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INTRODUCTTION

Two subjects are discussed in this thesis. The first one concerns
the ejection of neutral particles from solids by sputtering, the second
one concerns ionizing atom-molecule collisions in the electronvolt energy
range. Although these fields have very little physical relationship,
there are distinct technical connections between them. Sputtering of solids
results in the emission of atoms with hyperthermal energies. Since in
principle all materials can be sputtered, this is a universal way to
make atomic beams in this energy range. On the other hand, sputtered
beams may contain also a component of excited atoms and polyatomic
particles. Since for collisional experiments the colliding systems
have to be well defined, knowledge is required about the composition
of sputtered beams. Information about this can be obtained by
collisional ionization experiments of sputtered particles with various
thermal gases. This represents a second connection between these

fields.
The primary purpose of this work was to extend the sputtering

technique to various elements for chemical research and to apply it
explicitly to collisional ionization experiments. Most of the work
in this field has been done with beams of the easily detectable
alkali atoms, colliding with particles with a high electron affinity.
In such systems, an electron jump requires little energy, and therefore
the ionization takes place at a large internuclear separation. This
ionization process, having a large cross section, can be considered
to be the first step of a chemical reaction. A basic question is
now, in how far these processes are important in systems in which
the electron jump is not so easy. Furthermore, if colliding particles
approach closely there might be a relatively large cross section
for reactive ionization. For chemical research it is important to
know the relevance of these processes'with respect to simple
charge exchange.

An important category of projectiles for chemical research are
the halogen atoms. Therefore we first focussed our attention to
this chemical group, and investigated the possibility for generating
hyperthermal atomic halogen beams by sputtering.

In principle, hyperthermal halogen beams can be obtained by

sputtering from halogen solids. In practice however, this method



11

is quite complicated since for this the target has to be kept at
liquid nitrogen temperature. Therefore we investigated the possibility
to obtain these beams by sputtering from compounds. Sputtered beams
from alkalihalides were analyzed by mass spectroscopy as a function
of the velocity, as described in chapter I. From these measurements
we concluded that this method is indeed suited for the production

of well defined halogen beams with energies above a few eV. Below
this energy, the sputtered beams contain an important fraction of
molecular aggregates. To get a better insight in the sputter process,
we developed a model for clusterformation by sputtering, and

compared it with the experimental results. This investigation,
described in chapter II, became the second line in the research
program.

Contrary to the alkali atoms, non-alkali beams are in general
difficult to detect. For the halogen atoms however, having a large
electron affinity, negative surface ionization seemed to be a
promising detection possibility. We tried to detect hyperthermal
halogen atoms in this way, and found a drastic increase of the
ionization efficiencies at eV energies, as is described in chapter III.

The actual application of the sputtered halogen beams for colli-
sional ionization research is described in chapter IV. Beams of
organic molecules are crossed with the sputtered halogens in the
ion source of a mass spectrometer to investigate the importance
of ionization processes in these systems. The main research has
been done with aniline molecules, since this molecule has a rela-
tively low ionization potential and we therefore expected the
largest cross section. In all cases however it was found that
ion pair formation takes place, although with a considerably lower
cross section than in alkali-halogen collisions. Part of the
positive organic molecular ions break up into fragments; the
resulting smaller ions were the same as in electron bombardment
and photoionization. No trace however was found of reactive
ionization.

This latter result led us to the conclusion that reactive ionization
might be more likely in systems with strong covalent forces. We
therefore extended the sputtering techniqile to carbon and

studied ionization processes in C + O, collisions in chapter V.

_ 2
This system was chosen because it was already known that charge
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transfer processes in this particular case takes place into two
channels, leading essentially to ¢t and ¢~ formation. We found
however that in both channels also reactive ionization takes
place, being even dominant over the simple charge transfer
processes. Therefore it can be concluded that for these systems
reactive ionization processes might be a non-negligible process

in the first step of a chemical reaction.
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CHAPTER I

HYPERTHERMAL BEAMS SPUTTERED FROM ALKALIHALIDE SURFACES

Velocity selected beams of atoms and molecules have been produced
by sputtering from various alkalithalide surfaces under 6 keV Ar' Zom
bombardment. The mass spectrum and the velocity distribution of these
particles have been analyzed in the range from 0 — 13000m/s. In the
low velocity part of the spectrum monatomic particles as well as
polyatomic ones have been found. For velocities larger than 3000 m/s
the number of sputtered molecules is very small compared to the number
of atoms. In addition to typical sputtering velocity distributions,
thermal distributions are also found, due to vaporization of the less
effectively sputtered atoms from the crystals. Above a few eV the
energy distribution of a given alkali or halogen atom 18 independent
of the target from which it is sputtered. There are indications
that some sputtered atoms and molecules are formed in long lived

excited states.

1. INTRODUCTION

During the last years there has been a growing interest in "hot atom"
beams for collision physics and chemiétry, as well as for the investigation
of surface phenomena. The supersonic gasflow method has an upper limit
of about one eV kinetic energy, although by "seeding" energies can be
obtained as high as 15 eV, dependent on the mass. The charge exchange
method seems to work best above 10 eV. The sputtering method is especially
suitable between 1 and 20 eV. Sputtering has been usually limited to the
production of alkali beams, mainly because the detection of alkali atoms

in the eV range is so easy by high temperature surface ionization. Only

* G.P. Komnen, J. Grosser, H. Haring, A.E. de Vries and J. Kistemaker,

Rad.Eff., in press.
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TABLE 1

Values of various properties of alkalihalide crystals

Eb(eV)[30] Ed(eV)[31] Eu(eV)[3l] R(R)[31] | crystal type
LiCl 4.9 8.6 2.49 fcc NaCl type
NaCl 2.5 4.2 7.9 2.78 " "
KC1 2.4 4.4 7.2 3.14 " "
RbCl 2.3 4.4 7.0 3.28 " "
CsCl 2.0 4.6 6.6 3.48 prim.cubic CsCl type*
KBr 2.3 3.9 6.9 3.29 fcc NaCl type
CsBr 2.3 4.2 6.3 3.63 priﬁ.cubic CsCl type
KI 2.3 3.3 6.5 3.53 fcc NaCl type
RbI 3.3 6.3 3.67 " "

For temperatures above 728 K fcc NaCl type.

Eb is the binding energy of a molecule with respect to the surface, Ed

the dissociation energy of the molecules in the gasphase, Eu the lattice

energy and R the distance of the halogen ion to the nearest alkali ion

in the crystal. The lattice energy is the energy required to separate

the ions of a crystal to an infinite distance from each other. It is

expressed in eV/ion pair.
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recently scattering experiments were reported by Cohen, Young and
Wexler [1]Jwith Ba, Ti, Ta and Al beams, obtained by bombardment of
Ba, Ti, Ta and Al targets witthr+ projectiles of 9 keV kinetic
energy. '

A very important category of projectiles for chemical research are
the halogens and it is because of that reason that we have tried to
develop sputtering'of alkalihalide crystals (table I), and to investigate
the detection possibilities for halogen atoms in the eV energy
range [2].

Several investigators have studied certain aspects of the sputtering
process of ionic crystals by heavy projectiles. Very few however,
measured the neutral particles which usually represent the bulk of the
sputtered material, the reason being that ions are much easier to
detect [3-7].

Campbell and Cooper [8] looked for the neutral and charged sputtering

products of:

~ KBr + Ar+, Xe' (25 - 180 eV kinetic energy),

but were only able to detect Br .
Stein [9] however, detected neutral K from (001) and (011) surfaces

from:

KCl + Ne, Ar (400 eV kinetic energy).

He investigated the angular distribution of the sputtered products.
Windawi and Cooper [10] recently measured the angular distribution of

Cl from the (100) face of

KCl + Ar' (200 eV kinetic energy).

NavinSek [11] determined the total sputtering coefficient S for the

(100) surface of many salts:

NaCl, KCl, KBr, LiF + Ar’ (2 - 10 keV kinetic energy).

S proves to be 1.0 for NaCl, 1.9 for KCl, 0.6 for KBr and 2.2 for LiF
at an Ar' kinetic energy of 10 keV. It is an important number
for those people who want to use the sputtering process to
generate hot atom beams for collision research.

Finally Schmidt-Bleek and Datz [12] sputtered AgI aﬁd AgBr surfaces
by 0.5 = 7 keV Ar+ ion beams and indeed got hot beams of Ag, I and



16

Fig. 1 - Schematic drawing of the apparatus. PSI and NSI stand for positive and negative surface ionization

respectively.



17

Br atoms and of AgIl and AgBr molecules.

In this paper we present the results of an analysis of mass spectra
and velocity distributions of many atoms and radical groups spﬁttered
from a large variety of ionic targets. Above about 2 to 4 eV this
method seems to be suited for the production of well defined atom
beams using a mechanical velocity selector. Below this energy the
presence of dimers is confusing.

Apart from this application our investiéations give information
about the sputtering process from salt surfaces bombarded by a beam

of 6 keV Ar+ ions.

2. THE APPARATUS

2.1 General

A schematic view of the apparatus is seen in figure 1. Particles
are sputtered from a target by a 6 keV Ar' ion beam. After collimating
and velocity selection they can be detected on two hot wires by means
of positive and negative surface #onization (PSI and NSI). The
composition of the beam can be analyzed by means of a home made mass
spectrometer q&% = 20) provided with an Extra Nuclear electron
bombardment ionizer (efficiency 10-3 for thermal atoms). The four
compartments containing the ion source, the velocity selector, the
detection wires, and the mass spectrometer are differentially pumped,
the first two compartments by oil diffusion pumps and the third and
fourth by an ion getter pump and by two ion pumps respectively.

Under working conditions the pressure is 10“5 torr in the first

compartment, 10 7 in the second one and better than 10_7 in the third

and fourth compartment.

2.2 Beam source

The ion source is the same one as used by Politiek et al. [13], who
described it in detail. We put a chopping potential on one of the
quadrupole lenses in order to modulate the sputtered beam. As targets
various alkalihalide (MX) discs are used. They have been pressed at

5000 atm for about five minutes, and are about 2 mm thick. No
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Scale drawing of the ionization system to make positive
ions. Cylinder | prevents penetration of the outer fields;
2 filament; 3 ionization region; 4 extractor; 5, 6, 7
focusing lenses; the electric field from 7 to 12 is
homogeneous; 12, 13, 14 form an Einzellens. The princi-
pal voltages are indicated.

Extractor 4 is used for discriminating thermal particles
against hyperthermal ones at a voltage of + 1716 V. The

surrounding house is at ground potential. The potential
of cylinder | and of filament 2 is + 1600 V.
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difficulties have been met in connection with possible charging up
by the ion beam.

Possible sputtering products are halogen atoms X, alkali atoms M
as well as different molecular species, and positive and negative ions.
The positive ions, however, cannot leave the target holder, which
has a potential of - 6 keV. The negative ions would get an energy
of 6 keV. For such fast particles the transmission of the velocity
selector is zero. Actually, even without velocity selection, we never
found any negative ions in the mass spectrometer. We also tried

sputtering from a Br, surface at liquid nitrogen temperature.

2
Although this technique seems to give a larger amount of hyperthermal
Br atoms than sputtering from a salt, it was not applied because

it is technically more difficult. Furthermore, the large amount of

Br2 in the apparatus is a disadvantage.

2.3 Electron bombardment detector

A scale drawing of the ionizer and the additional lens system is
shown in figure 2. In the lens system, the positive ions are accelerated
with a potential difference of 1700 V, lenses 12, 13 and 14 are used
as an Einzellens. It is possible to discriminate thermal background
particles against hyperthermal ones, if one applies to lens 4 a
potential which is positive with respect to that of the ionization
region [14]. In our discrimination mode, particles with a kinetic
energy higher than 4 eV are not attenuated, while the thermal
background decreases by a factor of ten. The flow of the velocity

selected beam of about 4.105

to 107 particles/s gave a mass spectrometer
signal of 5 to 400 counts/s dependent on their velocity. Of course,

for measurements of low energy sputtered particles this attenuation
threshold has not been applied. Because of the large background

signal (2.104 counts/s for I and 5.10° counts/s for Cl, if the
attenuation threshold is not used), long measuring times were

necessary to measure the velocity distributions.
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3. RESULTS AND DISCUSSION
3.1 Low velocity part of the spectrum

The velocity distributions up to 4000 m/s of particles sputtered
from KI, NaI and CsCl are shown in figures 3 to 6. The curves give
the signals obtained at the collector of the mass spectrometer. The
ionization efficiency of the ionizer is inversely proportional to v;
the velocity selector has a constant resolution Av/v, and thus a
transmission proportional to v. Therefore, the collector signal is
proportionsl to the number of sputtered particles per velocity

S

interval, E;(v). From this velocity distribution one easily obtains

the energy distribution-%%(E) of the products, using the relation

ds _ds dv _ 1ds
dE dv dE v dv ’
in which E is the kinetic energy of the sputtered products.

In order to calculate from these curves the relative intensities
of the neutrals, we have to know the mass spectra of these neutrals
and the relative ionization cross sections for electron impact. -
We found masses M+, X+, M;, X;, MX+, M2X+, M3X§ and even higher

mass numbers. Berkowitz and Chupka [15] who studied the mass spectra
+

of MX vapors, conclude that the ions M&, MX+, M.ZX+ and M_X., are formed

372
by the processes
MX' + 2e

MX + e
+ -
M + X + 2e

- + -
Mnxn + e > Mnxn-l + X+ 2 (n22)

so that the sz+ peak, observed by'hs, is almost entirely due to
+

MZXZ molecules. The X+, M;, X2 and MX? peaks are mainly produced from

the respective atoms and molecules. The Mf peak is formed mainly from

(1)

(2)

(3)
(4)

M atoms, but will also have a contribution from dissociative ionization

of MX. The MX+ peaks found in the mass spectra of CsCl and CsBr are

small in comparisor. with those found with KI and NaI. This is in

agreement with the measurements of Berkowitz and Chupka, who find that

for KI and for Nal channels (2) and (3) have about the same cross

section, while for CsCl and CsBr nearly all molecular ions dissociate.

From these consideration we conclude the following. The velocity

21
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distributions of the neutral X, X,, MX and M2X2 particles are identical
to the curves for X+, X;, MX' and sz+ respectively, as given in
figures 3, 4, 5 and 6. For alkali atoms this is only true at

velocities for which the contribution from MX may be neglected.

