AM = 40. In the 

ionizer electrons of 100 eV traverse the neutral beam path. Care must be taken 

that the neutral beam nowhere hits the walls of the ionizer. Otherwise neutral 

clusters could break up and the relative values of the ion intensity at different 

masses would become less meaningful. The ions are detected after amplification 

by an open multiplier system with the conventional lock-in technique. 

The gas inlet system contains two liquid nitrogen cooled traps in order to 

purify the source gas sufficiently. We use 96 % pure hydrogen gas which passes 

through the first trap whereby moisture is removed. In the second trap, which is 

filled with molecular sieve, the remaining nitrogen is removed. Stable operation of 

the nozzle is possible for more than 8 hours without clogging up. 

17 



INTENSITY MEASUREMENTS 

The measurements reported in this section were all performed with the 

source at 26 °K. Preliminary measurements had shown that with this source 

temperature we got all small clusters within a convenient range of source pressures. 

With the source at nitrogen temperatures we were only able to detect mass 3 and 

mass 5 ions, the latter ones barely. 

IDN INTENSITY 
ARB UNITS 

SOURCE CHAMBER 
PRESSURE 

0 0 0 MASSES 

Ρ SOURCE 

tOrr 

irr' 

Fig. 2. Ion intensity plotted against inlet pressure. corresponds to mass 2; to mass 3; 
to mass 5 and 6; to mass 7 and 8; to mass 9 and 10; 1 to mass 11; 

to mass 13 and to mass 15. gives the dependence of the pressure in the source 
chamber on the inlet pressure (scale at the right). 

The intensity of the ion clusters was measured as a function of the source 

pressure. In Fig. 2 results are shown for psource between 40 and 600 torr. For 

reference the H 2

+ signal is shown, too. The odd masses reach intensities of about 

13 % of the H 2

+ intensities, in contrast to 0.3 % for the even masses. For pressures 

higher than 600 torr we observed a small decrease of intensity for small clusters 

while the H 2

+ signal still rose. However, at these high pressures the background 

pressure in the source chamber rises to about 10" 3 torr and strongly interferes 

with the cluster intensities by beam attenuation and possibly cluster destruction. 

During the measurements the neutral beam was well collimated so that no 

wall collisions could occur in the ionizer. However, the entrance grid of the ionizer 

had an 80 % transparency so that some clusters could be broken up there leading 

to an enhancement of the signals for low masses. That this effect is real was shown 
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in an experiment where we deliberately directed the molecular beam against the 

exit plate of the ionizer. At source pressures of about 600 torr a relative enhance

ment of the H 2

 + signal was observed by a factor two. 

The H 3

+ signal does not originate purely from neutral clusters bombarded 

by electrons. At source conditions where no condensation can be expected 

(T = 300 °K, ρ = 100 torr), the H 3

+ signal still amounts to 0.5 % of the H 2

 + 

signal. In the ionizer, the reaction H 2

+ + H 2 -» H 3

+ + H takes place between H 2

 + 

and incoming H 2 molecules producing a chopped and phase locked signal 

of mass 3. 

This signal can also be caused partially by a modulation of the ionization 

efficiency. The ionization efficiency is space charge dependent and is sensitive to 

the modulated incoming molecular beam. In accordance with this picture we 

observed chopped and phase locked signals at all strong residual gas peaks. 

The mass 9 signal indicates that the neutral parent cluster is formed at higher 

source pressures than the parent clusters for ions of smaller masses; the mass 9 

signal, however, rises above all the other cluster intensities. We therefore believe 

that the mass 9 ion is especially stable. This conclusion gets support from the 

theoretical work of Huang et al.3 from which one derives as the most probable struc

ture an equilateral triangle (H 3

 + ) with three H 2 molecules positioned cutside 

the triangle on the lines from the centre through the midpoints of the three sides. 

This leads to a very symmetric and, as we infer, stable structure for the mass 9 ion. 

In accordance with this idea the behaviour of the mass 9 signal is barely reflected 

by the signals from the even masses, in Fig. 2. High stability was also found from 

ions of mass 15 by the group of Karlsruhe1. 

Owing to the uncertainties regarding the origin of the mass 3 signal eventual 

scattering measurements are most meaningful for clusters measured on the masses 

5, 7, 9 etc. At 150 torr the ratio of intensities for mass 5 and mass 7 is about eight. 

All heavier ion masses have much smaller signals. Neutral clusters with mass 8 

or heavier are practically absent in the molecular beam, under these conditions, 

as otherwise they would show up on mass 7, 9 and higher. In consequence one 

can safely assume that under these particular conditions the mass 5 cluster ion 

originates almost entirely from a parent cluster of mass 6. Similar conditions can 

be found for clusters of other molecular weights. 

From total collision cross sections of (H2)„ with noble gases it may be 

possible to determine the relative contribution of different parent clusters to the 

ion signal at a certain mass, for various inlet pressures. Measuerments with this 

aim are at present being performed in our laboratory. 

VELOCITY ANALYSIS 

Our velocity selector has a resolution Av/v = 12/35 f.w.Lm. It can be used 
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Fig. 3. Maximum transmitted velocity against inlet pressure, χ are results for mass 2; • for 
mass 3; Δ for mass 5; · for mass 7; О for mass 9; and A for mass 11. The velocity spread 
Αν/ν for mass 5 and heavier was purely instrumental (about 37 % ) ; a deconvoluted Av/v (f.w.h.m.) 
for mass 2 is indicated in the upper part of the figure, with the scale on the right-hand side. 

to measure the most probable velocity of the beam molecules and to some extent 

the velocity distribution (see Fig. 3). We roughly calibrated the selector by revers

ing the direction of rotation. Comparing the ratio of the rotation frequencies for 

both directions at maximum signal (the maximum transmitted velocity) gives an 

estimated absolute accuracy of the velocity determination of 5 %. The relative 

accuracy of our velocity measurements is about 1 %. 

In Fig. 3 the results of the velocity analysis are shown. The extrapolated 

velocity value at zero source pressure is about 715 m sec - 1 . This value must be 

compared with 465 m sec - 1 , the most probable velocity of hydrogen molecules 

at 26 °K, for effusive flow. Consequently, at the lowest source pressure used in our 

experiment we are already in the regime of a supersonic expansion. 

The mass 2 signal shows a small increase with increasing source pressure. 

Theoretically one would expect a slight decrease as indicated by the broken line 

in Fig. 3. This decrease stems from the lowering of the enthalpy with higher 

pressures and was calculated from the discussion of the high pressure results found 

in ref. 4. In Fig. 3, mainly the different derivatives are of interest, in view of the 5 % 

absolute accuracy of our measurements. The behaviour of the mass 2 signal can 

be understood as follows. Clusters are formed in triple collisions where two 

partners stick together and the lighter third partner carries away the surplus of 

energy. This leads to a broadening of the H 2 velocities as indicated in Fig. 3. 

Experimentally, we determine as velocity distribution the product of the velocity 

selector transmission and the actual distribution in the molecular beam times 1/v 

due to the velocity dependence of the detector efficiency. In this product, the 
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maximum transmitted velocity for a broad distribution is shifted by about 10 % to 
a higher value compared with a very sharp distribution. 

Another influence comes from the fact that at high source pressures the 
background pressure rises to such values that the beam signal from the H 2 

molecules in the vacuum chamber surrounding the source is no longer negligible. 
As these molecules have a higher temperature they cause a shift of the most prob
able beam velocity to higher values. This shift becomes more pronounced at high 
inlet pressures. 

The velocities of the clusters measured at mass 5, 7, 9 and higher as function 
of the source pressure all fall on one curve. This curve has a steeper slope than 
follows from enthalpy considerations. We tentatively interpret this difference as 
a consequence of the fact that with increasing pressure the ion signal on each mass 
comes from parent clusters of increasing weight. These clusters are formed before 
the expansion is terminated, because many (triple) collisions are needed to form 
a large cluster. After formation of a heavy cluster it seems obvious that further 
acceleration by the light H 2 molecules falls behind in comparison to the accelera
tion of the H 2 molecules themselves. Therefore, the most probable cluster velocity 
is shifted towards smaller values for the heavy clusters. 

Mass 3 ions show a special effect. For low inlet pressures they originate 
partially from H 2

+ ions colliding in the ionizer with H 2 molecules from the beam. 
Therefore, the mass 3 signal behaves similarly to the H 2

+ signal. At higher 
pressures, however, the fraction originating from neutral clusters is increasing. 
In accordance, the mass 3 signal tends to join the curve of the heavier cluster ions. 
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ABSTRACT 

Аг-cluster beams were produced by supersonic expansion under various 
source conditions. The experimental intensities have been scaled such that uni
versal curves are obtained, up to moderate source pressures The ratio of dimer/ 
monomer cross-sections has been determined. 

INTRODUCTION 

Results of a molecular beam experiment with argon clusters are presented; 
special attention is given to dimers. Intensities of supersonic Ar beams with partial 
condensation have already been measured and interpreted by other workers [1-3] 
using mass spectrometry to analyse the beam In the present work the emphasis 
is put on the determination of the total collision cross-section as a function of 
the stagnation pressure, P0, and stagnation temperature, T0 Pressures P0 range 
from 20 to 6000 torr, at the four temperatures 294, 223, 173 and 123 K. The 
nozzle is made by piercing a 30 μτη diameter hole (d) into a 25-μηι thick stainless 

steel foil. 

The apparatus has already been described in detail [4]. The magnetic 

mass spectrometer has a mass range up to about 160 a m u. The electron energy 

in the ionizer is fixed at 100 eV. The ionizer is tuned to work without any detect

able ion space-charge in the ionization volume, thus ion-molecule reactions of 

the incoming beam with ions can be practically ruled out. Tn front of the ionizer 

the beam is collimated by a rectangular slit with an aperture of 0 4x 12 mm 2. 

* This work is part of the research program of the "Stichting voor Fundamenteel Onderzoek 
der Materie ( F O M )" and has been made possible by financial support from the "Nederlandse 
Organisatie voor Zuiver Wetenschappelijk Onderzoek ( Z W O )" . 
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The distance between the source and the detector is 205 cm. Because the ionizer 
has a high detection efficiency, we were able to extend our measurements to lower 
values of P0d as compared to previous works [1-3]. 

MEASURED INTENSITIES 

Intensities were measured for the ion masses 40, 80, 120 and 160. In a log-
log plot (Fig. 1 ) each ion signal shows a rise in the onset region proportional to 
P0"

m; am is different for different ion masses, but independent of the temperature 
T0 over the range investigated. Values for ocm are given in Table 1. 

For different temperatures T0, the stagnation pressure P0 can be scaled by 
T0"

m so that for each ion mass the intensities are represented by a single curve 
(see Fig. 1). Values of ßm for different ion masses are shown in Table 1. 

INTENSITY 
1 arbitrary units I 
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Fig. 1. Intensities vs. reduced stagnation pressure. I corresponds with the Ar + , 11 with the ArJ, 
III with me ArJ and IV with the Аг^ signal. Measurements were done at source temperatures 
r 0 = 294 К ( # ) , 223 К (A), 173 Κ ( Δ ) and 123 К ( О ) . No scaling is applied on the ordinate 
for different 7"0; the pressures, however, are multiplied by (294/r0)''m.The values for |Sm are diffe
rent for the four curves and are given in Table 1. Above the reduced pressure PL the ArJ signal 
becomes contaminated by fragments from larger clusters - see Fig. 2. 
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TABLE 1 

VALUES FOR THE EXPONENT am AND ßm' 

m am ßm am/3m a„ , / ? m -0 .5 otm(C) 

0.7 1.1 

3.6 2.5 

12 3.6 

* In the onset region the signal of Ar*- ions varies with P*0
m at a fixed t empera tu re . F o r different 

temperatures the signal is p ropor t iona l to Pgm.T0 ""m"™ . T h e exponent ( — a.mßm) of 7"0 should be 
replaced by ( — a m / 3 m + 0.5) if neutral beam intensities instead of neutral beam densities are con
sidered. The values a „ ( G ) derived from ref. l b , Fig. 7, are given for compar i son . 

The intensities in Fig. 1 are presented as a function of a reduced pressure 
P0 = P0. (294/7Ό) m. The measured intensities are seen to be proportional to 
Po"ITQmßm in the onset region. The exponent am-/?mmust be decreased approximately 
by 0.5 when the intensity is to be expressed as beam flux instead of beam density. 

At higher stagnation pressures all intensities go through a maximum. For 
nife = 40 (the argon monomer signa') this can be attributed to an increased loss 
of particles due to condensation. Not only are argon atoms swallowed up by the 
condensating clusters but also other atoms acquire extra momentum from the 
heat of condensation and will escape from the collimated beam. At corresponding 
stagnation conditions an increase in forward velocity [lb] and a sudden rise in 
effective source diameter [5] has been observed. 

For the maximum of the dimer signal, scaling factors for cluster beams of 
argon are available [lb]. However, we prefer a scaling for the intensity in the onset 
region of the dimer ion signal because effects due to heavier clusters are small 
there, as will be discussed below. 

The pressure dependence of the different ion signals at constant T0 was 
derived from the work of Golomb et al. [lb] and is shown in the last column of 
Table 1. The apparent disagreement with our results is due to the fact that Golomb 
et al. worked with larger nozzle diameters. The results of Milne et al. [2] do not 
lend themselves to the determination of the pressure dependence, directly. How
ever, if we compare our relative intensities at room temperature and high pressures 
with data of Fig. 5 from ref. 2a, good agreement is found within a factor 1.2 for 
the dimer-ion signal. 

The pressure and temperature dependence found by Yealland et al. [3] for 
the argon dimer concentration is derived from relatively high stagnation pressures 
and does not agree with our findings in the onset region; for P0 < PL, see Fig. 1. 
The scaling laws of Hagena [6] predict a value of <x2ß2 — ^ißi — 2.3; we find 
the value 2.9 ¿ 3 for this quantity. 

1 1.1 ±0.1 

2 2.15±0.1 

] 1 5.5 ±0.5 

1.05±0.15 1.2 

1.9 ±0.1 4.1 

22 ±0.1 12 
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SCATTERING 

The total attenuation of the signal on each ion mass was measured. For a 

\/e attenuation of the monomer beam by argon at 80 K, an Ar pressure of about 

10~4 torr is needed over an experimental scattering length of 5 cm. 

