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STUDIES OF CLUSTERS IN THE GAS PHASE AND APPLICATION TO AN UNDERSTANDING OF
TRANSITIONS FROM THE GASEOUS TO THE SURFACE AND CONDENSED STATE

A. W. Castleman, J r . , Department of Chemistry and Chemical Physics Lab . ,
CIRES, Univers i ty of Colorado, Boulder, Colorado 80309, USA

Abstract: Studies of the structure, stability, electronic properties,
and formation kinetics of small clusters provide information useful in
furthering understanding of nucleation processes, liquid state prop-
erties, and the nature of surfaces. Using mass spectrometric coupled
with various high pressure ion clustering and Stark effect-molecular
beam techniques, the details of the primary clustering steps leading
to the nucleation of bulk liquid from the vapor are obtained by di-
rect observation. This paper is devoted to a review of some of our
recent results on these subjects.

Introduction
During recent years, thore h«±s been growing interest in studies of the formation

and properties of small gas-phase complexes comprised of molecules attached to
ions. One reason is recognition that research on the properties of ion clusters is
valuable in obtaining a more complete understanding of the forces between ions and
neutral molecules. Particularly revealing in this regard are the results of systematic
studies of the bonding of various ligands including protic and aprotic polar
molecules, and non-polar molecules, attached to a variety of different atomic and
molecular ions [l]. Other basic areas to which work on ion clusters have a bearing
include the field of interphast physics which is concerned with elucidating the
molecular details of the collective effects responsible for phase transitions (nuclea-
tion phenomena) [2], the development of surfaces, and ultimately solvation
phenomenon [3-4] and the foi motion of the condensed state. In addition, ion com-
plexes are formed in the ionizers of mass spectrometers, in combustion reactions,
are believed to be present in interstellar media under certain conditions, and are
ubiquitous throughout the earths atmosphere [5,6]. For these reasons, work on ion
clusters has been of interest to researchers in a variety of related fields.

Studies of the Thermodynamic Properties of Ion-Molecule Complexes
Using a high pressure mass spectrometric technique, enthalpy and entropy

values are obtained for the clustering of successive molecules by determining the
slope and intercept of a van't Hoff plot of the equilibrium constant for each step as a
function of the inverse of the temperature. Among the systems studied thus far
have been ttiR clustering of various molecules onto cations of the alkali metals, alkali
earths, and several of the transition metals [?]. Anionic species have included the
atomic halides and a number of molecular ions, among them C03~, HCOa", N0g~, N03~,
and SOg"" [8]. Clustering molecules have been chosen for their interest as solvents,
for their binding properties, and for their atmospheric significance. In addition to
elucidating details of the early stages of nucleation, the determination of thermo-
dynamic quantities contributes to a more complete understanding of cluster bond-
ing and structure [8]. Structural correlations have also been made using a CNDO/2
energy minimization technique for the hydration of NOg", C03~, and HC0a" [8].

Electrostatic calculations are useful as well in understanding the relative
importance of factors contributing to cluster stability. Through the use of a mul-
tipole expansion, the importance of different intermolecular interactions may be
evaluated using known molecular constants [8a].

The results of the present studies have led to an understanding of factors con-
trolling the strength of the bonding of various neutrals to ions both with regard to
the role of the ion and of the neutral. The results show that the strength of the



bonding of the ions vrith the three neutrals C02, H20, and S0z is consistent with the
inequality

r (1)
This relationship appears to parallel the order of the gas phase basicity of the nega-
tive ions where the strongest bases exhibit the largest bond dissociation energies
(see Reference 8).

Another interesting comparison is that of the relative bond dissociation ener-
gies, D(A~—B) for a given ion, wilh the different ligands S02, H20, and C02. In the case
of large ions, the order of bonding correlates mainly with the dipole moments of the
neutrals, while the polarizabilities are the main factors for small ions.
Nucleation

The general nucleation processes which are potentially responsible for gas-to-
particle conversion may be classified into three general categories: homogeneous,
heteromolecular, and heterogeneous. Heteromolecular nuclsation is defined as that
phenomenon which is enhanced by the presence of a foreign molecule of different
composition from the bulk nucleating phase, or other attractive sites such as electr-
ically charged ones (ions). Customarily, both heteromolecular and heterogeneous
phenomena are treated by extending the classical theory of homogeneous nuclea-
tion to interacting systems. As an outgrowth of our work, a semiempirical correla-
tion model was developed which enables a prediction to be made of the enthalpy and
entropy contributions to the nucleation energy barrier for a number of classes of
molecules condensing about electrically charged sites (ions). An important aspect of
this work is recognition of the importance of small cluster stability and structure in
affecting the energy barrier (see Referent.» 9).

Unlike the majority of nucleation experiments conducted with cloud chambers
or supersonic jets, with our high pressure mass spectrometric technique it is possi-
ble to obtain information on the initial clustering reactions leading to vapor miclea-
tion. It has thus been possible to evaluate the limitations of the classical liquid-drop
formulation of ion-induced nucleation. Castleman et al. compared the available
experimental data on hydration enthalpies with the appropriate derivatives of the
free energy (as expressed by the classical Thomson equation), obtaining excellent
agreement for clusters containing as few as four to six water molecules [10]. A simi-
lar result was also obtained for the clustering of ammonia about a number of ionic
species [10].

Large discrepancies, however, were found upon comparing the entropies of clus-
ter formation [10]. More negative values are found experimentally than are
predicted by theories based on bulk liquid properties. This finding reflects the more
highly-ordered structure of small systems relative to the disordered nature of
liquids. The importance of these ordered structures is in qualitatively explaining the
observation that, while the Thomson equation agrees with experiment for some sys-
tems, large differences are found for others (see Reference 2b,9).

Neutral Clusters and the Changing Properties
of Electrolyte-like Species Upon Clustering

The correlation developed in our laboratory which relates gas-phase bond ener-
gies of ion clusters to solvation energies in the liquid phase offers promise that data
on clustering about individual ions can be suitably combined for pairs of anions and
cations such that the solvation of electrolytes can be interpreted on a molecular
basis [10]. In order to establish the applicability of the data for single ions in inter-
preting the solvation of neutral electrolytes, we have undertaken an extensive study
of cluster distributions and changing dipole moment of systems which can form
charge-transfer complexes. A variety of systems were chosen for investigation in
order to compare the behavior of ones which can form charge transfer complexes
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with others which display simple hydrogen bondings such as water, ammonia,
methanol, and ethanol.

The results of the cluster distribution measurements strongly suggest that sol-
vation of the nitric acid begins at very small cluster sizes [11]. Careful experiments
employing both a hexapole and quadrupole electrostatic focusing technique have
failed to reveal large dipole moment changes in clusters beyond the second hydra-
tion step. This finding is interpreted as suggesting that the nitric acid water clus-
ters readily form a mobile proton upon solvation which leads to a complex having a
dipole moment averaging to zero during the observational time required by passage
time through the electrostatic focusing field. This interpretation is further

supported by studies of water clusters [12].
Cluster focusing experiments were also made for (NH3)n, (CH30H)n, (CD3OD)n, and

(CflHe)2. The newly obtained results in the present study are consistent with expec-
tations based on assumed cluster geometries. More recent studies have been made
on systems comprised of HzS04 molecules whereby the expected dipole moment for
H3S04 was observed; the H2S04 dimer was shown to have a head-to-tails configura-
tion. The electrostatic focusing method has been especially useful in studying clus-
ter fragmentation processes since certain molecules having dipole moments can be
focused into the mass spectrometer and removed from the bulk distribution of
mixed clusters. Thereby, fragmentation processes can be investigated for certain
clusters on an individual basis. Recent measurements have also been made of the
cluster distributions of HC1 with water.

In order to gain additional insight into clusters growth we undertook an exten-
sive investigation of cluster distributions for the system (H20)n, and (H80)n (Da0)m. In
the case of the water clusters, earlier evidence was obtained for structures with
unusual stability of the form H+(H2O)X, where x=21, 26, 28. and 30. Each of these
corresponds to well known unit cell structures for clathrates in the condensed j>
phase, and on the basis of the mobile proton model [13], it is suggested that what is
actually observed in the gas phase is a cluster having an analogous structure.
Numerous mass spectra were taken showing a number of interesting features leading
to a more detailed understanding of the dynamics of van der Waal's polymer forma-
tion in expanding beams. The results established the fact that the expanding clus-
ters are formed vibrationally hot, and successive growth is only possible following a
cooling collision. This has rather dramatic effects on the cluster distributions and
has a rather interesting and important consequence regarding general nucleation
processes.

In expansion experiments made with D20/H20 isotopes, a rather interesting
observation was also made. Each successively larger cluster ranging from the trimer
to the thirteen-mer was found to be enriched in the heavier isotope by approxi-
mately 26 per cent over the preceding cluster. The distributions measured in the
ionizer were subjected to analysis by way of comparison to an expected statistical
distribution in terms of the deuterium to hydrogen ratios. Instead of the expected
binomial distribution of isotopic peaks, a pronounced shift to the heavier deuterium
isotope was observed in each clustering step. The shift was found to be cumulative
and did not have any apparent trend with increasing size. Good agreement in deter-
mined enrichment values for experiments with different starting compositions sug-
gested that the enrichment is consistent with a single mechanism. The trend is well
described by a ratio of vibrational frequencies of clusters and a unimolecuiar
decomposition controlled model involving a density of states factor [14]. Evidently
there is a close connection between understanding the unimolecular breakup of
small clusters and cluster distributions produced under cluster generating condi-
tions.

During the course of the work on the distributions and growth of small clusters,
evidence was obtained that all growth in expanding nozzles proceeds from preexist-
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ing dimers in the upstream source. In order to prove this, careful studies were
undertaken for the controlled source temperatures and nozzle temperatures for the
various systems including water, ammonia, and mixed ammonia clusters. The experi-
ments have yielded some rather intriguing findings which have an important bearing
on the problem of nucleation. During the course of the investigation, it was found
that identical cluster distributions could be obtained under widely different expan-
sion conditions when the absolute quantity of water dimer (calculated) was main-
tained at a fixed value.
Photodissociation of Molecular Ions and Complexes

Experiments have been undertaken in our laboratory to elucidate the structure
of ion clusters and the dynamics of decomposition using laser photodissociation
techniques. The apparatus enables a mass selected ion beam to be crossed with an
intracavity laser beam and the products of photodissociation investigated mass
spectrornetrically. A unique feature of the present apparatus is the incorporation of
a small Langmuir probe into the beam laser interaction region; this enables en
extremely good determination &nd control of the laser ion be?m interaction
geometry. Recent measurements of ion cluster photodissociation have been under-
taken for C0a", and CO3"HaO.

The photodissociation of C0g~ to yield 0~ has been the subject of a number of
papers in the literature. There is considerable discrepancy in the results reported
by various laboratories [15] and the C03~ system is still under intensive investigation
[16]. As a result of the large discrepancies in the reported dissociation cross sec-
tions and in an interpretation of the data, we undertook a detailed study in the
energy range 1.8 to 2.3eV. Although early papers reported apparently well identified
states of COg", some question has arisen in the interpretation due to the very low
photon energy required to yield photodissociation (below accepted bond energies for
0~ and COg. Questions have been raised as to whether or not the effects are due to
multiphoton photodissociation of C0a~, and/or whether or not the data ere for true
ground state C03~.

Recently, we have undertaken a detailed investigation of the photodissaelation
spectra obtained upon varying the electric field parameters in the
clustering/reaction source region. A typical photodissociation spectra at low field
energies shows excellent agreement with those reported by Mosley et al. [15a].
Nevertheless, we have determined that the intensities of various features in the pho-
todissociation spectra are greatly influenced by the electric field parameters exist-
ing within the source, strongly suggesting the presence of excited state species even
at relatively high pressures. The data show that the higher energy features increase
in relative intensity while those at lower energies decrease upon increasing the elec-
tric field parameters. At a high field (anode plasma) condition, the cross sections
suddenly increase more than ten fold, and virtually all of the structure is lost.

Studies Pertaining to Surface Chemistry and Some
New Results on Metal Ion Multiligand Clusters

Also in progress in our laboratory is an investigation of the photoionizatian and
electronic states of small metal atom clusters and attached ligands as a function of
cluster size. These data are also being used to investigate the changing properties
of a system between the gaseous and the condensed (metallic) state. They also have
an important application in understanding heterogeneous reactions Involving parti-
cles and in providing a physical basis for catalysis. Recent work has been completed
on studies of alkali metal clusters, alkali metal oxide systems, and alkali metal dimer
halide systems.

The new apparatus for investigating the appearance potentials of small clusters
via a photoionization technique was completed and tested. A very interesting finding
was made in comparing the electron impact ionization of sodium clusters with ones
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determined by photoionization. In the former case, for a given distribution, only
monomer, dimer, and trimer clusters could be detected, but in the case of photoioni-
zation for the identical distribution, higher order polymers were observed. Evi-
dently, the electron impact ionization leads to cluster fragmentation, and the pho-
toionization is a much more useful technique in determining ionization potentials of
easily fragmented cluster systems. In addition of course, the attainable resolution is
much greater in the case of photoionization. Recent spectra were taken of Na+, Nag
through Na^ [17]. The respective ionization potentials for the first three aggregates
are 5.15, 4.9 and 3.86 eV, in very good agreement with the recent work of Herrmann
et al. [18].

Photoionization curves of Na2Cl were also obtained [17], where the molecule is
formed by the reaction of Na2 with HC1 and Cl2, respectively. The two curves are very
similar. The threshold energy is determined to be 3.9 ± .1 ev.

More recent data have been acquired [17] for the system Nax0 with x= 1,2,3 and
4. Work is continuing with emphasis now being directed to systems involving transi-
tion metals. These are observed to often be catalytically active, and it is expected
that investigations of the electronic properties of metal aggregate/ligand clusters
involving these will contribute to an understanding of the physical basis for
catalysis.
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ABSTRACT

Experimental studies of the properties of atomic and molecular clusters,

including investigations of the dynamics of their formation and mechanisms of

ionization and dissociation are in progress in our laboratory. Results of elec-

tron impact-supersonic beam ionization experiments utilizing a double focussing

mass spectrometer are briefly reviewed.

1. INTRDDUCTICiN

During the last years there has been a growth of interest in the formation

and properties of neutral and ionized atomic and molecular clusters. This is due

in part to recognition that these studies provide basic information on the struc-

ture and binding forces between different cluster constituents. In addition,

however, these studies provide also information expecially valuable in the

fiald of atmospheric and interphase physics, i.e. phase transitions (nucleation),

development of surfaces, solvation phenomena and information of the condensed

state /1-5/.

In order to provide quantitative information on these important subjects of

chemical physics, the following research has been conducted in our laboratory

and is reviewed in this progress report:

(1) measurements of partial electron impact ionization cross section of rare

gas clusters, (2) determinations of thermochemical properties (binding energies,

proton affinities) deduced from measurements of appearance potentials of singly

charged protonated and nonprotonated molecular clusters, (3) measurements of

appearance potentials and calculations of potential energy curves of doubly

charged diatomic rare gas clusters and (4) studies of the stability and structure

of ion clusters produced by electron impact of weakly bound complexes (metastable

and collision induced dissociation reactions).
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2. EXPERIMENTAL

The supersonic beam-electron impact-mass spectrometer system has been

described previously /6-8/. Fig. 1 illustrates the overall geometry of the double

focussing mass spectrometer sampling system. Fig. 2 is a schematic of the ion

focussing components with relation to the molecular beam and the ionization

chamber. The gas under study is expanded from a high pressure (up to 5 bar)

stagnation reservoir (which can be cooled to liquid nitrogen temperature) through

a 10 urn aperture nozzle. The electron beam intersects the supersonic jet at an

angle of 90° 4 cm downstream from the nozzle. The neutral beam (containing the

clusters formed in the stagnation chamber and by the expansion process) can be

blocked by a beam flag F. Ions formed by electron impact are extracted from the

ionization region by an electric field penetrating into the ionization chamber

from electrode L~- U and I. are used to center the ion beam, while D is a

defining aperture which establishes the sampling region. Deflection plates Lg,

L7 and LR Q serve to sweep the ion beam across the mass spectrometer entrance

slit in the z - (parallel to S.) and y - (perpendicular to S.) directions and

enable a determination of ion beam profiles. The fraction of ions passing

S1 is analyzed by the magnetic sector field (MSF) and the electric field (ESF).

Mass resolution is defined by S. and S«. while energy acceptance is fixed by DA.

The usefulness of monitoring ion beam profiles (deflection method /6,7/)

as a technique for distinguishing ions produced in the neutral beam, from ions

formed in the background, has been demonstrated previously /9/. Moreover, it

has been shown that this technique is a powerful tool for measuring accurate

partial ionization cross section ratios /7,10-13/. In addition, it is evident

that the transverse sampling of the supersonic beam in combination with the

deflection method, allows a qualitative investigation of the kinetic energy

distributions of the neutral cluster species /9/ (see as an example Fig. 3).

The experimental set-up was also used to investigate the dissociation of

cluster ions (collision induced and unimolecular) as a function of time after

generation in the ion source /13,14/. This is accomplished using the well

established technique of decoupling the acceleration and deflection electric

fields /15,16/. The method is illustrated with help of Figs. 1 and 2. Meta-

stable ion dissociations in Region II (between the exit of MSF and the entrance

of ESF) are investigated by first tuning the magnet to transmit a given parent

ion species. The electric sector field is then scanned to decreasing fields.
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Species formed by the decay process X n
+ -+ X n - 1

+ + X in the field free

region between the sectors (Region II), are readily detected as peaks

in the energy spectrum, the kinetic energy of the detected particle

defines its mass. Metastable ion dissociations in Region I (between

L,- and the entrance of MSF) are detected by setting the ESF potential

to transmit the dissociation product and setting the magnet to the
* 2metastable ion position i.e., to m = m« / m., where nu is the product

ion mass and m. is the precursor ion mass.
"1

3. RESULTS

3.1. Partial ionization cross section functions of atomic clusters

Quantitative knowledge of partial ionization functions is of direct

practical interest, and also gives information about basic atomic

properties. A most common technique for detecting and characterizing

the composition of cluster beams is electron impact mass spectrometry.

In their pioneering work in 1966, Leckenby and Robbins /17/ reported an

ionization function for Ar? + e •> Ar? + 2e. Recently, we have extended

these studies with the present apparatus and improved techniques /6/.

In this study we measured relative partial ionization cross sections of

the \/an der Waals dimers Ar2, ArKr, Kr,,, KrXe and Xe2 in the energy range

from threshold up to 180 eV (see as an example Fig. 4 ) . These cross

section functions were found to be similar in shape to those of the corres-

ponding monomers (a similar observation has been made recently for

successive HpO clusters /18/9. The similarity of the shapes, could be

interpreted in terms of a qualitative additivity rule /19/. Using a

Franck-Condon corrected additivity rule /6/, absolute cross sections

have been reported /20/.

In the course of this study it was necessary to also investigate the

production of molecular ions produced by associative ionization in order

to determine any influence of this process on the dimer ion signal

(ionization function designated AIP in Fig. 4). The cross section curve

for AIP exhibits a shape typical for the excitation process involved in

this reaction-, confirmed recently by Theuws et al. /21/.
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3.2. Thermochemical properties of molecular clusters

Thermochemical values of various steps in cluster formation, ioni-

zation and rearrangement, processes, may be determined by appearance

potential measurements using photoionization or electron impact ionization

of supersonic cluster beams. A number of examples exists /22-2T'/ for

which thermochemical values (binding energies, proton affinities) de-

duced from AP measurements are in disagreement with those obtained by

"classical" ion molecule reaction techniques /28-30/. Furthermore,

differences have been reported for AP's of some species measured with

photoioni?ation and electron impact ionization, e.g. AP ( (CCLJo )

/23,24/.

The discrepancies in these apparent straightforward measurements raise

the question whether photoionization and/or electron impact studies of

these clusters actually yield adiabatic ionization thresholds. We have

previously used the present apparatus to determine AP's of numerous

atoms and molecules, obtaining excellent agreement with other measure-

ments and/or theoretical calculations /8,11-13, 31-33/ where available.

Hence, provided appropriate attention is given to electron focussing,

ion extraction potentials and ion beam position /9/ and provided appro-

priate gases are used as references, the precision of the present apparatus

is sufficient to examine these discrepancies. Accordingly we have measured

the appearance potentials of C02, ArC0?, NH3 /34,35/, N2 and ArN2

clusters.

As an example we will dicuss the result for process (C0 2) 2 + e ->

(C0 2) 2
+ + 2e (i.e. AP = 13.1 _+ 0.2 eV). In order to compare the present

appearance potential with the exothermicity of reaction C0 2
+ + C02 •*

(C02)o
+ it is necessary to complete a Born-Haber cycle by including the

reactions C02 + e •*• C0 2
+ + 2e (AP = 13.77 +_ 0.1 eV) and (C0 2) 2 -»• C02 +

C02 (BE = 0.059 eV /36/). Using the dimer appearance potential deduced

in the present study, the exothermicity is deduced to be -17.1 kcal/

mole. This value is in good agreement with various high pressure mass

spectrometry ones: - 16.2 _+ 1.5 kcal/mole /37/, - 15.8 _+ 0.6 kcal/mole

/38/ and 18 _+ 2.8 kcal/mole /39/. The success of this study in recon-

ciling high pressure mass spectrometry data with cluster ion appearance

potentials has prompted an extension of the measurements to other cluster

systems (NH3> N2, Ar-N2).



- 11 -

3.3. Existence, appearance potentials and potential energy curves of

doubly charged diatomic rare gas clusters

The present study has been recently extended to investigate the

formation of doubly charged clusters, a subject of general interest

/40,41/. Since the discovery of C0 2 + in 1930 /42/ several doubly charged

diatomic ions have been observed in the gas phase /20/. All of these

ions, represented by AB 2 +, satisfy the relation IP (A+) + IP (B+) < IP

(A ) <_ IP (B ), with IP being the respective first ionization

potential. Doubly charged molecular ions of this type exist when short

range chemical forces impose a sufficient strong attractive well in

the repulsive Coulomb interaction arising from A+ and B+, yielding a

state metastable by tunneling /43-47/. Simple consideration of atomic

first and second IP's shows that a second class of doubly charged diatomic

ions should exist which exhibit a stable configuration below th lowest

dissociation limit. For these a relationship IP (A+) + IP (B+) > IP

(A + ) holds. Three heteroatomic rare gas clusters fall into this group:

HeXe, NeXe and HeKr. N e X e 2 + has also been observed in a recent drift

tube study /49/. In these studies, we have also observed long lived

states of ArXe + and NeKr +$ both belonging to the first class. The

existence and stability of all three ions can be explained with semi-

quantitative potential curves derived from isoelectronic neutral mole-

cules (as example see Fig. 5). The appearance potentials determined

experimentally are found to be consistent with the predictions from the

potential energy curves.

Moreover, it is interesting to note that the potential energy

curves shown in Fig. 7 and 8 of Ref. /8/ are useful in discussing recent

observations of reaction rates and products of the low-lying states of

Xe + /49-51/ yielding a reinterpretation of the states involved.

3.4. Metastability of cluster ions

For the detection of clusters (i.e. by electron impact, photoioni-

zation and Penning ionization /52,53/)it is of particular interest to

obtain information on the fragmentation of cluster ions during and after

the ionization process. These results find application in interpreting

the obtained mass spectra /5, 54/. In addition, studies of the unimolecular
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and collision induced dissociation of cluster ions may provide some

guidance for the theoretical treatment of these decompositions., An

important objective in the present work was the separation of meta-

stable unimolecular decay (M) and collision induced dissociation (CID)

processes. For this purpose, a butterfly valve was installed in the ion

source pumping system to allow the measurement of ion signals as a

function of the gas pressure in Region I.

Prior to investigating metastable processes of cluster ions we

utilized our apparatus to detect metastable ions from NpO and C3Hg

/13,14,55/. The metastable decay of these ions has been extensively

investigated, both theoretically and experimentally /15,16/. Presently

obtained results in nitrous oxide /56/ and propane corrobated and ex-

tended previous measurements /57-59/. Fig. 6 gives as an example, a

comparison of this study with previous experiments /57,60/ and a QET

calculation /55,61/.

Applying the technique discussed, the following reactions of carbon

dioxide and ammonia cluster ions were quantitatively investigated; the

studies have yielded the qualitative results shown in brackets:

(1) NK3
+ - NH2

+ + H (CID)

(2) (NH 3) 2
+ - NH4

+ + HH2 (CID + M)

(3) (NH 3) 2
+ + NH3

+ + NH3 (CID)

(4) (NH3)2H
+ -> NH4

+ + NH3 (CID)

(5) (NH 3) 3
+ •*• (NH3)2H

+ + NH2 (CID + M)

(6) (NH3)3H
+ -> (NH4

+) + 2 NH (CID)

(7) (NH3)3H
+ -* (NH3)2H

+ + NH3 (CID + M)

(8) (C0 2) 2
+ •+ C0 2

+ + C02 (CID)

In addition, studies of the stability of Ar &nd Ar-N2 clusters have been

performed /62.,63/. They will be discussed in detail elsewhere in this

Symposium /64/.



- 13 -

The tentative conclusion from the present study is that small

cluster ions may be described by a simple pseudo-oscillator (e.g., pseudo-

diatomic, triatomic, etc. ) model. According to this model, the ener-

gization of these clusters by electron impact or collision will re-

sult in prompt dissociation. The lifetime may be about one oscillation

for the dimer, and somwhat longer for the trimer, etc. In the present

work simple dissociations described by process (3), (4), (6) and (8)

are observed to all be only collisionally induced.

It should be noted, however, that we have also observed metastable

decay for small cluster ions, e.g. for A r * and ArN2
+ /62-64/. In this

case (forbidden) predissociation or/and tunneling might be involved as

a likely mechanism of this metastability.

On the other hand, the observation of metastable decay for the re-

arrangement processes (2) and (5) and the dissociation (7) suggests

that in this case energy exchange within a statistical ensemble of

strongly-coupled oscillators might control the decomposition kinetics

of these species (QET theory). Molecular complexity, the availability

of a rearrangement coupling decomposition channel, and the strength of

bonding in the cluster are relevant factors which affect the transition

from short-lifetime to long-lifetime cluster ions.

Work on this subject is continuing and it is hoped that further results

will provide more explicit guidelines for a theoretical description of

the metastable lifetimes.
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Charged Vater- and CO„-Clusters

Kartin Armbruster, Hellmut Haberland, and Hans-Georg Schindler

Fakultät für Physik, Universität Freiburg, Hermann-Herder-Str."5,

D-7800 Freiburg, W.-Germany

A supersonic molecular beam source with an internal radioactive

ß-emitter produces a variety of unusual positively or negatively

charged cluster ions, among them the so called "hydrated" electrons

(H-0)~, with n>8 . For a CO -̂expansion the netastable

ion CO. is observed.

If one injects electrons into a high density gas or liquid of polar

molecules (H_0, NH_, etc.) one observes an intense structureless

optical absorption spectrum, which is in many respects similar to that

of the well-known F-cecters in alkali halides. A generally accepted theory

assumes, that this absorption is due to "hydrated" or "solvated"

electrons, which are thought to be clusters of the form (H_0)~ or

(NH,)~, with n>4. The main problem of this postulate i s , that both

these molecules do not have a stable negative ion state, i .e . the negative

ions Ho0" and HHl never have been observed. But a cluster of

these molecules is assumed to be able to bind an electron.

Hany attempts have been made to produce free negatively charged water

clusters in the gas phase in order to check these ideas. Electron
2

attachment , or charge transfer by alkali beams to water clusters, or high

pressure mass spectrometry were not successful so far.
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Our apparatus i s shown schematically in f ig .1 . Pure C0_ or H.O at a

pressure of 100 to 1000 Torr and temperatures between 300 and 400 K is

irradiated with electrons from a ß"-radioactive Ni- fo i l . The

electrons (B =66KeV) are Quickly thermalized, and from al l prior

experience one knows that in the case of water some solvated electrons

are formed. The gas is expanded through a 42 or 70 pm hole into vacuum.

Within several microseconds the transition from a high density to free

molecular flow i s completed. Some of the charged clusters either survive

this rapid expansion or, more l ikely , are formed during i t . Due to the

6 7

large pressure differential of 10 to 10 no Mach disk develops, which

could destroy any fragile species.

Charged particles are accelerated by an electric field between nozzle

and skimmer, focused by an ion optical system, and mass analyzed. Neutral

particles in the beam can be monitored by electron impact ionization. The
1ß

total mass flux through the nozzle i s roughly 10 water molecules/sec,
4 5

while only a total ion current of 10 to 10 ions/sec is observed. Due

to this extremely small charge fraction, the free expansion is practically

undisturbed.
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Measurements and Interpretation

a) Water

Fig. 2
7 10 11 12 13

cluster size n
It 15 16

Fig.2 shows a moderate resolution mass spectrum (A»*2 to 3 ) from a pure

water expansion. The unresolved peaks correspond to cluster ions having

approximately 5 to 16 water molecules per cluster. Note the nearly

gaussian envelope of the mass spectrum. The intensity of the individual

peaks depends strongly on pressure and temperature of the expanding gas

and even more sensitively on the electric field between nozzle and

skimmer.

Pig.3 shows two high resolution mass spectra. In fig.3(a) the peak

corresponding to 11 water molecules plus one electron has the highest

intensity. We interpret this peak at mass 198 as being due to free hydrated

electrons. Fig.3(b) shows a mass spectrum around 90 amu, or roughly 5

water molecules per cluster. Within statistical error no (H-O)" is

observed in this spectrum. Uader different experinental conditions a very

small peak was sometimes observed at mass 90, so that we cannot place a

lower limit on the number of water molecules sufficient to bind an

HAUPTBIBUOTHEK
österreichisches Forschungszentrum

Seibersdorf Gesellschaft m.b.H.
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electron . But 8 H20 molecules will de-

finitely.be sufficient. A lower limit

of six water molecules has been

calculated previously.

The 0~ and OH" ions are stable,

and clusters of the form

(H20)nX~, X=0, OH are well known .

The peaks at 91 or 199 arau can

be interpreted as (Ho0) H~, n*5
c. n

or 11. This ion has never been

observed in the gas or liquid phase,

but H has been postulated to occur

in irradiated solids. Peaks similar

to that at K-3 (mass 87) in Fig. 5(b)

were observed also for heavier

clusters. The only possible inter-

pretation seems to be a structure of

the type [(H2O)_(OH)]". Also

other peaks, which are labeled by

their mass only, have not been

observed so far.

T0=400K
D= 70jjm
Po= 355 Torr

a)

-3 -2 -1 0 1 2 3 4 5 M-196

IH,O)4OH b)

, , , I
-3 -2 -1 0 1 2 3 4 5 M-90

.3

b) C02

Fig.4 shows a comparison of positive and negative cluster ions from

a COp-expansion, analyzed at a relatively poor resolution. The spectra

are roughly similar. The peaks belong to clusters with the formula

(C0o) , (CO.) 0 and (CO.) 0-. Some peaks could cot bez n Zn Z n Z
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CO.

T0 = 300K
D = 42pm
Po = 500 Torr

Fig.4

2 3 4 5 6 7 n

«xyo*

LjJk

3 4 5 6 7 n

interpreted so far, they might be due to trace impurities, to which this

kind of ionization is very sensitive (see fig.6).

1 2 3 4 5 6 7 n

CO,

T0 = 30QK
D = 42pm
Pö=500 Torr

Fig.5 3 4 5 6 7 n

Fig.5 demonstrates the difference between the mass spectra obtained

by electron impact ionization in the vacuum region and electron

irradiation in the high pressure chamber. The presence of charged

particles in the expansion region leads to a large increase of the cluster
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intensity. In absence of charged particles no clustering can be expected,

according to veil-known scaling laws.

1 2 3 4 5 6 7 8 9 1 0 , _ 15 {x18amu}

CO2+ air from a

l8ak (positive ions)

T0=300K

D= 42pm

po=500 Torr

50 TOF (ps)

.6 1 2 3 5 6 7 8 9 10 15 U18amu)
Mass

While recording the mass spectrum in f i g . 6 , there was a small leak in

the gas i n l e t system. The large peaks are caused by the very small amount

of water vapour in a i r . This indicates the extreme s e n s i t i v i t y and the

high nonl ineari ty of th i s source.

Keferences

1) H.Armbruster, H.Haberland, and H.G.Schindler, Phys.Rev.Lett. 47,

325 (1981), and references therein .

2) E.H.Compton, Electronic and Atomic Col l i s ions (N.Oda, and

K.Tak8yanagi, e d s . ) , Invited papers and progress reports , p.251,

Kyoto 1979, North Holland 1930, and references therein .
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A MOLECULAR DYNAMICS STUDY OF THE COLLISION INDUCED DISSOCIATION REACTIONS

OF CH4
+ AND C 3H 8

+ AT ELECTRON VOLT COLLISION ENERGIES

J.H. Futrell

Department of Chemistry, University of Utah
Salt Lake City, Utah 84112 USA

Z. Herman and B. Friedrich

Heyrovsky Institute of Physical Chemistry and Electrochemistry
CSAV, Prague 2, Czechoslavakia

The collision-induced-dissociation (CID) reactions of organic ions are
of great practical interest in that these phenomena are the basis of the
analytical mass spectrometry technique of mass spectrometry-mass spectro-

Lry (MS-MS). They are also of considerable fundamental interest as a
.'-1 atively unexplored area of gas phase ion chemistry and physics. The
introduction of tandem triple quadrupole MS-MS spectrometers (1) and their
recent application to analytical problems (2-3) is focusing attention on
CID reactions of organic ions in the 1-10 eV range rather than the kilovolt
energy regime in which these reactions have generally been investigated.
Although a great deal is known about the reaction kinematics and mechanisms
of high energy CID reactions (4-7), the low energy reactions dynamics of
this class of ion-molecule collisions for organic ions is largely unex-
plored. For this reason we have initiated a study of the CID reactions
of CH. and C3Hg . This progress report presents the first results of our
exploratory study and summarizes some tentative general conclusions for low
energy CID reactions.

EXPERIMENTAL

These experiments were carried out using an apparatus whose character-

i s t i cs have been described elsewhere (8) . Ions are generated by electron

impactaccelerated and mass-analyzed by a permanent magnet momentum anal-

yzer, decelerated or accelerated to the f inal co l l is ion energy and crossed

at r ight angles by a modulated diffusive nozzle beam. Elast ical ly scattered

primary ions and product iosis are energy-analyzed by a retarding f i e l d

analyzer and momentum (mass) analyzed by an electromagnet and recorded by

an electron mult ip l ier . The output of multiple scans transmitted by a
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phase-sensitive detector referenced to the neutral beam modulation fre-

quency is recorded by a signal averager for subsequent off-line computer

processing.

RESULTS AND DISCUSSION

Methane: The most succinct way to display kinematics data for a givsn
reaction is by means of Newton diagrams (9,10), which present the angular
scattering profi7es for the reaction in center-of-mass coordinates. The
relationship between the center-of-mass and laboratory coordinate frames
is shown schematically in Fig. 1. In molecular beam experiments the ion
snd neutral beams customarily intersect at right angles, as shown in the
figure for 2.08 eV relative energy. The velocities of the CH4 ion and He
neutral are also shown along with the center-of-mass velocity vector. The
velocity of the center-of-mass is conserved in the collision, and the ve-
locity of the reactants and products relative to this vector a^e readily
computed from conservation of energy and momentum^considerations (11).
Lit is noted parenthetically that both energy and angle must be measured
in the laboratory frame to effect the required transformation.]]

Also shown in the Figure are two limiting case models which could
plausibly be invoked for the CID reaction CH4

++ He-»- CH3
++-H + He. The cir-

cle inscribed by the longer vector labelled u', originating at the head of
the CM vector and passing through the laboratory vector v(CH.*) is the locus
of elastically scattered CH. . If the decomposing ions already contain suf-
ficient energy to dissociate, and a "nudging" collision with He which de-
posits no energy in the ion causes them to do so, products will be formed a-
long this circle. If, on the other hand, CH.+ ions undergoing the CID pro-
cess are ground state species and the full 1.52 eV energy required must be
provided by collision, the thermochemically limited case inscribed by the
inner vector u th properly describes the locus of points. As expected, and
as observed, products are bounded by these two circles. For the example il-
lustrated, the CHo product is found between the laboratory angle 0°and ± 20.

This reaction was investigated over the kinetic energy range 1.2 -
4.01 eV relative energy (4.8 to 16 eV laboratory energies). At all energies
the maximum intensity is found at 0° (forward-scattering); however, exten-
sive scattering at all laboratory angles is noted. Secondary maxima at 180°
indicate back-scattering of the product ions. The forward-scattered pro-
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ducts are readily interpreted as the (dominant) large impact parameter col-
lisions with little energy transfer, while the back-scattered ions result
from small impact parameter "hard-core" collisions. At higher energies
the ratios of forward to back scattered product increases.

Of special interest is the fact that the maxima of the contours of
product intensity curl inward with increasing angle, reflecting a smooth
increase of translational endoergicity with scattering angle. This rela-
tionship is examined quantitatively in Fig. 2. It may be seen that the
energy transferred depends linearly on angle, and that the zero-angle inter-
cept is common to the three relative energies investigated. The intercept
of 0.07 eV represents the minimum energy required to drive the dissociation
reaction. The relationship shown and the energy requirement to drive the
CID reaction at zero angle are consistent with two-step mechanism of
"impulse" excitation followed by unimolecular dissociation of the excited
molecular ion.

Propane: We attempted to study the following reactions of the propane
molecular ion:

C3 H8 + + M "* C 3 H 7 + + H + M

C 2H 5
+ + CH3 + M

C 2H 4
+ + CH4 + N

These three reactions involve, respectively, simple bond breakage (as in
methane) with large and small mass ratios of the ion and neutral product
and a A-center elimination reaction.

Unfortunately it was impossible to study the propyl ion reaction be-
cause the intensity of the long-lived metastable decay (12,13) swamped the
phase-sensitive detector. Accordingly results were obtained only for the
ethyl ion and ethylene ion CID reactions.

In contrast with the CH4
+ -*- CH,+ reaction,the intensity maxima are

found at non-zero center-of-mass scattering angles. At 4.2 eV the peak
maxima are found at 15° for ethylene and at 26° for ethyl ions. At lower
kinetic energies the angles increase monotonically, reaching 27° and 40°
for C2H4 and C^Hg , respectively, at 1.89 eV collision energy. Also note-
worthy is the fact that the maxima are located well within the u j circle
for these reaction products, indicative of significant translational endo-
ergicity at all scattering angles.
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It will be shown that the propane molecular ion results correlate
with experimental and theoretical breakdown graphs via the angle/endo-
ergicity relationship of Figure 2. This suggests that, with improved re-
solution, angular CID studies may be useful for assessing the internal
energies of ions whose breakdown graphs are known or threshold energies for
dissociation of ions formed with defined internal energies.

CONCLUSIONS

A limited resolution preliminary study of the scattering of CH- and

C3Hg from rare gas atom targets suggests the following general features:

(1) A two-step mechanism of bimolecular excitation accompanied by relative-

ly slower unimolecular dissociation is followed at very low collision ener-

gies (to 1 eV CM). (2) Threshold energies for CID may be measured quite

accurately. (3) Extensive angular scattering is observed. (4) Trans-

1: tional endoergicity correlates approximately linearly with scattering

aivile in C.O.M. coordinates, providing a basis for deducing breakdown graphs

for complex ions.
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RECENT EXPERIMENTS ON THE EXCITATION AND DECAY OF SMALL MOLECULAR IONS
it ieif

T.R. GoverSj Laboratoire de Physico-Chimie des Rayonnements and LURE
University de Paris-Sud,91405 Orsay,France

Abstract : Molecular photoionisation studies carried out at Orsay
by means of synchrotron radiation are examplified by two recent
experiments : photoelectron spectros^opy dealing with vibrational
autoionisation in H2, and threshold photoelectron/photoion coinci-
dence studies on the unimolecular dissociation of N0+ between 20.11
and 24.59eV.

1 : INTRODUCTION

Photoionisation in the gas phase by means of synchrotron radiation

offers the possibility to study the excitation and decay of small molecular

icns in much detail and over a wide energy range. The aim of this report is

to illustrate some of these possibilities by data recently obtained using

radiation from the i5tor«ge ring ACO at Orsay in two types of experiments :

- photoelectron spectroscopy at variable wavelength by time-of-flight

analysis (TOF) of the photoeleetrons ; this example deals with vibrational

autoionisation in H? ;

- threshold photoelectron/photoion (TPEPI) coincidence experiments on

the unimolecular dissociation of energy-selected ions ; these data deal with

the dissociation of N0 + in the energy region 2.0.11 - 24.59 eV.

Other related experiments carried out at Orsay will be briefly mentioned.
1-3

Experimental details can be found in ref rences

2 : EXAMPLES

2_._1_Vibration£l_aut£ionisa_t_ion, in_H2_:

Vibrationally excited Rydberg states of H2 converging to the ls<T* state
+ ^

of H_ can decay to lower-lying vibrational levels of this ion by vibratio-
1 4

nal autoionisation. Ito et al. have recently used electron TOF analysis to
determine the relative populations of the various vibrational levels of 1£

be
that can/reached by this mechanism.In these experiments the pulsed character

of the ACO radiation (73.4 ns period ,^1 ns width) provides the "clock" to

measure the electron flight time.

Laboratoire associe1 au C.N.R.S.

**
Laboratoire du C.N.R.S. conventionne" ä 1'University Paris-Sud.
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By operating the monochromator with a 0.2 A resolution (4 meV at 16.2sV),

it was possible to excite room-temperature para-H to Rydberg states with spe-

cified electronic, vibrational and rotational quantumnumbers, and to resolve

the H vibrational and also rotational structure in the electron TOF

spectra. The example shown in fig.1 was obtained upon excitation of the

v / = 5, j'= 1 level of H2 6p<Tat 76 3.8 A (16.23 eV). This Rydberg can autoio-

nise to the levels v =3,2,1 and 0 of H« (v =4 is energetically inaccessible),

yielding photoelectrons with characteristic energies, as indicated in the

figure. The labeled vibrational structures result from electrons ejected

towards their detector, while the double peak furthest to the left results

from electrons ejected away from the detector. The splitting of the v =3

peak (where the energy is lowest and the resolution best) corresponds to

that of the rotational levels N =0 and 2. The spectrum is not corrected for

the energy dependence of the transmission function. The latter was determi-

ned from electron TOF spectra in He, which also served to convert the TOF

scale to an energy scale.

After correction for the above transmission function, the vibrational

branching ratios obtained from the spectrum in fig. 1 are 52,22,18 and 8%

for v = 3, 2, 1 and 0, respectively (subject to minor revision related to

angular discrimination). The rotational levels N =2 and N = 0 contribute

about 60 and 40% of the v =3 level,respectively. This rotational branching

ratio compares favourably with the values 70% and 30% obtained from multi-

channel quantum defect ^theory by Raoult and Jungen . The vibrational distri-

bution obtained experimentally, however, gives a much str nger weight to the

low v levels than indicated by Berry and Nielsen's propensity rule for the

lowest possible |Avl , and by the quantitative MQDT results, which predict

82% and 137» for v =3 and 2, respectively, and a few % for each of v =1 and

o5.
2_. 2_._TPE£I_c£inciiden£e_experiments_on NOj_

In these experiments, the electron signal is gated so that only electrons

with nominally zero energy ("threshold electrons") are detected. Their si-

gnal is used to trigger the ion extraction and to start the ion TOF analysis.

The coincidence TOF spectrum thus obtained identifies the ion masses resul-

ting from the unimolecular decay of parent ions with internal energy E.=hV .

The width of the TOF peaks allows the determination of the fragments' kine-
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tic energy, which, in case of diatomics, defines their electronic states.

Possible asymmetries in these peaks provide information on the timescale for

decomposition (if^>300 ns). The present experiments concern the unimolecular

dissociation of NO states excited by photoioaisation in the energy region

20.11 - 24.59 eV. The photon energy resolution in these studies was about

55 meV, fwhm.

£)_20_.^l_-_21.04_eV : In this region, between the first dissociation

limits yielding 0 + (20.11eV) and N + (21.04 eV), respectively, N0 + is essen-

tially completely (pre)dissociated into ground-state 0 + N. The timescale

for this fragmentation, as well as for those discussed below, is ̂  300 ns.

b) 2^.04_-_22^94_eV : As soon as the excitation energy reaches the first

N++ 0 limit at 21.04 eV, and up to the 22.94 eV threshold for dissociation

yielding N ( D), (pre)dissociation into ground-state N +0 constitutes the

only significant NO decay channel. As an example, fig. 2 shows the TPEPI

TOF spectrum obtained at 21.72 eV. This energy corresponds to a strong peak

in the photoelectron spectrum of NO, which has been assigned to the c iTand/

or the B TTstate of N0 + . The N TOF peak is broadened by the 0.68 eV kine-

tic energy release, while the dip at the centre probably results from a pre-

ference for predissoc:ition along the main polarisation axis. Analogous

spectra were e.g. obtained at 21.56 eV, an energy which corresponds to the

IP of Ne, and also upon excitation of the v = 0,2 levels of the NO state

identified as B f lE + or B 1 ^ 7. (Pre)dissociation into 0+(4S) + N(2D) at

22.51 eV was not observed.

c)_2£.94 -_24.^>9_eV : In this energy region too , (pre)dissociation

yielding N ions dominates the NO decay. Both ground-state N (21.04 eV

limit), and excited fragments (N+(LD) + 0(3P) at 22.94 eV and/or N+(3P)

+ 0( D) at 23.01 eV) are observed. This is illustrated in fig. 3, obtained

following excitation of the v = 4 level of the B1 sf/BTTstate at 23.07 eV.

The two groups of fragments can be distinguished through their TOF widths,

and contribute about 70% and 30%, respectively. The sflaie result was obtained

when exciting in between the B'/B v=4 and v=5 levels, so that the above

observation can be assigned to a competition between the decay channels,

rather than to the superposition of pathways characteristic of either the

B'/B vibrational levels or the underlying continuum. At 24.59 eV, corres-

ponding to the IP of He, the N channels are more difficult to distinguish,

because the difference between the corresponding TOF widths become less
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pronounced. The ground-state N channel remains the most important, however,

its contribution being estimated at *^80%. Production of 0 , if it occurs,

should contribute at most 10% of the total NO decay.

d)_Releyan£et£ £OllisiLon-indu£ed di£S£cj^a£i£nandcharge transfer:

The above results indicate that N ions are the main product of dissocia-

tive photoionisation of NO at energies^ 24.59 eV. (Pre)dissociation produ-

cing 0 is limited to the region between 20.11 and 21.04 eV, the correspon-

ding kinetic energy release ranging from 0 to 0.93 eV. This finding suggests

+ +
that the 0 ions observed following collision-induced dissociation of keV NO

ions result mainly from the same states as those examined here, since their
8 9

kinetic energy release is rather sharply limited to a maximum of ~ 1 eV ' .

The results on the unimolecular dissociation of long-lived NO into 0 +N

are more difficult to compare with the coincidence data, as the time window

relevant to the "metastable dissociation" studies limits the NO decays ob-

served in those experiments to the small fraction of all.(pre)dissociation

paths which occurs on a ' W O Stimescale.

The present data are also relevant to near- therm*charge transfer betwe-

en Ne and NO.'yields N as only measurable product , a result consistent

with a primary step populating NO anywhere in the energy range 21.04 eV

(N+ threshold) - 21.56 eV (IP of Ne) (cf. b) above). The claim that the re-

latively large rate constant results from a favourable Franck-Condon for

populating the "very close" c fT/BTTlevel is unrealistic, however ; the re-

levant endothermicity : 21.722 - 21.565 = 0.157 eV is probably too large to

be overcome in the majority of collisions in the ICR cell, and this is cer-
13

tainly so for the flowing-afterglow experiment which measures a very simi-

lar rate constant (see comment below ).

As far as the He/NO charge transfer is concerned,the present results

suggest that the 85%/157. branching ratio for # /0 measured by ICR , may

underestimate the N contribution : the N ions can have kinetic energies

as high as 1.89 eV , and such fast products would escape detection unless

precautions are taken to ensure their trapping

3 ; OTHER EXPERIMENTS

The above examples illustrate but part of the research carried out at

Orsay in which synchrotron radiation is used in the study of molecular exci-

tation and relaxation processes. More in general, our interest lies in the

nature and the competition between various decay channels which are accessi-
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ble by photoexcitation of small molecules in the energy region*«10-40 eV.as

reviewed .elsewhere. Among recent studies, we may mention the measurement of
18

partial photoionisation cross-sections in 0_ by means of photoelectron - and
19

fluorescence spectroscopy, and the investigation of ionisation and internal

conversion processes in substituded fluoro-benzenes by means of these same

techniques

All these experiments benefit greatly from the interaction with other

experimental groups and with theoreticians concerned with the dynamics of

(super-)excited molecules. Suggestions for collaborations in this field are

always welcome.
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Electron energy: 0 0.05 0.15 0.5 eV

Figure 1; Electron TOF spectrum for the process: t-L X Z*(v=0,J=0) ' — *

H* (6p(T,v=5)—»H* X 22*(v+,N+) at 763.8 A.

1 , «

,J,
Fig. 2

21.72 eV

L ^ X
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Iori TOF, microseconds

Figures 2 and 3: TPEPI coincidence spectra for the unimolecular dissocia-

tion of NQ+.
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On the metastable decay process N_O —$• NO + N

E. Märka*, T.D. Mark, Y.B. Kimb^ and K. Stephan

Kernphysik und Gaselektronik, I n s t i t u t f. Experimentalphysik,

Leopold Franzens Universi tät , A - 6020 Innsbruck, Austria.

Abstract: The col l i s ion induced and unimolecular decay of

N90+-> N0+ + N i s studied quant i ta t ive ly . We find that

the number of metastable N.,0 ions (produced by N»0 + e
+*—>N~0 ) has a lower l imit of*11% as compared to the

+
stable N20 ions.

Several papers experimentally and theoretically have been recently pub-

lished on the metastable products in the mass spectra of N20 /1-10/. In

this paper we give some quantitative information on the production rate of

N~0 ions by electron iinpact.

The experimental setup, described in detail previously /11,12/, consists

of a conventional electron impact ion source (Nier type), a high resolution

double focussing (reversed Nier Johnson geometry) mass spectrometer and a

gashandling system.

N20 is ionized at a typical pressure of 10 Torr in the collision

chamber by an electron beam of variable energy (5 - 180 eV). The dominant

ion produced is N.,0 . The stability of the detected N_0 ions has been checked
+ + +

by measuring the ion current ratio N-0 /Ar (Ar as a stable reference) at

different transit times of the ions through the mass spectrometer fcystem.

This has been done by changing the ion acceleration voltage from 3 kV to

1 kV, thus changing the overall transit time of the ions from ~ 14 us to 25

ps. The measured ion current ratios are independent of transit time within

the experimental error bars. From these results i t can be concluded that the

N20 ions detected in the present experiment are stable, or if they are meta-

stable have half-lives large compared to the above mentioned transit times.

Using a single focussing mass spectrometer Newton and Sciamanna /1,2/



- 38 -

have studied the well known mstastable transition for the reaction ̂ 0 — >

NO + N. They reported a kinetic energy release of between 0.6 /7/ and 1.05 eV

/6/ and an appearance potential for the metastable peak corresponding to NO

formation from N~0 of 15.7 + 0.5 eV. By plotting the abundance of the meta-

stable peak NO at m/e = 20.45 as a function of the ion acceleration voltage

to the power - 1/2 (which is roughly proportional to the total transit time)

these authors were able to detect two components with half-lives of 0.09 ps

and > 0.3 ps. Previously published values of this half-live were <0.2 us /4/,

"2 (us /5/ and 0.54 jus /7/. It is apparent from these results that the meta-

stable transition involves at least two processes decaying with different

half-lives.

In order to obtain quantitative information on the magnitude of these

short lived ( compared to the transit time of the present apparatus) meta-

stable decay processes we have used the present apparatus to investigate

quantitatively the dissociation of the NO- ions as a function of time after

production in the ion source using the well established technique of decoup-

ling the acceleration and deflection electric field /13,14/. Furtiier setting

the magnetic sector field to transmit the mass m = iiu /m.. (= 20.45) where

nu is the product ion mass and m. is the parent ion mass, we collect those

NO ions which origin from dissociations in the field free region between the

end of the acceleration of the parent ions and the entrance of the magnetic

sector field (corresponding to a time window from 1.8 to 5.4 jus). This tech-

nique has already been successfully tested by us investigating the metastable

decay of propane ions /15/. An important objective of the present work was

the separation of unimolecular decay and collision-induced dissociation pro-

cesses. For this purpose the pressure in the ion source chamber could be

varied with a butterfly valve installed in the ion source pumping system. An

ion gauge attached to the same chamber provided a signal for the X-axis of an

X-Y recorder, while the ion signal was connected to the Y-axis. Our results

for the dissociation of N~0 are shown in Fig.1, where primary ion current i

exhibits almost a linear dependence on pressure as the throttle valve is

closed, while the secondary ion current i d exhibits a dependence upon the

square Of ion source chamber gas pressure. Also shown in Fig.1 is the ratio

of the daughter ion signal to the parent ion as a function of gas pressure.

