AT0200232

XIII Symposium on Atomic and Surface Physics
and Related Topics
Going/Kitzbiihel - Austria - February 17-23, 2002

Contributions
EDITORS: Paul Scheier and Tilmann Mark

13th SYMPOSIUM OIN ATOMIC AxND SURFACE PHYSICS
AND RELATED TOPICS 2002
(SASP 2002)

Dedicated in memoriam to Professor Werner LINDINGER

International Scientific Committee:
D. Bassi, Trento
M. Quack, Zurich
T. D. Mark, Innsbruck

Local Organizing Committee:
Monika Heigl
Tilmann Mark
Sara Matt
Paul Scheier
Jnstifut fiir lonenphysik
Universitat Innsbruck

FOREWORD
Twenty-four years ago SASP was founded as a biennial winter conference
by members of the Institute for Atom Physics (now: Institute for Ion Physics) of
the University of Innsbruck. Since then the format of SASP has been similar to
that of a Gordon Conference, with invited lectures, poster presentations with
ample time for discussions and indoor and outdoor activities. The attendance of
the symposium has been kept at about 100 participants so that active
communication between all members is facilitated.
The conference seeks to promote the growth of scientific knowledge and its
effective exchange among scientists in the fields of atomic, molecular, cluster
and surface physics and related areas, including also applied topics. The
symposium deals in particular with interactions between ions, electrons,
photons, atoms, molecules and clusters and their interactions with surfaces, but
in fact the subject matter of SASP is really much wider than the acronym would
indicate. This year there will be in addition a special session devoted to "Proton
transfer reaction mass spectrometry" (PTRMS) in memoriam Werner Lindinger,
the late co-founder of SASP.
Before the conference there will be a one day mini-symposium on the
"Radiation action on bio-molecules" (RADAB).
SASP usually takes place in Austria, but every second time it may be held in a
ski resort of another country. The SASP conferences were held at the following
locations:

1978
1980
1982
1984
1986
1988
1990
1992
1994
1996
1998
2000
2002

(19 to 23 February)
(10 to 16 February)
(7 to 12 February)
(29 Jan. to 4 Feb.)
(9 to 15 February)
(17 to 23 January)
(18 to 24 March)
(19 to 25 January)
(20 to 26 March)
(21 to 26 January)
(25 to 26 January)
(30 Jan. to 5 Feb.)
(17 to 23 February)

Zirog
Maria Aim
Maria Aim
Maria Aim
Obertraun
La Plagne
Obertraun
Pampeago
Maria Aim
Engelberg
Going
Folgaria
Going

SASP Erwin Schrodinger Award
In 1992 the "SASP Erwin Schrodinger Award for Outstanding Scientific
Achievement" was initiated. It is granted to scientists, chosen amongst those
who have strong connections to the activities of SASP. So far the award was
granted to
1992:

David SMITH, Birmingham

1994:

Zdenek HERMAN, Praha

1996:

Werner LIND1NGER and Tilmann MARK, Innsbruck

1998:

Eldon FERGUSON. Boulder and Chava L1FSH1TZ, Jerusalem

2000:

Jean FUTRELL, Richland

Recipient of this year's SASP Award 2002 - in the form of the "Erwin
Schrodinger Gold Medal" designed by Zdenek Herman - will be

Eugen ILLENBERGER, Berlin

Eugen ILLENBERGER will receive the award for his outstanding
contributions to the field of electron molecule interactions a subject that has
been in the center of interest of SASP since its beginning.

In memoriam Werner Lindinger

The scientific community lost a great friend and colleague with the tragic
drowning of Werner Lindinger in Hawaii on February 16 2001.
Following his Ph.D. degree obtained 1972 in Innsbruck, Werner initiated his
professional career as a Max Kade Foundation post doctoral fellow in the
NOAA Aeronomy Lab in Boulder from October 1973 to September 1975. His
considerable talent and exceptional energy led to an extremely productive period
in Boulder. He rigorously exploited the newly developed flowing afterglow
technology for the study of thermal and low energy ion-molecule interactions
and ion mobilities. This outstanding research activity earned him at an
exceptional young age in 1976 the Fritz Kohlrausch prize, the most prestigious
award the Austrian Physical Society can hand out.
His warm and outgoing personality led to the formation of many deep
friendships in Boulder, many persisting actively throughout his life. His friends
were not only in NOAA, but also in .11 LA and in the Chemistry Department of
Colorado University.
Upon his return to the Physics Department at the Science faculty in Innsbruck
he was one of the leaders instrumental in developing an atomic and ion physics
program thai quickly achieved international recognition leading also to a
professorship in 1978 at the institute of experimental physics. In 1987 he was
elected head of the newly founded institute of ion physics in Innsbruck.

Lindinger's group was extremely productive, making important contributions to
ion-molecule reaction kinetics as well as original contributions to
thermochemistry. A notable example is the series of studies of molecular ion
vibrational quenching in neutral collisions. The first publication of a systematic
study on ion vibrational relaxation was an Innsbruck publication in J. Chem.
Phys. in 1983, the most recent a publication in J. Chem. Phys. in 2000. These
detailed series of investigations led to greatly increased understanding of the
mechanistic processes involved.
In recent year Lindinger's interests broadened from gaseous electronics. His
group extended the use of ion flow systems to super sensitive detection of trace
gases in an on-line, real time manner by developing the "proton transfer reaction
mass spectrometry" (PTR-MS) technique. Lindinger and colleagues pioneered
its use in a variety of applications in medicine and food analyses,as well as
highly time-resolved studies of the emissions from vegetation and biomass
burning to the atmosphere. Many research groups around the world are now
applying this technique for studies of biosphere-atmosphere interactions. At the
time of his death he was in Hawaii for the purpose of installing his instrument at
the NOAA Clean Air Baseline Station on the volcanic Mauna Loa mountain.
Lindinger was a co-founder 24 years ago of the ,,Symposium on Atomic and
Surface Physics (SASP)" held every two years, often in Tyrol but also in other
European countries. In recognition of this and also for his scientific
achievements Werner received in 1996 the SASP Erwin SchrSdinger Award and
the Golden Medal of the Comenius University, Bratislava. Moreover, his
outstanding scientific achievement (see also below publication list) was
recognized in 1997 by the receipt of Austria's highest science award, the ErwinSchrodinger Prize of the Austrian Academy of Science.
Werner's interest were broad and varied. In addition to his research and
teaching he had a lively appreciation of art and music. Like many (most)
Tyroleans he was an accomplished skier. He was an avid hiker and a regular
tennis player. In recent years he became a serious equestrian, riding in two
African safaris.
Werner's extraordinary joy of living made his friendship a rewarding and
memorable experience. He will be sorely missed.