The angular resolution is estimated by the method of v. Busch [7] to amount 

to a 2 % (4 %) correction for the monomer (dimer) cross-section at T0 = 300 K, 

assuming the total cross section to be 400 Λ2 (560 À2). 
The attenuated intensity for mass m, Im, depends on the pressure of the 

scattering chamber as Im = Im0 exp( — am • ps c const). Therefore, we define a 
log attenuation La (being proportional to the effective total collision cross-sec
tion am) as La = —(10~5/psc ) log /m//m>0, where p s c . is measured in torr. 

In Fig. 2 the results for T0 = 173 К are presented; the results for other T0 

are very similar. The La for mass 40 is independent of P0 below 1500 torr. For 
T0 = 294, 223 and 123 К the stagnation pressures below which the La for the 
monomer is constant are 6000, 3000 and 700 torr, respectively. The values of La 
for different T0 are corrected for the velocity spread in the scattering chamber 
(using formulas of Bernstein [8]) and for the finite angular resolution. [7]. The 
total cross-section thus found varies approximately with v~c/

5, the velocity de
pendence for an r " 6 interaction potential. For the relative velocity, the value 

La* 
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Fig. 2. Log attenuations vs. stagnation pressure P0, at the stagnation temperature T0 = 173 K. 
The log attenuation La„ is proportional to the effective collision cross-section of neutral Ar„ 
with Ar in the scattering chamber. The quantity La* is related to these log attenuations; it is the 
measured log attenuation for the Ar+ (1), Ari (Π), ArJ (111), and Ari signal (IV). For a unique 
correspondence between an ion signal and a specific neutral cluster Ar„, the La* equals La„ and 
is, thus, independent of P0. Above the stagnation pressure PL, this unique correspondence is 
lost for the Ar* signal. 
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belonging to full isentropic expansion [9] is taken. Glory undulations are unob
served; they are calculated to be small and completely averaged by the large 
spread of the relative velocity. 

For T0 = 173 К and pressure P0 higher than 1500 torr the La yields lower 
values for the monomers. This can be caused by the increase in velocity of the 
beam [lb] and the deterioration of the angular resolution resulting from the larger 
effective source diameter [5]. Both effects have been discussed above. 

For the dimer signal at mass 80 with T0 = 173 К the La is constant within 
the experimental accuracy for stagnation pressure P0 below PL = 600 torr, see 
Fig. 2. Corresponding pressures PL are 1800, 1000 and 300 torr for 294, 223 and 
123 K, respectively. At higher pressures the La rises and goes through a maximum. 
When these pressures PL are multiplied by (294/7~0)

 2 (the value for ß2 obtained 
from our intensity measurements, as shown in Table 1, is used) an unique value 
PL is found, indicated by the arrow in Fig. 1. In our opinion, PL marks the rela
tively sudden appearance of larger clusters. For all T0< larger clusters show up at 
the same dimer intensity. 

Since the La is constant for Ρύ < PL and no ion signals of larger clusters 
can be detected there (see Fig. 1 ) and since we find the correct pressure dependence 
(α ι = 1.1+0.1 and <x2 = 2.15 + 0.1) we attribute the ion signal at mass 80 to 
the ionization product of neutral Ar2 for P0 < PL. The constant value of La cor
responds to the total effective dimer collision cross-section, averaged over all 
vibrational and rotational states. After correction for the finite angular resolution 
of our apparatus the total collision cross-section for the Ar2-Arsystem is found to 
be a factor 1.40 + 0.05 larger than for the Ar-Ar system, independent of T0. This 
means that the C6-factor of the intermolecular potential is roughly twice as large 
for the dimer as for the monomer. 

The rise of La for P0 > PL is attributed to admixture of heavier polymers 
which in general will have larger cross-sections and will contribute to the signa! 
at m/e = 80 by dissociative ionization. A signal of the larger cluster ions is detected 
at a pressure slightly above PL (see Fig. 1). 

The levelling off of the La at m]e = 80 is attributed to scattering and break
up of beam clusters by the background in the source chamber. 

For larger clusters, Ζ,α-results are also given in Fig. 2; for m/e = 120 the 
La-values are independent of P0, for m/e = 160 they are slightly smaller and vary 
somewhat with P0. Under the (very questionable) assumption that the m/e = 120 
signal does correspond to the trimer and the m/e = 160 signal to the quadrumer, 
we have estimated the relative total collision cross-section from the measured La. 
The same value is found for trimers and quadrumers, after applying the angular 
resolution correction, (about 6% and 8 %) to the La [7]. 

It seems more realistic to abolish the idea of a simple correspondence 
between neutral trimers and quadrumers and the Аг^ and АГ4 signals and to 
face the possibility that the signals at m/e = 120 and 160 are for a large part due 
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to fragments of larger clusters. This possibility accords with the model that in 
supersonic nozzle beams at low P0 only monomers and dimers are present, and 
that larger polymers (which suffer large dissociation at ionization) show up sud
denly when a critical pressure is exceeded. The experimental pressure dependence 
of the trimer- and quadrumer-ion signal is the same, a 3 = a 4 = 5.5±0.5. (If the 
polymers could be produced under equilibrium conditions in the source, a 3 = 3 
and a 4 = 4 would be expected.) The large exponents are at least compatible with 
the supposition that the ion signals atm/e = 120 and 160 originate, fora large part, 
from dissociative ionization. Let us assume, then, that the signals at m\e = 120 
and 160 are due to a representative neutral parent of mass m, with an intensity 
/m and an effective Lam equal to the measured average La at m\e = 120 and 160 
(see Fig. 2, where the log attenuations are shown for a scattering pressure of 10"5 

torr; in the actual experiment about 3.4 · 10~5 torr was used). 

With this assumption we are able to estimate the ratio of detection proba
bilities qmi3fqm2- Heie, qm<l includes the probability of dissociative ionization of 
the neutral Arm cluster resulting in the ion cluster Ar,+ as well as the transmission 
of the mass spectrometer and the multiplier efficiency Гот this ion. One has 

' 2 , 0 — a2, 2 ' 2 , 0 + <7m. 2 'm, 0 

Ilo am, 3 'm,0 

0) 
(2) 

and 

72
+

>0exp(-3.4La¿) = q2_ 2 / 2 0 exp (-3ALa2) + qm¡2Imt0 exp (-3.4Lam) 

(3) 

The log attenuation La¡+ is proportional to the effective cross-section, measured 
for the ion signal on mass i as shown in Fig. 2. 

From eqns. (1) and (2), it follows that 

4m, 3 

4m,l 

im, 2 

'-ή - F ( 
' 2 , О-1 ' 2 , 0 х 

1 + 
'qm, 21 m, О 

U 2 , 2 ^ 2 
(4) 

The ratio /3

+

;o//2

+,o ' s experimentally determined, see Fig. 1. The quantity 

g т. 2 'm, О 

•42,2 ^2,0-

is related to the observed attenuations by 

9m, 2 'm, 0 exp ( - 3.4La2) - exp ( - 3.4La2 ) 
(5) 

-42,2'2,oJ e x p ( - 3 . 4 L a 2 ) - e x p ( - 3 . 4 L a m ) 

lfwenowusefor7O = 173 К the values La2 = 0.150±0.003, Lam = 0.195± 
0.005and¿a2 = 0.157 ±0.002 at P0 = 800 torr or¿a2

+ = 0.164 ±0.002 at P0 = 1000 
torr (see Fig. 2), we obtain values for qm¡2/qm,3 between 10 and 20. Thus, we find 
a high relative probability to detect a neutral cluster of mass m as an Ar2 ion. 
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For the other values of 7"0 the ratio <7m,2/<7mi3 is found between the same limits. 
From eqn (5) it is found, from the given values of La2, Lam and La2 that 

Ят,2Іт,оІсІ2,2І2,о equals 0.2 at 800 torr and 0.5 at 1000 torr. This result indicates 
a strong admixture from large neutral clusters to the dimer signal, already at pres
sures slightly above PL. Most of the measurements of Milne et al. [2] were done at 
stagnation pressures higher than PL, therefore, the conclusions on rate constants 
of dimer formation should be taken with reserve To perform measurements below 
PL one really needs a very sensitive detector, otherwise the dimer ion signal is 
buried in noise (see the limited pressure range of constant attenuation in Fig. 2). 

In a forthcoming paper we shall show that our experimental dimer results 
are in agreement with thermodynamic equilibrium predictions, based upon the 
assumption that the dimers are "prefabricated" in the source. 
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Fifí. IV. I. Schematic view of the apparatus. 
The cluster beam is formed by the expansion of gas from the nozzle source Sand by the conical skimmer Sk; it passes through 
the scatterbox Sb and the Rabi type magnet R. The beam is collimated by a slit of the scatterbox and the detectorslit D. After D 
the cluster beam enters the ionizer I; the ions are mass selected in magnet MSM and amplified by electron multiplier M. 
Reversing the magnetic field in MSM the ions can be used for further experiments ("ion scattering"). All distances given are in 
mm. 



IV INTENSITIES AND CROSS SECTIONS OF Ne, H,, N2, NO AND O, 
CLUSTERS IN A MOLECULAR BEAM 

IV 1 INTRODUCTION 

Persuing our earlier effort (ref 1), we have investigated molecular beams of 
Ne, H2, N2, NO, and O, clusters The temperature and pressure dependence of 
the ion signals have been measured for masses up to three times the monomer 
mass 

The neutral beam is attenuated by argon- or helium-gas in a scatterbox 
While the total collision cross section itself is of interest, it serves at the same 
time to check what neutral parent belongs to a certain ion mass (ref I ) Only for 
monomers and dimers we were able to determine a "clean" cross section 

For Ar we have been able to plot the intensities vs reduced source pressu
res Pred, such that for all source temperatures T0, a single curve is obtained for 
each ion mass The aim of this investigation is to test whether a similar reduction 
is also possible for another noble gas. Ne, for a nearly noble gas, H2, and also for 
diatomic molecules, N, and NO 

For H2 and the paramagnetic gases NO and 0 2 , the magnetic pioperties of 
the dimer have been compared with those of the monomers, using a Rabí type 
deflection magnet of 40 cm length and a maximum field gradient of 20 kGauss 
cm - ' 

In addition to the insertion of this deflection magnet, the original set-up 
described in ref 1 has been changed by replacing the small mass spectrometer 
magnet by a more powerful one (a switching magnet, model 1048, Spectromag-
netic Industries, 14 cm pole diameter) At 900 eV ion energy the mass range 
extends up to 2500 amu 

All measurements have been done using a 26 μ nozzle diameter The 
distance between source and scatterbox amounts to 65 cm, that between the 
source and detector slit to 195 cm Good collimation of the beam is ensured by 
the rectangular opening of the scatterbox, 0 4x12 mm2, and the slit in front of the 
detector, 0 8 x 8 mm2 Extra collimation at the source was tried but never felt 
necessary A view of the apparatus is given in fig IV 1 

IV 2 THE INTENSITIES 

In fig IV 2a the intensities are drawn as a function of the reduced pressure 
for the isotopes of the Ne-monomer and for their dimers The Ne-gas used has 
the natural composition, 90 92% 2 0 N e , 8 82% 2 2 Ne, 0,257% 2 l N e The figure 
shows the 2"Ne monomer intensity divided by a factor 10, in consequence it 
coincides with the 2 2 Ne monomer, the omitted signal of the other isotope scales 
according to its natural abundance 
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Fig. IV.2. Intensity vs. reduced pressure for Ne (a) and H 2 (b). In the left part of the figure the symbol 

I corresponds to the 2 "Ne + intensity divided by a factor 10; the 2 2 N e + intensity at T 0 = 65K is 

indicated by x. The symbol Ha corresponds to 2 "Ne 2

+ , lib to 2 "Ne 2 2 Ne + , and III to 2 0 Ne, + . In the 
right part of the figure the symbol I belongs to H,+, II to H,+ and III to H 5

+ . The monomer intensity 

(I) is displayed divided by a factor 10. The intensities are measured at temperatures T„ = 100K (A), 

T 0 = 65 Κ (Δ ,x), and T„ = 33 К (О). For Н 2 we have added the intensities for T 0 = 273K ( · , 
monomer only) and T0 = 28 Κ (Π). 

The abscissa represents the true pressure P 0 in torr for T 0 = 65 K. 

At other temperatures reduction factors P 0 /P r e d are applied for each ion mass, see table IV.I. At the 

reduced pressure P L the dimer signal becomes contaminated by fragments of larger clusters. 

For a source temperature T 0 = 65K the reduced pressure P r e d equals the true 

source pressure P 0 ; for other temperatures the reduction factors are given in 

table IV. 1. 

No scaling other than for the monomer ion isotopes is applied in vertical 

direction. At higher pressures the intensity curves start to diverge, the high 

temperature ones always above the low temperature ones. This behaviour 

stems from the fact that at lower source temperatures the production of heavier 

clusters takes place at lower reduced pressures, causing a decrease of intensity. 

Also, heavier clusters start to appear; N e 5

+ ions are observed but not shown in 

fig. IV.2. 

The dimer ion isotopes have a constant ratio of intensities, I40/I42CSÎ4, as 
expected from statistical considerations. 

In fig. IV.2b the results for H2 are given. As discussed in ref. 2 we have 
observed ions H2

+, H3
+ and H5

+; also higher masses were detected (ref. 2), but 
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are not considered in the present work. For the reduction factors P0/Pred see 
table IV. 1. 

For the monomer ion signals the diverging tendency at high pressures is 
similar to that observed for Ne and Ar (réf. 1). However, for theTI,+- ion the 
sequence is reversed. In our interpretation the reversal is caused by significant 
fragmentation of heavy clusters into H3

+-ions in the ionizer. 