Hence, when corrected for parent ion intensity, the data exhibit a linear de-

pendence on gas pressure and a finite zero-pressure intercept is clearly

evident, implying that the NO daughter ion is generated both via a true
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metastable (zero pressure intercept) and a collision induced decomposition

mechanism. The cross section for this collision-induced dissociation process

(zero scattering angle) is estimated from the slope of the line of Fig,1 to
—17 2be approximately 8 • 10 cm , of the same order as that for the collisional

decomposition reaction CJJg*-* CJK,-* /15/.

The residual intercept intensity indicates that the number of NJO ions

which have unimolecular decay life times falling into the window between

1.8 and 5.4 ps is *> 1 • 10~4 tines the number of the "stable" N20
+ ions de-

tected with our apparatus (generated by 100 eV electrons). The presently ob-

tained mstastable intensity can be used to calibrate the accelerating voltage

discrimination curve of the m/e = 20.45 peak in the mass spectrum of N20 as

reported by Newton and Sciamanna /2/. Their experimental curve has been ana-

lyzed into two components of t-,~ = ^ °*3 H15 an<^ t i /? = 0 # 0 9 W (shown as

dashed lines in Fig. 2). It can be seen from Fig. 2 that the extrapolated

intercept metastable NO to stable N20 ion ratio is ~ 11%. This extrapolated

intercept metastable intensity, however, strongly depends on the value of the

shortest half-life (and the extrapolated ratio oould easily change by a factor

of 2). There are several facts which indicate that the number of the metastable

NJO ions originally produced in the ion source is even higher,

i) the measured fragment ion (metastable produced NO ) abundance is only the

apparent ion intensity due to the different transmission of the mass spectro-

meter.

ii) It cannot be excluded that seme NO ions produced by the metastable tran-

sition NO» •-* NO + N are metastable too /2/ and dissociate along the re-

maining path.

iii) In addition, besides NO- —»NO otiier dissociative channels could be
+# +

operative, e.g. N20 —>N_ + 0. This reaction should give rise-to a peak at

m = 17.8. Careful reevaluation of the mass spectra given in Fig. 3 by Newton

and Sciamanna /2/ shows on the left shoulder of the W& = 18 peak a small

hump which could be related to N2 ions produced by the above reaction.

We thus conclude that the value of 11% of metastable N„0 ions as com-

pared to the stable N20 ions has to be regarded as a lower limit. This state-

ment is confirmed using the recent results of two different calibration pro-

cedures for the partial ionization cross section G (NJ3 /Np0) /16/. Norma-
+

lizing against the Ar cross section at an electron energy of 100 eV with the

effusive flow method /16-19/ we obtained 6" (N2O
+/N2O)=(1.48 + 0.15) 10"

20 m2.

Using the data of Rapp et al. (subtracting the cross section for production
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of dissociative ions from the total cross section) /16,19,2O/ an absolute

value of $ (N2O
+/N2O) = (2.43 ± 0,25) lo"20 m 2 is obtained. The first method

considers only stable N_0 ions, whereas the latter includes also metaatable
+* ^

N«0 ions. Explaining this difference by the in-flight deconpositiou of the
+*

N-0 ions in our apparatus, we arrive at an original ratio between stable
ions to metastable ions of (64 + 34)%, which is above the lower limit given

earlier.
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METASTABLE TRANSITIONS AS AN EVIDENCE FOR SEVERAL

ION-MOLECULE REACTIONS IN SO2 AT LOW PRESSURE

A. Stamatovic", PMF Kragujevac, Yugoslavia.

M. Miletid, IBK - Vinöa, Beograd, Yugoslavia.

Metastable transitions have been observed as Aston's
peaks in the negative ion mass spectrum of SO« (Ee=
5eVf p=O,l - 1 Pa). Studies of temperature, pressure
and electron energy dependences, within the limits of
used apparata, have given some more informations about
quite a number of ion-molecule reactions in SO« at low
pressures, but has not resolved all of ambiguities
about the origin and dissociation of negative ions
with mass numbers greather than mass number of the mo-
lecular negative ion, S09"~.

Negative ion-molecule reactions in S0? have* been repor-

ted previously /I,2/ both in low and high pressure region.

Observation of the metastable peats in the negative ion mass

spectra of SOp /3,4/ has given the possibility to gather in-

formation on short lived intermediate stages of ion-molecule

reactions that do not give stable negative ions in appreci-

able quantity.

I'his study of the negative ion processes in SOp has

been done using two different type of instruments: a) home-

made 90 degree sector magnetic analyser mass spectrometer

with Nier type ion source, b) quadrupole mass spectrometer

with an ion source provided with high temperature collision

chamber heatable to approximately 1000 K. With this appara-

tus the ions with masses higher than molecular have been di-

rectly measured and their temperature dependence observed.

The metastable peaks of mass numbers lower and greather

than the molecular ion SO-"", figure 1, are in the shape si-

milar to the positive ion metastable peaks formed by decom-
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position of the metastable primary ions in the field free

space of the mass spectrometer, located between the ion

source and the deflecting magnet.

The presence of the negative ions with mass number in

excess of 64 amu gives evidence about negative ion cluster

existence. These cluster ions are formed either by the elec-

tron attachment to a dimer:

e" + (S02)2 —*> (SO2)2~ 1.

and consequent decomposition to the other cluster ions, or

as an intermediate step in the negative ionrmolecule reac-

tion similar to the:

SO" + S02 —> S02~ + SO 2.

that has been published earlier /5/. This process may pro-

ceed as follows:

so2~+ so2 + so 2—* (so2)2~ + so2 3.

The parent ions, without regard to the way of formation,

should have the life times long enough to reach the field

free space, and yet short enough, not to appear in the mass

spectrum as a measurable intensity peaks of the original

mass. This gives for the upper limit for the life times of

the order of lo a. The lower limit of the life times de-

pends on the reaction path and cross-section magnitudes of

all reactions involved in the formation of the parent ions.

However, it does not seem justified to suppose that the li-

fe times of the parent ions for the observed metastable

peaks are shorter than lo s.

The parent ions with masses greather than 64 amu were

observed using quadrupole mass spectrometer provided with

collision chamber heatable up to 1000 K. This gave the op-

portunity to observe influence of the temperature on their

intensity* It is characteristic that all of these ions

showed very similar temperature dependence. Prom this con-
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elusion could be drawn that, either a dimer formation path
is predominant, or through the higher thermal energy the
products of ion-molecule reactions are faster dissociated.
So, the temperature dependence did not remove the ambigui-
ty about the origin of negative ion clusters.

Figure 2 shows the pressure dependance of the metasta-

ble peaks originating from the parent ions with a mass grea-

ther than 64 amu. For the peaks originating from dissocia-
p

tion of the mass 80 amu, p dependence has been measured.
For this mass number there are two possible formulae: S^O

and SO," the latter being more probable. The ion-molecule

reaction

S02 + 0"—*• SO, 4.
2

agrees with observed p dependence.

Two negative ions are possible with mass number 96 amu:

S2O2~ and SO ~. To the contrary, only one formula,
 s

2°3~

correspondes to the mass number 112. The p^ dependence for

both ions 96 and 112 does not clear the multiplicity of

possible formation processes.

The decay of the ion 128~ exibits p* dependence for the

corresponding metastable peaks. For this parent ion the

most probable formula is (SO2)2~ originating from

S02~ + S02 + S 0 2 - ^ (
so

2)2~
 + S02 5*

Although the pressure dependence of the metastable peak

intensities shed some more light on the negative ion proces

ses in S02, it does not resolve totaly ambiguity of the pa-

rent ions origin, so that the electron energy dependance

for the ions with enough intenzity has been measured and

comparison has been made with corresponding curves for 0~

and SO ions. For the mass 80 electron energy dependence

supports reaction 4. The energy dependence of the peak ori-

ginating from mass 96 is hard to corelate to single path*
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For the masses 112 and 128 electron energy dependence
clearly shows that in formation of these ions S0~ has a
predominant role.

About the decomposition processes of the metastable

ions, with the present experimental set up, it is hard to

say which of the two processes dominates: unimolecular de-

composition or collision induced decomposition. For that

purpose a considerable changes in existing apparata are

needed.
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UNIMOLECULAR AND COLLISION INDUCED DISSOCIATION OF Ar, NQ AND

CLUSTER IONS

K. Stephan and T.D. Mark

Abt. f. Kernphysik und Gaselektronik, Institut für Experimentalphysik,
Leopold Franzens Universität, A 6020 Innsbruck, Austria

ABSTRACT

The inflight decomposition (unimolecular and collision induced dis-

sociation) of (Arx N2 ) cluster ions was studied quantitatively using a

double focussing mass-spectrometer (reversed geomet/y). The metastable

ionic states are produced by single impact of 70 eV electrons on neutral

Van der Waals molecules formed in a supersonic expansion of a Ar-N~ mix-

ture seeded with helium. In addition, this contribution gives a first

report on the dependence of metastable dissociation rates of cluster

ions on the stagnation gas temperature prior to expansion.

1. INTRODUCTION

fhe properties of gas phase clusters are currently investigated by

a variety of methods elucidating formation mechanisms, stability, critical

energies and structure of ionic as well as neutral atomic and molecular

clusters. Supersonic expansion is generally used to form beams of

vibrationally and rotationally cooled Van der Waals molecules which

are often probed by electron impact ionization, photoionization or

Penning ionization in combination with mass spectrometry /1,2/. A

problem of particular current interest concerning these experimental

techniques for the detection of clusters is fragmentation occuring

either in the ionization process or after ion formation by decomposition

of ionic species in the analyzing system.

Thus we have investigated quantitatively (measurement of fragment to

parent ion ratio and/or decomposition rate) the following dissociation

processes (both, metastable and collision induced transitions):



- 49 -

ArNj

Ar2N2
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- Ar+

-y N«

* "4*

•* A r N 2
+

->• A r N 2
+

- Ar+

?. EXPERIMENTAL

The experimental setup used has been described previously /3,4/. A
gas mixture of typically 300 Torr Np, 150 Torr Ar and 1100 Torr He is
expanded through a 10 um nozzle forming a molecular beam which
contains Van der Waals molecules of various Ar-N2 combinations. The
stagnation chamber can be cooled ( 77 K < Tg. < T r Q o m) and is
maintained at a constant temperature during the measurements. An
electron beam of 70 eV crosses the neutral cluster beam at right
angles forming ions which are analyzed in a modified commercial
double focussing mass spectrometer (sector type, reversed geometry).
By decoupling the magnetic and electric sector field, the momentum
and energy of the product ion is selected, which allows a direct
analysis of specific decompositions channels (see above).

The time window (after formation of the parent ion) accessible
in our experiment is determined by the acceleration field, the
dimensions of the apparatus and the mass of the respective parent
ion. This observation time window lies in the us range, assuming an
exponential extraction field in our ion source and linear fields
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along the subsequent acceleration path. The relabitity of the
apparatus and method was checked studying the metastable decay of
propane /3/ and NpO /5/. This study corroborated and extended
previous measurements /6,7,8/.

3. RESULTS AND DISCUSSION

In order to distinguish unimolecular decay and collision induced
dissociation in the present experiment we have studied the dependence
of the decomposition rate on the pressure in the decay region.
Fig. 1 shows an example of this dependence, i.e. for the dissociation
of Ar 3

+ -> Ar 2
+ and Ar 3

+ •* Ar+ at T <_ -168 C. It can be seen that both
the product ion intensity as well as the parent ion signal changes
with pressure. The reason for changes of the parent ion signal is
scattering of the neutral beam and breakup of cluster ions. In order
to account for this effect the ratio of Ar2

+/Ar3
+ and Ar+/Ar-+ is

plotted (solid lines). Extrapolation to zero pressure yields a finite

intercept which gives quantitative information on the existence of
+*metastable Ar, ions, while the slope is a measure for the cross

•J +

section of collision induced dissociation processes of Ar-, . Because
an Ar-Np gas mixture is used in the dissociation region it was not
meaningful to deduce quantitatively these cross sections. Similar results
were obtained for all processes given above and will be reported and dis-
cussed in detail at the Symposium.

Extending our studies on fragmentation of cluster ions we
started to investigate the dependence of the unimolecular decay
rate as a function of the stagnation gas temperature. Preliminary
(and exciting) results are shown in Fig. 2. Plotted is the ion
current ratio of Ar2

+/Ar3
+ as a function of the pressure in the

dissociation region. It was found that the rate of unimolecular
dissociation of Ar 3

+ (intercept values) changes drastically (several
orders of magnitude, compare with Fig.1) when the temperature is
varied between - 168 C < T . < - 74 C. We conclude from this
finding that the formation of metastable ionic states in Ar-clusters
(observable in the present time window, i.e. for Ar3 between 3.8 us
and 9.7 us after formation) strongly depends on the states of the
corresponding neutrals before ionization.
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Neutral clusters in the present set up are partially formed in the stagna-

tion chamber and/or by subsequent association reactions in the expanding

free jet. The growth is limited (1) if the clusters in the stagnation

chamber are bigger than allowed by thermodynamic equilibriums conditions and

(2) in the free jet it the clusters become vibrationally hot through

energy release in successive addition steps and are not cooled by collision

with a third body. Hence cluster size and state distribution is directly

related to stagnation and nozzle conditions. Castleman et al. 191 have

recently reported studies on homomolecular (H20) clusters relating

certain features of measured cluster size distributions to stagnation

conditions (gas pressure, gas mixture, and gas temperature /10/). The

present finding is an extension of these studies relating cluster ion

stability to stagnation gas temperature.
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COMPOSITION MEASUREMENTS OF STRATOSPHERIC IONS
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Abstract

Recent progress in the field of in-situ ion composition
measurements in the earth's atmosphere is reviewed with
particular emphasis on stratospheric measurements. During
recent years it became possible to measure the composition
of stratospheric positive and negative ions over an ex-
tended altitude range (15-42 km) using balloone-borne ion
mass spectrometers. It turned out that these measurements
provide important information not only on ions but also
on neutral trace gases and aerosols.

Introduction

Considerable progress has been made during recent years in ex-
ploring the nature of atmospheric ions in the stratospheric re-
gion. This became possible due to the advent of balloone-borne
ion mass spectrometers which turned out to allow for much more
detailed studies than the rocket borne instruments used in the
pioneering experiments of Arnold and colleagues1. Major experi-
mental improvements are: a) much lower limits for ion detection
due to much longer flight times and improved erogenic pumping
systems; b) less, dissociation of weakly bonded cluster ions due
to the absence of shock waves.

While tie first balloone-borne measurements2'3'"*'5'6' 7were re-
stricted to a rather limited height region from 34-36 km,it be-
came possible during the last two years8'9'1°to obtain ion compo-
sition measurements over an extended altitude range (15-42 km)
which covers almost the entire stratosphere. Furthermore, the
measurements were improved by a further lowering of the ion de-
tection limit (now 1 ion cm"3)xx>12and by extending the mass range
up to 1000 amu (atomic mass units).

Positive Ions

Two major positive ion families H +(H 2O) n and H (CH3CN)i (H20)m
were detected of which the former dominates above about 3 5 km,
whereas the latter becomes most prominent below this altitude
(Figure 1). Usually, the observed clusters containing 3-5 ligand
molecules are most prominent with a tendency of H+(CH3CN)]^ (H20)m
ions having somewhat less ligands than H+(H20)n. It has been
suggested2, that the H+(CH3CN)i(H20)m ions are formed from H

+(H 2O) n
ions by reactions involving the stratospheric trace gas acetoni-
trile (CH3CN) and that H

+(CH3CN)1(H2O)m ions with 1 > 1 are formed
by switching reactions involving CH3CN. This suggestion has attai-
ned strong support recently from laboratory measurements of kine-
tic1 3and thermodynamic datall+for the competitive solvation of the
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proton by H2O and CH3CN. It was found that the formation of
H+CHßCN cores from H30+-3

ß H30+-cores is fast and that H2O becomes the
preferred ligand after incorporation of two CH3CN molecules in-
to the complex. A striking feature is the outstanding stability
of H+(H20) •(CH3CN)3 which was interpreted in terms of internal
rearrangement giving rise to a H30+ core whose hydrogen atoms
share the positive charge and thus form strong bonds to polar

11

Building on this scheme the abundance of stratospheric C^CN-va-
pour can be inferred from the ion composition measurements assu-
ming that the H+(CH3CN)1(H2O)m ions are ultimately lost by ion-
ion recombination. The resulting CF^CN-volume mixing ratio (Fi-
gure 2) is roughly constant up to 25 km and slowly decreases
above this altitude. Very recently it was found that the volume
mixing ratio stays roughly constant down to about 15 km15. This
behaviour suggests that CH3CN originates from the troposphere
and becomes only slowly lost while it is diffusing upwards into
the stratosphere8.

This view was supported recently by laboratory studies which re-
vealed that CH3CN has a low photo absorption cross section16in
the relevant wavelength region and that its rate coefficient.
For reaction with OH is very small (<_ 5 1O~ll'cm3 s"1) 17. Thus,
it appears that in the stratosphere CH3CN is sufficiently long-
lived so that it can diffuse into the middle stratosphere without
undergoing substantial losses.

Additional support was obtained recently when CI^CN-vapour was de-
tected in air at ground level18. Interestingly, the search for
CH3CN-vapour in the troposphere was stimulated by the stratospheric
observations. The observed ground level CF^CN-mixing ratio is of
the order of 10~9, which is much larger than the value found above
the tropopause. This implies that there must exist an efficient
sink for Ct^CN-vapour in the troposphere. A possible candidate is
CH3CN-solvation in cloud droplets followed by rainout.

The sources of tropospheric CH3CN are presently not known. Possible
candidates are biomass burning , automobile exhaust and industrial
emissions (CH3CN is a widely used solvant).

The fact that H+(CH3CN),(H2O) ions dominate down to the tropopause
probably implies that trie concentration of amonia-vapour is less
than 3 106cm~3, which corresponds to a volume mixing ratio of about
10"12 around 15 km. This can be concluded as H (CH3CN)1(H2O) ions
react rapidly with NH 3

2°' 2 x. m

When compared with NH3~mixing ratios measured in the lower tropos-
phere (1O~l0-1O~8) the upper limit inferred from the ion composi-
tion around 15 km is much smaller. As for CH3CN this implies that
also for NH3 there must exist an efficient sink in the troposphere.

Besides the major positive ion species, various minor ions were
recently1zdetected. Although the ion identifications are not cer-
tain in many cases, the ions seem to be mixed clusters containing
foreign molecules, like CH3OH and HCN besides H2O (table 1).
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The failure to detect substantial fractions of ions containing
Na+ -cores probably implies that gaseous sodium compounc'3 which
originate from meteor ablation (around 80-100 km) and subsequent
photochemical processes become converted to aerosols before they
reach the middle stratosphere5. This can be concluded as sodium
compounds should rapidly react with H+(H20)n and probably also
H+(CH-jCN) i (H2O) m ions as originally suggested by Ferguson

2 2and
as found by laboratory studies.

It is interesting to note that even at 42 km,which is above the
stratospheric sulfuric acid aerosol layer ("Junge layer") no
substantial fractions of Na^-clusters were found2". Probably,
this implies that the Na-gas to particle convertion occurres
already above the "Junge layer"

Negative Ions

Two major negative ion families, NO3 (HNO3) a and HSO4(H2SOd)K

(HNO3) were found9'25(Figure 3) of which the former is most
prominent below about 27 km,whereas the latter dominates above
this altitude. The NO3<HNO3)a clusters mostly contain 2-3 ligand
molecules depending on altitude. By comparison the HSO^-clusters
contain mostly 3 H2SO4 ligands but clusters up to b = 5 were de-
tected recently26.

It has been suggested that the HSO^-cores are formed from NO3
cores by reactions involving I^SO^-vapour and that H2SO4 atta-
ches to these cores either by switching or by 3-body association.
This was supported by laboratory studies27, which showed that
the core ion reactions have large rate coefficients.

Sulfuric acid is formed in the stratosphere from sulfur bearing
gases (mostly OCS and CS2) 2 8, which originate from the ground
and diffuse upwards into the stratosphere. However, the conversion
processes are not well known. From the measured ion composition
the H2SO4-vapour abundance can be inferred and the resulting
values (Figure 4) are consistent with a practically complete
conversion28 of COS and CS? to H2SO4, which becomes incorporated
into aerosol solution droplets containing H2SO4 (about 75% by mass)
and H20 (about 25% by mass) . The steep increase of H^SO^vapour
above about 27 km is due to HUSO^-evaporation from the aerosol
associated with the increasing atmospheric gas temperature.

It is worth noting that H2S04-vapour was for the first time de-
tected in the stratosphere through ion composition measurements.

Recently,*2a variety of minor negative ion species was detected
(see Table 2), using more sensitive instruments. It appears that
these are mixed clusters Containing also other acid ligands and
also H20.

Among these HCN seems to be particularly interesting-as it influ-
ences also the positive ion chemistry. The concentration of HCN-
vapour around 34 km as inferred from the ion composition measure-
ments is of the order of 108cm~3, which corresponds to a volume
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_9
mixing ratio of the order of 10 . This value is consistent with
the column density recently obtained from infrared absorption
studies31. It may be noted that the infrared spectra were re-
analysed for HCN after the ion composition measurements had
suggested the presence of HCN in the stratosphere.

By increasing the mass range of negative ion mass spectrometers
it became possible recently26to detect heavy negative HSO4-CIUS-
ters around 30-35 km. These clusters contain large fractions of
H2O and significant fractions of HSO3 and possibly also of HNO3.
Thus it appears that the HSO3 radical which as yet has not been
detected in the stratosphere, is present and bonds strongly to
negative ion clusters.

It has been suggested2Gthat HSO3 may also lead to HSO^-cores by
reaction with NO-j-cores. Therefore, it is conceivable that the
concentrations given in Figure 4 are not only those for H2SO4
but those for H2SO4+HSO3.

Since HSO3 bonds strongly to the large HSO^-clusters it seems
likely that its heat of vaporization is large. As a consequence
it is conceivable that HSO3 undergoes nucleation as originally
hypothesized by Friend29. If this was the case stratospheric
aerosols may become formed by HSO3 rather than by H2SO4-nucle-
ation.

Since HSO3 w a s f o u n d t o be contained in HSO^-clusters it was
suggested that an "ion canalyzed" H2SO4-formation mechanism
involving OH-reaction may exist.

Finally, the possibility of ion induced aerosol formation will
be discussed. It was suggested3"that polyions may be formed by
coagulation of large positive and negative cluster ions. Accor-
ding to the recent in-situ ion-composition measurements26it
appears that the negative ion clusters around 3O-35 km become
just sufficiently large to form polyions by mutual recombination
with the dominant positive ion clusters.

If it indeed existed, this mechanism for aerosol formation would
be particularly attractive as it would represent the only in-
situ formation mechanism for condensation nuclei.

In conclusion it can be stated that recent work has shown that
in-situ ion composition measurements in the stratosphere can be
used as a powerful toool for probing neutral trace gases and aero-
sols.
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Figure Captions

Figure 1: Total fractional abundance of non proton hydrate ions
as measured by balloon-and rocket-borne ion mass spectro-
meters (after Henschen and Arnold9).

Figure 2: Volume mixing ratio for CH3CN as inferred from positive
ion composition measurements (after Henschen and Arnold8).

Figure 3: Fractional count rates for NO3- and HSoT-cores (after
Viggiano and Arnold2").

Figure 4: Sulfuric acid vapor concentration as inferred from
negative ion composition measurements (after Arnold
et al.3 2 ) .

Table Captions

Table 1: Mass numbers and tentative identifications for cores
of minor positive cluster ions measured at 34 km alti-
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tude. Proton affinities for non protonated species are
also given (after Henschen and Arnold11).

Table 2: Mass numbers, tentative identifications and fractional
count rates for neqative ions measured at 34 km (after
McCrumb and Arnold12).

Mass

23+1

27+1

32+1

•18H

f. 3» 1

74 + 1

Core ion

Na+

A l +

H+HCN

»+CH3O11

H+C1I3NH2

n+cn2o2

H+CH4S

H+C_H,0
Z b

H+CII3 I IO2

H+C II NS

Mas*

23

27

28

33

32

47

49

47

62

74

PA

-

178.9 %179

182

217

178

186

187

188

187

TABLE 1
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Fractional Ion
Mass Ion Count Rate (%)**

125 NO3«HNO3 1.8

160 HSO^'IINO3 6.5

188 NO~(HNO3)2 6.2

195 HSO^'H^SC^ 3.3

223 HSO~(HNO,), 0.9
4 3 ?

26 CN 0.10

43 CN~'H.,0 0.10

6 1 N0~, C0~ 0.18

79 NO^.H2O, CO~«H2O 0.09

97 ~ ~ ^HSO~, NO~-HC1, CO^'HCl 0.11

109 • NO3«HNO7 0.06

133 HSO^.HCl 0.06

142 NO~*HNO3-H2O 0.06

148 HSOT'HOCl 0.08

174 NO3'HNO3'HOC1 0.11

206 NO3(HNO3) ?'
li2° °* 2 0

211 HSO^'HNO3«HOC1 0.10

?15 HSO^.H?SO4*H2O 0.06

231 HGO~-H?SO4'HC1 0.06

240 N0~(HNO3)?-H^.l,

HSO4(HNO3)2*H2O 0.13

24S HSO4'H?SO4«HOCl 0.09

054 - 0.07

259 HSO~.H„)SO4*HNO3 0.17

266 - 0.06

273 HSO4 (PNO3)?-HOCl 0.06

Adjustrnont made for sulfuric acid clusters which are out of
mass rancje of instrument; see Viggiano and Arnold (ref.3 ),

TABLE 2
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SILICON NEGATIVE ION CHEMISTRY IN THE ATMOSPHERE -

IN SITU AND LABORATORY MEASUREMENTS

Viggiano, A.A. and Arnold, F., Max-Planck-Institut für Kernphysik,Heidelberg,
Germany;

Fahey, D.W., Fehsenfeid, F.C. and Ferguson, E.E., Aeronomy Laboratory, NOAA
Environmental Research Laboratories, Boulder, Colorado 80303, USA

Abstract The results of a rocket-borne mass spectrometer indicate
large concentrations of negative ions above the bottom of the atmo-
spheric atomic oxygen layer. A large majority of these ions has masses
greater than 100 amu. In addition, an ion at mass 76 was observed with
concentrations too large to be CO4. In order to explain these features,
a number of reactions involving silicon oxide negative ions has been
measured in a flowing afterglow system. The ion SiOß is produced by
reaction of O3 and CO3 with SiO. The SiOT ion is extremely stable and
does not react measurably with NO, NO2» CO, CO2, O3 or 0. Since me-
teroid ablation produces a large silicon input into the atmosphere,
it appears possible that the ions observed at mass 76 may be SiOß.
Possible production mechanisms for this ion as well as the heavy ions
are discussed.

Silicon is one of the most abundant constituents of the meteoroids
which ablate in the earth's atmosphere between 80 and 100 km. Recently,
Ferguson et al»' showed that silicon compounds will enter into the positive
ion chemistry of the upper mesosphere. Here, we would like to report recent
in-situ rocket measurements along with laboratory results that show that
silicon compounds may also be important in the negative ion chemistry of the
mesosphere.

The in-situ measurements were made with a rocket-borne quadrupole mass
spectrometer. The instrument is similar to ones used previously2, although
a few significant changes were made. The main changes were the use of
liquid neon rather than liquid helium as the cryofluid, an extended mass
range (420 amu) and the use of a double angle sampling cone. The first
change allowed for a much longer standing time of pump due to the higher heat
capacity of neon compared to helium and to help increase sensitivity at lower
heights where the gas load to the pump was large. The purpose of the double
angled cone was to attach the shock wave that forms in front of the instru-
ment when it travels at supersonic speeds. Attaching the shock wave has the
advantage of minimizing cluster ion break-up during sampling. Here, we re-
port on the negative ion spectra taken on the upleg portion of a flight of
this instrument (F48) launched on 21 March 1978 from Esrange in Sweden
(69°N, 05°W).

Figure 1 shows the negative ion densities as a function of altitude.
Mass identifications are +2 amu. Ion signals were converted to ion densities
using the electron densities of Friedrich and positive ion densities obtain-
ed from instruments flown on the same rocket. The major feature of the data
is the sharp drop in the negative ion density seen above 80 km, which coin-
cides with the ledge in atomic oxygen concentrations. No negative ions were
seen above 90 km.

The major ion below 80 km has a mass of 61+2 amu. This ion is most
likely COÖ . Above 80 km, the negative ion density not only decreases
sharply but the ion composition also changes abruptly. Light ions such as
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C0~ no longer dominate but rather the majority of ions has masses greater
than 100 amu. Accurate mass determination of these ions is impossible since
the scan rate increased 7-fold at mass 105 amu and the resolution decreased.

Now, we would like to turn our attention to these heavy ions along
with the ion_seen at mass 76. In the past, this latter ion has been inter-
preted as CO^. The production rate of C0£ in this region, however, is very
low. The rate of production of C07 is essentially equal to that of 07 since
Q4 will rapidly react with C0o to form COT. A simple calculation predicts
a COT concentration of -WxlO"^, over 3 orders of magnitude less than that
found at mass 76.

Some years ago, laboratory measurements showed^ that SiÔ j was produced
by the reaction,

0~ + SiO ->- Si0~ + 0. (1)

Since SiOÖ has mass 76 and silicon compounds should be abundant in the upper
mesosphere, it appears plausible that the ion observed at mass 76 is SiO^.

In order to add support to this hypothesis, further laboratory measure-
ments were performed. The measurements were made in a room temperature flow-
ing afterglow system. SiO was evolved from a resistively heated reservoir
placed on axis in the flow tube upstream of the electron gun. SiO^ was pro-
duced by reaction (1). All measurements were made at 0.4 torr in a helium
buffer.

The rate constants measured in this study are listed in Table 1. It
was found that Si0~ is also produced by the reaction of CO3 with SiO (re-
action (2)). Both reactions (1) and (2) were found to be fast but no rates
could be measured due to difficulties in measuring SiO concentrations.

Thus, it appears that there may be significant sources of SiO^ in the
atmosphere. The next crucial test is to see if SiOÖ will react with any
of the common trace neutrals expected in the 70-90 km region. The measure-
ments showed no detectable reaction with NO, NO2, CO, CO2, CI2, O3 or 0
(reactions 3-10). The most likely explanation for this is simply that 3
is so stable that reactions with these species are endothermic, implying
that D(SiO2-O") is greater than 108 kcal mole"

1 (4.7 eV).
Reaction of SiO^ with O3 does not occur which is atmospherically signi-

ficant and reaction of SiOT with atomic oxygen does not occur which is very
significant. Normal atmospheric negative ion chemistry is cut off at high
altitudes by the rapid loss of the ions 0~, 00, COÖ, and CO4 by reaction
with atomic oxygen. This leaves recombination as the major loss process for
SiOÖ in the atmosphere.

Simple steady state calculations show that the reaction of CO3 with SiO
could explain the observed concentrations of mass 76 at heights lower than
80 km. However, the same explanation falls over an order of magnitude short
at altitudes above this height.

In addition to the 76" ions observed there, an even larger concentra-
tion (10-50 cm"3) of negative ions heavier than 100 amu were found in this
height region. Such concentrations of negative ions above the atomic oxygen
ledge are not understandable by conventional atmospheric negative ion re-
action schemes.

It appears that one is forced to a new scheme for negative ion produc-
tion in this altitude range. We postulate that this production might arise
directly by electron attachment to small aggregations of molecules composed
of meteroid ablation debris. The layer of negative ions observed in F48
between ^80 and 90 km, i.e. above the atomic oxygen ledge, coincides rather
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well with the production altitude profile for "smoke" particles produced by
aggregation of ablated meteoroid debris^.

The scheme we propose is the following. Assume that the "smoke" part-
icles consist of SiC>2, MgO, FeO, and other oxides of meteorite elements.
Reactions of the type

(Si02)m(Mg0)n(Fe0)o... + * S1O3 (Si02)m_2(Mg0)n(Fe0)o...+ SiO (15)

as well as similar reactions will be exothermic. Such dissociative-attach-
ment processes are often very efficient and rate constants of 10 em's"'
are not uncommon. This type of process can then lead to the broad distri-
bution of heavy negative ions observed. S1O3 might be a direct reaction
product or it might be a fragmentation product from larger cluster ions which
are broken up during sampling.

Estimates show that for such a process to be important only out of
every 1000 collisions of electrons with smoke particles must produce an
SiO3 ion. From another viewpoint it is estimated that an electron attachment
rate of only 10~°cm s"' is required. It is impossible to say whether these
values are reasonable but they are at least promising in that they do not
require an efficiency approaching one.

The ultimate test of the speculation that SiOß ions can exist in the
upper D-region of the ionosphere will probably be high resolution, high sensi-
tivity mass spectrometer flights so that the Si isotopes of mass 29 (4.5%)
and 30(3%) are detectable as satellite peaks. Since the observation of such
high altitude ledges of negative ions are rare., F48 being the most extreme
case so far reported, such a test may not be quickly forthcoming. The ex-
perimental technology to do the required resolution and sensitivity measure-
ments does now exist.
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Table 1': SiO- Reaction Rate Constants Measured at 300 K
J

REACTION

O~ + SiO •*

CO~ + SiO -

SiO~ + NO -

SiO~ + NO2

SiO~ + NO2

SiO~ + 0

*• SiO~ + CO

*• products

•*• products

+ He -»• SiO^#NO2 + He

SiO~ + CO •*• products

SiO~ + CO2

SiO~ + Cl2

-*• products

•*• products

SiO~ + 0- -*• products

SiO~ + 0 •+ products

i / 3 - 1 .
k(cm s )

fast, observed

fast, observed

< K-12)

< K-ll)

6(-28) cm6 s"1

< K-12)

< K-12)

< K-12)

slow, not detected

< K-ll)

(i)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)



- 69 -

90 -

85 -

LU
O

£ 80 h

75 -

1 
1 

1 
1 

1

— I

-

_ F-48
_ 69° N,

mi

1
V

05° W

_ 21 MARCH

_ «16
A 32

o61

A
a
m

...I

1 1 1 1

I

1978

76
79
97 ,
>100
total
positive

•

. i . . . . . .1

i i i

W

\

i

1 ""1

\

/ /

j *

' \

\

1 '

/ —

/

\ . / :

f
i 

i 
1 

i 
i

i i i i 11nl

10° 101 102 103

NUMBER DENSITY (cm"3)

10*

0.

5

Figure 1: Measured negative ion density vs. altitude



- 7o -

(e,2e) EXPERIMENTS ON He AT INTERMEDIATE ENERGY (400-1600 eV)
11 +

R. Camilloni1, R. Fantoni , A. Giardini-Guidoni, M. Rosi , G. Stefani ',
and A. Zecca

Comitato Nazionale Energia Nucleare, Lab.Spettroscopia Molecolare, C.P. 65,
00044 Frascati (Rome), Italy

ABSTRACT

In this paper information on ionization theories obtainable in dypole
and binary (e,2e) experiments is discussed. Some data taken in asymmetric
kinematics on He are presented.

It is now well established that (e,2e) experiments performed in sui-
tably chosen kinematic conditions allow to obtain information either on
the structure of the target or on the dynamics of the interaction /I,2/.
Kinematics of (e,2e) reaction is shown in Fig. 1 where the momenta of
all the involved electrons are defined together with the momentum trans-
ferred (K - K ).

O A

Energy and momentum conservation equations in an (e,2e) ionization
event are:

E - e, = E. + E_o A A B

K = K. + K_+ qo A B

where e, is the binding energy of the electron ejected from the target while
q is the ion recoil momentum.

Collision dynamics can be studied in different kinematic conditions
to test the validity of ionization theories in a number of typical situa-
tions, such as binary impulsive or dypole geometry.

In the binary (e,2e) reactions the energy and momenta of the involved
electrons are chosen to be high enough so that impulsive approximation can
be applied in describing the interaction and factorization of the cross sec-
tion is possible /3/. The expression of the five-fold differential cross
section, which has shown to be valid in impulsive conditions /3/, is:

d 0 - A^- y P (q) t. (l)
K

dß. dß_ dE. o
A B A
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where y is an attenuation factor, p (q) is the factor which carries struc-
ture information ca the target, while f^ is the antisynmetrized e-e Mott
scattering cross section calculated haif-off the energy shell either in
Born or in the t-matrix approximation /I,3/. In expression (1) q is equal
in magnitude and opposite to the ion recoil momentum is the momentum of
the initially bound electron. The range of validity of the impulse appro-
ximation has been extensively tested in case of noble gases /3,4/ and a-
tomic hydrogen /5/.

In the dypole (e,2e) the energies of the two final electrons are
chosen very_different being one rather close to the incident electron ener-
gy so that K. -K with a very small momentum transfer. The most probable
scattering angle°of the fast electron is very close to the direction of the
incident beam. Dypole (e,2e) have been extensively studied at energies not
exceeding 400 eV /6,7/. The different theoretical approaches used in des-
cribing the ionization were able only to predict the qualitative behaviour
of experiments. Better agreement was recently obtained by Byr<wi et al./S/
in a description including exact calculations of the second term in the
Born expansion.

Recently interest has grown in measuring the differential cross sec-
tion in kinematic conditions intermediate between binary and dypole li-
mits /9/. On the basis of the data it was hypotized that first Born appro-
ximation is good in describing the (e,2e) reaction when the "recoil peak"
becomes few percent of the "binary peak", i.e. at quite high momentum
transfer.

At variance with this hypothesis previous binary (e,2e) symmetric ex-
periments on He at 400 eV /3/ showed evidence of the inadequacy of first or-
der Born calculations in describing the interaction for,scattering angles
of the order of 35° i.e., momentum transfer about 3 a . This inadequacy
was confirmed by data on Ne /4/ and recent results in energy sharing /10/.

With the aim to extend our work on interaction mechanism to the inter-
mediate region we started to measure systematically the cross section in
asymmetric geometry on He in the energy region between 400 and 1600 eV. The
measurements done at 400 eV, for which the recoil peak is contributing only
few percent to the (e,2e) cross section /8,9/, (Fig. 2.a) already show large
disagreement with first order Born factorized calculations also when an
averaged eikonal potential is included in the calculations. This refinement
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of the first order Born approximation try to take into account the second
term of the Born expansion without exactly calculating it. In symmetrical
conditions reported here for comparison (Fig. 2.b) it was already shown
that the first Born approximation was failing in describing the interac-
tion. Only the eikonal approximation was able to reproduce the data except
for angles smaller than 35°.

Present results confirm the previous conclusions /3/ that the first
Born type of approximations cannot be used to describe the interaction me-
chanism; the averaged eikonal model is more adequate in symmetrical condi-
tions although it fails in asymmetric conditions. Therefore full calcula-
tions of the second term of the Born expansion couii be helpful in descri-
bing the (e,2e) cross section.
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fig.i

Fig. 1 - Kinematics of (e,2e) reaction in coplanar asymmetric geometry.
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v r » *
q (a.u.JI -1.5 , -1.0 ,

120»

Fig. 2 - (e,2e) cross section in arbitrary units measured on He at incident
energy E o = 424 eV, compared with first order Born calculations:
-.- v matrix, t matrix V = 0, t matrix V = 20 eV. All
theoretical curves are normalized to the maximum of experimental
data. In the abscissa the slower electron scattering angle 6 is
reported together with the q-reconstrueted in each case.

a) Asymmetric geometry E. = 350 eV, E = 50 eV, 9
A o

b) Symmetric geometry E = E ß = 200 eV, 6A = 8g.
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INTRODUCTION

Partial pressure analysis of gases and gas mixtures via mass
spectrometry is a common technique in vacuum and surface physics.
The evaluation of gas-analytic mass spectra has to be done by
spectrum deconvolution. This may be rather simple in case of
noninterfering spectra. In practice, however, the interferences
at several masses have to be considered quantitatively. There-
fore, the basic equation system

has to be solved for the unknown values of the partial pressure
pk H± signal at mass number i, Ie electron current, T^ trans-
mission, ek sensitivityf Q ^ cracking patterns). Such a de-
convolution is not simple anJ requires computer assistance, but
there is no reason not to attain a sufficient accuracy, if the
cracking patterns are known. Thera are, however, several reasons
for changes of the cracking patterns, making the practical accu-
racy of RGA oftenly very poor.

EXPERIMENTAL

In the following we give a short treatise of influences on the
measured cracking patterns, and their consequences on calculated
results:

1) Electron stimulated desorpt.ion (BSD) of ions fro« adsorba-
tes on the electrodes of the ion source. This process normally
causes a constant background signal on certain mass numbers,
but a change of the surface coverage gives an unknown variation
of the background during the measurement. This is illustrated
in fig. 1 for a measurement with varying CO pressure.

2) Variation of the effective punping speed. Due to reactions
of gases with the hot filament the gas composition in the system
may be altered. This is even valid for calibrations: For some
gases (e.g. CO2) the measured cracking pattern are different
from the theoretically expected values for the pure gas. In
many cases these "measured cracking pattern* of such an in situ
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calibration can be used for calculation of results. But this
way is not always sufficient, especially if there is a selective
pumping for fragments (e.g. due to adsorption on the wall).
This effect is demonstrated in fig. 2 by measuring the cracking
patterns during pure C02 admittance, while varying the pumping
speed of the vacuum system.

3} Kinetic energies of fragment ions. Decomposition products
of larger molecules cracked in the ionization process may get
a kinetic energy of up to several eV (as part of the inter-
molecular energy). As a consequence, the transmission of the
analyzer for fragment ions may be different from that of the
ionized (unfragmented) molecule. This is shown in fig. 3 for
a quadtupole mass analyzer. Shown are cracking patterns for
several gases by varying the field-axis potential V3. Note that
in case of CO the increase of: MZ13 may partly be caused by
surface ions (ESD).

CONCLUSION & ACKMOlfLBOGEHRNTS

Even with the ion-source parameters kept constant we could
demonstrate that the cracking patterns of some gasrs may change
more than tolerable. Consequently, a defolding of mass spectra
from mixtures of gases interfering at same mass numbers (like
CO, CO2, CHif) could be rather difficult and special care has
to be taken in the evaluation of results.

This research was supported by the "Fonds zur Foerderung der
wissenschaftlichen Forschung", Austria (Project no. 4144).

pressure (mbar)

Fig. l : Cracking patterns (MZ16/MZ28) for CO during variation
of pressure P. Upper curve: decreasing pressure; lower curve:
increasing pressure.
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PHOTODETACHMENT OF ELECTRONS FROM NEGATIVE IONS

J. R. Peterson
SRI International, Menlo Park, CA 94025, USA

The general characteristics of photodetachment

will be reviewed, and examples that illustrate

various details of this process that is related

to electron scattering will be given. Some

recent developments will be discussed in detail.

The first direct photodetachment measurements were carried out by
1—3

Branscomh and co-workers in the mid-19501 s to help understand the

release of free electrons from 0~ in the earth's ionosphere, and to explain

an anomolous absorption continuum in the solar spectrum attributed to H~.

These were painstaking experiments using tungsten lamps and optical filters

to yield wavelength-variable light focused on an ion beam. The development

of lasers made such experiments much easier and more precise, yielding a

great deal of information on electron affinities of neutrals and structural

properties of negative ions, as well as details of threshold laws and

electron scattering resonances. Radiative attachment, the inverse of

photodetachment, is the low pressure mechanism for negative ion formation

in atomic gases, and is related by detailed balance.

For atoms, the cross section for detachment by a photon of energy

hv is given by o i/?

a = const • vlMPE ' (1)

where M̂  = <¥,|r|Y > is the electric dipole matrix element connecting the

initial bound state Y. with the final (free electron plus neutral atom)

continuum state ¥ , and E is the kinetic energy of the ejected electron.

Near threshold,
a « v(v-vor

+1// (2)

where Z is the lowest angular momentum of the electron allowed by electric

dipole selection rules, and hv is the threshold photon energy (electron

affinity of the neutral). This relationship has been used to fit threshold

data properly to obtain accurate values of electron affinities. If, for
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instance, the initial electron is in an s orbital (£=0) as in H (Is2), the
3/2lowest allowed final A is 1 (p-wave), and a « v(v-v ) , with a 3/2 power

dependence on (v-v ). On the other hand, 0~(2p ) can yield outgoing s or d

° 1/2
waves; the s wave will dominate near v , and a « v(v-v ) with an

infinite slope at v . Several studies have found that (2) is valid only a

few x 10 eV above threshold.

The cross section reaches a maximum when the energy of the outgoing

electron is not much higher than the electron affinity of the negative ion,

apparently a result of a maximum in K_, and then falls off monotonically

toward zero at high energies. This may be seen for H in Fig. 1. However,

when hv is high enough to approach an excited final state, strong structure

may occur. Sharp increases occur in the 0~ cross section at the onset of

the S and D final states of 0 due to the opening of a new channel.

However, in H~, strong Feshbach and shape resonances have been observed on

each side of the 2p and 3p thresholds. Such resonances were first seen in

electron scattering from atoms, but the much greater energy resolution

:hievable in photodetachment renders it a powerful tool for testing

theoretical calculations in detail.

Detachment from molecular ions is modified from Sq. (1) by the summed

Franck-Condon factors, thus the threshold behavior is generally much

smoother than for atoms.

In our lab we have recently begun a study of metastable negative

ions. The first and foremost is He", which is a Is2s2p( P°) state lying

76 meV below He(ls2s3S), or 19.74 eV above He ^ S ) , and it is spin-

stabilized against rapid autodetachment. Beams of He" can be formed from

He+ by capturing two successive electrons in an alkali vapor target. Our

first exploratory work used five different lasers spanning

hv = 0.115-4.03 eV. The results are shown in Fig. 2. Compton, Alton, and
o

Pegg also made measurements using a different detection and normalization

technique. All these results are shown in Fig. 3 along with some recent
n

theoretical results by Hazi and Reed. We had concluded from our limited
2

y data that the cross section must rise to perhaps 1A in passing through the
i O

He(2 P) threshold, but Hazi and Reed found a sharp peak that rockets to an
2

astronomical 24 A due to a shape resonance connected with the first
Is2p2p *Pe excited state of He". This structure is currently under
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investigation. Our four CO, laser data have significance when expanded as

in the inset of Fig. 3, showing a slope in good agreement with the minimum

between the theoretical s and d wave maxima (not shown in Figure. 4).
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FIGURE 1. Fhotodetachnent cross sections for H . The data are relative cross sections
of Smith and Burch. The solid and dashed curves in (b) are from various theoretical
calculations plotted against photon wavelength.
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cross section at 1.23 eV is 240 on the scale
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Excitation and Polarization of Projectiles in Ion-Beam

Surface Interaction at Grazing Incidence

H.J. Andrä

Inst. f. Kernphysik, Univ. Münster, 44 Münster, Germany F.R.

Abstract

After an introduction to the consequences of the fundamental

principles of symmetry involved in the interaction of ions

with atoms, tilted foils and surfaces a summary on the presently

known experimental observations from ion-beam surface interaction

at grazing incidence (IBSIGI) will be given together with models

for their description - when available. As experimental evidence

develops for the possibility to distinguish between the formation

of the excited states and the post-formation interaction, rele-

vant results will be discussed in terms of a post-formation in-

teraction model. The dependence of the excitation and polariza-

tion on the surface material and structure (single crystals) will

also be analyzed with this model. Further information on the in-

teraction is being derived from applications of IBSIGI for the

production of nuclear spin polarized ion beams.
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TOWARDS A UNIFIED MODEL FOR THE FORMATION OF SPUTTERED

EXCITED STATES

Roger Kelly

IBM Thomas J. Watson Research Center> Yorktown Heights, NY 10598

The statistical model for the formation of sputtered
excited states is most convincingly tested by comparing
experiment with theory for an ensemble of yields such as
Sil, Sill, and Silll, where the internal energies span a
sufficiently wide interval. The electron-exchange model
was previously tested by Veje in work where group II metals
were bombarded in ultrahigh vacuum and the yields of
excited ions were found to be unusually high relative to
excited neutrals. It is argued that, with certain reserva-
tions, the two models may constitute limiting aspects of a
single model which are valid, respectively, when electron
exchange is forbidden or allowed.

i INTRODUCTION

Of the various models that have historically been proposed

to describe sputtered excited states, that involving thermal

equilibrium within the displacement cascade can be outrightly

rejected. So also, we have proposed recently [1], can all

other mechanisms, regardless of the details, which take place

within the cascade. The argument against formation within the

cascade relates to the difficulty of putting an atom which is

simultaneously very large (4-40 A) and moving rapidly inside a

close-packed medium.

In a variant of the standard thermal model, thermal equili-

brium can be postulated to take place beyond the surface [2].

A contrary argument again exists, though is less categorical

than in the preceding case: it is unlikely that thermal equili-

brium could be relevant when the species formed are characterized

by high kinetic energies [3,4].
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This leaves two models, both of which have explicit support-

ing evidence and neither of which is explicitly contradicted.

These are the statistical [1] and the electron-exchange models [5].

II. THE STATISTICAL MODEL

The statistical model [1] focuses attention on the final

near-binary collision involved in the act of sputtering a surface

atom. The collision is described as involving kinetic energies

distributed as

2UE(E + U)"3dE = 2UE~2dE,

where U is the surface binding energy and the factor 2U ensures

normalization to unity. Accompanying the collision is a random

inelastic energy transfer, AEe, given by

AE = KE,
e

where the constant K is most simply describable in terms of

Firsov's model [6]. Suppose that a given AEe lies between excited

states i + n and i + n + 1, where n is any integer. Then we

postulate that state i is populated in proportion to the degener-

acy ratio, R ± / i + n:

Ri,i+n * 9i
(9o + g± + g 2 + ••• + ^i+n)"

1 = 9i/Gi+n-

If e.^ is the energy of the i t n excited state and S T is the total

sputtering coefficient, one can finally write the following

expression for the yield ratio, S./ST:

S*/ST - 2giUKE^.G-
1(e-

1 - e"^) . (1)

The left part of Fig. 1 shows an attempt to fit experimental

yields for SiI to Eq. (1). The normalization was done empiric-

ally, though could (with little change in the fit) have been done

by using absolute yields [7]. The Si target was bombarded with 30

keV Ar+ in a background of 2x10 torr O . The agreement is rather
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good but the criticism can be raised that the comparison involves

two nearly vertical arrays of points. Such a comparison is often

unconvincing, as it hinges strongly on the correctness of the

norma1i za tion.

The remainder of Fig. 1 shows a more extensive ensemble of

yields involving not only Sil, but also Sill and Silll, there being

again a background pressure of O«. We now find a remarkable agree-

ment between experiment and theory for yields ranging over a

factor of about 10 and for excitation energies spanning the

interval 5 to 54 eV. This must be considered a very strong test

indeed of Eq. (1).

A similar test has been made with Al by considering an

ensemble of yields for All, A1II, and A1III, there being as

always a background pressure of O2- In addition, of the 34 indi-

vidual absolute yields reported by Tsong and Yusuf [7], which

apply to an oxide glass, we have tried to calculate 14 and suc-

ceeded in coming to within a factor of three with 12 [1].

III. THE ELECTRON-EXCHANGE MODEL

The electron-exchange model of Veje [5] draws a parallel

between beam-foil events [8] and sputtering. For example, Mgl

is postulated to form as a result of Mg+ being sputtered and

picking up an electron as it moves away from the surface. Like-

2+
wise, Mgll forms by electron pickup on the part of Mg . This

postulate originated from experiments in which metallic Be, Mg,

Zn, and Cd were bombarded with 50 keV Ar in a vacuum of 10

torr. It will be noted that, in contrast to the experiments

discussed in Section II, Veje's system was oxygen-free and in

principle permitted electron-exchange processes.
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The results are typified by what was observed for Mg:

State Energy (eV) Relative yield

Mgl 3s3p 1 P ° 4.35 0.061

Mgll 3p 2P° 12.06 1

Mgll 3d 2D 16.50 0.25

There is thus a thermodynamically unusual situation in which

species with higher internal energies (the excited ions) are an

order of magnitude more abundant than those with lower internal

energies (the excited neutrals), By considering an electron

potential-energy diagram as in Fig. 2A, Veje was led to attribute

the inverted populations to electron pickup which was possible

only with the doubly charged ions.

A possible problem is that alternative potential-energy dia-

grams can be drawn which do not lead to inverted populations, for

example Fig. 2B. This situation exists with Mg and Cd and we

would suggest that the sense of the postulated electron exchange

may have been wrong. Thus, the exchange may have been from the

sputtered atom to the conduction band of the solid, this being

possible only for excited neutrals and, a detail which we regard

as of great importance, not being sensitive to the details of the

potential-energy diagrams. From this point of view, the act of

excitation remains undefined, though a reasonable postulate is

that the statistical model is still valid.

IV. CONCLUSIONS

Bombardment of oxidized surfaces

(a) A particle is dislodged from the surface with kinetic energy

E and therefore receives an inelastic energy transfer AE s KE.