The velocity distributions found can be divided into three groups.
First, there are the atoms, which show a large intensity and are present
in the beam to a measurable extent even at very high velocities. Second,
we have the salt molecules MX and M2X2; they have somewhat lower intensity
and go to zero much faster with velocity than the atom distributions do.
An example of the third group is I,. This molecule manifests itself only
at low velocities.

Within the experimental error, the velocity distribution of 12 which
is shown in figure 4 is Maxwellian with a temperature of 560 K. The
velocity distribution of I sputtered from KI shows a sharp maximum on the
low velocity side, which can be fitted with a Maxwellian distribution
of the same temperature of 560 K (figure 3). I sputtered from Nal also
shows a sharp maximum on the low velocity side, which fits a Maxwellian
distribution of 450 K (fiéure 5). Obviously, these low velocity atomic
peaks belong to the third group of thermal particles. A possible
explanation of the thermal peaks can be the fact that Na and K are
sputtered more effectively than I under bombardment with Ar' ions.

The sputtering ratio for a monatomic crystal depends on the energy

transfer of the impinging particles, which is proportional to the factor

4m]m2

— . ' (5)
(m, +m,)

where m, and m, are the masses of the bombarding particles and of the

target atoms [16]. The same relation is expected to influence the

ratio in which M and X atoms are removed from our crystals. We estimate

from our ion beam intensity, using (5), that after a few milliseconds

of sputtering, the upper layers of the crystal would mainly exist of

I atoms if no vaporization would take place. The excess of I will

vaporize thermally from the surface. If this is indeed the mechanism

of production, the temperatures found are the temperatures of the

surface locations from which the particles evaporate. A thermal peak

should only arise for the atoms with the smaller sputter ratio. We

measured thermal maxima in the velocity distributions of sputtered



alkalis from NaCl, CsCl, CsBr and CsI, under bombardment of Ar+. In
the case of NaF, KCl, KBr, KI, RbCl and RbI a thermal alkali peak was
never observed. These measurements of the thermal alkali distributions
were performed with the PSI detector. We have to mention that the
height of the thermal peak is not stable, but depends strongly on the
place from which sputtering takes place and on the time duration of
the bombardment. For CsCl and CsBr for instance, the thermal Cs-peak
sometimes vanishes totally. In figure 6 we clearly see only a higher
energy distribution for the measured cs’ ions in the mass spectrometer.
In contrast to the molecules M2 and X2, the species MX and M2X2
are present at much higher energies than the thermal peaks. So we conclude
that they are really a product of direct momentum transfer and not
merely products of thermal vaporization.
In figure 7 the energy distributions g%(E) of KZIZ’ KI and I sputtered
from KI are plotted on a double logarithmic scale. These energy
distributions are calculated from the figures 3 and 4, using (1) ‘and

. + + + .
assuming that the K,I , KI and I peaks in the mass spectrometer are

entirely due to ionization of KZIZ’ KI and I respectively.

The energy distributions of the molecules go to zero much more
rapidly than those of the atoms. The same is observed for the energy
spectra of alkali dimers from polycrystalline alkali targets [17],
and also for charged polyatomic clusters, sputtered from various
polycrystalline metal targets [18,19,20].

The formation of dimers can be explained by a simple kinétic model.
If a collision cascade arrives at the target surface there is a
probability that two particles will leave the surface simultaneously.
These particles will in general have different directions and velocities.
If however the relative kinetic energy of these particles is lower than
the potential energy between them, they will stick together and form
a vibrational and rotational excited dimer. Dimers are likely to be
formed mainly by sputtering of neighbouring partiéles, because they
have the strongest interaction. One would expect that the formation of
dimers decreases rapidly if they have kinetic energies above their
dissociation energy. The formation of hyperthermal M2 and X2 dimers
is unlikely, because the distance of equal particles in an alkalihalide
lattice is larger than of unequal particles and their interaction in
the gasphase is low. The fact that equal M or X ions in the lattice

repel each other may also obstruct the formation of hyperthermal
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M2 and X2 molecules.

Calculations on basis of this model give good agreement with the

experimental energy distributions of the dimers [21]. The M2X2 molecules

are likely to be formed in an analogous way.

3.2 High velocity spectrum

In figures 8, 9 and 10 we make ‘a comparison of the energy distributions
ds
dE
mass ratio, e.g. I from KI is compared with Cs from ClCs. The alkalis,

(E) for nalogens and alkalis sputtered from targets with the same

for which a much higher precision is obtained, are represented by solid
lines. They have been analyzed by means of the PSI detector with a

Pt 8% W wire. The K fluxes have been corrected with the ionization
efficiency values given by Politiek and Los [22], while those for

Rb and Cs are uncorrected. The halogens were analyzed with the mass
spectrometer. Their absolute intensities therefore cannot be compared
directly with the inténsities of the alkalis., By vertical shifting

the alkali and halogen distributions can be mad: to coincide in each
figure.

Measuring the chlorine component of LiCl, NaCl, KCl, RbCl anc CsCl,
by means of the NSI detector with a thoriated tungsten wire, we found
above 3 eV the same energy distributions (see figure 11). The same was
observed for bromine from CsBr and KBr. The energy distributions of
the potassium component of K, KCl, KBr and KI measured with the PSI
detector are also equal within a few percent for energies above 5 eV
(see figure 12). Deviations below 5 eV may be partly due to PSI of
MX and M2X2 molecules in the latter case.

The energy distributions of the atoms in figures 8, 9 and 10 tend
towards E_2 as the energy increases. Thé latter distribution is to be
expected from a random collision cascade model [23,24]. This model
gives for the energy distribution of the particles outside the surface [23]

ds

-3
T - E (E+E, ) - (6)

in which Eb is the binding energy of an atom to the surface. Differen-
tiating formula (6) one finds the maximum to occur at an energy of

%Eb. The experimental“curvés reach a maximum below .5 eV, which is in

agreement with the low binding energies Eb of .3 to .7 eV for adsorbed
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alkali and halogen atoms on alkalihalide surfaces [25,26].

.The energy distributions of Rb, Br, K and Cl atoms in figures 9 and
10, being mutually equal within the experimental error, deviate slightly
from E-2 even at higher eneargies. The value of the exponent is between
-1.5 and -1.8 for energies above 10 eV, A similar deviation of the
exponent has been reported in the energy distributions of the atoms
sputtered from polycrystalline Au [27] and polycrystalline K [28].

The energy distributions of Cs and I in figure 8 show on the other
hand a E—2 behaviour between 10 and 100 eV.

From figure 11 the most striking conclusion scems to be that Cl
sputtered from LiCl, NaCl, KCl, RbCl and the heaviest salt CsCl seems
to have exactly the same energy distribution, in spite of the fact that
the energy distributions of for instance Cs and K from CsCl and KCl
are different as can be seen from figures 8 and 10. The energy distri-
bution of K also seems to be independent of the chemical composition
of the target. A possible explanation for this effect might be that
in the collision cascade the energy distribution of elements like K
or Cl mixed with heavy or light elements like Cs, I or Li is hardly
affected by the presence of the heavier or lighter particles. In fact,
the transfer factor (5) indicates that a collision of K or Cl against
an element like Cs, I or Li hardly leads to energy transfer. On the
other hand, in a salt like KCl the masses of K and Cl are nearly
equal which simply means that in a collision cascade for collision
energies larger than say the binding energy in the lattice there will
be no difference in the energy distribution functions of these particles.
These facts combined with the low surface binding energy of adsorbed
atoms apparently lead to equal energy dependences in the range above
5 eV,

From the data in figures 8, 9, 10, 11 and 12 one gets the impression
that it is the energy distribution of the individual atoms in the
collision cascades which determines the sputtering energy distributionms.
Indeed, the equal deviations from the E-'2 behaviour of the energy
distributions of K and Cl sputtered from various ionic targets as well
as from the alkalimetal makes it unlikely that this is due to contri-
butions like surface deflected recoils as is suggested for Au [27].

Moreover, the equality of the energy distributions of K and Cl and
of I and Cs sputtered from KI and CsCl indicates that the crystal

structure of the targets (being fcc NaCl type and prim.cubic CsCl
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type respectively) does not play an important role. It is not impossible
that the observed difference in the energy distributions for Cs and 1
with respect to K and Cl originates from inelastic processes in the

collision cascades.

3.3 Metastable excited particles

Part of the sputtered products are in metastable states. Evidence for
this was found for I and Br atoms and most of the MX molecules investi-
gating the energy dependence for collisional ionization with heavy par-
ticles. For the halogens, this evidence was obtained from measurements
on the process X + C6H5NH2 > X + C6H5NH; [29]. The thresholds for Br and
I turned out to be smaller by about 0.4 and 0.9 eV than expected for the
ground state atoms. These are just the excitation energies for the 2P£
state of respectively Br and I. We estimate that about 30 to 50% of
the sputtered halogen is formed in the 2Pi state. This is found from
a comparison of the experimental ionization cross sections for Br and
I with the expected linear proportionality with the velocity near
threshold. For Cl, the excitation energy of this state is only 0.1 eV,
which is within the spread of the velocity selector. The measured
threshold for ionization was in agreement with the expected one.

The conclusion that metastable MX molecules are present in the beam,
comes from the following argument: We find M  and X ions if the sputtered
beam is crossed with various secondary beams. Specific experiments
were done by sputtering from KCl and CsCl targets with crossing beams
of CH4, C6H12 (cyclohexane) and C_H_NH, molecules. The results for

65 2
KC1l on C6H NH2 are given in figure 13, those for CsCl are similar. These

measuremenis have been performed below the threshold for the reaction

ClL + C6H5NH2 > Cl + C6H5NH2+. The M and X signals are equal for all
velocities which fact is easiest understood if we assume that the

process is taking place with the MX constituent of the beam. No sharp
threshold has been found for these processes; they take place at center
of mass energies as low as 0.3 eV. Since the energy for dissociation

of ground state MX molecules into ground state M' and X ions is 5.1 eV
for KC1 and 4.9 eV for CsCl, we have to conclude that at least a fraction
of the MX molecules is in an excited state. Nothing is known about the

. . . + - . .
nature of this excitation. The M and X signals are proportional to

29
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exp(-a/v), within the experimental error ( a is a comnstant). It is not
clear if this exponential behaviour is caused by a collisional effect
or if it is a time of flight effect related to the decay of the excited
molecules into the ground state. In that case, the lifetime of these

molecules would be 5.10-5 S.
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*
CHAPTER 1II

ON THE ENERGY DISTRIBUTION OF SPUTTERED CLUSTERS

A theoretical expression is obtained for the energy distribution of
sputtered clusters from crystal surfaces. The derivation is based on
a model where the atoms which constitute a cluster, are sputtered
independently from the crystal according to their respective single
particle energy distribution functions. Simultaneously sputtered atoms
are then supposed to form a cluster if the sum of their initial
relative kinetic energy and potential energy is less than the lowest
dissociation energy of the cluster. A comparison with experimental
results for Wk(k < 3), K2 and KI sputtered from polycrystalline W, K
and KI surfaces respectively, shows good agreement. For the ionic
erystal KI, evidence is obtained that sputtering of K and I atoms
which are not closest neighbours gives an important contrilution to
dimer formation. The role of the binding energy E% of the particles

with respect to the surface is discussed.

1. INTRODUCTION

Although it is known for several years that sputtering results in
the ejection of both monatomic and polyatomic particles, only in the
last few years the energy distributions of some charged [1,2,3,4] and
neutral [5,6,7] sputtered clusters have been reported.

A few attempts have been undertaken to explain the observed energy
distributions of the sputtered clusters, which appear to be hypertherm-
al and show a more rapid fall-off to zero than the monomer distri-
butions. Joyes [8] calculated the mean energy of sputtered Cu2 dimers,

assuming that the dimer receives its energy from another Cu atom from

* Modified version of G.P. Konnen, A. Tip and A.E. de Vries,

Rad.Eff., in press.



the target. Baede, Jungmann and Los [6] compared the energy distri-
bution of K2 dimers sputtered from polycrystalline K with a thermal
spike theory. Staudenmaier [2] proposed a model in which the clusters
are assumed to be formed from the individual atoms leaving the
collision cascade, and in which the different binding energies of

the various clusters with respect to the surfaces determine their
ejection probabilities. In this paper we present a cluster sputtering
model which assumes that all clusters are formed from recombination
of simultaneously sputtered atoms. Assuming the initial energy
distribution of these atoms to be independent of each other, we

calculated the energy distribution for clusters from the monomer
distributions. A comparison of the experimental data with this

independent particle model shows that the model explains the observed

energy distribution of dimers and trimers quite well.

2. THE MECHANISM OF CLUSTER SPUTTERING

In this section a precise formulation of the adopted mechanism for
cluster formation is given. The basic assumptions are the following:
I - Particles belonging to a single collision cascade leave the
surface at the same time t,e

II - The constituent particles of a cluster originate from the same
collision cascade. A set of k particles located at X s XpeooXy
on the surface will form a cluster if at the initial time t,
the sum of the total potential energy V(xl ...xk) and the re-

lative kinetic energy s(k) of the k particles does not exceed

the threshold for any dissociation channel of the cluster eé?is:
&) , v (k)
€ + V(x1 ...xk) < €4iss

III- The formation of clusters with more than k particles is excluded.
IV - Particles belonging to a certain collision cascade are initially
uncorrelated. Thus the momentum distribution function of any

k-particle cluster factorizes at time t, into a product of

one-particle functions.

In the following dS/dE denotes the probability demnsity for a particle
to be sputtered with energy E and angle 6 with respect to the surface

normal, dS/dv the probability denmsity to be sputtered with velocity

(2.1)
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v and angle 6 and ¢(P) the probability density to be sputtered with

momentum P. The relation between these distributions is given by

1 -1

$@) =M 272 asjav = M 'p7! ds/aE

E = pv’, B = My)
where M is the mass of the sputtered particle. In order to perform

numerical calculations, an additional assumption will be made:

V - The initial one particle energy and angle distribution functions

mentioned under IV are of the form

(nj+1)

- (34~
dS/dE = cj E(E + E, ) fj(e)

where 2 is the binding energy of an atom of species j ﬁith respect
to the surface, nj is a constant, Cj a normalization factor and fj(e)
the angular distribution of the sputtered atoms. Formula (2.3) is
obtained from the assumption that in the collision cascade the energy
distribution dS/dE of atom j is proportional to E " [9,101.