In fig. IV.3a and 3b the intensities are given for N, and NO, respectively, 
for temperatures T0 between 130 К and 300 K. In table IV. 1 the reduction 
factors P0/P,ed a r e given. Signals of heavier clusters have been observed, for 
instance up to N 1 4

+ , but are not displayed in fig. I V.3. Contrary to the case of H 2, 
here the ions of even mass have intensities stronger than those of odd mass. For 
instance, fourty times the N3

+-signal is observed on N 4

+ , whereas fifty times the 
H6

+-signals equals roughly the H,+-signal (ref. 2). 
The pressure range where we can draw a straight line through the results in 

fig. IV.2 and 3 is called the onset region. The cross section results of the 
following section show that in this region the monomer (dimer) ion signals 
originate from neutral monomers (dimers). 
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Fig. IV3. Intensities vs. reduced pressure for N, (a) and NO (b). 
The intensities are measured at source temperatures T 0 = 296 К ( · ) , T„ = 223 К ( A ) . T„ = 173 К 
(A),andT„ = 133 К (О). The abscissa represents the true pressure P0 in torr for T 0 = 233 K. At other 
temperatures reduction factors P0/Prcd have been applied, see table I V.l. The monomer ion signal (I) 
is displayed, divided by a factor 10; The dimer ion signals N 4

+ and (NO),+ are indicated by II. For N, 
the reduced value P L is indicated; no PL can be defined for NO. 
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TABLE IV. 1 

28 33 65 100 296 (К) 

Ne+ 

Ne2+ 

H2+ 

IV 
*V 

N2 + 

N4+ 

NO* 

<NO),+ 

1 
2 

1 
2 
3 

m 

1 
2 

1 
2 

— 

— 

.44 ± .02 

.16 ± .01 

.11 

133 

.65 ± .05 

.25 ± .02 

.63 ± .03 

.31 ± .02 

.48 

.24 

.52 

.23 

.16 

+ 
+ 

+ 

+ 

.03 

.02 

.03 

.01 

173 

.88 ± 

.53 ± 

.90 ± 

.55 ± 

1 
1 

1 
1 
1 

.05 

.05 

.05 

.05 

1.7 ± 
2.0 ± 

1.30 ± 
2.1 ± 

— 

223 

1 
1 

1 
1 

.1 

.1 

.05 

.1 

— 

3.5 ±.2 

— 

296 (K) 

1.4 ± .1 
2.5 ± .2 

1.32 ± .1 
2.4 ± .1 

Table IV.I. Reduction factors j=PJPuil, l*m c,~ ρ " m / j 'Ίτ 

TABLE IV.2 

gas α. 

Ne 1.1 ± .1 
H2 1.1 ± .1 
N2 1.1 ± .1 
NO 1.1 ± .1 

ßl 

1.1 ±.1 
.9 ± .1 
.9 ± .1 
.9 ± .1 

a2 

2.0 ± .1 
2.0 ± .1 
2.5 ± .2 
2.8 ± .1 

ß2 

1.9 ±.1 
2.0 ± .1 
2.85 ± .1 
2.5 ± .1 

a3 

7.8 ± .5 2.7 ± .1 

Table IV.2. Exponents a m and ß m tor the intensities in the onset region. 

In the onset region the measured intensities I+
m are approximately pro

portional to P0"m /T0"m I'm ,m= I for the Ne+, H2
+, N,+ and NO+ signals, m = 2 

for the Ne2
+, H,+ , N4

+ and (NO)2
+ signals. Values for ctm and ßmi are shown in 

table IV.2. 
The pressure dependence of I+

mii is in accordance with expectation, α , ^ Ι . 
For I+¡ „ one expects a proportionality with the squared density of the monomer 
in the source. 
Experimentally we find a, = 2.0 ± 0.1 for Ne, Ar (réf. 1) and H,;forN2 , NO and 
0 2 , however, we find a2 = 2.5 ± .2, 2.8 ± .1 and 2.7 ±.2, respectively. 

Even a simple equilibrium theory for dimer concentration predicts a much 
more complicated temperature dependence than the proportionality with 
T0 " |,; . However, for the limited temperature range investigated this ap-
approximation gives the right reduction factor P„/Picd within 7% for Ne and H2, 
within 6% for N, and within 9% for NO. 
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IV.3 SCATTERING 

With respect to réf. 1 the scattering technique has been improved attaching 
an ionization gauge directly to the 80 К scatterbox (see also ref.3). The filament 
of the gauge is mounted under tension to prevent geometrical changes during 
operation. Thereby, the reproducibility is kept within 1% per day. During long 
measuring periods the gauge is not swiched off for weeks. To attenuate the 
neutral beam a pressure of about I0~4 torr is maintained in the scatterbox; for the 
unattenuated beam the box is pumped down to about 2.x 10~7 torr. 

In fig. IV.4a and 4b the total collision cross section results for Ne and H-, are 
displayed with a light and a heavy scattering partner, respectively. As in ref. 1 we 
are able to define a pressure limitP, , below which the dimer ion signal corres
ponds to a neutral dimer parent. The range for P, indicated in fig. IV.2, 3, 4 and 
5 is obtained by dividing the PL values by the reduction factors for the dimer 
intensities (see table IV. 1) A general criterion will be discussed in the next 
section. 

The velocity of the beam molecules, v,, has been calculated from the 
source temperature T„ assuming full isentropic expansion, ν, = (2CP T0) ' ;Cp is 

the specific heat at constant pressure per unit mass. The average relative 

Fig. IVA. Apparent cross section vs. re
duced pressure for Ne (a) and H2 (b) of 
monomers (I) and dimers (II). 
The different symbols correspond to dif
ferent temperatures, T 0 = 100 К ( Ä ). T0 

= 65 К ( Д ); for Ne the results at T 0 = 33 
K ( 0 ) , f o r H , t h o s e a t T 0 = 166K(»)and 
T„ = 30 К (Ó) are added. As target mole
cule He is used for Ne, and Ar for H,. 
The ordinates are logarithmic; at all va
lues of T0 the avarage value of o, is taken 
equal to unity for both Ne and H,. The 
abscissa represents the true pressure P„ 
for T0 = 65 K; at other temperatures 
reduction factors have been applied, see 
table IV. 1. For T„ = 166 К interpolated 
reduction factors are used. For 
P r e d < P L the dimer cross section is de
termined. The results for both Ne isoto
pes are shown together. The dimer mea
surements for Ne do not extend to very 
low pressures because of detector noise 
due to residual background ions. For Ne 
no variation in σ,/σ, is found, for H 2 a 
slight variation with T 0 is apparent. The 
shaded regions for P[ are obtained by a 
reduction of P] with the same factors as 
for the dimer intensities, see table IV. 1. 
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velocity ν for different scattering partners has been calculated from v, and the 

thermal velocity of the scatter gas, a, ; v= (v,2+as¡
2)J . Fig. IV.4 shows that the 

velocity dependence of σ-,/σ,, the ratio of dimer and monomer cross section, is 

small or negligible. For this reason we refrained from a more accurate velocity 

determination. 

In fig. IV.5a and b similar results are given for N 2 and NO. No velocity 

dependence of σ2/ σ, is detected. With a heavy scattering partner, the value of 

o2/o,equals 1.34± .02forNO, 1.40 ± .03forN 2,and 1.40± .02 for 0 2 . The ratio 

found for Ar (cf. réf. l ) i so 2 / o , = 1.39 ± .02, for Ne o2/o, = 1.35 ± .05. For H, 
the values range fromo2/o, = 1.36±.02, at v, ~ 1200 msec -1, too2 /o, = 1.55 ± 
.04, at v , a ¡ 1900msec-'. 

For the light scattering partner (He) larger σ2/σ, ratios are found, generally; 

Ö2 /Ö I = 1.64±.02forN2,o2/o, = 1.57±.05forO2;o2/o, = 1.77 ± .02forNeand 
σ,/σ, = 1.96 ± .06forH 2 . For the molecular system NO the ratio σ2/σ, is found 

slightly smaller, σ,/σ, = 1.51 ± .02. 

The angular resolution correction is applied to σ2/σ, following ref. 4. For 

the heavy scattering partner, where the interaction is dominated by a ^ - a t t r a c 

tion, this correction equals roughly the experimental uncertainty. The relative 

correction due to the spread in relative velocity is the same foro2 and σ, (ref. 5.). 

The light collision partner poses the problem that the angular resolution correc

tion according to ref. 4 becomes rather inaccurate for two reasons. Firstly, the 

velocity dependence is not in agreement with a pure [-'-potential. Secondly, the 

velocity of the target molecules is comparable to ν, ; in this case the formulas of 

ref. 4 are not properly valid. Lack of a better procedure has forced us neverthe-

Fig. IV.5. Apparent cross section vs. re
duced velocity for N 2 (a) and NO (b) of 
monomers (1) and dimers (II). 
The different symbols correspond to dif
ferent temperatures, T0 = 296 К ( · ) , T„ 
= 223 К (A), T 0 = 173 Κ (Δ ), and T 0 = 
133 К (О). The abscissa represents the 
true pressure P0 in torr for T0 = 233 K; 
for other temperatures a reduction is ap
plied equal to that for the intensities (ta
ble IV. 1). For both N 2 and NO, Ar is 
used as target gas. For all temperatures 
o, is independent of the source pressure 
and is taken equal to unity. For N 2 a 
pressure PL is defined; from reduced 
pressures P r e j S P l the dimer cross sec
tion σ, is determined. For NO the cross 
section o, is constant up to the highest 
pressures, where ion signals of larger 
clusters are already present. Both for N, 
and NO, the ratioσ,/σ, is equal for all T 0 . 
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less, to use the correction method of ref. 4. The statistical erroi given for σ2/σ, 

does not include the uncertainty of this correction 

The discussion of the ratio σ,/σ, for a heavy scattering partner can be based 

on the expression for the total collision cross section (ref. 6) 

σΙοι = 8 083(C6/fiv)*/· (IV 1) 

Fromeq. IV. 1 follows C 6 d /C6 m = (σ,/σ,) 2 ' \ Consequently, σ-,/σ, = 1 32 

yields C 6 d = 2C6 m (ref. 1). Observed ratios 1 34-1 45 correspond to C6 d /Ch m 

between 2.0 and 2.5 This ratio appears reasonable to us; theoretical predictions 

for C 6 j /C6 m do not exist at this moment. 

For H,-Ar scattering and wherever He is used as scattering partner, glories 

in the total collision cross section might have been expected. However, due to 

the velocity averaging for He (average velocity in the 80K scatterbox 600 

msec - 1) the glones are smoothed out entirely. With the H,- beam this averaging 

effect is much smaller because here the heavy and slow partner is in the 

scatterbox. Here, σ,/σ, is found to vary slightly over the large velocity range, v, 

between 800 and 1850 msec-1. 

If one neglects all possible inelastical events (rotational excitation and 

dissociation of the loosely bound (H2)2-complex), one can calculate σ,/σ, under 

simplifying assumptions concerning the interaction potential. In fig. IV.6 results 

of such a calculation are shown. 

The monomer cross section is calculated (ref.7) for the Lennard Jones 

potential with ε and Rm taken from ref. 3 Our measured monomer cross section 

σ, (fitted to the calculated value at 1180 m sec ~') agrees with the calculations to 

within the experimental error The spread in relative velocity due to the thermal 

velocity of the target gas is indicated by the horizontal bars on σ,. 

In fig. IV.6. the experimental points of σ2 are derived from the calculated о, 
and the measured ratios σ,/σ,. 

We calculated (ref. 7) a dimer cross section for various sets of Lennard Jones 

parameters. A reasonable fit is shown in fig. IV.6, for C 6 d = 2.5C6 m (Ha) and 

2.7 C 6 m (lib); the product ER,„ IS kept constant and taken equal to the monomer 

value because this guarantees the absence of glory undulation in σ,/σ,. 

The C 6 j /C6 m value obtained are similar to the results for the heavier systems. 

IV 4 THE MAXIMUM PRESSURE P, FOR PURE DIMER BEAMS 

One main result of this work is the firm establishment of experimental 

conditions under which the dimer ion signal corresponds to pure dimers, with 

negligible contamination from fragments of heavier clusters. For each source 
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Fig. І .Ь. Calculated and measured 
cross section σ2 and σ, vs. velocity for 
H,-Ar. 
The curve indicated by (I) represents the 
calculated monomer cross section. The 
measured cross section σ, is put equal to 
the calculated cross section at ν = 1180 
m/sec. The monomer cross section at ν 
= 1460. 810 and 760 m/sec follow from 
this choice and are then equal to the cal
culated ones within their errors. The di-
mer cross sections are obtained from the 
measured ratios σ,/σ,. The curves lia 
and lib are calculated for Ch d = 2.7 
C 6 m and 2.5 C6 m respectively, with 
C 6 . m = 2.80x10-" erg.A"; eRm = 
3.37xl0-'4 erg.A is taken equal for mo
nomers and dimers. 

temperature T 0 we find a limit pressure PL below which the simple correspon

dence prevails. The values of P, are collected in table IV.3. The limit pressure 

is of technical interest to those who want to design experiments. Therefore, we 

tried to condense our experience into a simple prescription using the intermole

cular potential depth ε and the minimum position Rm as scaling parameters. 

All our measurements on the noble gases Ar and Ne, and H2 and N 2 , 

performed with a d0 = 26 μ nozzle diameter, lead to P, -values given by the 

following equation (within a factor 1.3) 

P, =0.6 χ eRm-\ {kT/ε} ' " " " - ' " . ( R J d ) " (IV.2) 

Eq. IV.2 is not in contradiction with the general formulas given in ref. 8; 

actually, the temperature dependence correponds with the lower limit of Ha-

gena and Obert. The temperature dependence for Ar and N2 agrees, too, with 
the temperature dependence observed by Golomb et al. (ref. 9) for the pressure 

corresponding to the maximum of the dimer ion signal. At this pressure large 

clusters are abundantly present in the beam. Its value is about three times higher 

than the value of PL , as can be seen from fig. III. 1, or calculated from the 

experimental result and the scaling laws of ref. 9. 

Eq. IV.2 is tested ford = d0 = 26 μ, only. The last factor is added in view of 

the evidence (ref. 9) that beam condensation is determined by the product 

P0.d"5 5, at fixed source temperature. The scaling of the nozzle diameter d with 

Rm is in accordance with the principle of corresponding jets (ref. 8). 

too 
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table IV.3 

T0 33 65 100 

Ne 100 600 1100 
H, 90 600 1700 

To 

Ar 

To 

N2 

123 

300 

133 

800 

173 

600 

173 

1100 

223 

1000 

223 

3000 

294 

1800 

294 

-

Table IV.3. Values of P¡ ¡η torr at various T„ for Ne, H,,Ar, and Ν,. 

The dimer signal of NO forms an exception; here no contribution from 

fragmentation of larger clusters to the dimer ion signal is indicated by our 

measurements. At the maximum source pressure used many heavier clusters 

are present in the beam and the dimer ion signal levels off already. 

IV.5 MAGNETIC DEFLECTION 

We have looked for information concerning the magnetic properties of 

dimers of H 2, NO and 0 2 in the beam by measuring their deflection in an 

inhomogeneous magnetic field. 

For a well collimated H2-beam at 26 К source temperature (v, = 750 m/sec) 
the ortho-monomers in the m, = ± 1 state can be bent off the beam axis. We 
have varied the position of a slit (.1 mm width) in front of the Rabi magnet. Fora 
broad H2-beam the three m,-states are clearly resolved; at three different slit 
positions distinct maxima of the signal are observed (see also ref. 10). 