The inelastic energy appears as excitation according to Eq. (1).
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(b) The excitation is not lost because of the impossibility of

electron exchange with a surface which consists mainly of an

energy gap and a filled valence band (Fig. 2C) . Exchange with the

conduction band should be unimportant since this band tends to be

narrow with insulators, about 1 eV [e.g. 10].

Bombardment in the absence of oxygen

(a) A dislodged particle receives an inelastic energy transfer

which appears as excitation according to Eq. (1).

(b) The excited neutrals tend to lose their excited electron to

the conduction band of the solid, but most excited ions are unable

to do so. The details of the potential-energy diagrams are not

important and inverted populations can be expected with particular

systems.
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ION NEUTRALIZATION AT SURFACES
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Abstract: Some problems of the interaction of slow singly and
multiply charged ions with surfaces are described; in particular
the neutralization processes which happen a few Angstroms in front
of the surface are studied. The stepwise neutralization in a
sequence of Auger-de-excitation and Auger-neutralization processes
for doubly charged neon ions is demonstrated in detail..

There is much interest in the interaction processes between low-energy ions
and solids, because of the possibility to use them in surface analytical
techniques such as Ion Neutralization Spectroscopy (INS) and Ion Scattering
Spectroscopy (ISS) /1,2/.' Usually, noble gas ions are used which are un-
likely to stick to and contaminate the surface being studied.

For INS the kinetic energy of the ions is in the range of ten eV and the
beam is neutralized completely by one or more Auger processes (Auger
Neutralization AN, and Augerdeexcitation AD) /3/. Only inelastic processes
play a role and the potential energy of the incoming ion is converted into
kinetic energy of electrons out of the valence band of the surface. The
emitted electrons are measured and the energy distribution gives information
about electronic state of the uppermost surface layer. Therefore,normally
He+ ions are used which have a sufficiently high potential energy to probe
the energy band of metals and semiconductors.

For INS the neutralization of the ions and the resulting electron emission
is the part of the ion solid interaction one is interested in, whereas
scattering of ions may be a disturbing effect. Therefore only ion beams
with normal incidence and with a kinetic energy as low as possible are used.

The energy range for ISS lies between 0.1 and 10 keV and is confined by the
consideration that at much lower energy detection becomes difficult and
inelastic processes become dominant and at much higher energies the ions
probe substantially more than the surface layer.

s In typical ISS experiments a monoenergetic beam of He
+.ions is scattered

from a solid surface and the outgoing ion yield is measured as a function
of energy at fixed scattering angles. Assuming a classical two body colli-
sion, the ratio of the final to the incident energy at fixed scattering
angle gives a direct measure of the mass of the target atom. For quanti-
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tative analysis, the intensity of the scattering peak is of interest which
is determined by the elastic differential scattering cross section and the
neutralization probability. Therefore, the neutralization which is a distur-
bing effect, for ISS, is of great interest; not only the process itself,
but the fraction of the neutralization which is essentially a question of
interaction time, distance and interaction potential.

If a slow ion is neutralized at a surface, there are two classes of possible
electronic transitions, i.e., resonant tunneling from a band of the solid
into the ion (Resonance Neutralization RN) and Auger type processes invol-
ving two electrons /3/. In contrast to the resonance neutralization process,
Auger-type processes can result in electron-emission, if the potential
energy delivered to the solid by the impinging particles is sufficiently
high..

Although resonance and Auger-processes are roughly equally fast, the reso-
nance tunneling takes place before the Auger process. This results from
the fact that the tunneling process occurs principally high-in the energy
band near the Fermi-level, and appreciable wave function overlap occurs
first for these processes. The Auger process becomes more probable nearer
the surface.

The mechanisms leading to neutralization of slow singly charged noble gas
ions are well understood due to the extended work of H.D. Hagstrum.

Except of Ne+, all other singly charged noble gas ions are neutralized by
Auger-neutralization directly into the ground state of the respective atom.
For Ne+, to some extent resonance neutralization takes place as a precurser
for the following Auger deexcitation process /3/. Fig.l shows the measured
electron distributions emitted by singly charged noble gas ions without any
admixture of metastable particles, impinging on a clean tungsten surface
with a kinetic energy of 10 eV.

For metastable He*1" ions, Hagstrum /4/ has shown that not the expected
Auger deexcitation takes place, but a resonance neutralization into a
doubly excited atom state with subsequent autoionization. There is no evi-
dence for such processes in the case of Ar"™, Kr+ro and Xe"™ /5/. The mea-
sured electron energy distributions lead to the conclusion that the first
neutralization step is an Auger-deexcitation into the ground state of the
ions.

For multiply charged ions, we have shown /6/ that the neutralization takes
place in several steps, even for the neutralization of X+2 to X+. Specially,
the neutralization of Ne+2 could be explained with the help of the mea-
sured electron energy distributions and theoretical prediction by Arifov et
al. IV'. They showed that the probability of Auger-neutralization of highly
charged ions falls rapidly with the depth of the level to which the electron
is transferred. Therefore, AN for multiply charged ions with relatively
high neutralization energy direct into the ground state becomes very un-
likely.

+?In Fig.2 the energy distribution of the emitted electrons induced by Ne
ions impinging on a tungsten surface, together with the potential scheme
of the system is shown. From this and the calculations of Arifov et al.
we assume the first neutralization step to be either RN (I) followed by
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AD(I) or AN(I) into excited singly charged ion states (process I) followed
by AD (II) of this excited ion into the ion ground state (process II). The
electrons ejected due to the process I may reach a kinetic energy of 5 eV
at most(Ei) and are responsible for the pronounced peak around 3 eV. The
magnitude of this peak (I) as compared with the high energy part III in the
energy distribution proves that AN (III) or AD (III) directly into the
Ne + ground state are less probable.

Of great interest is process II, because it is the one-electron like process,
namely AD (II) which involves about 27 eV energy and leads to electron
ejection in an energy range well separated from all other observed peaks
(see part II in Fig.2). Therefore, part II should contain direct information
on the electronic density of states-distribution of the uppermost neutral
surface. Further evidence for this interesting behaviour is expected from
potential emission studies with single crystal targets.
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Abstract: A method is presented to determine metastable fractions
of singly charged ion beams from the measured secondary electron
energy distribution following slow ion impact on a clean metal sur-
face. The method is also capable to work with slightly contaminated
surfacest which is of interest for practical applications.

Introduction

Dependent on the method of their production, ion beams may contain a non -

negligible admixture of metastable species. Unless the fraction of meta-

stable ions is known, it will cause considerable experimental uncertainties

to otherwise well defined collision processes. Various methods are known to

demonstrate the presence of metastable particles in ion beams, but the quan-

titative determination of their fractions has been achieved only in a few

special cases.

The process of potential emission of electrons from a solid surface bombarded

by slow ions was utilized by Hagstrum (1956,1960) to demonstrate metastable

fractions in beams of singly charged noble-gas ions by means of the higher

electron yield for metastable ions as compared with the yield for the re-

spective ground-state ions.

From the electron yield Y .-.- as measured for ion beams with unknown meta-
err

stable admixtures the metastable fraction f. can be deduced (only one meta-
1 ,m

stable species assumed) :
flrm - (\ff - V™!,. ' V

In the context of this work, by metastable ions we widerstand excited
long-lived ions with dipole-forbidden deexcitation and excitation
energies comparable to the ionization energy.
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In (1), y denotes the electron yield for metastable-free singly charged ion

beams and y. that for pure metastable ion beams, y. cannot be obtained
l,m * 'l,m

experimentally because the production of ion beams containing exclusively

excited states is generally not possible. Therefore Hagstrum (1956) has used

the electron yield of doubly charged ground-state ions of the same species

(Yr*) as an approximation for y. to obtain a lower limit for metastable ion

beam fractions. More accurate values for y. could be derived from a semi -
1 l,m

empirical relation between potential emission yield and metastable ion ex-

citation energy (cf. Varga and Winter 1978, Varga et al. 1981).

In this paper a method is presented for extracting f • values from the
1 / If)

measured secondary electron energy distribution produced in slow ion impact

on a clean surface. The method is also capable to work with slightly con-

taminated surfaces, which is of interest for practical applications.
Experiment

—8
The measurements were carried out in an UHV chamber at ca. 10 Pa background

pressure. After mass- and charge-state analysis the ions were decelerated to

energies E of ca. 15 eV and focused on a polycrystalline tungsten ribbon

which could be cleaned by flash desorption and glow discharge sputtering.

Typical ion currents were of the order of 1 nA. Electrons emitted from the

target were collected on a hemispherical electrode surrounding the target.

Electron energy distributions were measured by means of retarding grids.

A detailed description of the apparatus and experimental procedures has been

given by Varga 1978. The experiment was controlled with a LSI 11/23 mini-

computer.

Data evaluation

A typical measured electron energy distribution is shown in fig. 1. According

to the theory of potential emission (Hagstrum 1954) emitted electrons can

only assume energies up to a certain E (depending on both ion species and
IRctX

work function of target surface). In the case of singly charged noble gas

ions the respective value E ' for metastable ions will always be larger than
E for ground state ions. Therefore electrons with kinetic energies exceed-msLx *
ing E will be caused exclusively by metastable ions, thus delivering di-

lUoX
rect information on the metastable ion fraction. In fig. 1 for impact of

Ar on a polycrystalline tungsten surface the theoretical values for E and
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E ' are shown without correcting for slight level shifts. Moreover, a cer-

tain empirically found value E (chosen slightly above the experimentally

found value for E ) is indicated .

For the further discussion we change egu. (1) in the following way:

1 ,m err l l,m 1 err i,m

with c = y Jy,

Furthermore, y ff/y. is expressed by y ff/yh using the relation:

E E
rmax rmax
\K, (E)dE = CL'f, • IK. (E)dE =J l , m l , m J l , m

— *• * I*«-- I « ***** \* -M. . I"'« I*'/ **** — ** I * / ̂  1

Eb

with: K (E) energy distribution for secondary electrons due to impact

of singly charged metastable ions,

Y • •• number of secondary electrons with energies greater than E per

impinging ion.

By a we define the experimentally found ratio of y to the number of elec-
l ,m

trons with energies greater than E per impinging metastable ion.

Combining (2) and (3$. we obtain:

c
f = (4)
l'm (c - i) + (*/<*)-yeff/yb

(X-values were determined by calibration measurements using a Nier-type ion

source which can provide well defined metastable ion beam fractions (cf.

Varga et al. 1981).

Relation (1) delivers correct results for a clean target surface only. The

yields y and y are decreased significantly even for little target con-
l l ,m

tamination (cf. Varga et al. 198O). For a certain example (ion beam with

fixed f. ) the influence of increasing residual gas contamination on appar-
l ,m

ent r. values as evaluated by means of egu. (4) is shown in fig. 2. The
i ,m

electron yield for ground state ions (y ) decreases faster with increasing

contamination than that for metastable ions (y. ) which results in er~
l,m

roneously increasing r. values.
l,m

The necessary correction is obtained in the following way:
In the case of little contamination the change in y., y and y respectively

i l, m JD
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äs assumed to be proportional to the contamination C:

' , i = 1; l,m; b (5)

For f values up to a few per cent we can approximate Ay,/Y, ^y Ay fJy ff

and with equ, (5) and T\ = k./k. we get:

Jte start with the measured values Y ' « a n d YZ and the (uncorrectedj f\ value
err b l,m

calculated by means of equ. (4) and apply the iteration procedure

\ t t := V " - fl,m> + Vl,m'fl,m cf'

Cf'

fl,m '•= * J , « < W V Cf'

until the difference of two successive f. values becomes negligibly small.
l tm

That is to say we seek values of y ff and y,which together with the measured

valv.äs y'ff and Ŷ  will satisfy equ. (1), (4) and (6).

An example for the quality of this correction procedure is given in fig. 2.

Results

Our technique for metastable ion detection does not permit state-selective

measurements. The singly charged noble gas ions of Ar, Kr and Xe each possess

several metastable states with similar excitation energies. Therefore, mean

metastable ion yields y, have been calculated (cf. Varga et al. 1981) and
i ,m

used for evaluation of respective f. values.
l,m

The method presented above has been used zc determine metastable fractions of

ion beams extracted from a Duoplasmatron ion source under various discharge

conditions (cf. fig. 3).

Contrary to widespread beliefs considerable metastable fractions have been

found. There is a clearly visible and qualitatively well understood depend-

ence of f on the various ion source parameters.

l,m
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fig. 1 : Energy dxstribution of secondary electrons emitted from a poly-

crystalline tungsten surface by potential emission due to impact

of slow singly charged Ar-ions (E = 15 eV) with and without

metastable ion fraction (f.
l

= 3.6 % ) .
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fig. 2 : Influence of surface contamination on observed t. values and3 l,m

results of correction procedure (x...uncorrected, 0...corrected,

cf. text).
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fig. 3 s Metastable fractions f, of ion beams extracted from a Duo-
1 ,m

plasmatron ion source for various discharge conditions

(U ...discharge voltage, I,...discharge current).
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Abstract

Ion-surface interactions in tne low energy range (around J ReV)
can be understood to some extent using simple models such as single
two-body collision processes or undisturbed electronic energy levels.
More detailed investigations show that multiple collisions, shadow-
ing and different neutralization processes for bulk and surface
scattering have to be considered. For a complete description of the
interaction a three dimensional treatment is necessary, including
trajectory dependent neutralization.

Introduction

Ions can interact with a solid surface through their kinetic and their
potential energy. For ions with a kinetic energy around one kilo electron
volt the collisional interaction occurs with the nuclear masses of the
surface atoms, potential energy can be exchanged with electrons in their
various energy states. For these ions the characteristic cross sections are
such that the interaction occurs mainly with atoms in the topmost layers of
the surface. Therefore the analysis of ions backscattered from a surface has
become a useful tool in surface research /I/. However, the increasing number
of application;: does not necessarily mean that all processes which are
important in the interaction are well understood. Basically the scattering
of an ion at the surface involves the time evolution of the simultaneous
interaction of the ion with several surface atoms and their electrons.

Various approaches have Been made in the past to give an approximate
description of this complicated process. The simplest assumptions are to
approximate the ion-surface collision either as the interaction of the ion
with a semi-infinite ideal solid or with an isolated single atom. It is
amazing how far one can get in describing the experimental findings by these
simple pictures. Also molecular excitations have been discussed in comparison
with ion-surface collisions /2/. Further steps are multiple collisions, i.e.
a series of two-body interactions, which is most frequently dealt with in
one-dimensional calculations. Eventually it turns out that a full three-
-dimensional trajectory with different contributions to the neutralization
has to be considered for a more generally valid description. The important
features of these various steps will be shortly developed in the following
attempt to give the present status of understanding of ion-surface inter-
actions.
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Ideal solid. The model of a semi-infinite ideal solid surface is used for
treating the neutralization probability Pfl of the ion during scattering. For
ion scattering spectroscopy the "survival probability" P = 1-PJJ is important.
The model was developed by Hagstrum /3/ on the basis of theories of second-
ary electron emission /4, 5/. Electron transitions take place between energy
levels of the ion (or atom) and the bands of the solid /6/. This can lead to
Auger neutralization or resonance neutralization (ionization) of the pro-
jectile in front of the surface. In this adiabatic picture the neutralization
rate R depends exponentially on the distance s from the surface, i.e.
R = Ae~as (1) and the neutralization probability is thus depending on the
time the ion spends within a certain distance from the surface, i.e. P
depends exponentially on the velocity component perpendicular to the surface,
P = e~£A/a» l/vA)(2). The ratio of the parameters A/a determines the
neutralization, it turns put that A/a is usually of the. order of 2 x JQ~?
cm/s.

Up to now theory is not developed to a »tage to yield absolute numbers
for P for a quantitative comparison with experiment. It is difficult to
give a detailed description of a real surface and shifts of the energy
levels (solid or atomic) close to the surface are usually not considered.
However, this model is fairly successful in describing the energy dependence
of ion yields /7, 8/ and also their angular dependence. Also the energy de-
pendence of the photon yield of excited backscattered atoms could be de-
scribed by this function /9/. Although the model was developed considering
the electronic band structure of the surface in total, it is also used in a
more local picture by applying it separately to different atomic species of
a compound surface /10/. This seems to be justified by the fact that there
is no strong "matrix effect" observed in ion scattering, i.e. individual
atoms (e.g. adsorbates) may have their specific neutralization effect on
directly scattered ions, but they don't change the surface neutralization
properties in total.

Naturally there are several limitations of this model which cannot be
used to explain all experimental observations, such as quasiresonant charge
exchange or bulk and surface neutralization. This will be addressed to in
the following sections.

Single Atom. It is interesting that a great deal of the ion-surface
scattering results can be explained b.y assuming that for one incoming ion
the surface acts, like an isolated sjljigle. atom. First of all, the energy
spectra show distinct peaks at energies wfiicfi correspond to a simple two-
-body collision, i.e. the relative ion energy after the collision, E/Eo, is
only a function of the scattering angle ^ and the ion to target atom mass
ratio Mj/M2: E/Eo = f(^3*, Mj/M2)(3). Moreover, the backscattered intensity
Ii can be described by an expression which contains the differential scatter-
ing cross-section do/dfi for a binary collision between ion and atom (density
Ki) Ii ̂  da/df2 . Pi • Ni (4).

These expressions (3) and (4) are the basis for the application of low
energy ion scattering to surface compositional analysis /ll/. However, it
was observed already fairly soon that this simple picture is limited, being
applicable mainly for light projectiles (He+, Ne +), and not too small angles
of incidence and scattering angles. Multiple scattering, geometrical shadow-
ing /12/, possibly together with neutralization screening /13/. have to be
taken into account in many cases.
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A "single atom" effect occurs not only in the scattering kinematics but
also in neutralization. This is the case for so-called quasi-resonant charge
exchange which was observed /14/ for the scattering of He+ (and Ne+) from
various metals which have energy levels close to the He Is ground state, such
as Pb (5d), In (4d), Ga (3d) etc. The resonance results in oscillations of
the ion yield as a function of primary ion energy. It could be shown /15/
that these oscillations are very similar for scattering of He+ from solid Fb
surfaces and free Pb atoms but characteristic differences in the oscillation
frequency indicate the influence of electronic screening due to neighbouring
atoms in the bulk.

Multiple Scattering. As can be expected, the single atom picture is not
sufficient in many cases and multiple scattering has to be considered /12/.
This means that for the collision process on the surface at least two atoms
haye to fc.a taken into account. Multiple scattering modifies the energies and
intensities of the backscattered ions, lc is mainly observed for higher mass
projectiles (Ne+, Ar+, ...) and grazing angles of incidence and take-off. In
the energy spectra additional peaks can be observed which are at positions
close to f2( / ) in equ. (3). Therefore "string" or "chain" models /16/
were used to describe this situation in a one-dimensional picture /]7, J8/.
But for multiple scattering a one-dimensional description is not sufficient
and also effects of thermal motion are important /19/. Therefore more complex
descriptions are necessary (see last section) and the full possibility of
this effect has not yet been exploited. It also turns out, that singly and
multiply scattered ions cannot be treated with the same mechanism concerning
their neutralization /20/.

Another aspect of multiple scattering is the shadowing or screening
effect. This means that a surface atom has a "shadow cone", i.e. a region
into which no projectiles can penetrate due to scattering into other areas.
Therefore regions of lower or higher primary ion flux can be distinguished
and this is reflected in the intensities of the energy spectra. This pheno-
menon has been used for analysing surface structures, e.g. positions of ad-
sorbed atoms on single crystals /21, 22/. However, it has to be pointed out,
that the shadowing effect cannot only be geometrical but also due to neutral-
ization effects /13/ (screening). This has to be kept in mind for surface
structure interpretation.

Three-dimensional Treatment. It i$ therefore not surprising that des.pite of
the apparent success of the simplifying models mentioned above, for a
complete understanding of the ion-surface interaction a three-dimensional
treatment is necessary. This became most obvious when He+ and Li+ scatter-
ing were compared in scattering from the clean Ni(llO) surface and the same
surface with a (2x1) oxygen overlayer /23, 24/. It was to be expected that
He and Li having quite different ionization potentials would behave quite
differently with respect to neutralization. It turned out that Li+ has indeed
a neutralization probability below 0.] compared to about 0.9 for He (for
600 eV primary energy) but its spectra exhibit a much higher contribution of
multiple scattering than He+. A detailed analysis including a Monte Carlo
computer simulation /25/ shows that the results can only be explained if
different neutralization mechanisms are assumed for He+ ions which are back-
scattered from the surface in mainly one collision ("single") and those which
bad undergone collisions with deeper layers or several surface atoms
("multiple"), their neutralization being at least an order of magnitude
higher. These differences in collisions are also reflected in the time
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distribution of various trajectories, in which singly and multiply scattered
ions are well separated /25/. The neutralization mechanisms could be Auger-
type for1single and Bulk-type /26/ for multiple collisions. A description of
bulk-type neutralization with an electron cloud accompanying the ion in the
solid yields a linear increase of the ionic charge fraction with energy /27/,
in agreement witl* experiments /26/.

A three-dimensional treatment does not only include the multiple
scattering kinematics but also neutralization processes of "singly" scattered
ions if adsorbate structures are investigated. This was done for oxygen on
Ni(100) /28, 29/ and on Ni(llO) /30/. It turns out that for these experiment-
al situations (primary energy 600 eV; grazing angles inward and outward)a
trajectory dependent neutralization of He+ has to be invoked in order to
explain the dependence of the scattered intensity on the azimuthal position of
the scattering plane relative to the crystal surface. With such models the ex-
perimental observations can b.e explained and under certain assumptions a
distinction between various structure model seems to be possible.

Conclusion. In certain experimental parameter ranges the interaction of
low-energy ions with surfaces can be explained by strongly simplified pic-
tures. In general^ however, a complete three-dimensional treatment is
necessary. The collision dynamics can be sufficiently well treated and satis-
fying interaction potentials seem to be available. The key problem in low-
-energy ion scattering is still neutralization. This includes consideration
of different neutralization mechanisms for surface and bulk scattering and
even directional trajectory dependence in the case of adsorbed atoms on
single crystals.
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The progress made in the title subject in the
last two years is reviewed. The main promise
which has been discussed at SASP'8O - that
the effect should be usable for a very surface-
sensitive type of EXAFS - has been realized
in one case. Improved understanding has been
reached of the basic underlying mechanisms
which shows that many-body effects can be of
importance. Besides their intrinsic interest,
these can lead to complications in the inter-
pretation of such data.

Two years ago, at SASP'80, a promising new method for surface

investigations has been discussed: Photon stimulated desorption.

Since then, experiments have been conducted by several groups

which show that the promises listed then /I/ can at least be

partly realized. As is often the case in science, more de-

tailed investigation has also shown that the situation is more

\ complex than originally anticipated. This makes life more diffi-

cult for straightforward applications, but also leads to

additional insight. A short review of these aspects, with re-

ferences to more detailed accounts, is given in the following.
/

Electronic excitations of adsorbate complexes on surfaces,

either by electron impact or photon absorption, can lead to

repulsive states of the complex and therefore to expulsion of
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ions and neutrals. Such processes are therefore termed electron

(or photon) stimulated desorption, ESD and PSD, respectively

/2, 3/. Apart from the primary agent (electrons or photons),

these processes are similar, and a common label "desorption

induced by electronic transitions" (acronym DIET) has been pro-

posed. While in some earlier Ccises it was not clear whether de-

sorption effects seen under photon irradiation were not due to

secondary or photoelectrons rather than to the photons themselves,

it is known that intrinsic photoeffects do exist /3/. The advan-

tage of PSD over ESD is that the energy dependence of photoex-

citations is more distinct than that of the corresponding electron

stimulated effects, because of the fact that there is one free

electron less in the final state of the former which can carry

away arbitrary amounts of energy in the latter and smear out

structure. This makes both the interpretation and the appli-

cation of PSD easier than those of ESD /3/.

The primary excitation of the surface complex can lead either

directly to a valence-excited state /4/, or - if sufficient

energy is available - a £ore hole of adsorbate or substrate can

first be ionized, and subsequent Auger decay of the core hole

will then lead to at least two holes in the valence region /5/.

The resulting singly, doubly, or multiply ionized valence state

can (but need not!) be repulsive and thus lead to desorption of

ions or neutrals. The overall desorption probability is strongly

influenced by the probability of transferring the excitation

away from the surface bond before desorption can occur. Such

processes are especially efficient for adsorbates on metal sur-

faces /4/, but "hole hopping" can also occur in other systems.

Of particular interest is the effect of hole-hole localization

i. e. the fact that two holes can appear to be bound together

if their Coulomb interaction exceeds the band width /6/.

The core-initiated ion desorption processes appeared to be of

particular interest in view of an application as surface-sensi-

tive EXAFS monitor. The simplest version of the model sketched

above - core ionization followed by Auger decay, followed by dis-
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integration of those resulting excited surface species whose ex-

citation energy is not transported away fast enough - suggest that

these steps are independent of each other /3/. This will be

the case if the time scales of these steps are sufficiently

separated which appears reasonable (e. g. core hole decay

is much faster than motion of nuclei in most cases). If

this is so, then no interference between the steps occurs,

and the overall yield of desorbing ions is the product of

the individual probabilities of the various steps. This

also means that the ion signal is proportional to the ioni-

zation cross section of the primary core excitation. In a

bonding environment, the latter's dependence on photon ener-

gy shows EXAFS (extendend X-ray absorption fine structure)

/!/, due to the scattering of the outgoing photoelectron

wave at surrounding centers. EXAFS is widely used for the

investigation of next neighbour spacings in systems where

this information cannot be obtained from diffraction. If

the PSD ion yield shows EXAFS above core threshold, it can

be used to extract spacings in adsorbate complexes /1,4,8/.

Indeed, it was possible to show that the PSD ion yield

follows the absorption cross section for the adsorption

system 0/ (Mo (100)) /9/, and to use this correspondence

for PSD-EXAFS and derive the Mo-Mo surface distance /10/.

Unfortunately, things are not that simple in all systems. In

other systems (CO, NO, 0 / Ni (100)) it has been shown that

a strong discrepancy between the core absorption cross section

(as measured by the Auger yield) and the PSD ion yield can

exist /11/. While various explanations for these interference

effects are possible (e. g. postcollision interactions, auto-

ionisation) the most likely explanation in these cases is that

this is due to the importance of additional excitations (shake-

up processes) coupled to the core ionization: while the total

probability of such processes is small, they seem to lead to

desorption with higher probability. This again may be connected

to hole-hole interactions and their influence on transfer of the

of the excitation energy away from the surface bond. Recent
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measurements /12,13/ and earlier /14/ and recent /15/ calcu-

lations suggest that two-hole one-particle states are also

most efficient for desorption via direct valence excitations.

Although these effects constitute complications for the straight-

forward application of PSD as a method for surface structure

determinations, they should lead to a better understanding of

the many-body processes involved in transfer of excitation

energy at surfaces. More details can be expected in the near

future.
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QUASI-CRYSTALLINE ORGANIC LAYERS STUDIED WITH PHOTO-EMISSION

AND META-EMISSION SPECTROSCOPIES
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An electropolymerized polyacr i loni t r i le layer (200 ran
thick) is studied by M.D.S. (He (23S) ) and UPS (Hel). We show that
this layer has both insulating and conducting properties. I ts
electronic properties and i t s dielectr ic behaviour changes appre-
ciably after i ts ret iculat ion and with the temperature.

During the last few years a lo t of work has been done for the under-

standing of the mechanical and electrical properties of polyacrylonitr i le

(PAN). Among al l other polymers PAN shows two features which are very

interesting for the study of mechanical and electrical properties of

polymers : f i r s t l y the presence of a n i t r i l e group with a strong dipole

moment and secondly the possibi l i ty of ret iculation of the chains which

leads to drastical chanaes of the structure and the electronic properties.

The samples examined here were prepared by an electropolymerisation

technique / I / .
o

The layer thickness may be chosen between 100 A and a few microns.

The reproducibility, homogeneity, chemical composition and molecular

structure of these layers have been checked by SEM, AES, SIMS and multi-

reflection infrared spectroscopy /I/.

With this type of sample it is possible to study the electronic pro-

perties of PAN layers and their variations due for example to heat
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treatments. The need for non-destructive spectroscopy led to the use of

M.D.S. (Metastable Deexcitation Spectroscopy) /2/, in conjunction with

low intensity UPS.

The experimental set up has been described elsewhere /2/. The source

emits simultaneously with about similar intensities metastable helium

atoms (23S : 19.8 eV) and photons (21.2 eV), This allows to record UPS

and MDS spectra at the same time with a pulsed beam /3/. The emitted

electrons are collected rectangularly to the target by an electrostatic

analyser. A weak electric field of 25 V/cm applied between target and

analyser entrance increases the signal intensity. The influence of this

electric field on the shape of the spectra is accounted for by a digital

electron optics programme /4/.

A PAN layer (20Ö nm thick) was studied before and after a 48 hours

heat treatment at 200°C in order to obtain a reticulated layer /I/. The

target is kept under ultra high vacuum (5.10"^ Pa) during the heat

treatments and measurements. So we can neglect influences of the residual

gas to the reticulation process.

Because the PAN layer in this study seems to be partly an insulator

(see below) we studied first its dielectric behaviour. The emission of

electrons leads to electric charges at the surface. The resulting electro-

static potential was determined by measuring the shift of the origin of

the spectra (En = 0 ; En : kinetic energy of the electrons) as a function

of the bombarding time. This was done by short recordings of spectra every

two minutes. Fig. 1 shows the results for an untreated PAN-layer (in the

the further discussion referred to as layer 1) and for a layer reticulated

at 200°C for 48 hours (layer 2). These measurements were performed at room

temperature. If the layer is kept at 200°C during the measurement (layer 3)
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no build up of charges could be observed. As a f i r s t approximation the

PAN-layer can be treated as a combination of a resistor with a capacitor.

In this approximation the conductivity as well as the capacttance of the

heat treated layer is lower than for the untreated one. Deviations of

the measured points from a pure exponential behaviour might be explained

by the dependence of the conductivity and the dielectr ic constant on the

electr ic f ie ld (^ 107 V/m) set up by the charges. On the other hand the

layer at 200°C seems to be a conductor.

We propose the following model : an essential feature of PAN is the

existence of n i t r i l groups with strong dipole moments and with delocalised

electrons (two ir bonds and a nitrogen doublet) which leads to conduction

by a s i te- to-s i te hopping influenced by an internal electr ic f i e l d . The

decrease of the conductivity and the dielectr ic constant observed for

this layer after heat treatment is due to the polymer ret iculat ion. I t

considerably reduces the dipole moment, the dipole mobility and the

number of delocalised electrons by opening of a n bond in the n i t r i l

group. When the measurement is performed at 200°C, the conductivity

increases rapidly. This can be explained by the increase of the hopping

probabil ity due to phonon assisted hopping / 5 / .

In f i g . 2, 3 and 4 are given MDS and UPS spectra of layers 1, 2 and

3 resp. The spectra for the partly insulating layers 1 and 2 are

performed after an equilibrium of the surface charges has been

established i .e. with an electric f ie ld of approximately 2.10 V/m and

5.107 V/m resp.

The high energy parts of the MDS and UPS spectra of a l l layers

are similar in shape which allows to interpret the high energy

electrons of the MDS spectra as Penning electrons. This is consistent
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with the observations of other authors / 6 , 7, 8 / . Since the analysis

depth of the two spectroscopies is not the same this s imi lar i ty means

that the homogeneity of the PAN layer is good.

As already discussed, the sh i f t of the low energy threshold of the

spectra during bombardment indicates a partly insulating behaviour of

layers 1 and 2. On the other hand, there was no sh i f t observable of

the high energy threshold. This is typical for a partly conducting

behaviour of the layers.

According to the complexity of the layers we expect a variety

of structures in the spectra. Because the s ta t is t ic of our measurements

is not good enough we can only discuss the main features.

We divide the observed structures in primary and secondary proces-

ses. To the class of primary processes belong the structures C in f i g . 4.

The peak in the photoelectron spectrum is shifted from the peak in the

MD spectrum by 1.4 eV. This is exactly the difference of the excess

energies between photons and metastables : 21.2 eV - 19.8 eV = 1.4 eV.

The electrons are emitted by photoionisation resp. Penning-ionisation

from a molecule with an ionisation potential of approximately 13.5 eV.

Comparing with the photoelectron data of Asbrink et a l . we can relate

these electrons to a cyano ir-orbital or to an axial nitrogen-lone-pair

orbital / 9 / . To the same process belong the peak 1 in f i g . 2. The

energetic position relative to the threshold E = 0 of this peak was

constant during the bombardment. That means that i t stemmed from an

isolated molecule.

To the class of secondary processes belong the peaks Bj and B?

in f i g . 3. They are located at the same position independent of the

excess energy of the incident part icle. Munakata et a l . made similar
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observations with MDS at different condensed aromatics with different

metastable atoms /8/. Contrary to them we can exclude surface contamina-

tion. We interpret this structure as a reorganisation of the hole,

induced by the primary process, by an Auger process.
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CHANGES IN THE SURFACE COMPOSITION OF TiC, TaC and WC

UNDER LOW ENERGY ION BOMBARDMENT

H. Störi, G. Betz and P. Braun

Institut für Allgemeine Physik, Technische Universität Wien,

Karlsplatz 13, A-1040 Wien, Austria

Abstract: Changes in the surface composition of TiC, TaC
and WC under 0 . 5 - 5 keV Ar ion bombardment have been
studied by Auger Electron Spectroscopy (AES). For TaC and
WC surface enrichment of Ta and W, resp., was observed,
which increases with decreasing ion energy. In addition
transients in surface composition are found whenever the
ion energy is changed. This can be explained in terms
of depth profiling of the altered layer. For TiC no
preferential sputtering effects are observed, as is
concluded from the absence of transients in surface
composition when the ion energy is varied.

Introduction:

If a virgin multicomponent material is subjected to

particle bombardment the different components are generally

not sputtered proportional to their concentration on the

surface of the material. This phenomena is called preferential

sputtering. Mass differences of the target atoms influencing

the spread of the collision cascade, surface binding energy

or chemical bonding differences between the target constitu-

ents, recoil implantation and also radiation induced segregat-

ion have been quoted as explantion for the preferential

removal of one component /l-3/. This preferential removal

of one component from the surface leads to the formation

of the altered layer, which is a near surface region with

a stoichiometry different from the bulk composition. The

depth of the altered layer is generally thicker than the

depth from which sputtered atoms originate (topmost 2-3

atomic layers) and mostly comparable to the range of the

incident ions /4,5/.

Measuring the surface composition of Ag-Pt, Cu-Pt and

Ag-Au alloys with AES, when the energy of the bombarding
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rare gas ions was changed, a transition period was found

where the surface compositon showed rapid changes until

a new equilibrium composition was reached /5/. These dynamic

changes have been attributed to altered layers of different

thickness and different ion fluences which are needed to

reach a new equilibrium at different ion energies. From

the analysis of these composition variations it was found

that the altered layer thickness agrees well with the calcula-

ted mean projected range of the primary ions and furthermore

the ion fluence needed to reach equilibrium corresponds

to the removal of one altered layer thickness. In this werk

the investigation of such transients in surface composition

with energy has been extended to different carbides.

Results and Discussion;

Samples of sintered compounds of TiC, TaC and WC were

subjected to Ar ion bombardment under normal incidence and

energies ranging from 0.5 to 5 keV. AES was used to observe

changes in the surface composition due to ion bombardment.

No influence of the primary electron beam (2 keV, 4 uA)

on the surface composition was observed.

Transients leading to a changed surface composition

were observed whenever the bombarding ion energy was varied

for TaC and WC. This is shown in Fig. 1 for Ar ions bombard-

ing a WC target when the ion energy was switched from 0.5

to 5 keV and vice versa. However almost no changes in surface

composition and no transients have been observed for TiC.

The observed transients have been described previously

by a simple model /5,6/ under the following assumptions:

1) For steady state conditions an exponential depth profile

exists for the excess concentration in the altered layer

of the enriched component.

2) If sputtering is started for a compound with a constant

bulk concentration extending to the surface« the surface

concentration as observed with AES changes exponentially

with time until steady state conditions are reached.
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and C (272 eV) with time and Ar ion energy for WC.

The analysis shows that the thickness of the altered

layer is much smaller and the time to build up the altered

layer is much shorter for 0.5 keV as compared to 5 keV ion

bombardment. As a result the surface composition of the

enriched component after changing the ion energy from 5

to 0.5 keV can be constructed essentially by superposition

of the altered layer depth profile at 5 keV together with

the surface composition changes during buildup of the altered

layer at 0.5 keV as shown schematically in Fig. 2. Similarily,

when the ion energy is changed from 0.5 to 5 keV, the surface

composition is obtained as superposition of the altered

layer depth profile at 0.5 keV together with the surface

composition changes during buildup of the altered layer

at 5 keV (Fig. 2).

Fig. 3 shows the metal/carbon AES signal ratios for

WC, TaC and Tic with time (ion fluence) when the ion energy
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sputtering time, depth

Pig.2: Schematic of the development of the measured surface
concentration changes ( full line) of the enriched component
after changing the ion energy. Exponential surface composxtion
changes with time during build up of the altered layer are
indicated for 0.5 keV (dotted line) and 5 keV (dashed line).
Also the steady state depth profiles of the altered layer-
are shown for 0.5 keV (dash-dotted line) and 5 keV (long-
dashed line).

was switched from 0.5 to 5 keV and vice versa. Strong metal

enrichment under light ion bombardment (He), but none under

Ar ion bombardment was observed by Taglauer and Heiland

111 for WC and TaC and attributed to collisional energy

transfer effects in the collision cascade due to the large

mass differences of the compound components. Prom the observed

transients and the different equilibrium surface compositions

reached for different bombarding ion energies we conclude

that also under Ar ion bombardment surface enrichment of

the metal occurs. The observed metal enrichment increases

with decreasing ion energy in agreement with the previous

He results /7/ and the mass effect model /l-3,7/. For TiC

neither transients nor changes in the surface composition
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Fig.3: Metal/carbon Auger signal ratios for WC, TaC and
Tie with time (ion fluence) and Ar ion energy.

with ion energy are observed (Fig. 3). Surface enrichment

due to mass effects should be strongly energy dependent

(especially near the sputtering treshold) and can therefore

be eMuded for TiC in agreement with the much smaller mass

difference of the components (m_./ni = 4 as compared to

m /m =m /m = 15). A possible surface enrichment of a

component due to bonding effects, which should not be energy

dependent /1-3/, can be excluded due to the absence of a

transient when the ion energy is changed. In the case of

TaC and WC a contribution to the surface enrichment due

to bonding .effects in addition to mass effects cannot be

excluded. However the strong energy dependence, especially
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in the case of WC indicates the dominance of mass effects.

Using pure standards of Ti, Ta and W and obtaining the

C (carbide) standard from TiC (with no surface enrichment)

in the evaluation of the AES data, the following atomic

concentration ratios for the surface composition under ion

bombardment are obtained:

COMPOUND C m e t a l / C c a r b o n (0.5 keV) C m e t a l/C c a r b o n (5 keV)

TiC 1.0 1.0

TaC 2.9 2.7

WC 4.7 3.9
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MEMORY EFFECTS AND CLEANING OF PLASMA TUBES

H.G. Lergon and K.G. Müller

Fachbereich Physik, Universität Essen, Universitätsstraße 5,

D-4300 Essen, Fed. Rep. of Germany

Abstract: An argon plasma with a small admixture of H2O
or O2 shows a memory effect in which material of the wall
or material deposited there by previous discharges is re-
leased into the plasma. In contrast to the common clea-
ning of metallic surfaces with a hydrogen discharge clea-
ning of glass surfaces with an oxygen discharge is propo-
sed. The enrichment of special impurity species in front
of a wall is discussed.

Introduction

In a refined method for cleaning of Tokamak vessels adsorbed

gas layers including water vapour as well as carbon from stain-

less steel are removed by H2-discharges. Generally, for each ma-

terial a specific cleaning method has to be developed. A special

situation occurs if due to previous discharges material has been

deposited on the wall or the wall itself has been partner in

chemical reactions. In such a case additional ions may be detec-

ted: memory effect. If the wall consists of oxides as in the case

of glass each plasma species which is able to replace the oxygen

may lead to a change and thus to a contamination of the wall. A

suitable cleaning discharge has to reverse these deposition and/

or contamination processes.

In a former investigation of etching of glass surfaces by SFg

(Lergon, Venugopalan, Müller1) we met the problem of cleaning

glass surfaces having been exposed to an Ar-SFg plasma. Oxygen

was found to be an important component in the cleaning process.

Even a small amount of water vapour may stimulate this cleaning

of simularly contaminated surfaces (see. Fig. 1b). Several posi-

tive and negative ions occur stemming from the gas Ar-^O (H+,

0+, 0", 0H+, Ar+, ArH+, (ArH)J) or from the wall (e.g. F"). In
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the following we study the treatment of contaminated glass sur-
faces by Ar-H2<) and Ar-02.

Experimental
We investigated the positive column of an argon discharge with
H2O impurities and admixtures of O2 by means of a combined mass
spectrometer - wall probe diagnostics (Lergon, Müller ). The
experimental parameters were

discharra current: 30 mA
pressure: 0,16 mbar (0,12 Torr)

tube diameter: 28 mm
plane wall probe, diameter: 7 mm

orifice diameter: 0,05 mm
orifice length: 0,05 mm

The wall probe was operated at floating potential for detection
of positive ions and anodic potential for detection of negative
ions and of positive ions for comparison. Cathodic operation
led to a destruction of ions.

H?O-Effects
Figs. 1a, 1b show two mass spectra of an argon discharge where
some (1a), no (1b) precautions have been taken to prevent water
impurities. The measurements have been performed in a stationa-
ry state of the discharge, guaranteed by a preceding burning
time of at least 16 h. Only in the discharge with higher con-
tent of water ( 1b) negative and positive 0-ions appear which
may be correlated to the detection of material coming from the
wall (F~). To test this correlation, measurements in Ar with
admixtures of 0 2 have been made.

02-Effects
In Figs. 2a, 2b mass spectra of an Ar-dischar.ge with different
admixtures of 0£ are presented. With respect to the occurence
of the different ions, the Figs. 1a, 1b, 2a, 2b may be regarded
as one sequence. Going from 1b to 2a we find an increasing
amount of wall material: SiH +(29), SiH£(30), SiH$(31), SiF +(47).
Here we have interpreted as silanes the mass numbers 29, 30, 31,
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which partly have already been mentioned by Pahl , Lindinger
and Howorka3. At an oxygen content of 8% (Fig. 2b) a variety of
additional molecules from the wall is present in the discharge
in form of negative ions: SiF; (47, 66, 104, 123), SFji(127),
SF5~(?; 63,5), 0F~(35), S2F2 or SO2F2(?; 102).

Ion Enrichment at the Wall
As shown in the mass spectrum 1a the 0H+-ions cannot be detec-
ted at an anodic orifice probe. In our paper ' we have presen-
ted a model, according to which a secondary plasma is formed
in front of an anodic probe. Positive ions from the main plasma
cannot reach the secondary plasma because of the repelling
field surrounding it. Thus positive ions extracted by an anodic
probe have to be formed in the secondary plasma; the missing
0H+-ion may be interpreted by the absence of neutral OH-mole-
cules in the discharge.

For a component which only occurs as a positive ion following
behaviour may be predicted. The ions are transported to the
wall, diffuse as neutrals back into the plasma until they are
ionized again. If the mean free path for ionization is sufficient-
ly small this ionization will take place close to the wall.
Thus the cycling of these molecules is restricted to the wall
region: enrichment results. With respect to discharge cleaning
in a flowing gas the removal of such a component from the dis-
charge is hindered, since close to the wall the flow velocity
is very smal1.

Summarizing Discussion
A discharge containing H20 or 0 2 in a contaminated glass tube
may show a memory effect, due to which material from the glass
wall is released into the plasma. In our case this memory sur-
vived operation of several weeks in pure argon where no memory
effect was found.

Common aging of several hours applied to an Ar-H20 or Ar-02 dis-
charge in contaminated tubes led to the usual stationary situa-
tion.
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Previous treating of the glass tube by an etching plasma

may produce the memory effect of releasing silicon. We have de-

monstrated this in discharges containing 0, by detecting silicon

as hydrogen or fluorine compounds.

To clean the surface of glass or more generally of an oxide

cleaning in oxygen is proposed. The cleaning may be impeded by

cycling of positive ions in the wall region.

For mass spectrometry of plasmas the enrichment due to this

cycling may lead to erroneous results.
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LONG TIME EFFECTS IN RADIATION ENHANCED PERMEATION OF H2
THROUGH STAINLESS STEEL TUBES

G. Schwarzinger and R. Dobrozemsky

Austrian Research Center Seibersdorf, A-2444 Seibersdorf, Austria

INTRODUCTION

The aim of this research is to give the particulars of influ-
ences of penetrating radiation on permeation and diffusion
processes of hydrogen isotopes in stainless steel. Short time
as well as long time effects have been investigated. Such
processes are not only of interest for the fuel inventory of
fusion reactors, but also for environmental aspects (tritium
release).

EXPERIMENTAL

The experimental data were obtained by simply comparing the
permeation rates through a close welded stainless steel tube
(25 mm o.d., length of experimental zone 70 cm) for two cases:
(a) heating the tube up to the desired temperature by an
electric heater from inside, (b) heating the sample by reactor
radiation. In case (b) we had the following irradiation
conditions:

reactor power 7.5 to 8.0 MW
dose rate 533 W/kg (180 MRd/h)
gamma flux density 1.4 x 10*1* y/cm2sec
fast neutron flux density 1.0 x 10*3 n/cm2sec
epithermal neutron flux density 1.2 x1013 n/cm2sec
thermal neutron flux density 4.2 x1013 n/cm2sec

In case of thermally heating the sample, the experimental
setup was kept in its position in the reactor, the measure-
ments were done in the shut-off periods with a residual dose
rate of approximately 1 % of the above values.

The hydrogen permeating from the inside (= upstream side) to
the outside (= downstream side) of the tube was measured for
temperatures from 650 to 850 K. The experimental zone is 8
meters below the pool water level. Gas was admitted to the
upstream side via a pipe from above the pool level. After
permeation, the gas flew through an ultra-high vacuum system
to the measuring device (pumps and gauges) above the pool
level. Experimental details have been published elsewhere /I/.
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As samples we used seamless tubes with wall thickness of 1.0
to 2.0 mm, which were obtained from VEW, Kapfenberg, Austria.
Three samples were investigated:

Sample 1 ss 4301 25 mm o.d., 23 mm i.d.
Sample 2 ss 4404 25 mm o.d., 22 mm i.d.
Sample 3 ss 4301 25 mm o.d., 21 mm i.d.

ss 4301 (=ss 304): Cr 18.5 - 18.9, Ni 9.8 - 10.4, Mo 0.2,
V 0.1, C 0.05

ss 4404 (=ss 316 L): Cr 16.8, Ni 12.4, Mo 2.1, V 0.4, C 0.02

For the discussion of experimental data we define a permeation
enhancement factor k, given by the ratio of permeation rate
under irradiation, Ir, and without irradiation, Io:

k = Ir/Io.

In order to classify the surfaces of these samples, we present
depth profiles, obtained in a SIMS-analysis using a 10 keV 0^ -
beam. Fig. 1 shows a summary of these data, indicating similar
surface conditions of the samples, except for lower oxigen,
carbon and aluminium contents in case of sample 1 (part a in
fig. 1) and higher silicone and manganese contents in case of
sample 2 (part b in fig. 1).

RESULTS

Short tiae effects: In the first weeks of irradiation and
permeation, sample 1 gave a radiation enhancement factor k of
about 3 for H2 ("initial value") . The other samples did not
show (at the beginning) any measurable enhancement for H2•
Typical results for sample 1 are shown in fig. 2. Theoretical
aspects of radiation enhanced diffusion are discussed in /2/.

Long tiae effects: For samples 1 and 2 the thermal permeation
rates as well as the permeation rates under irradiation in-
creased monotonously with duration of the experiment (fig. 3).
No pronounced long time effect could be detected for sample 3.

Corrosion effects: In the case of sample 1, the downstream
side (outside surface of the tube) was accidentally exposed to
air under irradiation (at 840 K) for one day after 1200 MGy
radiation dose. Sample 2 initially showed no enhancement (ksl).
After corrosion (in the same way as for sample 1, but now on
the upstream side, i.e., the inside surface), however, there
was a measurable enhancement (k = 2 to 3, see step at 420 MGy
in fig. 4). No significant change of the permeation rates
could, however, be found for sample 3 after a similar corrosion
procedure. Due to the high induced radioactivity of the samples
it was not possible to characterize the corroded surfaces by
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usual means, i.e., by comparing SlMS-figures to that of the
fresh samples in fig. 1. Permeability reductions by several
orders of magnitude due to thin oxide layers have been repor-
ted by Swansiger and Bastasz /3/.

CONCLUSION

(1) For two out of three samples investigated, radiation
enhanced permeation for H2 could be detected.

(2) Enhancement effects are apparently caused by surface
conditions.

(3) With duration of the experiment, the thermal permeation
rate increases more rapidly than the permeation rate
under irradiation.

(4) As a consequence of point 3, the radiation enhancement
vanishes after several months of irradiation.
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Fig. 3: Graph of the permeation rate versus the total absorbed
radiation dose for sample 1 at 2000 Pa. Line (a): 7.5 MW
reactor power, line (b): < 0.1 MW.
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DIFFUSION TO THE SURFACE IN THE ANNEALING OF RADIATION DAMAGE IN INORGANIC

INSULATING SOLIDS

W. Ritter and T.D. Mark

Abt. f. Kernphysik und Gaselektronik, Institut f. Experimentalphysik
Leopold Franzens Universität, A 6020 Innsbruck, Austria

ABSTRACT

Absorption spectroscopy is used for the investigation of fission track
radiation damage in inorganic insulating solids. Extending previous studies
from this laboratory we have measured the characteristic absorption difference
as a function of annealing temperature and sample dimension in fluorapatite.
From these studies it was possible to obtain quantitative information about the
identity of the microscopic elementary processes responsible for the annealing
of radiation damage induced lattice defects: the dominant annealing process
for the absorbing defects is diffusion to the surface with a measured diffusion
coefficient of D = (3.2 + 0.4) . 10 cm /s (at T = 673K) perpendicular to
the c-axis.

1. INTRODUCTION

The calcium apatites Ca. (P^Vß x ? ' where X = F, Cl, OH or other incor-

porated impurities, form an interesting group of natural (geological wide spread)

and synthetic compounds. Of this group, hydroxyapatite is of most importance

biologically since microcristals of this material are a major constituent of

humane bone and teeth. Qualitative knowledge of ionic migration is necessary

in understanding the behavior of apatite in vivo, f.i. bone structure, calcium

chemistry of the blood and caries of dental enamel /1-3/. Fluorapatite has a

structure very similar to that of hydroxyapatite and is available as large single

crystals of both synthetic and natural origin. Because of the specific properties

of fluorapatite and its widespread geological occurrence, this mineral has become

one of the more commonly used minerals in fission track datings and has been

applied to a wide range of geological dating problems /4-12/. The sophisticated

use (temperature age /9,1o,13-16/) of the fission track age method requires,

however, quantitative knowledge of the formation, structure and annealing be-

havior of the radiation damage induced lattice defects. Because in insulators

conduction proceeds by motion of lattice defects (vacancies and interstitials),

both, ionic migration and radiation damage annealing studies should be comple-

mentary to each other. Moreover, it should be possible, in principle, to

determine transport mechanism by comparing tracer diffusion, ionic conductivity

and defect annealing studies.
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Although a large number of measurements concerning the electronic and
atomic structure of intrinsic defects have been reported /17/, very little work
has been performed on the motion of these defects in apatite. The authors are
aware of only one previous study /18/ of the diffusion of ions in fluorapatite
(temperature range 1000 to 1800 K), whereas the related CaF^ crystal has been
examined by means of ionic-conductivity measurements /19,20/, direct tracer
diffusion /21/ and nuclear relaxation /22/. In addition, there exists a large
body of fission track annealing studies (see f.i. references in Ref. 23) yielding
information on the kinetics of the annealing of the etchable defect zone and
on the fission track structure /23,24/. Moreover, in a recent study we have reported
a new method for fission track detection by means of absorption spectroscopy
/25-28/. Application of this method to the investigation of the annealing be-
havior of fission track radiation damage in apatite has given first results on
the nature of the microscopic elementary processes responsible for the annealing
mechanism (i.e., diffusion for fossil track damage and bimolecular recombination
for recent track damage). Due to the fact that for these earlier experiments
the characteristic diffusion length A was not under sufficient control no
quantitative statements about the diffusion process were possible. The present
paper describes the successful attempt to obtain quantitative information on the
diffusion process of fossil fission track damage (as diagnosed with absorption
spectroscopy) and hence relating for the first time high temperature (1000 to
1800 K) intrinsic ion diffusion data (obtained with tracer diffusion anneals)
with low temperature (673 K) lattice defect diffusion.