Tilmann Mark, Innsbruck
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Dynamics of Elementary Processes in the Gas Phase O 2 and CO
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In a large number of cases, Ihe dynamics of complex reaction mechanisms may proceed
by a series of elementary processes, induced often by a fast reaction step, followed by
relaxation or reorganisation of the molecular system. A good description of these elementary
processes is thus determinant in understanding such complex mechanisms, as those involved
in the action of radiation on biomolecules, or more generally on reactions involving systems
of biological interest. Although biological reactions occur mainly in a solvent, studies in the
gas phase exhibit the specific chemistry of free species and are often the only way to provide
precise data and thermodynamic properties essential for moderations.
Electron transfer is an important process in physics, chemistry and biochemistry. In
particular, charge transfer involving multiply charged ions in collision with atomic or
molecular targets are determinant processes in controlled thermonuclear fusion research and
aslrophysical plasmas. In such processes, an electron is generally captured in an excited stale
of the ion, followed by line emission. The observation of tine intensities provides important
information on the electron temperature, density and spacial distributions in the emitting
region of the plasma.
From a theoretical point of view, the study of these processes for collision energies from
eV to keV is developed in the molecular framework and requires the determination of
potential energy surfaces of the different ground and excited stales involved in the process , as
well as the non-adiabatic couplings between these levels. The dynamical treatment requires
then different approaches with regard to the collisional energy range of the process. A semiclassical method is currently used at keV energies and may be extended easily to ion/molecule
systems, but the description of very low-velocity processes requires a complete quantum
mechanical treatment of the dynamics of both electrons and nuclei. The First approach
extensively used is the resolution of the stationary close-coupling equations, but we have
analyzed recently on the Si*1* + He system, the efficiency of a lime-dependent wave packet
method [1,2] which provides a clear and physical insight into the dynamics of the processes
and may be particularly interesting for polyatomic systems since it allows the possibility of
developing a fully quanta) mechanical treatment for some degrees of freedom, the other ones
being treated classically. This approach is particularly interesting for systems of increasing
complexity. In particular many important steps in biological dynamics imply few degrees of
freedom imbedded in a bath of inactive coordinates for which a hierarchy can be designed.
As a first example, we have undertaken, in relation with photodissociation experiments
[3], the study of competitive dissociation ol'C-CI and C-Br bonds in bromacetylchloiide BrCHi-COCI. The dissociation is induced by an electronic excitation and is shown
experimentally to lead preferentially to C-CI breaking, although the C'-Br bond is
thevmodynamically weaker. This result is in disagreement with statistical theories, as the
branching ratio depends not only on the relative height of the corresponding barriers, but also
on non-adiabalic transitions arising from interactions between the different excited states. The

effect depends on the distance between the C=O and C-X chromophores and on the
conformation of the molecule.
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Abstract
Today il is recognized lhal radiation damage in bio-molecules, in particular strand
breaking in (lie DNA, is not only the resull ol'a single interaction of the primary ionization
projectile with the molecules involved, but also due to the simultaneous and consecutive
action of the primary and the secondary species, including also radicals (for instance oxygen)
that are produced by destruction of the water molecules surrounding the DNA. A detailed
knowledge of the ionization process is a must for a full understanding of radiation damage on
a microscopic level.
The research program (hat we developed at the Institut de Physique Nucléaire de Lyon is
focused on the study of swift proton impact ionization of biomolecules in the gas phase and
of mixed clusters (DNA or RNA basis and water molecules). The proton energy range (30150 kV) explored corresponds to a range where proton beam action in living matter is known
lo be maximum (Bragg peak range). This program is also relaied to our previous results [1-3]
on statistical description of collision induced fragmentation of molecular clusters. Indeed, the
relaxation oflhese highly excited molecular complex systems is also of fundamental interest.
Preliminary experiments are devoted to the measurement of fragmentation cross sections
of a target molecule in coincidence with the post-collision charge state of the projectile.
Therefore, we are able lor the first time to separate the direct ionisation and the ionization via
electron capture by the projectile. This work give new insights on ionization and charge
exchange processes in the interaction of protons and neutral hydrogen atoms with water and
biomolecules such as DNA or RN.A bases.

We will present experimental results [4] for proton ionization of water molecules based on
a novel event by event analysis of the different ions produced (and lost). We are able to obtain
mass analyzed product ion signals (e.g., H2O~, OH\ O \ O", H+, and also negative ions) in
coincidence with the charge-analyzed projectile, i.e., either being H+ or after single electron
capture during the ionization event neutral H or H' after double electron capture. After proper
calibration we are thus able to determine a complete set of cross sections for the ionizatipn of
a molecular target by protons (20-150 keV) including the total and the partial cross sections
and in addition also the direct ionization and the electron capture cross sections.
This work has been extended in two directions: Similar measurements have been
performed on the one hand for ionization of water by swift neutral atoms, on the other hand
for proton ionization of uracil molecules (RNA Base) of which we will present preliminary
results.
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Flow-tube mass specirometry as a technique to measure positive ion-molecule reactions in
the gas phase has been reviewed recently [1]. It is an excellent and versatile method for
studying chemical kinetics over a wide temperature and energy range. It has been applied to a
wide variety of chemical systems - ionospheric reactions, interstellar chemistry, electron
transfer, proton transfer, organometallie ion chemistry, and fullerene ion chemistry are just a
few examples. There is increasing interest in recent years in anhydrous protein and peptide
ions [2]. Electrospray ionization (ESI) [3] provides a very efficient way of introducing singly
protonated and multiply protonated peptide ions into the gas phase. We have employed the
combination of ESI and flow-tube mass spectrometry in kinetic studies of reactions of small
[4-6] and medium sized [7] protonated peptides with ammonia and methanoi. ion/molecule
reactions were conducted under carrier gas pressures of several tenths of a torr. We have
observed the formation of collisionally stabilized complexes of GLY2H* with NH3, methanoi
and a series of amines and studied their formation kinetics. In a study of H/D exchange with
ND.; we have monitored for the first time the collision complexes corresponding to the
consecutive H/D exchanges of the five labile hydrogens in protonated diglycine. The
formation kinetics, multi-collision-induced dissociation and H/D exchange characteristics
were studied for the protonated betaine/ammonia complex that has partial zwiuerionic
character [8].
Conformational properties of biomolecules in solution are said to be preserved during She
process of ESI. Conformational changes in proteins are probed by hydrogen-exchange ESI
mass spectrometry. The generally held idea has been that compact structures protect some
labile hydrogen atoms from H/D exchange in the gas phase. The interpretation of H/D
exchange experiments requires knowledge of the reaction mechanisms involved. Many
studies of H/D exchange between prolonated peplides and deuterated solvent molecules were
performed. NDj was found to be the most efficient reagent studied for proinoling H/D
exchange. Most of these studies were carried out at very low ion source pressures of
10"7 - 10"5 ton- in FT-ICR mass spectrometers.
We studied reactions of the doubly-protonated nonapeptide bradykinin and ihe ocfapeptide
des-kxf? bradykinin with CH3OD and ND.!, respectively, by using flow-tube mass
spectrometry. Deconvolution of the experimental mass spectral data followed by simulation
of the kinetic data by solution of differential equations led to sets of apparent and site-specific
rate constants. On a time scale of several milliseconds, bradykinin was observed to undergo
with ND; three fast H/D exchanges and one slow exchange. Three equivalent exchanges were
observed with CHjOD thai were nearly two orders of magnitude slower than the NDj
reactions. Up to six exchanges of hydrogen were observed for the reaction of eles-Mg'
bradykinin with ND;,. The more efficient exchange of des-Aig' bradykinin was accompanied
by formation of collisionally stabilized complexes between doubly-protoitaled c/es-Ave1
bradykinin and ND.-, at a He carrier gas pressure of about 0.2 torr.
The above results led to the conclusion that complexation of doubiy-protonaled bradykinin
by ND; is prevented by its tightly folded structure and this in turn prevents H/D exchange of
the amide hydrogens of bradykinin. The additional H/D exchanges observed in the case of