Without a magnetic field the dimer beam is sharply peaked, corresponding 
to good collimation of the beam. With magnetic field on, a broad distribution is 
measured by varying the slit position. Thef.w.h.m. of the distribution is equal to 
the separation of the two m, = ± 1 states for the monomer. This indicates that 
the H2-dimers in the beam have magnetic moments comparable to those of the 
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H,-monomers. Consequently, the H2-dimers can be investigated by magnetic 

resonance spectroscopy, a method described in detail by Ramsey (ref. 11). The 

total signal of pure dimers amounts to 1% of the monomer signal at maximum. 

In the liquid phase, dimers of NO are known to be diamagnetic; also solid 

NO is found to consist of diamagnetic NO-dimers. On the other hand, the 

paramagnetism of 0 2 is preserved in the liquid phase. However, from analysis of 

magnetic susceptibility it has been suggested that in O, at low temperatures 

some molecules form nonmagnetic dimers (ref. 13). Knobler(ref. 14) has sought 

evidence for these nonmagnetic dimers in the liquid. 

We have investigated whether gaseous dimers of NO and 0 2 posses magne

tic moments. The decrease of the dimer intensity due to the inhomogeneous 

magnetic field is compared with that of the monomer intensity. 

For NO-monomers a slow monotonuous decrease is observed to about 40% 

of the full beam at the highest field gradient obtained in our experimental set up, 

about 20 kGauss.ciTT1. At low magnetic field no sudden decrease has been 

found due to the deflection of the n, r-state.This agrees with the experimental 

result (ref. 15) that in a nozzle expansion the electronic temperature (calculated 

from the relative population of the Π ι / : and the Π, ; : states) decreases similarly 

to the translational temperature. In the highly expanded jet of our experiment 

the Π,/ : -state may be completely depopulated. 

For NO dimers no decrease because of the magnetic deflection is detected. 

The absence of a magnetic moment can be explained in two ways. If paramagne

tic Π,/2 molecules are present in the beam, it is not likely that they will form 

stable dimers with other molecules. The energy of the electronic excitation 

exceeds the binding energy of the dimer. Because many degrees of freedom are 

coupled in a dimer, this energy can be transfered to rotation and vibration, 

causing dissociation. We are left with the diamagnetic dimers of two Π,,, 

molecules only. On the other hand, assuming that a dimer containing one or two 

Π,/ : molecules has a lifetime long enough to reach the detector, its magnetic 

moment will be averaged to zero by the end over end rotation, in first order. For 

the end over end rotation large quantum numbers are allowed, see sect. VI.3. 

The 02-monomer signal drops to about 30% of its maximum value at low 

fields already, due to the deflection of the'Zim,, = ± I) states. At higher fields 

the signal approaches zero because the 'Σ(ΓΤΙ4 = 0) state is also deflected now, 

due to its small magnetic moment originating from the rotation of the molecule 

coupled to the electronic spin. We observe that O, dimers can be deflected, too; 

the maximum obtainable decrease of signal is about 70%. Therefore, 0 2 dimers 

are paramagnetic. We consider the dispute about the appearence of diamagnetic 

0 2 dimer« as settled (ref. 14). There are none. 

Paramagnetic О, dimers will be interesting objects for a magnetic beam 
resonance study, although intensity problems may be severe. Admixture of He 
may improve the situation (see sect. VII.4). 
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V EXPERIMENTAL INVESTIGATION OF SMALL He CLUSTERS 
A. P. J. van Deursen and J. Reuss 
Katholieke Universiteit. Fysisch Laboratorium. Toernooiveld, The Netherlands 
(Received 16 December 1974; revised paper received 2 September 1975) 

The question of the existence of a bound van der Waals 
complex for He2 has received attention in the l i terature 
recently. Accurate scattering studies by F a r r a r and 
Lee1 and by Bennewitz et al.2 suggest the absence 
of a bound state for the He2 system. The potentials 
obtained are in fair agreement with theoretical resul ts 
by Bertoncini and Wahl3 and by Schaefer et al.* How
ever, as is discussed by Bennewitz, ä a 1. fi increase 
in the potential depth suffices to accomodate one bound 
state with zero angular momentum. 

In the course of measurements of the production of 
molecular c lus ters 5 we have searched for helium clus
t e r s . In our molecular beam machine we are able to 
cool the source to 6 K. The source pressure P0 can 
be varied up to 6 atm for a nozzle diameter of 6 μ. The 
beam is detected by a magnetic spect rometer . 5 The 
ionizer is adjusted to work without any detectable space 
charge. 

The measured intensit ies of the ions He*, , η = 1-4 
a r e given in Fig. 1(a) as a function of P 0 , at T0 = 7 K. 
He*, ions a r e observed for values of P 0 larger than 
200 tor r . The intensity of He* increases linearly with 
P 0 for P 0 < 400 torr , and the intensity of Hot. varies 
with Ρ?, up to />„ = 800 t o r r . Above 1100 torr the He*, 
and He*i ions appear; their intensity is roughly pro
portional to Pj°. The heaviest ion detected at 1500 
t o r r was He*_3. 

To determine the correspondence between cluster 
ions and the neutral parent c lus ters , a scattering cham
ber filled with argon gas at 80 К is placed in the neutral 
beam path. A s imi lar experiment with argon clusters 
is described in Ref. 6. The effective total c ross sec
tion for the different ion signals is given in Fig. lb. 

The cross section of the He* signal is constant over 
the entire p r e s s u r e range. We conclude that the He* 
ions a re due to the unclustered He atoms in the neutral 
beam. 

The cross section of the He* signal is constant for 
inlet p r e s s u r e s up to 500 tor r . In this p r e s s u r e range 
one neutral parent c luster for the Het> ion exists. 
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From three arguments we conclude that the He?, ions 
originate from neutral He3 clusters for P0 between 

200 and 500 torr, which dissociate to He*> in the ionizer. 

Firstly, the intensity is proportional to P<j. For the 
He2 parents a proportionality of Pjj is expected. 

Secondly, the ratio of the total cross sections for 
He* and He*, is found to be as large as 1. 95 ± 0. 1. It 
is difficult to reconcile this large ratio with a He2 

parent.6 

Finally, the intensity of the trimers relative to the 
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FIG. 1. Intensity and cross section vs inlet pressure. Curves 
I, II, Ш, and Г correspond to ion masses 4, 8, 12, and 16, 
respectively. 
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monomers can be estimated6 assuming equilibrium in 
the source and assuming one bound state for a trimer. 
Good agreement is found with experimental values for 
a trimer parent; for a dimer parent, however, the 
estimated concentration is too large by an order of 
magnitude. 

At pressures larger than 500 torr the cross section 
on He\ r ises owing to admixture of larger clusters in 
the beam and dissociative ionization. The Hej cross 
section at PQ > 1000 torr varies strongly with P0 and 
i s about 3. 5 times larger than the He cross section. 
It seems impossible to link this behavior with a unique 
parent cluster. 

In conclusion, our results agree with the prediction 
that there is no bound state for He2. 
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VI EQUILIBRIUM CALCULATIONS 

VI 1 INTRODUCTION 

In this chapter we present a calculation of dimer intensities obtained in 

supersonic expansions There are two possible limiting considerations, the 

dimers observed are already present in the source, in thermodynamic equili

brium, and are accelerated in the expansion Destruction during acceleration is 

neglected, as are processes leading to newly formed dimers On the other hand 

one can apply a kinetic approach, where formation and destruction processes 

are followed throughout the expansion The difficulty of this approach stems 

from the fact that the density, temperature and rate constants have to be known 

at all distances from the nozzle (ref 1) 

We first have adopted the simple point of view and have compared the 

measured dimer intensities (ref 2, ch III and IV) with the equilibrium concen

tration in the source The comparison is performed under the assumption that 

the detection efficiency for dimers is twice the detection efficiency for mono

mers The factor two stems from the enhanced ionization efficiency for the 

loosely bound van der Waals complex Possible differences in detector trans

mission and multiplier yield are neglected The source equilibrium calculation 

leads to agreement with observation within a factor three for Ar, Ne, and H, 

For the diatomic species N 2 and NO the observed dependence of the dimer 

concentration on the stagnation pressure disagrees with the simple equilibrium 

theory, although the overall temperature dependence follows rather well the 

equilibrium predictions In the last section we discuss the experimental evi

dence against the simple point of view that the dimers of the onset region are 

formed in the source already, under equilibrium conditions Although this 

"source equilibrium theory" leads to semiquantitative agreement with the 

experimental results, the discussion indicates strongly that the observed dimers 

are formed downstream the nozzle We are aware that neither a source- nor a 

downstream equilibrium approach gives an adequate description of the proper

ties of a molecular beam which develops from a hydrodynamical flow into a free 

particle stream Nevertheless, it appears that the source equilibrium gives the 

right dimer fraction within an order of magnitude, or even better for the noble 

systems The larger discrepancy found for the diatomic systems, can be ex

plained by downstream equilibrium, ι e postfabncation However, for Ne this 

leads to unphysically low forming temperatures of the dimer In spite of this, 

equilibrium theory can be used as a predictor and helps to elucidate the dimer 

formation process 

We have not attempted to interprete our data on clusters heavier than 

dimers, because we know that the cluster ion signals do not correspond uniquely 

to neutral clusters At the same time, occurrence of larger clusters destroys the 

45 



direct correspondence of the dimer ion signal and the neutral dimer, too. 

As an exception, the He 2

+ signal is interpreted in the onset region as 

originating from a neutral He, (ref. 3, ch.V). In the next section an equilibrium 

calculation for a He trimer is given, too. 

The starting point for all calculations is (ref.4) 

n/n; = Zi(T) / (ζ, (Τ) )¡ (VU) 

Неге η, (η,) stands for the number density of the monomer (dimer), z,(T) = 

Z,(T,V)/V ( z,(T) = Z,(T,V)/V ) where Z,(T,V) (Z2(T,V)) stands for the cor

responding one particle partition function at temperature Τ ; V is the volume 

occupied by the gas. The equation is based upon „chemical" equilibrium 

between monomers and dimers; implicilely it is assumed that the mixture of 

monomers and dimers can be treated as a mixture of two perfectgases. Eq. VI. 1 

implies that n,/nf is a function of temperature only. Thus, n2 is proportional to 

the squared source pressure P^ in the limit of low dimer concentration. Experi

mentally we found this pressure dependence for Ar2, Ne,, and (H,)2 in the beam 

(ch. Ill,IV). 

For mixed dimers one derives with К = п2/п.діь 

2 (2j+l) exp(-Evi/kT) 

(l/Z r o t,a) Σ (2j : l+l) exp {-ja-(J„+l)-Ba/kT} 

h 

(l/Z r o t,b) Σ (2j b+l) exp{-j b .( j b+l).iykT} 

The first factor on the right hand side represents the translational part of the 

partition function; the second factor contains the allowed dimer vib-rot-levels 

εν j ; the third and fourth factor reflect the rotation of the constituent monomers. 

If other degrees of freedom are thermally excited, like the low lying electronic 

level of NO, extra factors of similar structure have to be added to the right hand 

side of eq. VI.2. 

The summations have to be performed under the restriction 

ev.i + J a . a + 1) .B.+j b . ( jh + l ) . B b < 0 (VI.3) 

к = 
h2 К + т,) 

2лкТ ma.mb 

S/î 

46 



In eq. VI .2 m, and m'hi stand for the mass of the constituent monomers, Β, and 
Bb for their rotational constants, with corresponding quantum numbers j a and 

j b . It is assumed that the consituents can rotate freely (ref.5), and that their 
rotational states do not affect the dimer levels ε4 s . In the high temperature limit 
the rotational partition functions of both constituents Z m l d and Z l o t b 

are equal to kT/B„ and kT/Bh, respectively. Except for H 2 , this high tempera
ture limit is applicable to the description of our experiments for diatomic 
molecules. If a = b, eq. VI.2 reduces to a special case of eq. VI. 1. 

For the monoatomic systems the third and fourth factor are equal to unity. 
In that case the second factor has been evaluated semiclassically (ref. 6). One 
obtains for a Lennard Jones 12-6 interaction potential and for kT>.5e (ref. 7) 

n 2 / Π ι

2 = 1 . 7 8 Rm> ( k T / E ) i 5 G(Tk„/E) (VI.4) 

with G(x) = 1 + .254/x + .057/x2 + .0107/x\ ε and Rm represent the well depth 

and the position of the potential minimum. 

Ingenerai, eq. VI.2 must be calculated numerically, because of the coupled 

summations due to eq. VI.3. 

VI.2 EQUILIBRIUM THEORY FOR THE DIMER FRACTION OF INERT GAS SYSTEMS 

In fig. VI.1, exp(e„,0/kT) times the internal partition function Z 2 ¡„, is given 
for Ar2, as a function of temperature,with Z2 ¡nt = lexp(-ev.j/kT). Because of 
symmetry only even values of j are taken into account in Z2 inl (ref. 8). The 
steep increase at low temperatures reflects the exponential exp(e0,0/kT). At high 
temperatures, Z2?inl levels off because all stable states become occupied with 
equal probability. 

liM* E°VkT , 

103 - / * 

Fig. VI.I. Theinternal'partitionfunction 
for Ar2, Z , „„ multiplied by 
exp (ε0 0/кТ), vs. temperature. 10гI 1 1 

10' 10г 10' 

temperature (K) 

For Ar, the energy levels ενο , are calculated using spectroscopical con

stants given by Docken and Schafer (ref. 9), who determined the constants for 

an interaction potential of Ar,, obtained from differential cross section measu

rements by Pearson et al. (ref. 10). The level scheme is in agreement with UV 

absorption measurements of Tanaka and Yoshino (ref. 11), as discussed by 

LeRoy (ref. 12). 
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For Ne, similarly spectroscopical constants from Tanaka et al. (réf. 13) 
have been used. For(H2)2 the energy levels are calculated from a Lennard Jones 
12-6 potential (ref. 14). Similarly, we could have used the high pressure infrared 
absorption data of Watanabe and Welsh (ref. 15), as analysed by Gordon and 
Cashion (ref. 16). Both level schemes yield practically indistinguishable parti
tion functions. 

The energy levels used are tabulated in appendix Al. 
In all cases metastable dimers are neglected (eq. VI.3). They are assumed 

to dissociate before or during detection. 
Mixed dimers of the Ne isotopes are observed, i.e. 20Ne22Ne. From statis

tical symmetry arguments (ref. 8) their relative abundance compared to 20Ne, is 
expected to be twice the relative abundance of " N e in 20Ne. This is confirmed 
by experiment. 