2. EXPERIMENTAL
The apatite crystal used in the present study is the well characterized

Cerror de Mercado, Durango, fluorapatite, Mexico /29/. In the present studies
the crystal was cut perpendicular to the optical axis (c-axis) into pairs of
sample slices. Each of these pairs was ground to about the same thickness, d,
[+_ 5 urn), the surface polished with Al^Oq and then glued into the sample holders.
The absorption difference between slices of such pairs were measured with a PYE-
UNICAM UV-VIS double beam spectrophotometer. The temperature of these samples
could be kept constant during the measurement either at room temperature or at
liquid nitrogen temperature (with a liquid nitrogen cooling device constructed in
our laboratory). Usually one slice of such a pair serves as sample to be studied
(test sample), whereas the other slice serves as comparison blank (either ther-
mally untreated, i.e. containing all of its fossil fission tracks, or preanneaied
at 873 K for 40 hours and hence containing no (etchable) fission tracks). With
this set up it is possible to measure the logarithmic ratio of the intensities
transmitted by each of the two slices (log Ij/^) as a function of wavelength
from 290 up to 500 nm.
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3. RESULTS AND DISCUSSION

The intrinsic absorption (at room temperature) of fossil Durango apatite
starts at about 430 nm and rises strongly with decreasing wavelength /25-28/.

In general, the position of this absorption edge is slightly dependent on the
concentration of lattice defects /30/. Recently, we have found that fission
tracks probed with absorption spectroscopy give rise to ultraviolet bands /25-28/,
similar to those observed by color centers (some consisting of an electron
trapped at an isolated X" vacancy) produced by x-ray radiation /31/. The ab-
sorption due to fission tracks is small as compared to the intrinsic absorption
and thus can only be measured with a double beam spectrophotometer.

As can be seen in Fig. 1(a) the absorption difference spectrum (T=296 K) of a
thermally untreated sample (df= 160 urn) and a preannealed comparison blank (d =

T a

160 urn) exhibits a characteristic absorption difference peak (CAD) at about 320 nm.
The increase of the measured absorption difference at low wave lengths is due to
a small difference in d between the two samples which causes a difference of the
intrinsic absorption of the two samples respectively. If the difference in d is
increased the CAD peak is less clearly visible (see Fig. 1: curve b (d«: = d, =

T a
132 um), curve c (df = 135 urn, d = 132 urn) and curve d (df = 260 um, da = 272 um)).

T a T a

No absorption difference at all is observed between two preannealed slices of
the same thickness, d.

Fig. 2 shows the influence of the temperature on the absorption measurement
(with d = 190 pm). It can be seen that at liquid nitrogen temperature the characteri-
stic absorption difference peak is better resolved than at room temperature. More-
over, preliminary results indicate, that there is a slight change in intensity
and position of the CAD peak if liquid nitrogen temperature is used instead of
room temperature.

The observed characteristic absorption difference peak between a thermally un-
treated sample (fossil fission tracks) and a preannealed comparison blank changes
its intensity if the sample is stored at an increased (annealing) temperature.
The peak height decreases with increasing annealing time and finally disappears.
In Fig, 3 is shown as an example a CAD spectrum at an annealing temperature of
673 K for two different annealing times (left side: t^= 0 h, right side: t. =
23,5 h). This annealing behavior can be characterized by annealing curves as
given in Fig. 4, where the CAD peak height is plotted versus annealing time
for an annealing temperature of 673 K. The dashed line corresponds to results of
Berte! /26/ for d ~ 23o urn, the crosses to present results with d = 272 um,
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the open squares to present results with d =- 260 um, the open circles to present

results with d = 210 urn, the stars to present results with d = 190 um,the full

dots to present results with d = 160 urn and the open triangles to present results

with d = 135 urn. All curves are normalized to the same peak height at the

beginning of the isothermal annealing procedure. There seems to be a difference

in relative annealing for different slice thickness, i.e. stronger annealing

with smaller d. This feature can be seen more clearly in Fig. 5, where the

logarithm of CAD is plotted versus the annealing time. In accordance with our

earlier results these cinnealing curves can be represented by a double exponential

function:

CAD(t) = a. exp (- c^t) + a2 exp (- c^t) with a1 < a^.

From a data fit follows, that a., and a,, (long lived component) is within the

statistical error bar constant for samples with different thickness d, whereas

a7 is a strong function of d, i.e. it could be shown that a7 is directly propor-
-7tional to d . From these results and our earlier observations /25-28/ it can be

concluded that annealing of these lattice defects for small annealing times (cor-

responding to small degrees of fission track reduction) is dominated by diffusion

to the surface.

The time dependence of annealing of isolated interstitial-vacancy pairs by diffu-

sion to the surface can be described according to Fletcher and Brown /32/ in a
2 2fair approximation by exp (~ IT D.t/d ), with D diffusion coefficient. From this

follows from the present experimental data a diffusion coefficient of D = (3.2 +_

0.4). 10 cms"' (at T = 673 K) perpendicular to the c-axis.

(1) From a comparison of the present value with above mentioned data of ion migra-

tion in apatite and CaF2, (2) taking into account the track formation mechanism

in apatite proposed by Mark /24/ and (3) in accordance with the track structure

suggested by Bertel and Mark /23/ it can be concluded, that the observed diffusion

process to the surface is likely dominated by fluorine vacancy and interstitial

migration. This hypothesis is currently under investigation by measuring the tem-

perature dependence of this diffusion coefficient.
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A PHOTON'S VIEW OF RESONANCES
IN LOW-ENERGY ION-ATOM COLLISIONS*

H. Helm
SRI International, Menlo Park, CA 94025, USA

In this paper we discuss the use of optical techniques for
the high-resolution study of low-energy ion-atom inter-
actions in half-collision experiments. Optical selection
rules allow the precise preparation of a collision complex
at well defined energy and in well defined quantum numbers
and the observation of its dynamic properties. Hence the
very finest details of molecular interactions and their role
in reactive encounters can be uncovered. As a result an
ion-atom collision is experimentally decomposed into indi-
vidual partial wave contributions. Their assignment and
interpretation afford a decisive challenge to the experi-
menter and to the theory of ion-atom interactions.

Encounters between ions and atoms can be characterized by the colli-

sion time. For most values of the relative velocity and impact parameter

the reactants transform into products in a direct process and the collision

time is a smooth function of these variables, of the order of the free-

passage time of the particles through the collision region.

However, in the neighborhood of certain velocities and impact param-

eters a resonance process may take place at which the collision time

increases sharply over the value for the direct process. This increase

corresponds to the formation of a temporary-bound complex with lifetime

T . Such resonance features often appear in the low-energy scattering
res

spectrum of even the most simple interacting systems.

The origin for these resonances is twofold: In some instances the

ion-atom pair is trapped for significant length of time by a centrifugal

barrier, giving rise to shape resonances. In some other instances the

interacting system transfers its relative kinetic energy into electronic

(and vibrational) excitation of a compound-state (Feshbach resonance). The

Research supported by the National Science Foundation under Grant No.
PUY 81-12548.



- 142 -

occurrence of a resonance in scattering is therefore intimately tied to the

interrodlecular forces that prevail as the reactants approach and the

products separate.

In a time-independent description, these resonances may *t>e associated

with quasi-discrete molecular energy levels which are characterized by the

quantum numbers conserved in the collision, the total energy of the system,

a resonance width, T = ti /% , and an associated level shift.

r 1T6S

The precarious balance that exists between a quasi-discrete molecular

energy level and the continuum wavefunction of the separated particle limit

inherently contains information about the dynamic evolution of a collision.

Hence these resonance features are interesting objects of experimental

study. However, their direct observation in single collision experiments

is difficult. Sacrifices made due to averaging over parameters such as

translational and internal energy of the reactants and products and their

angular distribution tend to conceal the appearance of resonances in most

cross section measurements.

Direct access to the resonance features discussed above can, however,

be gained if one resorts to a half-collision study of ion-atom inter-

actions, using photofragment spectroscopy in a fast molecular-ion beam.

Photofragraent spectroscopy in a fast ion beam has produced marked advances
2 3in the field of molecular absorption spectroscopy. » When a single-mode

laser interacts collinearly with a well collimated ion beam, discrete

transitions can be studied at a resolution of 0.003 cm" or less , due to

the kinetic compression of the velocity spread of the beam molecules. When

the pumped transition accesses a predissociated molecular level, the

absorption event is detected through the observation of the photo-

fragments. The transition linewidth, a measure for the lifetime of the

predissociated molecular level, and the kinetic energy distribution of the

fragments in the laboratory frame can be determined precisely. This

distribution reflects the angular distribution of the fragments with

respect to the laser polarization and the center-of-mass kinetic energy

released in the dissociation process.

Thus photofragment spectroscopy can label a quasi-discrete molecular

state in its quantum numbers, define its energy within the uncertainty

principle limit and determine its absolute energy with respect to the
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separated particle asymptote. It further allows to follow the dynamic

evolution of the molecular state into the dissociation products by

resolving the partitioning among atomic fine-structure levels of the

products.

We have successfully employed photofragment spectroscopy to study

resonance features in the interaction of 0++ 0, C++ H, N++ 0. 0++ N, and

N + N. In CH laser excitation of shape resonances in the A II state has

allowed us to study the lifetime, energy location and predissociation

mechanism of rotationally quasibound levels which decisively influence the

radiative recombination and fine-structure changing reactions of C + H. In

Ü£ laser excitation of quasi-discrete vibrational levels of the f II
7 ~ 8

Htate has revealed for the first time the long-range interactions of five

of the six lowest gerade states arising from the 0+(4S°) + 0(3P-) limits.
+ 3

In NO resonances associated with the weakly bound 2 II state, lying between

the dissociation limits N++ 0 and 0++ N, have been studied in detail.8 In

No isolated quasi-discrete levels which are most likely connected with the
2 +

perturbed C S system have been observed.

The selectivity of laser excitation in photofragment spectroscopy has

recently been increased further by the use of optical-optical double

resonance (OODR) techniques. OODR offers a helpful tool to break the

molecular code contained in the complex absorption spectra observed in

photofragment spectroscopy. It also adds as an important new dimension to

half-collision experiments the possibility of studying continuum features

of a collision process for a select choice of quantum numbers.
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INVESTIGATION OF ION MOLECULE COLLISIONS

BY SPECTROSCOPIC TECHNIQUES

by

A. Ding, K. Richter and U. Steinmetzger

Bereich Strahlenchemie

Hahn-Meitner-Institut

1 Berlin 39, Germany-

Only recently has the investigation of spectroscopic

techniques become feasible by the advent of more

sopisticated and highly sensitive methods. The main obstacle

against an application to ionic species is the existence of

space charge, which severely limits the ion densities

obtainable. Several ways of approach have been used to

overcome these problemsi

1) The addition of charges of opposite polarity, e.g.

electrons or negative ions in the case of positive

particles. In spite of this beeing an effective way to limit

the space charge, the interaction of the added species with

the ion under investigation gives rise to many more

collision processes and usually obscures the process under

investigation.

2) The use of ion traps: This is an efficient way to

increase the charge density by a certain amount, which is,

however, limited by the electric parameters of the storage

device.

3) .Pulsed measurements: Space charge limitations may be

overcome by pulsed production of ions. After the formation

of the charge cloud ions will stay a limited time in the

observation region due to inertial forces. Measurements have

to be completed in this time.

4) Laser techniques: Due to the advent of narrow band, high

power laser devices the sensitivity has been increased so

much that it is now possible to detect very small quantities

of molecular species.
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This review will deal with the last two aspects

mentioned, i.e. the investigation of the internal state

distribution of molecular ions by the methods of infrared

emission spectroscopy and laser induced fluorescence.

Infrared emission Spectroscopy

Essential information on the energy redistribution due

to a collision is contained in the vibrational and

rotational excitation of the particles under investigation.

The internal excitation of such collision products may be

examined by investigating the emitted infrared radiation.

Apparatus: Ions were generated by a pulsed electron beam.

Excited products were formed by reactive collisions of these

ions with the background gas. The infrared emission was

recorded using a double monochromator of high throughput,

consisting of an echelle grating in combination with a

circular variable interference filter. The radiation was

measured by an liquid N^-cooled InSb-detector. Cooling the

filter down to 230 K significantly diminished the background

noise.

Spectra were recorded using H~, D ? and HD,

respectively, as target gas. This gave rise to the reactions

H

D

+ D

K H

The experimental spectra were compared to simulated

ones. The calculations were performed by diagonaiizing an

effective rotation-vibration Hamiltonian which could be

separated into a vibrational and a rotational part.

Interaction between rotation and vibration was included in

the form of Coriolis coupling and 1-type resonance. To

obtain the rotational fine structure the wavefunction was

RNG>

H 2
.f.

HD+

+ H2 —

+ D 2 -
+ D —

H .
D?
H2D
HD*
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Fig. 1: Experimental spectrum (top) and simulated contribution (bottom) for the 11-10 transition
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expanded into symmetric top basis functions. Using these

functions line positions and relative intensities were

calculated. Interference between mixing terms were also

taken into account. Starting with ab initio values ) the

simulated spectra were fitted varying the rotational

constants and the vibrational energies.
o •

An agreement could be found for the vibrational

transitions 01-00, 02-01, 11-10, and 21-20 (v.v^: v. denotes

the vibrational quantum number of the symmetric stretch

mode, vp of the asymmetric bending mode). Fig.1 shows part

of such an experimental spectrum together with its

simulation.

The energy distribution of the internal states of H,

was estimated and compared with a statistical distribution

showing a large deviation from the statistical predictions.

The relative occupation probabilities of the states 01, 02,

11, and 21 were found to be 0.2, 0.6, 1.0 and 0.05

respectively. A doubly peaked rotational distribution was

found in the case of the 11-vibration; one of the maxima

could be described using a thermal distribution. Rotational

distributions for the states 11 and 02 are given ).

Laser Induced Fluorescence of Molecular Ions

Experiments have been performed in which the internal

state distributions of Np-ions in a beam were measured by

the method of laser induced fluorescence.

Apparatus: The experiment consists of an ion beam generated

in a plasma ion source, which was accelerated to an energy

of 800 eV and then deflected by a 90° magnetic sector field.

Finally the ions were focussed into a collision cell, where

they were excited by a pulsed dye laser beam running

coaxially with the ions, but in opposite direction. The

subsequent fluorescence of the ions - with or without a
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target gas was recorded using sensitive photon counting

tio;:n iques ) .

The dye laser consisted of an oscillator and an

amplifier stage and was pumped by an excimer laser using

XeCl as the laser medium. Typical photon flux in the cell
14

was 10 photons per pulse, the repetition frequency beeing

'00 Hz. The bandwidth of the laser was 0.03 nm.

Because of the low ion densities great care had to be

taken to protect the detector from unwanted scattered light.

Spectra were scanned several times and co-added to obtain a

suitable signal to noise ratio. One fluorescence photon per

20 laser pulses could be measured from an average

transition.

This method allows the characterization of the internal

state distribution of the molecular ions before and after

the collision process. The primary ions were found to

display a non thermal distribution which showed significant

deviation from a Boltzmann distribution. Even the

distribution over the nuclear spins could not be described

by a thermal equilibrium which is interpreted as the

consequence of dissociation and recombination processes in

the ion source.

This experimental arrangement is particularly suited to

the study of symmetric charge exchange collisions. The

spectra of the primary and the charge exchange ions were

distinguished by Doppler effect which shifts equivalent

transitions by 0.94 A as shown in fig. 2.

A simulation technique has been used to obtain internal

state distributions of both the primary and the charge

exchange contributions. Best agreement was obtained using a

temperature of T=1000 K for the inelastically scattered and

T=300 K for the charge exchange ions. Surprising, however,
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Fig. 2: Experimental (top) and simulated (bottom) spectrum

caused by inelastic and charge exchange collisions of

Np-ions with N2- The vertical bars denote the positions of

the rotational transitions of N^i^Xy - ^ I g ) .

is the high degree of vibrational excitation which amounted

to appr. 30? for the primary and appr. 1055 for the charge

exchange N^. This and the extremely large cross section

leads to the conclusion that the preferable collision

geometry is tetrahedral.
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Institut für Experimentalphysik, Ateilung Spektroskopie und Laserphysik,
Karl Schönherrstr. 3, A 6020 Innsbruck, Austria

institute of Physics, P.O.B. 57, YU 11001 Beograd
bDept. Chemistry, Univ. Utah, Salt Lake City, UT 84112, U.S.A.
cCentral Research Institute of Physics, P.O.B. 49, H 1525 Budapest

Hahn-Meitner Inst. f. Kernforschung, 1 Berlin 39, BRD
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Spectroscopic and laser relevant investigations comprised three main
topics:
1. Study of the luminescence arising from the interaction of ions with

atoms and molecules, and of atoms sputtered from a solid target.

2. Combined mass spectrometric and light spectroscopic space resolved
studies of the excitation of radiative levels of various charge states
in a hollow cathode discharge operated in a variety of discharge gases
and mixtures.

3. Study of the influence of the addition of foreign atoms and molecules
on the characteristics of a He-Ne laser.

A summary will be given of the following topics:

1a) Excitation processes in collisions of singly and doubly charged ions
with 0 2 and Cl2 (0-2000 eV, 200-800nm)
The excitation processes arising from impact of He+, Ne+, Ne + +, Ar+,
Ar++, Kr+ and B+ on 0 2 and Cl2 molecules are studied as dependent
on the projectile energy (0-2000 eV) by observing the photons emitted
in the wavelength region 200-800 nm.



- 1 5 1 -•

a) Singly charged projectiles:
Molecular target ion excitation

X+ + 0 2 •> X + 0 2
+* (1)

2nd negative system: 16.9 - 18 eV exothermic for He+, Ne+

1st negative system: 18.2 - 19.1eV. endothermic for Ar+, Kr+

Dissociative neutral target excitation:

X+ + 0 2 -»• X + 0* + 0 + (2)

29.5 - 34 eV; endothermic for all projectiles
Dissociative target ion excitation:

X+ + 0 2 -> X + 0 + 0+* (3)

44-49 eV; endothermic for all projectiles
Projectile excitation:

X+ + 0 2 -> X+* + 0 2 (4)

endothermic; observed for all projectiles except He+;
Neutralized projectile excitation

X+ + 0 2 -> X* + (02
+, 0, 0 +) (** (5)

endothermic; strong in He, Ne; weak in Ar; not observed in Kr.

b) Doubly-charged ions:
Dissociative target ion excitation:

X + + + 0 2 - X+ + 0 + 0+* (6)

-»• X + 0 + + 0 +

Single-electron charge transfer into excited X+ states:

X++ + 0 2 •* X+* + 0 + + 0 (7)

The energy (or velocity) dependence of the cross sections of all
these processes was measured.
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1b) A combined drift-tube and beam luminescence"study of the charge
transfer reaction of He+ with Xe.

Drift tube studies of the charge-transfer reaction of He+ with Xe
-12 3show that the rate constant increases steeply from 4 x 10 cm

s"1 at 200 K to 7 x 10~12 cm3 s"1 at 300°K and 1 x 10'9 cm3 s'1

at 2 eV. The data join smoothly into earlier beam studies of the

total charge transfer cross section. The cross sections for emission

of excited Xe+ states formed in the reaction was investigated in

the energy region 1-2000 eV. Here good agreement is found with data

reported earlier at higher energies. The dependence of emission cross

sections on He+ kinetic energy exhibits several maxima which can be

explained on the basis of a Landau-Zener avoided-crossings model

which is also consistent with other experimental features of the

He+-Xe system.

1c) Excitation cross section variations with energy and their explanation

in a Landau-Zener model, studied in He+-Ar and Ar+-He encounters.

This work is described in detail elsewhere (see these proceedings).

2. a) Ion densities in a BpHg-He hollow-cathode discharge. The hollow

cathode is used as an ion source for preparing a B+ beam used in

ion-molecule studies (see 1a).

b) Vacuum ultraviolet spectroscopy of hollow cathode discharges.

This topic is dealt with elsewhere in detail (see these proceedings),

3. a) On the gain and absorption properties at 632 ran in a He-Ne-

discharge.

The gain and the absorption of the 632,8 nm line in a He-Ne positive

column discharge is studied as dependent on the discharge parameters

and the gas mixt-re ratio.

3.b) He-Ne laser in a hollow cathode discharge.

The influence of sputtering on the gain and absorption properties

of hollow cathode discharge made of different metals for the 632,8 nm

He-Ne laser line in studied in a wide parameter region. Details see

these proceedings.



- 153 -

3.c) Laser relevant elementary processes in hollow cathode discharges.
Fast electron density distributions sharply peaked on the axis,
the influence of ion collisions for the population of near-resonant
atomic levels, the population of excited states by recombination
and the excitation of sputtered wall material are processes which
are of great importance for the development of hollow cathode
lasers. Detailed studies of these processes are presented.
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EXCITATION CROSS SECTION VARIATIONS WITH ENERGY AND THEIR EXPLANATION

IN A LANDAU-ZENER MODEL STUDIED IN He+-Ar AND Ar+-He ENCOUNTERS

W. Federer, I. Kuen, F. Howorka, B. Jelenkovica, A. Ding , R.N. Varneyc

Institut für Experimentalphysik, Karl Schönherrstr. 3, A 6020 Innsbruck,
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a Institute of Physics, P.O.B. 57, YU 11001 Beograd

Hahn-Meitner Institut f. Kernforschung, D-1 Berlin 39, BRD
c 4156 Maybell Way, Palo Alto, CA 943o6, USA

The excitation of radiative levels in Ar+ by He+-Ar and Ar+-He
encounters is studied by a beam-gas cell apparatus in the energy range
1 - 4200 eV lab. The study is confined to the wavelength interval
200 - 900 nm. The spectra obtained consist in both cases of Ar II line
emissions which can be assigned to known excited states in Ar+.
Fig. 1 shows the energy dependence of the excitation cross section of

o o

the Ar II 4610 A and the Ar II 4765 A lines, compared with the results
of D. Jaecks et al. /^/. The curves exhibit three maxima in the energy
range shown (1 - 10000 eV). The structure is different for the two
lines. Similar results are obtained for the Ar+ - He collisions which
are shown in Fig. 2 (0 - 400 eV c m . = 1 - 4200 eV Lab).
Here again 2 - 3 maxima are obtained and the structures are different
for the two lines. The about 20 other lines observed follow in general
the behaviour of the two lines shown here, with minor variations.

The oscillatory structure of excitation functions in atomic collisions
has been investigated in the past ten years and a number of examples have
been found where numerous maxima and minima are exhibited by the excita-
tion cross section as a function of energy. Well investigated systems
are He+-He /2/, Ne+-He and He+-Ne /3/, Na+-Ne and O+-Ne /4/. In these
and other cases, the explanation of the structure and the phase correla-
tions between them are well explained in the model proposed by Rosenthal
and Foley /5/. In this model it is assumed that a quasimolecule is formed
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in the collision with a crossover between the incoming potential curve
and two outgoing curves that stay close together until a crossing occurs
between them at a large interatomic distance.
The phase interferences occurring between the wave functions of these
two orbitals lead to the variations of the total excitation cross section
with energy. This model is not applicable for the (HeAr)+ system since
there are no corresponding states connected by parallel close potential
curves.
Instead of the Rosenthal-Foley model we suggest for (Ar-He)+ a model that
is based on simple Landau-Zener arguments. We assume that the incoming
potential curve (He+-Ar or Ar+-He) is crossed by a number of outgoing
potential curves of various symmetries.

Essentially three curves seem to be of importance, one horizontal or
weakly bonding, two antibonding. Formulating the problem now with two
incoming curves from the initial partners which in turn are crossed by
three outgoing curves per emitting final Ar state gives 6 curve crossings
at different internuclear separations and at different potential energy
values, each crossing with different transition probabilities (or Landau-
Zener parameters). Successive crossings manifest themselves in the
appearance of separate maxima in the cross section-energy curve. Fig. 3
shows the result for the excitation of the 4p P,,o° level, emitting the
Ar II 4765 A line, for He -Ar and Ar -He. The calculation gives the solid
line, as compared with the measured values (open and solid circles).
The absolute cross section values can only be calculated if all states,
including VUV emitting states are included (planned to be measured in
the near future).
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Fig. 1. Cross section for excitation of the Ar II 4610 A and the
° +Ar II 4765 A lines by impact of He on Ar.

o

Fig. 2. Cross section for excitation of the Ar 4610 A and the Ar II
4765 A lines by impact of Ar on He.

o

Fig. 3. Comparison of the measured excitation of the Ar II 4765 A
lines by He+ on Ar and Ar+ on He impact (solid and open
circles) with results of Landau-Zener calculations (solid
lines).
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PICOSECOND UV-LASER INDUCED MULTIPHOTON IONIZATION AND

FRAGMENTATION OF BENZENE

P. Hering, A.G.M. Maaswinkel, K.L. Kompa

MPI für Quantenoptik, Garching

The question of "soft" (non-fragmenting) versus "hard" photo-

ionization of polyatomic molecules with high power ultra-

violet lasers is of considerable interest both for practi-

cal applications of this technique in mass spectrometry and

for the possibility to do ion spectroscopy. A 20 ps quadrupled

Nd-YAG laser was used in this study to assure the time resolu-

tion needed to distinguish the various steps in the sequence

of ionization and fragmentation events in the multistep photo-

ionization of benzene. As opposed to previous MPI laser stud-

ies /1/ fragmentation was found to be essentially complete on

the C-j/C. level. However, multiple pulses with the same total

energy as a single pulse reproduced earlier results of frag-

mentation up to the C + level (Fig. 1).

The following preliminary conclusions can be drawn:

a) Excitation in the molecular ion CgHg+ is limited to excess

energies not far beyond the energy range required for Ct

and C3
+fragment formation.

b) The creation of C.+ (and likely also C~+) fragment ions

cannot be explained by a direct excitation scheme going

up the energy ladder in CgH 6
+.

/"!/ J. Reilly, K.L. Kompa,

J. Chem. Phys. 73, 5468 (1980).
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Fig. 1: Laser induced mass spectra of benzene



- 162 -

TWO-FREQUENCY INVESTIGATION OF MULTIPLE-PHOTON ABSORPTION AND DISSOCIATION
OF FREONS IN SUPERSONIC MOLECULAR BEAM

E. Borsella, R. Fantoni and A. Giardini-Guxdoni

Comitato Nazionale Energia Nucleare, Lab.Spettroscopia Molecolare, C.P.65,
00044 Frascati (Rome), Italy

ABSTRACT

Multiple-photon absorption (MPA) and multiple-photon dissociation
(MPD) of CJFcCl and CF«Br have been investigated both in a reaction cell
and in a supersonic molecular beam irradiating the molecules by one or
two I.R. pulsed C0„ lasers. Several interesting features have been found
as: an increase in the efficiency of dissociation and isotopic selectivity
in two-frequency experiments on C-F-Cl in cell; the appearance of spectral
peaks in the quasi-continuum of C_F,-C1 cooled in a supersonic beam; the
presence of structures in the MPA and MPD spectra of CF_Br.

The process of multiple-photon absorption (MPA) and multiple-photcm
dissociation (MPD) of freons has been extensively investigated in our la-
boratory in recent years /I, 5/. The interest to study these molecules is
motivated by: (i) their structure, less symmetric than SF, and consequen-
tly more similar to most of the molecules in nature; (ii) their absorp-
tion spectra near and below the fundamental I.R. active bands (v , for the
C-F^Cl and u for the CF_Br), which overlap the C 0« laser spectrum;
(xix) their potential use for the commercial enrichment of carbon isoto-
pes.

The effects of one-laser frequency, gas pressure and scavenging spe-
cies on the isotopic celectivity of C-F-Cl have been previously investiga-
ted /I/ and reported also at previous S.A.S.P. editions 111. A systematic
study of two-frequency MPA and MPD of this molecule in the gas phase recen-
tly performed in cell and supersonic molecular beam will be reported here.
In these experiments two pulsed CO» laser beams of different frequency
were mildly focused and spatially superimposed. Their interaction with
freon molecules leading to MPA is monitored by an optoacoustic cell. Dis-
sociation effects are investigated in a small reaction cell, by performing
mass spectrometric analysis of final products.

In the case of CJF-C1 molecule the frequency of the first laser, tuned
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TWO-FREQUENCY INVESTIGATION OF MULTIPLE-PHOTON ABSORPTION AND DISSOCIATION
OF FREONS IN SUPERSONIC MOLECULAR BEAM

E. Borsella, R. Fantoni and A. Giardini-Guidoni
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00044 ^-..bcati (Rome), Italy

on the maximum of the Q band of the V mode (to - = 981 cm ) , excited the
low lying vibrational states, while the second laser frequency (<D „) was
varied either towards the blue or towards the red with respect to the v .
The second laser fluence, <t> ?, was high enough to bring the molecules up
to and beyond the dissociation threshold. Absorption and dissociation data
in cell, reported in Fig. 1, show that the energy is more effectively depo-
sited by the second laser at frequencies noticeably red shifted with respect
to the linear maximum, as expected on the basis of current phenomenological
models /6/. Also an increase in the dissociation factor, when compared with
the one-frequency experiment, at total fluence $ - 4>i+ 4>2 has been found,
while the isotopic selectivity is still retained in the process /3/.

In order to obtain direct information of MPA and MPD of these molecu-
les in collisionless regime not easily reached in cell /3/ a supersonic
molecular beam apparatus /4/ has been built in our laboratory. It consists
of a stainless steel cylindrical chamber having three differentially pumped
sections equipped with a pulsed molecular beam source and a quadrupole mass
spectrometer at forward angle with respect to the molecular beam. The gas
valve is a modified Bosch car fuel injector allowing to obtain a pulsed
supersonic molecular beam of ^250 ysec temporal width /7/. In the scat-
tering chamber the pulsed molecular beam interacts with the two previously
mentioned laser beams. MPD is monitored as a decrease in the primary
beam intensity in the mass spectrometer, having the radical fragments
departed from the beam direction /8/. The dissociation factor is: ß = 1 -
- I ̂ /I where I * and I are the molecular beam intensities in presence
and without the laser. Fig. 2 shows two-laser results obtained in molecular
beam when experimental conditions were similar to those reported in Fig. 1.
At variance with cell experiments where only a large red shifted bump is
found, the appearance of intense structures at frequencies <*)„ both in the
red and in the blue side with respect to the one-frequency spectrum is ob-
served. The presence of these structures can be abscribed to the existence,
near the resonance frequency of the v, mode, of several combination bands
which are utilized in climbing up the dissociation ladder. These bands have
been recently identified by using the matrix isolation technique /4/.

Analogous experiments have been accomplished on CF_Br with the aim to
understand whether the effects previously found on C„F5C1 are peculiar of
this molecule. For CF-Br a systematic investigation of MPA and MPD has been
done as a function of key parameters such as laser wavelength and fluence,
scavenging gases, etc., etc. As an example of this stuJy in Fig. 3 we have
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TWO-FREQUENCY INVESTIGATION OF MULTIPLE-PHOTON ABSORPTION AND DISSOCIATION
OF FREONS IN SUPERSONIC MOLECULAR BEAM
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reported MPD spectra of CF»Br measured both in a reaction cell and in a
supersonic beam. It can be seen that structures are present in the one-
-frequency spectra either in absorption and dissociation, which at the
variance with CF,.C1 could be interpreted as rotational pathways in the
PQR band.

Further work is in progress in interpreting these data and performing
also two-frequency experiments on CF_Br.
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u

Fig. 1 - MPA and MPD of measured in cell p = 0.1 torr:
2 5 2

-1
= 981 cm ,

2
a) ( A ) one-frequency MPA vs u (<J> =2.8 j/cm )

2
(•) two-frequency MPA vs 0)2 (<t»i = 1.1 j/cm ,

<1>2 =1.7 j/cm )
12 2

b) (o) one-frequency dissociation factor 3 vs u> (<j> = 2.8 j/cm )
12 —1

( n ) two-frequency-dissociation factor 3 vs 0)2((0i= 981 cm ,
<I>1 = 1*1 j / c m , <j>2 = 1.7 j / c m )
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MPD of C9F,.C1 measured in molecular beam:

a) (a) One-frequency dissociation factor 3 vs w in the range 920 < w

< 990 cm"1 (4> = 2.2 j/cm2)

(•) Two-frequency dissociation factor 3 vs ii)2 in the range 920 <

< w2 < 990 cm"1 = 997.2 cm"1, <h = 1.4 j/cm2, 2.2 j/cm2)

b) (D) One-frequency dissociation factor 3 vs w in the range 1020 < w

< 1090 cm"1 (<J> = 2.2 j/cm2)

(•) Two-frequency dissociation factor 3 vs 102 in the range 1020 <

< ü)2 < 1090 cm 977 .2 cm" 1 , $1 .= 1.4 j / c m 2 , <j>2 = 2 . 2 j / c m 2 )
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One-frequency MPD of CF Br:

2
a) Dissociation factor ß measured in cell vs w (<J> = 1.9 j/cm ,

PcFBr = °-1 torr)

b) Dissociation factor ß measured in molecular beam vs to

(<(> = 3.8 j/cm2).
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ANALYSIS OF DISCRETE AND CONTINUOUS LASER INDUCED FLUORESCENCE SPECTRA OF

THE A 1£* - X V BAND SYSTEM OF SR2

G. Gerber, R. Möller

Fakultät für Physik, Universität Freiburg, 7800 Freiburg, Germany

Laser induced fluorescence spectra of the gaseous Sr~ excimer mole-

cule have been measured. The spectra contain discrete molecular

fluorescence series, regularly modulated continuous fluorescence and

an unstructured continuum. Analysis of the molecular line spectra

yields for the first time Dunham coefficients for the X I* ground
1 + "

state and the A E excited state. Using the intensity distribution

of the modulated continuum which is associated with bound-free tran-

sitions the repulsive potential of the ground state up to 3000 cm"

above the dissociation limit has been determined. The unstructured

continuum can be analyzed as due to two types of continuous fluores-

cence. The dissociation energy of Sr? has been determined to D (X) =

965 ± 45 cm"1.

The Sr? molecules have been generated inside a heat-pipe oven containing

the strontium vapor. The heat-pipe oven was made of stainless steel with a

tubing of 50 mm diameter and was operated up to temperatures of about 1300 K.

Argon was used as a buffer gas. The relative concentration of Sr9 dimers

within the strontium vapor is relatively small (Sr-/Sr2 = 10 ). The natural

strontium consists of four isotopes: 88Sr(82,6%), 87sr(7,02%), 85Sr(9,86%)
84and Sr(0,56%), giving rise to essentially three isotopic molecules

88Sr2(68,2%),
 88Sr87Sr(11,6%) and 88Sr86Sr( 16,3%). Single mode laser

lines of an Ar+ laser and Kr+ laser as well as lines of a cw dye laser

(Rh 6 G) have been used for excitation. The relative intensity distribution

of the fluorescence spectrum was obtained from photoelectric scans, where

the exciting laser beam was mechanically chopped and the signal observed by

means of phase-sensitive detection with a lock-in amplifier. Fig. 1 shows a

fluorescence spectrum of Sr2 excited by XL = 514.5 nm. The spectrum clearly

shows the modulation of the continuous intensity distribution and the under-

lying unstructured continuum. Spectra of this type are already known from

Ca? (Ref. 1), Mg2 (Ref. 2) and the recently reported Sr2" (Ref. 3). The

discrete molecular line spectrum is not resolved in the measurement (Fig. 1)
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Fluorescence spectrum of Sr2 excited by AL = 514.5 nm.

due to the applied resolution of A> = 0.2 nm, but with higher resolution the
fluorescence progressions are readily observed. Our analyses of the re-
solved discrete fluorescence spectra of different isotopic molecules leads
to a set of rotational and vibrational contstants of both the X z* ground

4 M

state and the A z* excited state. The potential minimum of ground state of
Sr£ has been determined to R =4.364 8 for the first time. Fig. 2 shows the

VIR)
tt)3cm-1l

8-

Sr2

3P*1S

Fig. 2. Potential curves 0=0) of Sr„
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rotationless (J = 0) potential curves of the excited A state and the ground
state X.according to our analysis. Due to the relative position of the two
potentials involved (shallow ground state and stronger bound excited state),
a selective excitation from bound ground states to bound excited states
leads to discrete fluorescence to bound states of the ground state and
simultaneously to continuous fluorescence to the dissociation continuum of
the ground state. The oscillatory structure of the continuum in Fig. 1 may
be understood as an "interference" of the vibrational wavefunction ^'(v'J1)
of the upper bound state with the continuous wave function i//"(E,R) of the
repulsive part of the ground state potential. On the basis of a single ex-
cited level v1, u1 which is known from our analysis of the discrete line
spectra, we determined the repulsive part of the gro.und state potential up
to 3000 nm above the lower state dissociation limit from the correspon-
ding modulated continuum. To describe the repulsive part of the lower state
potential we used an expression of the form V(R)= z (R-R ) \ The wave-
functions for the continuum state ^i"(E,R) and for the discrete level
^'(v'jj1) are obtained by solving the Schrbdinger equation numerically.
Willi the contim "m wavefunction ij/'(E,R) normalized to a delta function of
energy, we have calculated the continuous Franck-Condon factors. To illu-
strate the relation between the fluorescence distribution and the upper
wavefunction V(v',J') both are displayed in Fig. 3.

The molecular potential curves for the two electronic states are calculated
for J = 155, because the modulated continuum in Fig. 1 is essentially de-
termined by fluorescence from the excited level v1 = ?8, J1 = 155. The cal-
culated spectrum of the corresponding bound-free continuum is shown on the
left. The dotted curve in the lower state is Mulliken's difference poten-
tial U(R). For two continuum states of which the wavefunction is shown too,
the approximate range of R contributing to the overlap integral is indica-
ted. A result of the bound-free calculations is that there is no one to one
correspondence between maxima of ^'(v1 ,J')| and maxima of the measured
spectrum.

Besides selective excitation from bound ground states a nonselective excita-
tion from levels above and below the dissociation limit of the ground state
to bound excited states occurs and the resulting fluorescence forms the
underlying unstructured continuum. The unstructured continuum has the maxi-
mum around the laser line and extends to longer and shorter wavelengths.
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Fig. 3. Potential curves (J = 155) and numerical wave-
functions of Srg. The calculated spectrum is
shown on the left.

Calculations for both types show reasonable agreement with the shape of the

observed unstructured continuum. The Sr resonance line at x=460.7 nm has

also been observed in emission with a large amount of self-reversal and a

strong asymmetry for most excitations. The long wavelength tail of the re-

sonance line spreads into the molecular continuum. The emission intensity

depends quadratically upon the atomic Sr density indicating that the tran-

sitions occur at large internuclear distances of the Sr? molecule.
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Abstract; CARS spectra of C2
H? were taken in a pulsed molecular beam

at various dis tances from the nozzle . Measurements of the rotational

temperature show the cooling of the gas due to the expansion.

Measured temperatures are always higher than ca lculated . A poss ible

explanation for this discrepancy i s condensation in the beam. For

molecules with a complicated rotational spectrum as C?H. the cooling

in the beam reduces the number of l i n e s d r a s t i c a l l y , which can

simplify the analys i s of data.

Coherent anti - Stokes Raman scatter ing (CARS) i s a nonlinear

four-wave mixing process which allows to measure Raman spectra with

high resolution and high s e n s i t i v i t y . The principle i s shown in

f i g . 1 . A molecule in i t s ^roundstpte interacts with two photons of

the frequency OJ and one photon w g and generates a fourth photon

of the frequency U) „ » 2 OJ -W g . . The cross sect ion of th i s process

i s high when the difference oo -OJf,t matches the exc i ta t ion energy

of a rotat ional -v ibrat ional molecular l e v e l . A Rant3" spectrum i s

measured by tuning one of the lasers (normally the laser at u) e . )
bt

and measuring the intensity of the generated radiation at oo „. This
as

technique is advantegeous over spontaneous Raman scattering mainly

in two points:

1) No monochromator is necessary, the resolution ia given only by

the bandwidths of the lasers and by broadening effects of the

sample under investigation (Doppler broadening etc.).

2) The generated radiation at u „is coherent and permits a high

detection probability
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GROUND
STATE

F i g . 1 : Diagram of the CABS
process . Laser l ight at
u) and u)_. i s incidend

P öt

on a medium. The signal is

generated at U) g.

The setup of our experiment, i s shown schematically in f ig .2 . A

pulsed Q-svitched Nd:YAG laser with an unstable resonator runs in

single axial mode due to injection locking. Its output is spl i t into

two beams which are both amplified and frequency doubled to 522 nm.

One of them provides the pump photons U) to the CARS process. The

other one pumps a three stage dye amplifier chain to amplify the

output of a single-mode cw dye laser. This beam gives the Stokes

photons ü)„. . Energies of the beams were up to 8 mJ within 8 nsec
fat

for the pump beam and 3 mJ within 3-5 nsec for the Stokes beam. The

linewidths were the Fourier transform l imits , 60 Hhz and 140 MHz

respectively, with an additional puls-to-puls j i t t er of ±60 MHz for

the radiation at U) . Both beams are overlapped in space and time

and focussed with a 5 cm focal length lens into the free expansion
2)of a pulsed molecular beam . The signal at frequency W ~ is then

separated from the laser beams by dispersive elements, detected with

a photomultiplier, processed in a boxcar integrator and stored in

a minicomputer or plotted on a chart recorder. Typical spectra

consist of 200 points, each averaged over 10 - 20 laser pulses,

resulting in a measuring time of 3 - 7 minutes for one spectrum.



- 174 -

Y
A
6

S
I
N
G
L
E

A
R
6
0
N

PHOTO
MULTIPLIER

BOX CAR

PRISM
AND

GRATING

Fig.2: The experimental setup



- 175 -

Acetylene (C_H_) was chosen as an example because i t is a linear
molecule with a simple rotational spectrum which is suitable for
temperature measurements, and because i t has a large Raman cross
section. Fig.3 shows three spectra of the 0-branch of the v 5

-1vibration at 1973 cm (the C-C stretching mode). The spectrum in
fig.3a was taken in a gas ce l l at room temperature. The rotational
l ines are clearly resolved. The alternating intensity results from
the nuclear spin degeneracy. The second spectrum was taken in the
molecular beam at a normalized distance from the nozzle of x/D * 5
(D: nozzle diameter). The temperature of 80 K waa determined from
the relative population of the rotational s tates . Fig.3c shows a
measurement at x/D = 20. The temperature decreases to 30 K at this

0 9

300'K
STATIC
20 Torr

1

II
- I 1
"Jrl \\ \\

30cK
20PSI
X/D = 20

(c)

JL. . 1 . i . 1 . > .

Fig.3: C?H2 CARS spectra

taken in

a) a gas cell at 20 Torr

b) the beam at x/D - 5

c) the beam at x/D * 20

10 12 14 16 18 20 22 24
GHz
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d is tance . This spectrum i s more noisy because of the small par t i c l e

dens i ty . A comparison of the spectrum at room temperature with the

others shovs the reduced linewidth of the l e t t e r s , caused by the

reduced Doppler broadening in the molecular beam.

Rotational temperatures were measured at various distances from

the nozzle for di f ferent expansion pressures. The results are shown

in f i g . 4 for three different pressures of pure acetylene and a seeded

beam of C^H- in He. Only for the lowest pressure of 5 psi (*0.35 bar)

and for the seeded beam the measured temperatures agree with the

theory for a gas with a ratio of spec i f i c heats y * 7 / 5 . The

temperature increases with increasing pressure, In contrast to the

theory. Ye explain th is fact by condensation in the beam. For the

highest pressure (40 psi = 2 .8 bar) we have a p«D of 107 Torr»cm,

a value where the formation of c lus ters i s certain .

Measurements were also done with ethyl ene (C?H.). The high

resolution of the experiment allowed to resolve the 0-branch of the

140 r

A 5 PST- C2H2

• 20 PSI C2K2

• 40 PSI C2H2

T 4 PSI C2H2, 12 PSI He

10 20 25 30 35
X/D

40 45 50

Fig.4: Plot of rotational temperature in the molecular beam vs. x/D.

Theoretical curves for gases with y * 7/5 and y * 5/3 are

shown also.
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v? vibration at 1623 cm" into single rotational l ines . These spectra

are very complicated because C
?H. is an asymmetric top molecule. More

than 50 lines were observed at room temperature. The cooling in the

molecular beam simplifies the spectrum substantially, only 5

rotational states were populated in our "coolest" measurement. This

gives a possibility for the assirnment of lines in complicated

rotational spectra.

Limi tations of sensi tivity and resolution were also investipated .

Acetylene spectra could be measured with a sipnal-to-noise ratio

of 30 at a minimum density of 2« 10 molecules/cm (equivalent to

0.06 Torr). These values were obtained with moderate laser powers

(1 mJ per pulse for w and 0.4 mJ for toc.). Increased power did
p £> X

not improve the S/N but resulted in broadened l i n e s . Two different

broadening mechanisms have to be considered : the ac-Stark effect and

saturation broadening. Their dependences on laser powers are

different. From this and from comparisons with c lass ical theories
4) 5)

for ac-Stark broadening and saturation in the CARS-process

we can explain our results by saturation broadening. This l i e i t s the

use of hiph laser powers in hiph resolution CARS experiments.
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BASIC PROBLEMS ASSOCIATED WITH THE INTERPRETATION OP THE

FLUORESCENCE SPECTRA IN DOPPLER-SHIFT LASER SPECRTROSCOPY

K. Thomsen, W. Husinsky and G. Betz

Institut für Allgemeine Physik, Technische Universität Wien,

Karlsplatz 13, A-1040 Wien, Austria

Abstract; The influence of power broadening and the
interpretation of the measured fluorescence spectra
as being proportional to the flux or density in Doppler-
shift laser fluorescence spectroscopy using cw-dye laser
excitation are discussed. Power broadening was found to
be negligible for the measurement of energy spectra of
sputtered species and in the low energy regime (below
several 1000m/s ) the measured fluorescence signal
of Na was found to be proportional to the flux.

Introduction:

In recent measurements of velocity spectra of sputtered

atoms using the Doppler-shift laser fluorescence spectroscopy

several problems have been encountered concerning the interpre-

tation of the obtained fluorescence spectra. One of these

problems is the evaluation of the measured velocity spectra

of the sputtered species near zero velocity. Whereas according

to sputtering theories /l/ signal zero at velocity zero

is expected, under certain experimental conditions /2/ fluores-

cence spectra have been observed which extend to so-called

"negative velocities", i.e. the straight forward interpretation

of the signal leads to particles moving towards the target.

No negative velocities however have been observed in particle

beams emerging from thermal effusion sources.

A possible solution to this problem has been discussed

by Wright et al. /3,4/. In this particular case, using a

pulsed laser beam, power broadening was assumed to extend

the spectra to regions of negative velocities. Detailed
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discussion for the case of excitation with a cw-laser will

be given in this report.

Deviations of the measured energy spectra of sputtered

particles at energies below 1 eV from the theoretically

expected shape according to the linear collision cascade

theory by Sigmund /l/, have been attributed to several differ-

ent mechanisms:

a) Spikes as proposed by Szymonski et al. /5,6/

b) Thermal evaporation for materials like alkali halides /7,8/

c)Choice of a sperical surface barrier /2/ instead of a

planar surface barrier as usually applied in linear cascade

theory /l/.

Essential to the interpretation of the measured spectra

is the knowledge of whether the signal is proportional to

the flux or to the density of the sputtered particles in

the energy region under consideration. Investigations of

this problem at low particle velocities in the thermal energy

region are discussed for thermal Na beams, because in this

case the theoretical distribution is well known.

Measurements and discussion:

As the influence of power broadening is the same for

each possible angle between the laser beam and the particle

beam the hyper fine structure of the Na-D line was analyzed

observing the fluorescence signal of the reference laser

beam (particle and laser beam intersecting at 90°). The

Na atomic beam was produced by an effusion source, which

was operated between 450 and 900° K. Using a highly collimated

particle beam the hyperfine structure of the Na-Do line

could ^3 fully resolved at low laser intensities ( 2mW/cm ).

However with increasing laser power the resolution of the

hyperfine structure decreased due to power broadening as

seen in Fig. 1. From this results we can conclude a maximum

power broadening of some 10 MHz for laaer intensities between

200 and 300 mW/cm , as have been used in previous sputtering

experiments using cw-laser radiation /2,9/. Thus power
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broadening effects are negligible and cannot explain the

"negative velocities" up to approx. 1500 m/s (2 GHz), observed

previously for sputtered neutral Na particles.

In addition the question has been raised whether the

observed fluorescence signal is proportional to the flux

75

430

mW/cm*

50 MHz
frequency

Fig.l: Hyperfine structure of the Na-D? line is clearly
resolved at low laser intensities of about 2mW/cm and
becomes blurred at high intensities ( 75 and 430 mW/cm ) .
At the highest intensities used for measuring spectra
(approx. 300 mW/cm ) power broadening is in the order
of some 10 MHz.
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2 3

(particles/(cm s) or density (particles/cm ) of the atoms

in the beam. Two different cases can be considered:

a) Each atom passing through the dedection volume emits

a certain number of photons regardless of its velocity.

In this case the signal is proportional to the flux.

b) Each atom can be excited on its entire path through

the laser beam (interaction volume). In this case the number

of photons is velocity dependent and therefore the signal

is proportional to the density.

In most cases atoms which are excited can decay to states

M M 0.I

VELXITT -»

Fig.2: Measured velocity distribution of Na at two different
oven temperatures: Q : 600 K, ß : 900 K. The spectra can
be fitted very wgll with ̂ ;he corresponding Maxwell-Boltzmann
distributions ( v exp(-mv /2kT)) given by the full lines.
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different from the original ground state. Thus only a limited

number, of consecutive excitations can be obtained for one

atom, before it decays to a state from which it cannot be

excited with the given laser frequency. For a geometry with

a dedection volume of a lenght of about 5 mm, a lifetime
—8of the excited state in the order of 10 s and a particle

velocity of several 1000m/s excitation can only occur in

the first part of the interaction volume. In this case the

signal is proportional to the flux.

In the particular case of the Na-D line due to selection

rules an unlimited number of excitations should be possible,

when exciting the hyperfine transition F=2 - F'=3 (most

intense line in Fig. 1 ). In fact however there is a mixing

between the upper hyperfine states F'=l,2,3 due to power

broadening at laser intensities above 100mW/cm and therefore

only about 35 photons can be registered from one atom. Thus

the signal is dependent on the velocity and proportional

to the flux for velocities below several 1000m/s (for Na).

Detailed investigations have been performed using an

oven as a particle source. The oven was filled with Na

or Na2WO4.2H2O, resp., allowing to vary the temperature

of the Na beam from 450 to 900 K. In order to check the

previous assumption the measured thermal energy spectra

of this effusion source were compared with the expected

theoretical energy distributions for flux and density as

seen in Fig. 2 for two different oven temperatures. »Then

the recorded signal was interpreted as the flux distribution

excellent agreement could be achieved between the measured

oven temperature and the one obtained from the velocity

distribution. Comparison with the theoretical density distribut-

ion yielded a temperature of some hunderd degrees too high.

Thus as a conclusion in the thermal velocity region

and the energy region of the maximum of sputtered atoms

the measured fluorescence signal is indeed proportional

to the flux.
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He - Ne LASER IN HOLLOW CATHODE DISCHARGE

K. Rözsa, M. Jänossy

Central Research Institut for Physics, H 1525 Budapest 114, POB 49

F. Howorka, I. Kuen

Institut für Experimentalphysik, Universität Innsbruck, Karl-Schön-
herrstr. 3, A 6020 Innsbruck, Austria

The output power of the 632,8 nm He-Ne laser was investigated ex-
perimentally in a hollow cathode discharge. The sputtered metal increases
the laser power; the highest output power was found in a Cu hollow
cathode at about 2 torr Ne and 6 torr He. In this pressure region one
single longitudinal mode can be achieved without any selective element
placed inside the laser resonator. The effect of the sputtered metal is
due to the quenching of the lower laser level.

Although the output of ihe He-Ne laser is smaller in a hollow cathode
discharge than in the positive column it still has some practical interest
since the optimum output power can be reached at relatively high pressure
where the laser operates in a single longitudiual mode due to the homo-
genous saturation of the laser transition in the pressure broadened
spectral line (1). The hollow cathode discharge gives also a possibility
to increase the output power of the laser by quenching the lower laser
level due to the reaction between excited Ne and the sputtered metal atoms
(2).

Our present experiments were performed in a discharge tube having
slotted hollow cathodes placed inside the resonator of a He-Ne laser.
The experimental setup can be seen in Fig. 1.
The positive column He-Ne laser compensates the losses of the resonator
and thus makes it possible to study the output power and the absorption
of relatively short (10 cm) hollow cathode discharges. Two hollow
cathodes (Al and Cu) were studied having 3 mm wide and 6 mm.deep slots.
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The anode was a 1 mm tungsten wire placed under the slots. In such

hollow cathode constructions a stable discharge can be reached over

a wide current and pressure region (3). Thus we were able to perform

measurements at Ne pressures 0 . 1 - 4 torr and He pressures 3 - 1 6 torr,

having currents up to the saturation of the laser power.

Simplified energy levels of He, Ne, Cu and Al are shown in Fig. 2.