doubly-protonated des-Arg' bradykinin are made possible by complexation of its less compact
structure via hydrogen bonded intermediates that promote H/D exchange of amide hydrogens.
Among other peptides we have also studied the protonated pentapeptide leucine
enkephalin, Tyr-Gly-GlyrPhe-Leu (YGGFL) [9]. On a time scale of several milliseconds,
leucine enkephalin undergoes with ND3 four fast H/D exchanges and one slow exchange.
Evidence was presented for the presence of two noninterconverting ion populations with
different reactivities however the source of these two populaf ions was not uniquely identified.
We have also reported on the discovery [10] in the reaction system, of the doubly protonated
dimer of leucine enkephalin, through its reduced reactivity in the H/D exchange reaction with
ND3 compared to the singly protonaled monomer.
The electrospray ionization/fast flow apparatus is shown schematically in Figure 1. It
consists of a SIFT apparatus that we have constructed several years ago and modified to work
with an electrospray (ES) source connected directly to the flow tube. It consists of a flow
reactor that is 123 cm in length and an inner diameter of 74 mm. A neutral reagent is
introduced into the flow tube through either one of two ring inlets. Tylan mass flow
controllers define the flow rate of the neutral reactant into the flow tube. The quadrupole mass
analyzer (652601 ABB EXTREL) is housed in a differentially pumped chamber that is
separated froin the flow tube by a nose cone (NC) skimmer with a 1.0 mm sampling orifice.
A small NC voltage is used for focusing ions into the analysis quadrupole. Helium buffer gas
enters the flow tube at the upstream end near an electron impact ion source through another
Tylan flow controller. It is pumped through the tube by a Roots blower with flow velocities of
2000-4500 cm s"1 leading to typical flow tube pressures ranging from 0.15 to 0.4 torr and
reaction times of several ms.
The electrospray ion source was designed as follows. A capillary tube serves as the
interface between the electrospray and the helium flow reactor. Stainless-steel tubes 15 cm in
length and 0.05 cm i.d. are employed. The entire assembly is inserted into the flow tube at a
distance of ~ 96 cm from the sampling orifice, 135° to the direction of the helium flow,
through an 'O'-ring type vacuum fitting. A capillary tube of 0.05cm i.d. introduces an air leak
into the flow tube with a pressure of 0.07 Torr and a flow rate of 1.3 I/min (STP): these
numbers have to be added to the helium pressure and helium flow rate when calculating rate
constants. Ions are electrosprayed -10 mm through ambient air into the grounded capillary
tube from a stainless steel syringe needle biased at 5 kV DC. Dilute solutions of the analyte of
interest in a polar solvent are delivered to the electrospray needle at flow rates of3.3 uL min1
from a 5000 uL syringe mounted on a model 100 KD Scientific Syringe Pump. The
temperature of the capillary tube as well as of (he flow tube is in the range of 22-30 C.

\
Diffusion pumps
Figure 1
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I. Introduction
Electron attachment reactions play important role in various fields of chemistry and
physics and in a large number of technological applications (gas dielectrics in high-voltage
devices, certain types of discharges and plasma) |1]. Due to this, EA reactions have attracted
scientific attention and have been studied in many experiments. Previous EA studies to large
number of molecules demonstrated that the electron attachment reactions depend strongly on
the kinetic energy of electrons. In many cases EA to the molecules is strong enhanced by
heating the attaching gas to higher gas temperatures (Tg)[2].
The present work is devoted to the study of the gas temperature effect cm the dissociative
electron attachment (DEA) to the chloro-bromo-methanes:
e •*• CTfcBrCl& (CH2BrCI)"
e + CHCl:Br *i (CHCI2Br)'*
e + CHCIBr2 <i. (CHClBr;)''
e + CFCIBn <:> (CFClBr2)'"
e + CCI.iBr

0 (CCbBrV*

-> CT + CH2Br
-> Br" + CH2C1
-> Cf + CHClBr
->Br+CHCI 2
->Cl+CHBr 2
-> Br' + CHClBr
-* Cl" + CFBr2
-^•Br' + CFClBr
-» Cl" + CCl2Br
-» Br" + CC1 •