When calculating the partition function the ortho-para species of H2 have 
been taken into account. Above 100 К higher rotational states of H 2 become 
populated. Because the rotational energy of an excited H, molecule exceeds the 
binding energy of a dimer by an order of magnitude, we discard the excited 
molecules in eq. VI.2 according to eq. VI.3. 

r »' 

© \ 

' 

• 

10г temperature 

1 

\ f 

\ ' 

ι // 

temperature (К) 

IO3 

temperature |K) 

Fig. VI.2 The equilibrium constant K0 

vs. temperature for Ar (a) and Ne (b). 
Also shown are the values for K o b s at 
different source temperatures. The open 
circles represent the values for K0 from 
eq. VI.4. 

Fig. VI.3. The equilibrium constant K0 

vs. temperature for H 2 . 
At temperature between 10 К and 100 К 
one finds K 0 ~T~ 3 / 2 ; K„ falls off more 
rapidly above 100 К because of excita
tion of higher rotational states of the mo
nomers. A single value for K o b s is given 
at each source temperature, in good 
agreement with K„. 
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In fig. VI.2 we compare the calculated K„ with experimental valm s Kobs for 

Ar and Ne; K0 = n2/n; is taken at source temperature T 0, K„ ;i2/i,)/2n. 

where I,/I, stands for the experimental ratio of dimer and monom r intensity 

(see ch. Ill and IV); n, = P0/kT0 is the number density of the monomer in the 

source at pressure P0 and temperature T 0 ; the factor 2 compensates approxima

tely for the larger detection efficiency of the dimer with respect to that of the 

monomer. Besides our own calculation of K„ the semiclassical results of Sto-

grynand Hirschfelder ( eq. VI.4) are displayed in fig. VI. 2. The simple eq. VI.4, 

thus, yields good agreement for Ne and Ar. 

We find Kobs = 2 K0 for Ar and Kobs ss 3 K„ for Ne. 

The calculated values of K„ for H, are displayed in fig. VI .3, together with our 

experimental values Kobs , taken from ch. IV. The experimental values are 

lower than the calculated ones generally, Kobs ss 0.8 K0. 

Possible formation of a stable He2 (ref. 17,18) has become a much discussed 

question recently. If there exists a bound state at all, its energy would be ε„ 0/k = 

- 0 . 1 K, at maximum. In the calculation of K0 this binding energy can be 

neglected compared to the thermal energy k T 0 ( T 0 = 7Kused in our experiment, 

ch. V). In fig. VI.4 the calculated equilibrium constant K„ is displayed. The 

temperature dependence is purely translational, K 0 s s T 0

- 1 · 5 . The experimental 

results show no quadratic pressure dependence at all. Therefore, a range of 

experimental Kob, is shown in fig. VI.4; the values even at high pressures are 

far too low compared to K„. 

In fig. VI.4 the result for a supposed He, is shown, too, Κ, = η,/η, ^ T~3. 

temperature IK I 

1 10' 

Fig. VIA. The equilibrium constant vs. 
température for the smallest He cluster. 
The left part of the figure corresponds to 
the dimer calculation with K 0 ~T~" 2 . 
The experimental points Kobs are pres
sure dependent and far too low. The mo
nomer density η ι in the source is indica
ted in amagat. The right part corres
ponds to the trimer calculation, with 
K 0 ~T~' . The experimental K, o b s , in 
fair agreement with K,. assume a single 
value for all source pressures of interest. temperature IK) 
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Again, a single bound state with negligible binding energy is assumed, in accor
dance with the theoretical prediction of ref. 19. Experimentally, the He,+ signal 
is proportional to the third power of the source pressure, P(¡. Therefore, all our 
К, o b s condense into one single point, if we take a He trimeras being responsa
ble for the observed He2

+signal. Here, K 3 i 0 b s is defined as K,?obs =(I2/I,)/3nf 
with n, = P„/kT0. The experimental intensity ratio for He 2

+ and He+, I2/I,, is 
divided by a factor 3 to compensate approximately for the larger ionization 
efficiency of the He trimer. The experimental K,iUb, is in fair agreement with 
K,-

VI.3 EQUILIBRIUM THEORY FOR DIATOMIC SYSTEMS 

For N 2 and NO three important features are observed, I) the dimer inten
sity is more than a factor 10 lower compared to Ar, 2) the quantity Kobs is 
proportional to T0~'\ with δ>2, whereas δ ^ 1.7 has been found for Ar, Ne, and 
H,, 3) K,)bs does depend on the source pressure P0, whereas Kobs is pressure 
independent for Ar, Ne, and H 2. All three properties can be explained from one 
single point of view, the rotational degree of freedom of the constituents of the 
dimer. 

According to eq. VI.3 only those states are taken into account in the 
calculation of K0 for which the sum of the rotational energies and of the end 
over end rotation does not exceed the binding energy for the different vibratio
nal levels of the dimer. 

The vibrational levels εν„ are approximated by a J.W.K.B. - calculation 
for a Lennard Jones 12-6 potential with ε and Rm taken from ref. 20. The 
vibrational levels used are tabulated in appendix A 1. Forali vibrational levels 
the rotational constant of the dimer is taken at the equilibrium distance Rm , i.e. 
Bv = fi2/m,.R^ (m, equals the monomer mass). The monomer rotational 
constant is taken from ref. 21. 

The influence of these two approximations is tested for Ar, where Z2 from 
the ' 'exact' ' level scheme (ref. 9) is compared to Z2 for the J.W.K.B. approxima
ted level scheme for a Lennard Jones 12-6 potential, with parameters ε and Rm 

from ref. 20. The resulting partition function Z2 is 40% lower for our approxima
tion. If ε/k for the Lennard Jones potential is taken equal to 140.8 К (ref. 9) 
instead of ε/k = 124 К (ref. 20), retaining a constant value of the reduced de 
Broglie wavelength Л* = h/Rm(m^) ä , the difference between both partition 
functions becomes 15%. This remaining difference is entirely due to the choise 
of a single value for the dimer rotational constant B v , which is too large for high 
vibrational levels (see appendix Al). 

For N2 we tested the dependence of Z2 on the well depth ε, increasing ε/k = 
91.5 К of ref. 20 also by 13% with constant Л*; an increase in Z2 of 50% was 
found at maximum. We estimate, therefore, that K0, being calculated with ε and 
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Rm of réf. 20 could be 70% too small. In the following we will use this rather low 
value of K0 only. 

With the above mentioned assumptions we obtain values for K0 which are 
two orders of magnitude lower than n2/n; calculated according eq. VI.4. The 
resulting values are shown in fig. VI.5 for N2 and NO respectively. 

The tremendeous influence of the rotational degree of freedom on the 
equilibrium constant K0 is thus put into evidence. 

Also displayed are values of Kobs for different densities n, = P„/kT0 (n, 
indicated in amagat). The discrepancy between Kobs and K„ is larger than for 
Ar and Ne; Kob, ss 10K0. 

The general temperature dependence of Kobs is in reasonable agreement 
with the temperature dependence of K0, for instance for N 2 ,K 0 ^T _ ; 1 · 6 , see fig. 
VI.5a. 

The increase of Kobs with pressure indicates that the dimers are not 
prefabricated in the source under equilibrium conditions, otherwise Kobs must 
be pressure independent. We attribute the observed increase of Kob„ with P0 to 
formation of dimers downstream the nozzle and to rotational cooling in the 
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Fig. VI.5. The equilibrium constant K0 vs. temperature for N 2 (a) and NO (b). 
The solid lines represent the calculated K0. The stronger temperature dependence here, compared 
to fig. VI.2, is caused by the monomer rotational degree of freedom. The values of K o b s are given for 
different n,, the monomer density in the source, indicated in amagat units, at four source temperatu
res. Because the dimer intensity is not proportional to Po, K o b s assumes different values at different 
P 0 = n,kT 0, for each T 0 . 

51 



expanding beam. This point will be discussed in the next section. Nevertheless, 
the equilibrium theory is apparently capable to explain the gross features of our 
observations. 

VI.4. DISCUSSION 

The agreement between source equilibrium calculations and the experi
mental values for n2/nf is satisfying for Ar and Ne. The remaining discrepancy 
amounts to Kobs = 2K0 for Ar, and Kobs аз 3K0 for Ne. For dimers Milne and 
Greene (ref. 1) have introduced an extra mass separation factor (a factor 2) to 
deal with this discrepancy for Ar. We have investigated this mass separation on 
a 1:3 mixture of Ar and Ne; no enhancement of Ar was found. This does not 
entirely exclude mass separation for our actual 1:100 mixture of dimers and 
monomers, but we do not believe in the magnitude of the effect assumed in 
ref. 1. 

temperature 

Fig. VI.6. KfIK0 vs. temperature for N, (a) and NO (b). 
The ratio Kr/K0 stands for the increase of the equilibrium dimer fraction in the isentropically 
expanding beam with respect to the dimer fraction in the source. The arrows on the abscissa indicate 
the four experimental source temperatures. As the expansion proceeds the beam temperature 
becomes lower and the dimer fraction increases as shown. The experimental results K o h s /K0 are 
indicated by the open circles and labeled by the corresponding monomer densities in the source. 
From these ratios one infers formation temperatures K, which describe the observed dimer fractio
ns, 30 K<T f <100K. For N2 the ratio K f/K0, calculated according to eq. VI.6 with κ = 7/5. is 
indicated by the dotted line. 
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On the other hand, it is clear from fig. IV. 1 and IV.2 that the monomer 
intensity departs from the extrapolated straight line ~P¿ of the onset region, at 
such pressures where the dimers are observed. The origin of this deficiency may 
be sought in a mass separation in the expanding beam. We have corrected for 
this deficiency, using the extrapolated straight line values. The correction on 
Kobs has negligible influence for Ar and Ne. For N, and NO it amounts to a 
factor 1.5 at maximum; nevertheless, it does not bring the Kobs and K0 into as 
close an agreement as found e.g. for Ar. 

However, it is not necessary that the dimers observed are formed in the 
source under equilibrium conditions, only. A cooling of all degrees of freedom 
for monomers in a nozzle expansion has been observed many times (ref. 22). If 
dimers are formed downstream the nozzle and if the beam temperature has 
dropped before the dimer formation ends, one may expect dimer fraction quite 
different from the equilibrium value in the source. Hagena (ref. 7) has discussed 
such a "downstream equilibrium" and gives the variation of the equilibrium 
dimer fraction with Tf, the temperature downstream the nozzle which determi
nes the finally observed dimer fraction. 
The expansion from T0 toT f is assumed to be isentropic. For Ar and Ne one may 
use eq. VI.4 to obtain 

Kt = K„. (Tf/T„)(5J* )/ (2*^> .GÍkTf/ε) / G(Tk„/<0, (VI.6) 

where κ is the specific heat ratio and Kr = [n 2/n,]T . kTn/2P0. In the case of 
noble gases κ = 5/3 and the second factor on the right hand side is equal to unity. 
As G(x) is only a slowly varying function of χ for χ >.5, the dimer fraction is 
rather insensitive to T r . To achieve agreement between Kobs and K, we must 
assume a final temperature T,, T r ^;60Kfor Ar, for all T„ between 120Kand300 
K, independent of P 0. For Ne the downstream equilibrium would lead to T r < 20 
K; for this low T r our basic assumptions are not longer valid. 

For Ar, Ne and H 2 the close agreement between Kobs and Kr is caused by 
the rather weak dependence of the dimer fraction on T r ; it does not prove that 
the observed dimers are already formed in the source. 

For H2 good agreement is found between K0 and Kobs . This stems from the 
near independency of Kr on T, for Τ, > Ι0Κ, due to the small binding energy of 
the H, dimer levels. Thus, any T r with 10 K < T r < T 0 would fit to our measure
ments. 

For the diatomic systems N, and NO the discussion of the experimental 
results in the light of a source equilibrium theory is problematic, because the 
dimer intensity is not found to be proportional to PQ. The value of Kobs changes 
about a factor 2 for N, (a factor 5 for NO) at fixed T 0, if the pressure P„ is varied 
from the detection limit up to P, (see ch. Ill and IV). A large spread of 
experimental points is caused by the pressure dependence, Kobs ~ P 0

- 5 for N, 
and Kobs ~ P 0 · 8 for NO. 
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As ¡η the case of Ar and Ne, we have investigated the consequences of dimer 

formation downstream the nozzle. The new element for the diatomic molecules 

is the strong influence of the rotational cooling on Z2 in eq. VI.2. Using eq. VI.2 

one can derive a relation for Kf for diatomic systems analogously to eq. VI.6. In 

fig. VI .6 calculated values for K r/K0 are given for different source temperatures. 

Hagena, who has not expicitely taken into account the rotational cooling, finds a 

behaviour completely different from our calculations for N2 (see fig. VI.6). For 

NO, the cooling of the electronic degree of freedom must also be taken into 

account. The slightly larger temperature and pressure dependence of Kobs , as 

displayed in fig. VI.6 is attributed to the electronic cooling. 

In contrast to the noble systems the influence of T r on the dimer fraction is 

very pronounced in the case of N 2 and NO due to the presence of internal 

degrees of freedom. The observed pressure dependence of Kobs therefore 

indicates strongly that the dimers are formed downstream the nozzle, at tem

peratures T f between 30 К and 100 К (see fig. VI.6). 
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VII MIXED DIMERS 

VII I INTRODUCTION 

Continuing our investigation of dimer production (ref 1) we have tried to 

detect mixed dinners in nozzle beams of mixtures, NeArand HeNe dimers were 

observed with sufficient intensity to determine the total collision cross section 

A similar attempt for H2Ar was partially hampered by the circumstance that the 

corresponding HAr+ ion must be detected on the wing of the thousand times 

larger Ar+ peak Our search for H,He, H 2Ne and HeAr dimers was not succes-

ful, due to masking ion peaks, H,+ for HHe+, 2 ' N e + for H 2 " N e \ and CO,+ for 

HeAr+ 

For the Ne-Ar mixture (3 Ne I Ar in the source) we observe an optimum 

NeAr+ signal of about 0 1% of the Ar+signal with a signal to noise ratio S/N = 30, 

at a time constant τ = 1 sec A similar result is obtained for the He-Ne mixture 

At the moment these optimum signals seem too small for electric beam reso

nance measurements, which appear interesting in view of recent discussions of 

the electric dipole moment of these mixed inert gas dimers (ref 2) 

The existence of an H 2He dimer is questionable (ref 3), The situation can 

be compared to that of the He dimer Our results do not throw new light on this 

problem 

A positive aspect of the mixed clusters and their mass spectrometnc detec

tion is the low probability for fragmentation of larger clusters to the mixed dimer 

ion For instance, using the Ne-Ar mixture, signals of Ar,+- and Ar4

+-ions are 

found, but no signals of NeAr,+-ions Even conceding that neutral NeAr, is 

present in the beam, Ne Ar+ will be formed as fragment ion with smaller probabi

lity than Ar,+ In complete agreement herewith we observe a constant collision 

cross section for the NeAr+ parent up to pressures substantially higher than 

those at which the Ar 2-Ar 2

+ correspondence breaks down, ι e Ρ, (sect VII 3), 

at these high pressures the NeAr+ signal goes through a maximum For HeNe+ a 

constant collision cross section is observed up to pressures where the HeNe+ 

signal has dropped already to 3 of its maximum value 

As will be shown in sect VII 4 the observed mixed dimer intensities can be 

fairly well predicted from a source equilibrium calculation 

Concerning the production of pure dimers from gas mixtures, e g Ar, 

from the Ne-Ar mixture, we observe a significant increase through the presence 

of the lighter gas compared to the dimer intensity from pure gases, at the same 

partial pressure and temperature in the source This increase points definitively 

in the direction of dimer formation downstream the nozzle, where, due to the 

extra acceleration of the beam molecules by the light carrier gas, the formation 

temperature Tr is lower than for pure gas jets, see sect VII 4 Similar observa

tions have been reported in ref 4 
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VII.2 INTENSITIES 

In fig. VII. 1,2a and 2b the intensities are displayed for the mixed gases as a 
function of the source pressure P0. The mixtures have been prepared by us from 
commercial pure gases; we have used 1:3 mixtures of Arin Ne, Ne in He and Ar 
in H,. 