In many cases condition (2.1) excludes the formation of a k
particle cluster if these k particles are initially not neighbours.

This is due to the circumstance that usually V(xl ...xk) is close

to zero for such a set of particlies, whereas e(k) is always positive
and Eé?ss < 0. If on the other hand the particles are neighbours,
then for small clusters it often makes sense to approximate

o (k) _ . .. (g)
Ed = €4iss V(xl ...xk) by the lowest dissociation eneigg Ed of
the cluster in the gasphase. In general however Ed < Edg. Thus

condition (2.1) can be rewritten as

E:(k) <E, < Egg)

d

The transition of formula (2.1) to (2.4) is illustrated schematically
in figure 1. Here V(gas) is the potential energy of the ground state

cluster in the gasphase.

The above assumptions allow the calculation of the energy and angle

dependence of cluster distribution functions for any fj(e). The

asymptotie behaviour of this function for a k]+k particle cluster

2
Xk]Yk for E tending to infinity is then found to be (see section 3)
2

-k.n,-k

dS/dE « E K10 kony=0.5(k, +k

-1) .k k
2 fll(e) f22(e)

(2.2)

(2.3)

(2.4)

(2.5)
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For fj(e) = cos 6, the velocity distribution of dimers in the normal

direction becomes

(ZUEd)£ min(l,mzv/C)
ds/dv = 21erN2(m1+m2)3 v2 [ dc.cz [ dz(m]v+;z)(m2v—;z).
o -min(l,mlv/c)
22 2 (1);=(ny+1) 2 2 2 (2) = (n,+1)
[mlv +z +2mlv2;z+2m1Eb ] [mzv +z 2m2vcz+2m2Eb ] 2

(2.6)

in which m, and m, are the masses of particles 1 anq 2, u their
reduced mass, and Nl and N2 the normalization constants of the monomer
momentum distributions. From this one obtains the energy distribution
dS/dE through the relation (2.2). For dimers dS/dE behaves as follows:
it starts like E2, passes through a maximum, falls off to zero at high

—nl—nz-O.S’ which is indeed much more rapidly than the

energies as E
energy distributions of the monomers. The behaviour of this function
is illustrated in figure 2 on a log-log plot for a homonuclear dimer
X2 with Ed = 1.0 eV, Eb = 0.5 eV and n = 1.5. It is not possible to
obtain a better than order of magnitude estimate for the ratio of
monomers and dimers at a given energy and in a given direction.

For this,specific knowledge is needed about the statistics of the
occurence of the various possible configurations at the surface of

particles to be sputtered.

3. CALCULATION OF CLUSTER DISTRIBUTION FUNCTIONS

In this section, first the expression for the distribution function
¢12(£) of a cluster of k particles is derived from the morentum distri-
butions ¢1(g) anl ¢2(B) of two subclusters. Then, the dimer distribution
function ¢(2)(2) is derived and its asymptotic behaviovrr is studied.
Finally the model is applied to higher clusters, and an expression
is ‘given for the high energy asymptote of their energy distribution

functions.
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3.1 The distribution function

According to the model put forward in the previous section, the
calculation of the cluster distribution function amounts to a
calculation of the available phase-space under condition (2.4). The
normalized probability density for two subclusters to have relative

energy €,, and centre-of-mass momentum g_is given by

Here 1is Ej the momentum vector of subcluster j, and ¢i(25)
is the normalized momentum distribution function for sputtered
subcluster of species j. The relative energy Erel is given by

Eo1 = £u(24/m1-32/m2)2, (3.1.2)

where mj is the mass of a particle of subcluster j, and u = mlmz/(ml+m2).
After a change to centre-of-mass and relative variables according to

E'CIII =2..]+_p_2’ .1_)_= U(B.l/ml—gz/mz)’ (3.1.3)

¢12(e]2,2) can be written as

$12(e 5sB) = f dP . fdg ¢]((m]/M)2cm+g)¢2((m2/M)_11 em B¢

-6(812-92/211) §@_ ") = 2u fdg_ ¢1(q]£+_p_)¢2(q2_1_’_-_1_>_)-6(p2—2u612)

where M = m +m and q. = mj/M. The remaining S-function can be removed

2
by means of the identity

s(p%-2ue,,) = b ue, ) Hs - aue b s (or 2ue ) (3.1.4)

12

To achieve this p is written as p = pu, u being the unit vector along
p. Then ap = p2 dp du, du indicating an integration over a solid angle,

and

(-]

6,50 9B) = 20 fd;»p" fdg 6,(q,R*pw) 6, (a,P-pu) 4T {6 (p=2)+8 (p+e))

I’

o

= uz de_ ¢, (q,P+zu) ¢,(q,P-Zu) (3.1.5)

with = (zue]z>i (3.1.6)
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From this the normalized cluster distribution function ¢, . (P) is obtained
12—

by integration over €12 from zero under condition (2.4):

$12®) = f depy $12(5130B) B(Egme ) @.1.7)

o
where the Heaviside step function h(Ed—elz)(h(x) =0, x < 0 and

h(x) =1, x 2 0) fixes €12 in the bounded interval [O,Ed]. Thus the

normalized probability density is given by
Ed (ZUEd)%
- = 2 -
0,2®@) = | de;y 0,,(e),,P) = £7dz |du ¢, (q,P+zu)d, (q,P-zu)
) o

(3.1.8)

3.2 The dimer distribution function

Formula (3.1.8) enables a straightforward calculation of the dimer
distribution function ¢(2) (P). For this the angle and energy distribution
of the monomers is taken to be of the form given by (2.3) vith fj(e) = cos 6
for both atoms of the dimer. From (2.1) the following normalized momentum

distribution ¢J§1)(2j) of species j is obtained:
(1) _ . . L2 —(nj+l)
65 7 (Ry) = N.(pgre) h((p;-e)) - (py*L,) (3.2.1)

Here is e the unit vector normal to the surface,

n;i-1 (3)
No = . -« .J . = . 3.2.2
5 2nJ (nJ 1)LJ /T, LJ | 2mJ E ( )

The Heaviside step function h((Bj ‘e)) takes into account that sputtering

(2

only takes place in one half space. Since ¢ )(2) is symmetric about e,

P can be fixed in the YZ-plane in a coordinate system with e along the
positive Z-axis. The angle between P and e is 6. Let the polar angles

of u be ¥ and Y, so that
Pre =P cos® P-u-= P(sine‘sim‘)sinw+cosﬁcose)
u'e = cos4 du = sinBd9dy (3.2.3)

’i?hen formula (3.1.8) becomes



(2uEd )i 2w T

+P® = 4P e,0 =Ny, I ag-¢? I ay -[
o o (o]

-(q]P cosB+gcosd) h(qlP cosB+gcosd).
-(qZP cosf-gcos) h(qu cosf-gcosd).

.[qf?2+;2+2q]P;(sinSsin&sin¢+COSeC°S%)+L]]

-[q§P2+;2-2q2Pc(sinesin&sin¢+cos€cos%)+L

It is convenient to change from 9 to z = cos®. Then the Heaviside

functions can be replaced by a condition on the integration interval

for z: (Z“Ed )i 2w +min(l,q2Pc086/§)
¢(2) (P,e) = N]NZ J d;.;z d'J) f dz
o ) -min(l,q]Pcose/c)

°(q1P cos6+cz)(q2P cos6-zz)

-[q$P2+c2+2q]Pc{sin6(l-zz)isin¢+z cosO}+L

°[q§P2+;2—2qZP;{sin6(l—zz)isinw+z cosG}+L2]-(n2+l)

This is the final expression for the distribution function of
sputtered dimers. For the case 6 = 0, i.e. sputtering of dimers

in the direction normal to the surface it simplifies significantly:

(2uE, )} +min(1,q,P/0)

2 @,0) = 2n NINZJ ag-¢” J dz
o -min(1,q,P/%)

-(q]P+;z)(qZP-cz)[qu2+;2+2qlP;z+Ll]_(n1+])

[q§P2+c2—2q2Pcz+L2]_(n2+])

From this the velocity distribution dS/dv of sputtered dimers in the
normal direction (formula 2,.6) can be calculated with (2,2), In
section 4 the results of numerical calculations of this expression

are given and compared with experimental data on dimer sputtering.

d% sind -

=(n1+1)

- (ng+1)
2] .

1]-(n]+l)
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(3.2.4)

(3.2.5)
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3.3 Asymptotic behaviour of dimers

It is not difficult to obtain from (3.2.4) the behaviour of ¢(2)(P,e)
for P tending to infinity and zero, respectively. In the first case
it is even more convenient to turn to the expression (3.1.8) for

(2

(P). For large absolute values of P the term Cu in the argument

of ¢j can be neglected, since r ranges through the bounded interval

[O,(ZuEd)ij. Thus, for P tending to infinity:

(ZuEd.)i
6@~ [acc? [ aw s P
o

p-2(ntny+l) 20 (3.3.1)

(2)

The behaviour of ¢ (P,6) for P tending to zero is obtained in the
following way. It is convenient to split ¢(2)(P,e) into four parts

and to consider each part separately. Thus for 6 < m/2:

qu cosf 1 (2uEd)£ q.P cosb/z
(2) 2
¢ "7 (P,0) = dz dz... + | dtg dz eee. +
o o q,P cosb o
q]P cosb o (ZuEd)£ o
4
+ [ dz J dz... + J dz J dz vevn = I ¢§2)(p,e)
o -1 q,P cosb —qlP cosb/zt =1

(3.3.2)

For small P the terms L] and L2 in the denominator become the leading
terms in ¢( )(P 8) and ¢( )(P,e) so that

qZP cosb
(2)(P 8) ~ 2n NN, L. @) (D) g2
172 71 2
1 o
. I dz (qlP cos9+cz)(q2P cosb-zz) =
o
(n +l)

= 21 NN,[(5/24)q qg + (1/120)00] L] "M D b cose)®  (3.3.3)

2
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By interchanging the subscripts 1 and 2 the corresponding expression

for ¢§2)(P,e) is obtained. In ¢§2)(P,6) and ¢§2)(P,6) the leading term
+1)

in the denominator is [c2+L]]—(nl+]) [c2+L2]-(n2 since now Z ranges

up to (2uEd)£, instead of qu cosf, j = 1,2 in the former case. Thus,

for P tending to zero:
4
(ZuEd) q2P cosb/t

¢§2)(P,6) ~ 2w NINZJ d§°§2 dz (qlP cos6+cz)(q2P cosb-zz).

qZP cosf o
'[c2+L]]-(nl+]) [c2+L2]_(n2+]) ~
4
(2uEy)

. 2 3 . 2 -(n,+1)-_2 -(n,+1)
2w N]N2(5q1q2+1/6q2) J dz-zlc +L]] 1 [t +LZJ 2 7.
o

.P3cos’e, (3.3.4)

and the corresponding expression for ¢£2)(P,0) is obtained by inter-
changing the subscripts 1 and 2. Comparing the result with (3.3.3) it
is seen that ¢§2)(P,B) and ¢22)(P,6) are the leading terms for P
tending to zero. Hence, for P tending to z=ro:

¢(2)(P,e)‘~ 27 N]Nz(gq]q§+£qfq2+1/6q?+l/6q;).

(e
) f dc.c [;2+L1]'(“1+')[;2+L2]’(“2+')P3 cosp (3.3.5)

(o}

3.4 High energy distribution function for a k-particle cluster

The formalism developed in section 3.1 allows the calculation of the
distribution function of a k-particle cluster. In order to do so, we
consider the cluster to be built up from two subclusters 1 and 2. We
introduce the subcluster distribution function ¢j(2j’€j)’ where €5
is the relative kinetic energy of the particles in subcluster j at
the time t, at which the subcluster leaves the surface, and Bj its
centre of mass momentum. For the clusterdistribution ¢12(2,812,e],e2)

a similar formula can be derived as for ¢12Qg,€]2) in section 3.1,

formula (3.1.5):
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019 (Bs€195€;5€)) =uc[d9_ ¢,(q,P*zu,e,) ¢,(q,P-zu,e,) (3.4.1)
(k)

Clearly, €)2+€1+€2 represents the total internal kinetic energy € of
the atoms in the cluster at time to. The bound cluster distribution

function ¢]2Qg) is found by integration over €12 € and €, under

1
condition (2.4):

¢12QE) = J...J ds]?_delde2 ¢]2(B,812,81,€2) h(Ed—elz-s]-ez) (3.4.2)
o o

in which the Heaviside function h(Ed—elz-e]-ez) takes into account
that the initial internal kinetic energy never exceeds the dissociation

energy E, of the cluster. It can be proved [11] that (3.4.2) is inde-

pendent :f the choice of subclusters 1 and 2. Therefore these formula
allow the calculation of any clusterdistribution function, starting
with the monomer distribution functions ¢§])(Bj)'

For the high energy asymptote of the cluster distribution function,
the term zu in (3.4.1) can be neglected. This is due to the fact that

}

condition (2.4) and because gjis bounded from below (ej > 0). Thus,

in (3.4.2) rz ranges through the bounded interval [0,(2uEd) 1 due to

for P tending to infinity
9,0(Bse,95€585) T HT fdg ¢,(q,Rse)) ¢,(q,R,e,)

« 8%2 ¢](q]£s€1) ¢2(q2£,€2) (3.4.3)

Formulae (3.4.3) and (3.4.2) are convenient starting points for the
study of the behaviour of the k-particle cluster distribution ¢(k)(g)
at high energies, starting with monomer distributions ¢(1)(B).

This will be done explicitly for homonuclear k-particle clusters Xk
the generalization to different situations is obvious.