Rl
Rib
R2a
R2b
R3a
R3b
R4a
R4b
R5a
R5b

This study has been performed in the electron energy range from 0 to 2 eV and in the gas
temperature range from about 300 K to about 500 K using a new crossed electron-molecular
beams apparatus with a temperature regulated, effusive molecular beam source.
The gas temperature studies of DEA to these molecules are of fundamental interest. The
DEA reactions Rla-R5b arc exothermic reactions, with a competition between two separate
reaction channels (CT and Br'). For some of these molecules the overall DEA rate coefficients
have been measured by Sunagawa and Shimamori [3] and the temperature dependencies of
the rate coefficients for particular reaction channels have been measured by Smith and Spanel
[4], In present contribution, die distribution of the reaction products into these two channels
has been studied as a function of the electron energy and the gas temperature.
II. Experiment
The present study has been carried out using a new high-resolution electron-molecular
beam apparatus [5]. The electron beam formed by a Trochoidal Electron Monochromator
(TEM) is perpendicular crossed by a molecular beam formed by an Effusive Molecular Beam
Source (EMBS). The negative ions produced in the reaction chamber are extracted by a weak
electric field from the reaction chamber and focused into the entrance of a Quadrupole Mass
Spectrometer (QMS). The intensity of a selected negative ion is then measured as a function
of the electron energy E and the gas temperature T?. The electron energy distribution function
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of the electrons in the electron beam (measured as a Full With at Half Maximum FWHM) of
around 70 meV has been used in the present experiment. The EMBS consists of a heatable
slainlcss sleel container, gas inlel system, heaters and a pair 0/ ihermocouples. The pressure in
EMBS is measured using an absolute pressure gauge (MKS Barratron, pressure range 0-7Pa).
The gas is effusing from the EMBS trough a single channel (5mm long, 0.5mm diameter).
The molecular beam is formed by the effusion of the molecules trough the channel. The
EMBS was resisiively heated (temperature range 300 K- 500 K). The temperature of the
EMBS was measured using a pair of thermocouples (chrome), alumel). The gas inlet system
of the EMBS was working at higher pressure (typically IO'-lO2Pa). The reacting gas was
introduced lo the EMBS using a precise diaphragm-regulating valve, reducing the gas
pressure lo 0.1-7 Pa. For the temperature dependent studies it is important to known, the
variation of the gas number density in the molecular beam with the gas temperature. The
number density of the molecule in the molecular beam is decreasing with the increasing TB:
n,,~Ts-°-5

(1)

providing the gas flow through the EMBS is constant [5]. If the cross section for a DEA
reaction does not depend on Tg, the ion signal should decrease with Te as the Te'"'5.

III. Results
In the Figures la-5a are presented the measured ion yields for the reactions RI-R5 as the
functions of the kinetic energy of the electrons in the electron energy range 0-1.75 eV. The CT
and Br' ions yields have been measured at the gas temperatures indicated in the graph. The
intensities of Cl" and Br" ions measured at the zero election energy as functions of the gas
temperature are shown in the Figures 1 b-5b.
In the case of the molecule CHjCtBr (Fig.la, lb), the Br' ion is the dominant reaction
product in the whole electron energy range from 0 to !.75 eV. The ion yield for Br' has a peak
at 0 eV and a shoulder between 100 meV and 500 meV indicating a second resonance in this
region. The ion yield for Cl" channel has a peak at 0 eV and then signal decreases
monotonically in the whole electron energy range. With the increasing gas temperature the
Br" ion signal at 0 eV electron energy is increasijig and is becoming even more dominant
product (Fig. Ib). The intensity of (he CT ion is decreasing with the increasing gas
temperature. The TS'U:> function in ihe Figure Ib represents the decrease of the ion signal, due
to the decrease of the gas number density of the molecules in the molecular beam with
increasing Tu. The Cl signal decreases more rapidly with Ts as the T,.'''1 function. This
indicates the decrease of the partial cross section at 0 eV with the gas temperature.
The ion yields for Br" and Cl channels (Fig. 2a) for DEA lo CHCI;Br have very similar
shape, the maximum at 0 eV and then a monotone decrease in the whole electron energy
range from 0 eV up to 1.75 cV. In the election energy range from 0 eV .to about 0.5 eV is the
decrease exponential. The Br' ion is dominant in the whole measured electron energy range.
With the increasing gas -temperature is Br' intensity decreasing more rapidly then T./05,
indicating the decrease of the partial cross section at 0 eV with increasing T t . The CI" imensily
at 0 eV decreases as Ts"°5. This indicates, that the cross seclion for this reactions channel does
not depend on Tg.
The ion yields for DEA to CHClBi^ are presented in the Fig. 3a. The Br' channel has a
maximum at 0 eV and the second resonance is at about 0.5 eV. The CT channel has a
maximum at 0 eV and the second resonance is at about 0.6 eV. The Br' is the dominant
product in the whole electron energy range and also at all gas temperature. The Fig. 3b
indicates, that the cross section for the Br' channel at 0 eV is constant with TB and that the
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The ion yields for DEA to CFCIBr2 are presented in the Fig. 4a. For the Br" reaction
channel the firs! peak can be found at 0 eV and the second resonance at about 0.6 eV. The ion
yield for CT reaction channel has first peak at 0 eV and the second at about 0.8 eV. At the
electron energies below 0.75 eV Br' is the dominant ion and above 0.75 eV Cl" is the
dominant ion. The temperature dependencies of the 0 eV peaks show monotone (Tg'°5)
decrease of the Br" and Cl" signals with increasing Tc in the gas temperature range form 348 K
up to 440 K. This indicates, that the cross sections at low electron energies for both reaction
channels do not depend on Ts. At the gas temperatures above 440 K the decrease of the Cl'
and Br" signals is stronger then Tj.'"5. This is most probably due to thermal decomposition of
CFCIBi'i. Due to thermal decomposition of the molecules in the EMBS, the number density of
the molecules in the molecular beam decreases more rapidly then predicted by (1) and
therefore also ion signals are decreasing. Similar effects have been observed in [5] for other
molecules.
In the reactions R1-R4 dominant product of the reactions has been found Br'. In the case
of CCIjBr is the situation different. At the gas temperatures above 348 K is CI" ion the
dominant product in the whole electron energy range. Spanel et al. [6] observed that at 297 K
the dominant iori is Br", but in the present experiment it was not possible to measure this
reaction at such low temperature. The Br' ion yield curve has two peaks, the first one at 0 eV
and the second one at about 0.5 eV. The CI' ion yield has also two peaks, the first one at 0 eV
and the second al about.0.6 eV. Spanel et al. observed the second peaks at slightly different
electron energies. With the increasing gas temperature the CT signal at 0 eV is increasing
rapidly, but at the gas temperature above 420 K strong decrease of the signal is observed. This
decrease is attributed to the thermal decomposition of CChBr molecule in the EMBS. This
effect can be observed also for the Br' ion. The Br" signal is decreasing with the increasing gas
temperature according to Tg"' law (indicates temperature independent cross section), but at
the gas temperatures above 420 K strong decrease of the Br' signal is observed, this decrease
is attributed to thermal decomposition.
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The formation of both positively and negatively charged ions has been investigated for the
collision of highly monochromatized electrons with molecules such as uracil, formic acid,
acetic acid and acetonitrile. The aim of these studies is to understand the basic processes that
lead finally to the damage of living cells upon exposure to ionizing radiation (a, p, y, ions).
Sanchc and co-workers [1] recently demonstrated that potentially lethal DNA damage (double
strand breaks) are not only induced by the primary high energy projectiles. Secondary species
of the primary ionizing radiation, like slow electrons with kinetic energies typically below
20 eV, turn out to be even more dangerous leading to substantial cell damage. We have
studied on two monochromator instruments the inelastic interaction of low energy electrons
with several selected prototypical organic molecules including the RNA base uracil.
Dissociative electron attachment (DEA) to formic acid, acetic acid and acctonitrile was
investigated with an electron energy resolution of 50 meV to lOOnieV using a trochoidal
electron monochromalor which has been improved recently [2]. This highly sophisticated ion
source is located in an UHV-recipient and heated throughout the experiments with halogen
lamps to 370 K to reduce unwanted effects due to surface contaminations. The gaseous
samples were introduced through a 20 tun platinum nozzle located closely to the collision
chamber as an effusive beam. Clustering of the molecules has not been observed for the
presently used pressure parameters. Anions that were formed by the interaction of the low
energy electron beam with the molecular beam are focused with a set of electrostatic lenses
into a quadrupole mass filter and detected with a channeltrou type SEM located off-axis to the
quadrupole. For the present setup the neutral target beam and the quadrupole axis are coltinear
which has the advantage to allow operation of the instrument with practically no extraction
field (avoiding secondary effects on the electron beam and the extracted ion beam).
Nevertheless, the interaction of extracted
anions with other neutral molecules might
lead to secondary products. Up to now
only autodetached electrons from long
living parent anions like C2CI4" have been
identified as a source of such secondary
prodtict antons in the extracted ion beam
[3]. Results obtained for DEA for these
molecules will be discussed and
characteristic features (such as H atom loss
in DliA) will be compared to the uracil
case (see belou ),
Uracil is one of the four bases in RNA.
The others are adenine, guanine, and
cytosine. Uracil replaces thymine, which is
the fourth base in DNA. Like thymine,
uracil always pairs with adenine. Figure 1