These levels are involved in the excitation of the hollow cathode He-Ne

laser.

It can be seen from the figure that the population of the lower level can

be decreased by Penning ionization between the metastable Ne and ground

state metal atoms. For this purpose the copper seems to be promising as

there is a nearly resonant state between the excited Cu and the lower

laser level. Furthermore, in the high pressure region the sputtering is

weak, and copper sputters better than aluminium.

The effect of sputtered Cu can be seen in Fig. 3. Higher concentration

of Cu in the discharge results in higher output power and the saturation

occurring at higher current values. Earlier attempts to increase the

output power at 632,8 nm using additives in a positive column were not

promising likely due to the strong cataphoretic effect and the resulting

decrease of the electron temperature (4,5). Fig. 4 shows that the ab-

sorption in a pure neon discharge is less in a Cu than in an Al hollow

cathode. It should be noted, however, that at lower pressure where the

Al also sputters properly the difference between the two electrodes

is less significant.

The optimum Ne pressure is higher than that of the positive column

He-Ne lasers. This fact can be explained by the effect of sputtered

metal and of the high energy electrons in the hollow cathode discharge.

The output power, however, still remains below the power of the posi-

tive column laser.

Considering the results of our investigations it can be seen that

a simple single mode He-Ne laser can be built using a Cu hollow cathode

discharge. The output power of such a laser can be several milliwatts,

which is considerably higher than that of a conventional single mode

He-Ne laser where the length of the tube is restricted to about 10 cm

determined by the length of the laser resonator.



- 186 -

ACKNOWLEGEMENTS

The authors are indepted to the Fonds zur Förderung der wissen-

schaftlichen Forschung for financial support through project no. S-18/06,

REFERENCES

IM S.S. Cartaleva, L. Csillag, V.J. Stefanov, Symposium Optics' 80,

Budapest Nov. 198o, p. 181-185

HI K. Rozsa. F. Howorka, I. Kuen, ÖGV-ELFT Vacuum Symposium, Brunn

a. Gebirge, 1981 p. 46

13/ K. Rözsa, 1, Naturforschg., 35a, 649-664 (198o)

/4/ Bennett, W.R. Jr., Appl. Optics Supplement 1, Optical Masers,

24-61 (1962)

/5/ Chebotayev: Radio Engineering Electron Phys., j£ 316 (1965)

Fig. 1. Experimental arragements. M mirrors» Cu, Al hollow cathodes,

P power meter, He Ne laser.

Fig. 2 He, Ne, Cu, Al levels involved in the excitation of hollow-

cathode lasers.

Fig. 3 Output power (3a) and Cu 324,7 nm line intensity (3b) as

functions of discharge current at high and low Cu concentrations.

Fig. 4 Laser power I in pure Ne for Cu and Al hollow cathodes

Fig. 5 Output power vs. discharge current for Cu and Al hollow

cathodes at different discharge parameters.
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VACUUM ULTRAVIOLET SPECTROSCOPY OF HOLLOW CATHODE DISCHARGES

I. Kuen, F. Howorka

Institut für Experimentalphysik, Abt. Spektroskopie und Laserphysik

Karl Schönherrstraße 3, A 6020 Innsbruck, Austria

A radially moveable hollow cathode discharge (described in /1/) was

used to determine the light intensity distribution of atomic and ionic

resonance lines in a discharge in He, Ne, Ar, Kr, Xe, Hp, 0«» N~ and He-Xe

in the wavelength region 30 - 160 nm. A narrow coliimator was attached to

the anode end of the discharge thus allowing the measurement of the line

intensity distribution with a radial resolution of 0.1 mm. A 0.2 m VUV

monochromator with a holographic, osmium coated grating blazed for 121.6 nm

was used, with an open 17-stage multiplier as a detector. The monochromator

was differentially pumped by a turbomolecular pump.

The following results were obtained:

1. X I,X II (X = noble gas atom) line intensities show the radial distribu-

tion typical of excitation by impact of fast electrons from the cathode

fall space.

2. From the pressure dependence of the X I lines as compared to the X III

lines, the change in the energy distribution of the fast electrons can

be inferred. The intensity of the X I lines increases with pressure,

whereas the intensity of higly charged ionic lines decreases with

pressure (Fig, I). Thus, the energy distribution changes from a high-

energy centered (400 eV) to a low-energy centered (40 eV) distribution

as going from 0.05 to 0.2 Torr.

3. The radial intensity distribution of the highly charged ionic lines

(Kr III) shows the 1/r increase of the \ery fast, uncattered electrons.

This density dependence un the radius is similar to the one observed

in the ion density distributions (Kr+++, Kr + + + +) /2/ and in He II opti-

cal lines /3/ (see Fig. 2).

4. In the H2 discharge, a surprisingly high intensity of metal atom and

metal ion lines can be observed.
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5. In a discharge He + Xe (3%) not only the electron impact excitation can

be identified but also the charge exchange of He+ into slightly endo-

thermic or exothermic resonance states of Xe . From studies of the

luminescence in the charge exchange reaction He+ + Xe /4/ we know that

both excitations - endoergic and exoergic - need some kinetic energy

(a few eV) of He+ to obtain a maximum emission cross section. Therefore,

the lines excited by He+ impact show their emission maximum in the

cathode fall region where the ions gain energy in the electric field

as opposed to the excitation by electron impact which peaks on the axis

of the hollow cathode discharge (see Fig. 3).
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Fig. 1.a) Pressure dependence of neutral, singly ionized and doubly ionized

lines in a Kr discharge. The increase in the intensity of

neutral lines and the simimultaneous intensity decrease of the

Kr II and Kr III lines show the change of the electron energy

distribution with pressure.

Fig. I.b) Pressure dependence of neutral and singly ionized lines in Ar.

Fig. 2. Radial intensity profile of the Kr I, Kr II and Kr III lines in
a Kr hollow cathode discharge. Discharge pressure 0.07 Torr,
discharge current 15 mA.

Fig. 3. Radial intensity profile of the Xe II lines in a) pure Xenon,

b) a mixture of 3% Xe and 97 % He. The peak around 8 mm in He-Xe

is due to Xe II excitation by He+ ion impact. Discharge current

15 mA, total pressure a) 0.12 Torr, b) 0.3 Torr.
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CHARGED PARTICLE SCATTERING IN A MAGNETIC AND A LASER

FIELD AND NONLINEAR BREMSSTRAHLUNG

* ** *
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Institut für Theoretische Physik, Universität Innsbruck,
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Abstract: The transition amplitude of charged-particle

scattering by a background potential V(r) in the simul-

taneous presence of a magnetic and a laser field is de-

termined in closed form. Conservation laws, selection

rules and field dependences are discussed in detail.

The connection with previous more restricted treatments

as well as possible applications are also established.

Potential scattering of charged-particles in intense radia-

tion fields is an extensively studied phenomenon at present. Also,

scattering in a magnetic field is of current research interest in

connection with the study of elementary processes in a magneti-

cally confined plasma. Recently Ferrante et al. [1] have deve-

loped a theory to treat scattering j«-, the simultaneous presence

of both fields. Their treatment, however, was restricted to the

case when the polarisation of the laser light was parallel to the

direction of the magnetic field. In this lecture we report results

concerning the general case of arbitrarily directed laser polari-

sation. We employ a method for calculating transition amplitudes

which is similar to the one worked out for scattering in a strong

laser field only [2]. The method is based on the knowledge of the

exact quantum-mechanical states in a strong field. The scattering
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potential is then assumed to be weak enough to be dealt with as

a perturbation.

In our case this method requires the knowledge of the exact

quantum mechanical states of the free charged-particle embedded

simultaneously in a magnetic and a laser field. This problem has

recently been solved [3] and the solution is of the following

form:

• t

U> = * (zft)D D $ „U#<P> exp {-£- J[Äo (n+i)+f (T) ]di} (1)

Here iji (z,t) is a one-dimensional non-relativistic Volkov state

which describes the propagation of the particle with momentum ÄK

along the direction of polarisation (z-direction) uZ the laser

field. $ is the stationary wavefunction of a particle moving
U/S

in a plane perpendicular to the direction of the magnetic field

i.e. it describes two-dimensional harmonic oscillators [4]. D

is a displacement operator [5] of the harmonic oscillator in

al

the x-direction, D is the same in the y-direction, o and a
a 1 2

are periodic functions of time with period T = —— where w is
tu

the frequency of the laser and f(t) is a function of the laser

intensity. Thus f(t) corresponds to high frequency Stark-shift.

Furthermore o = — is the cyclotron frequency (e is the charge,
c me

m is the mass of the particle. B is the amplitude of the magne-

tic field, which is uniform and its direction is the z-axis:

B=(O,O,B)). For an explicit expression of the a.-s and f(t)

see [6].

The transition amplitude between initial and final states

of type (1) can be written as
Tfi = " k f dt< ^fl
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Three of the four integrations (time, coordinate z and azi-

muthal angle cp) can be carried out exactly in the case when the

laser is circularly polarised in the x-y plane. We then find

that the transition amplitude can be represented by a sum of in-

coherent n-photon scattering processes

CO

T y T ( n ) (3)xfi ^ xfi VJ'
n=-°°

where

Tt2K2f fT2K2

T_. = -2iri6 (——— - — - — + (n -n.)7fd) +nfia>) 6 - t _ . (3.a)
fx 2m 2m f x c mf,m.+n fx

Here ty!' still contains an integral over the radial variable £

2 2B(£=yr , Y = a.) i its explicit expression can be found in [6].

The Kronecker- and Dirac-delta symbols describe conservation of

the angular momentum and energy, respectively. The cross section

of an individual scattering process associated with the emission

or absorption of n-photons can be obtained from t*.. in the usual

manner:

o(n) m m i _ |t(n),2
4 fi

First we discuss the impact of the conservation laws. From

the conservation of the energy (the Dirac 8-function part of

(3.a)) we see that the particle during scattering can absorb

(n<0) or emit (n>0) light quanta on the expense of an increase

or decrease of its internal energy (nonlinear direct or inverse

bremsstrahlung processes). The internal energy is clearly com-

posed of two parts, one belonging to the translational motion in

z-direction and the other one belonging to the rotation in the

x-y plane (Landau-levels). During scattering either of them can
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be excited or deexcited separately, thus giving rise to a rich

variety, of processes.

The conservation law of the angular momentum states that

the z-component may change according to m =m.+n (the upper sign

holds for right circular polarisation, the lower for left circu-

lar polarisation). Since the angular momentum carried by a pho-

ton is +1 or -1 for rep or lep, this means that absorption of n

rep photons (n<0, upper sign) or emission of n lep photons (n>0,

lower sign) will increase the angular momentum of the scattered

particle by |n|, etc.

Finally, we briefly summarise the field dependences of the

cross section in the limiting cases of strong and weak magnetic

and laser field. In Table 1. qf.= K -K. is the momentum change

during scattering and E is the amplitude of the laser field

strength.

Laser

field

Weak

Strong

Magnetic field

Weak

F e E qfi '
mo)(w±aj )

mu)((o±(o )
c

e q f i E

2n
B

- B

Strong

e E q f i •

mio (w±u )

mu (co ±io )
c

eq f i E

2n
Rn
B

- Bn

Table 1. Field dependence of a in the limiting cases of

strong and weak fields. It should be noted that

in case of resonance (w ~ m ) the strong field

formula is to be employed.
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Abstract The three-dimensional anisotropic charged harmo-

nic oscillator in an uniform magnetic and in a laser field

turns out to be an exactly soluble quantum-mechanical prob-

lem. The solution is obtained here for the first time and

is derived in a purely algebraic manner. The transition

from the atomic spectrum to Landau type spectrum, the

effect of the laser field as well as possible resonances

are discussed in some detail.

Magnetic and laser fields have long been used in the stvidy

of atomic and molecular structure. Magnetic fields can customa-

rily be handled by usual perturbation theory since energy chan-

ges due to magnetic interactions are generally small. Neverthe-

less, in experiments with highly excited atoms (or in astro-

physics) one may encounter situations where perturbation theory

ceases to work. Essentially similar remarks can be made about

the interaction with the laser field apart from the fact that it

is easier to meat such conditions where perturbation theory be-

comes inaplicable. Therefore, any exactly soluble model may yield

new information about the behaviour of atoms subject to the joint

action of a magnetic and a laser field.

For our purposes we adopt the following model. An anisotro-

pic charged harmonic oscillator of charge e and mass m is allowed
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to interact simultaneously with an uniform magnetic and a laser

field. The only (inessential but simplifying) restriction we

have is that the magnetic field B=(O,O,B) is directed along one

main axis of the oscillator, say, the z-axis. The Hamiltonian of

the problem can be given as

H = ± (£-| A(r,t))2+ \ mü2x2 + \ m<o2y2 + \ m u
2z 2 , £ = * £ (1)

where a , o and w denote the principal frequencies of the ani-

sotropic oscillator and A(r,t) = AT (t) + A„(r) . Here A_ (t) is
— — —L —B — ~Ii

the vector potential of the laser field which, in dipole-approxi-

mation, is a function of time only

AL(t) = (Ax(t), A y(t), Az(t)) (l.a)

and A (r) is the vector potential of the magnetic field. For our

purposes it is most convenient to write it in the form

A (r) = (-By sin2cp , Bx cos cp, 0) (l.b)

where <p is to be determined later. Both AT and A„ are subject to

Coulomb gauge conditions, div A = div A = 0. The notation in (1)

is otherwise obvious.

Details of the solution of the Schrödinger equation with

Hamiltonian (1) are published separately [1]. Here we just briefly

sketch the idea of solution. The structure of the Hamiltonian (1)

is most easily revealed if we introduce absorption and emission

operators {(a^a*) , ( a ^ a ^ ) , ^ ,a^) } instead of { (x,px) , (y,p ), (z,pz)}.

Then the Hamiltonian can be given as the sum of two commuting

terms

H = H ,, + H ± (2)

where
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6 A
H =»Ü (a*a,+i)+ir ,(a -a*)+ — ^ ; n(t)=^A (t) 3 (2.a)

M 3 3 3 2 3 3 2 m c2 c z /2mftü>

and

H, =ffü |(a*a1+j)+aa1+o*a*+ffo^(a*a2+j)+Ba2+ß*a*-iY(a1aJ-a*a2) (2.b)

with

a ( t ) = ^^mfca)1)"*5 (A to cos2 <p+iA u ') , 3 (t) =— (2mfloI)"*5 (iA ca-A co sin2cp)
tc j. y c x <i- c & y ^ x c

1 2 °2
Y - — ̂ co sin2<p , t g (p = ^7- ( 2 . c )

We introduced the notation a = — for the cyclotron frequency and
c me J ^ J

2 2 2 4 2 2 2 4coi = Q . + ü cos (p , Q ' =CO_+CJ s in <p . ( 2 . a ) c o r r e s p o n d s t o a d i s -1 1 c 2 2 c

placed oscillatorial motion in the z-direction where the displace-

ment n is a function of time. (2.b) is the Hamiltonian of two

displaced harmonic oscillators. The displacements a(t) and ß(t)

are functions of both the electric and magnetic fields while the

coupling Y is a function of the magnetic field alone. With appro-
+ *

priately chosen displacement operators Do=e a a [2] one can

get rid of the displacement terms. In a similar manner, with an
i6 (a a +a a )

appropriately chosen Bogolyubov transformation c =e
0

one can get rid of the coupling term in (2.b). Details of this

elimination technique were published recently in [31. The solu-

tion of the Schrödinger equation

±H ±L^L = H |*> (3)

c a n b e g i v e n a s

|ip> = Cfi D D D | n > | n > | n >
6 ° 1 a 2 ° 3 X 2 3 (4)

2mc
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The |n.> -s are number states of the three independent harmonic

oscillators with eigenfrequencies u" , co'1 and u where a ' • =
•L £ 3 JL f 2.

= \ { o)'+col)± ~[ (U'-CJ;) 2+(^) 2 }* are complicated functions of the

original frequencies and the magnetic field strength. The f.(x)-s

are functions of the laser intensity, thus they describe high

frequency Stark-shift. The a. -s are periodic functions of time

with period T = — (w is the frequency of the laser). For an ex-

plicit expression of 6, o. and f.(t) see [1].
The modification of the spectrum which stems from (4) is

3
essentially the following. £ f.(t) corresponds to high frequency

i=l x

Stark-shift due to the intense radiation field. The eigenfrequen-

cies &>'' and to'1 are complicated functions of the magnetic field

strength. At weak magnetic fields they can be expanded in powers

of B [4] and the linear term can be identified with the paramag-

netic contribution and the quadratic term with the diamagnetic

contribution to the total energy.From their explicit expressions

one can determine the critical magnetic field strength where the

transition from the oscillator spectrum to the quasi-Landau spec-

trum [5] occurs. The part D |n > D |n > D |n > of the exact

state describes displaced harmonic oscillator states where the

displacement is a periodic function of time with period T. There-

fore, quite generally, it can be expanded in Fourier series of

ein(dt and, in addition to the above mentioned contributions, the

spectrum will contain integer multiples of the photon energy fla

(since n is an integer). Furthermore, the expansion coefficients

can be given analitically in the form of generalised Laguerre-

-polynomials and they explicitly exhibit resonant behaviour if

a is close to either of the frequencies «a*' Q'1 or u .
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In this case one has to use the limiting form of the expansion

coefficients for large argument.
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Abstract

The use of atomic collision data for diagnostics of magnetically
confined plasmas is briefly reviewed; the availability of these data is
presented. Data useful for beam heating and modelling are also
considered. Priorities are suggested for the most needed data.

I. INTRODUCTION

Collisions between electrons, atoms and ions constitute
fundamental processes determining many of the overall confined plasma
properties. The radiation emitted from the particles participating in
these collisions is currently used for diagnostic purposes. Moreover,
probing beam atoms colliding with the plasma particles are used to
obtain detailed information on the plasma constituants and their spatial
distribution. Accurate knowledge of the cross sections for the
collisions occuring are indispensable for quantitative analysis.

Although this paper emphasizes the use of atomic collision data
for diagnostics, the relevant processes and species are examined from a
more general point of view with the understanding that most of the cross
sections necessary for diagnostics are also needed for optimization of
the heating of confined plasmas with neutral beams, as well as for the
modelling of such plasmas. Collision data useful for heating or
modelling are considered even if their use for diagnostics is not
obvious whenever the general trends allow a systematic approach of the
physical problem.

In the following, a general description of the collision data
relevant to magnetically confined high temperature plasmas and the
suggested priorities are addressed through the description of the
relevant processes (Part II) and involved species (Part III). The
available data including precision and energy range and the data
production status are reviewed in Part IV.

II. PROCESSES

The most important atomic collision cross sections for magnetically
confined plasmas concern the following processes (see Katsonis 1980):

i) Electron impact excitation, ionization and recombination.

ii) Ionization, recombination and charge exchange in collisions
between atoms and/or ions.
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Processes under i) are closely related to each other as is also
the case' for processes under ii). Their importance depends on the
plasma composition and temperature. Ionization and charge exchange
considered together from the point of view of the electron-providing
particle are often referred to as electron loss processes.
Inversely, from the point of view of the electron gaining ion,
charge exchange processes are often referred to as electron capture.
Processes of both categories i) and ii) are fundamental for plasma
diagnostics, modelling and heating.

Processes in i) lead directly or indirectly (through decay) to
energy loss by radiation. The study of the emission lines and
continua constituting this radiation is an important part of
spectroscopic diagnostic techniques.

Collisional excitation by electrons is the main process for
excitation of positive ions. Therefore the corresponding rate
coefficients are necessary for level population calculations (Dubau
and Loulergue, 1981). The decay of levels excited by electron
collisions is a major source of power loss* By observation of
working gas emission lines or line emission from impurities
(generally visible Balmer, VUV or soft x-ray), the radial profile of
the ground state density no(r) (leading to the total impurity
density nj.mp) and of the number of ionizations per cm-Vs
Nion(r) (and hence the overall particle confinement time tp) is
obtained from the volume emissivity E(r) = Anexc(r) after Abel
inversion of the experimental absolute radiance B(h) (Breton et al.
1980) following the scheme:

no(r) -*>nz(r,t) -*»

B(h) -+> E(r) = A nexc(r)

Nion(r) = nenoSion(Te) -+• tp

nexc(r) being the radial profile of the excited level, nz(r,t) the
total ion density and S£on the ionization rate coefficient.

Radiative recombination, besides creating neutrals in the
centre of the confined plasma, leads to considerable power loss,
especially in the keV region, finally exceeding the contribution of
the dielectronic recombination. Ionization and recombination rate
coefficients are used to calculate the ionization equilibrium of
the plasma. lonization coefficients are more important for model
calculations of "ionizing" plasmas. Note that three body
recombination plays a minor role in the case qf low density
plasmas. The intensity ratio of the collisional inner shell
excitation satellite lines to the dielectronic recombination
satellites has been used for electron temperature measurements
(Suckewer 1981). The electron-ion recombination radiation is
forming recombination continua often used to estimate the electron
temper?iture (De Michelis and Mattioli 1981).
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Processes in category ii) are important for diagnostics related
with beam heating ("passive" diagnostics) or with special probing
beams ("active" diagnostics) and their construction. Concerning
electron capture, it must be pointed out that captured electrons are
generally in highly excited states, statistically equilibrated or
not (for low and high collision energy correspondingly).
Spectroscopic observation of radiative de-excitation of these states
allows one to estimate the corresponding recombining ion density if
the particle rate coefficients are known. Pure corpuscular
diagnostic with the help of appropriate analysers, based on the
energy spread of atoms scattered at a fixed angle or on the energy
distribution of atoms formed in charge exchange, has been used for
local temperature measurements (Afrosimov and Petrov, 1979).

Many methods for the diagnostics of the confined plasma are
based on the atomic properties of the various neutral and ionized
plasma constituants. Hence, cross sections for collisions involving
species appearing as common plasma constituants and impurities are
the most needed atomic collision data. Additional elements are also
used occasionally either in the form of probing beams or with gas
puffing or seeding techniques. Collision dsfca for these additional
elements are also needed.

III. SPECIES

In order to identify the reactions for which cross sections are
needed the important species are separated into seven categories as
follows:

1) Electrons
2) Working gases: H, D, T
3) Nuclear reaction product: He
4) Primary molecules: H2, H3, etc.
5) Common impurities: C, 0, Ti, Cr, Fe, Ni
6) Impurities: B, N, Al, Si, V, Mo, W
7) Less common impurities: Li, Ne, Na, Ar, Co, Cu, Kr, Zr, Xe, Cs

(consisting in noble gases, alcali metals and Co, Cu, Zr)

Atoms and molecules in classes 2) to 7) include both neutrals
and up to totally stripped ions. This classification was obtained
from the "Procrustes" criterion used for the identification of the
fusion-interest atomic data included in the IAEA International
Bulletin for Atomic and Molecular Data for Fusion (Katsonis and
Smith 1979). Reactions especially useful for diagnostic purposes
are:

a) electron collisions (excitation, ionization, recombination)
with species in 2), 3), 5), 6) and alkali metals;
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b) H (isotopes and ions included) ionization and electron capture
collisions with species in 2), 3), 5), 6), 7);

c) He (including He+ and of, particles) ionization and electron
capture collisions with species in 3), 4), 5), 6), alkali
metals and rare gases.

In general, the importance of collisions including species
contained in categories 6) and 7) is smaller than that of collisions
including electrons, working geses, common impurities, molecular
reactions product and primary molecules (categories 1) to 5))
because of the decreasing abundance of the involved species.
Nevertheless there are cases of reactions used for diagnostics that
are becoming important even if the involved species are less common
impurities or are artificially added. Species relevant to these
special cases are:

- Light neutral atoms for oL particle beam diagnostics: H, H2,
D, He. These are in any case important as included in the
categories 1) to 4).

- Low Z atoms used for neutral beams diagnostics: Li, C, 0

- Medium Z elements present in very small quantities or injected
(e.g. via laser ablation) for special diagnostic purposes: Al,
Si, S, Cl, Sc, V.

Noble gases needed for diagnostics: Ne, Ar, Xe.

Heavy ions for ion beam probes: Rb+, Cs+, Ba+, Tl+

IV. AVAILABLE DATA

Electron impact excitation of positive ions was reviewed by
Seaton (1975). This review included a brief presentation of both
theoretical methods and experimental devices used to obtain the
corresponding data. More recently, Dubau and Loulergue (1981) and
De Michelis and Mattioli (1981) discussed the available theoretical
tools for the evaluation of the needed collision strengths and rate
coefficients. A detailed description of the available measurements
is given by Dunn (1979). A big part of the work done during the
last three years is theoretical and often concerns collisional
excitation of H£ He and such simple molecules as H2, O2, CO,
CO . A comprehensive list of recent (mid —1979 up to today)
references to data for electron collision excitation of atoms and
simple ions is given in Katsonis (1981). The involved atoms or
ions, the energy range (when available) and the method are also
presented in this Report. General reviews, collections of data and
some data concerning isoelectronic sequences are also listed. Fig.
1 gives an overview of the recently measured or calculated data as a
function of the charge Q and the atomic number Z of the studied
species. Further experimental results corroborating theoretical
estimates for excitation of highly ionized species are needed.
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A review of empirical formulas used for the calculation of data
pertinent to electron impact excitation and ionization of ions was
given by Kato (1977). The aforementioned review of Dunn (1979) also
comprises experimental data for ionization.

More recently, the available theoretical and experimental data
for electron impact ionization of multicharged (q > 2) ions were
reviewed by Crandall (1981). An extensive collection of ionization
data including recommended cross sections and rates and approximate
analytic formulae has been completed at Queen's University of
Belfast by Prof. Smith and his collaborators and will soon appear as
a Culhara report (Bell et al. 1981). This work also includes
information provided by the Institute of Plasma Physics, Nagoya
University, and the Information Centre of the Joint Institute for
Laboratory Astrophysics, University of Colorado. Also, a critical
review of empirical formulas used to calculate ionization cross
section of atomic ions for electron collisions, including
experimental data in graphical form, was prepared by Itikawa and
Kato (1981). Bibliographic information and an index to recently
available data on electron impact ionization is given in Katsonis
(1981) and is presented graphically in Fig. 2. Although the spread
of the ionization data is more homogeneous than in the case of
excitation, more data for ionization of highly ionized heavy
impurities are needed. Information on publications which include
data on electron-ion recombination processes is given in Katsonis
(1981) and presented synoptically in Fig. 3.

Heavy particle collisions of interest to fusion research were
recently the subject of numerous theoretical ant" experimental
studies. Work on these collisions was reviewed by Gilbody (1979)
with emphasis on the experimental work, during the "Atomic Collision
Processes" Conference in honour of Sir Harrie Massey held in London,
September 1978 . A symposium on electron capture processes was
organized by Crandall (1979) within the Xlth ICPEAC Conference in
Kyoto, September 1979. Experimental (e.g. Salzborn and Mueller
1979, F.J. de Heer 1979, Panov 1979) and theoretical (e.g. Olson
1979, Ryufuku and Watanabe 1979) methods and data were thoroughly
discussed. McDowell and Ferendeci (1980) edited a book consisting
of lectures presented at the NATO Advanced Study Institute on Atomic
and Molecular Processes in CTR held in Chateau de Bonas, France,
August 1979. Five papers of this book are devoted to theoretical
methods for atomic collisions, and two devoted to experimental
atomic physics on excitation and ionization of atoms by electrons
and electron capture and ionization in ion-atom collisions. An
extended review of this book is prepared by Schlachter (1981). A
big number of review papers on heavy particle collisions of
relevance to CTR was presented at the Second International Atomic
Energy Agency Technical Committee Meeting on Atomic and Molecular
Data for Fusion (Drawin and Katsonis 1981). These include a review
of recent experimental results on charge transfer by multiply
charged ions in H and H2 in relation to current theoretical
description (Gilbody 1981) and a review of theoretical and
experimental data on ionization and electron loss of hydrogen atoms
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(Janev, 1981). An extended review of work and data on collision
processes of multiply charged ions with atoms was prepared recently
by Janev and Presnyakov (1981). A large amount of space in this
review is devoted to the charge exchange processes. Excitation,
ionization and various Auger-type processes occurring in
atom-multiply charged ion collisions are also presented in detail.
The present status of the cross section scaling laws for electron
capture, ionization and electron loss in atom-highly charged ion
collisions is discussed by Janev and Hvelplund (1981). The
connection between the scaling laws for the aforementioned processes
and the underlying physical mechanisms is analysed in the light of
existing theoretical models and experimental observation.

One can get an idea of the data production in this very fast
developing field during the last few years from the list of recent
references to data for electron loss in neutral H (or D) atom
collisions with atoms or ions included in Katsonis (1981).

The atomic collision data needs for fusion research were
reviewed during the First Advisory Meeting of the IAEA held at
Culham Laboratory in November 1976. The results were summarized by
McDowell (1977) on behalf of the Working Party. Especially for data
relevant to processes i) and ii) (see chap. II) that are discussed
here, the requested agreement between theory and experiment was
roughly + 20% to +_ 10% at all energies, with emphasis on precision
near threshold. The energy range of interest for fusion application
is extended from the eV region (important for the scrape-off plasma
layer and divertors) up to the MeV region in the case of heavy
particle collisions involving o<particles.

The current situation was recently summarized in three Reports
of the Working Groups (Prof. J.L. Delcroix, Dr. S. Suckewer, Dr.
W.L. Wiese and Dr. J. Bohdansky were the chairmen of these Groups)
of the Second IAEA Technical Committee Meeting on Atomic and
Molecular Data for Fusion (see Katsonis 1980). In spite of the
quantitative improvements of the last few years the production of
A+M data relevant to fusion is not yet satisfactory. The
aforementioned Technical Committee concluded that data relevant to
the most important collision processes (see i) and ii) in Part II)
are urgently needed. In particular, measurements or calculations of
the cross sections for the following reactions is of higher priority:

Electron impact excitation and ionization, and radiative and
dielectronic recombination of the species 2), 3), 5), 6) and 7)
of Part III.for the ionization stages with ionization potential
less than 50 keV.

Ionization of H° and D° by working gases ions (H+, D+,
+

Electron capture in collisions (a) of working gas atoms and
of <x particles with impurities, species 5), 6), 7) of Part
III, and (b) of erf particles with H+ and He+.

Acknowledgement: Thanks are due to the authors who sent to me
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M. Okumu for their assistance in the typing of the manuscript.
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BASIC MICROSCOPIC THEORY OF CHEMICAL REACTIONS IN DENSE GASES

M. R. Flannery
School of Physics

Georgia Institute of Technology
Atlanta, Georgia 30332, U.S.A.

ABSTRACT. The first basic theory of ion-ion recombination in
a dense gas is outlined. The rate a of the process is shown to
be determined by the competition between transport and reaction.
The theory provides a as a function of gas density, ion-density
and time. Results are provided for the rate of homogeneous
recombination of (Kr+ - F~) and (Xe+ - Cl~) systems in rare
gases. Time dependent rates are provided and interesting
insights emerge. Geminate recombination is also discussed.

1. INTRODUCTION

In this paper we present the first basic theory-'- of the ion-ion recombination
process

X+ + Y~ + Z -> [XY] + Z (1-1)

and determine the rate a(cm^ s""-*-) of (1) as a function of the density N of
the background gas Z, of the density N- of the ionic species X+ and Y~, and
of time t. This is a complex problem in that various microscopic phenomena
as ion diffusion, ion mobility and the ion recombination sink all result from
collisions with the gas Z so that in order to differentiate between their
various effects, they must be initially addressed in language of their basic
microscopic collisional origin.

The basic theory is general in that not only does it describe process (1-1),
in particular, but it is relevant to general chemical reactions»

A + B + C -* [AB] + C (1-2)

and to fluorescence quenching

A * + B + C + A + B + C (1-3)

in a dense gas or liquid medium C. "Recombination" is used here in its most



- 217 -

general sense of any chemical reaction influenced by diffusional drift in a
gas or liquid (electron-ion and ion-ion neutralization, coagulation of colloids,
electrolytic reactions, chemical conversions etc.)» The theory is important
to many areas of physics (photogeneration and recombination processes, adsorp-
tion-desorption at a solid surface, disappearance of ionization tracks formed
by high-energy beams, fluorescence quenching), of radiation and colloid chemistry
(intramolecular chemical reactions), of biophysics (diffusional drift across a
membrane) and of biochemistry (interaction of nucleic ac ids with proteins).

2. OUTLINE OF THEORY

Let n^(R,vi,t) be the phase density of negative ions moving with velocity y^ at
separation R from a stationary positive ion. The interaction between the posi-
tive and negative ions is V(R) such that the negative ions can be viewed as
moving through the gas Z under an external field of intensity E = - VV. The
Boltzmann equation for the phase density is therefore

JT ZL ZR i ^ i T V

pi] _pi]
L 3 t JEL L 8 t J«

(2-1)

in terms of the continuous streaming terms and of the discontinuous collisional
terms written as

' " "- r C C
I n~ k (R) - nT I k (R) (2-2)

JEL f=-V(R) f=-V(R)[S
the elastic term, and as

a~±\ Ü
jr = N X nf kf* <R> » (2-3>

l o C JS f=-V(R) r IX

the sink term. Changes iu the internal energies from E^ to Ef of each (1-2)
ion pair originate from elastic binary collisions of each ion component 1
and 2 with the gas atoms at fixed internal (1-2) separation R. The rate for
such changes is k̂ f (R) cm^ s~l such that N k̂ f is the frequency of conversion
of R-̂  ion pairs into Rf ion pairs. Thus (2-2) is the net rate of population/
destruction of ion-pairs in level i from/to all levels between the far
continuum C and the lowest level -V(R) of a bound ion pair with separation R.
When the recombination sink is operative, (2-2) oversubscribes the effect of
collisions by the amount (2.3) where -M is a bound level given by the maxi-
mum of -V(R) and -Eg which is the energy level for stabilization, below
which recombination is assumed to be stabilized i.e., no upward transitions
out of the range [-V, -M] can occur.

The kinetic equation for the overall rate a is given by,
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+ ^ 2 + c r ~E

a(N,N~,t) = N / 4irR N dR £ \[n, (R,E.,t) £

o i=-EJ_ x X f=-V

k.f(R)

-E
nf(R,Ef,t) kf±(R) (2-4)

which is the net rate of downflow past some negative energy level -E of ion
pairs with internal separations between 0 and RE where -E intersects the
potential energy V(R). When the ion density N* is increased, the ion-ion
interaction can no longer be assumed Coulombic, is affected by the sink and
is the solution of Poisson's equation

v
2 v = -^£ [n+(R,t) - n~(R,t)] (2-5)

where the configuration ion densities are

^(R.t) = / n±(R,v.,t)dv. (2-6)

and where e is the dielectric constant of the gas Z.

Thus the full basic theory involves the solutions of the Boltzmann equation
(2-1) with (2-2) and (2-3), of the kinetic equation (2-4) and of Poisson's
equation (2-5) all coupled together. From the Boltzmann equation, we can
show that the configuration density (2-6) is given by the solution of,

C r3n7(R,E.,t)1

«-*i--Jv(g) I*
1 is

3nT(R,t)

where the inward diffusional-drift current is

J. = +DV n"(R,t) + (K/e) n~(R,t) W(R) (2-8)

= +D exp(-V/kT) 7 {n(R,t) exp(V/kT)}

where the coefficient D for relative diffusion and the relative mobility K •
are related by the Einstein relation De = KkT. In steady state then the
production and loss rates are equal so that

2 R 2 J ~ C ~E ~ E _ ]
4TTR J ( R , t ) = N / 4TTR dR I {n± I k±{ - I n f k }.

o i=-E f=-V f=-M i

_
= a3(R) n (R) • aN , (2-9)
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which for R ^ Rg is constant and equal to ctN~, the recombination rate.
Hence, the solution of (2-8) in (2-9) yields,

a = ̂ y (2-10)
aTR + °!RN

where the transport rate

00

a R = 4irD/ / exp(V/kT) R~2dR = 4irD Rg (2-11)

and the reaction rate i s

aRN = a3^RE? exp(-V(RE)/kT) (2-12)

which from (2-9) is the overall rate for the case when a Boltzmann distribu-
tion N~ exp(-V/kT) of ions are maintained. When O J R » O R U then a -> ORN
as at low gas densities N. When agjj » axR a s a t high N, then a '•*• axR*
Thus the rate of recombination is determined by the rate limiting step of
reaction versus transport.

Not only do graphs of a versus N exhibit the result of this competition at
different N, but the solution^ of the time dependent equation (2-7) yields
transient a(t) which illustrate for a given N, the full evolution from reaction
to the rate limiting step (transport or reaction) as t progresses. Graphs
a(t -*• a») versus N and o(t) versus t will be discussed at the conference
together with the effect of increased ionization.3

When the right-hand-side of (2-7) can be replaced by a sink of effective
radius S i.e., by - 03(R) n(R,t) 6(R-S)/4irR^ then the steady-state solution
in terms of (2-10) and (2-11), appropriate to continuous generations of N~
at infinity is

n"(R,t) = H" exp(-V/kT) (l - 1-2-1 ~\ t R * S (2-13)

where

I \ TR/ RJ

[ CO T~l

/ exp(V/kT) R~2 dR . (2-14)

which shows that while n~ tends to the Boltzmann equilibrium at low N it is
far from equilibrium at high N. The appropriate solution of Poisson's Eqn.
(2-5) yields,
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V(R) (2-14)

where a H is 4irKe and where Rg is the (Debye-Hückel) screening length
[8TT N± e2/ekT]- /2. Eq. (2-14) is exact for V « kT and, as demonstrated by
direct numerical solution of (2-5) with (2-13) is effectively exact at all R.

Not only will the variation with gas density N, ion density N~ and time t of
a for homogeneous recombination be illustrated but also the relationship of
a with time-dependent decay of ions undergoing geminate recombination be
described.
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Figure 1: Recombination coefficient a as a function of time t for an initial
Boltzmann distribution of ions, and for various gas densities N. (in units of
Loschmidt's number 2.69 x 10*9 cm~3). Characteristic times (s2/D) inhere S
is the sink radius and D is the relative diffusion coefficient are illustrated
for «• ach N.
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Abstract -+The branching ratio of N(2D) and N(2P) atoms formed in the
reaction N2 + e —>• N + N was studied using absorption technics. N£
vas formed by charge exchange with Ar+ ions in an argon plasma je t . I t
was shown that N(2D) i s one of the major product of the dissociative
re combin ati on.

1 - INTRODUCTION.

Several laboratory groups have contributed to the determination of both

dissociative recombination and ion-molecule reaction rate coeff icients . But

the determination of products states (especially for neutral products)for

these reactions i s usually for more di f f icul t than measuring reaction rate

constants.In fact very l i t t l e have been done in this f i e ld . The products of

dissociative recombination of NO have been studied by D. KLEY and coworkers

[1] but this experiment looks like an exception.

A few years ago, a technic using rarefied plasma je t have been develo-

ped in the Laboratoire d'Aerothermique in order to measure reaction rate

constants for both dissociative recombination and ion molecule reaction at

relatively high temperature [ 2 ] . For this f i r s t purpose other technics, like

flow drift tube seems now more easy to use. But a particular feature of this

technic i s to achieve much higher ion density levels than in any other experi-

ments. This point allows absorption technics (v is ible and U.V.) to be used

both on ions and neutrals(products and reactants).

We present here f i r s t results concerning N2 dissociative recombination.

This reaction was studied because i t could be a minor source of N(2D) in the

atmosphere, N(2D) beeing a source of atmospheric NO.
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2 - EXPERIMENTAL.

The experiment built in Meudon has been described previously [ 2 ] . In

this system mass spectrometry and Langnniir probe technics arc used to measure

electron temperature and density and to determine the nature of the ions. A

twin experiment was built in Rennes University taking the opportunity of a

high quality U.V. spectrometer [ 3 ] . Figure 1 indicates the apparatus.

ROOTS
BLOWER

Fig.1

U.V.
SPECTROMETER

LITTLE ROOTS
BLOWER

PLASMA
SOURCE

U.V. SOURCE

The stainless s teel chamber has a diameter of 50 cm and a length of

100 cm. This chamber i s pumped by a fast roots blower(4 000 m3/h). The plasma

generator has been described in details previously [4] and can be seen on

figure 2.

UNIFORM
SUBSONIC
FLOW —

Fi9.2
REACTANT
ENTRY PORT ARC DISCHARGE
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I t gives a free jet expansion with upstream a shock bottle and downs-

tream a quite uniform" subsonic j e t . The experiments arc made in the subsonic

part of the flow. The copper anode i s set at the ground chamber potential,

consequently the jet i s a post discharge with thermalized electrons. Typical

conditions achieved in this system»are :

Argon buffer flow : 6 105 S cm3 sec"1

Arc discharge

Subsonic je t
conditions

100 amperes

20 volts

Total density ^ 9 JO11* cm""3

Ion density ^ 1013 cm"3

Velocity ^ 7 10^ cm sec"1

Electron temperature Te t» 3 000 °F

Metastable argon density * 1010 to I01 1 cm"3

The U.V. source i s a penning type and can be used with or without
e e

Mg F2windows. It emits the lines of atomic nitrogen at 1199.9 A, 1493.3 A and
o

1743.6 A (or any other lines). Absorption technics in this case has been des-

cribed elsewhere ([1] [5]). Recently electron density was measured in Rennes
o e

by using simultaneously absorption technics (with 919.78 A and 932.05 A lines

of Ar )and Langmuir probes. The two technics show very good agreement better

than 12 % [6]. Electron temperature and density measurements made in Rennes

and Meudon for the same flow and discharge conditions show no difference

between experimental conditions.
3 - RESULTS.
Two buffer gas was used, argon and neon*

Mass spectrometry and Langmuxr probe results.

It was shown previously in Meudon [2] that injecting nitrogen in argon

results in charge exchange reaction :

Ar+ + N2 —*• N2 + Ar

folowed by dissociative recombination

N2 + e — • N + N

with a strong drop in electron density.

The agreement was good for the measured rate constant of charge exchange

while the dissociative recombination rate constant was found much lower than in
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previous experiments, probably due to mass discrimination effects in the mass

spectrometer.

In neon buffer no reaction take place between Ne and N2 consistent

with previous experiments [73. Only a few N 2 can be detected probably coming

from penning ionization by metastable Ne.

Absorption results.

Nitrogen lines where monitored with and without plasma (but with the

same gas flow). The results are shown on figure 3.

These results show clearly that there is nearly no absorption in neon

consistent with our hypothesis that N atoms come from dissociative recombi-

nation of N 2 (thermal decomposition of N 2 is a very slow process).

A complete study of the source has not yet been done. We have assumed

that the line profile of the source is much thiner than the plasma absorption

profile. This hypothesis gives very consistent results for Ar density [6].

For nitrogen, while the total density value is consistent with initial elec-

tron density there is some discrepancy between the different density values

from different lines, probably due to the hypothesis on the line profile.

However in any case the results show that :

N('fS) < 65 %

N 2 + e —•• N + N N(2D) ̂  30 %

N(2P) > 5 %

Excitation of metastable state by electrons is not possible in the jet while

deexcitation by superelastic collision would be possible. This indicates that

the value for the branching ratio in metastable states reported here is a

lower limit. Another reason to report here only a lower limit is the discre-

pancy on the density values using different lines. In fact, some of our mea-

surements indicate a much higher value for N(2D) formation.

4 - CONCLUSION.

A new experiment is described here which would allow determination of

the states of neutral and ion products (or reactant) for several reactions •

N 2 dissociative recombination is shown to form at least 35 % of metastable

state and then is a minor source of N(2D) in the ionosphere.
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TIME SCALES IN ION-MOLECULE SCATTERING

F. Linder

Fachbereich Physik, Universität Kaiserslautern

D-6750 Kaiserslautern, West Germany

The dynamical behaviour of molecular collision systems is large-
ly determined by certain time relations in the collision process
where the collision time of the interacting particles (t c o l l)
has to be compared with the characteristic eigentimes of the
system. Thus, for example, the right time matching between the
collision time t ,, and the vibrational period t -b of the tar-
get molecule is crucial for the mechanism of vibrational exci-
tation: maximum vibrational energy transfer is obtained under
the condition t j, = t -K/2 which leads to interesting time
effects in vibrational excitation of polyatomic molecules. Simi-
larly, the relation between t ^ and t r Q t (= rotational period
of the molecule) is important in describing the dynamics of ro-
tational excitation. An interesting regime in this respect is
the transition region between direct scattering and orbiting
scattering or complex formation. Finally, the basic parameter
determining the probability of electronic transitions in a col-
lision system is given by the Massey parameter £ = a •AE/'ft« v
( A E = energy difference between two potential surfaces, a = cha-
racteristic length) which relates the collision time t ,, = a/v
(or the transit time of the system through a certain region of
the configuration space) with an electronic "eigentime"*fi/AE and
determines the electronically adiabatic or non-adiabatic behavi-
our of the system.

On the basis of these different time scales, we will discuss some
recent experiments where the dynamical behaviour of the collision
systems with respect to time effects manifests itself in a quite
explicit way. Most examples are taken from ion-molecule scatte-
ring, since here we have the well-known advantage (as opposed to
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neutral systems) that the collison energy is varied quite easily

which allows to tune the collision time versus the different

eigentimes of the system.

a ) . Vibrational excitation of polyatomic molecules:

Mode-resolved measurements of vibrational excitation in

H +(D +)-CO 2 collisions 1) in the energy range E c m=15 - 100 eV

provide a very detailed picture of these excitation proces-

ses. Time effects are shown to play an important role, e.g.

the intensity ratio of 010 to 001 excitation changes by a
4

factor of 20 in the velocity range 5 - 12 x 10 m/s. It is

important to separate these time effects in the dynamics of

the excitation process from specific interaction effects

which can give rise to a pronounced mode selectivity in vi-

brational excitation of polyatomic molecules as a function

of impact parameter.

b ) . Transient charge transfer processes in collisions of nega-

tive ions with molecules:

Vibrationally inelastic scattering of H~ ions from H 9, N 9,
2)0y and COp has been measured ' in the energy range

E = 20 - 150 eV. For the diatomic targets, the vibratio-cm
nal inelasticity increases in the order Hg - Ng - Og. The

mechanism of these processes is attributed to transient

charge transfer into antibonding orbitals of the target mo-

lecules, thus forming the negative molecular ions Hi, NZ

and 0o as intermediates. Detachment studies ' for the system

H" - N 2 in the keV-range provide further evidence for the

formation of the unstable N~ ion by charge transfer which

decays after the collision. This mechanism introduces new

time effects in the dynamics of these processes. Transient

charge transfer processes involving fast alkali atoms and

Ar metastables and their interesting time effects ; will

be discussed for comparison.
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c). Orbiting collisions in high-resolution differential ion-
atom (molecule) scattering:

Using a crossed-beam apparatus with high energy and angular
resolution ( A E = 20 meV, A 8 = - 1°), we have started a
program to measure differential ion-atom (molecule) scatte-
ring in the orbiting region '. First measurements have been
performed for the systems H + - He and H + - Ar. In the angular
dependence at fixed collision energy as well as in the ener-
gy dependence at fixed scattering angle, we have observed or-
biting structures for energies below E = 0.5 eV (H+ - He)
and E = 1 eV (H+ - Ar), respectively. The accessible energy
range reaches down to E l a b = 100 meV and the angular range
covers 0, . = 0 - 130°. The measurements show good agreement
with exact quantum-mechanical calculations based on ab initio
potentials. Semiclassical trajectory studies ' provide a de-
tailed interpretation of the observed structures. We plan to
extend these measurements to ion-molecule systems to study
rotational energy transfer under orbiting conditions as well
as reactive collisions.
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Abstract

Applying a "quasi-coincidence" method we .determine the
density matrix components of Hel 3p exited by He*-Ne collisions
with impact parameter selection at energies from 2.3 to 20 keV.

1. Introduction

The anisotropic interaction of fast ions with solids
the atoms or ions in highly oriented angular momentum
which results in circularly polarized fluorescent light
was first demonstrated by BERRY and coworkers (1)
beam-(tiltftd) foil experiment and a large degree of
is found after the interaction of ions with surfaces
incidence (IBSIGI) (2).
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orientation
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In a simplified approach both phenomena can be understood in
terms of an impact parameter selection process: as indicated in
the right part of fig.l the interaction with the solid causes a
preferential excitation of atoms which have interacted with the

atom
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positive impact parameters. WITTMANN and ANDRÄ (3) demonstrated
that this model even works in ion-atom collisions, 1n case the
"built-in" selection in the 1on-sol1d interaction 1s performed
by the experimentalist. In using the repulsive potential between
projectile and target atom a class of Impact parameters is
selected by a diaphragm at some distance behind the interaction
region.

In this work we apply this "quasi-co1nc1dence" method of
ref.3 in He*-Ne collisions and observe the excitation of the Hel
3*P level. We first report on the dependence of the polarization
of the Hel 2SS-3SP transition on the scattering angle (impact
parameter) and describe in a second part the determination of
the complete density matrix for a selected scattering angle as
function of the projectile energy. The latter Item was already
su&ject of a part of a recent paper (4), but Improvements 1n the
experimental setup and extended measurements lead to inter-
esting new information.

2. Density matrix

The geometry of the experiment is
sketched in fig.2. The x-axis 1s along
the beam axis, the z-axis is chosen as
the axis of quantization, and the
detection is performed in the
y-z-plane at an angle AJ with respect
to the z-ax1s. In this case the
density matrix of a p-state is given
by

Fig.;

since ttie reflection symmetry on the x-y-plane implies vanishing
matrix elements for odd m+m' . Because of SLu = St% and the
normalization S44<-SO© + $-1-1= 1 we en^ UP with four matrix elements
which have to be determined. This is accomplished by
measurements of the polarization of the light emitted by the
atoms after the collision in terms of the normalized Stokes
parameter S/I, M/I, C/I. With the intensities I(ß) (ßdefined in
fig.2) and l(<r~) for linearly and circularly pokrized light we
have:

I
M
C
S

The Stokes parameters are directly related to the density
matrix elements, but a measurement of the three parameters is
not sufficient for a determination of the (four) unknown matrix
components. Thus we have to obtain a further set of Stokes
parameters at a different direction of observation.

I (45)-I(135)
( ) ( + )
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In this work we detect the light in the v-z-plane at two
different settings of/tf (see fig.2),V = 0° andv=45°, to derive
the complete density matrix. Since we study the light emitted in
the Hel 25S-33P transition we have to take into account the
effect of the electronic spin on the data. Assuming that the
collisional excitation is spin-independent, we get for the
intensity of an unresolved multiplet transition L,J -> L,JO and
spin S

r

where gf̂  are the components of the polarization density tensor
(for tabulation see ref.5) and the tensorial components of the
density matrix are related to the matrix elements by

From equ.3 and equ.4 we derive for the Stokes parameters
detected at^=0°and ^ = 4 5 °

H. - - # f s-i *

= 2. C^-1-f ~

and finally find

3. Experiment

He -ions are accelerated to energies from 2.3 keV
pass a slit of 2 mm x 1C mm width, and collide with
a gastarget 360 mm behind this slit. The target
apertures of .2 mm x 5 mm (entrance) and .2 mm x 5

to 20 keV,
Ne-atoms in
device has
mm (exit).

The pressure inside the target is about 10-4 to 10-3 Torr and by
monitoring the fluorescence as a function of the target
pressure, single collision conditions are established. In
addition the dependence of S/I on pressure is measured at a
constant angle öf scattering, and it is controlled that a drop
in S/I due to pressure does not exceed a 5 % level.
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TfTe scattering angle selection is performed by a slit .2 mm x
5 mm wide which is located 45 mm behind the exit slit of the
gastarget. This slit can be moved via step-motor drive along the
y-axis 1n increments of 1.07/im with an angular resolution of
about ,25°. All atoms which pass this slit enter the detection
zone where the light of t h e > = 389 nm Hel 2 3 S - 3 3 P transition
emitted in the y-z-plane in the z-direction (or 45° with respect
to this axis) is analyzed with respect to the polarization by a
rotatable quarter-wave plate and a fixed linear polarizer. This
analysis is performed by a rotation of the quarter-wave plate in
increments of 22.5° and a simultaneous scan of the spetrometer
across t h e ^ = 389 nm line. This procedure is performed under the
control of a CBM 3032 microcomputer and allows a correction of
the background signal and thus a reliable determination of the
Stokes parameter.

For the data sets which
have to be taken for a
direction of detection at
4J<= 45 a rotation of the
detection system is diffi-
cult to achieve. There-
fore all slits are rota-
ted by -45 around the
x-axis whereas the detec-
tion remains in the same
position. The measure-
ments are normalized by
monitoring the fluor-
escence between target and

Fig.4 angle selector.