For the construction of a k-particle cluster distribution function
from the monomer distribution function, we define the parameter sl,k-l’
being the relative kinetic energy of particle k and the subcluster
consisting of all k-1 subsequent particles. Then, for dimers X2
formula (3.4.3) becomes

+2) (2,e

Biep,) = et 1 oVap ¢(l><i£) = Ef’,w(')(igﬂz (3.4.4)

1,1
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For trimers, one finds

0 @, M 173p) 6P 2/39)

1
1°€1,2) < €1,2 9
« et ed ®ami’® (3.4.5)

and so on. In a similar way, for a k-particle cluster

k
s @, ye 1 e 1o et (3.4.6)
=0 f1,1° F 1L,k = Lex
k-1 ) ‘ (k)
Here, I € x is the internal kinetic energy € of the cluster at t .
x=1 ’
Integration over all e] k=1 yields the distribution function ¢(k)(g).
Since ¢(k)(P LIURRRE £, k- l) is factorized into a product of e% x and
H
(l)(P/k), one gets
> 7 | k-1 ok
8@y « { |...] de, ...de el nE- e, 0N eEm*
= 1,1 1,k-=1 . "1,x d " Tl,x —
x=1 x=1
o o
(1) k _

From the asymptotic distribution functions of the atoms (see section 2)
dS/dE = EPE(0); ¢(@) = P PP Deo) (3.4.8)

the behaviour of the k-particle cluster distribution function at high

energy is according to (3.4.7) and (2.2)

(k) -(2n+1)k

3" @) « P £5 ()

kn 0.5(k-1)

dS/dE « f ®) (3.4.9)

For a heteronulear particle Xk Yk one finds in the same way for

the high energy asymptote 12

¢(k)(£) « Pf(2n1+l)kl-(2n2+l)k2 fllq ) f12(2(e)

dS/dE « £ K177k ny70-5Ck +k=1) ffl(e) f;Z(e) (3.4.10)

where the index of n and £(8) refers to the monomer distribution functions

of X and Y.
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4. COMPARISON WITH EXPERIMENTS
4.1 Asymptotic behaviour

Staudenmaier [2] reported the energy distributions dS/dE of some
W; clusters, sputtered from a polycrystalline tungsten surface by
bombardment with 150 keV He+, Ne+, Ar+, Kr+, Xe' and Cu’ ions. The
clusters were detected under 40° with the surface normal. The energy
spectra of W+, ; and W; ions were measured over a wide energy range
and showed an E  behaviour at higher energies. _

Since the energy distribution of neutral W, sputtered from poly-
crystalline tungsten is not known, it is not possible to calculate
the energy spectra of the cluster ions for the whole energy range.
The asymptotic behaviour of the energy spectra at the high energy
limit of W; (k > 2) and Wk however can be calculated from the
reported W' and W; asymptotes according to formula (3.4.10). This
of course implies that W+ clusters are assumed to be formed from
the association of one W ion and k-1 W atoms, which are independently
sputtered. From the reported values of n for W+ and W; (0.5 and 3
respectively) one finds the W asymptote to be E—z, which is the

+
value to be expected from the sputtering theory [10,12]. The W3

_5.5

asymptote is found to be E . Comparing this asymptotic behaviour

with the experimental data of Staudenmaier, one concludeg that the
agreement is within the experimental error, as can be seen from
figure 3.

Further measurements of Staudenmaier [13] enable us to test
the predicted angular distributions of sputtered clusters in the
high energy limit. Angular distributions of W; clusters (k < 4)
were reported around the <111> direction of a tungsten single
crystal (the surface normal being <110>) at 30 eV, and of W;

(k £ 3) at 60 eV. All W+ clusters show a maximum intensity

k

around the <111> direction. The predicted angular distributions

of W; and WZ clusters at 30 eV, calculated from the W+ and W;

distributions with.(3.4.10), agreed well with the experimental
+

3
with the experimental data, although its absolute value is somewhat

data. The shape of the predicted W, curve at 60 eV agreed also

lower than of the experimental points.
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4.2 Low energy spectra of dimers

To compare the dimer formula with experimental data, one has to

know the parameters E. and n of the energy distribution of the

b

monomers. However, only for the dimers K2

data on the monomer distributions are available to make this

and KI enough experimental

comparison possible. In this section we will discuss these two

cases.

4.2.1 The K2 distribution

Baede, Jungmann and Los [6] measured the energy distribution of
K2 dimers sputtered from a polyqrystalline K target under Ar’ ion
bombardment of 8, 11 and 13 keV kinetic energy. The sputtered K
and K2 neutrals were separated by an inhomogeneous magnet and
measured by a surface ionization detector. The energy distribution
of the dimers was found to be independent of the Ar+ energy. The
measured signals were corrected for scattering on the background
gas. There were indications that part of the signal was due to
reflected atoms. Assuming the number of dimers to be zero at 4 eV
kinetic energy, the measured points were also corrected for this
effect. However, since evidence was obtained from chemi-ionization
experiments that alkali dimers are still present even at 5 eV
kinetic energy, this last correction was considered to be too
crude. The true K

2
ted and uncorrected points.

spectrum was supposed to lie between the correc-

In the experimental set up of Baede et al. the particles were
detected under an angle of 22.5° with respect to the normal of the
target. However, the large Art current causes damage of the target
surface after a short time so that the direction of the normal of
the target becomes quite indefined. For the theoretical energy
distribution we therefore used formula (2.6) and (2.2) for the
normal direction.

In figure 4 the experimental points of Baede et al. are given.
Since Baede reported the quantity E'%% as a function of energy,
his measured points have been divided by a factor E to obtain
the energy distribution %%.
The open and closed circles are the measured points of Baede
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are the experimental data. The curve has been normalized at
4.2 eV,



et al., with and without the corrections discussed above. The parameters
of the monomer distribution are reported by Politiek and Kistemaker [9]
(Eb = 0.71 and n = 1.525), the dissociation energy of K2 in the gasphase
is known to be 0.55 eV [14]. With these quantities the energy distribution
could not be fitted with the theory. Taking however E = 0.3 eV, the
theoretical curve coincides with the experimental points over a wide
energy range. To demonstrate the sensitivity of the theoretical curve

for changes in E, in figure 4 also the curves for Eb = 0.25 eV and

Eb = 0.35 eV have been drawn. All curves have been normalized at 1.1 eV,

as is the case in Baedes plot.

4.2.2 The KI energy distribution

Measurements of the energy distributions of K, I and KI sputtered
in the normal direction of a polycrystalline KI target under 6 keV
Art bombardment have been reported previously [7]. The parameter
n was found to be 2 for I atoms and 1.5 for K atoms. The binding
energy E of the atoms can be obtained by fitting the experimental
curves with formula (2.3). This yields Eb = 0.7 eV and 0.4 eV for K
and I atoms respectively.

The dissociation energy of KI molecules in the gasphase is 3.3 eV
[14,15]. The closest distance R, of K* and I  ions in the lattice
(3.5 ! [14]) is somwhat larger than the distance of K and I in the
molecule (3.0 & [15]). For this internuclear separation, the value
E; can be calculated to be 3.0 eV [15]. This difference however
does hardly influence the shape of the theoretical energy distribution.

Contrary to the covalent molecule K2, the potential energy of
the ionic KI molecule has a very long range due to the coulombic
attraction® this range extends to the crossing point of the covalent
and the ionic potential curve in this molecule at 11.3 R [161. 1t
can therefore be expected that sputtering of non-adjacent K and I
atoms from the lattice gives also a contribution to dimer formation.
The KI crystal has a fcc NaCl type structure. In this lattice,
there are four possible configurations of K and I atoms with a
distance below 11.3 X, at 3.5, 6.6, 7.8 and 10.5 2. From the
coulombic potential the value of E; for an internuclear separation
of 6.6, 7.8 and 10.5 ® are calculated to be 1.1, 0.6 and 0.1 eV
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respectively. The probabilities for sputtering a KI pair in either
of the contributing configurations are taken to ba equal. Evaluation
of formula (2.6) then shows that K and I at 10.5 R gives hardly
any‘contribution to dimer formation, but the other configurations
cannot be neglected.

In figure 5 the experimental energy distribution of KI is compared
with the theory. The solid line represents the sum of the three
contributions with Ed = 3.0 eV, E; = 1.1 eV and Ed = 0,6 eV. The
theoretical curve has been normalized by fitting it with the experi-
mental point at 4.2 eV. Again, lower Eb values than expected have to
be chosen to get the optimal fit to the theoretical curve with the
experimental data. In figure 5, Eb = 0.2 and 0.1 eV for Kand I
respectively. Such changes in Eb however influence only the shape
of the theoretical curve below 3 eV.

If only the contribution with Ed = 3,0 eV is taken into account,
the resulting curve cannot be fitted with the experimental points
above 3 eV for any choice of Eb' The sum of all contributions
however agrees well with the experimental data, as can be seen
from figure 5. From this it can be concluded that dimer formation
from non-adjacent particles in the lattice is indeed important

for ionic crystals.

5. CONCLUSION

The high energy results of section 4 indicate clearly that the
present theory indeed explains the energy distributions of clusters.
This means that clusters are formed by recombination of independently
sputtered atoms, and that their energy distributions are determined
by the E power laws of the monomer distributions. Moreover, from
the KI results it can be concluded that for ionic crystals various
configurations of the atoms on the surface contribute to dimer
formation. On the other hand, at the lowest energies there are
deviations between theory and experiment, since the value of E
in the dimer formula has to be chosen considerably lower than
expected from the monomer distribution to get a fit with the
experimental curves. This may indicate that the present theory

under assumption V is a rather crude approximation. In fact, this
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assumption states that the binding energy acts only upon the individual
atoms of the cluster, thus decreasing both its initial center of

mass energy and the relative motion in the cluster. It is likely however,
that the binding energy plays a more complicated role in cluster for-
mation. In many cases the atoms of the cluster driginally have been
quite close together on the surface, so that the sputtered aggregate
closely resembles a molecule. Therefore it can be expected that part

of the binding energy acts on the whole cluster, and does not influence
the relative motion of the atoms in the cluster. Such refinements of
the theory however will never change tne asymptotic behaviour of the
energy distribution at the high energy limit, since tu: »inding energy
can then always be neglected with respect to the kinetic energy of .

the cluster. This asymptotic behaviour remains therefore the same as

in section (3.4), being only determined by the behaviour of the

monomer distributions at high energy.
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*
CHAPTER III

NEGATIVE SURFACE IONIZATION OF HYPERTHERMAL HALOGEN ATOM§

Negative surface ionization of hyperthermal halogen atoms was studied
as a function of their kinetic energy on thoriated tungsten and on
niobium wires. The transition from a thermal equilibrium process to
direct reflection causes the ionization to increase drastically above
thermal energies: efficiencies up to 40% were found for 30 eV Cl

atoms impinging on thoriated tungsten.

1. INTRODUCTION

Positive surface itonization (PSI) of atoms on surfaces is a well
known phenomenon. It is used extensively for the measurement of particle
fluxes in molecular beam experiments. Atoms striking the surface with
thermal energies will stick to it for a time of about 10_4 = 10_3 sec.
This is long enough to establish a thermodynamic equilibrium between
the particles and the surface. The evaporation of ions is described
by the well known Saha-Langmuir equation. For alkali atoms and hot
surfaces with a high work function this results in an ionization

efficiency of almost 100% [1]. At higher energies however a fraction
of the impinging atoms is reflected directly, partly as ions, partly

as neutrals. The latter particles cause a slight decrease in ionization
efficiency with increasing energy [2,3]; reflected ions are formed
even at the lowest temperature of the surface [4,5]. At energies of
some tens of eV this "fast" ionization is the dominant mechanism of
PSI, the efficiency is then almost independent of the temperature of
the surface [6,7].

Negative surface iontization (NSI)is much less known. The ionization
of molecules, containing atoms with high electron affinities, striking
* G.P. Konnen, J. Grosser, A. Haring and A.E. de Vries,

Chem.Phys.Letters 21 (1973) 445.
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a surface with a low work function at thermal energies, has been

studied recently [8,9]. Even in the most favourable case the ionization
efficiency is only 27. For negative surface ionization, "fast'" ionization
at higher energies might increase the ionization efficiency. In this
paper we report measurements on NSI of hyperthermal halogen atoms
impinging on thoriated tungsten and niobium wires. We have found indeed
that '"fast" ionization occurs in this energy range with an efficiency
which is an order of magnitude higher than NSI efficiency for thermal

halogen compounds.

2. EXPERIMENTAL METHOD

A detailed description of the apparatus is given elsewhere [10].
Halogen beams were obtained by sputtering on alkalihalide (MX) surfaces
with a 6 keV Ar' ion beam. After velocity selection the alkali component
of the sputtered beam was measured by PSI on a Re 75u @ wire at 1400 K,
giving currents of 5 x IO--14 to 2 x 10-13 A. At this temperature the
ionization efficiency for thermal alkali beams is known to be unity
even for Na because of oxidation of the wire [11]. The NSI detector
on which the measurements for velocity selected halogens were performéd,
consisted of a wire surrounded by a cylindrical collector of 2 cm @.

The wire was placed in a permanent magnetic field of 350 G to prevent
electrons from reaching the collector. A potential difference of

30 to 60 V was maintained between wire and collector, so that energetic
postive ions which may be formed on the wire could not reach the
collector. The experiments were done with 100u @ Nb and 75u @ thoriated
tungsten (W-Th) wires, the latter carbonized and activated according

to Perski et al. [8]. We did not succeed in detecting low energetic
sputtered halogens because the fluxes are low and because of the relative-
ly high electron background at a temperature of 1600 to 1800 K at
which most efficient NSI of thermal halogen compounds takes place [8].
For energies above some eV however, we found a temperature independent
NSI signal. During the measurements of these hyperthermal halogens the
temperature of the wire was kept at a temperature of 1300 K to avoid
poisoning. At this temperature the electron background is negligible.

For the present research, halogen and alkali atoms were sputtered

from MX targets with the lowest possible difference in mass between
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the M and the X atom: NaF, KCl, RbBr and CsI. In earlier experiments
the sputtered beam was analyzed by mass spectroscopy [10]. From these
measurements we know that above a few eV the energy distributions of
isobaric alkali and halogen atoms are the same.

From sputtering theory we infer that for the targets used by us
at energies of some eV also the number of ejected alkali and halogen
atoms is about equal [12].

Taking the PSI efficiency of energetic alkali atoms on Re to be
unity, which may be true within 207 [2,3], the efficiency B of the

NSI detector at a given energy is given by
-+
g = (I /I)G, (1)

in which I and I are the signals on the NSI and PSI detector
respectively, and G is a geometry factor. To determine G we reversed
the potentials of the NSI detector and deactivated the W-Th wire.