Figure 1: schematic view of uracil

is a schematic view of this molecule. When combined with the sugar ribose in a glycosidic
linkage, uracil forms a derivative called uridine. There is no undine in deoxyribonucleic acid
(DNA). However, its involvement in the biosynthesis of RNA demonstrates that uracil is
important in the translation of genetic information. This molecule can be obtained as a white
powder and can be evaporated fragmentation free in a simple oven at about 450 K to 465 K.
We performed the experiments on uracil on a crossed beams apparatus equipped with a
hemispherical electron monochromator. This instrument has been described in delail
previously [4], It was primarily built in our Innsbruck laboratory for the study of electronparticle interactions under high sensitivity and high energy resolution. The performance of the
home built hemispherical electron monochromator has been improved by careful attention to
a number of technical details (such as the selection of only one material - stainless steel frequent bake-out of the instrument and the compensation of the earth's magnetic field with
Helmholtz coils). Ions formed in the collision chamber are extracted on line to the neutral
beam direction by a weak electric field. Usually, a rather low ion extraction voltage of about
50 mV (corresponding to an electric field strength of about 0.12 V/cm) was used in order to
minimize disturbing field effects. The extracted ions are then focused by a system of
electrostatic lenses into the entrance of a quadrupole mass spectrometer with a nominal mass
range of 2000 amu. The mass selected ions are detected by a channeltron multiplier operated
in single ion counting mode.
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Figure 2: Mass spectrum of the positive ions formed upon electron impact iontzation of
uracil. Electron energy: 200 eV, oven temperature: 460 K. Shaded peaks in the insert
indicate doubly charged fragment ions.
Figure 2 shows a mass spectrum of positively charged product ions that were formed at an
electron energy of 200 eV. The quadrupole mass spectrometer was optimized for the FT.
Since the transmission of this type of mass spectrometer is dependent on the mass the relative
yield of the heavy ions might be underestimated. On the other hand fragment ions that were
formed with high kinetic energy will be extracted from the collision chamber with lower
probability. The presence of doubly charged fragment ions (see insert in Figure 2) indicates
thai Coulomb repulsion of unstable multiply charged intermediate molecular ions might lead
to I'asl singly charged fragment ions that can hardly be collected with the present experimental
setup. For positively charged product ions the threshold region of the ion efficiency curves
3')

were measured 1o a few cV above she expected appearance energy and by Titling a power
function oi'lhe form

) = b + c(E-AE)"
to the data. The parameter b is a possible background signal. AE the appearance energy and, a
scaling constant c has a constant value for E>AE and is set to (I for E<AE. The exponential
factor p is according to Wannier [5] 1.127 in the case of the electron impact ionization of
atomic hydrogen. Figure 3 shows a typical example of the threshold region of the ion
efficiency curve of the singly charged uracil parent ion and the two most intense fragment
ions with a mass per charge ratio of 69 and 42 Thomson, respectively. Table I below
.summarizes the appearance energies that were derived by fitting equation (1) to the
experimental data. The. errors represent the 68% region of confidence derived from 7
independent measurements, it is interesting to note that the previous value of Lifshitz and
coworkers [6] derived for the uracil parent ion (9.82 ± 0.1 eV) using electron impact and a
vanishing current method is in good agreement with the present result (9.59 ± 0.06 eV).
Table 1: Appearance energies derived
from the data such as shown in Figure 3
using equation (1).
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13.39 ±0.02