4. Results

In the first part of the experiments the dependence of the
Stokes parameters on the scattering angle is measured and in
fig.5 a result for an energy of 15 keV is shown. As expected
from arguments of symmetry S/I and C/I show odd and "/T

symmetry with respect to the scattering angle
structure of the dependence on angle is similar for
investigated.

i i i

*

67 5"

*

*

•

112 5°

•

135°

• « /

157 S°

-

wavelength

expected
M/I even

, and the
al 1 energies



- 235 -

1

S
Br

-2

He*-Ne. E
HeI.2sJS-3pJP

S/I changes sign in the
direction of the beam axis, has
a maximum at an scattering angle
of about .8°,, and drops down in
magnitude for larger angles. An
interesting aspect of the data
is the fact that the scattering
angle for the maximum in S/I
remains constant at all
energies. This implies that the
maximum of S/I at different

is related to
parameters

energies
impact
reduction of
scale "energy
angle" has to fail. M/I and
are considerably smaller
magnitude than S/I; M/I
largest at a scattering in

different
and a

the data on the
times scattering

C/I
in
is

the
forward direction and C/I at an
angle of about 2° . For large
scattering angles the
polarization is generally small.
The impact parameters b given in
fig.5 are derived with a
K.O.Nielsen potential (6).

scattering angle

Fig.5

For the determination of the complete density matrix $mmL>
Stokes parameters are determined for angles of observation & = 0"
and Xr= 45*. The results for both angular settings are displayed
1n fig.6 as a function of the inverse velocity In the center of
mass system. Since the angular structure of the Stokes parameter
is found to be independent on energy, the scattering angle is
kept constant. The dependences of the corresponding parameters
at-tf= 0°and 45°are qualitatively comparable. S/I has a maximum
at an energy of about 11,5 keV and drops down to zero for large
inverse velocities. For smaller 1/v than measured in this work,
we know from ref,3 that S/I changes sign, has a minimum, and
Beco»«s positive again. M/I shows an oscillatory structure,
whereas C/I is small.

Due to a scattering out off the x-y-plane S/I and C/I are
reduced (3). For the geometry of the setup we compute with a
Nielsen potential a correction of 35 % for a observation at-v1"3 0*
and of 12 % at^= 45°. From these corrected Stokes parameter we
deduce from equ.6 the components of the density matrix of the
3p-level (fig.7).

A surprising result of the analysis is the dependence of the
diagonal elements on energy (inverse velocities). For the
largest 1/v the polarization is about zero so that the diagonal
elements are equal. Since S/I is basically determined by the
difference of £_«_,, and 84< , it is of interest to consider the
change of these elements when S/I Increases from zero to about
25 % polarization.
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The increase in $„4.4 is correlated with the circular
polarization. However, this increase in 8-4-4 does not cause a
reduction in population in $.,., . & H stays almost constant 1n the
observed energy range and the transferred population to systems
from So», The off-diagonal elements are small and have almost
vanishing imaginary parts. Since the determination of thentatrix
is redundant, further information can be deduced from the data.
As a test for the reliability of the measurements and the
evaluation procedure, we also show in fig.7 the parameter Io and
find no significant dependence on energy as expected from equ.5
and the data.

5, Conclusion

In this paper we report on the measurement of the complete
density matrix of Hel 3p excited in He*-Ne collisions. The most
striking result is the fact that the process of producing
orientation by increasing the relative population of the nt--l
sublevel leaves the m=l level unaffected so that the transferred
population has to stem from the m=0 level. This result disagrees
with the impact parameter selection model which implies a
selection between m=l and m=-l levels. In the experiment,
however, we find that for a maximum of orientation not the m=l
but the m=0 level is unpopulated. The mechanism underlying this
observation is not understood, but our finding explains the
magnitude of the maximum in S/I. Assuming that the m=l level is
unaffected, the maximum in the orientation is achieved by
tranferring all m=0 population to the m=-l level; the maximum in
S/I observed in our experiment corresponds to this case.

The contributions of J.Thiel, R.Burghard, J.Wangler, and
M.Bergk in performing the experiment and the help of
W.Hassemeier in preparing the manuscript are gratefully
acknowledged. This work was supported by the DFG
Sonderforschungsbereich 161.
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STATE-SELECTIVE ELECTRON CAPTURE STUDIED FOR QUASI-ONE-ELECTRON
COLLISION SYSTEMS

Hannspeter Winter

Institut für Allgemeine Physik, Technische Universität Wien
Karlsplatz 13, A-1O4O Wien, Austria

Abstract; Recent theoretical and experimental work on
state-selective electron capture in collisions of singly
and doubly charged ions with Li atoms is reviewed. Such
studies are also well suited to check theoretical pre-
dictions on electron capture into multiply charged ions
from H(1s) atoms. Two recently proposed direct applica-
tions for diagnostics of thermonuclear fusion plasmas
are described, too.

In collisions of ions with neutral particles electron capture can

already take place at rather large internuclear distances. This

makes such processes often important for energy balance and par-

ticle transport in plasmas containing both ionized and neutral

species.

In recent years, the role of electron capture in hot plasmas has

been fully recognized, for example in astrophysical research and

for the development of thermonuclear fusion reactors. More

specifically, electron capture into multiply charged ions was

identified as a dominant energy loss mechanism in magnetically

confined hot plasmas, and has also been proposed as a pumping

process for production of coherent vuv radiation.

Naturally, theoretical studies on electron capture concentrate

on the most simple collision systems, i.e. impact of fully stripped

ions on one-electron atoms, primarily H(1s), oecause these offer

best prospects for an almost exact treatment (for a recent review

cf. ref. /1/). On the other hand, it is just these collision

systems which are prepared for experimental investigations with

most difficulties. So far, respective experimental work has

concentrated mainly on total electron capture cross sections,

whereas theoretical predictions are checked more directly at

hand of state-selective studies. For investigations of the latter

type, appropriate experimental techniques involve either energy-
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change spectroscopy /2/ or detection of photons and/or electrons

emitted as a result of de-excitation processes after capture /3/.

Electron capture from more-electron targets can proceed via

several types of reaction channels (cf. /4/), whereas one-electron

target atoms can result in population of different projectile

particle states only. Thus, for more-electron target particles

additional use of coincidence techniques is necessary. On the other

hand, electron capture from one-electron target particles can be

investigated unanimously without such techniques. The latter pro-

cesses provide a useful test bed to check theory and, moreover, are

also of interest for some practical applications.

In an earlier contribution to these conference series it was shown

that in collisions of not-to-highly charged ions with Li(2s) atoms

the latter act as a true one-electron particle /5/. Up till now,

no state-selective studies on electron capture from H(1s) have

been reported. Electron capture from Li, on the other hand, has

been investigated by several groups, in all cases by means of

spectroscopy of emitted photons from crossed beams of singly or

doubly charged ions and Li atoms:
+ +2The cases of He /He impact on Li were treated up to 7 keV (cm.)

by Barrett and coworkers (/6/ - /8/). Kadota et al. /9/ also studied
+2He -Li collisions at cm.-energies between 10 and 100 keV. The

latter authors could make extensive comparisons of their results

with respective theoretical predictions (/10, /11/). Excellent

agreement was found of the sum of excitation cross sections with

recents results from total one-electron capture cross section

measurements /12/. While at the lower impact energies (up to 30 keV

cm.) excellent agreement with the theoretical predictions from

/11/ was established, the theories seem to overestimate both total

and partial electron capture cross sections toward higher impact

energy. The also predicted (/1/, /11/) preference of highest 1-

numbers in electron capture excitation of states for fixed prin-

cipal quantum number n has been found, too.

Still more complicated conditions are found in electron capture
+ +2from Li into Ne and Ne , respectively, as studied recently by

our group (/13/ - /15/). In fig. 1 the used experimental setup is

sketched. Photon emission in the vuv spectral region was observed
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with an absolute-intensity-calibrated spectrometer arranged in

polarization-free geometry. Results for Ne -Li collisions (Ne

impact energy 5 - 3 0 keV) are shown in figs. 2 and 3. In fig. 3

also results of semiempirical calculations following a method

developed by Olson /16/ are shown, and a satisfactory agreement

with the experimental data is found.
+ 2The three largest vuv-emission cross sections found for Ne -Li

collisions (Ne impact energy 20 - 60 keV) are shown in fig. 4.

Presently, also photon emission studies in the visible and near-

uv spectral regions are made for final identification of the con-

tributions of various Nell states to the respective total one-

electron capture. Future experimental improvements will include

quantitative consideration of long-lived excited states of both

primary and product ions.

As a general rule for such studies, a complete comparison of

theoretical and experimental results on electron capture in a

certain collision system must include a consistent bookkeeping

of all important electron capture channels which contribute

to the respective total one-electron capture.

Finally, two interesting applications of electron capture

from Li(2s) are mentioned:

It has been proposed to measure time-dependent energy distributions

of alpha particles created in thermonuclear plasmas near ignition

by means of electron capture from active neutral beams /17/. One

way to learn about the energy deposition mechanisms of the alpha

particles in the plasma involves spectroscopical observation of

Hell states produced by electron capture from the injected Li atoms.

Another application for diagnostics of fusion plasmas has been

proposed /18/, see also fig. 5:

Standard spectroscopical techniques can be used to observe charac-

teristic radiation resulting from electron capture-excitation of

impurity ions in collisions with Li atoms. The latter may be

injected into the plasma as an active neutral beam. The technique

seems to be especially appropriate for low-Z impurity ion studies

in the edge region of magnetically confined hot plasrruts.
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ABSOLUTE INITIAL-TO-FINAL STATE-SELECTIVE ONE-ELECTRON CAPTURE
CROSS SECTIONS FOR N E + 2 - X E COLLISIONS

A. Brazuk and H. Winter

Institut für Allgemeine Physik, Technische Universität Wien
Karlsplatz 13, A-1O4O Wien, Austria

Abstract: An optical attenuation technique adapted for the
vuv spectral region was used to determine total one-elec-
tron capture cross sections for collisions of ground state
and metastable doubly charged Neon ions with Xe atoms at
40 keV impact energy. The cross sections turned out to be
considerably different which can be explained by a larger
probability for transfer ionization for the metastable
primary ions. The fractions of both ion states have been
derived and used to determine initial-to-final state-
selective one-electron capture cross sections for production
of several Nell states.

+2
For Ne -Xe collisions at impact energies between 15 and 50 keV

Rille and Winter 1980 investigated the dominant one-electron cap-

ture channels. They measured absolute emission cross sections for

the three strongest Nell resonance transitions (2p P -3s P/

44.5 - 44.8 run, 2p5 2P°-3s 4P/45.5 - 45.7 nm, 2p5 2P°-3s' 2D/

40.6 - 40.7 nm). The sum of these cross sections was compared

with total one-electron capture cross sections of Flaks and Solov'ev

1958 and, referring to electron emission cross sections of Flaks

et al. 1962 the remaining difference was ascribed mainly to trans-

fer ionization (TI) processes.

For the study presented, we applied an optical attenuation method

("0AM", introduced by Matsumoto et al. 1981) to determine the meta-
1 +2

stable D - fraction in the primary Ne ion beam used for the

collision experiment. The basic principle of this technique rests

on the assumption that in relatively slow collisions electron cap-

ture does probably not change the primary iori total angular momen-
1 " +2 1

turn, i.e. capture into metastable Ne ( D) ions will most probably
+2 3produce other Nell states than capture into ground state Ne ( P)

ions.

Total one-electron capture cross sections for the two primary ion

states colliding with Xe are obtained by observation of Nell lines
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resulting from electron capture excitation processes. The com-

parison of such "initial state-selective" total one-electron

capture cross sections with "apparent" total one-electron cap-

ture cross sections (i.e. obtained without specifying the pri-

mary ion beam composition) permits the evaluation of the respective

primary ion beam fractions.
+ 2Matsumoto et al. 1981 used the OAM for Ar -Na collisions, by

scanning visible Aril lines along the primary ion beam in a Na

vapour cell. Because this technique is impracticable for the vuv

spectral region, we have developed a modified approach (cf. fig. 1):

The observation point in the collision chamber remains fixed and

the Xe atom density is varied which results in changes of both the

ion beam attenuation and the intensity of emitted Nell lines.

Signals S and S for the following two capture excitation re-

actions have been recorded at 40 keV impact energy, at various

Xe atom densities in the collision chamber:

S : Ne+2(2o4 3P) + Xe — Ne+(3s 2P) + Xe* (44.5 - 44.8 run)
g

S : Ne+2(2p4 1D) + Xe — Ne+(3s'2D) + Xe+ (40.6 - 40.7 nm)

m r

The ion current was measured by means of the Faraday cup and

signals were counted during ion current integration up to a pre-

set charge. The obtained signals were multiplied by the ion current

attenuation factor a(n) = I(n)/I . The ion current attenuation

was obtained for various Xe densities and was found to follow

a straight line in a semilogarithmic plot vs. n. Therefore, for

each density value the appropriate attenuation factor could be

determined by interpolation. Multiplication of the measured signal

numbers with a(n) assured that for each density the same primary

ion charge was injected into the collision chamber.

If we define by Q and Q the cross sections for attenuation of
+2 3 m2 1beams of Ne ( P) and Ne ( D) respectively in Xe, the following

relations hold: s . •. a/n\

Qg/m = " T"dn(ln n *

1 .. length of observed attenuation distance (cf. fig. 1)

In fig. 2 measured values for S and S have been plotted in the

way given by the above relation. Straight lines were found by
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best fits and from their inclination the two attenuation cross

sections were obtained:

Q = (0.85 - O.14)x1O"15 cm2 Q m = (2.5 - O,4)x1O~
15 cm2

The quoted uncertainties were obtained by considering systemati-

cal errors of target density (- 3 % ) , ion current (- 3 %) and

attenuation distance (- 6 % ) . The surprisingly large difference

between Q and 0 may be caused by transfer ionization:

Morgenstern et al. 1980 investigated TI for this collision system
+ 2and stated that for TI involving Ne ground state ions

Ne+2(3P) + Xe -— Ne+(2p5 2P°) + Xe + 2 + e" + 7.7 eV

the crossing between entrance channel and the continuum of TI-

channels at ca. 7 a (cf. fig. 3) does not cause a sufficiently
+2 1strong coupling. However, for the Ne ( D) metastable ion the

TI reaction proceeds via a crossing at ca» 5 a (cf. fig. 3)

which should result in a larger transition probability. Since

for the electron capture excitation channels the situation for
+2both Ne ion states is approximately the same, the difference

of Q and Q could be caused by the different probability for TI.

+2For Ne -Xe collisions Flaks and Solov'ev at 40 keV impact energy

give the following total electron capture cross sections:
— 15 2

Q, , = 1.5 x 10 cm (one-electron capture)
— 16 ?

Q, n = 1.5 x 1O cm (two-electron capture)

Accordingly, we reduced our values Q and O by M to correct them

for two-electron capture. The results are denoted by Q1 and Q_.

Apparent total one-electron capture cross sections were measured

by means of the parallel plate condenser method which yields the

sum of Qo .. and 2 x Qo ~. Therefore we applied a correction and
' a ~ + - 1 5 2

obtained for 40 keV impact energy Q_ .. = (1.13 - 0.1) x 10 cm .

With these results the metastable D-fraction f in the primary

ion beam could be determined:Q2 1 " Qaf = ', _ ,* = 0.24 (This number is subject to experimental
m ~ g errors of ca. 30 %)

If we assume that in the ion source plasma (a Duoplasmatron has
+ 2

been used in the present studies) the primary Ne ions are pro-

duced by electron impact only, the metastable fraction is given
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by the following relation:

f _ g(D) e x D f_ exc
1-f ~ 1 . expi . _, ;1 * g(3P) k'Te

g ... statistical weight
factors

E ... excitation energy
e x c

 0 .of the metastable
Ne ( D) ion (3.2 eV)

While at high electron temperature T the statistical value of

f = 0.36 will be given, our considerably smaller value of 0.24

is caused by the relatively low electron temperature of ca. 6 eV.

Finally, with the ion beam fractions known, initial-to-final state-

selective one-electron capture cross sections Q^'i could be de-

rived for 40 keV impact energy from the data of Rille and Winter
+ 4

1980. Because of relatively long life times of the Ne (3s P)-

states (cf. Loginov and Gruzdev 1978) an appropriate life time

correction had to be applied. The resulting cross sections are

given in table 1, No error limits are quoted because of the large

experimental uncertainties for both the respective emission cross

sections (resulting from the spectrometer intensity calibration)

and the metastable ion fraction derived abovei1c. ~

• Qen/10 V " . . .
initial ion state final Ion state Rille and

Winter 1980 2,

Ne+2(2p4 3P)

Ne+2(2p4 3P)

Ne+2(2p4 1D)

Ne+(3s 2P)

Ne+(3s 4P)

Ne+(3s'2D)

1.57 - O.O6

2.05 - 0.08

2.30 - 0.14

2.1

8.4

9.6

Table 1: Absolute initial state selective excitation cross sec-
tions for one-electron capture in collisions of doubly
charged Neon ions with Xe atoms (only statistical errors
are quoted for the emission cross sections of Rille and
Winter 1980)

Conclusions

Apparent total one-electron capture cross sections as measured

until now by standard techniques (eg. charge separation behind

a collision cell) may depend sensibly on the metastable primary

ion beam fractions. In case of "low" metastable states in the

ion beam such fractions can become considerably large and, more-

over, will depend sensibly on the respective ion source conditions,
+ 2

For the investigated collision system Ne -Xe, the sum of ex-

citation cross sections obtained for either primary ion state
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is approximately the same. On the other hand, the initial state-

selective total one-electron capture cross sections are quite

different which can be explained by the different contribution

from transfer ionization for the two primary ion states involved.
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I Fig. 1: Schematic view of experimental setup

FC .. Faraday cup, a .. observation aperture
1 .. length of attenuation, ES .. entrance slit of

vuv spectrometer



- 25o -

5 -

4-

a

<si<=

2

1.5-

I T 40,6/40,7 nm

44,5-44,8 nm

n/1013cm"3

1 2 3 4
Fig. 2: Dependence of Nell emission vs. Xe atom density.

(Open and full symbols refer to two independent sets
of measurements, for further details cf. text).

-2-

- ( . •

-2-

Ne+2(3P)-Xe

\.Ne+(3p4F'')»Xe+

Ne+2(3P) *Xe

+Xe

Fig. 3:

Potential energy curves

e+2(
+ 2 1(

for collisions of Ne+2(3P)

(upper part) and Ne ( D)

(lower part) with Xe

AE .. reaction energy
defect

R .. internuclear distance

Hatched regions:
Continuum of transfer
ionization channels

Dashed lines:
Potential energy curves
for electron capture into
the respective lowest

\N£(3slZ0)*Xe+ excited" Nell-states

\ Ne+2(1D)-Xe



- 251 -

Some 'Simple' Ion-Molecule Reactions Measured with Guided Be.ms
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D 7800 Freiburg/Br., Germany

Abstract; After a short look on RF-ion optics and its use

in a 'guided beam' tandem mass spectrometer, we discuss

experiments and theoretical evidence for reaction mecha-

nisms in the ion-molecule system: N +C0 resp. C +N0, and

D3 + H2-

I RF Ion Optics and Guided Beams

Ion optics using static electromagnetic fields is well known.

One of the limitations of electrostatics is Laplace's equation

A$=0, which has the consequence that any extremum of the potential,

$, must lie on the boundary of a (charge-free) domain. It follows

that electrostatic ion traps do not exist.

Inhomogeneous RF-fields offer this possibility. If the fre-

quency is high enough, ion motion in the large is adiabatic, i.e.

the trajectory in the large is smooth, the average force can be

deduced from an effective potential $ ff, and energy conservation

with respect to $ holds. The condition for this to happen is

- e n e rey of ion in electric field .
~ initial energy of ion

To be specific let us take cylindrical 2n-poles, e.g. an octopole

(n«4). We define

true .potential V * V (r/r ) cos n <p cos ait ,

2 2
effective potential V ..., = —r """^—7 (r/r )r eff 4 m r2 ü)z o



- 252 -

eff

with an adiabaticity or stability parameter now given by

r| = 2n(n-l)
U1L ~~ \JJ

o

In practice n Z 0.4 is sufficient for RF ion optics. Several ge-

neral properties are noteworthy •

1.) The effective force (eV$ ff) is generally directed away from

the electrodes, It is independent of the charge sign. Therefore,

RF-traps are possible.

2.) The usefulness of RF-traps, -walls, -tubes depends not only on

the stability of the trajectories but also on the maximum kinetic

energy of the ions which can be handled, i.e. on V f f at the edge

of the electrodes.

3.) Whereas it is more easy to fulfill the stabilization condition

for heavy masses, the effective potential is lowest for them. The

simultaneous stabilization of very different masses may, therefore,

make rather high RF-voltages necessary.

4.) Example: 8-pole, m = 1 u, n - 0,2, V = 100 V, r • 1 cm,

0) = 100 MHz.

The feasibility of using RF optics in ion beam work has, mean-

while, been shown in several laboratories. In the following we de-

scribe two reactions which have been exploited with a tandem mass

spectrometer utilizing ion beams guided by RF fields.

II Reactions in the (C„) System

This 'very open shell1 system is decomposable into 6 diffe-

rent atom-diatom fragments, and all diatomic fragments as well as

the three isomers NCO , NOC , and CNO are bound. Therefore a wealth

of potential energy surfaces can be expected within a limited energy

range connecting the various fragments. This is born out by the ob-

servation of all possible chemical channels starting from N +C0
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|j.Chem.Phys. 67, 5505 (77)| or from C++NO |cf. Fig. l|.

We draw the following information from these integral cross

sections:

(1) The thresholds show no activation energies, but several "se-

cond thresholds" can be seen for the exothermic channels.

(2) The curves are very smooth, there are no kinks attributable

to excited product states. (The kink in the 0 -curve coincides with

the dissociation of CO +N to 0 +C+N.) Probably not many electroni-

cally excited products are formed.

(3) At energies below I eV apparently "capture" sets in.

A next step of interpretation can only be done with the help

of theory. This allows to draw correlation diagrams. From Walsh ru-

les we know, moreover, that NCO and its isomers should be stable

linear molecules. This was verified by quantum chemical calculations

jChem.Phys. 28, 73 (78)|. So, correlation diagrams including the

quasimolecule NCO etc. can be drawn, which show (in symmetries C

and C that the reactions N++CO •*• O++CN, C++NO -»• O++CN, C++NO -*

-* CO +N, and, of course, the charge transfer reactions are non-adia-

batic. While this is born out by very small cross sections for the

channels leading to 0 , the reactions C +N0 •* CO +N has a 'normal1

cross section despite of its non-adiabaticity. This can be ratio-

nalized by the multitude of surfaces, and by construction of di-

abatic correlation diagrams. Further experimental study (energy

loss cross sections) and theoretical calculations of this inter-

esting system seem worthwhile in order to find out more about the

complicated topology of its energy surfaces.

Ill The Reaction PQ+H,,-Products

This system has been explored by several groups. One of the

problems is the sensitivity of the cross sections to reactant ex-

citation. Since D* stems from e+D2 •* D £ followed by D^+Dj, •*• D*,

where both reactions deliver excited products, it is difficult to
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avoid excited D. in most ion sources. The storage ion source of

our guided beam machine together with source pressures up to

6*10 torr allows us to work with relaxed D,.

We have observed the almost thermoneutral channels leading to

D2H and DH„ and channels leading to H , D , and DH . The "tnermo-

neutral" channels have a threshold of 20 meV (D2H
+) and 29 meV

(DH„) coming from zero point energy differences, which cannot be

observed even in our apparatus. Most interestingly the ratio, R,

of DH„ (single deuteron transfer) to D-H (D/H-substitution) falls

from 60 to 3 in the energy range 4 to 0.05 eV (cm.), the energy
1/2

dependence being ~ E .We interprete this function as showing

that the substitution reaction is proportional to collision time.

The statistical ratio R-0.5 is not reached within our energy range

and probably at no collision energy.

A look on the H_ potential energy surface shows why. As cal-

culated by Ahlrichs |Theor.Chim.Acta 39, 149 (75)| the H* molecule

is envelope-shaped with a potential well depth of 321 meV only.

(H, oscillates between the clusters H„*H, and H_«H2.)This depth is

much less than the zero point energy of the reactants (654 meV for

D-+H. . Now, a close look on the mechanism of the formation of a

longlived complex, which in turn leads to a 'statistical* product

ratio, shows that the ability of a collision system to form such

a complex depends on the well depth relative to the total (not the

collisional!) energy. The reason is, classically speaking, that on

the first 'hit' (i.e. binary atom-atom encounter) the projectils

must loose enough energy to the target to be trappedtbut this must

happen without blowing the target into pieces. Quantum mechani-

cally the requirement is a sufficiently high state density at an

energy corresponding to the total energy, which means that E. ...

must certainly be larger than the zero point energy.

A comparison with SIFT-data from Birmingham |D. Smith, pri-

vate communication I is possible only with some restrictions,
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since rate constants derived from both methods are not defined in

the same manner. Extrapolation of our effective rate constants to

low energy give k f , = 33 _«10 cm sec for DH„, which must

be compared with a thermal k at 225 K. Interpolating the Birming-

ham data to this temperature leads to 37.5*10 cm sec in good

agreement with our data. There is, however, a disagreement of a

factor 4 for the D^H channel.

The endoergic channels -*• H++D2+DH and -*• D
++D_+H2 (or DH+DH)

have been observed, too. They show thresholds in agreement with-

in 0.2 eV with the current value of the proton affinity of H,

(4.360 +_ 0.030 eV from theory). This threshold shifts by more than

2 eV if nascent D3 is used for the reaction. Similarly a tenfold

increase in some cross sections can be observed with non-relaxed

D-, which leads us to believe that merging beam data on this

system must be considered as coming from non-relaxed D_.

The collaboration of E. Teloy, D. Gerlich, K.A. Dichtel, G.

Piepke, and D. Cahnbley, and the support by the Deutsche For-

schungsgemeinschaft is gratefully acknowledged.
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The development of the field of the dynamics of ion-mole-
cule reactions is reviewed and its achievements are
illustrated by examples of specific studies.

The beginning of the development of ion-molecule reaction

dynamics lies in the mid sixties, following closely an outburst

of activity in molecular beam chemistry of reactions of neutral

particles. At that time, kinetics of ion-molecule reactions

had been investigated systematically for more than ten years

in classical mass spectrometric studies, mostly under single

collision conditions, and large amount of data existed on to-

tal cross sections of these processes and their dependence on

collision energy. The first experiment may be regarded as a

study of dynamics and which gave information on the mechanism

of such a reaction directly concerned the reaction

Ar+ + H2 *. ArH+ + H (1)

which consisted in measuring the velocity distribution of ArH+

along the direction of the projectile Ar+ beam. This study [Ü]

established the general features of the spectator stripping

mechanism, observed then in many other processes of a simple

proton or H-atom transfer at the collision energies of seve-

ral eV.

Special beam - scattering chamber and crossed - beam ma-

chines made it then possible to measure both angular and velo-

city ( energy ) distribution of the product ion and to con»,

struct contour scattering diagrams [2,3] . The over-all sym-
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metry of the ion distribution'about the center of mass was used

to determine the scattering features of the direct or impulsive

mechanisms ( of which spectator stripping was the prime example)

and the complex formation: while the formation of an intermediate

complex led to a distribution symmetric about a plane passing

through the center of mass perpendicularly to the relative ve-

locity ( a forward-backward symmetry) reflecting the fact that

the reactants stayed within bond distances for at least several

rotations of the intermediate species, direct mechanims were

characterized by a distribution utterly asymmetric about such

a plane, indicating that the reactive encounter was of a dura-

tion of one or several vibrations, much shorter that one rota-

tion of the transition species. Studies of systems like ["4,5]

C2H+ + C2H4 «> C3H; + CH3 (2)

0+ + D 2 * 02D
+ + D (3)

revealed that a complex was formed at low collision energies

and that there was a smooth transition to a direct mechanism

at higher collision energies. The dependence of the microscopic

mechanism on the collision energy made it possible to study

the dynamics of these processes over the entire range of "che-

mical" energies, from thermal up to several tens of eV. Seve-

ral models were formulated to account for specific features

of scattering both at very low { polarization stripping[3] )

and very high collison energies. The sequential impuls model

fö] introduced originally for the latter region has been shown

recently to have a general application for the case of a high

ratio collision energy - bond strength, as, e,g,, for van-

-der-Waals chemical reactions

A qualitative relation between the reaction mechanism and

the type of the potential energy surface involved was establi-

shed: while processes in which an intermediate complex was

formed required an attractive surface with a deep well close

to the saddle point, impulsive processes were likely on sur-

faces rather flat in that region. However,more detailed con-

clusions required both better theoretical and experimental
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data. Theory could provide information on potential energy

surfaces of simple systems, and on the reaction dynamics on

them by carrying out quasi-classical trajectory studies. For

this purpose quantities were needed from scattering experiments

which could be directly compared with quantities obtained from

the trajectory studies; these were found in c m . angular dis-

tributions ( proportional to differential cross sections ) and

in product relative translational energy distributions, both

obtained from scattering diagrams. The joint experimental

and theoretical investigation of an ion-molecule reaction was

first applied to the system H+ + H- [8]. It was this study

which led to the formulation of a general theoretical approach

of treating trajectories in non-adiabatic systems - the tra-

jectory surface hopping (TSH ) method. Another joint study

of an adiabatic system

H* + He -%. HeH+ + H (4)

revealed interesting details concerning the dynamics [9,io],

Orbital correlation diagrams were used more and more to

help to clarify the question of electronic states involved

and to assign the possible final states of products fll-13].

Scattering data became available not only on chemical

reactions, but also on charge transfer processes which compete

with chemical reactions in most ion-molecule systems. They

have shown that beside a simple electron jump without momentum

transfer, charge transfer occurs also in intimate collisions

which may be either direct or complex in nature and in which

charge transfer may compete effectively with parallel chemi-

cal processes. Thus, e.g., in the collision energy region of

0.1 to several eV (cm.) the charge transfer process

Ar+ + H 2 -* Ar + H+ (5)

occurs by a simple electron jump mechanism which follows the

closest-to-resonance energy exchange, while in intimate colli-

sions, of the impulsive type, a large momentum transfer may

occur which populates a variety of vibrational states of the

product ion H^
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A new approach to the dynamics represent high-resolution

scattering studies [l5T : guided-beam techniques combined with

precise time-of-flight measurements have provided very detai-

leo information on the population of product rotational and

vibrational states in the system

D+ + H 2 ^ HD+ + H (6)

These results represent an unsurpassed manifold of high qua-

lity data for theoretical treatment of the intermediate complex

formed in this process.

Beam scattering experiments have been concerned mostly

with monitoring the collision energy of reactants and measuring

the angular distribution and translational energy of products.

Thus, partitioning of energy into translation and internal

energy of products could be determined. However, with the ex-

ception of the high-resolution studies mentioned above and some

special favourable cases, partitioning of energy between product

vibration and rotation could not be obtained. Beam - chemilu-

miniscence spectroscopic methods have provided this information

by supplying data on the population of internal states of a

product, if formed in an electronically excited state so that

its emission could be detected C161• Recently, infrared che-

miluminiscence of electronically ground-state molecular pro-

ducts of some ion-molecule reactions has been successfully

measured in flowing afterglows [17]. Advances in laser-induced-

-fluorescence of ion-molecule reaction products promise to pro-

vide datailed inofrmation on internal state distributions of

ground-state products.
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ABSTRACT

The combination of slow- and fast-flow-drift-tubes with selective
ion injection systems has led to a tremendous increase in the informa-
tion on ion neutral interactions in the low energy regime (room tempera-
ture to a few eV). In the present progress report examples are shown of
recent results on the energy dependences of branching ratios, of the
state distribution of ionic reaction products, on the influence of the
ionic excitation, on the reactivities of ions with neutrals and on the
investigation of associative reactions in drift tubes.

INTRODUCTION

In classical drift experiments which were used to investigate the
reactions of ions with neutrals, the reactant ions X+ either were pro-
duced within the drift tube by reactions between buffer gas ions or meta-
stables with neutrals, N, or injected into the drift sections with high

2energies . In the first case no pure buffer gases are present in the drift
section thus in many cases when the reactions of X+ with a neutral reactant
Yis tobe investigated, parallel reactions with the also present neutrals
N make an accurate determination of product channels very difficult. Quenching
collisions of X+ with N cause X+ to be in its ground state X+(X, v=o) in
most cases, whicu is an advantage as one can uld be sure about the state of
the reactant ions but this makes it complicate to investigate reactions
of electronically or vibrationally excited ions.

In the second case, where ions / re produced outside the drift
section and injected through a small hole into the drift section, the
variety of injectable ions is limited. Especially more complex ions
and cluster ions easily break up in collisions with the büffer
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gas during the process of injection; if on the other hand the
injection energies are lowered, the number of ions entering the
drift section per unit time becomes very small, so that accurate
measurements of rate coefficients become difficult. These difficulties
have been overcome by the use of venturi inlets, similar to the
design of Adams and Smith in which even slow ions are carried very
efficeintly by the buffer gas into the drift section. Thus nearly
any chosen ion, produced in an ion source of any kind outside the
drift region and mass selected by a mass spectrometer can be introduced
into slow- or fast flow drift tubes5'6.

RESULTS

The following results were chosen to demonstrate the detailed
information which can be obtained on ion neutral interactions using
selected ion drift tubes.

A. Energy dependences of branching ratios of reactions.
Especially reactions which are slow at room temperature often have rate
coefficients showing strong energy dependences. In addition the branching
ratios of these reactions may change considerably with KE_ . The first
energy dependence on the branching ratios of the aeronomically important

+ 5

reaction N + 0 2 was investigated by Howorka et al . at the NQAA-SIFDT,
showing the product channels into 0 +, 0 2

+ and N0+ to vary from 8:50:42 %
respectively at near thermal energies to 2:78:20 % respectively at KE_

C * III»

2 eV. Several reactions of Ne with various neutrals not only show
strong energy dependences of the total rate coefficients but also
of the relative ratios of the various reaction channels.
Fig. 1 shows for example the products of the reaction of Ne+ with CO
to go from nearly exclusively C0+ at a few tenth of an eV to predomi-
nately C+ at KE of a few eV. The appearance potential of C+ + 0
from CO is 22.57 eV, thus the dissociative charge transfer channel

Ne+ + CO -»• C+ + 0 + Ne
is endoergic by 1 eV and the data of Fig. 1 infer that this channel
takes over completely as soon as it becomes energetically possible.

B. Excited ionic products.
Recent investigations performed in our laboratory have led to the
identification of both vibrationally and electronically excited
ionic products of charge transfer processes. In the reaction of Ar+ with
N2 the product N 2

+ is produced nearly exclusively in the N 2
+ (X, v=1)

state in the energy regime from thermal to a few eV .
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The charge transfer of Ar with 0 2 shows a rate coefficient which

declines from k = 5 x 10"11cm3 sec"1 to 2 x 10"11cm3 sec"1 with

increasing KE „ from thermal to 0.4 eV and increases from this3 c m . o
point on with further growing KE _ m . This strong increase of k at

c m . + «
elevated energies is due to the production of 0 9 ( n ) which becomes

9energetically possible above KE = 0.35 eV .
C • Ml»

C. Influence of ionic excitation on ion neutral reactions.

The influence of the ionic excitation on reactions can be demonstrated

in two ways:
1) By comparing the energy dependences of rate coefficients obtained

in different buffer gases. While He is neither effective in quenching

nor in exciting molecular ions, heavier buffer gases cause vibra-

tional excitation of molecular ions at elevated E/N. Thus, reactions

which are promoted by the ionic vibration have higher rate coeffi-

cients at high E/N in buffers like Ar or Kr than in He, as has ex-

tensively been demonstrated .

2) If a mixture of vibrationally excited and non excited A (X.v^o)

and A (X,v=o) is introduced into the pure He buffer, adding reactant

ga<: R causes the mnitored reactant ion signal to show at least two

declines, one for A+(X, vj* o) and one for A+(X,v=o), from which the

corresponding rate coefficients can be calculated. N2
+(X,v=1) for

example reacts fas with Ar» while the endothermic charge transfer

N2
+(X,v=o) with Ar is slow. In the proton transfer from N2H

+ (X,vA>)

to Kr at energies close to room temperature even three declines are

observed (Fig. 2); the fast one most likely is attributed to NpH+

(X, v=2), for which the proton transfer to Kr is exothermic. The
-9 3 1corresponding rate coefficient is fast (~ 10 cm sec ), as is

typically for exothermic proton transfer reactions. N2H
+ (X,v=1)

reacts considerably slower» and from the proton affinities of N« and

Kr one might expect the proton transfer from N,,H+ to Kr to be nearly

thermoneutral, probably just slightly endothermic to cause a slower

rate coefficient than the one observed for N2H
+ (X,v=2). The proton

transfer from N2H
+ (X, v=o) to Kr is endoegic by about 0.5 eV, thus

the third decline on the N?H
+ ion signal in Fig. 2 is very slow

at the low E/N, at which the dati were taken.



- 266 -

D. Associative reactions.

A saturation of the apparent two body rate coefficient is observed

above a certain limit of buffer pressures, where the buffer collision

frequency with the associative reaction complex is high enough to stabilize
+*every complex AB , formed in the first step of the reaction

A+ + B -> AB+*

In the case of associative reactions of CHo+ complexes with very long
14lifetimes are formed with collsion partners , such as NhL or H90. Recent

15SIFDT data allowed the determination of the critical pressure above

which saturation is observed. In agreement to data obtained at tempera-

tures lower than room temperatures, this saturation shifts

towards higher pressures with increasing E/N. The mean life time of the

CHo+ - NHo complex is ~ 10" sec at near thermal energies.

CONCLUSION

While conventional drift systems mainly were used to investigate the

energy dependences of total rate cofficients for ion neutral reactions, in

newly developed drift tubes with selected ion injection also information

is obtained on the energy dependences of product distributions and in

several cases also on the excitation of ionic products. Also the influence

of the excitation of the ionic reactant ion on its reactivity with neutrals

in more easily investigated with these techniques thus adding more informa-

tion for the understanding of reaction mechanisms.

This work was supported by the österreichischer Fonds zur Förderung

der wissenschaftlichen Forschung under Project S-18/07.
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ABSTRACT

The energy dependences of the exothermic proton transfer from ArH+

to various neutrals has been investigated in the energy regime from ther-
mal to .. 1 eV. All rate coefficients obtained are fast (within a factor
of two of the Langevin or ADO limiting values) and show only slight
energy dependences. From the equilibrium [Ar H+J / [H3

+J in Ar-H^ mix-
tures a difference of the proton affinities between Ar and H2 of APa =
0.55 eV is obtained. The exchange reactions H+ + D? "*" HD + D and D + +
Hp -*• HD + H+ show energy dependences which are in full agreement with
theoretical predictions taking into account statistical factors and the
energetics of the reactions.

INTRODUCTION

In conventional drift tubes or flow drift tubes the investigation
of reactions of ArH+ with neutrals is complicated due to the presence
of other ions. ArH+ usually is produced in a drift tube via the reaction
of Ar with H„ which is added to the buffer gas. Adding enough H~ so
that all the Ar+ is converted in to ArH , also leads to the production of the
tertionary ion H,+ via the reaction of ArH+ with H9, if little enough H9

+ + +

is added to avoid H- production, also the Ar conversion to ArH
does not go to completion, so that Ar ions present in the reaction
section lead to parallel reactions. A newly developed selected ion drift
tube allows the injection of preselected ArH+ into a He buffered drift
section with energies low enough, so that only a fraction of a few % of
the injected ions break up or are converted to HeH+ prior to their
thermalization. Thus an accurate determination of the product channels
in reactions of ArH+ with various neutrals is possible, which is
essential, if e.g. the question should be answered, whether ArH+ only makes
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proton transfer to D2 or also undergoes an isotopic exchange reaction
resulting in the product ion ArD+. In the following, results on the
proton exchange from ArH* to the neutrals H2, D 2, 0 2, NO and CH^ are
shown, as well as on the exchange reactions of H+ (D+) with D 2(H 2).

RESULTS AND DISCUSSION

Table 1 shows thermal rate coefficients in He for the proton trans-
fer* reactions of ArH* with various neutrals. Also investigated were the
reaction of ArD* with the same neutrals, but no differences were observed
for the respective rate coefficients with the exception of the ones listed
in Table 1. As shown in Fig. 1 the rate coefficients of the reactions
of ArH* (ArD*) with (H9,DJ show slight declines with increasing KE„ m ,

C- L. C •in» *

the rate coefficients for the remaining reactions show no changes over

the energy ranges studied.

An isotopic exchange of the type

XH* + D 2 + XD* + HD (1)

was not observed for X = Ar. In the case X - N2 some indication of an
isotopic exchange reaction was seen, but up to now it is not yet clear
whether this apparent isotopic exchange only happens with excited N2H*
or also with N2H* in its ground state.
Using Ar as a buffer and adding H2 in quantities of a few percent to
the buffer equilibrium between ArH* was easily established from which
equilibrium constants K = k-r/kr for

+
 kf +ArH + Ho V H * + Ar (2)

K
were obtained in the usual way. A plot of In K versus 1/KE leads
to the Vant'Hoff plot shown in Fig. 2, fran which AH = APA (Ar- H2)
= 0.55 eV is obtained. This difference in the proton affinities between
Ar and H2 compares well with other literature values.
The exchange reactions

H* + D2 -* HD + D* (3)
and

D + H2 -* HD + H , (4)
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Table 1: Thermal rate coefficients k for the proton (deuteron) transfer

from ArH+ (ArD+) to various neutrals

Reaction

ArH+ + Ho + H + + Ar

ArH

+ H2

->• DOH+ + Ar

ArD+ + H2 -»• H2D+ + Ar

ArD+ + D9 -• D * + Ar

ArH+ + 0 2 ^ 0 2 H + + Ar

ArH f + CO + C0H+ + Ar

ArH+ + N2 * N2H+ + Ar

ArH+ + C02 -»• C02H+ + Ar

ArH+ + CH4 •* CH5
+ + Ar

k (10"1ocm3 sec"1)

8.0 +_ 2.4

6.4 + 2.0

6.0 + 1.8

5.1 +_ 1.5

6.0 +_ 1.8

12.5 + 3.5

8.0 +_ 2.4

11 + 3 . 3

10 + 3.0

1-IÖ9

•u
•I
M

ou
UJ

1-UJÜ

i""~i r~r

_ ArH + H2

ArD'+

ArH++ Dz

A A

i L

I I I I I I

• «̂

0.1
KEcm(eV)

6 8
1/KEcm(eV1)

10 12

Fig.l Fig. 2
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have recently been investigated in the temperature range from 100
to 300°K in a SIFT experiment and at somewhat higher energies in a
guided beam experiment.
The present data, covering the energy range from thermal to 0.3 eV
(see Fig. 3) tie smoothly to the SIFT data and also compare well
with guided beam data3. Reactions (3) and (4) are of special
interest, as this system is simple enough, sc that theoretical work
has been done, which allows a detailed comparison between theory and
experiment . Theory predicts the energy dependences in the low energy
regime and the absolute values of the rate coefficients for reaction

(3) and (4) in good agreement with the present data and for a detailed
p

discussion of this system we refer to the work of Henchman et al. ,.
5 3

Villinger et al. and Gerlich et al .
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THE SEPARATE REACTIONS OF THE 2P3/ AND 2P 1 / 2 GROUND STATES OF Kr
+ WITH

A NUMBER OF GASES FROM 0.04 eV TO SEVERAL eV.

T.T.C. Jones, K. Birkinshaw, J.D.C. Jones, N.D. Twiddy.

Department of Physics, University College of Wales, Aberystwyth,
Dyfed SY23 3BZ, U.K.

Abstract The separate reactions of P3/9 an<* pi/2 Srouiu* states
of Ki;+ with 0«, CO, N_0 and OCS have been investigated over the mean
relative kinetic energy range from 0.04 eV to several eV using a
Flow-Drift-Tube CFDT) apparatus. The results have been interpreted
in terms of transitions between states of the reaction intermediate
that correlate adiabatically to either the reactants or charge
transfer products.

Introduction

There are several cases in which the reactivities of atoms and atomic ions
whose ground electronic state is split by spin-orbit coupling, are depen-
dent on the atomic or ionic fine structure state (refs. 1 to 4). The
reactions of Kr+('2P3/2) and Kr+(

2Pi/2) have been investigated at 300 K by
Adams et ai (ref. 5). In the present work the reactions of Kr+(2P3/2,
2Pl/2) with O2, CO, N20 and CO were studied over the relative collision
energy range 0.04 eV to several eV. Little reaction with NO was observed
up to a relative collision energy of 2.5 eV, and there was no collisional
quenching of Kr+(2Piy2) by NO at 300 K, as demonstrated by employing NO as
a filter gas.

The state selective studies were achieved by:-

i) generation of Kr (2P3/2) by
 the reaction CO + Kr •*• Kr + CO

ii) generation of Kr+(2Pi/ ) by the slow reaction N2 + Kr •*• Kr + CO
which yields > 70% K.* (2Pi/2).

iii) the use of a filter gas (refs. 5) to selectively remove one of
the spin-orbit states.

A microscopic interpretation of ion-neutral reaction experiments in the
relative kinetic energy region below 10 eV is only complete when the
potential energy surfaces attainable by the reacting system and the
regions of intersurface transition have been quantified. However,
some features of the PE surfaces can be revealed without lengthy quantita-
tive calculations by considering the symmetries of the molecular'states
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arising during the collision. By forming the products of the space and
spin eigenfunctions the Kr+(2P3/ ) and Kr C2Piy ) can be separately
correlated.

Experimental

The flow-drift-tube used for these measurements has been described in
reference 6. Ions are injected into high purity flowing helium buffer
gas in a flow tube where they relax and are converted to the reaction
region where a uniform electric field is applied in the same direction as
the buffer gas flow. The reactant gas is introduced into the flowing
gas and ions are sampled mass analysed and counted at the end of the
reaction region. The average kinetic energy of the ions is varied by
varying the electric field along the reaction, region. The decay of the
primary ion count rate as a function of reactant gas flow rate is analysed
using a maximum likelihood curve fitting technique (ref. 7). In the
present work account was taken of the possibility of quenching of
Kr+C2Pi/2) °* excitation of Kr

+(2P3/2), details of which will be presented
in a future paper (ref. 8).

Discussion

There has been a good deal of success in the application of correlation
methods in beam studies of ion-neutral reactions (ref. 9, 13) but little
effort has been made to systematically interpret low energy (thermal to
10 eV) ioa-neutral reaction rate constants by this means

10

Rate
Coefficient
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The experimental rate constant data for the reaction of Kr with 0 2 are
shown in. Fig. 1. An attempt has been made to understand the data in
terms of the adiabatic correlations between the states of the (KrO2)

+

system, and the occurence of non-adiabatic transitions. The ground state
of KrO+ (**£") is given by Guest et at. Cref. 14).

Before dealing with state correlations it is worthwhile pointing out a
simple feature of the asymptotic potential energy surfaces which appears
to be related to the reactivities of the two states of Kr+ with diatomic
molecules. Figure 2 shows a cut through the asymptotic potential energy
surfaces of the (Kr-O-O)+ system with Kr+, Kr or 0 at infinity. The
entrance channels for Kr+(2P3/2) and Kr

+(2Pi/2) are marked on the diagram.
The situation for Kr+ + CO is similar but in this case the entrance channel
for the 2<?3/2 state lies at almost the same energy as the exit channel.
Table I shows the room temperature rate constants observed and the energy
separation (AE) of the reactant Kr+(2P3/ ) surface and the ground state
product surface at their respective minima:-

AE

1

<3

^0

CO

.6 (-10)

.0 (-11)

eV

Table I

5.

<2.

^2

»2
.5 (-11)

.0 (-12)

eV

NO

<1.

<2.

*

3

5

5

(-11)

(-11)

eV

* The experimental upper limit is expected to be anomolously
high because of impurities in the NO reactant gas.

This rate constant behaviour is consistent with the possibility that as
the exothermicity increases, the inter-surface transition region moves to
small interatomic separation and the probability of transition becomes
more unfavourable.

The second observation from the experimental data in Fig. 1 is that the
Kr+(2Pi,2) may be primarily quenched in 0 2 from 0.5 eV to 3 eV. It has
been shown in the present work that quenching is dominant above "»I eV in the
reaction of KrC2Pi<2) with N20.

The state correlation diagram for the (Kr-0~0)+ system is shown in Fig. 3.
These states have been classified according to representations in extended
symmetry point groups, allowing for the spin-orbit interaction.
The molecular states evolving from a linear approach of a Kr+(2P) ion and
an 02(

3E£) are 2Z, 2It, l*E, **]I for Russell-Saunders coupling. However in
Kr+, spin-orbit interaction leads to a splitting of the 2P state into 2?
and 2Pi/2 components and each component must be correlated. To do this,
the direct product of the spin and orbital functions of the 2P state (in
Cn>v symmetry) is formed (ref. 15) giving Ejy2 + ^\i2 + E 3# 2 species.
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2The 2?3/2 component corresponds to ^i/2
 + ^3/2

 and the 2pl/2 component
E Th d i d d f th 3£ t t f 0 givin

3/2 p p i/2 3/2 l/2 p
to Ej , . The same procedure is adopted for the 3£g state of 0 2 giving
to species I + and JI. The direct products of the latter with the species
for the 2P3/2 and

 2Pi/2 states of Kr
+ gives:-

Ei/2 x E

" i / 2 x n

E 3 / 2 ) x E

- E 1 / 2

- E 1 / 2

+ "" E l /2 E 3 / 2

(E 1 / 2 + E 3 / 2) x H -

Similar calculations are carried out for Oi + Kr and KrO+ + 0 .
These results together with their resolution into C 2 v

 and C s symmetries are
given in Fig. 3. The correlations are shown assuming J-J coupling. The .
reactions proceed via electron transfer,collisional de-excitation and
excitation between the fine-structure states of Kr+, and therefore non-
adiabatic transitions between states of(Kr02)

+ must occur.

The enhanced reactivity of Kr 2?3/2 is understandable in terms of the non-
adiabatic transitions between these states. In an effort to further
elucidate the behaviour of the adiabatic surfaces, a state correlation
diagram for the systems (Kr + 02)

+/(Kr0 + 0 ) + is presented. It can be seen

-P3/2) is able to react by a single non-adiabatic transition. As the
relative collision energy of the reactants increases it is possible that the
surfaces which correlate with KrO+ + 0 approach more closely and non-adiab-
atic transition regions are reached. This would be consistent with the
experimental observations that at higher kinetic energies the reaction rate
for the Kr+(2P3/2) state increases and the 'apparent' rate constant of the
Kr+(2Pi/2) (upper limit of k* and lower limit of kq + k*) also increases
with increasing energy.

Similar considerations for reactions of Kr (2P3/2,
 2Pi/2) with CO, OCS and

N20 indicate that the Kr
+(2P3»2) should be more reactive than Kr

+(2Pi/2).
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THERMAL ENERGY CHARGE TRANSFER REACTIONS :

KINETIC AND INTERNAL ENERGY OF THE PRODUCTS

R.Derai, G.Mauclaire and R.Marx

Laboratoire de Resonance Electronique et Ionique

Bat. 350, Univ. Paris-Sud, 91405 Orsay, France

2
Non dissociative charge transfer reactions from the P-w2 ground state

+ + +

of Ar , Kr and Xe with several small molecules have been investiga-

ted at near thermal energy. In most of these systems, a substantial

kinetic energy release is observed; its measurement allows determina-

tion of the internal energy of the products. It is shown that

molecular products are usually formed in high vibrational levels of

the electronic ground state with a rather narrow vibrational distri-

bution.

I. INTRODUCTION

Some years ago, it was thought that, to be efficient at thermal energy,

charge transfer reactions proceed through a long distance electron jump (1),

a mechanism in which there is no possibility for conversion of internal into

kinetic energy. This model however could not explain all the results. Recent-

ly we developed at Orsay an ion cyclotron resonance (ICR) method to measure

the kinetic energies of the products of ion*molecule reactions occuring at

near thermal energies (2). Our results are specially interesting for non

dissociative charge transfer reactions for the following reasons: i) trans-

lationally excited product ions can only result from "non energy resonant"

processes; ii) if the primary ion is atomic and has a well defined internal

energy, the internal energy of the product molecular ion is easily deduced

from energy balance considerations. Such results are an important key for

the understanding of reaction mechanisms, and we therefore made a systematic

study of non dissociative charge exchange reactions involving Ar , Kr and

Xe . We shall also discuss the applicability of similar measurements to mole-

cular reactant ions and the possibility to use charge transfer react?.ons to

prepare energetically well characterized molecular ions. The latter can
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subsequently be used as reagent to study the dependance of a given ion-

molecule reaction upon the vibrational energy of the primary ion.

II. REACTIVITY OF THE 2P, /o AND
 2P„,„ STATES OF RARE GAS IONS IN AN ICR CELL

l/l ll
The principle of the kinetic energy measurements has already been descri-

bed (2) as well as some recent improvements (3). In the present experiments,

the knowledge of the primary ion recombination energy is crucial. The energy
2 2 + + +

gap between the P.,. and P./o components of the Ar , Kr and Xe being

respectively 0.18, 0.67 and 1.31 eV, it is necessary to be able to separate

the contribution of these two components to achieve a correct energy balance.

While the energy definition of our electron beam is good enough to select

the lowest component for Xe and Kr , this is clearly not possible for Ar .