The monomer signals nearly coincide for Ne-Ar and He-Ne mixtures. 
When the difference in detection efficiency is taken into account (see 

appendix A 2) we find no enhancement of the heavier monomer in the beam. On 
the other hand, for the H :-Ar mixture with its large mass difference between the 
components, an order of magnitude less H2 is measured with respect to Ar. This 
cannot be explained by a difference in detection efficiency. The light carrier gas 
is lost from the central beam by collisions with the heavier component (ref. 4). 
As soon as the Ar, signal appears, the H, monomer signal becomes practically 
independent of P„, presumably due to increasing losses caused by the Ar dimer 
formation process. Energy is liberated in the dimer formation process; corres
ponding linear momentum is mainly imparted to the lighter component of the 
mixture. 

For a pure Ar monomer beam a signal from Ar++ ions is observed, of about 
109? of the Ar+ signal, at an electron bombardment energy of 130 eV. In fig. 
VII. 1 the intensity of Ne + is corrected for this Ar++ signal (about 109f decrease). 
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Fig. VII.I. Intensity vs. reduced pres
sure for Ne-Ar. 
The Ne+ intensity (Ia.displayed multi
plied by a factor 10) nearly coincides 
with the Ar+ intensity (lb). Both mono
mer intensities are proportional to P,,"' 
at low pressures, with a, = 1.0 ± . I. For 
the Ar,+ (II) and NeAr+ (III) intensity 
similar proportionalities hold with expo
nents a, = 2.5 ± .2 and a, = 1.6 ± .2, 
respectively. The intensities are measu
red at different source temperatures, T„ 
= 2 9 6 Κ ( · ) . Τ „ = 190K(A),T 0 = 148 К 
(Δ), and T„ = 108 К (О). The abscissa 
gives the true pressure in torr for T„ = 
190 K. At other temperatures reduction 
factors P0/P r ej are applied for each ion 
mass (table VII. I.) The shaded area in
dicates the reduced pressure P| at 
which the Ar, signal becomes contami
nated by fragments of larger clusters. 
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Fig. VII.2. Intensity vs. source pressure for He-Ne (a) and H,-Ar (b). 
For He-Ne (at source temperature T„ = 31 K) the intensities are shown of the ions He+(Ia), 2"Ne+ 
(Ib),2"Ne,+ (Ha), 2 " N e " N e + (lib); at low pressures the ion signals are proportional to P c l "

m , with a m = 
1(1), a, = 2.3 ± .2 a n d a , = 1.5 ± .2(111). Also shown are the intensities for Ne, + (IV) and Ne 4

+(V). 
At the pressure P, fragment ions of larger clusters start to contribute to the Ne, + signal. For H,-Ar at 
source temperature T„ = 173 K, the intensities are shown of H,+ (la), Ar+ (lb), Ar,+ (II). and HAr+ 

(III). At low pressures the ion signals rise proportionally to P 0 " m . w i t h a l u = l . ± . 2 . a , b = l . ± . l , u , 
= 2.3 ±.1, and a, = 1.5 ± .2, respectively. 

In fig. VII.l the pressure scale is the true one for T 0 = 190 K; for other 

temperatures the pressure scale is reduced for each ion signal by the factors 

Po/Pred . § i v e n i n table VII.l. 
The 2"Ne 4<lAr+ ion signal could be contaminated by Ar,++ ions, possessing 

the same e/m ratio. However,for a pure Ar beam no Ar,++ has been found; 

therefore we exclude this possibility. 

We have not found signals of 2 2Ne 4 ( lAr+ or 4 H e 2 2 N e + ions; their intensity 

can be estimated to be an order of magnitude lower than that observed for 
2"Ne4"Ar+ and 4 He 2 "Ne + ions; this is beneath our detection limit. 

Our mass spectrometer has a limited suppression of neighbouring mass 

peaks; for a pure Ar beam about .03% of the Ar1" signal is measured at the 

mass-setting for H Ar+. The mixed dimer signal in the case of H,-Ar, H Ar1", must 

be detected on the wing of a thousand times larger 4 0Ar+ monomer peak. 

Therefore, the intensities of fig.VII.2b should be taken with some reserve. 

However, the scattering results of the next section prove that a mixed dimer 

signal is present. No attempt with a D2-Ar mixture has been made yet. 
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Dimers of the heavier component in the mixture are detected. In contrast to 

the case of pure gases, their intensity is proportional to P0" , with a 2 larger than 

2 (see caption of fig. VII. I and 2); for pure gases a 2 = 2 has been found (ref. 1, 

ch. Ill and IV). At the same source temperature and partial source pressure the 

dimer intensity from the mixture has increased with respect to that of the pure 

gas. For a discussion see sect. VII.4. 

The monomer intensities are about proportional to P0 at low pressures; the 

mixed dimer signals have pressure exponents a, smaller than 2. The exact 

values are given in the captions. 

108 148 190 296 120 210 

Ne*, Ar» (I) .65 ± .1 .8 ± .1 1 1.5±.l .7 1.1 .85 ± .1 
Ar2+ (II) .35 ± .02 .55 ± .03 1 2 . 1 ± . l .4 1.4 2 1 ± .1 
NeAr+ (III) .47 ± .05 .65 ± .07 1 1.6±.l .5 1.2 1.6 ± . 1 

Table VII. 1 Reduction factors f-P„ /Ρ,,,ι for Ne-Ar 

The values for f at Te= 120 К and Te~ 210 К have been interpolated, using the 

approximation f » T o ' . The values for §, are given in the last column. 

VII 3 SCATTERING 

In fig. VII.3 the total collision cross sections vs. reduced source pressure 
are displayed relative to the Ar monomer cross section, for the different ion 
signals of the Ne-Ar mixture; He was used as scattering partner. The cross 
sections at three different source temperatures T 0 = 120, 210 and 296 К are 
collected in one figure by a similar reduction of the pressure scale as for the 
intensities; for T 0 = 120 and 210 К interpolated reduction factors are used, see 
table VII. 1. The experimental cross sections are corrected for the finite angular 
resolution following ref. 5. 

At low pressures all cross sections are independent of P0, indicating a direct 
correspondence between ions and neutrals. 

The ratio of the cross section σλΓ /σΑ, is found tobe 1.52± .02, with He as 

target molecule. The cross section of the mixed dimer o N c A r , is seen to be 

(1.61 ± .02) times £(σΛ, + σ Ν ι ). 

With Ar as scattering partner we find for o A r / o A r =1.36 ±.02 and o N e A r 

= (1.45 ± .02). g ( o A r + o N c ) at a source temperature T 0 = 210 K. 

FortheAr 2

+ signal a source pressure PL can be defined in fig. VII.3; at PL 

the cross section starts to rise above its constant low pressure value. The 

pressure P L is 500torrfor T 0 = 120 K, 1800 torrfor T 0 = 210K;forT 0 = 294 К 
no rise of the Ar2

+ cross section is yet observed, i.e. PL > 4000 torr. Indicated in 
fig. VII. 1 and 3 is Ρ, , obtained from the aforementioned PL values and the 

reduction factors of table VII. I for the Ar2

+ signal. 
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The partial pressure for Ar at P, is roughly equal to \ Pl found for pure Ar (cf. 
eh. Ill), in accordance with ref.4. 

In fig. VII .4a and 4b the cross section for the He-Ne and the H2-Ar mixture 
are given each for one source temperature (T0 = 31 К and T 0 = 90 K, respective
ly), and one scattering partner (He and Kr, respectively). Here too, the cross 
sections displayed are corrected for the finite angular resolution. For the He+, 
Ne+, and HeNe+ signal the cross sections are again independent of P 0 . From the 
constant behaviour of o H c N e we infer that no larger mixed clusters, if present 
at all, contribute to the HeNe+signal. One obtaines o H e N e = (1.83 ± .06).£( σΝς. 

+ oHe ) with He as scattering partner. 

At Po<300 torr the Ne 2 cross section is measured, yielding oNe, / oN e = 

1.75 ± .06. Here, the partial Ne pressure at P t = 300 torr is about equal to P, in 

the pure Ne case of ch. IV. ForP 0 > PL the dimer ion cross section rises to values 

near to those of the cross section for the larger cluster ions, Ne, + and Ne 4

+ . 

In order to obtain larger mixed dimer signals and to reduce the influence of 

the limited mass separation (see sect. VII.2) we have used a different source 

temperature and gas mixture in the measurement of the cross sections of H2-Ar 

(T 0 = 90 К vs. T 0 = 173 К used for the intensities in fig. VII.2b, and a 8:1 
mixture vs. 3:1). As in fig. VII.2b the H 2

+ ion signal assumes a nearly constant 
value over the pressure range where dimer signals are present; this constant 
signal is about 10% of the Ar1" signal (vs. 1.5-3% in fig. VII.2b). At a source 

cross section 1 
arbitrary units 

2 I-

, _ l a - · »-—·-»—i—;f—'—. ;—*T 

Pi 

ι ^t 
10 ! 10J 10' 

reduced pressure 

caption to Tig VII.3 

Fig. VII.3. Apparent cross section vs. reduced pressure for the Ne-Ar mixture with He as scattergas. 

The cross sections are diplayed relative to the Ar monomer cross section; they are measured at 

source temperatures T„ = 296 К (A). T 0 = 210 К ( ·) , and T 0 = 120 К (О); for the reduction of the 
pressure scale interpolated P0/P r ej values are used, see table VII. 1. From P r e d < P t the Ar2 cross 
section is obtained. For Ne Ar the results are independent of pressure over the whole pressure range. 
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cross section 
arbitrary units 

4 г He-Ne I He] 

Po(torr) 

Fig. VII.4 Apparent cross section vs. source pressure P0, (a) for a 3:1 He-Ne and (b) for a 8:1 H,-Ar 
mixture with He and Kr as target gas, at temperatures T 0 = 31 К and 90 K, respectively. In the left 
part the HeMIa). Ne+ (lb), and HeNe+ (III) attenuations correspond for all pressures, those for Ne,+ 

(11) only for P U <P| , to cross sections of well defined neutral particles. 
In the right part the attenuations of H,+ (la), Ar+(Ib), Ar,+ (II) and HAr+ (III) correspond each to a 
unique neutral parent for P 0 < P L = Ю' torr. At pressure P„>Pi larger clusters contribute to both 
dimer signals. 

pressure P0 = 1000 torr both the Ar+ and the HAr+ ion signal go through a 
maximum; the maximum Ar2 and HAr signal are 10% and 2% of the Ar+ signal, 
respectively. The signal to noise ratio of the HAr+ion signal here, is 50, at a time 
constant of 1 sec. 

From fig. VII.4b one infers a constant cross section for all ion signals at 
source pressures P() <1000 torr. One obtaines оЛ г /oA, =1.35 ±.02 and 
°H.Ar =(1-45 ±.02).5 (oH

 + io A r ). Due to the contribution of the Ar+ signal to 
the H Ar+ signal as explained in the introduction, we present the cross section of 
the H2Ar dimer as a lower limit; the value is estimated to be too low by 2% at 
maximum. 
At P 0 > 1000 torr the cross section for the Ar2

+ and the HAr+ signal starts to rise, 
due to the admixture of larger clusters. For Ar2

+ this rise has been observed 
earlier (ref. 1 a); for H Ar+ this rise is the only indication in our investigation to the 
existence of larger mixed clusters. At the same pressures, signals of H,+ ions are 
detected too. 
The decrease of the monomer cross section for Ar has been dealt with in an 
earlier paper (réf.la). 
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VII.4. EQUILIBRIUM CALCULATION FOR MIXED DIMERS 

For a comparison of the observed mixed dimer concentration of Ne Ar and 

the equilibrium concentration in the source we calculated the partition function 

Zm i x ; the vibrational energy have been calculated by us in the J.W.K.B. 

approximation, using ε and Rm values for the Lennard-Jones 12-6 potential from 

ref. 6, see appendix Al. The rotational constant В has been taken at the 
equilibrium position of the two atoms, for all 5 vibrational levels. The resulting 
partition function is estimated to give values 40% too small. The estimate is 
based on similar Ar2 results (sect. VI.2). From the partition functions the 
equilibrium constant K„ = nN e A, /n N e . nA r is calculated as a function of the 
source temperature T 0 . 

The experimental intensity ratio INL.Ar / IA r is divided by 1.25 to compen
sate for the increased detection efficiency, and by the calculated neon density in 
the source, to obtain values for K„hs . For a fixed source temperature T 0 the 
intensity ratios are used only for pressures lower than P0, where the intensities 
reach their maxima (onset region). The resulting K o b values are independent of 
the source pressure P 0 to within 10%. Therefore in fig. VII.7 only one point is 
given for each T„. We find Kohs га K0. 