The PSI signal of a thermal K beam was now measured on both detectors.
Because the ionization efficiency is known to be unity for K on
deactivated W-Th and on Re [8,11], the ratio of these signals equals
G. For Nb this measurement was done with thermal Cs. Because the work
function of Nb and Re is higher than the ionization potential of Cs
we assumed the ionization efficiency to be unity. The obtained values
for G were in agreement with the calculated ones from the distances

of the wires with respect to the source.

3. RESULTS AND DISCUSSION

In figures 1 and 2 the NSI efficiencies of the halogens on W-Th
and on Nb wires are given as a function of energy. The NSI of F and 1
on Nb could not be measured, being lower than 1%. Because we used
velocity selected beams, the maximum energy is different for the
different halogens. Figures 1 and 2 show a dramatic increase of the
efficiency, similar to that of the PSI of alkalis on cold surfaces
[6,71.

Two remarks can be made concerning the results of figures 1 and 2.
Firstly, it was found earlier that sputtered halogens are formed in
the excited 2P£ state for about 30 to 507 [10]. One might expect,

that the NSI efficiency at a given energy will increase with
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TABLE I

Electron affinities and measured ionization efficiencies

on W-Th at 10 eV kinetic energy for different halogen atoms

Electron affinity in eV

[13] Ionization efficiency at
z 2 . . )
Pl/2 P3/2 10 eV kinetic energy
F 3.49 3.45 97
cl 3.72 3.61 207
Br 3.82 3.36 97
I 4.00 3.06 47




increasing electron affinity of the atom and with decreasing work
function of the detection wire. In table I the electron affinities

of the halogens in the 233/2 ground state and in the ZPI/2 state
are given as well as the ionization efficiencies at 10 eV kinetic
energy on W-Th.

From table I we see that the ionization efficiencies show for F,
Cl, Br and I the same tendency as the electron affinities of the
2P3/2 ground state. From this we infer that the excitation does
not play an important role in hyperthermal NSI.

Secondly, we found from our investigations on particles sputtered
from various salt surfaces that MX molecules are present up to about
10 eV [10]. The maximum flux of these particles occurs at a few eV.

At these velocities the flux of the MX molecules is about 307 of

the halogen atoms. However, sputtering on all possible alkali chlori&es,
we found the same NSI signals as a function of velocity and the same
thresholds [10]. Because the heavy MX molecules have relatively

large energies at the threshold velocity, this indicates that highly
efficient NSI of energetic molecules does not occur. This can be
understood by the following irguments. The formation of MX is

unlikely since the MX molecules have a closed shell configuration.

An alternative mechanism for hyperthermal NSI would be dissociation

of the MX molecules and formation of X , as is known to occur in

NSI of thermal MX molecules. However, in thermal NSI the molecules

are dissociated during the equilibrium with the surface, while reflected
hyperthermal MX molecules have to take the dissociation energy directly
from their kinecic energy. Therefore, the energy required for formation
of X from hyperthermal MX on surfaces is much larger than for for-
mation of X from X, and consequently the efficieucy for the former
process is expected to be very low. Finally, we want to mention the
fact that the sputtered MX molecules can be detected on the PSI

detector. For this reason the ionization efficiencies in figures

1 and 2 may be somewhat too low for energies below 5 eV.

57
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*
CHAPTER IV

IONIZATION AND FRAGMENTATION OF ANILINE AND OTHER ORGANIC

MOLECULES IN COLLISIONS WITd HALOGEN ATOMS IN THE ELECTRbNVOLT

ENERGY RANGE

Ionization and fragmentation of aniline, n-propylbenzene, carbon-
tetrachloride, benzene, propane and cyclohexane is studied under
halogen impact. The energy dependences of the ionization cross
sections of aniline in collisions with halogens are reported. The
results show an analogy with electron impact and photo-ionization
mass spectroscopy. They are discussed in terms of potential curve

erossings in the halogen organic molecule system.

1. INTRODUCTION

Since the electronvolt region has been opened for neutral atom
beams, a number of papers has been published on the different aspects
of collisional ionization. The research has been mainly restricted
to alkali collisions with monatomic or diatomic particles [1]. In
order to study fundamental chemical processes of organic molecules,
we extended the sputtering technique to alkalihalide targets and
thereby obtained hyperthermal halogen beams [2]. In the present
paper we report measurements on the ionization and fragmentation
of aniline (C6H5NH2) and some other organic molecules in collision

with these hyperthermal beams.

* G.P. Konnen, J. Grosser, A. Haring, F. Eerkens, A.E. de Vries

and J. Kistemaker, Chem.Phys., to be published.
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Fig. | - Schematic view of the apparatus. | ion source, 2 targetholder,
3 mechanical velocity selector, 4 collision region, 5 extraction

field, 6 magnet, 7 multiplier.
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2. EXPERIMENTAL METHOD

The apparatus used for the present experiments has been described
previously in detail [2,3]. A schematic view of the relevant parts
of this apparatus is given in figure 1. Neutral particles are
sputtered from alkalihalide surfaces by a chopped 6 keV Ar* ion beam.
After mechanical velocity selection and collimation they are crossed
with a thermal beam. Ions formed in the collision center are extracted
by a homogeneous electric field, pass a mass spectrometer and are
counted on a particle multiplier with a forward-backward counter.

Data on the composition of beams sputtered from alkalihalide surfaces
and on the energy dependence of the beam intensity have been reported
earlier [2]. At the velocities which are required for the present
experiments, the beam consists only of alkali and halogen atoms and a
small amount of alkalihalide molecules. Evidgpce that the observed
ions are only produced with the halogen constituent of the sputtered
beam is taken from the fact that we find identical results with
beams sputtered from NaCl, KCl or CsCl targets: Threshold velocities
HSNH

for collisional ionization with aniline (C ) are found to be the

same within the experimental uncertainty fgr ali these cases.
Furthermore, the ion yields as a function of the velocity of the
sputtered beam are identical for NaCl, KCl and CsCl. This is in
agreement with our earlier statement [2] that the energy distributions
of for instance Cl atoms sputtered from different alkalihalide
surfaces are identical at eV energies. Another check consisted of
producing a hyperthermal beam of potassium atoms by sputtering from

a potassium target and crossing it with an aniline beam. Neither
positive aniline ions nor positively charged fragments were observed
in this case.

The thermal beam effuses from a multichannel array (channel diameter
12u, channel length 480p, surface 0.18 cmz) and is shot directly into
a liquid nitrogen trap. Typical working conditions in the mass
spectrometer are: pressure before multichannel array 0.1 Torr, back-
ground pressure caused by the thermal beam 5.10—5 Torr, extraction
voltage of the ions 1100 V. At working condition, the thermal beam
has a small angular spread and the collision region is well defined.

The velocity selector has been calibrated by measuring the

threshold of the process K + Br2 > Kﬁ+Br—+ Br - 2.95 eV [4].



TABLE I

(F, Cl, Br, I) aniline 93 66 52 39 28
(NaCl) propane 42 28 15

(NaCl) cyclohexane 85 56 41 28

(KF, NaCl) carbontetrachloride 118 80 47

(NaCl) benzene 79 64 52 39

(NaCl) n-propyl benzene 121 91 78 66 51 39

ass numbers of positive ions arising from collisions of halogen atoms
ith organic molecules. The targets which are used to generate the

yperthermal halogen beams are indicated in parentheses.
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We estimated the error in the velocity calibration to be 0.3%. The
resolution of the velocity selector Av/v is about 10%.

There are two instrumental effects which can cause errors in our
results. Firstly, because of the poor resolution of Ehe mass
spectrometer (m/Am ~ 20) the determination of the observed mass
numbers is only correct within Am = + 1. The exact values of the
mass numbers of the measured ions were taken from the analogy with
ordinary mass spectroscopy (see section 3.1). Although this procedure
will be correct at low energies, where only a small number of
fragment ions can be formed, it cannot be excluded that at higher
energies a given mass spectrometer peak includes various neigh-
bouring masses. No errors arise in connection with initial kinetic
energy of the ions, and all ions of a given mass formed in the
collision are indeed measured on the collector, as has been checked
experimentally. Secondly, since there are also ionizing collisions
in the acceleration field in the mass spectrometer, all peaks have
a low intensity tail in the direction of lower mass numbers. It is
probably due to this disturbing effect thet some of the ions give
a low positive signal below threshold. In most cases, it is negli-
gible however. Small positive signals below threshold may also
originate from collisions of sputtered alkalihalide molecules

with the thermal beam.

3. RESULTS
3.1 Nonm-velocity selected spectra

Non-velocity selected beams of halogens X have been crossed with
various thermal beams of organic molecules Y and the mass spectra of
the formed positive ions have been recorded. The observed mass
numbers are given in Table I. In parentheses the alkalihalide targets
MX are indicated from which the halogens are sputtered. Fragment
ions with mass near M could not be observed because they are obscured
by the process MX + Y ~» M  + X + Y. For aniline, only the halogen
is indicated since for a given halogen several experiments have
been done with various alkalihalide targets.

The mass numbers in Table I agree closely with the main singly

charged fragments observed in electron mass spectroscopy.[S]. No
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differences have been found in the mass numbers of the products arising
from collisions with different halogens. This indicates that the
processes occurring in halogen collisions are closely related to
electron impact ionization and fragmentation. A similar relation

seems to exist for negative ion formation, since alkali—SF6 colli-

sion give rise to the same charged products as negative mass
spectroscopy [6]. _

The relative intensities of the fragments are not given in Table I.
Actually, these quantities cannot be compared entirely with the data
of electron impact, since the measured ion yield of non-velocity
selected beams is given by the convolution of the cross section
with the energy distribution of the sputtered beam, which varies
roughly with E_2 at electronvolt energies [2]. Nevertheless, the
observed relative intensities show the same tendency as in electron

impact.

3.2 Veloeity selected spectra

The energy dependence of the ionization cross section of various
positively charged fragments of the system F, Cl, Br and I with
aniline (C6H5NH2) are given in figures 2, 3, 4 and 5.

The solid line in figure 3 represents the gross ionization cross
section, which is the sum over all fragments. For Br and I not all
fragments could be measured because the signals were too low. The
abscissa of the figures represent the center of mass energies of
the halogen—-aniline systems, calculated from the velocity of the
sputtered beam and averaged over the naturally occurring isotopes.
The energy dependence of the cross sections is obtained by
dividing the counting rates by the flux of the sputtered beam.

Flux distributions of Cl, Br and I have been measured directly [2].
For F sputtered from KF, the flux distribution was taken to be
identical [2] to that of Na sputtered from NaCl. This latter
distribution was measured by surface ionization detection. The
experimental uncertainty in the flux distribution of the primary
beams can cause an error of less than 207 in the cross sections

at the higher energies in figures 2, 3, 4 and 5.

The height of the observed signals of the parent peak (mass 93)
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decreases from F to I; the signals for F are about a factor of twenty
higher than for I. From the flow of the sputtered beams we estimate

the cross section to be in proportion to roughly 2 :1 : 0.5 : 0.3

for F : C1 : Br : I. Comparing the aniline signals with the signals
obtained from the process K + Br2 > K+ Br; we estimate the ionization
cross sections for Cl on aniline to be about 27 of the latter process
at 7000 m/s. This corresponds with an absolute value in the order of
0.1 -1 8 [71.

The chemical composition of the fragments cannot be deduced from
our experiments. From electron impact mass spectroscopy [8,9] one
concludes that the products are mainly non-nitrogen containing
compounds, originating from HCN loss. Although the mass 66 fragment
in photoionization is reported to be an exception [10] a recent
electron impact experiment [11] showed that also for low energies
this fragment is a hydrocarbon. Adopting this result, the formula

+

} + +
of the fragments with mass, 28, 39, 52 and 66 are C2H4, C3H3, CAH4

and CSH;, respectively.

Estimating roughly the thresholds for the parent peak in figures
2, 3, 4 and 5 we found them to be in good agreement with the values
expected from the ionization potential of aniline [10] and the
electron affinity of the halogens [12] in the cases of Cl and F.
For Br and I however, the experimental thresholds were too low
by about 0.4 and 1 eV respectively. We ascribe this effect to the
presence of long lived 'ZP; excited hélogens in the sputtered

beam. The ground states are 2P This explains both the agreement

‘of the Cl and F results and thz/ieviation of the Br and I threshold.
The zPi state lies 0.05, 0.11, 0.46 and 0.94 eV above the ground
state of F, Cl, Br and I respectively [13]. From the fact that no
signal is observed below the ZPi threshold we conclude that the

Pi atoms are the only excited halogen atoms in the beams.

3.3 Threshold energies

In this section first the various experimental effects that
influence the threshold behaviour are discussed. Then we describe
how the threshold energies are inferred from the experimental

results; the values are reported in Table II.
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It is assumed that the ideal ionization cross section for a
certain halogen atom and aniline molecule as a function of the
velocity is a straight line beginning at threshold. We define
the threshold velocity of a process as the principal threshold
if the following conditions are satisfied:

1) the thermal beam has zero velocity;

2) both colliding particles are in their ground state;

3) both particles have their most abundant mass number, so
H=1,C=12, N=14, F =19, Cl1 = 35 and I = 127. We
take however 80 in case of Br.

The experimental threshold, found by extrapolating the straight
part of the cross section curve, will be shifted with respect to
the principal threshold because of the following reasons:

1) Vibrational excitation of the molecules in the thermal
beam. The thermal distribution of the vibrational states
has to be known. For the aniline molecule, these were
estimated from the known states of benzene [14].

2) Halogen projectiles in the metastable 2P£ state. Since
information is lacking, we assume that 507 of the halogen
atoms are in the zPi state. This will lead to an uncer-
tainty of less than 0.1 eV in the thresholds. For I, the
principal threshold was calculated from the ZPi threshold.

3) The velocity of the thermal beam. Its magnitude is known
at room temperature, its angular spread can be neglected.

4) Isotope shift. The threshold velocity is different for
different isotope combinations. The distribution of

isotopes is well known for both colliding particles.