In fact, in all the reactions of Xe or Kr that we studied, we never noti-

ced any difference neither in the total rate constant nor in the kinetic

energy measurements when the electron impact energy was adjusted above and
2

below the P.,„ threshold. This is in contrast with results of the SIFT
experiments of Adams et al. (4) who report appreciable differences in the

2 2 + +
reactivity of the P ._ and P ._ states of Kr and Xe reacting with NH
and H.O for example. We concluded that in our experimental conditions, and

2
probably more generally in ICR cells, the P ,„ component is completely

2 .
deactivated into the Pq/o state before reacting, possibly via superelastic
collisions with low energy electrons.In any case, the only primary species

2
to be considered in the experiments presented here are the Pq/9 ground

state ions.

III. ENERGY PARTITIONING IN NON DISSOCIATIVE CHARGE TRANSFERS

III.l Results

Results for charge transfer reactions from Ar , Kr and Xe are presen-

ted in the table. Some of these reactions are partly dissociative or may

also occur via channels other than charge transfer, but in the following

discussion we will only consider the non dissociative charge transfer reaction.

The total kinetic energy release, TKE(M ,A),(column 5 ) is obtained

from the measured kinetic energy of the product ion, KE(M ),by momentum

conservation considerations. In column5 , one or two values of TKE are

presented depending on the width of the distribution which can be extracted

from the shape of the experimental curve ( M ion current versus square root

of the trapping voltage). A single value indicates a rather narrow distribu-
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tion, while two values bracket the significant part of the distribution.

The internal energy,

by energy balance :

The internal energy, IE, of the product ion M , given in column 6 , is deduced

AE = TKE( M+,A) + IE (M+)

where AE is the available energy (column 2) :

AE = RE (A+) - IP (M)

When we have enough information, we report in column 7 the vibrational

levels of M corresponding to its internal energy.

III.2 Discussion

- Kine_tic

First, it can be seen from the table that the magnitude of the rate

constant is not correlated to the kinetic energy release.

For most of the systems studied, one third to one half of the available
into

energy is converted^kinetic energy of the products, which means that the

reactions are not energy resonant electron jumps. This is in contrast with

what we observed for dissociative charge exchange reactions which always

seem compatible with an energy resonant process (12, 13). Such dissociative

reactions occur indeed with He and Ne having recombination energies

(respectively 24.6 and 21.6 eV) in an energy range where the density of

states in the molecular ion is large even for diatomic species so that a

nearly resonant electron exchange can often be realized.
+ + ->-

Starting with Ar , Kr and Xe as primary ions, the energy available

lies below thz first dissociation limit of most of the molecular ions and

in a range where there are only one or two electronic states with large

energy spacing, an unfavourable situation to achieve energy resonance.

Nevertheless among the various systems we studied, four of them ( Xe /0„ ,

Kr /CH, , Ar /NO and Ar /NH» ) can a priori be expected to be energy resonant

since the recombination energy of the primary ion falls just inside the

envelope of a band in the photoelectron spectrum of the molecules. No kinetic

energy release is indeed observed in Xe /0_ , Kr /CH, and Ar /NO meaning that

the populated levels are those expected from the phocoelectron spectrum.

However in Ar /NH~ , a kinetic energy release is observed indicating that

the accidental resonance existing at infinite distance cannot be maintained

at the distance where the electron jump occurs, possibly because of the larj'.e

permanent dipole moment of NH„.
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- ĵ iter_nal_eiierjgy_

As mentioned above, when a noticeable curvature appears between the two

linear parts of the experimental curve, information on the corresponding

kinetic energy distribution and also therefore on the internal energy distri-

bution of the product ion can be extracted as illustrated in the case of Ar ,

Kr and Xe^ reacting with NH (3): i)when the dispersion of the experimental

points is low enough, the envelope of the kinetic energy distribution can be

obtained by deconvolution; ii) when the energies of the vibrational levels

of the ion are known, a fitting between the experimental and the calculated

kinetic energy curves (assuming different vibrational distributions) gives

at least an approximate vibrational distribution as indicated on the figure.

f_ lnt.erna_l_energy_ jselected_ions_

It can be seen that non dissociative charge transfer reactions of Ar ,

Kr and Xe with small molecules produce molecular ions in a narrow band of

vibrational energy levels, well characterized by our kinetic energy measu-

rements. P.Kemper and M.T.Bowers in Santa Barbara (14) took advantage of

this to generate NH_ ions by charge transfer in the source of a tandem

Dempster-ICR spectrometer, mass select and inject them at near thermal

energy in the ICR cell. They then study the reactivity of the NH ions as a

function of their internal energy (in the range 0 to ~ 5 eV) with H O

molecules for example.

Such experiments represent a step towards state to state studies of ion-

molecule reactions at thermal energy but also allow to generalize the experi-

ments performed at Orsay to any kind of primary ions.Having determined the

variation of the branching ratio for the reaction:

NH* + OH
NH, + H90 -" \

3 2 ^ H 30
+
 + NH2

as a function of the internal energy of the NH ions, one can deduce the

internal energy of NH ions formed by any other reaction from the branching

ratio for their subsequent reaction with H_0. This additional information

joined to our kinetic energy measurements allows one to achieve energy balan-

ce even when the primary ion is not monoatomic i.e., when the outcoming

neutral contains some internal energy.

* For example in the reaction :
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N* + NH3 — NH* + N2

the energy balance is:

AE = 5.27 eV = TKE (NH*,N2> + IE (NH*) + IE (N2>

The total kinetic energy distribution determined in Orsay extends from

0.69 to 1.14 eV, the NH internal energy determined in Santa Barbara lies

between 2.54 and 3.28 eV; this leaves 1.0 to 2.19 eV for the internal energy

of N? which corresponds to the vibrational levels v = 4 to 10 of the X 2

ground state of N..

IV. CONCLUSION

Kinetic energy measurements have shown that, at near thermal energy,

non dissociative charge transfer from Ar , Kr and Xe to small molecules

is usually not energy resonant and occurs with kinetic energy release accoun-

ting for 1/3 to 1/2 of the available energy. Theoretical calculations are

now needed to explain our results and find a model which could rationalize

them.

Kinetic and internal energies of ion-molecule reaction products, besides-,

the new insights they bring upon reaction mechanisms, are important data

to consider when modeling high energy chemical lasers, planetary ionospheres

or interstellar clouds: they can indeed modify further reactions of these

products.
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A ( P 3 / 2 ) M AE k TKE(M ,A) IE(M ) Populated levels R e f

(RE,eV) (IP.eV) (eV) xlo9cm3s-l (eV) (eV)

a

0.3 <0.1 ~6.39 a J 2 v'=0 5

1.84 0.41-1.08 4.52-5.19 X v'(v2)= 0,1,2,3 6,3

0.057 1.80 1.90 X2II • v'~9 1,2

1.8 0.9 2.24 X2Bj(>60%) (0,vf ,0) v ' ~ 13 7,9

A 2Aj(<40%) (O.v',0) v' =10 to'18

0.31 0.61-1.41 1.46-2.26 1 I

0.42 0.65-1.05 0,93-1.33 X 1

0.05 0.63 1.12 X 2 2 + v ' ~ 3 1

_ _ . ,

Kr NH3(10.16) 3.84 0.8 0.46-1.20 2.64-3.38 X 6,3 M

(14.00) 02 (12.06) 1.94 0.03 1.17 0.77 X 2 n v1 ~ 3 1,10 "

H2O(12.62) 1.38 1.2 0.67 0.71 1 2Bj (0 ,v ' ,0)v '=4 8,10 '

CH,(12.99) 1.01 1.03 <0.1 1.0 1 1

Ar+

(15.76)

NO

NH3

°2

N20

co2

CO

(9. ,

(10

(12

(12

(12

(13,

(14

27)

.16)

.06)

.62)

.69

77)

.00

6.49

5.60

3.70

3.14

2.87

1.99

1.75

4

Xe+ NH3(10.16) 1.97 0.6 0.22-0.54 0.43-1.75 X~ (0,v ? ,0) v'= 11,12,13,14 6,3

(12.13) H2S(10.47) 1.66 0.6 0.32 1.34 X *A 8,11
1.01 0.65

CL (12.06) 0.07 0.11 <0.1 0 X hi v' = 0 1
£• S.

Rate constants and energy partitioning

a - The first number refers to k ,the second to TKE
exp
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KINETIC STUDY OF SYSTEMS INCLUDING NH*

(NH* + CH3NH2 and NH* + CttjOH)

R. THCMAS, J. BARASSIN, A. BARASSIN

Centre de Recherche en Physique de 1'Environnement - 45045 - ORLEANS,France

U.E.R. Sciences, Faculte d1Orleans, France

Abstract: The kinetic energy dependence of the total rate cons-
tant and of the branching ratio of reaction involving NH+ with
CH3OH and CH^NH- have been determined in the energy range 0.05 -
1 eV by the drift tube mass spectrometer technique using 0.5 Torr
of He as buffer gas. Reaction schemes are proposed for the two sys-
tems and rate coefficients are determined for each steps.

I - NH* + CILjOH

1) Results

Experiments were performed in a drift tube mass spectrometer appara-
tus |l| in the energy range 0.05 - 1 eV with 0.5 Torr of helium as buffer
gas. Mass spectra of ions of m/e<100 + involved in the reaction have been
recorded as a function of inethanol concentration. Ions were detected at
m/e = 16+, 17+, 18 , 33+, 47+, 65+, 79 + and 97+. The results obtained at
Teff = 350 K are reported in Fig.l.

Figure 2 illustrates schematically the conclusions drawn from the
analysis of the mass spectra. Based upon this scheme, the profiles of the
different ions were carputed using the rate coefficients of Table I. The
agreement between experiment and calculation (Fig.l) supports the proposed
mechanism.

2) Comments on the formation of NH.
4 + +

We have found, as have Adams et al.|2|, that NH3 and CH3OH2 are theg
products of two binary reactions between NH± and CH..OH (k ,,=3.0 10
cm3s-l. at 350 K ; branching ratio NH*: O U O H J * 13:87) ;°n!orlover NH+ arises
in our model (and for a large part) fron a transfer of H 2 to NHt. This step
is thought to be very exothermic (5.8 ev) and consequently needs an efficient
third body to remove energy and stabilize the ion.

Thus the reaction (6) of Fig.2:

NHj + CH3OH 5 NflJ + neutral (6)

is found to be a termolecular reaction.
To account for the methanol concentration dependence of |NH.|, we

found that the rate of formation of this ion via the reaction (6) where
M = OLjOH is unusually fast: kg = 7 1O~23 cm6 s"1 at 350 K.
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Fig.1: Percentage ion abundance vs methanol concentration. The
points are experimental results and the lines are canputed
f i t s .

Fig. 2: Reaction scheme - The third body M is methanol or helium.
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3) Comnents on the reaction between CHJDH« and CH OH

The mean overall rate constant of the reaction

CH OH* + CH OH -* Products
+ -1O 3 I

was deduced from the profile of the ion CH3OH2 ; at 350 K, k = 3.10 on s

| (CH30H) 2 H
+1

The branching ratio R = — was found to be depen-
|(CH3OH)2H | + |(CH3OCH3)H |

dent upon the methanol pressure ; it increases with |CH3OH|, then reaches a
plateau (R^ = O.83 at 350 K). This effect is more marked when the temperature
increases.

Such a mechanism may be explained by a competition between a binary
and a ternary route to the dehydration reaction while the association reac-
tion is only collisional:

O^OH* + CH3OH + (CH3OH) £? (4^

+ (CH3)2OH
+ + H20 (5^

+ (CH3)2OH
+ + H20 [5l)

The collisional reactions (4,) and (5̂ ) must involve the two different
collision partners M = He and M' = CHJ3H in order to obtain an equation con-
sistent with the experimental curve of R vs CH,OH.

+ + +
The computed profiles of the different ions 33 , 47 , 65 are not

very sensitive to the relative stabilization efficiencies attributed to He
and CH-jOH.

>|hus1for the formation of (CH3OH)2H , a mean rate constant k4 = 2.4
1O 1 O cm s leads to a fairly good Computed profile. 1

On the other hand the R function is very dependent on the relative
values given t o k ^ ) and k ^ ' but in the region where R shows the greatest
variation, the concentration of 47+ and 65+ are low {47 < 2% ; 65 < 6%),
so the experimental ratio is rather imprecise. Nevertheless a large number
of measurements were carried out and the observed variation of R is thought
not to be an experimental artefact.

In table I we have shown the mean values of the rate coefficients
expressed as second order, the limiting values of the third order rate
constants and values leading to a good representation of R and of the ionic
concentrations.

This representation leads to a stabilization efficiency of methanol,
relative to that of He, of = 102 while a ratio of * 10 was expected. However,
this reaction scheme is reliable since we can find a set of parameters which
leads to a good agreement between results of calculations and experimental
observations.
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Table 1

1 Binary

J
: Reaction

: 2

: 3

s 5'

:

:

i

i

i

ReactJens

3 -1
k (ca . s )

3.0 10~9x ." j
O.83 J

2.2 10~9 :

. i.uT11

:

Reaction

«1

h
«2

h
6

i Man3 s"1)
: mean value

!

! 3.0 10-10x

' 1.5 IQ ' 1 0

3 .10"1 0

0.83

0.17

«1

<3

t̂ernary

limit

.5 1O"26

. io"2 7

Reactiens

H •
:

:
t
:
t

•

i

k(cn6

He

good fit

1.3 JO"26

2.5 Kf27

:

; <

M' - CM

l imit

1.6 1O~23

3 .1O"24

3OH

good fit ;

2.1O-24 ;

4.1O-25 ;

7.1O"23 :

The rate coefficient and the product ion distribution for the
reaction NH+ + CH3NH2 have been recently obtained at thermal energy |3|.
This reaction was found to be a complex fast binary reaction which pro-
ceeds through four primary steps:

(20 %)

(50 %)

C H 3 N H 3

CH3NH+

H4CN
+

+ NH

+ NH-

+ (NH2+H

+ H-CN

(20 %)

(1O %)

(1)

(2)

(3)

(4)

, H.CN+ and NH4 can then transfer
final i

Itie prinary product ions ^ ^
a proton to methylamine. CH-NH+ is the final ion.

The kinetic energy dependences of the rate constant of each step
of the overall mechanism have been determined by the same drift tube mass
spectrometer technique (1).

Fran kinetic and thermcchemical information we discuss the iscme-
ric ions formed.

Figure 3 shows the percentage ion abundances as a function of me-
thylamine concentration.

From Mit profiles in Figure 3 and analogous figures <=it other ener-
gies, the total rate coefficients, k, of disappearance of NH2 in the pri-
mary steps were obtained.

Extrapolated values at |CH3NH2| = 0, of the percentage of ionized
products (Fig.4) gave the branching ratios of the primary steps.

Comparison between experimental and computed profiles leads to
the evaluation of the rate coefficient of the secondary steps.

A graphic representation of the rate coefficients of the primary
steps is given Fig.5.

Taking into account the estimated experimental errors we observe
that k,, k2 and k. are not very dependent on the kinetic energy. k1 decrea-
ses slightly while k2 shows a tendency to increase.
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Or» the contrary k-, is very temperature dependent.

Comnents on the two mechanisms:

- A very important discrepancy between the two mechanisms is the
behaviour of the reactant CH3OH or CHUNH- as the third body in the reaction.
The former reactant shows a very unusual stabilisation efficiency, while the
second one, which is a molecule of similar size, does not display this effi-
ciency. We think that this behaviour is due to the presence of hydrogen bon-
ding in.the CH3OH reactant, and indeed we have already seen an unusual sta-
bilisation efficiency when using HJD, which of course also involves hydrogen
bonding, as a reactant.

- The formation of interstellar dimethyl ether via radiative asso-
ciation reactions has been investigated (4).

The binary reaction

CH.,OH* + CH-OH -> (CR,)O 0H
+ + H.O (51)

studied in this work has a rate coefficient of about = 1.10 cm s~x which
is not very temperature dependent. As methanol is a relatively abundant neu-
tral interstellar molecule and as there are many fast proton transfer reac-
tions leading to OFLjOHt, reaction (5') could contribute to the formstion of
interstellar dimethyl ether.
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THE ENERGY DEPENDENCES OF REACTIONS OF C+, CH+ AND CH2
+ WITH VARIOUS

NEUTRALS

St. Niccciini, D. Bassi and S. Iannotta
Instituto per la Ricerca Scientifica e Tecnologica, Trento, I 38050 Povo,
Italy

H. Villinger, R. Richter, A Saxer and W. Lindinger
Institut f. Experimentalphysik, Abt. Atom- und Molekülphysik, Karl Schön-
herrstr. 3, A 6020 Innsbruck, Austria

ABSTRACT

The energy dependences of the rate coefficients for the reactions
of CH n

+ (n = o,1,2) with 0 2 and NO have been investigated in a drift
experiment in the energy range from 0.1 to _ 1 eV. For some of these
reactions also the product distributions as a function of the relative
energy between ions and reactants have been obtained.

INTRODUCTION

C*, CH+ and CH2
+ are common ions in plasmas containing hydrocar-

bons; also in the boundary regions of fusion plasmas are these ions
expected to occur due to the presence of hydrocarbon-impurities. While
there exists information on the thermal rate coefficientsof reactions
of the above ions with various neutrals, data on the energy dependences
of such reactions and especially on the product distributions at
elevated energies have not yet been obtained.
In the present contribution we report preliminary results on the rate
coefficients of reactions of CH + (n= 0,1,2) with 0 2 and NO in the energy
regime KE„m from 0.1 to ~ 1 eV.cm

EXPERIMENTAL

A newly built slow flow drift tube at IRST, was used to measure
the total rate coefficients for the above mentioned reactions. The
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disign of the apparatus is similar to the one described in Ref. 1
but with a conventional electron impact ion source instead of a hollow
cathode discharge source. The measurements were performed in the
usual way in a helium buffer at pressures between 0.20 and 0.35 Torr.

2
For the reduction of the data we used the mobilities of Peska et al. .
For some of the reactions the product distributions were obtained in a
Selectred Drift Tube at Innsbruck where also checks on the total rate
coefficients were made, showing good agreement with the Trento results.

RESULTS

The energy dependences of the rate coefficients obtained here, are
shown in Fig. 1. With the exception of a slight decline of the rate coefficient
k with increasing KE„ for the reaction of CHO

+ with 0 o and
cm. ?• 2

a slight increase ofk for CH with NO the rate coefficients show
essentially no energy dependences and have values close to the Langevin-
limits.
For the reaction of C+ with NO the charge transfer channel is dominant
over the whole energy regime investigated. In the reaction of C+ with
0« the branching ratio for the products C+ arid C0+ changes from 65 :
35% at thermal energies to 50 : 50% at „ 1 eV (Fig. 2). In this case
the following exothermic channels are available:

C+ + 0 2 + 0+(4S) + CO(X) + 83 kcal
+ 0+(2D) + CO(X) + 7 kcal

-*• CO+(X) + 0 + 7 4 kcal
-> CO+(X) + 0(1D) + 29 kcal

•*• C O + ( A ) + 0 + 1 6 kcal

Besides those exothermic channels, several slightly endothermic channels
into different electronically excited product states exist, which makes
a satisfactory explanation of the observed energy dependence of the pro-
duct distributions with the present infromation impossible.
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The reaction of CH+ with NO has seven exothermic product channels with
different product mass combinations:

CH + NO •*

-*•

- » -

- * •

- >

- » -

- * •

N0+

CHO+

CHO
HCN
HCN+

C0+

CO +

+ CH
+ N

+ N+

+ 0
+

+ 0

+ HN
HN+

but the charge transfer channel is dominant over the whole energy regime.
Also in the reaction of CH~+ with NO the charge transfer dominates over
all the other exothermic channels. These findings again strenghten
earlier suggestions , that charge transfer wins over other competing
exothermic reactive channels.

The present investigations will be extended to the reactions of
CH + (n = 0,1,2) with other neutrals.

FT
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A SELECTED ION FLOW TUBE INVESTIGATION ON THE QUENCHING OF N 2
+ (v / o)

BY VARIOUS NEUTRALS

W. Dob!er, F. Howorka and W. Lindinger

Institut für Experimentalphysik der Universität Innsbruck,
Karl Schönherrstr. 3,

ABSTRACT
A newly built Selected Ion Flow Tube (SIFT) was used to determine

rate coefficients for the quenching of the vibration of N«+ (v f o) by
Ne, 0 2, N2, NO and CO- for which values of 0.045; 1.2; 5; <^0.3 and < 1
(all in units of 10 cm sec" ) were obtained.

INTRODUCTION

Recent findings have shown vibrationally excited ions M+ (v t o)
to be effectively quenched by the parent gas M. This was observed for
0 2

+, C0 2
+ and N 2

+ . Measurements by Baer et al. infer that the actual
process leading to non excited M+ ions, when M+ (v t o) collides with M
(M denotes any molecule) is a charge transfer

M+ (v t o) + M -» M + M+ (v = o) (1)

rather than a process usually called "quenching" where the excited ion
makes an inelastic collision after which itself appears as a nonexcited
ion according to

M+ (v t o) + M •* M+ (v = o) + M (2)

Isotopic labelling would make it possible to distingnish between (1)
and (2), but in the present paper we do not stress this difference
and call both processes (1) and (2) as "quenching".

4 5
In earlier flow tube experiments ' molecular ions as the ones men-

tioned above usually were produced in a helium buffer by adding 0?*
C02 or N2 past an electron gun to the buffer where Penning processes
led to the production of the molecular ions. Though high fractions
of these ions were produced vibrationally excited» the nesessary
'presence of the parent gas of these ions caused quenching of the
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vibrational excitation of these ions by processes (1) and/or (2)
before they reached the reaction region. Thus in most cases the
reactions investigated in such flow tubes involved molecular ions
in their ground state. Since the successful developments of Selected
Ion Flow Tubes iSIFTj mass selected ions in the absence of any
other gases with the exception of the buffer can be injected into
the flow tube. These ions retain their vibrational excitation while
being carried down the flow tube by the helium buffer, as helium is
quite inefficient in quenching of ionic excitation .

Making use of a newly built SIFT system we investigated the
quenching of vibrationally excited N 2

+ ions by various neutrals,
the results of which are reported below.

EXPERIMENTAL AND MEASURING PROCEDURE
Electron impact ionization of N2

 was shown to be quite effective
in producing N 9

+ containing high fractions of vibrationally excited
+ 89 +

N2 (v f o) . Thus we injected N2 produced in an electron impact ion
source and mass selected by a quadrupole mass filter into the flow tube
of a SIFT-system , the design of which is essentially the same as the
one developed by Adams and Smith . In earlier investigations , N 9

+ (v ^ o)
was shown to react fast (k — 5 x 10 cm sec ) with Ar, resulting
in the conversion of the N« ions to Ar , while the endoergic charge
transfer from N 2

+ (v = o) to Ar is quite slow (k ~ 2 x 10 cm sec ).
This allows us to add Ar as a monitor gas just in front of the nose
cone in the flow tube, the resulting Ar ion signal then being a
measure of the density of N 2

+ (v t o) ions reaching the end of the
reaction region. Adding reactant gas X at an upstream inlet causes
the Ar+ monitor signal to decline due to the total destruction of
M+ (v t o) in collisions with X, in the two channels (3a) and (3b)

*
N 2

+ (v / o) + X & Ionic Product other than N £
+ plus

neutral product (3a)
k
->q N2 ( v = o) + X (3b)

+ *

Thus from the decline of the Ar ion signal we obtain k. . = k + k .
An example for the neutral reactant NO is shown in Fig, 1.
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Table 1: Thermal rate coefficients8' k t o t, for the total destruction
as well as k , for reactive losses and k for the quenching
of N 2

+ (X, v ̂  o) by various neutrals (kt£)t = k + kq)

Reactant

°2
NO

co2

N2

Ne

k

1

3

7

5

4

t o t

.7

.1

.5

(-10)

(-10)

(-10)

(-10)

(-12)

5

3

7

<_ 5

< 5

k

(-11)

(-10)

(-10)

(-13)

(-13)

<_ 3

<_ 1

5

4

.2

.5

:q

(-10)

(-11)

(-10)

(-10)

(-12)

all rate coefficients listed in units of cm3 sec"1. (-10) stands for

IG" 1 0

MONITOR METHOU.-REACTIOH-OUBChtNG

Av1)*-NO

p-Q7T0ra»

SIPcmW

RE ACTON

P-C67C«?

F^STPcm'/s

Pig.l Fig. 2
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From separate sets of measurements, in which in the absence of the

Ar monitor, the decline of the N9 ion signal as a function of reactant

gas addition is observed, we obtain k and then can calculate k , from
* + ^

the known values of k. . and k . A typical decline of the N~ ion signal
as a function of NO addition to the helium buffer is shown in Fig. 2.

RESULTS AND DISCUSSION

The results obtained for the quenching rate coefficients k are

summarized in Table 1. Also shown for comparison are the rate coefficients
+ *

ktot ^or the total N2 ^v ̂  °^ destruction as w e l1 as k and k» tne rate

coefficients for the reactions of N 2
+ (v f o) and N 2

+ (v = o) with
the various neutrals. For all the neutrals used as reactants in

*
this investigation the respective rate coefficients k and k were
the same within our experimental accuracy. The quenching rate

coefficient k has the largest value (with the exception of the one

for N2) for Op, which on the other hand has the lowest reactivity

with both vibrationally excited and nonexcited N~ •

The experiments will be extended to other neutral reactants

such as CO, Kr and possibly Xe.
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KINETIC ENERGY DEPENDENCES OF THE BRANCHING RATIOS OF THE REACTIONS He*,

Ne* and Ar+ + HQO

W. Dobler, W. Lindinger and F. Howorka

Institut für Experimentalphysik, Universität Innsbruck, Karl-
Schönherrstraße 3, A 6020 Innsbruck, Austria

The reaction with H„0 is a major source of the redistribution of
ionic species within a low pressure discharge. Traces of H2O are usually
liberated from the cathode surface by ionic impact. As the ionic energy'
may be several eV (at the glow edge in a hollow cathode for instance),
the product distribution of the reactions with water should be known
at least in the region from thermal up to some eV c m . energy.

In order to evaluate the branching ratios of the reactions of Ar+

+ HpO /1/ and Ne+ and HpO 111 under discharge conditions, a radially move-
able hollow cathode (HCD) was used. From the radial distributions of the
ion densities, steady state conditions were derived for each ion species
from which the reaction rate constants and the branching ratios were
derived.

Recently, a number of branching ratios of the reactions of noble
gas ions with water were measured using the ion-cyclotron resonance (ICR)
technique /3,4,5,6/ and flowing afterglow techniques /7,8/. To measure
the kinetic energy dependence of branching ratios, a selected-ion flow
drift tube (SIFDT) technique was introduced very recently 191. The
branching of the products of the reaction N+ + 0« was measured in the
energy range 0.04 - 2 eV, showing good agreement with flowing afterglow
and SIFT values at thermal energy on the one end of the anergy scale
and with results of beam studies at the high-energy end.
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In the present paper the Innsbruck selected-ion flow drift tube

was used for measuring rate constants and product distributions, Mass

selected ions are injected into a flow drift tube through a annular

venturi inlet nozzle. Water vapour is added in the drift tube section

of the apparatus and the resulting ion species are collected through

a small hole in a nose cone by a second mass spectrometer.

Total rate constants for the reactions of He+, Ne+ and Ar+ with HgO

are presented in Table 1, together with the results of other techniques.

The rate constants are independent of energy.

Table 2 shows the branching ratios of the same reactions at room tem-

perature, together with the results of other investigations. The energy

dependence of the branching ratios is shown in Fig. 1, 2 and 3. In the case

Ne + HpO and Ar + H^O, there is good agreement between the ICR and the

SIFDT results at room temperature. On the other hand, the branching

ratios as derived under discharge conditions show a marked difference

which shows the influence of excited ionic and molecular states on the

branching ratios.

In the case of He+ + HpO, the ICR results differ grossly from the

SIFDT results. This is the only case where the branching ratios show a

marked energy dependence (see Fig. 3). Here, a long-lived intermediate

complex might account for the difference. The fact that the simple charge

exchange into H 20
+ increases with energy is reasonable as there is less

time available for rearrangement collisions at higher collision energies.

A similar behavior was exhibited in the N + O2 system where the CL

channel increases with energy as compared with N0+ and 0 + /9/. The dis-

appearance of the H+ channel in Ne+ + H-0 at 0.5 eV and in He+ + HpO at

0.1 eV is due to the runaway mobility of protons in helium /10/.
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Table 1. Rate constants k

He
tot

- 3o1 -
of the reactions Ar+ + Ho0, Ne

+ + H~0,

H20.

Ion

Ar+

method reference

He+

(10 V s

1.8
1.8
1.4
1.6
1.3

0.7
0.74
0.74
0.82

0.5
0.55
0.56
0.45
0.44

SIFDT
ICR
FA
FA
HCD
SIFDT
ICR
FA
FA

SIFDT
ICR
FA
FA
ICR

present paper
3
8
7
1

present paper
3
8
7

present paper
3
8
7
4

Table 2. Branching ratios for product ions at 300 K.

Ion

Ar+

Ne+

He+

Productions

ArH+

H20

H?0
+

0H+

H+

NeH+

H?0
+

0H+

H+

SIFDT
(present
paper)

5
95

7
38

52
3

50

30

20

Branching ratios
HCD
(1,2)

90
10

78

6

6

10

ICR
(3,4)

100

6

40 ~

54
-

11 17

52 83

37

FA
(7)

100

(ref.)

(8)

68

26

HeH

Fig. 1-3. Branching ratios of the reactions Ar+ + HpO, Ne+ + H20,

He as dependent on collision energy.
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CALCULATIONS OF REACTIVE CROSS SECTIONS AND RATE COEFFICIENTS

TS OF THE H + + H„ - i

RANGE 2 meV - 1.8 eV

FOR ISOTOPIC VARIANTS OF THE H + + H„ - SYSTEM IN THE ENERGY

Dieter Gerlich

Fakultät für Physik der Universität Freiburg, Germany

Abstract The proton deuteron exchange reactions of H +D2, D +H2,

H +HD, and D +HD have been studied using a recently developed dyna-

mically biased statistical theory. Above 0.5 eV, complex formation and

decay probabilities have been defined with the help of trajectories,

calculated on a DIM energy surface. At lower kinetic energies, the in-

duced dipole and quadrupole interaction has been taken into account.

The cross sections and thermal rate coefficients are in reasonable

agreement with experimental values measured with different techniques.

The simple reactive system of H +H 2 and its isotopic variants has received

a lot of attention within the last years (/1/-/8/ and papers cited in /3/).

Below 1.8 eV the proton-proton or proton-deuteron exchange are the only

open reactive channels. These processes are influenced by the following

facts:

1.) A deuteron - proton exchange is associated with an endoergicity of ap-

proximatly 40 meV. 2.) The exchange symmetry of identical nuclei influences

strongly the state to state cross sections and the ortho to para transition

probabilities, it has only minor effects (<5%) on averaged quantities like

thermal rate coefficients. 3.) The long range part of the potential energy

surface is dominated by the charge-induced dipol and •charge-quadrupol in-

teraction, which is mainly attractive. Only in the linear configuration of

the quasimolecule (and the vicinity), there is a small barrier of 3.8 meV.

4. The potential energy surface shows a deep basin of about 4.5 eV, leading

to strong interaction between the three atoms.
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Comparison of high resolution beam experiments and statistical calculations

/2,3/ led us to the conclusion that this interaction is strong (and/or

longlived) enough to randomize the decay angle of the collision complex

and the vibrotational states of the products. In experiments with ortho

and para hydrogen /8/, it has been shown, that the nuclear spins are not

randomized, on the contrary: they are frozen in their initial states. The

present paper is focussed on the question, whether the three nuclei A, B,

and C are scrambled so thoroughly that branching into the product channels

A+BC, B+AC and C+AD is statistical,too.

The MDB statistical theory ("Most Dynamically Biased"/5/) has been partial-

ly described already in /2/ - /5/ and will be published in detail else-

where. Briefly we use (in this case) the number of "minimum exchanges",

M, determined in classical trajectory calculations, as a criterion for the

formation of a strongly coupled complex (M£8, roughly equivalent to 4 "vib-

rations" of the complex). Complex formation probabilities Pj^c have been

evaluated for about 60 initial translational energies and vibrotational

states for H*+Dz and D
++HD. The results are approximated with an analytical

function depending only on the total energy E, the translational energy Et,

the reduced mass/f, and the orbital angular momentum of the relative motion:

f(g,Et,/t) (1)

I
fcV

Hin
|_C3v*

C 2

(lb)

A = f(f=OsE)/f(?=O,Et)

(la)

(lc)

(Id)

Cl
C2
C3
C4
C5

I
(DIM)

60.0
0.28

(Moc

56.0
25.0

1.5

II
1. DIM)
59.3
0.31

Fig. 1 shows that numerical results for the complex formation rate coeffi-

cient compare reasonably with the analytical approximation (I). Below

0.2 eV this rate approaches the usual Langevin (or capture) value (designed

<kt> DIM POT), determined with the DIM - potential that has been used In
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the trajectory calculations /4/. To get more accurate capture rate coeffi-

cients at low energies, the incorrect long range part of the DIM potential

has been switched off between 5A and 6Ä and replaced by the charge-induced

dipole and charge-quadrupol interaction. Capture rate coefficients, deter-

mined with this potential (orientation averaged and for the two fixed ori-

entations 0° and 90°) are displayed in fig. l,too.

0.01 0.1 1.0
TRANSLATiONAL ENERGY [eV.CM ]

Fig.l. Complex formation rate coefficients in H++D2 collisions. The squares
show the results of trajectory calculations /4/, which are approximated by
the analytical function I. The modified function II has been used in the
calculation of this paper, k,. denotes the usual Langevin (or capture) rate
coefficient, determined for several approximations of the potential energy
surface and for different orientations of D^ ( l̂  polarisation potential =
23 cm3s~' ).<kc> are angle averaged results for "frozen orientation".

The statistical calculations of this paper are based on the analytical

function (eq.l) with the parameter set II, which Interpolates the trajec-

tory results at high energies and the ("usual") capture rate coefficients

at low energies (heavy line in fig.l). Cross sections are computed with

an expression corresponding to eq. 16a of /5/ (modified for nuclear degene-

racy and parity conservation).
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The examples shown In Fig. 2 illustrate how the threshold of the endother-

mic reaction H++Dz—D*+HD is shifted with increasing internal energy of

the target molecule. The arrows mark energies, where the phase space of the

product channel is increased by the j'=l state of HD.

Fig.2. Proton deuteron "elementary" rate %
coefficients (k = V6(V)) for several %
initial rotational states. The structure 5
is due to the opening of additional ro- u
tational states with increasing energy, jjj
for example mark the arrows thresholds jjj
for j'=l excitation of the HD product. S

0JK2 001 U 1 2
TRANSLMWALMHGY (cKCM)

Such cross sections have been averaged taking into account thermal target

gas rotation and translation. Some results are compiled in fig. 3. At low

kinetic energies, the complex decays predominantly into those channels con-

taining the heavier molecules (lower zero point energy). Above 0.3 eV the

ratios tend towards the values 1/3 and 2/3 resp., derivable from simple

statistical arguments, deviations being mainly due to the mass dependence

of the complex formation probability (eq.

3. Energy dependence of the ratio
of the effective cross sections for pro-
duct formation and complex formation
(equivalent to the probability of reac-
tive complex decay). The effective cross
sections have been calculated for fixed
ion velocities and with Boltzmann dis-
tributions for the translational and ro-
tational degrees of freedom of the tar-
get gas at 300K.

Ml U U 2
IRANaATONN. ETERCV CeV.CH 1

Integral cross sections and rate coefficients for proton-deuteron exchange

have been measured with several experimental methods and for different

isotope combinations. Results from SIFT /7/ and DRIFT /6/ experiments are

plotted in fig. 4. The effective cross sections determined by the Guided
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Beam method /I/ have been converted Into rate coefficients using the rela-

tion kefit = 6eff V, where V Is the mean relative velocity. Above 0.8 eV the

rate coefficients computed with the statistical theory drop below the expe-

rimental values. The trajectory calculations /4/ corroborate that there the

direct part of the reactive cross section becomes more and more dominant.

I I I I t

MDB
PttSp. -

. 205K

OJ02 0,1 0.3 1.0
TRANaATIONAL EhERGY [eV.CM]

2.0

Fig. 4. Effective rate coefficients (300 K, see caption of fig.3) for H++D?

—D^+HD. Experiments: * SIFT /7/, • DRIFT /6/, and • Guided Beam /I/.
Ph.Sp.: Light's phase space theory, polarisation potential. MDB: this work.

At low kinetic energies, on the other hand, all experimental values are

more or less significantly smaller than the results of our MDB theory, also

smaller than the results of the usual phase space theory.The same holds for

D +H, where the DRIFT rate coefficients /6/ amount only to 75% of the cal-

culated ones. Possible explanations (disregarding here experimental uncer-

tainties) are: 1.) The true complex formation rate coefficient is smaller.

2.) There are still some dynamical constraints (some "memory"), favoring

the input channel in the decay of the complex. This second explanation gets
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some support fron thermal rate coefficients, measured and computed at 205 K

(fig«5 and tab.l). There, the agreement between experiment and theory is

extremely good whereas at 295K the experimental and theoretical values also

diverge (an exception is the D*+H2-system, possibly due to an experimental

error). Trajectory calculations at low energy with a better potential will

provide more information concerning these problems9 and are planned*

0.2

MO/TIIC1!

T (K)

30
50
70
90
110
130
150

205
*

295
*

400
500
600

H+*n2

.0000

.0005

.0143

.0806

.2343

.4913

.»405

2.1192
2.1

4.4354
3.6

6.7626
8.4732
9.7747

H4+H0

.0000

.0006

.0104

.0513

.1386

.2775

.4546

1.0845
1.1

2.1514
1.7

3.2307
4.0146
4.6358

13.74
14.64
15.02
15.34
15.62
15.88
16.09

16.52
22.

16.88
17.

16.98
16.98
16.93

n++n>

11.81
12.64
12.88
12.89
12.74
12.62
12.43

11.94
12.

11.21
9.5

10.56
10.11
9.75

Fig. 5. / Tab. 1. Calculated thermal rate coefficients for the systems and
temperatures indicated. SIFT values 111 are marked with I and • resp.

References

1. G.Ochs and E.Teloy, J. Chem. Phys. 61 (1974) 4930

2. D.Gerlich. Ph.D. Thesis, Freiburg, Germany (1977)

3. E.Teloy, in "Electronic and Atomic Collisions", edited by G. Watel, In-
vited Papers and Progress Reports, ICPEAC X (North - Holland, Amsterdam,
1978),pp 591-603

4. D.Gerlich, U.Nowotny, Ch.Schlier, E.Teloy, Chem. Phys. 47 (1980) 245

5. Ch.Schlier, in J.Hinze, "Energy Storage and Redistribution in Molecules"

Plenum Press, to be published

6. H.Villinger, M.J.Henchman, W.Lindinger, to be published in J.Chem. Phys.

7. M.J.Henchman, N.G.Adams and D.Smith, J. Chem. Phys. 75 (1981) 1201

8. D.Gerlich and H.J.Bohli, in "European Conference on Atomic Physics", ed.
by J.Kowalski, G. zu Putlitz, H. G. Weber, Book of Abstracts, (1981) 930

9. D.Gerlich, Ch. Schlier and E. Teloy, to be published



- 31o -

ION MOBILITIES AND ION-ATOM INTERACTION POTENTIALS

Ian R. Gatland

School of Physics, Georgia Institute of Technology,
Atlanta, GA 30332, USA

ABSTRACT The techniques for measuring the mobilities of ions in
gases, relating interaction potentials to mobilities, and determining
potentials from experimental mobilities are reviewed. Applications
are presented for positive alkali ions and negative halogen ions
in inert gases.

INTRODUCTION

'f.;,a determination of ion-atom and ion-molecule ground state potentials by
beam experiments is severely hampered by the low energies required. Aside
from new merging beam techniques, information about the region of the
potential where the well occurs requires some extrapolation since typical
well depths are of the order of 0.2 eV.

However, the behavior of ions drifting through gases at room temperature,
under the influence of an external electric field involves energies of the
order of 0.02 eV and is strongly dependent on, if not dominated by, the long
range part of the potential. This is essentially a polarization force,
associated with the polarizability of the gas, and yields a constant mobility
K = Vß/E where V Q is the average ion velocity and E the electric field
strength. Moreover, the nature of the collisions may be changed by increasing
the electric field strength so that the ions have energies much above thermal
and the collisions sample the potential well part of the interaction and
eventually, the repulsive core. Typical average energies in excess of 1 eV
may be attained in drift tube experiments which measure the mobility of a
selected ?on in a certain gas.

The culmination of these ideas is the actual determination of interaction
potentials from mobility measurements. This has been achieved in practice
for several ion-atom systems with centrally symmetric potentials. Until
1975 no adequate theory of ion drift was available which took into account
the ion velocity distribution for arbitrary electric field strengths. The
introduction by Viehland and Mason (1975, 1978) of a moment solution of the
Boltzmann Equation, based on a velocity distribution which incorporated the
effective temperature of the ions, provided the missing link between the
theoretical potentials and the mobility data.
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The process of determining potentials for ion-atom systems consists of five
steps. (i) Measure the time of arrival spectrum for ions drifting known
distances through a gas at a given temperature and pressure (and hence
a known number density N) with a given electric field strength E.
(ii) Analyze the data to determine the drift velocity vp and hence the
reduced mobility KQ = (vD/No)/(E/N), where N o - 2.68 x lO*? cm~3. These
two steps are repeated for many values of E/N to determine K o as a function
of E/N. (iii) Adopt a trial potential to calculate the transport cross
sections and omega integrals which characterize the ion-atom collisions»
(iv) Use these omega integrals to determine the Boltzmann collision oper-
ator matrix elements with respect to the moment equation basis functions.
Then solve the moment equations, in an adequate order of approximation to
yield the reduced mobilities and E/N values for a range of effective tempera-
tures, (v) Compare these mobilities with those found experimentally and
modify the trial potential accordingly. Then repeat steps (iii), (iv), and
(v) until an adequate potential is obtained.

These steps are discussed in the following sections and results are presented
;or various positive alkali ions and negative halogen ions in inert gases.

Finally, the case of hydrogen ions in helium is studied. For this system
Kolos and Peek (1976) have given a theoretical potential which is more
accurate than the experimental data so this case may be expected to test the
theory. Surprisingly the computer program which solves the moment equations
gave ridiculous results but, on further inspection, it appears that it is the
application rather than the formalism that is inappropriate. Due to the
soft Coulombic core of the potential the cross sections fall off too fast
with increasing energy to slow down the ions so that they exhibit an
acceleration rather than a drift, a phenomenon which was later confirmed
experimentally by Howorka, Fehsenfeld and Albritton (1979). The primary
conclusion of this study is that non-equilibrium cases occurs if the momen-
tum cross section, Q(e), decreases faster than the increase in energy, e
(Lin, Gatland and Mason, 1979).

EXPERIMENTAL CONFIGURATION

The basic experiment for determining mobilities consists of an ion source, a
drift region, and a detector. The drift region contains a gas at constant
temperature and pressure and has a uniform electric field directed from the
source to the detector (McDaniel and Mason, 1973). Ions released from the
source gain momentum from the field and lose (and redistribute) it by colli-
sions so that they travel with a mean velocity, vj), but the random motion
produces longitudinal and transverse diffusion with coefficients DT and Dj,
respectively. Transit times are measured for many ions of a selected species
and an arrival time spectrum recorded. To remove end effects this is re-
peated for several source-detector distances.

DATA REDUCTION

The ion swarm in the drift region is supposed to obey the drift-diffusion equa-
tion (Gatland, 1974),
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where the field is directed along the z axis and n is the ion density. Assuming
a point source and no boundaries the on axis solution is

n(z,t) = C(4irDTt)
 2 (47rD_t)~ exp[-(z-v_t) /4D_t]. (2)

Finite sources and boundaries yield somewhat more complicated equations but in
all cases the averaga arrival time is given by

<t> = z/vD + tc , (3)

when tc contains diffusion, boundary, injection, thermalisation, and sampling
end effects but is independent of the drift distance, z. The. drift velocity is
Ihen estimated using the spectra for different drift distances. The longi-
tudinal diffusion coefficient may be obtained from the variance of the time
of arrival spectrum

2Dz/v.3 - <t2> - <t>2 (4)

and the values of vp and D^ may be further refined by direct comparison of the
theoretical and experimental spectra. This procedure also guards against
experimental problems, including reactions, since these tend to distort the
spectra. Finally the reduced mobility, Ko, is evaluated as

Ko = (vD/No)/(E/N) (5)

where E is the electric field strength, N is the neutral gas number density, and
No is the number density at S.T.P. The mobility is a function of T, the neutral
gas temperature, and of E/N, but not of E and N separately. (The value of
E/N is quoted in Townsend with lTd = lO"^ v cm^.)

ION MOBILITY THEORY

The theory of the motion of ions in gasses for arbitrarily large external elec-
tric fields was developed by Viehland and Mason (1975, 1978). They adopted the
Burnett functions

f(w) l/ (W 2) W* P £(COS 6) (6)

as a basis set to describe the ion velocity distribution, f(v), and used the
Boltzmann equation

to obtain relations between the moments

= £ / • f d3 v (8)
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The functions L and P are the generalized Laguerre and Legendre polynomials,
respectively, e and m are the ion charge and mass, and w is a normalized vel-
ocity. The primary feature of the Viehland-Mason theory is the use of a
temperature, T^, appropriate to the ions to normalize the velocity so that

w = (m/2)i^±)
/2 v (9)

The resulting set of equations are of the form

,sv
s oo

with

["(r+E+l/2) r > _ £+1 <lfr
r-1

>]

y - (a/2kl ) ' z (e/m)(E/N) (11)

The ars(£) are matrix elements, with respect to the iji's, of the collision oper-
ator J where

Jif» = ̂  / F(V) L(v) - *(vf) |v-v| a A cos6 d$ d3^ (12)

Here F(V) is the neutral gas velocity distribution (assumed Maxwellian) and 0
is the differential cross-section for ion-neutral scattering. These matrix
elements may be given in terms of the omega integrals

ß*S(Tf) = n / exp(-e/kTf) e
S + 1 Q£(e) de (13)

where Tf = y(T^/m + T/M), M is the gas mass and u the reduced mass, the n are
normalization coefficients, and

Q*(e) = / (1 - cos£8) a(e,6) d cose d<J> (14)

are the (unnormalized) transport coefficients.

Two of the matrix elements of particular interest are

a (1) = (128y kTf/9irm )
 2 J)n(T ) (15)

and

a1Q(0) = - 3(1 - T/T±)(y/M) 3^(1) (16)

If the moment equations are solved assuming that terms with s > 1 are neglig-
ible then only these two matrix elements are needed. Hence

v ß = (2kT±/m)
 / 2 <^^> = eE/Nm aoQ(l) (17)

and

I kTf = I kT + I M vD
2 (18)
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Given a value of Tf these equations determine both E/N and vp and hence KO(E/N).
Unfortunately these first order results exhibit errors of about 10% when com-
pared with higher order calculations or with Monte Carlo simulations (Gatland,
1977).

DIRECT DETERMINATION OF POTENTIALS

The discrepancies between the theoretical mobilities and the experimental
results suggests that the data could be used to improve each potential. Indeed
the ion temperatures correspond with energies which are close to the potential
well depth so the data should test this part of the potential. Also the long
range part is dominated by the polarization potential. However, there is little
information available about the repulsive part of the potential so the results
are uncertain to the extent that the hard core contributes to the transport
coefficients and omega integrals.

The technique used to determine the potential directly from the mobility data
is as follows. The first order theory is used to determine values of Tf and
ßl1 from the experimental E/N and K o values and the inter-nucleus separation

distance is estimated as r = (ß^/ir) . The same process is then repeated for
mobilities given by a trial potential so that a function £(r) = V(r)/Tf(v) is
obtained. This function together with the experimental values of r and Tf are
then combined to yield an improved potential V(r) = £(r) Tf(r). This process
may be iterated but since it does not change the well depth of the potential it
may not produce agreement with the experimental data. Trial potentials with
different well depths must be selected until the data is fitted adequately.
Typically the experimental error in the mobility is about 2% so refinement
beyond that accuracy is not needed.

A question of some consequence concerns the uniqueness of the directly deter-
mined potentials. If data at all values of the effective temperature were
available the uniqueness of the inversion might be provable but in practise
the values of Tf cover a range from 300°K to about 5000°K. If the potential
well depth is too small or too large this range of temperatures may be in-
adequate and the experimental data may not exhibit the whole of the typical
mobility peak. No attempts have been made to obtain potentials in these cases.
Marginal situations may occur where the data stops just beyond the peak and in
this case the assumed hard core behavior may effect the whole of the potential
determination. Also if the zero field reduced mobility differs considerably
from the polarization mobility the form of the potential outside the well, but
before the long range part, may influence the whole of the calculated potential.

In the more advantageous cases it is expected that only the very hard core part
of the potential will be uncertain and that the rest of the potential will be
insensitive to variations in the asymptotic behavior for small r. This was
certainly true for cesium ions in argon, krypton and xenon where a large
number of trial potentials were used but only one potential well shape gave
agreement with the data in each case.

The problem of testing and determining potentials with small well depths may
be solved by measuring mobilities in gases at low temperatures (below 100°K)
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Ion

Li+

Li+

K+

Br"

Rb+

Cs+

K+

Br"

Rb+

Cs+

Cl"

K+

Ur"

iib+

Cs+

Gas

He

Ar

Ar

Ar

Ar

Ar

Kr

Kr

Kr

Kr

Xe

Xe

Xe

Xe

Xe

rl

1.5

3.5

3.7

5.0

4.3

4.5

3.8

5.0

4.0

5.0

5.2

3.9

5.0

4.4

5.0

Table I

r2

9.0

9.0

10.0

11.0

10.0

10.0

11.0

11.0

11.0

11.0

12.0

12.0

12.0

12.0

12.0

ro

3.0

3.8

5.5

6.2

5.7

5.8

5.3

6.1

5.8

5.8

6.0

5.6

6.0

6.4

6.6

rm

3.7

4.5

6.3

7.1

6.5

6.7

6.2

7.0

6.7

6.6

7.1

6.5

6.8

7.4

7.7

vm

-.0027

-.0099

-.0031

-.0022

-.0032

-.0031

-.0051

-.0032

-.0042

-.0044

-.0050

-.0069

-.0053

-.0045

-.0040

Values of the minimum, rj, and maximum, r2, internuclear separation distances
to which the experimental data are sensitive, the separation at which the
potential vanishes, ro, the position of the potential minimum, rm, and the
potential well depth, V m, for various ion gas combinations. Both distances
and energies are given in atomic units (ao = .529 A and e o

 = 27.2 eV).

so that lower values of the effective temperature may be obtained. Recently
Koizumi, Kobayashi, and Kaneko (1980) have reported mobilities of Ne+ and Ar +

in He at a temperature of 82°K. They also find that their mobilities at 82°K
and high E/N agree with previous data at 300°K and low E/N if compared at the
same value of Tf.

RESULTS

This program has been applied to several ion-atom systems. In some cases
theoretical potentials are available for comparison; most of them being the
electron gas-Diode model potentials of Waldman and Gordon (1979). Full
quantal potentials (SCF and/or Cl) have been calculated for Li + - He
(Harrinaran and Steammler, 1975) and Li + - Ar (Olson and Liu, 1980). The
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experimental data comes from several sources and is summarized in the tabula-
tion of Ellis and coworkers (1979).

Systems studied so far are Li + - He (Gatland, 1977), Li + - Ar (Gatland, 1981)
Cs+ - Ar, Cs+ - Kr, and Cs + - Xe (Gatland, 1978a), Rb+ - Ar, Rb+ - Kr, and
Rb+ - Xe (Gatland, 1978b), Cl" - Xe (Thackston, 1980), K+ - Ar, K+ - Kr, and
K+ - Xe (Lamm, 1981), and Br~ - Ar, Br~ - Kr, and Br~ - Xe (Lamm, 1982). In
all cases potentials have been developed directly from the experimental data.
The range of internuclear distances, r, over which each potential, V(r), is
considered accurate is shown in Table I together with the values of ro (where
V = 0 ) , rm (where V has a minimum) and Vm = V(r m), the depth of the potential
well. In all cases agreement with the theoretical potentials is reasonable
but significant discrepancies appear in many cases particularly in the shape
of the potential just outside the well region.

CONCLUSIONS

Drift tube measurements of ion mobilities provide useful information on ion-
atom interactions particularly in the region of the potential around and some-
what outside the position of the minimum. Primary applications are to atomic
ions in atomic gases. However, extensions of the theory to molecules and
inelastic cases are available for testing theoretical potentials. The runaway
phenomenon evidenced by H"*" in He is an isolated non-equilibrating situation
although suggestions of "softness" in other potentials, e.g., Li + - Ar, may
be present.
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ABSTRACT

A slow-flow-drift tube, was adapted to allow for the measurements
of ion mobilities by recording the arrival time spectra of the ions,
which are pulsed by two separate grids. Results on the E/N dependences
of the reduced mobilities u of C H * (n = 0,1,2,3) in He and of CH,+

on o
in Ar are presented.