Similarly, we compared the Ar2 concentration with the data for pure Ar 

* r 2 n N ( / u 

•J V n i 

•г : .5 ® m 3 

\ '0"°2 о 1 

\ °K°i ю-" 
\ °2 

\ I °15 

\ "16 

\ * 10-30 

I и 

г 

Θ 

_ \ 

\ i 

ι ι 

temperature(K) 

caption to fig. VII.5 
Fig. VU.5 Equilibrium constant vs. temperature. 
In the left part (a) the calculated curve K„ is taken from sect. VI.2; the dots indicate the values for 
Kob^ for Ar, from pure Ar (see fig. VI.2). The open circles indicate the values for K o h s for Ar, from 
the Ne-Ar mixture; n, stands for the partial Ar density in the source (in amagat). In the right part the 
dots correspond to the values of K o h s for NeAr, which are in good agreement with K0 (solid line). 
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from sect. VI.2, for pressures lower than P, (see sect. VII.3). In the onset 

region the Ar2

+ intensity is proportional to P0

2·* ; consequently, the values for 

Kobs are pressure dependent. In fig. VII.7 we give the values at different 

pressures, as indicated in the caption. 

With respect to sect. VI.2 an increase of the experimental dimer concentra

tion is found, which amounts to a factor 4, at maximum. Thus, Kobs is pressure 

dependent and 4 to 8 times larger than K„ = nA r /n^r . Both effects are 

attributed to an extra cooling during expansion due to the presence of the lighter 

Ne. They indicate strongly that the dimers observed are produced during the 

expansion. 

The fact that Kob, ~ K0 for NeAr, while large discrepancies occur for Ar2 

from the Ne-Ar gas mixture, can be explained as follows; the NeAr dimer 

fraction is rather independent of the temperature T r , whereas for Ar2, with its 

two times larger potential minimum ε, this temperature T r forms a very critical 

parameter. As discussed in sect. VI.4, the dimers are assumed to be formed 

downstream the nozzle at an effective equilibrium temperature T r < T 0. Then 

Kübs = Kr, with 

K, = K0 G(kTt/e)/G(kT0/e) 

(sect. VI.4), where 

G(x) = 1+ .254/x -I- .057/хг + .0107/x' 

is a function weakly dependent on χ for χ > .5. 

For Ar2 with it large ε-value the condition χ >.5 is not fulfilled. 

For the other mixed dimer H 2 Ar and HeNe the results in general are similar 

and give no new insights; they do not yet justify an extensive calculation. 
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VIII MEASUREMENTS OF TOTAL COLLISION CROSS SECTION FOR 

DIMERS OF SIMPLE ATOMS AND MOLECULES IN THE GLORY- AND 

TRANSITION REGION. 

VIII.I. INTRODUCTION. 

In this communication we present a survey of total collision cross sections 
for van der Waals dimers of the inert gases Ar and Ne, the molecules H 2, N 2 , 
NO, 0 2 , CO,, and C 2 H 4 , and for mixed dimers NeAr, HeNe and H, Ar. Most of 
the measurements of the dimer cross sections, σ2, relative to the corresponding 
monomer cross section, σ,, have been described before (ref. 1, 2, 3, ch. Ill, IV 
and VII). For a complete review, we have added the results for the He trimer 
(réf. 4, ch.V) and our unpublished results for the CO : and C2H4 dimers. 

The dimers are produced in a nozzle beam and are detected by a mass 
spectrometer. The total collision cross section is determined from the attenua
tion of the beam by a target gas (Ar, Kr or He) in a scattering chamber (at 80K for 
Ar and He, 200K for Kr). 

In fig. VIII. 1 all ratios σ,/σ, are collected and plotted vs. the reduced 
velocity vrcd = hv/eRm . For mixed dimers the average value of both monomer 
cross sections is taken instead of σ,. The systems investigated are summarized 
in table VIII. 1. The relative scattering velocity ν is calculated by ν = (ν, 2 + α 2 ) " : 

(cf. ref. 5); for the beam velocity ν, full isentropic expansion is assumed (ref. 6); 
the velocity a s is the thermal velocity of the target molecules in the scattering 
chamber. The f.w.h.m. spread in relative velocity is about equal to as. 

The values for ε and Rm are taken from a Lennard Jones interaction 
potential of monomer (the heavier monomer for mixed dimers) and target 
molecules (ref. 7, see table VIII. 1). 

A correction to σ2/σ, for the finite angular resolution is applied following 
ref. 8. The absolute value of the total cross section, required for the calculation 
of the correction, is determined from Swedenburg et al. (réf. 9) and Gengenbach 
et al. (ref. 10), and our relative measurements. 

The correction formula of ref.8 has been derived under the assumptions 
v,/as > 2 and σ, α ν - 2 ' 5 . Consequently, this correction is uncertain for He as 
target molecule. Due to lack of a better procedure, it is applied, nevertheless. 
The fact that the experimental results taken with He in the scatterbox do not 
show any striking deviation in fig. VIII. 1 has helped us to subdue our scruples. In 
table VIII. 1 both measured and corrected values of σ2/σ, are given. 

Because of the large spread in relative velocity we do not observe a glory 
type velocity dependence of σ2/σ,. The monomers and dimers in the beam have 
essentially the same velocity. The spread in relative velocity is pratically enti
rely due to the thermal velocity of the target gas a4 ; the correction factor for the 
total collision cross section to deal with this spread is equal for both monomers 
and dimers, leaving the ratio σ2/σ, unchanged. 
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TABLE Ш І 

Beam symbol Ta 

(К) 

Argon 

Argon 
m Ne Ar 
(3 1) 

Φ 

О 

Argon # 
in Η, Ar (β 1) 

294 
223 
173 
123 

294 
210 
120 
210 

ν, scatter 
gas 

(m/вес) 

553 Ar 
4SI Ar 
424 Ar 
3S8 Ar 

699 
591 
447 
591 

He 
He 
He 
Ar 

(m/sec) (m/sec) 

182 582 
182 515 
182 462 
182 401 

577 
577 
577 
182 

907 
826 
730 
618 

ο,/oi ДС« 

elf 

1 34 ± 03 1 024 
1 36 ± 02 1 022 
137 ± 0 2 1019 
140 ± 0 4 1016 

145± 02 
144± 02 
1 45 ± 02 
128± 02 

1 27 ± 02 

< 1 052 > 
< 1 050 > 
< 1 052 > 

1063 

1 059 

σ./θ| 

137±03 
139±02 
1 40± 02 
1 42± 04 

< 1 5 3 ± 0 2 > 
< 151± 02 > 
< I 5 1 ± 0 2 > 

1 36 ± 02 

1 35 ± 02 

093 
083 
074 
057 

78 
70 
62 
099 

100 
65 
33 

100 

456 
368 
264 
456 

He 
Hc 
He 
Kr 

Neon rj 
in He Ne (3 1) 

О 
н, 

Ν , 

N O 

о, 

СО, 

C.H. 

ν 

ψ 

β 

Ж 
0 

Ж 

Χ 

Χ 
0 
<* 
* 

Mixed dimers 
NeAr 

(3 1) 

HeNe 
(3 1) 

Η , Λ Γ 

(β 1) 

Χ 

Χ 
χ 

ж 

166 
100 

65 
30 
26 
26 

294 
220 
173 
133 
173 

294 
220 
173 
» 3 
173 

294 

220 
173 
133 
133 

294 
294 

294 

294 
210 
120 
210 

31 

90 

1858 
1442 
1163 

790 
736 
736 

782 
676 
600 
526 
600 

756 
654 
580 
508 
580 

732 
633 
561 
492 
492 

707 
707 

782 

699 
591 
447 
591 

402 

776 

Ar 
Ar 
Ar 
Ar 
Ar 
He 

Ar 
Ar 
Ar 
Ar 
He 

Ar 
Ar 
Ar 
Ar 
He 

Ar 
Ar 
Ar 
Ar 
He 

Ar 
He 

Ar 

He 
He 
He 
Ar 

He 

Kr 

577 
577 
577 
204 

577 

182 

182 
182 
182 
182 
182 
577 

182 
182 
1B2 
182 

577 

182 
182 
182 
182 
577 

182 
182 
182 
182 
577 

182 
577 

IB2 

577 
577 
577 
182 

577 

735 
684 
634 
500 

703 

326 

1867 
1453 
1177 
810 
758 
929 

803 
700 
626 
557 
832 

777 
678 
607 

540 
818 

754 
659 
590 
525 
758 

730 
912 

802 

907 
826 
730 
618 

703 

1 7 2 ± 02 
I 75 ± 06 
1 71 ± 04 
1 3 0 ± 05 

1 7 1 ± 0 6 

1 9 5 ± 10 

1 5 4 ± 04 
1 4 4 ± 04 
I 3 5 ± 02 
1 38 ± 03 
1 40 ± 03 
1 9 1 ± 0 6 

1 33 ± 02 
1 34 ± 03 
1 30 ± 02 
1 3 5 ± 03 
1 57 ± 02 

1 2 7 ± 03 
1 2 7 ± 02 

1 2 9 ± 02 
1 2 9 ± 02 
1 45 ± 02 

1 3 2 ± 03 
1 3 2 ± 02 
1 3 5 ± 0 2 
1 35 ± 02 
1 51 ± 05 

1 2 8 ± 0 2 
1 33 ± 02 

1 32 ± 02 

1 58 ± 02 
1 56 ± 02 
1 5 5 ± 02 
1 3 9 ± 02 

1 7 9 ± 06 

< 1 026 > 
< 1 028 > 
< 1 036 > 

1036 

< 1 026 > 

1008 

1O07 
1006 
1 005 
1004 
1002 

< 1 025 > 

1053 
1046 
1041 
1042 

< 1 0 4 5 > 

1 055 
1046 
1042 
1041 

< 1041 > 

I 055 
1 049 
1 046 
1 042 

< 1 041 > 

1 035 
< 1 050 > 

1 039 

< 1 0 3 > 
< 1 0 3 > 
< 1 01 > 
< 104 > 

< 1 02 > 

< 1 7 7 ± 02 > 
< 1 HO ± 06 > 
< 1 77 ± 04 > 

1 35 ± 05 

< 1 75 ± 06 > 

1 97 ± 10 

1 5 5 ± 04 
1 4 5 ± 04 
1 36 ± 02 
1 3 9 ± 03 
1 4 0 ± 03 

< 1 9 6 ± 06 > 

1 4 0 ± 02 
1 4 0 ± 03 
1 3 5 ± 0 2 
1 41 ± 03 

< 1 64 ± 02 > 

1 3 4 ± 03 
1 3 3 ± 02 
1 34 ± 02 
1 34 ± 02 

< 1 51 ± 02 > 

1 3 9 + 02 
1 38 ± 02 
1 41 ± 02 
1 41 ± 02 

< 1 5 7 ± 05 > 

1 33 ± 02 
< 1 4 0 ± 02 > 

1 37 ± 02 

< 1 6 3 ± 0 2 > 
< 1 6 1 ± 0 2 > 
< 1 6 0 ± 02 > 

1 4 5 ± 02 

< 1 8 3 ± 06 > 

109 
102 

94 
18 

105 

24 

58 
44 
37 
26 
24 

1 38 

146 
127 
113 
101 
66 

127 
110 
099 
088 
61 

127 
111 
099 
088 
55 

087 
48 

091 

78 
70 
62 
099 

105 

Table Vili I Summary of all dimer to monomer cross section ratios in\ estimated Inthesecondcolumn thesymbolsaregiven 
which are used in fig VIII I for the different systems In column σ2/σ, (eff ) the measured ratio of dimer to monomer cross 
section is displayed these values have lo be multiplied by the correction factor ДСу and σ2/σ, (coir > to obtain the corrected 
σ2/σ, For the bracketed values of ACy and σ2/σ, (corr ) the correction is uncertain The column nv/ERm gives the reduced 
velocity witheRm values fora from ref 7a b from ref 7b,cfromref 7c dfromref 7d efromref 10 and Γ from combination 
rules applied to the E and Rm values from ref 7a 
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Vili 1 RhSULTS 

Fig.Vili. 1 shows that at low reduced velocities v l id <.4, the ratio σ,/σ, 

assumes values between 1.32 and 1.45, it rises at larger reduced velocities and 

approaches a value 2 for і Ы > 1. All σ,/σ, results for the large variety of very 

different systems fall on one single curve in good approximation. Only He forms 

a striking exception. 

For vreJ <.4 the monomer cross section o, is dominated by attractive 

forces between monomer and target. With an interaction potential V, V(r) = 

-C f t < n, /r°, one has o, = 8.083(C6/nv)2'4 (ref. 11). When we assume that a similar 

potential, -C 6 < d /r", describes the interaction between dimer and target mole

cule the ratio σ,/σ, varying from 1.32 to 1.45 points to C 6 < d/C 6 m between 2.0 

and 2.5. 

Indicated in fig.VIII. 1 are the approximate reduced velocities at which 

glory maxima (integer N) or glory minima (half integer N) would occur in the 

monomer total collision cross section (ref. 12). It is improbable that a loosely 

bound dimer will survive collisions at glory impact parameters; an eventual 

glory structure in σ,/σ, will be predominantly due to glories of σ,. 

No distinct glory structure is observed in σ,/σ,; the absence can be ex

plained by the velocity averaging in our experimental set up, by the achieved 

accuracy for σ2 and the smallness of the glory amplitude. For the H,-beam and 

Ar as target, however, a slight variation of σ,/σ , at .23 < vlcU < .58 

is observed, which may be attributed to the N = 1 glory of σ,. 

F ° r vreu >-& (transition region) the repulsive forces determine the mono

mer cross section. At high reduced velocities, where the "collision diameter" of 

the constituent monomer becomes comparable to or smaller than the mean 

distance in the dimer, we expect α-,/σ, = 2. 

The ratio σ,/σ, for NO is slightly but significantly lower than for most other 

systems. This might be attributed to a strong interaction (of chemical nature or 

due to dipole-dipole forces) between the two NO molecules in the dimer, which 

decreases the size of the dimer (ref. 13). 