All these effects change the threshold velocity by at most a
few percent, except in case of the Br and I metastables, as men-
tioned before. All combinations of masses and excited states
(point 1, 2 and 4) have threshold velocities different from the
principal threshold. For a delta-shaped velocity distribution
the experimental ionization cross section ol(v) will therefore
be a superposition of several pieces of straight lines. If the
slope of the cross section is supposed to be the same for all
processes, the slope of o](v) is enlarged by an amount propor-

tional to the probability of the new process at every new



threshold. This probability of course equals the relative abundance
of the colliding particles from which the threshold is reached.
Above the highest threshold, o](v) will be a straight line again.
The extrapolation of this line will in general not intersect the
x—-axis at the principal threshold velocity.

To deduce the expected experimental cross section from ol(v),
this function has to be convoluted with the resolution function
of the velocity selector, R(v). The resulting function will be

called cz(vo), v, being the nominal velocity of the selector. Thus
cz(vo) = f R(v) c](v) dv

For mechanical velocity selectors, R(v) depends only on v/vo [15].
Let R(v) be non-zero if 1-a < v/vo < 1+b, a and b being constants.

Because of normalization one has

vo(1+b)
j R(v) dv = 1
vo(l-a)

On the right hand side of the threshold region, c](v) is a straight

(1)

(2)

line. Let v_ be the intersection with the x—axis of its extrapolation.

Then in thig region we have cl(v) = V=V Consequently one gets
from (1):
vo(1+b)
oz(vo) o J (v—vD) R(v) dv =
va(]-a)
v, (1+b)
= I (v-vo+vo—vD) R(v) dv
vo(l—a)
vo(]+b) vo(1+b)
= (v ~vp) J R(v) dv + J © (v=v ) R(v) dv
vo(l—a) vo(l—a)
vo(l+b)
= v vt J (v-v ) R(v) dv

v, (1-a)

(3)
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Substituting in the remaining integral w = v-v_, one finds

bv
o

oz(vo) =V ~Vp + J w R(vo+w) dw (4)
-av
o

The resolution function R(v) of the mechanical velocity selector is
within a good approximation a symmetrical triangle around v, [15].
This implies that a = b. Since in this case the integrand in (4)

is anti-symmetric, the resulting integral is zero. So the intersection

of the extrapolated straight part will be again v_. The reported

slight asymmetry in R(v) (a=0.10, b=0.11) will gige rise to a
negligible shift of the intersection of oz(vo) of about 0.37% of vy
to a higher velocity. This error however is entirely compensated

by the fact that the calibration of the selector is also done with

a known linear cross section. For the actual calculation of the
threshold energy, the function ol(v) was constructed, starting

with a reasonably guessed principal threshold. The ratio of the
principle threshold and the value at which the extrapolated straight
part of o](v) intersects the x—-axis was calculated; this latter
intersection is identical to the intersection of cz(vo), as mentioned
above. By multiplication of the experimental intersection with this
ratio, the value of the principle threshold velocity and therefore
of the energy is known.

In figure 6 the expected ionization yield oz(vo) is given for Cl
and aniline as a solid line, together with a number of experimental
points. cz(vo) is calculated by means of equation (1) with a
triangular resolution function R(v) with Av/v = 10%. The dashed
line in figure 6 is the function o](v), the expected cross section
for a velocity selector with a § shaped resolution function. The
principal threshold, indicated by an arrow, lies to the right
hand of the experimentél threshold.

The slight difference between the predicted curve and the experimen-
tal points is due to the velocity and angular spread of the thermal beam
and the non-ideal alignment of the velocity selector, causing a somewhat
worse resolution. These effects however do not change the intersection.
For some of the experimental‘curves, there remains a small positive
signal below threshold. This was treated as background and subtracted.

Of course, this enlarges the experimental uncertainty.
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TABLE II
F Cl Br I hv [10
Mass Threshold [Threshold + Threshold IThreshold + Threshold IThreshold + Threshold iThreshold + Threshold
number energy(eV) IEA (eV) energy(eV) IEA (eV) energy(eV) IEA (eV) energy(eV) IEA (eV) energy (eV
93 4.18+0.06 }7.63+0.06 4.08+0.06 17.69+0.06 4.36%0.15 17.7240.15 4.4 +0.4 17.5 +0.4 7.67+0.03
66 8.1 +0.3 111.5+0.3 8.2 +0.2 111.840.2 8.6 +0.3 112.0+0.3 - - 12.3+0.1
52 - - 9.5 +0.3 113.1+0.3 - - - - -
39 - - 9.5 +0.3 13.1+0.3 - - - - -
28 - - 13.440.4  117.040.4 - - - - -

Threshold energies of charged fragments from ground state aniline (C6HSNH2) formed by

collisions with ground state halogen atoms and photons. In the second columns the
electron affinity EA of the halogen atoms is added to the threshold energy.
EA is 3.45 eV for F, 3.61 eV for Cl, 3.36 eV for Br and 3.06 eV for I [12].

TABLE III
ion masses 17 eV C1 70 eV e [5]
93 100 100
66 32 33
52 16 5
39 17 18
28 ' 9 8
Relative intensities of charged fragments of aniline for 17 eV Cl
impact and 70 eV electron impact.




73

In Table II the experimental values of the principal threshold
energies are given, together with the values known from photo-
ionization [10]. In the second column of the halogen results the
electron affinity EA of the halogen atoms [12] has been added to
the principal threshold. The values thus obtained represent the
minimum energy which must be put into a ground state aniline mole-
cule in order to ionize, giving either the parent ion or breaking it
up into the observed fragment plus a neutral rest. In our case,
this energy is partly provided by the relative kinetic energy
and partly by the electron affinity of the halogen atom. The
values of the sum of the threshold and the electron affinity can
be compared directly with the appearance potentials from mass

spectroscopy.

4, DISCUSSION
4.1 General

In Table III, the relative intensities of the various fragments
of aniline formed in collisions with 17 eV Cl (our results) and 70 eV
electrons [5] are compared. }

These data are nearly equal, except for the mass 52 fragment.

Due to the low resolution of the mass spectrometer in our experiment
(m/Mm ~ 20), masses near the reported fragments might also give a
contribution. At 17 eV it is likely that not all fragmentation
thresholds will be reached. Therefore a simple mass spectrum of

our aniline molecule can be expected. Consequently the mass peaks
will have their main contribution from only one mass. The exception
of mass 52 in Table III may however be due to a contribution of one
or two fragments differing in mass only one or two mass units.

It is surprising that the fragmentation spectrum for both processes
in Table III is so analogous. In case of electron impact it is
believed that the only important variable for the fragmentation
pattern is the amount of internal energy stored in the molecule.

From Table III we get the impression that the 17 eV Cl projectile
deposits about the same amount of ené}gy into the target aniline
molecule as a 70 eV electron. The former particle dissipates a

large amount of its kinetic energy into excitation of the aniline,
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the electron of 70 eV only a small part.

Comparison with photon impact is instructive. Figure 7 shows the
energy dependence of the photoionization cross section for the
parent ion (mass 93) and the fragment ion with mass 66 for photon
energies up to 14 eV, according to Akopyan and Vilesov [10]. The
shape of the curves resembles our results (Figures 2, 3, 4 and 5).
In Akopyans photoionization curve we notice some structure,
contrary to our results. Our lack of structure cannot be entirely
due to the finite energy resolution (1 eV) of our velocity selector.
This difference will be treated in section 4.3, From the similar
fragmentation results for the different proéesses (electrons,
photons or halogen impact) we conclude that the formation of charged
fragments in collisions with halogens proceeds in two steps. The
first step is the formation of a positive molecular ion, which may
contain excitation energy. Simultaneously a negative halogen ion
is formed, as has been checked explicitly for Cl on aniline
collisions up to 13 eV kinetic energy. The second step is a
dissociative or radiative decay of the excited molecular ion, which
also happens after the primary ionization by electron impact or
photoionization. The possibility of dissociation of the molecular
ion depends on its internal energy. In polyatomic ions vibrational
and electronic energy quickly convert into each other via crossings
of the potential hypersurfaces of the ion. The ultimate |
fragmentation takes place from a vibrationally excited ion [16,17].
This fragmentation is possible when the total available energy
is larger than the dissociation energy of a particular bond.
However, the energy might be distributed over different bonds and
has to be concentrated in one bond to be broken. Therefore, contrary
to diatomic molecules, the time needed for dissociation (lo_ssec.)
is very long compared to the collision time (10_]3 - 10--14 sec.).

So the fragmentation pattern only depends on the total internal
energy which is stored in the molecular ion [17]. This second

step of the process has been discussed in many papers on the
fragmentation of ions [16] and will not be treated further here.

It occurs in exactly the same way with halogens as with electrons

or photons. In the following we discuss the primary ionization and
excitation processes of aniline molecules in collisions with halogens,
because these processes are different from the photon and electron

impact phenomena.



76

8 eV-J

Fig. 8 -

l /!
"\ /7 o o
A 7f__ ~CU(S) +C H NH,
Y !/
A\ /
—
/

/ /—— CU('S)+CeHNH,
/

CL*P)+ C, H, NH,

~4
a4
®
Do
8

Schematic diagram of the potential energy curves in the Cl-aniline
system. For the ionic curves, the ground state potential curve

as well as the first four excited states of the aniline iom [22]
are given. Internuclear repulsion is neglected; the vertical dashed
line represents an estimate of the closest possible approach.
Splittings due to spin have not been drawn. Rc is the crossing
point of the two lowest potential curves. For these curves, the
influence of repulsive forces is roughly sketched by the dashed

curves.



4.2 JIonization and excitation process

In photon and electron impact ionization the primary process is
electron excitation according to the Franck-Condon principle. This
excitation can cause direct emission of an electron (ionizationmn),
possibly accompanied by simultaneous excitation of a second electronm.
In heavy particle collisions, the ionization and excitation of the
colliding particles is assumed to take place at a crossing of the
potential curves or hypersurfaces of the quasi-molecule. Such an
explanation may be applicable also for complicated molecules.

In Figure 8 a schematic diagram is shown of the relevant adiabatic
potential energy curves for the Cl-aniline system. The energy given
refers to the vibrational ground state of the molecule. Only the
Coulomb interaction has been taken into account, intermolecular
repulsions and the connected splittings are neglected; splittings
due to spin have also been omitted. The x-axis represents the
distance between the centers of charge of the particles rather than
the intermolecular distance.. The vertical dashed line is an
estimate of the closest possible approach for relative kinetic
energies of about 10 eV. Of course, the real potential energy also
depends on the orientation of the aniline molecule.

The ionic curves cross the neutral curve in a certain point;
the crossing point of ground state ions with ground state molecules
is indicated by Rc' If the colliding particles pass Rc one time
adiabatically and one time diabatically, they separate as a c1
ion and a positive aniline ion in its electronic ground state. This
can only happen if the kinetic energy is larger than the difference
between the neutral curve and the asymptote of the ionic curve.

In ion pair formation, this difference equals I-EA, I being the
ionization potential of aniline molecules and EA the electron
affinity of Cl atoms. For the formation of excited aniline ioms,
the system has to pass a second crossing point.

"Repulsive forces will change the potential energy curves at
short distances. This is schematically illustrated by the dashed
curves in figure 8 for the two lower energy states. Due to this
effect, the potential energy of the crossing points will become
higher, and may even be larger than I-EA. In the latter case, the
threshold for ionpair formation is also larger than I-EA, since

the system has to pass the crossing point to form ions. Then,
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just above threshold, the ionization cross section will be very

small, since the classical turning point is near Rc. Consequently,

the velocity at Rc is low and therefore the collision is almost

completely adiabatic. Our curves however start at I-EA and have

a steep rise immediately above threshold. Therefore in our

systems the relevant crossing points lie below the asymptotes of

the ionic curves.

 Ina complicated system like ours it is reasonable to assume

that any of the crossing points can be passed both adiabatically

and diabatically [17]. Of course, to get a transition, the kinetic

energy has to be large enough to reach the crossing point. Therefore,

crossings with very small internuclear separation will not contribute.
Little is known about the diabatic transition probability p at the

crossing points. For simplicity, we consider the case that there are

only two potential curves with one crossing point at Rc’ where only

radial coupling is relevant. Then, the transition probability is

.

governed by the parameter H ., = <1|H|2>, in which <1| and <2| are

12
the two diabatic electronic states and H is the electronic Hamiltonian.

Generally, the diabatic transition probability increases with velo-

city. If H , is small, the diabatic transition probability will

12
have a large value even at low energy. If on the other hand le is

large, diabatic transitions are only frequent at high energy.
Depending on the symmetry of the system, le may be zero. If this

is not the case, H,, depends mainly on the crossing distance Rc.

12
For the Cl-aniline system we have, neglecting the non-Coulombic

forces: I = 7.7 eV, EA = 3.6 eV and Rc = ez/(I-EA) = 3.5 &.

Calculating H., as in the case of two atoms, we find le = 0.5 eV

12
[18]. The Landau-Zener formula can give an idea about the transition
probability for such a system at a given velocity v. From this

formula it follows that if

_ 2 d )
Y= 2w Hp /Gy gy [H), HZZIRC) > 0.7

(H11 and H22 being the diabatic potential curves), the system behaves

preferably adiabatically. At a crossing point of a Coulombic poten-—
. . d _ 2,2 . _

tial curve with a covalent one, ) IHll H22|Rc = e /Rc if the non

Coulombic forces are neglected. Then, at a typical velocity of

104 m/s (13 eV Cl-aniline energy), Yy is about 20. This means that
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the diabatic transition probability will be small for such a system
at eV energies.

In atom—molecule collisions, the symmetry of the system depends
on the relative orientation of the colliding particles. It may
therefore happen that le is small for a given orientation, but
has a large value for other configurations. If the impact occurs
near the orientation with a low le value, the diabatic transition
probability will be large even at low energies. Therefore, the
total ionization cross section at low energy might be larger than
in the atomic case. This will result in a smaller energy dependence
of the cross section for formation of ions in a specific internal
energy state then in atom-atom ion pair formation. Thus, one may
expect that the cross section for formation of aniline ions in a
given vibrational state might be hardly energy dependent above its
specific threshold. Then, the total cross section which represents
the sum over all detailed cross sections is expected to be only
considerably energy dependent near threshold, Where new channels
are opened with higher and higher internal energy of the aniline
ion. Such a behaviour is indeed found experimentally in all
aniline curves in figures 2-5.