INTRODUCTION

Drift experiments have proven to be a useful tool for the investi-
gation of the energy dependences of rate coefficients of ion-neutral reac-
tions. In this kind of experiments usually the decline of a reactant
ion signal is monitored at a given E/N (E denoting the electric
field strength and N the buffer gas number density) as a function
of the amount of reactant gas added to the buffer in the drift
tube. From this decline the reaction rate coefficient is calculated,
and one necessary piece of information to be able to do so, is the
residence time of the ions in the drift reaction section. This
residence time is obtained from the length of the reaction section
and the ion drift velocity v., which in turn is connected to the

1mobility u of the reactant ion by

vd = u.E. (1)

Over sufficiently wide ranges of temperature T and pressure p,
ion mobilities are proportional to T and inversely proportional to p,
so that mobilities obtained at various values of p and T are usually
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converted for better comparison to so called reduced mobilities u

by

"„ "
with p being the buffer gas pressure in torr and T the gas temperature
in °K. Values for u are normally presented as a function of E/N and
from data of this kind the necessary drift velocities or residence times
for the evaluation of rate coefficients are then calculated by using
the relations (1) and (2). The most common buffer for drift experiments
is He, and the reduced mobilities, u , of many ions in He have been

1-4investigated and reported in the literature
Recent investigation of reactions of molecular ions have shown a strong
influence of the buffer gas on the vibrational excitation of these

5-8 '

ions at elevated E/N . Ar, Ne and Kr are in some cases quite effective
in vibrationally exciting the ions, while He is not. Thus the dependence
of the reactivity of a special icn neutral reaction on the ionic vibra-
tional excitation is seen by comparison of rate coefficients obtained
in different buffer gases. This in turn creates the need of mobility
data for ions in different buffers. While there exists a fair amount
of data on mobilities of ions in Ar, mobility data in Ne and Kr are
very scarce. In order to add to the body of mobility data, we therefore
have adapted a drift tube, earlier used for the investigation of ion-
molecule reactions, to be used for obtaining drift velocities in various
buffers.

EXPERIMENTAL AND RESULTS
g

To an existing drift tube , two shutters (grids) were added close
to the up- and downstream end plates of the drift section respectively,
which are pulsed in order to a11owe for the measurement of the average
times tj, and t2» ions need to pass the distance from the respective
shutter to the detector. The difference between t̂  and t2 is the drift
time, the ions spend traveling the distance between the two shutters,
from which then uQ is obtained as mentioned above. Test measurements were
carried out for various well known mobilities and Fig. 1 shows as an
example the presently obtained data for the mobility of He+ in He and
for comparison the most precise data for this mobility, obtained by
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Helm in Canberra °. Comparison of these and other data infers a typical
accuracy of the data measured with the present experimental arrangement,
of < + 6%. Fig. 2 shows data on the mobilities of CH + (n = 0,1,2,3)

11in He together with data of Thomas et al. . Our data show maxima between
20 and 50 Td, which are typical for mobilities in He.
As a test we also measured a few values for the mobilities of CHC

11in He (Fig.3), for which also data have been obtained by Thomas et al. ,
but also by Lindinger et. al. at the NOAA-FDT. The present data compare
well with the NOAA-data, while the values of Thomas et al. are systemati-
cally lower by a few percent. Fig. 4 shows mobility data for CH-
in Ar for which no data have been obtained so far by other workers.
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Abstract; This contribution presents the design and construction of

a new apparatus suitable for the quantitative study of lateral dif-

fusion of mass identified ions. Previous studies and experimental

techniques are reviewed and compared with the present system. In

addition, properties of a new stable low-current ion source will be

reported.

1. Introduction

Many measurements concerning the properties of gaseous ions in their

parent gases at low energies have been performed in recent years, however,

with a few exceptions /1-3/ there are only a few measurements of the lateral

diffusion coefficient (diffusion at right angles to the applied electric

field) of firmly mass identified ions. Such studies would be, however, of

considerable value in understanding collisional processes (and its theoreti-

cal description) controlling the behaviour of ions under swarm conditions

(see f.i. Ref.3 and 4). Cases of particular interest are those according to

Gray and Rees /3/ in which the dominant ion-molecule reaction is that of

charge exchange.

One of the reasons for thp small number of studies are the experimen-

tal difficulties involved, i.e. it is particularly difficult to measure

mass identified ion currents at beam currents small enough to avoid lateral

beam spreading by space charge effects /3/.

2. Previous experimental techniques

One method used /1,2/ to determine the lateral diffusion coefficient

is the measurement of arrival time spectra with a pulsed drift-tube mass
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spectrometer, similar to that described by Albritton et al. /5/. A decrease

in the relative total nunber of ions composing this arrival time spectrum

as the drift distance is increased is governed by the lateral diffusion co-

efficient. Furthermore, any depleting reactions with the target gas species

will produce an additional attenuation of the primary ion population as it

drifts through the gas and has to be taken into account in the analysis. In

addition for a quantitative evaluation of DL, the longitudinal diffusion co-

efficient (or at least a reasonable estimate) and the drift velocity must

be known for corresponding E/W conditions.

A second method used /3,4,6/ is based on the principle that the lateral

spreading of an ion swarm as it travels through a diffusion tube is controlled

by the ratio of lateral diffusion coefficient to the mobility, u. Comparison

of the experimental measured lateral distribution with the corresponding

analytical expression allows evaluation of D-J /a. So far this lateral distri-

bution has not been measured directly. The apparatus used by Gray et al. /3/

is based on Skullerud's /6/ modification of the Townsend method and is shown

schanatically in Fig. 1. Ions enter the drift tube (consisting of guard rings

B) through an entrance slit A and move towards the collecting electrode C.

The ion source is movable in a plane perpendicular to the axis of the drift

tube. The ratio of ion currents to the two halves C. and C~ is measured as a

function of the source position. Fran this a value of tyVyu can be deduced.

The mass spectrometer is only used to identify the ions contributing to the

measured total current to C. According to Gray and Rees this is done to ac-

count for the influence of space charge repulsion on the diffusion of the

ion swarm. They report that for ion signals detected in the mass spectrometer
-9currents of 1O A in the drift tube had to be used. For ion currents as

high as this the lateral spreading, however, is controlled more by space

charge effects than by diffusion. Values of D^uhave therefore been mea-
-12sured by Gray et al. /3/ at primary swarm currents of < 1O A using the

collecting electrodes C. and C^.

The present study is an extension of this technique. An apparatus with

high detection efficiency has been constructed for the direct measurement of

mass analyzed lateral ion distributions. Also the precision of the ion-source

off-axis displacement has been improved.
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3. Present experimental set-up

A schematic view of the present set up is given in Fig.2. Basically

it consists of an ion source, a diffusion chamber and an analyzer system

with a guadrupole mass spectrcneter. The vacuum system is bakeable up to

300 C yielding background pressures below 10 Torr. Thus reactive losses

with background species are reduced.

Hie ion source is moveable perpendicular to the axis of the diffusion

tube with a high precision (+ 0.001 mm) screw driven by a Computer control-

led step motor. Either a hollow cathode discharge source or a stable low-

current ion source (Fig.3)with alpha particle ionization can be used. Ion

source properties and characteristics will be discussed at the Symposium.

A drift tube is used as diffusion chamber; the electric field is main-

tained uniform by a set of eight guard rings. The ions are sampled at the

end of the diffusion region through a 150 urn orifice and analyzed with an

Extranuclear quadrupole mass spectrometer. The exit aperture plate contai-

ning the sampling orifice is mounted on an insulating ceramic support. This

allows also the measurement of total ion currents at the end of the drift

region.

Hence, a direct measurement of lateral ion distributions of mass iden-

tified ions is possible with the present set up. Data acquisition and hand-

ling is performed by a microprocessor. Gauss-fits of the lateral ion distri-

butions obtained at different E/N values allow evaluation of D_/ /a as a func-

tion of E/N.
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Abstract : Some general aspects of collisions involving Rydberg

atoms are presented. Two specific examples that display in a

clear fashion some of the most interesting features of the processes

are more extensively described.

Because of their large size and the weak binding energy of the

outer electron, Rydberg atoms (i.e. atoms with high values of the principal

quantum number n) are expected to be extremely sensitive to any kind of

external perturbation, in particular that resulting from the interaction

with another target (atom, molecule or charged particle). Accordingly their

collisional behaviour should differ considerably from the one observed for

low-lying states, thus justifying the interest of physicists. More practical

reasons have also prompted the studies of collisions involving Rydberg atoms.

For example they play an important role in astrophysical and laboratory

plasmas. Rydberg collisions may also affect the overall efficiency of

laser isotope separation. Though not a new subject there has been a strong

revival of interest for collisions of Rydberg atoms during the last decade,

due to the rapid development of powerful experimental tools.

The large size of the Rydberg atoms suggests that in the collision

of a Rydberg atom with a target the outer electron and the ionic core may
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behave as separate scatterers allowing simplified theoretical treatment.

Following the pioneering work of Fermi, most of the available theoretical

approaches are based on that assumption. One may even speculate whether

only one of the two interactions (i.e. e-target or core-target) has to be

taken into account for a given process.

The second point to be mentioned before presenting the experi-

mental techniques and discussing some data arises from the extreme sensi-

tivity of Rydberg atoms to external fields. In particular the application

of a modest electric field gives rise, among other effects, to a noticeable

change of the position of the energy levels. This emphasizes the unique

capabilities of Rydberg states for studying the resonant coliisional proces-

ses (i.e. reactionsfor which potential energy balance is zero).

In an ideal experiment atoms are produced in a well-defined

Rydberg state and interact with a target. Then the various (charged or

neutral) end products have to be identified, detected and the corresponding

cross-sections have to be measured. Note that usually a large number of

reactions (n changing, 1 changing, ionizing collisions...) are energetically

allowed even at thermal energies. Most frequently several processes occur

concurently, each contributing noticeably to the total depopulation (quenching)

of the initial Rydberg state. Several types of processes have already been

widely studied .

Selective excitation of Rydberg levels is most commonly achieved

by pulsed dye lasers, due to their high-power and flexibility. Wavelength

from UV to near IR can be obtained with good spectral resolution allowing

selective excitation of levels up to n*j45 to be routinely performed. The

one or multistep excitation takes place either from the ground-state or

from a metastable state, previously populated by appropriate techniques.
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Neutral end products are usually detected either by time resolved

fluorescence or by selective field ionization (SFI). The first method

has been extensively used in cell experiments and is especially well-

suited for the measurement of quenching cross-sections. But it is only

tractable up to n/u25 due its rapidly decreasing efficiency as n increases
3

The SFI technique (in beam or cell experiment) takes advantage of the

fact that the outer Rydberg electron can be pulled off by an electric

field (E/U3.2.10 /n* V/cm where n is the effective quantum number

defined by E = R/n* , E being the energy of the level and R the Rydberg

constant) leading to an ion that can be easily detected. The dynamics

of this process is complex but SFI has been studied in detail and has

been proven simple, efficient and selective if careful analysis of the

SFI signal is achieved. The study of ionic end products can be performed

by the classical methods of charged particle detection, the mass-selection

of the ions being most usuful. Note finally that the line shape studies

have also provided valuable informations on collisional processes involving

Rydberg atomsT

Among the numerous data available we have, somewhat arbitrarely,

selected two examples that, in our opinion, display in a very clear fashion

some of the most prominent features of collisions involving Rydberg atoms.

A wide set of results has been obtained for the 1 changing collisions

of Rb (nF) states colliding with various atomic targets (He,Ar,Xe, Rb

in its ground-state), i.e. the process :

Rb (n; 1=3) + P — * Rb (n; 1> 3) + P + & E

The asymptotic energy defect E is small ( M 1 cm ) compared to

the. available thermal energy (iV 400 cm ). The cross-section is large

3 ° 2 Jf4)
(«V 10 A ) but less than the geometric cross-section (^g^n • The n
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dependence of O" shows usually a maximum for some n value before a
IDHX

decrease is observed. The n x and G*-^ values as well as the whole shape

of the C*(n) curve strongly depends on the nature of the perturber. A simple

picture that takes only into account the e-P interaction explained the obser-

ved n behavior of ©* ; for low n values the passage of P through the small

electronic cloud induces the transition with high-probability due to

the short range (e - P) interaction; as n increases the growing extension

of the electronic cloud decreases the probability of inducing the transi-

tion, leading to a decrease of the cross-section. The stronger the (e-P)

interaction is, the higher is the n value, in good agreement with the
n)3Xexperimental results. Numerous calculations taking into account only

the (e-P) interaction are available and give good quantitative agreement

with the measured values. Recent measurements performed at higher n

values (n 40) also show the dominant character of the (e-P) interaction.

This holds also for other inelastic collisional processes : Rydberg atom-

molecule collisions (though some effects ascribable to the ionic core have

been detected), Rydberg atom-ion collisions (in that case values are

much larger than the Cr values and no turn over in the n dependence of

is observed up to n fJ 40, this is clearly due to the long range type

of the e-ion interaction). The ionic core perturber interaction seems

to contribute significantly to the cross-section only when purely elastic

processes have to be considered (broadening of Rydberg spectral lines

for example).

Rydberg atoms provide also a unique possibility to study resonant

collisions for two reasons first their energy spacing may be easily changed

in discrete steps by changing the n or 1 quantum number; second a continuous

tuning of the spacing is also possible by applying modest electric (or
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magnetic) fields. The first possibility has been used to study resonant

electronic to rotational energy transfer in Rydberg atom-molecule colli-

sions . But the continuous tuning offers the possibility of observing
Q

very sharp resonances as recent by demonstrated for the following process

Na (nS) + Na (nS)—> Na (nP) + Na ((n-1) P) + A E (16 <[n^ 27)

By applying a small electric field («V 0.2kV/cm) one can vary continuously

E, sweeping it over the exact resonance (i.e. A E = 0) for which

9 °2hudge cross-section (/ulO A ) are observed. The width of the resonance

is A/ 0.03 cm indicating unusually long collision times (A»2 ns). The

*4magnitude of the cross-section, its n dependence and the width of the

resonance are in reasonable agreement with calculations based on a long

range dipole interaction..

The two examples we have mentioned display some of the

most interesting features of collisions of Rydberg atoms. But the rather

unusual properties of Rydberg atoms will probably allow in the near future

the opening of other new lines of research in collision physics.
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Abstract Apart from the common MQDT analysis of level energies, we

present various independent methods of determining the composition

of configuration mixed wave functions in bound and autoionizing Ryd-

berg states.

Rydberg states of two-electron systems, as opposed to the well investiga-

ted alkali Rydberg states, are subject to configuration interaction (CI). By

introducing this interaction, one accounts for the effects of Coulomb repul-

sion between the two electrons under consideration. One of the manifesta-

tions of CI are the observed irregularities in the level energies E , which

for any Rydberg series are usually written as

Here I and R are the ionization potential and the Rydberg constant, respec-

tively. The effective quantum number n* differs from the principal quantum

number n by the quantum defect v

n* = n - v. (2)

I t is the constancy of \> in the alkal i spectra that accounts for their hydro-

gen-like behaviour, whereas v may exhibit a very pronounced energy dependence

in the configuration mixed spectra of the alkaline earth metals.

The variations of the quantum defects v of interacting Rydberg series play

a key role in Multichannel Quantum Defect Theory MQDT £ 1 ] . For any given

level n, this theory allows to characterize i t s wave-function Yn as a super-

position of interacting "channel" wave-functions, which may be labelled by
2S+1their spectroscopic notation (n«., n'j.1) L,. As an example in Barium, we

-1

find ^200 cm below the first ionization threshold three strongly interac-

ting channels, (6snd) D 2,
 3 D 2 around 20 £ n $ 30, and (5dn'd) D2 with
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n1 = 7. Any discrete state in this region may thus be written as

¥n = an(6snd) ̂ g + 0n(6snd)
 3D 2 + yn(5d7d) \. (3)

MQDT provides powerful algorithms to calculate the coefficients a , 6 , Y

solely by analyzing the quantum defects of the states n, i .e. by looking at

the energy-eigenvalue of the total wave-function v once this has been

measured with sufficient accuracy. [ 2 ]

A closer inspection of equ. (3), however, suggests various other methods

to probe the composition of the particular state v experimentally. They are

based on the observation that the two 6snd channels in this energy region

are in fact Rydberg states with the nd electron being far (1O2...1O3A) re-

moved from the nucleus, whereas in the 5d7d state al l the electrons stay

within a 25 A radius. This huge difference in the spatial extension is com-

pletely ignored i f one only focusses on the energy eigenvalue of the wave-

function. On the other hand, the large radius of the pure Rydberg states

accounts for most of their "exotic" properties l ike the long radiative l i f e -
3 7

time (T -\» n ) or their large dipole moments, <n£|r|n'£'> ^n , to name only

a few. The latter determine the Rydberg state's sensitivity to external dc

and ac electric f ields (Stark shi f ts) . Hence, rather than looking for devia-

tions from the energy law (1), one could look for variations in the "exoti-

c i ty" of a Rydberg series, which may be caused by the non-Rydberg fraction

Yn in the wave-function fn- With this in mind, we have carried out l ifetime

measurements of the 6snd states in Ba in the vic in i ty of the 5d7d perturber

26d5o, z&PojJ [ 3 ] . Due to the admixture y of the

short l iv ing perturber, the lifetimes

of the 6snd Rydberg states are reduced

iby up to one order of magnitude (from

'y 2 ysec to % 200 nsec) within an

jenergy region of about 20 cm FWHM.

The state with maximum perturber frac-

t i on yn = 34% is usually called "the

Iperturber", (5d7d) in our case. Ithap-

Ipened that for this state we could

^ jalso determine his coefficient y by
4M10|applying a small (<v 1 V/cm) electric

f i g . 1 f ie ld and measuring the dc Stark shi f t ,

41870 41840

TERMENEHGV (cm"1)
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using a accurate RF spectroscopy to neighboring unperturbed 6snf and 6sns

Rydberg series. The l i fet ime (o) and the Stark shi f t (A) results for yn are

shown in f i g . 1 and compared with a nine-channel ( ) and two three chan-

nel studies of the level energies ( and , respectively). The agree-

ment between the various results demonstrates the potential of u t i l i z ing ty-

pical wave-function properties (other than the energy eigenvalues) for the

determination of configuration mixing coefficients.

So fa r , we have only considered bound states and their interaction. With

multistep laser excitation, however, there exists a powerful scheme to in -

vestigate autoionizing Rydberg states in two electron systems. [ 4 ] Starting

from an unperturbed 6snd Rydberg state (9 .$ n < 22), for example, which can

be produced by resonant two photon absorption, we can drive the transit ion

6s -*• 6p. of the inner electron, leading to the autoionizing (6p.nd)j reso-

nance. The competing direct ion i -

zation (6snd) •*• (6seS.) hac negli-

gible amplitude, thus inhibit ing

the occurrance of "Beutier-Fano-

Profiles" in the autoionization

l ine shape. However, as can be

seen in f i g . 2, [ 5 ] the obser-

ved l ine shapes may s t i l l be far

from being symmetric lorentzians.

The whole structure of f i g . 2 may

be viewed as the excitation of

one (6p3/210d)j_3 state, which is

perturbed by the neighboring

f i g . 2 (6pj ,2nd)j_3 series, much l ike in

the previous example. There are, however, additional interactions with con-

tinuum channels l ike ( 6 S 1 / 2 £ Ä ) J = 3 or (5djGfc)J=3, which cause the f i n i t e width

of the observed structures. Altogether, one finds 15 channels contributing to

the spectrum of f i g . 2, yielding an impractically large number of free para-

meters for a complete MQDT analysis. Using an approximative 4 channel expan-

sion (one continuum and three discrete channels), we have obtained the theo-

retical curve (thin l ine) in f i g . 2, very clearly exhibiting al l the essen-

t i a l features of the experimental spectrum l ike the asymmetry and width of

the individual " l ines". From this f i t , one can readily deduce the configura-

b

"5
c
in
co

62095
E(cm"1)

61635
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tion interaction strength between the various channels involved.

One basic problem in a MQDT analysis like this is the determination of

the autoionization branching ratio to the various continua, i.e. the coup-

ling to the (6Sjy2e£), (5d3^2e'fc) and (5d5/2e"fc) continuum, respectively.

An independent and \/ery powerful method for determining these branching ra-

tio is the electron spectroscopy of autoionizing Rydberg states. Since this

method has first been applied, using a rather crude retarding field approach

[6 ] , considerable improvements have been made which led to electron spec-

0 = 90°

= 0(

electron energy (eV)
fig. 3

tra l ike in f i g . 3, taken from an (6p1/29s) autoionizing Rydberg state. [7 ]

One clearly distinguishes three well resolved peaks at 2.45 , 1.84

and 1.73 eV, corresponding to interaction with the (6s1 / 2 ei), (5d3/2e'*)»

and (5d5/2e ' '£) continua, respectively. The branching ratio to these con-

tinua is not immediately reflected by the relative height of the peaks,

since they in general have different angular distributions with respect to

the laser polarization, as shown by the two spectra (0° and 90°) in f i g . 3.

A recent detailed study of the (6p.ns) serie showed a surprisingly strong

n-dependence of both the angular distributions and the branching ratio [7 "}

demonstrating the sensit ivi ty of this method to small variations in the ra-

dial part of the wave-functions belonging to the same Rydberg series.

In conclusion, we have demonstrated the potential use of typical Rydberg

wave-function properties for studying the composition of a configuration

mixed bound state wave-function. On the other hand, for autoionizing states

the use of an interference free excitation scheme combined with results from

electron spectroscopy is shown to enable the MQDT study even in the case of

complex multi channel configuration interaction.
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OF SHORT LIFETIME
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Abstract : Interaction between radiative excited rare gas atoms of
low n and ground state atoms or molecules has been studied either in
discharges or in crossed beam experiments. Results of recent work on
He -rare gas systems and their comparison with the existing theoreti-
cal prediction are discussed.

Chemi-ionization by excited atoms has been a subject of increasing in-

terest over the past ten years. In this field of research, collisions at

thermal energy between metastable rare gas atoms and ground state atoms or

molecules has been extensively investigated in varied experiments for two

reasons : i) the ionization cross sections were expected to be large, ii)

easy experimental conditions such as large metastable densities in discharge

or in effusive, supersonic, merging beams were available due to the long li-

fetime of these levels.

In the case of radiative excited states, because of their short life-

time (1.7 nanosec for He(3 P)), most of the experiments have been carried

out in pulsed discharges or plasmas; they yield photon decay curves of these

excited species, typical of their quenching by neutral or electronic colli-

sions. Quenching rate constants (including excitation transfer and ioniza-

tion) and energy averaged cross sections have been published. Only very re-

cent experiments deal with beams of short lifetime excited atoms, leading
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to information as detailed as in the case of metastable atom study, such

as the cross section as a function of relative velocity or electron spectros-

copy.

Let us recall the basic processes in chemi-ionization in the simplest

case where no molecules are involved

A z» A + B+ + e Penning ionization (PI)
(1) A* + B IT

^^ +
AB + e Associative ionization (AI)

With molecular targets, several exit channels are open

A + CD+ + e Penning ionization

/, ACD+ + e Associative ionization

(2) A* + CD — > A + C+ + D + e Dissociative ionization

\ AC+ + D + e Rearrangement ionization

A + C+ + D" Ion-pair production

These chemical systems separate into two groups, fulfilling different

interval energy conditions.

A- The internal energy of A* is larger than the ionization potential of B or CD.

We are in the presence of ionization of the "first kind" represented by

the usual Penning ionization theoretical schema except that the excited le-

vel is radiative instead of metastable. Reactions (1), (2) may be considered

as the result of a vertical Franck-Condon transition between two potential

curves V* (R) and V+(R), describing the entrance A* - B and exit A-B+ chan-

nels. The discrete electronic state A* - B being embedded in a continuum of

states A-B++e is thus autoionizing with a lifetime IT/I"1. The interaction

responsible for the transition is purely electrostatic (electrostatic inter-

action between .both electrons of A* and B) and can take place even if the

particles are at rest. The ejected electron takes away the amount of poten-
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tial energy released during the transfer from V* to V .

This model has provided satisfactory interpretation of the numerous

experiments devoted to these processes, either in a classical approach (1)

or quantum mechanical treatment (2) giving information on the potentials

and coupling width with the continuum T ( R ) .

The fact that the excited state is radiative modifies the calculation

of P. The direct process (the excited electron of A* drops to the ground

state of A, the electron of B is ejected) may be expressed in term of dipole

moments associated with the optical transitions A*-> A and B-»B + e (3).

The exchange process (the excited electron of A* is ejected, the electron

of B drops to the ground state of A) may be expressed in relatively simple

form (4) . One considers that the decay takes place mainly within distances

much smaller than the radius of the region in which the excited electron is

distributed, the emitted electron interacts therefore both with B and A.

B- The internal energy of A* is smaller than the ionization potential of B.

We are in the presence of an ionization of the "second kind", usually

called a Hornbeck-Molnar process. The limits at R* satisfy V* (R)<V+(R);

therefore the creation of a bound ionic state AB is the only possible exit

channel in thermal energy collisions. The A* - B state may or may not cross

the potential curve of AB+ in the smaller R region; 1) if a crossing point

R is very large the process can be treated by the same method employed in

the case of the first kind;2) if Rc is small or no crossing occurs, but V*(R)

and V+(R) are close to each other, ionization can occur only at the cost of

the relative kinetic energy and the mechanism is essentially different from

that described in § A. The interaction is non adiabatic; the coupling of

nuclear kinetic energy and electronic energy is responsible for AI (5).
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Nielsen and Berry have calculated CT.- quantum mechanically, taking the

non adiabatic term as a perturbation for the simplest system H -H. Koike

and Nakamura have obtained an estimate of the energy dependence of

CT~Aj (O~.j -\> 1/E), using the same coupling. But the large ionization cross

sections observed for He* - He have only been explained by Cohen by taking

into account the dynamic coupling of the excited state considered (n = 3)

with many higher lying Rydberg states, and not just with other states arising

from the n = 3 atomic manifold.

C- Dealing with molecules requires the knowledge of potential energy surfaces.

Since they are not easy to handle, the CD molecule is usually approximated

by a rigid rotator, the C-D bond being frozen at its equilibrium value. A

Morse potential can be added to the cuts of the V* surface with the frozen

CD coordinates to describe the vibration of the molecule (6).

Many experiments have been reported; we will restrict ourselves to

systems such as He* - B, satisfying Penning ionization or Hornbeck-Molnar

process conditions, since theoretical studies are focused on the simplest

systems.

I. EXPERIMENTS IN DISCHARBES

Until 1980, experiments have only been undertaken in pulsed discharges

or plasma cells containing helium and known concentrations of target atoms B.

Their genera? principles are : i) excitation of the He* level either by elec-

tron or proton impact (non selective excitation) or by pulsed dye lasers

(selective excitation); ii) measurements of the optical decay at a given

wavelength from photon counting using the cascade spectral emission from the

considered excited state. Measurements at several values of the target gas

density yield the quenching rate constant k and cross sectioncrat a given

temperature, averaged over the velocity distributions of the colliding par-
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tides.

1) Electronic excitation

One of the first experiments dealing with the AI rate constant is that

of Robben in a pure helium afterglow (7). He found that the differences in

the atomic and molecular line intensities could be explained by assuming a

process of AI of excited helium states.

Later on , several experiments by Kubota et al in 1975 and Hitachi et

al in 1980 (8) studied collisions of He(31>3 S), (31»3P),(n1'3S) (n^11) with

other rare gases. The quenching cross section includes processes such as Pen-

ning ionization (or Hornbeck-Molnar processes for He*-He collisions), angular

momentum transfer and n changing collisions. They concluded that the main

process is PI when n is small;CTpj increases upto n = 3 or 4. Angular momen-

tum transfer becomes comparable with PI at n = 5 or 6 and is responsible for

the quenching of higher states, especially in the singlet states for which

the energy splitting is narrower than in the triplet states. On the other

hand, they obtain quenching cross sections strongly increasing with n for

He (n 1»^) - He; this behaviour, different from those concerning He(n * S)-

Ne, Ar, Kr, Xe is certainly due to AI coming from Hornbeck-Molnar processes

which are expected to increase with n.

In 1979, Kono et al ( 9 ) attempted to observe the influence of the kine-

tic energy of the colliding system He(31>3S) and (31>3P)-Ne. They obtained

slowly decreasing cross sections with increasing temperature , which is a

behavior completely different from the metastable one.

2) Proton excitation

Nayfeh et al in 1976 (10) observed the quenching of He ( 2 ^ , 31>3P,

33D) with different rare gases, which they found more important than predic-

ted theoretically by Watanabe and Katsuura (3).

3) Optical orlaser excitation

The population of a selected level of the reacting atoms is enhanced by
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pumping from one of the metastable or excited states present in the discharge,

by use of a pulsed tunable dye laser. The following transitions He 2 ' P — >

3ls3S (728 and 707 nm), 21»3 S -> 31'3 P (502 and 389 run), 2 1 > 3P->3 1 > 3D (668

and 588 nm) and 23s-> 53P (294 nm) have been studied in Ref 11 to 15.

A pionering experiment of Wellenstein and Robertson (ll) in 1972 using the
3

filtered light of a helium discharge to excite the n P and D states, gave AI

rate constants. For the first time, mass spectroscopy of the He2 ion was

performed, in phase with the optical determination of the excited state popu-

lations. Simultaneously, Collins et al (12) derived from their laser experi-

ment an AI rate constant for He (5 P)-He four orders of magnitude , larger
3 3than the excitation transfer rate constant 5 P~>5 D.

Recent works have confirmed that angular momentum transfer is more im-

portant for singlet than triplet states, and much less important in He*-B

collisions than in He * - e collisions by two orders of magnitude (13, ! * ) •

FIG.l . Fluorescence light intensity in arbitrary units
as a function of time. Experimental conditions [Hel=4.6
xio"cnT 3 , r , = 300*K, [e]=2.9xiou cm'1, T, =600*K.
Statistical error bars are representative of data rapro-
ducibility.

(From ref.15)

time

Comparisons between theoretical results of Cohen-and experimental cross sec

tions of Gauthier et al measured in the 300° - 600°K temperature range (15)



- 344 -

exhibit overall good agreement for He (33D,P)-He collisional quenching, while

a strong discrepancy exists for the 33S level. This suggests that 33S-»23P

excitation transfer is not as important as predicted from the diabatic poten-

tial curves calculated by Cohen.

Ill EXPERIMENTS IN CROSSED-BEAM GEOMETRY.

Crossed beam experiments, associated with velocity selection and mass

spectrometry are an efficient way to separate Penning and associative ioniza-

tion and to provide cross sections as a function of relative velocity of the

colliding atoms. The density of excited species in beams is far smaller than

that existing in afterglows, thus counting techniques are usually required.

The recent development of servo-controlled c.w. tunable dye lasers, sin-

gle mode operating over a broad wavelength range, has made possible continu-

ous selected state excitation. Such an experiment has been undertaken on

He (3"P), saturating the transition from the metastable 2 S level at 501.6nm.

The AI cross section in He(3 P)-Ne collisions has been obtained as a function

of relative velocity (16), and exhibits a monotonic decrease with increasing

velocity. By comparison with cross sections calculated in the classical frame-

work, it appeared that the direct process would be responsible for He Ne

production. Further theoretical studies on He(3 P)-Ne adiabatic potential

curves would be useful to provide confirmation of this process, since V (R)

has been until now roughly approximated (see Fig.2).

T"ip production of He£ ions via Hornbeck-Molnar processes in He(31P)-He

collisions has been observed also, however with a counting rate much smaller

than in the previous case (16).

In a second step, the He(5 P) level has been excited from the metasta-

ble 2 S level, with the narrow band tunable UV radiation at 294 nm generated

from a single mode intracavity frequency doubled c.w. ring dye laser using
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an ADA crystal (17). Upto now the fine structure spectrum of He (5 P) and

the hyperfine structure spectrum of He (5 P) 1=1/2 have been detected via

associative ionization in He (5 P)-He collisions. Extension of selective

excitation towards higherdying Rydberg states He(n P) is possible in the

same laser set up with a RDP crystal as a frequency doubler.
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in He3(53P)+ He4 c o l l i -

sions; part of the hyper-

f ine structure of the

23S*53P l ine as a func-
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quency (one channel

^ 4 MHz).
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The conclusion which can be drawn from this short review is that expe-

riments in discharges and in crossed-beam geometry are complementary to each

other. Discharges provide useful absolute values for rate constants which are

not easily obtained in beam experiments; they can be used to normalize the

cross section as a function of relative kinetic energy measured with velocity

selected beams. For this purpose, the knowledge with a good precision of the

temperature of the neutral species in the discharge is necessary.

The direct observation of molecular ions has just been accomplished in

discharges by Wellenstein and Robertson as far back as 1972, but never re-

peated. In the other experiments, the existence of associated ionization is

assumed to explain the detailed balance of the level populations . In cros-

sed-beam geometry, mass spectrometry separates easily any kind of ions, gi-

ving a direct information on the potential curves of the states involved in

the process.

As far as ionization of A type is concerned, the basic concepts are now

well understood. Adiabatic potential curves are now available; however they

are not numerous and a system such as He (3 P)-Ne has not been ab initio cal-

culated yet. In the case of ionization of B type, the calculation of the com-

plete set of diabatic potential curves including Rydberg states is necessary;

the only available study concerns He(n S, P, D)-He with n=3 or 4.

As far as molecular targets are concerned, mass analysis is an efficient

way to obtain information on the different exit channels. However, up to now,

the calculation of potential energy surfaces has been carried out on very

few systems.
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DIFFERENTIAL CBOSS SECTION FOB Ne(5PQ) AND Ne( 5 P 2 )

SCATTERED FROM GROUND STATE NEON

W. Beyer, H. Haberland, D. Hausamann

F a k u l t ä t fü r Phys ik , U n i v e r s i t ä t F r e i b u r g , Germany

Abstract: The differential elastic cross sections for

electronically exited Ne( PQ) and He( P2) from ground

state neon atoms at thermal collision energies have been

measured separately. Potentials for Ne( PQ)+Ne could be

determined and the height of the intermediate potential

maxima for Ne( P_)*Ne could be estimated to 25 meV. By

preparing Ne( P_) in special NT states scattering in

single Q molecular states could be observed.

The ground state of the rare gas dimers is very weakly bound, whereas

the exited states can have deep chemical wells. For the heavier rare

gases (Ar, Kr, Xe) laser action has been observed between these excited

states and the ground state. The same transitions give rise to the well

known rare gas emission continua, which had been the only continuum uv

light source, before the advent of the synchroton radiation. Some

information on the excited states potentials is available from the

analysis of these continua.

Ve have continued our investigation on the long range part of the

excimer potentials. The first exited configuration of the neon is 2? 5s

and leads in LS-coupling to the four states P., PQ, P.

and P? . The J-0 and J=2 states are metastable, so scattering

experiments can be performed using them. In our experiment both states

are populated by electron impact. To measure state selectively one of

them has to be removed. For that purpose a cw dye laser induces a

transition to a state of the 2p 3p configuration, from which cascade

decay to the ground state can occur. Inducing this transition in a

magnetic field, one can selectively remove Ne( P-) atoms in specific
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laser Fig . 1: Principle of the

apparatus. The population of the

two metastable neon s t a t e s in

front of the scat ter ing center

and in front of the detector i s

probed by two separately

chopped la ser beans.

HT s u b l e v e l s . Natural neon contains 90.5/6 Ne and 9.2? Ne. The

isotope s h i f t of the trans i t ion allows us to measure isotope

selectively.

The apparatus has been described in detail earlier . Fig. 1 shows

the principle of the experiment. Two supersonic neon beams cross at

right angle. Electron impact ezites the atoms of one beam to the two

metastable states. The laser beam is split in two parts which pump the

atoms in the primary beam and the scattered atoms respectively. Both

laser beams are chopped with different frequencies. By taking suitable

differences of the signals the following cross sections have been

obtained:

1)2ONe(5Po) • 20He

2)2ONe(3P2) * 20He

elastic scattering (see fig. 3)

elastic scattering (see fig. 5)

3)2°Ne(5P2,MJ"O,1 or 2) • 20Ne elastic scattering (see fig. 7)

4)
0 0 99

He* NerP2) exchange (see fig. 6)

We find no evidence for fine structure changing collisions Ne( PQ)+Ne

- • Ne( P2)+He, for which a cross section roughly equal to the elastic

one at 0=90 has been reported very recently from a beam
2) 3)

experiment . Earlier optical pumping experiments obtained a cross

section of only 6-10" Ä . This value is compatibel with our

experiments.

Fig. 3 shows the measured cross sections for elastic scattering of

Ne( PQ)> Scattering occurs on two potentials coherently which belong

to states with a projection of the total angular momentum on the

molecular axis ft-0 and gerade and ungerade symmetry (0 and 0 ) . In
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. 2: Direct (a) and exchange
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exchange cross section
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Fig. 3: Measured differential

cross Bection for elastic

scattering of ^KG^TQ)*20^ .

The regular oscillations are

due to nuclear symmetry.
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Fig. 4: Comparison of

the potentials

calculated by Cohen and

Schneider with the

potentials obtained by

a fit to our data.
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the case of distinguishable nuclei the scattering amplitude is given

by:

f ( e ) * i ( f

If the nuclei are indistinguishable one has to add the contributions

of energy exchange indicated in fig. 2. This leads to the following

symmetrised amplitude:

f(e) * 5(fg(e)+fu(e)+fgU-9)-fu(it-9))

The latter contribution leads to the regular oscillations on the

measured angular distributions, whereas the slowly variing structur s

arise from interference of scattering on the two potentials.

A fitting procedure gives the potentials shown in fig. 4. They are

compared with the results of an ab initio calculation of Cohen and

Schneider . One observes that the potentials determined ezperimentaly

are much lower than the theoretical ones and even the ordering of the

g and u states is laverted .

In the case of Ne( P?) scattering occurs on 6 potentials which

belong to tbe 0 ,0 ,1 ,1 ,2 and 2 molecular states. Due

to the many potentials involved the interference structure can be

expected to be more irregular, in agreement with the experimental

results shown in fig. 5. The experimental results for the energy

exchange process are shown in fig. 6. In this case the nuclei are

distinguishable so the regular symmetry oscillations cannot occur.

According to the results of Cohen and Schneider four potentials are

repulsiv and the 0 and 1 potentials have deep chemical wells and an

intermediate maximum at 5a . The structures on the measured curves above
o

9=120° can be explained only as rainbow scattering at this potential

hump. From the position of the rainbow angle the height of the hump can

be estimated to be around 25*5 meV. This is four times less than the

results of Cohen and Schneider.

To obtain more information, we have measured angular distributions

for Ne( P j in special Mj states by removing them from the neon

beam with the laser in a magnetic field. The prepared MT distribution
j

could be oriented in the scattering center by a week magnetic field to

any desired direction. Choosing an orientation in the scattering plane
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perpendicular to the center of mass velocity leads to the results shown

in fie. 7. In the case of M =0 and H =1 we see again the rainbow

stuctures from the 0 and 1 potential humps. They arise mainly from

exchange scattering at small deflection angles. In the case of ¥i =2,

scattering seems to occur only at the ft=2 states as they are purely

repulsiv and rainbow scattering is not expected. This result is

explained by the assumption that the coupling of the M. states to the

molecular axis is week at these small deflection angels so the M_ states

remain nearly fixed in the lab-system. In this case the orientation at

the classical turning point is nearly parallel to the molecular axis

and scattering occurs mainly on the potentials with ft*Mj. Following

this assumption we conclude from the similiarity of the angular

distributions for ET=0 and MT=1 that the potentials of 0 and
O v U

t are not ouch different in agreement with the resul ts of Cohen and

Schneider.

Financial support of the Deutsche Forschungsgemeinschaft i s

gratefu l ly acknowledged.
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COLLISIONAL IONIZATION OF RUBIDIUM EXCITED STATES

M. CHERET, L. BARBIER, W. LINDINGER*, R. DELOCHE

CEN.Saclay, SPAS, 91191-Gif-sur-Yvette Cedex, (France) - * : Ins t i tu t

für Exoerimentalphysik, Universität Innsbruck, A 6020, Austria.

A mass analysis of ions formed in a Rb cel l where 5p

and more excited s or d states are created by lasers has shown

that besides associative ionization by col l is ion of the s or d

level with a ground atom Penning ionization by col l is ion between

excited and 5p atoms play an important role.

Very few studies exist on col l isional ionization of alkal i excited

atoms / I / . They mainly concern coll isions involving resonant states and

often ions analysis is not achieved. These mechanisms are however of

great in t r ins ic interest and play an important role i:i ionized gases.

We have bu i l t up a system which allows the TOSS analysis of the ion

formed by col l is ions involving excited rubidium atoms created by c.w.

laser beams.

The various possible mechanisms are the following :

Rb+ + e + Rb (5s) (1)

Rb (n,l) + Rb (5s). Rb 2 + e

Rb+ + Rb~ (3)

Associative ionization (reaction (2) ) rate coefficient have been

determined for the 9S, 8S, 7D and 6D levels. For these low lying levels

reaction (1) is not possible.

Besides these reactions we have pointed out an important mechanism
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of creation of Rb+ ions by collisions between excited atoms :

Rb (n,l) + Rb (5n) »Rb+ + e + Rb (5s) (4)

EXPERIMENTAL METHOD

In a cell at a constant temperature of 450°K containina Rb vapor

with a pressure varied from 10" to 10 Torr

two c.w. multimode dye lasers produce n s or

d level by a two steps excitation (fin. 1).

Although a selective excitation of the

rubidium atoms is achieved, cascadina radia-

tive deexcitation of the pumped level pive

an appreciable population of the lower levels.

5s

* 1

Consistent with reactions (2) and (4) and with photoionization by laser

beams atomic and molecular ions are formed. They are analyzed with a

quadrupole mass spectrometer.

Equations goveminq the current I, and I~ for Rb and Rb2 are :

(5) i

(6)

r1
, h e

photoionization by
I.R. laser

I2 = eV k NQ N**

Sa Kc

photoionization by collision Rb (n,l)
visible laser + Rb (5p)

col l is ion Rb (n) + Rb (5s)

No, N* , N** beinn respectively 5s,5p and (n, l ) densities.

Knowina photoionization cross sections /3 / /4 / we measure N*, N**,

and I j and I 2 and then deduce the rate coefficients kj and k2- The densities

of excited states are determined from photoionization by the 4765 Ä arqon

ion laser l ine for the 5P3/2» by the 4727 Ä one for the 5Py2 aid by

the 5145 K one for the other levels.
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EXPERIMENTAL RESULTS

Fig. 2 represent a typical set of experimental ooir.ts obtained for

the 7Dr12 level by varying one of the power P, and P2 and keeping the

other constant. As the spectral densit ies used are always low the 5p

density is proportional to P, and the ( n , l ) one to Pj x P«. In th is

conditions i t i s obvious from eq. (5) and (6) that I« varies l i nea r l y

with Pj or P2 whereas I . is the sum of a l inear and a quadratic term.

These var iat ions show that reaction (3) and co l l i s ions between two (r.,1)

excited atoms are negligeable. We can deduced an upper l i m i t o f

8.3 10"1 2 cm3s"l a n d j 5 1 0 -7 c m 3 $ - l f o r t h e s e r e a c t i o n s #

Fig . 3 shows the var ia t ion of the ion currents versus pressure^with

Pj and ?2 kept constanty for the 8S l e v e l . Dashed and f u l l l i ne curves

represent a ca lcu la t ion using the experimental densit ies with the same

value of k j and k2 at the d i f fe ren t pressures. The agreement between

experimental and calculat ion shows that there i s no inf luence o f the

co l l i s iona l t ransfer ts i n the gas.

Measurements / 5 , 6 / have been done with the 6D3/2» ^ D 5 /2 ' 7 D5/2* 8 S

and 9S leve ls .

k j and k2 are summarized in the fol lowina table :

level

6 D3/?

6D5/2

8 S 1 / 2

7D5/2

9 S l / 2

k2 roes.

(2.0+0.5)

(1./+0.4)

(2.5+0.6)

(4.1+0.8)

(2.7+0.6)

cm2s-l

10-10

10-10

10-1°

10-10

10-1°

7.10

1.1

2.9

3.3

k2 ca l .

-11-2.1(

11

10"10_ Z

10-10-5

10~10-6

,-10

710-1°

4 10"1C

10-1°

kjmes.

(4.2+1) 10"8

(4.1+1) 10"8

(2.2+0.7)i0"8

(2.2+0.7) 10 "l

(4.2+1) 10"8

a

8.8

8.6

4.6

4.6

8.8

cm2

10-13

ID"13

IQ-2 3

ID"13

10-14

ao

9.7

9.7

1.3

2.2

2.7

10

10

10

10

10

-14

-14

-13

-13

-13

measurements have been corrected to take into account the influence of

the lower levels. I t has been assumed that the different cross sections



- 357 -

are the same for all the levels. Measurements well aaree with calculation

HI done with two values of the rubidium polarisabil ity. Cross sections a

deduced from k, measurements are of the order of a few geometrical cross

section aQ as determined by Olson / 3 / . This result is also true for the

upper l imi t of the reaction rate coefficient for the collision between

two 7Dg/2 levels.

IM - A.N. Klyucharev, A.V. Lazarenko and V. Vujvonic, J . Phys. B_J3, 1143, (1980).

HI - V.S. Kushawaha and J . J . Leventhal, Phys. Rev., A22. 2468, (1980).

/ 3 / - H. Aymar, E. Luc-Koenig and F. Combet-Farnoux, 0. Phys.,_B9, 1279, (1976).

/4 / - Yu. y. Hoskvin, Opt. Spectr., tt.. 316, (1963).

/5 / - M. Cheret, A. Spiel f iedel, R. Ourand and R. Deloche, J . Phys., B14, 3953,(1981)

/ 6 / - M. Cheret, L. Barbier, H. Lindinger and R. Deloche, submitted to J . Phys. B.

HI - A.A. Mihalov and R.K. Janev, J . Phys., B14, 1639, (1931).

181 - R.E. Olson, J . Phys., Bl£, L109, (1979).

,lon current
(«A)

a«.

QLM<

. 5

P.c.. Z
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PW1710
Microprocessor-
based control system
for automated powder
diffractometry

D Intelligent stand-alone controller for
automatic qualitative and quantitative
X-ray powder diffractometry

• Full diffractometer control and
programmable calculator functions
combined in one system

D Software structure allows system
customization to suit specific analysis
programs, including calculation
of results

D Storage capacity provided for up to
255 complete measuring programs

D Diffractograms can be produced
in minutes

D Automatic peak labelling program
greatly simplifies interpretation of
diffractograms

D Background corrected neak or
integrated area measure jnts enable
complete quantitative analysis

D Programmable 2O-digit alphanumeric
display and front-panel keyboard permit
interactive communication

D Dual serial interface (RS 232 C/V-24
and 20 mA current loop) allows use of
external I/O devices and minicomputer

D Existing diffractometers can be
upgraded in stages - from stand-alone
systen requiring minimum investment,
up to full computerization

D Options available for independent
control of (-) and 2 (~) shafts (requiring
second stepping motor and drive circuit)
and a second X-ray detector

The PW1710 is a microprocessor-based
control and measuring system capable of
providing full automation of Philips X-ray
powder diffractometers. As well as
forming the heart of our advanced new-
generation PW 1700 series of automated
powder diffractometers. it also enables
easy upgrading of XRD systems already
in use. And it includes software for both
qualitative and quantitative analysis
applications. Overall system control is
undertaken by a built-in microprocessor
which can also be used to perform
calculations. The result is outstanding
flexibility. Every system controlled by the
PW 1710 can be tailored precisely to
specific user requirements. This applies

equally to the configuration of the system
hardware and to the user-programmable
application software.

Several other major benefits are
provided by the PW 1710. By taking over
routine tasks, it considerably reduces
operator involvement, simplifies system
operation and minimizes risk of errors
Analytical results are obtained more
quickly because system control is
automatic. In fact, complete
diffractograms can be produced in
minutes, thanks to a special intensity
sampling technique. And because of the
software's programmable calculating
possibilities, results are obtained in a
directly usable form.
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Philips AG,
Abt. Industrie und Forschung.
Allmendstr. 140. Postfach.
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Kosten-
senkung
bei Bau-

f ruppen-
est- und

Repara-
tur.

"Fluke ermöglicht
problem-losen //P-System-Test".
Durch eine neue Reihe von Geräten, die speziell für den Service von fjP-Systemen entwickelt wurden,
ermöglicht Fluke einen umfassenden Test des gesamten fjP-Bereiches.
Das 9010A ist die direkte Antwort auf eine der kritischsten Problemsteilungen im Service-Bereich der
Elektronik-Industrie.

Problem: Komplizierte Hardware und
Adaptierung.
Lösung: Ein prozessorspezifischer Interface-
POD stellt durch einfaches Einstecken in den
//P-Sockel die universelle Verbindung und den
Zugriff zum Prüfling her.

Problem: Kosten durch hohen
Programmieraufwand und laufende
Überwachung der Software-Dokumentation.
Lösungen: Automatische Funktionstests für
alle am //P-Bus angeschlossenen Bausteine.
wie RAM, ROM, I/O, Spannungsversorgung
und Clock, ausgelöst durch einfachen
Tastendruck. Dazu ein einzigartiges Selbstlern-
Verfahren (Auto-Iearn), das automatisch alle
charakteristischen Daten (einschl. ROM-
Signatur) einer guten Baugruppe in einem
Speicherbelegungsplan (Memory Map)
abspeichert.

Problem: Das Personal und der Gerätepark
müssen auf dem neuesten Stand sein.
Lösung: Sofortige Erhöhung der Produktivität
durch ein kostengünstiges und leicht
bedienbares Gerät. Ausgelegt zum Testen von
8-, 16- und 32-bilJJP'S, ist das 9010 auf lange
Sicht den verschiedenen Anforderungen
gewachsen und dementsprechend einsetzbar.
Bereits verfügbare Interface PODs: 8080,8085,
Z80,6502,6800 und 9900 - und weitere folgen.

Außerdem: Ein Multifunktionstastkopf: online-
Programmierung; automatische Bitmuster zum
Testen außerhalb der Busstruktur; Erkennung
intermittierender Fehler (loop-on-failure) und
optional RS-232-C-lnterfacezum Datenverkehr
mit externen Rechnern oder Druckern.

Walter Rekirsch
Elektronische Gerdte GesmbH&Co Vertriebs KG
1220 Wien, Obachgasse 28
Tel. (0222) 23555S-0 • Telex 134759
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Vom Digitalmultimeter

WESTON
MODELL 6100

SOLARTRON
MODELL 3530 ORION

über den
Super Data-Logger

SOLARTRON

bis zum
Signal-Prozessor.

MODELL 1200

Sie finden
die richtungsweisende Meßtechnik

bei
ENERTEC

Schlürii berger •

SOLARTRON

Schlumberger

SANGAMO WESTON

Schlumberger

SCHLUMBERGER OVERSEAS GESMBH
MeidBinger Hauptstraße 46,1120 Wien

Telefon 835628, Telex 132598
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7000 SERIES
OSCILLOSCOPES

HIGH PERFORMANCE
MEASUREMENT

The new laboratory standard:
Our 7854 oscilloscope

provides answers
at the touch of a button.

The Tektronix 7854 oscil-
loscope combines outstanding
analogue performance with
microprocessor-based waveform
processing and digital storage to
simplify research, design and
development work. It calculates
common waveform parameters
like risetime, period, frequency,
RMS, energy, mean, max and min,
at the touch of a button. The time
you then save can be used on new
designs or experiments.

Digital storage lets you hold
signals for as long as you want and
recall them from memory onto the
display during analysis. Digital
storage also improves measure-
ment quality as resolution is
increased to .01 division. And it
allows pre-trigger and averaging so
that you can store events pre-
ceeding the trigger event and you
can recover signals buried in noise.

Storing, organizing and re-
ducing data is as easy as using a
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hand-held programmable calcu-
lator and, with a GPIB interface, the
7854 can be connected to a
Tektronix 4050 series desk-top
computer for additional problem-
solving power.

Featuring a real-time bandwidth
of 400 MHz, the 7854 is fully
compatible with other 7000-series
high-performance plug-ins.

To receive full details on the
Tektronix 7854, fill in and
return the coupon below.

Please send me full details on:
The 7854
The 7854 + GPIB interface
The 7854 + 4052

Name
Position
Company
Address

Telephone
RST-Rohde & Schwarz-Tektronix
Gesellschalt m b.H
Scnnleithnergasse 20 1100 Wien
Telefon-I0222)626U1-0 Telex 133933

Ifektronix
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Wekome to the
Come and relax in one of our eleven alpine villages!

We would like to make you feel at home -
please Jet us indulge you.
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for fitness and fun all the year round.

For detailed information please contact

Gebiets verband »Pinzgauer Saalachtal«
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