A special case is formed by He; for the smallest He-cluster we find a cross 

section which is 1.95 times the monomer cross section, although the velocity is 

well within the v~2M-region, vrtd = .23 (Ar as target). This high ratio is one of 

the arguments by which we have concluded that the smallest cluster observed 

for He must be a trimer (ref.4). 
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APPENDIX 

Al. VIBROTOR LEVELS OF DIMERS 

In table ALI the vibrational levels εν „ and rotational constants В, for Ar, 
are shown, taken from Docken and Schäfer (réf. Al). The vibrator levels eVJ are 
given within an accuracy for ε Μ /k of .2 К (réf.Al) by 

ε ν , = εν.0 + Bv.j.(j + 1) (ALI) 

Because 4 0Ar has a nuclear spin 1 = 0, it behaves like a boson and only even 

values of j are allowed (see réf. A2). For each vibrational level the largest j 
value, j v m J V , for which a bound state occurs (EVJ <0) is given in column 4. 
Alternatively, we calculated the ε ν 0 levels for a Lennard Jones 12-6 (L.J.) 

table Al.I 

Ar 

0 120.1 .083 36 

1 83.4 .087 32 

2 54.4 .069 26 

3 32.7 .062 22 

4 17.4 .052 16 

5 7.8 .042 12 

6 2.6 .030 8 

7 .46 .017 4 

8 .004 .003 0 

Table Al.I Vibrational levels and rotational constants for Ar2 from ref 
Al. The well depth ε/k = 140.8 K. 
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interaction potential V(r) = ε {(Rm/r) i :-2( R J r ) 6 } in first order J.W.К.В. 
approximation by solving the ε, 0 values with j = 0 for which ν assumes integer 

values in 

ν + .5 = 2m,'/hf[ ε, j - V(r) — ]'dr (Al.2) 
1 J '"I г 

1 

Here r0 and r^r , , are the two zero points of the integrand; m, stands for the 
monomer mass. It is convenient to write eq. A 1.2 in a reduced form 

v + .5 = 2/Л* fie» -V*(r-)- ] dr* 
\ J 1 (A1.3) 

where r* = r/Rm . r0* = r0/R„, , r,* = r,/Rm , and E* V J = εν 1 /ε, 

V*(r*) = r* '2 -2r*6 . The quantity A* stands for the reduced de Brogue wave-

lengtht Λ* = h/Rm (ιτι,ε)5. With j = Othe integral in eq. A1.3 is independent of 

Л* and the t\ „ values depend linearly on 1/A*. 

For Ar2 the reduced ε* from the L.J. potential with parameters ε and Rm 

of ref. A3, are within Wc equal to the ε, u /ε values from ref. Al. Therefore, the 

ε, 0 values given in table A1.1 are reproduced by our L.J. approximation if we 

increase at constant A* = . 166 the well depth ε of the L.J. potential, ε/k = 124 K, 

to the one from ref Al, ε/k = 140.8 К. 
By applying eq. A1.3 one can obtain ε 4 } for j = 0 too; however, we 

aproxímate ε, , for the L.J. potential according to eq. A 1.1 with B4 = В for all 
vibrational levels. The rotational constant В is taken at the equilibrium distance 
of the dimer. В = tl2/m, R2, . This approximation yields a value for the partition 
function Z2 about 15% too small at maximum. 

For 2 ( lNe the vibrational levels ε, 0 and rotational constants Bv are display

ed in table A 1.2 taken from the discussion of Tanaka et al. (ref. A4) of UV 

absorption measurements and their comparison to differential cross section 

measurements by Siska et al. (ref. A5). 

The interaction potential of(H 2) 2does support only the j = Oandj = 1 state, 
with ν = 0. The energies ε0 , given in table Al.2 are calculated for a L.J. 
potential with A* = 1.54, by directly solving the radial Schrodinger equation for 
the H2 dimer (ref. A6). 

We calculated the vibrational levels ε, 0 forN, and NO using eq. A 1.3 with 
e/k = 9l.5K.Rm = 4.132 A, A* =.209 and ε/k = Π9Κ, Rm = 3.90Â.A* =-188, 
respectively. These values for ε and Rm are taken from the force constants 
detemined from viscosity data given in ref. A3. Also indicated in table A1.3 are 

t A definition for A* used by other authors (see e.g. ref. A3) involves the finite 

zero point of the potential σ, instead of Rm . The resulting value for a L.J. 

potential is a factor 2 " 6 larger than the one from our definition. 
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the maximum rotational quantum number j v m i x using a rotational constant В 
= fi:/mlR; , B/k=.10IK for N,, B/k =.105 К for NO. In thecalculationofthe 
partition function Z, the monomer rotational constants B, are taken from ref. 
A7, for Ν-,Β,,/k = 2.88 К and for NO Ba/k = 2.44 K. 

For the mixed dimer NeAr the ε, 0 are similarly calculated for a L.J. 
potential using parameters ε/k = 65 K, Rm = 3.46 Λ, (ref. A8), Λ* = 
h/Rm (2με)' =.30 where μ is the reduced mass. The ε ν 0 value thus found, could 
be compared to the levels calculated from a more refined potential (see ref. A9). 
The small effect found for Ar did not seem to justify this effort. 

table A 1.2 

2"Ne H, 

ν -Evo/k B v / k j v m a x j - E o J / k 

(К) (К) (K) 

0 25.3 .23 9 0 3.7 
1 4.3 .14 5 I 1.4 
2 .14 .06 1 

Table Al.2 Vibrational levels and rotational constants for ; "Ne, from ref A4; the well depth t/k 
46K. 
Rotational levels for H,. from ref. A6: the well depth e/k = 34 К, Λ* = 1 54 

NO 

J ι m.ix — ^ v 0 ' k J\ тл\ 

(К) (К) 

table A 1.3 

V 

N
2 

-ε,ο/k 

0 
1 
2 
3 
4 
5 
6 
7 

75 
48 
28.1 

14.5 

6.0 
1.8 
.14 
— 

23 
18 
14 
10 
6 
3 
0 
— 

99 
66 
40.5 

22.6 

10.7 

3.6 
.83 
<.l 

26 
21 
16 
12 
8 
4 
2 
0 

Table AI.3 Approximate vibrational leveh for N, and NO for a L.J. 12-6 potential, and maximum 
allowed quantum number for the end-over-end rotation. 
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table A2.I 

1 2 

H, .28 .28 
He .094 .10 
Ne .21 .24 
Ar 1 1 
Кг 1.25 1.32 
Xe 2.1 2.27 
Ν , , N 0 . 0 , .77 .82 
СО, .90 ± 3% 1.01 ± 3% 

Table А2 I Relative ionization с ros\ sections at electron energies 100 and 130eV(column 1 and 2, 
see ref A 10) In column 1, 4. and 5 the relative efficiencies are given for ionization gauges from 
ref A 12a. b. and c, 5a and 5b correspond to different modern gauges, see ref. Al le 

A2 IONIZATION CROSS SECTIONS AND DETECTION EFFICIENCY 

In order to compare the monomer intensities for the mixed gases we have 
tabulated some ionization cross sections with respect to the one of Ar. The 
electron energies used in the experiment are 100and 130 eV; in column 1 and 2 of 
table A2.1 the relative ionization cross sections are given at these two electron 
energies, taken from ref.A10. At both electron energies the Ar ionization cross 
section is about 3 Â2 (ref. Al l ) . Experimental data on the relative efficiency for 
some ionization gauges from literature are given in column 3,4 and 5 (réf.A12). 

For noble gas ions Boerboom et al. (ref. A13) have measured the gain of an 
electron multiplier, similar to the one used in our experiment, at ion energies 
varying between 3 and 90 ke V. They observed the gain to be proportional to V E 
- V E 0 , where Eis the energy of the ion impinging on the multiplier and E0 isthe 
ion energy at a velocity of 5.5x 104msec~ '. In our experiment the ion accelerating 
voltage is 900 V and the voltage across the multiplier 2 kV. The total ion energy 
is 2900 V. 

Neglecting possible differences in the transmission through the ion optics 
and the mass magnet, one can calculate the overall relative detection efficiency 
for Ne compared to Ar from table A2.1 (a relative factor .21) and from the above 
mentioned multiplier gain (a relative factor 1.26). Our measured ratio of inten
sity for Ne+ and A r \ INe /IAr, thus indicates that no or very little enhancement of 
the heavier component occurs in the beam; for a 3:1 mixture Ne-Ar we find 
INC /Ілг = 0 . 8 - 1.0, in the onset region. 

3 4 5a 5b 

.39 .28 .30 ± 3% .35 ± 3% 

.13 .14 .134 ± 2% .134 ± 3% 

.20 .22 .258 ± 2% .230 ± .3% 
1 1 1 1 
1.56 1.34 ± 2 % 1.36 ± 2 % 
2.29 
.84 .67 
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SAMENVATTING 

In dit proefschrift worden resultaten gegeven van een experimenteel on
derzoek aan kleine clusters opgebouwd uit eenvoudige atomen en moleculen 

Uit gemeten differentiële botsingsdoorsneden en tweede viriaal coëfficiën
ten zijn paar-potentialen te berekenen voor edelgassen welke in goede overeen
stemming zijn met U V absorptie metingen, ook zijn bij hoge drukken IR 
absorptie spectra gemeten van (N2)2, 02Ar e a Recentelijk is de bundel reso
nantie methode toegepast op dimeren die een electnsch dipoolmoment ((HF),, 
ArHCl, (H20)2 , e а ) of een magnetisch dipool moment (KAr, e а ) bezitten 

Bij alle niet spectroscopische metingen wordt alleen het massaspectrum 
gebruikt als indicatie voor het optreden van neutrale clusters Fragmentatie bij 
detectie wordt of klein verondersteld of geheel verwaarloosd De waargenomen 
intensiteiten worden geïnterpreteerd in termen van een kinetisch of thermody-
namisch model voor de vormingsprocessen van kleine clusters 

Wij hebben deze assumptie van kleine fragmentatie en de kwantitatieve 
conclusies betreffende de vormingsprocessen in twijfel getrokken De ver
zwakking van de neutrale clusterbundel in een verstrooiingskamer moest aan
tonen of tussen de ionen signalen en bepaalde neutrale clusters een eenduidige 
correspondentie bestaat Het resultaat is bijna geheel negatief alleen voor 
dimeren, en dan nog bij zeer lage drukken waarbij het signaal bij de meeste 
oudere onderzoekingen in de buurt van de detectie drempel ligt, kan men de 
correspondentie vinden 

In hoofdstuk II zijnde in 1973 gepubliceerde eerste resultaten gegeven voor 
een H,-cluster bundel Door de aanwezigheid van een ionen ruimtelading in de 
Ionisator is hier het dimeer signaal nog niet geheel zuiver 

In hoofdstuk III zijnde metingen gegeven aan een Ar clusterbundel waarbij 
de ruimtelading door zorgvuldige instelling van de massaspectrometer onder
drukt is De intensiteiten van ionen signalen tot en met Ar4

+ zijn gegeven Door 
onze verstroonngstechniek is duidelijk aangetoond dat een eenduidig verband 
tussen neutralen en ionen signalen bestaat voor monomeren en dimeren bij 
drukken lager dan een grenswaarde P, Uit de gemeten verzwakking is de 
botsingsdoorsnede voor Ar2 bepaald 

In hoofdstuk IV zijn resultaten gegeven voor Ne, H2, N,, NO en 0 2 Ook 
hier zijn de intensiteiten gemeten als functie van brondruk en -temperatuur 
Voor alle systemen bleek het mogelijk door een reductie van de druk de resulta
ten voor verschillende temperaturen eenvoudig weer te geven De botsings
doorsnede is gemeten voor de dimeren ten opzichte van die van monomeren, 
voor brondrukken lager dan PL 

In par IV 4 is een eenvoudige empirische formule gegeven voor Ρ, , 
uitgedrukt in gereduceerde grootheden, geldig voor de tot nu onderzochte 
systemen 
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Uit de afbuiging van dimeren in een ïnhomogeen magneetveld kon een 
magnetisch moment vastgesteld worden voor (H,)2 en (02)2 , echter niet voor 
(NO), (par. IV.5). Voor (H2)2 en (02)2 opent dit de mogelijkheid tot bundel 
resonantie metingen. 

In hoofdstuk V geven wij de intensiteiten en verzwakkingen voor een He 
clusterbundel. Bij lage brondrukken is ook hier een signaal gevonden dat een
duidig toegekend moet worden aan een kleinste cluster, dat hier echter een He 
trimeer moet zijn. 

In hoofdstuk VI gaan we in op de vraag of de dimeren reeds in de bron 
aanwezig zijn („préfabrication") of in de expansie gevormd worden („postfa-
bncation"). De dimeerconcentratie blijkt voorspeld te kunnen worden door een 
evenwichtsberekening gebaseerd op de aanneming van „préfabrication", bin
nen een orde van grootte, voor Ar, Ne en H2 zelfs beter. De brondruk-
afhankelijkheid voor dimeren van N, en NO wijst echter duidelijk op „postfa
brication". 

Bundels uit mengsels van gassen zijn beschreven in hoofdstuk VII. Ge
mengde dimeren NeAr, HeNe en H2Ar zijn aangetoond en hun botsingsdoor-
snede is bepaald. 

Tenslotte wordt in hoofdstuk VIII een overzicht gegeven van alle gemeten 
dimeer botsingsdoorsnedes σ2 t.o.ν. die van de monomeren σ,. Alle σ2/σ, 
verhoudingen blijken op een universele kromme te liggen, wanneer uitgezet als 
functie van een gereduceerde snelheid 

Bij lage gereduceerde snelheden is σ,/σ, ^ 1.4, bij hoge snelheden 
σ,/σ, 2- 2. De verhouding σ2/σ, bij lage gereduceerde snelheden kan verklaard 
worden uit een C 6 constante voor de dimeren, ongeveer 2.3 maal groter dan die 
van de monomeren. 

Bij hoge gereduceerde snelheden komt de gemeten verhouding σ2/σ, = 2 
overeen met de verwachting voor een los gebonden dimeer, waarin de bouwste
nen als onafhankelijke botsingspartners beschouwd kunnen worden; bij botsin
gen met hoge snelheden is hun actieradius vergelijkbaar met of kleiner dan hun 
onderlinge afstand. 
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E r r a t a 

In eq. VI.l» p lease read G(kT/c) i n s t e a d of G(Tk / ε ) , i n eq. VI.6 

G(kT /e) i n s t e a d of G(Tk / ε ) . 

Eq. A1.2 should be read 

2 m ! / 2 r i -.2. , . , , 1/2 
v + . 5 = — ¿ — ƒ le . - V(r) - j Ì Ì f ' ] dr . 

ro V 

eq. A1.3 _ * 
1 Aw2. , . .> 1/2 

ν + .5 = 2/Л* ƒ [ , · . - V-(r*) - Л лЛі^) 1 dr* 
r* V ' J ltwV2 

on the second line helow eq. A1.3 V*(r*) • r*~ - 2r*~ 
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Vanwege de grote discrepantie tueeen de botsingsdoorsnede voor rotatie-
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Bij hun analyse van IR spectra van H
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VI 
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VII 
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bruikte model a priori ververpen. 
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VIII 

Het begrip atonaliteit kan gebruikt worden ten aanzien van muziek, 
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