In the one-dimensional approximation, the cross section o for
ion pair formation is given by o = 27 Rip(l-p) (p being the diabatic
transition probability). The halogen-aniline cross sections are
, at 7000 m/s, where p = 0.5 [7].
For K—Brz, Rc =8 £ [7]. From this, the diabatic transition proba-

only a few percent of those for K-Br

bilities in our systems can be calculated to be at most 57. Therefore,
the cross sections for formation of excited aniline ions are expected
to be very small, since for this at least two crossing points have

to be passed diabatically.

4.3 The influence of internal energy levels

Information about the amount of the total excitation energy of
the ions can be obtained from the experimental results. In a very
simplified model, one neglects the energy dependence of the cross
section for formation of ions in a given internal state. Then, in

ion pair formation each channel with a given internal energy has



an energy independent cross section above its specific threshold
[19]. Within this model, the same holds for photoionization. The
increase of the total ionization cross section is then only due
to the population of new internal energy states of the ion. These
states lie very closely together (<< 0.1 eV [14]) and thresholds
will therefore not be resolved. Then the first derivative of the
gross ionization cross section (summed over all fragments) is
proportional to the distribution of the internal energy over. the
various excited states of the ions [20]. The gross ionization
cross section is given for Cl on aniline by the solid line in
figure 3. Since this cross section is nearly linear up to about

5 eV above threshold, it looks as if the distribution over the
various internal energy levels is nearly uniform up to this energy.
The further increase of the gross ionization cross section above
10 eV may be partly due to a trend of the detailed cross sections to
increase. From the fact that new fragments are formed with thres-
holds up to 10 eV above the parent ion threshold it can however
be concluded that aniline ions with internal energy up to 10 eV
are produced. Since the increase of the gross ionization cross
section above 10 eV is mainly caused by the fragments, one gets
the impression that even in this energy range the detailed cross
sections are not very dependent on energy. Therefore, the first
derivative of the gross ionization cross section seems to
approximate the internal energy distributions of the aniline

ions even at higher energies.

It is unlikely that the internal excitation is formed by elec-
tronic excitation alone. As mentioned before, this would require
more than one diabatic transition through a crossing point. Since
in our system the crossing points are dominantly passed adiaba-
tically, such a process has a low probability. On the other

—las for 13 eV Cl) are in

hand, the collision times (about 5.10
the same order of magnitude as the vibration times in the molecule
(about 3.10—14

process. Part of the internal energy therefore is probably formed

s [14]), and vibrational excitation is thus a likely

as vibration. Since multiquantum transitions take place at these
energies even for di- and triatomic molecules [21], the total
vibrational excitation of a complicated molecule like aniline may

perhaps reach some eV's,
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In photoionization, the vibrational levels are populated according
to the Franck-Condon principle. The distribution function of the
internal energy then shows a very marked structure [22]. Collisional
excitation will be less selective and consequently the distribution
function might be rather flat. Since the cross section equals roughly
the integral of the internal energy distribution function, also no
marked structure is to be expected in the ionization cross section.
This corresponds with the absence of any structure in our measurements
contrary to those at 8.4\eV in the photoionization curve.

As can be seen from Table II, the sum of the threshold energy for
the mass 66 fragment and the electron affinity of the halogens is
about 0.5 eV lower than the photoionization threshold. This latter
value however equals the 66" threshold in electronbombardment [23].
This discrepancy might be understood as follows. Since the photo-
ionization spectrum of aniline shows a maximum at 11.8 eV [22], it
follows that in photoionization aniline ions with internal energy
corresponding to the halogen process are indeed produced. If however
the free conversion of the excited state corresponding to this
maximum with lower levels is hindered, the mass 66 fragment will not
be formed in photoionization, even though the energy content of the
aniline ion is sufficient for formation of this fragﬁent. In halogen
collisions however, other states than in photoionization or electron
bombardment ionization may be populated during collision, which do
lead to production of the mass 66 fragment at our experimental

thresholds.
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CHAPTER V

ELECTRON TRANSFER AND REACTIVE IONIZATION IN C + 02 COLLISIONS

IN THE ELECTRONVOLT ENERGY RANGE

Cross sections for ion formation in C + 0, collisions have been
measured as a function of the kinetic energy up to 15 eV. Charge

- - 4
9 o, C, 02 and free

electrons. Five processes leading to these ions have been identified.

transfer is found to give rise to C+, 0

Reactive ionization is taking place, proceeding according to three

processes: C + 0, ~ co® + 0 + e, co” + 0" and CO + o+ e .

2

1. INTRODUCTION

The development of atomic beam sources in the electron volt region
about six years ago has led to an extensive study of charge transfer
processes in atom-molecule collisions [1,2,3]. Especially the different
aspects of alkali-halogen charge transfer processes have been the
subject of investigation. Relatively unexplored however, are atom-
molecule collisions in which no alkalis or halogens are involved. These
systems are of interest since here ionization requires a close approach
of the colliding particles, and reactive ionization is frequently
observed [3,4,5].

Among the many possible collisional ionization experiments with
non-alkalis which can be done, the system C + O2 (see Table I) is of
particular interest. Wexler [3], who studied angular distributions of
positive ions formed in collisions of sputtered C atoms with O2

molecules (however, without velocity selection of the C beam), found

* G.P. Konnen, A. Haring and A.E. de Vries, Chem.Phys.Letters,
to be published.



TABLE I

IPC11] EA Ediss(ZSOC)[ll]
11.26 1.27[17] -
13.61 1.47(11] -
0, 12.06 0.43[16] 5.16
col| 14.01 -1.75[18] 11.14
c, 12.0 3.54[12] 6.25

Ionization potentials (IP), electron affinities (EA) -

and dissociation energies E of some C and O

diss
containing atoms and molecules. Values are expressed in eV.
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that both C' and O; ions are formed. This indicates that in C + O2
collisions two competing charge exchange processes are occurring,
a feature that has never been observed before in any other system.

In this paper we report measurements on the various processes
which take place in C + 02 collisions as a function of energy up
to 15 eV. It will be shown that besides the charge transfer processes

various reactive ionization processes occur.

2. EXPERIMENTAL
2.1 The apparatus

The apparatus has been described previously [6]. A schematic diagram
is given in figure 1. Particles are sputtered from a polycrystalline
carbon target by a 6 keV Ar’ ion beam, and after velocity selection
and collimation crossed with a thermal oxygen beam. Charged particles
formed in the C + 02 collisions are accelerated in an electric field
of 400 V/cm, pass a magnetic mass spectrometer and are counted on a
particle multiplier. In order to reach the high velocities required
for the present experiment, a larger velocity spread than usual was
applied on the selector. The velocity selector was calibrated using
aniline (An) as target gas, measuring Cl + An - Cl + Ant - 4.08 eV
[7], which has a linear energy dependency of the ionization cross
section. The resolution Av/v of the selector was determined to be
15%.

2.2 Carbon beams obtained by sputtering

The energy distribution %% of sputtered C atoms from polycrystalline

targetsis not yet known experimentally. In general however, after
mechanical velocity selection, the flow of sputtered atoms is propor-
tional to E *(dS/dE) « E2/(E + Eb)n+l, in which E is the kinetic

energy of the atoms, E, the binding energy of the atom on the lattice

b
(E, = 7.4 eV for C [8) and n is a constant between 1.5 and 2 [6,9,10].

b
Since this function varies only about 157 for C in the
energy range in which the present experiments are done, the counting
rates on the multiplier are considered to be proportional to the

ionization cross sections.
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Fig. 1 - Schematic view of the apparatus. | ion source, 2 targetholder,
3 mechanical velocity selector, 4 collision region, 5 extraction

field, 6 magnet, 7 multiplier.



It is to be expected that C, molecules (dissociation energy 6.24 eV

{11]) and excited C atoms are zlso sputtered from the target. Indeed,
crossing sputtered beams from C or WC térgets with An, strong signals
were observed from the process C2 + An ~» C; + An+. The intensities
show a similar velocity dependence as the process Cl + An - cl” + an'.
The threshold was determined to be 2.9 + 0.1 eV. This means that C2
molecules are present in the beam with an electron affinity EA of

4.8 + 0.1 eV (the ionization potential of An is 7.7 eV). Since this
value is considerably higher than the reported EA value of 3.54 eV
[12], it may be that the sputtered c, molecules are partly in an
excited state.

Crossing the sputtered beam with oxygen however, no trace of

- + . . . .
C2 or C2 molecules was detected. Obviously, the 1onization cross
sections for C2 + O2 are negligible compared to C + 02. Therefore in

the interpretation of the data of the following sections the presence

of C2 is not considered.

C has two long lived excited states at low energies, the D and
the lS state, lying respectively 1.26 and 2.68 eV above the 3P
ground state [13]. One might expect that part of the sputtered C
atoms are in this state. However, no shifts were observed in the

thresholds of ions formed in C + O, collisions, which may be due

to the presence of excited atoms. %t is not clear if the ionization
cross sections for these atoms are indeed so low, or that the
excited atom is quenched before the ionizing collision takes place.
A third explanation may be that the singlet states are simply not
sputtered. A similar effect has been observed in neutralization

of He' on Cu surfaces [14], in which only the triplet He states

are populated. Finally it may be interesting to note that unselected
beams sputtered from C targets showed positive surface ionization
(PSI) on Re wires, being about 5% of the PSI signal obtained by

K sputtering from K targets. This opens an opportunity to monitor
sputtered C beams. Negative surface ionization on Nb surfaces, on

the other hand was hardly observed; this signal was only 0.37 of the
PSI signal of sputtered C.

87
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Fig. 2 - Production of C+, CO+, 0 and O, ions in C + 02 collisions as

2
a function of the C - 02 c.m. energy. The y axis represents

the multiplier current in counts per second, which is in a
good approximation proportional to the cross section
(see section 2.2). For some experimental points, the statisti-

cal uncertainty has been indicated.
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Fig. 3 - Production of c, 0" and 0; ions in C + O2 collisions as a

function of the C - 02 c.m. energy. The y axis repreéents the
multiplier current in counts per second, which is. in a good
approximation proportional to the cross section (see section
2.2). For some experimental points, the statistical -ncertain-

ty has be'n indicated.
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3. RESULTS

In figures 2 and 3 the intensities of the ions formed in C + 02

collisions are given as a function of energy. As has been mentioned

before, the y axis is about proportional to the cross sections.
+
2

also C , O+, o, 0; and CO" ions are observed. From figures 2 and

3 it can be seen that the cross section for formation of positive

Apart from the species ¢’ and 0 , which are reported by Wexler [3],

ions is much higher than for formation of negative ions. This implies~
that also a considerable amount of free electrons is produced in
C + 02 collisions. In our system however, electrons cannot be
detected directly.

Table II gives the relative intensities of all detected ions with
a non-selected beam,and at 14.2 eV, together with the threshold
energies. The relative intensities are accurate within 10%. Most
thresholds were determined by fitting the experimental results
with a linear model cross section (LF) which is convoluted with the
resolution function of the velocity selector, as described previously
[7]. The O curve however, gave no fit; here a step function model
(SF) was used. The sharp increase at high energy in the O curve
may reflect the onset of a new process. Its threshold was calculated
by subtracting the signal at lower energies and fitting with the
SF procedure. The thresholds for C and O; production were not
determined by fitting with a model cross section, since the signal
to noise ratio of the experimental points is rather poor. Here,
only a rough estimate is given (RE).

From the density of the O, beam and a rough estimate of the C

2
beam flow we estimated that a signal of 10 ¢/s at the multiplier

collector corresponds to a cross section in the order of 0.2 - 0.5 82.

4. DISCUSSION

The charged products can be divided into two groups. Referring to

the charge of the C ion, they will be called the positive channel
and the negative channel. The positive channel leads to C+, 0

-+ + .
O2 and CO" formation, the negative channel to C , O and 0,. Figure
2 thus represents the positive channel and figure 3 the negative

channel. From these figures and from Table II it follows that the



90

TABLE II
Intensity Intensity Ethr(eV)
unselected 14.2 eV
* 100 26 11.2 + 0.2 (LF)
* 22 8 7.9 + 0.3 (LF)
co’ 45 100 7.9 + 0.2 (LF)
o} 38 13 10.6 + 0.2 (LF)
c 13 3 11 +1  (RE)
- 52 18 6.5 + 0.3 (SF)
15.1 + 0.3 (SF)
0, 10 2.5 10.5 + 1 (RE)
Relative intensities of the observed ions in C + O2 colli-

sions, with non-selected beams and at 14.2 eV c.m. energy.

Ethr is the experimental threshold energy for the ionms.

LF and SF are thresholds found by fitting with a linear and

a stepfunction model, RE are rough estimates (see text).

TABLE 11T
Positive Channel Negative Channel
C + 02+ Ethr(ev) C + 02+ Ethr(eV)

v - - 19 o
cl ¢’ + 0, 10.83 ¢+ 0, 10.79 | g &
c2 ct 4 0, + e 11.26 C+ o‘; ‘e 12.06 | ol
c3 ct+0 +o0 14.95 ¢+ 0" +0 17.65 1 7

o n

=}

* - -, ot ING

rl CO +0 ‘ 6.56 coO +0 9.38 ?—’r S
r2 Co” +0+e 8.03 CoO+0 +e 7.68 | &3

Calculated threshold energies for ionization processes in C + O

collisions.

N
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negative channel has a considerably lower cross section than the
positive channel. Table TII gives the threshold energies for charge
transfer and reactive ionization in both channels, calculated from
the data of Table I. In this section we will discuss both channels
separately and identify the processes occurring in C + O, collision

2
with the aid of the tables and figures.