Figure 3: [on efficiency curves for ihe uracil
parent ion and the two fragment ions C3H3NO"
and CNCT, respectively.
Using the same hemispherical monochromator instrument it is also possible to study
negatively charged product ions with high electron energy resolution. In (he present study the
following anion fragments of uracil have been identified within our detection limit
(C'JHJNJOJ)", OCN~, (HaC'r.NO)"", C'N~, O~. The most important result is that the parent anion
cannot be observed within our detection efficiency (this has been confirmed by careful
measurements of neighboring isotope peaks) in contrast to the situation of bromouracil
encountered by Itlenbergcr and eoworkers [7] who reported the occurrence of a strong parent
anion signal lor this molecule. The most intense fragment anion appears on a mass to charge
ratio of 111 arnu. Mass 111 corresponds to the uracil molecule missing one hydrogen.
Moreover, the electron attachment spectrum for this auion exhibits in the energy range from 0
to 3eV a number of well pronounced narrow peaks (see Figure I in the abstract by G. Mane! et
al. "Low energy electron attachment to the uracil molecule" at the same conference). The zero
energy resonance is probably due to an s-wave attachment process.
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Introduction
Energy deposition into bio-molecules and their subsequent de-excitaiion pathways belong
to the most fundamental processes occurring in living organisms. In particular the effect of
radiation on cellular survival and proliferation is of increasing biological and medical
importance. Such radiation damage in biological tissue is to a large extent induced by
secondary processes such as the interaction of hyperthennal electrons or ions containing
inner-shell vacancies with cellular DNA. To investigate processes of the latler kind, we study
the interaction of slow, multiply charged ions (MCI) with the RNA building-block uracil.
MCI are particularly interesting because a variable amount of energy and charge can be
transferred to the bio-molecule, leaving it vibrationally and/or electronically excited. In the
following we present the first experiments on the interaction of MCI with RNA/DNA bases.
Experimental
MCI were extracted from the electron cyclotron resonance ion source (ECR1S) at the
atomic physics facility of the FtVI. The source can be floated at different voltages between 2
and 20 kV. The ion beam is collimated by two 1 nun diameter diaphragms which are 180 mm
apart, with the second diaphragm located 60 mm in front of the collision center.
Uracil, as well as other RNA/DNA bases, can be brought inlo the gas phase rather easily
by means of an oven. The crystalline form is heated to approximately ISO "C where
fragmentation is still negligible but evaporation is already strong. The uracil vapor effuses
through a nozzle and two diaphragms and crosses the projectile ion beam in the collision
region.
A static electric field of typically several 100 V/cm extracts electrons onto a micro-sphere
plate detector, and positive ions through a 5 mm diaphragm into a reflectron type time-offlight (TOF) mass spectrometer. TOF measurements can be performed in two modes: I)
Continuous beam - the start signal is given either by an electron originating from the collision
(electron-ion coincidence mode) or a fragment ion originating from the same collision as the
slop-ion (ion-ion coincidence mode). 2) Pulsed MCI beam - the projectile beam is
periodically deflected to obtain pulses of 20 ns to 100 ns length which trigger the TOF
measurement (chopper-ion coincidence mode). This way all classes of collisions contribute
statistically to the spectra and no discrimination is made. The coincidence TOF measurements
are performed using a multi-hit TDC with Ins resolution and virtually unlimited number of
coincidences with negligible dead-time. A thorough discussion of the experimental technique
is given in [I].
Results and Discussion
Standard mass spectra obtained with a chopped projectile beam are displayed in fig. 1. The
upper graph shows results obtained with He * (v~ 0.5 a.u.) projectiles, while for the lower
graph O"' (v-0.4 a.u.) ions have been used. Both spectra show very similar features. At
m/q=\ 12 the uraci] parent cation is found. The next lighter group of peaks has a maximum at
i»/f/=69 and is most probably due to the loss of fragments based on an OCNH group. The next
group of peaks has a maximum at m/i]-A2 and could be due to e.g. OCN". Furthermore, we
observe a group of peaks between CV and Oj* and another one between C* and H;O*. At
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small m/q also contributions of f-T and H;T are observed. We note, that the peaks from H+,
lh + , H;CT, N2" or 0 / may be partly due U> interaction of the projectile ions with residual gas
molecules.
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Figure 1 Mass spectra of the products from He2" (a) :tnd O6' (b) collisions with untcil. The inset shows a zoom
in the low mass region.
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The characU'iistic features of the spectra differ only in deuiils when comparing He" and
projeeiile-ions. On the first glance, ibis suggests thai very similar processes are active

during and after the collision process, in strong contrast to the case of e.g. fullerenes. To
address this question in more detail, we also measured coincidence TOF spectra.
These spectra are displayed in fig. 2 for the same conditions as fig. 1. Note that the labels on
the different peaks give the most likely possibilities of coincidence pairs. In some cases, also
other assignments might contribute to the same peak.
However, large differences between the He2+ and the Of'+ cases are obvious. For He"+ (fig. 2a)
no distinct peaks are visible with a At smaller than 5 us. A thorough analysis of the peaks at
larger At reveals that in this case most probably all peaks are due to protons.
No coincidences between fragments with larger mass are observed. This changes when
looking at the O 6 ' data (lig. 2b). Here, a multitude of peaks is found at low At which are
mainly due to coincidences between C* or O+ and other atomic and molecuar cations.
Furthermore just as for He2' also the proton coincidences are present, although with different
relative intensities.
The reasons for the pronounced differences are not fully understood, yet. The average
charge on the target molecule is certainly higher in case of O6+ projectiles, leading to more or
higher charged fragments. However, from what is known from the fullerene studies, also for
the case of doubly charged projectiles a removal of on average more than 2 electrons is
expected [2,3,4). Close collisions involve small impact parameters and should therefore be
more violent than those with higher charged projectiles.
More light can be shed on this question by looking at electron-ion coincidence TOF
spectra as displayed in fig. 3. In this mode, all single electron capture events are suppressed,
since in those events no electron is emitted. This leads to a strong reduction of residual gas
contributions and an increase in intensity for peaks due to multiple electron capture. In the
electron-ion spectrum multiply charged fragments up to C1* and O3* are observed with high
relative intensity. Not shown here are the results for He2+ projectiles, where these peaks are
still not observed. The presence of a strong contribution of the multiply charged species in the
spectra suggests that in one event several ions are produced and that the intermediate uracilion formed during the collision most probably breaks apart due to a Coulomb explosion
mechanism.
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Figure 3 Chopper-ion (top) and electron-ion (bottom) coincidence spectra for J2 kV O" collisions with urncil.
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Abstract
Concern for the Earth's environment, it's air, water and general quality of life in the
future, has created numerous opportunities for scientists to apply measurement techniques in
areas directly related to these problems. A notable example was the measurement program of
the late Prof. Werner Lindinger, using the proton transfer resonance - mass spectrometry
(PTRMS) technique to detect molecules in the atmosphere which could be used to identify
important environmental processes, such as biomass burning, and to make continuous
measurements over extended periods of time. Such measurements are directly related to
important research areas, for example, the quality of the air we breath and the long-range
transport of effluents from industrial and anthropogenic sources.
Similarly, in the field of climate forcing, the greenhouse gases and aerosol particles that do
the forcing of climate have to be measured continuously and accurately. Research related to
the depletion of stratospheric ozone and the Antarctic ozone hole involve measurements of
ozone itself but also all those molecules in the atmosphere which contain chlorine or bromine,
the primary precursors of ozone depletion when these molecules reach the stratosphere.
In this presentation, the status of the science will be reviewed, focusing on the
Intergovernmental Panel on Climate Change (IPCC) 2001 Report, followed by a summary of
the relevant measurements conducted by the U.S.'s primary laboratory for monitoring those
elements that affect climate and the ozone layer.
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UNBOTTLEABLE MOLECULES GENERATED BY COLLISION
INDUCED ELECTRON TRANSFER IN THE GAS PHASE: AN
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Over the last decade, neutralizalion-reionization mass speclrometry (NRMS)1 has emerged
as a powerful method for the generation and structural characterization of small, neutral
molecules, which are believed to play a centra] role in many fields of chemistry, but are
usually not accessible in the condensed phase. Systems that will be discussed in detail include
the celebrated water oxide and ethylenedione molecules.
Further, experimental and computational studies of small, multiply charged cations (e. g.
Olah's "supereiectrophiles")2 will be presented with emphasis on the generation of
ihermochemicalfy stable, doubly- and triply-charged diatomic molecules by charge stripping
(CS) mass spectrometry.J This area is of topical interest in chemistry and physics, and
examples will be discussed for diatomic cations with positive proton affinities or of diatomic
trications that are thermochemically stable towards Coulomb explosion.
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A New Surface-Induced Dissociation FTMS Instrument and First Results
Jean Futrell, Julia Laskin, Eduard Denisov, Steven Barlow, Mark Tinkle and Anil
Shukla
Pacific Northwest National Laboratory (PNNL), U'R Wiley Environmental Molecular Sciences Laboratory
(EMSL), PO Box 999, Mchlanct WA 99352 USA