4.1 The positive channel

As can be seen in figure 2, the first peaks which appear in the
positive channel are co’ and O . Up to about 7 eV signals have
equal intensity. This implies that these ions originate from reaction
rl in Table IIT, C + 0, > CO' + O . Indecd, the threshold for 0  for-
mation (Table II) agrees within the experimental error with the
calculated threshold for CO' + O formation as given in Table III.
At higher energies, the co’ signal rises higher than the O . Apparently

in this energy region, the reaction r2 (C + 0, - co” + 0 + e ) also

takes place. At higher energies the cross seciion for r2 is much
higher than for rl. The threshold for co® formation, found by linear
extrapolation (Table II) is mainly determined by process r2, and
agrees within the experimental error with the theoretical value

in Table III. If the O signal is subtracted froa the co* signal,
the LF threshold of the resulting CO+ curve then becomes about

8.0 eV, and is thus in agreement with its theoretical value for

process r2,

Above 10 eV, also C+ and O

9 ions are formed. The 0; formation

+ -
must be due to the charge transfer process cl, C + 02 >~ C + 02.
+ . . = e 4e ..
The C signal however rises much faster than the 02 indicating
that C' ions are dominantly formed in process c2, C + 02 >

et s O2 + e . The threshold for C' in Table II agrees with the
theoretical value of this latter process. Finally, O shows

a sharp increase at 13 eV. Of course, this effect may be due to an
increase of the CO+ + 0 cross section. However, a fit of this
increasing signal with the SF model yields a threshold of 15.1 eV
(see Table II), which agrees within the experimental error with the
theoretical value of process c¢3 giving ct + 0 + 0. We therefore
have the impression that this latter process is responsible for the

increase of the O signal at high energies. Summarizing, it can be
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concluded that all processes rl, r2, cl, c2, c3 contribute to ion

formation in the pcsitive channel.

2
to C+. The whole C+ curve however can be fitted with the LF model,

As can be seen from figure 2, the O, signal is very low compared

+ -
yielding the threshold for the process C + O2 +-C +0, +e, and

2

2
as can be seen from Tables II and III., This indicates that the

. + -
not for the energetically more favorable process C + O, - C + 02,
+ . . . .

"real" C curve (measured with an ideal velocity selector with
infinite resnlution) behaves as follows; it has a low value between
+ - +
the C + 0, and C + O

2 2
increase if this latter process becomes energetically possible.

+ e thresholds and shows a sharp linear

This behaviour is completely different from K + O, collisions, in

2
which no such an increase in the total charge transfer cross section
. + - . .

is observed at the K + O2 + e threshold [15]. This is due to the
fact that in this system the colliding particles separate as

+ - . . . .
K + 02, after which free electrons may be formed by autoionization

of vibrationally excited 02 ions. Therefore the charge transfer

: . +
cross section reflects only the behaviour of K + O

2
this autoionization is a secondary process. The sharp increase in the

formation, since

C+ curve on the other hand indicates, that in this case the electrons
are formed before the colliding particles separate as ct and O;, thus
if these particles are closely together. Contrary, at the energy where
the channel C' + 0 + O is opened, no extra increase in the ¢’ curve
is observed: the whole C' curve can be fitted with the LF model for

+

c +o0, i h r
is related to C + 0, + e formation, since O formation apparently

2
occurs at the cost of electron formation.

- . . + -
+ e formation. This means that the process C + 02 -C +0+0

The differences in behaviour in the charge transfer processes in C + 02

and K + O2 collisions can be understood as follows. In C + 02

collisions, ionization requires a much closer approach of the colliding
particles than in K + 02, since the thresholds are much higher. Whereas

the O; formation can be described by Franck-Condon transitions in the

02 potential curves in K + O

possible for C + O

2 formation, this is not longer

9 It is known that C has a very strong chemical

attraction to 0,. From the fact that reactive ionization has a large

cross section in this system, it can be concluded that these attractive

forces play a very dominant role in C + 02 collisions. This means

that these collisions have to be described on the whole system of
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potential hypersurfaces of the CO, pseudomolecule as a three-body

problem. The processes C + 02 -~ C + 0; and C+ + 02 + e apparently
describe very different paths on these hypersurfaces, which leads
to the observed behaviour of the C' cross section curve.

The CO' threshold in Table II agrees with the process
Cc + 02 > CO+ +0 + e . The weak O signal on the other hand reflects

the process C + 0_ cot + 0. Apparently, the 'real" co’ curve

behaves like ¢t i low cross section between both thresholds and a
steep rise above the second one. This indicates that free electron
formation does not occur after the separation of co” and 0  ionms

by autoionization of the O ion. Clearly also in this case the free
electron is formed when the colliding particles are closely together.
In this picture it is interesting that the C + 02 > CO" + 0 cross
section is hardly energy dependent, while the C + 02 >COT+0+ e
cross section shows a dramatic increase with energy in figure 2.

As can be seen from Table II and figure 2, the cross section for
CO' formation at 14.2 eV is about a factor four higher than for C+.
In unselected beams however, the co” signal is only fifty percent
of the C' signal. This indicates that at very high energies the
cot cross section will become lower than the C' cross section. It is
indeed to be expected that at high energies reactive ionization will
have a small cross section, since the probability for rearrangement
will be lower if the collision time is decreased. It may be that charge
transfer processes like C + 02 > C+ + O2 + e will take place when

the process C + 0, > co” + 0 + e is not kinematically possible even

2
at low energies.

No signal could be detected of the associative ionization process

+ - .. .
C + 02 > CO2 + e = 2,28 eV, This is in contrast to the systems U,
Ti, Ce, Ba + O, in which associative ionization has been observed

2
[3,4,5].

4.2 The negative channel

In the negative channel, C—, 0" and 0; ions are formed. Since the
+ - +
02 threshold lies below 11 eV, the process cl (C + 02 > C + 02)
apparently contributes to the negative channel. From the experimental

0; threshold we find an electron affinity of 1.5 eV for C atoms,



94

which is in agreement with the value given in Table I.

As can be seen from figure 3, the c signal is much lower than
the 0; signal for higher energies. This indicates that there is a
considerable contribution of the process c2 (C + 02 > C + 0; + e_)

in the negative channel. In contrast to the processes cl and c2 in
+

2

the LF model of the energetically most favourable process
- +

C + 02 > C + 02

follows: C + 02 > C + 0; - C + 0; +e .

As can be seen from figure 3, 0" ions are formed far below the

the positive channel, in this case the O, curve can be fitted with

. This indicates that the process c2 proceeds as
threshold at 17.6 eV of process c3, giving C + 0 +0. The experi-

mental threshold for o is even lower than for 0;. This can only

. . + . . . . . .
be explained if O ions are formed in one of the reactive 1onization

- +
- processes rl or r2. From these two possibilities the C + 02 »-CO + O

threshold is significantly higher than the experimental 0" threshold.
Therefore O' must be formed in the process r2: C + 02 -+ CO + 0+ + e.
It can however not be excluded that at higher energies the process
C+0,~ CO_ + 0" also contributes to O' formation. CO ions are
unstable and autoionize in a short time. Therefore they can never

be detected on the multiplier.

Up to now, C + O, is the only system in which ionization in both

2
the positive and negative channel is observed. Wexler [3] who only
observed the ct and 0; ions, assumed that these products are formed

in both charge exchange processes cl giving ct o+ 0; and C + 0;
respectively. He suggested that the existence of both processes cl
is due to the low difference in the thresholds (10.83 eV and 10.79
eV respectively).

Our measurements however, indicate that ct is mainly formed in
the process C + 02 -> C+ + 02 + e . This does not mean however, that

Wexlers argument is invalid. In fact, if the first step in the

collision is a promotion of the system to the C+02 or C—O; hyper-

surface, after which electon loss or rearrangement takes place,
Wexlers explanation can be applied. It is not impossible, however,
that for the positive channel in which reactive ionization is so
dominant, the first step is CO + O formation, after which ionization
takes place. If this is the case, the existence of both channels might
be correlated with the strong chemical interactions in the C - O2

system. It would be interesting to see if a system like Si - 02,
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in which the three body interactions are expected to be analogous

to C - 02, also gives ionization in both channels.
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SUMMARY

In this thesis an investigation is described which leads to the
extension of hyperthermal atomic beam research to non-alkali systems.
There are two lines in this thesis. The first one concerns the energy
distributions of particles sputtered from solids and detection-
possibilities of hyperthermal neutrals. The second one is a study-
of ionizing atom-molecule collisions in the electronvolt energy
range.

Chapter I describes an experimental study of the energy distributions
of particles sputtered from alkalihalide MX surfaces. Above a few
eV the sputtered particles are almost exclusively atoms, so that in
this energy range this technique can be applied to generate atomic
halogen beams for collisional ionization experiments. At lower energies
however also various molecules like MX and M2X2 are found to be
sputtéred. In addition, at thermal energies Maxwellian distributions
are found due to the vaporization of the less effectively sputtered
atoms from the surface. Excitation of sputtered halogens in the low
lying 2Pi states (0.05-0.9 eV above ground state) and of MX molecules
has been observed. In Chapter II a model is developed to explain the
energy distributions of sputtered clusters. It is assumed that clusters’
are formed by recombination of simultaneously sputtered atoms. The
energy distribution function is given explicitely for sputtered dimers.
For the energy distribution function of sputtered clusters at high
energies a simple analytical expression is derived. Comparison with

experimental results for W; (k < 3), K, and KI shows good agreement.

2
For the ionic crystal KI, evidence is obtained that sputtering of
non-adjacent K and I atoms from the lattice gives an important
contribution to dimer formation. In Chapter III it is shown that
negative.surface ionization is an effective detection technique for
hyperthermal halogen atoms. Ionization efficiencies up to 407 have
been found, which is an order of magnitude higher than at thermal
energies.

In Chapter IV the sputtered halogen beams are crossed with
thermal beams of various organic molecules inside the ion source

of a mass spectrometer to study the energy dependence of the

ionization cross sections in these systems. It is found that



97

negative halogen atoms and positive organic molecular ions are
formed. Fragmentation of organic molecular ions also takes place,
the fragmentation patterns showing a strong analogy with electron
impact and photoionization. Finally, in Chapter V the sputtering
technique is extended to carbon, and ionization in C + 02 colli-
sions is studied. In this system, ionization takes place into

two channels, leading essentially to ct and ¢~ formation. Five
charge transfer processes have been identified. In addition, three
reactive ionization processes are found. It is concluded that in
this system the covalent forces between the particles play an

important role in the ionization processes.
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SAMENVATTING

Dit proefschrift beschrijft een onderzoek, dat geleid heeft tot
uitbreiding van het botsingsonderzoek van atomen en moleculen in
het electronvolt gebied voor niet-alkali's. Het onderzoek kan in
twee delen worden gesplitst. Het eerste betreft de energieverdelingen
van deeltjes die ontstaan bij kathodeverstuiving van vaste stoffen
en de detectiemogelijkheden van niet-alkali's. Het tweede deel
handelt over ionisatieprocessen die optreden bij botsingen tussen
atomen en moleculen met energieen in het electronvolt gebied.

In Hoofdstuk I is een experimenteel onderzoek beschreven naar
de energieverdelingen en samenstelling van bundels die van alkali-
halogenide (MX) oppervlakken verstoven zijn. Het blijkt dat boven
enkele electronvolts deze bundels practisch alleen uit atomen
bestaan. Hieruit volgt dat de verstuivingstechniek in dit energie
gebied goed toepasbaar is voor het maken van atomaire halogeen-
bundels ten behoeve van botsingsonderzoek. Beneden deze energieen
bevat de bundel echter ook moleculen van de vorm MX en M2X2.
Bovendien zijn in het thermische gebied Maxwellverdelingen gemeten,
die veroorzaakt worden door verdamping van die atomen, die het
minst effectief verstoven worden. Het is gebleken dat zowel de
halogeenatomen als de MX moleculen zich in aangeslagen toestanden
kunnen bevinden. Aangezien bij de halogenen slechts het laagste
niveau bevolkt is, bedraagt de aanslag energie hier ten hoogste
één electronvolt. In Hoofdstuk II wordt een theoretisch model uitge-
werkt om de energieverdelingen van verstoven moleculen te verklaren.
Hierbij wordt er van uitgegaan dat het bombarderen van oppervlakken
primair emissie van atomen ten gevolge heeft. Indien de relatieve
kinetische energie van een aantal gelijktijdig verstoven atomen
echter lager is dan hun onderlinge bindingsenergie, zullen deze
atomen recombineren en aldus tot molecuulvorming aanleiding
geven. Voor tweeatomige moleculen wordt expliciet de energie-
verdeling gegeven, die op grond van dit model te verwachten
is. Tevens wordt voor hoge energieen de energieverdeling van
willekeurig grote moleculen afgeleid; dit blijkt een eenvoudige
analytische uitdrukking te zijn. De berekende energieverdelingen
blijken goed overeen te komen met de waargenomen verdelingen van

+ . : .
Mk (k < 3), K, en KI. Bovendien is gevonden dat voor het ionogene

2



kristal KI recombinatie van K en I atomen die geen naaste buur in het
kristal vormen een niet te verwaarlozen bijdrage tot de dimeer-
formatie geeft. In Hoofdstuk III wordt aangetoond dat boventhermische
halogeenatomen zeer efficient gedetecteerd kunnen worden door middel
van negatieve oppervlakteionisatie. In het gunstigste geval is een
ionisatieopbrengst van 40% gemeten, hetgeen een orde groter is dan
bij thermische energieen.

In Hoofdstuk IV wordt een onderzoek beschreven over bundels van
verstoven halogeenatomen die worden gekruist met thermische bundels
van verschillende organische moleculen. Hierbij is de energie-
afhankelijkheid van de ionisatiedoorsneden bestudeerd. Het blijkt
dat bij deze botsingen ladingsoverdracht tussen de botsende deeltjes
optreedt, hetgeen leidt tot de vorming van negatieve halogeen ionen
en positieve organische molecuulionen. Deze laatste dissocieren
gedeeltelijk in kleinere brokstukken. Het fragmentatiepatroon
van de molecuulionen vertoont een sterke overeenkomst met de
fragmentatiepatronen die ontstaan in fotoionisatie en bij beschieting
door electronen. Tenslotte wordt in Hoofdstuk V de kathode
verstuivingstechniek uitgebreid tot koolstof. In dit hoofdstuk
worden metingen gerapporteerd van de ionisatieprocessen die
optreden bij beschieting van 02 moleculen door atomaire koolstof.

In dit systeem vindt ionisatie plaats naar twee kanalen; deze
leiden in principe tot ¢ en tot C” formatie. Er konden vijf
verschillende processen worden geidentificeerd, waarin een
electronensprong optreedt tussen de koolstofatomen en de zuurstof-
moleculen. Bovendien zijn er drie reactieve ionisatieprocessen
waargenomen, waarbij dus tevens een zuustofatoom wordt uitge-
wisseld. Uit deze metingen kan worden geconcludeerd dat in dit
soort systemen de covalente krachten tussen de botsende deeltjes

een belangrijke rol spelen in de ionisatieprocessen.
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