A new FTMS research apparatus and first results are described. Reactant ions are prepared
by MALD1 or Electrospray ion generation, an ion funnel for efficient ion injection, a triple
quadrupole mass selector and ion collisional cooling section and an energy selector preceding
ion buncher and injector lenses. A high vacuum probe lock presents an orthogonally mounted
surface to the ion beam inside the solenoid field. Reflected primary ions and secondary ions
are trapped in a forth-order field-corrected Penning Trap and measured by conventional FT
methods. This apparatus is our newest tool for investigating mechanisms of collisional
activation and dissociation of ions. In this work we compare spectra obtained with carefully
controlled multiple collision SORI excitation and single collisional excitation with a
perfluoroalkyl self-assembled monolayer (FSAM). Using protonated model peptides and
RRKM modeling of their dissociation we deduce accurate dissociation parameters and energy
transfer functions for their collisional activation. Similarities and differences in results
obtained in SORI and FSAM collisional activation are rationalized in the context of recent
collisional dynamics and kinetics results.
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Recombination of H, + and Dj + ions with electrons in low temperature
plasma
J. Glosik, R. PlaSil, A. Pysanenko, V. Potcrya, P. Kudrna, P. Zakouril
Charles University Prague. Mathematics ami Physics Faculty. Prague. Czech Republic

ABSTRACT
From the decaying plasma (stationary afterglow) in the mixture of He, Ar and Hi (or D2)
we determined the overall recombination rate constant (aej) of the recombination of H3+ and
T
Dj ions with electrons at thermal energies. We observed dependence of recombination rate
coefficients on partial pressure of hydrogen (and deuterium), which indicates that observed
recombination is the three-body process proceeding most probably via formation of long lived
intermediate slate. From the obtained data we concluded that binary dissociative
recombination of Hj~ and Df ions with electrons is very slow with rate coefficient «DR <
3 x 10"'' cm3 s 1 and OUR < 6* 10"' cm3 s'', respectively.
1. Introduction
Experimental and theoretical studies of dissociative recombination (DR) of Hj+ and D3"
ions have been pursued for many years. The reason is in importance of H3* in astrophysics
[1-7] and il is one of the few polyatomic ions that can be treated Iheoretically. Calculations of
the molecular slates of both ions clearly indicate that the curve-crossing mechanism cannot be
operative. The early microwave-afterglow experiments [8] showed that Hj* recombines with
"normal" recombination rate coefficients ax l-3*10"7 cm 3 s -l . Persson and Brown in 1955
carried out measurements [9] in high purity stationary afterglow and they obtained very low
value of the recombination coefficient a = 3x10"* em's"1. Later in seventies several afterglow
and beam experiments were carried out that yielded the recombination rate coefficient for this
reaction of the order 2-^3* 10"' em's' 1 at 300 K. However, in 1984 Adams el at. [10] obtained
in FALP apparatus the recombination rate for this reaction a =s 2* 10"8 c m V . Amano in 1990
[11], usine an infrared spectroscopic absorption technique in slationary afterglow, obtained a
= 1.8*10 c m V at 273 K. Important was that Amano specified the vibrational stale of
recombining ions, namely as ground stale ions, Hj*(v=0). In order (0 solve this discrepancy,
new FALP apparatus was built at University of Rennes in France (FALP-MS) [12], they
obtained a= l.5 x I0" 7 em's' 1 for H3~ with a low degree of vibrational excitation v<2 and al.lxl 0"7 cmV 1 lor ground state ions H3T(v=0) at 650 K. In 1993 Smith and SpanSI using the
FALP system found the value a= (1-2)* 10"8 cmV 1 for HV(v=0) at 300 K. [13,14]. In 1995
Oougousi el al. [15] made a new FALP study of the recombination of Hj* ion. They
suggested that the H.s* recombination might proceed via three-body process that involves die
formation of autoionising Rydberg stales. The values of rate coefficients obtained in several
beam experiments are also dispersed over one order of magnitude. Theoretical studies give
values of rate coefficients below 10 s em's"1.

2. Experiment and data analyses
In our sludies of recombination of HC and Df ions wilh electrons we used the apparatus
of stationary afterglow type - Advanced Integrated Stationary Afterglow (AISA). The main
pan of AISA is a large cylindrical slainless-sleel UHV discharge chamber [16-18] (40 cm
long with diameter 40 cm) cooled 10 below - 4 0 T during the measurements (see Figure 1).
Purified He was used as a butler gas (impurity level < 0.1 ppm). The plasma was periodically

generated by pulses of microwave power (~ 1 kW, 0.2-2 ms pulses and repetition period 40100 ms). The Hf and D3+ ions are produced in the sequence of ion molecule reactions, which
are following formation of parent ions during the period of active discharge. We are using
"suitable" mixtures of He-Ar-H2 and He-Ar-Do to optimise this formation. In this mixture
there is majority of He (-99%), admixture of Ar (up to 1%) and carefully controlled small
number densities of H2 or D2.
The electron number density (n,,) was determined from Langmuir probe measurements
(18 urn in diameter and 7 mm in length). For experimental details see e.g. Refs. [13-17]. The
plasma composition was monitored by a mass spectrometer working in "integral" and "time
resolved" regime.
In the Figure 2 are plotted examples
of the integral spectra obtained by
Window H«aling/ Cooling .ystem
sampling ions over several cycles in
mixture of He-Ar, He-Ar-H2 and HeAr-Di respectively. These spectra are
giving information about ions present
in the plasma. Note that Ar~,
ArH7ArD+ and H3+/D3+ ions are
major components of the spectra. In
some spectra also traces of H3O+ and
eventually also NiH+ and ArlV (or
corresponding deuteraled species)
were observed. We realize the
complication of the relation between
the obtained spectrum and real ionic
Figure!. Schematic viewof the Advanced Integrated Stationary composition in the centre of the
Afterglow -AISA.
discharge vessel.

AISA

= =r

20

30

40

time[ms]
Figure 2. Integral mass spcclra oblained in He-Ar. Figure .1. The time resolved mass spcclra obtained for
He- A r - H ; and He - A r - D ; mixture, respectively.
[H;] = 2.65* 10" cm" . / i s the relative population of Hi'.

In Figure 3 are plotted lime resolved speclra and fraction/ corresponding to relative ionic
population of Hj* as obtain from the measurements and from the calculation.

Because of quasi-neutrality of the plasma RHS of the balance equation describing decay
of the plasma can be written as a sum of terras corresponding to recombination of Hf ions,
recombination of "impurity ions" and common ambipolar diffusion term:

i ^ = - * [ / H « - v »-.-„.

(1)
dt
'
" '
+
Here the recombination of electrons with Hj is accounted for by first term on RHS a[Hj~]nc. Last term on the RHS is the loss term for the electrons due to the formation of
"impurity ions" and their fast recombination. If we assume that in decaying plasma there is
fraction f = fit) = [Hj*]/nt. of recombining H3* ions (for experiment with 63* is situation
similar) the balance equation can be rewritlen to the form (using »„' for dnjcil):

- i = » +kk±2i)

(2)

Introduced a^••(/)= aflt) represents the effective rate coefficient of the processes in which
loss of charged particles is proportional to the n,2. If ctcfflj) can be considered as a constant,
the plot of-«,.'/«/ versus 1/n, should be linear with slope given by (vj> + vB).
3. Results and discussion
In a He-Ar-H? (or D2) mixture we measured the "de-ionisation rate", a^r, in the plasma
containing H3* (or Df) ions. The examples of measured values of nAi) obtained in He-Ar-D2
mixture are plotted in (he upper panel of Figure 4; a dependence of the decay of the plasma on
[D2] is evident. In the lower panel of Figure 4 reciprocal values l/ne(t) are plotted, these plots
are used in standard analyses for calculation of a,,//-. The example of "advance analyse" plots,
(-«,'/"/- ii/««) versus l/nn are given in Figure 5.
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Figure 5. Advanced analysis. Dependence of the decay of
Dx dominated afterglow on concentration of LK Note that
Figure 4. Upper panel: The measured time dclnil in the insert is plotted in linear scale.
evolutions of the electron number density. ".('). i»
D;' dominated afterglow. Ac indicate the dcc.iy
curve corresponding to plasma dominated b> Ar
tons. Lower panel: The corresponding values of

linAO-

We observe that the rate coefficients of recombination of H3* and Df ions with electrons
are dependent on [H2] and [DJ, respectively. Obtained acg for the recombination of Hj~ and
Df are plotted in left and right panel of Figure 6, respectively. Since only three-body
recombination have been observed we concluded that the binary channels (dissociative
recombination) are negligible. From our study follows that for astronomy fundamental binary
dissociative recombination of Hj+ ions with electrons is very slow process (at ~ 270 K) - with
rate coefficient «n«< 3xlO'9cm3s"'. For the rate coefficient of dissociative recombination of
Dj* ions with electrons (at ~ 230 K) we obtained limit arm < 6X10"' cm3 s"'. The results are in
accordance with theoretical predictions for the dissociative recombination (see refs. [19,20]
and references there in). For detailed discussion see also our previous papers [16,17,18],
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Figure 6. Lcii panel: Dependence of observed £<.yy(rV) on [Hi ]. Right pane!: Dependence of observe
on [D;]. Included are also previous results of Laube et al. [21], Gougousi et til.[l5]. Canosa et ol[12] and
Amanofl 1].
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ICP/SIFT Studies of Atomic-Metal Ion Reactions
Gregory K. Koyanagl and Diethard K. Bohme
Department of Chemistry, Centre for Research in Mass Spectrometry and Centre for Research in Earth and
Space Science. York University, Toronto, Ontario. Canada, hiiJ 1P3.

An inductively-coupled plasma (ICP) ion source recently has been combined with an
existing Selected-Ion Flow Tube (SIFT) mass spectrometer in the Ion-Chemistry Laboratory
at York University.1 This novel ICP/SIFT apparatus provides a powerful and versatile
instrument for measuring the kinetics and product distribution of atomic-metal ion-molecule
reactions in the gas phase. We are currently engrossed in three different kinds of
investigations with this instrument.
1. We are surveying periodicities in the intrinsic reactivities of atomic metal ions across and
down the periodic table.
2. We are surveying ligated metal-ion chemistry.
3. We are exploring reactions of bio-metallic ions with biologically important gases.
Experimental Apparatus
Interface
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Pump
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Figure 1. Schematic view of the ICP/SIFT apparatus.
The ICP/SIFT apparatus is shown in Figure 1. ICP ions of interest that traverse the
differentially-pumped ICP/SIFT interface are selected from the beam with a quadrupole mass
filler and then injected into flowing helium gas at 0.35 Torr. The reacting mixture is analyzed
downstream with a second quadrupole mass filter as a function of the neutral reagent added
midstream. The internal energy of the metal tons entering the reaction region is determined
by the initial internal-energy distribution of the ICP ions at 5500 K and the extent to which
this distribution is modified by radiative and collisional electronic-state relaxation. The latter
may occur with argon as the extracted plasma cools upon sampling and then by collisions
with He atoms in the flow tube. (ca. 4xlO5 collisions) prior to the reaction region, but the
actual extent of electronic relaxation (either radiative or collisional) is not known. The
collisions with He ensure that the ions reach a translational temperature equal to the tube
temperature ot~295 ± 2 K. prior to entering the reaction region.
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Results and Discussion
I. Intrinsic reactivities of bare metal ions: We are surveying periodicities in the intrinsic
reactivities of bare metal ions towards small and large molecules. So far the emphasis has
been on transition-metal ions and lanlhanide cations reacting with Oj, NjO, COS, NH3, CH4
and the aromatic molecules benzene, hexafluorobenzene, pyridine and cyclopentadiene. Our
aim is to uncover fundamental parameters such as electronic structure, spin and
thermodynamics that determine the reactivities of atomic ions." In the process we also have
the opportunity to explore the higher-order chemistry initiated by atomic metal ions. Figure 2
provides data obtained for the chemistry initiated by Nb+ in N2O.
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Figure 2. Ion profiles moniiored for the reaction of Nb+ with NiO. The data shows that
Nb+ rapidly abstracts both an O atom and a N atom from N;O to establish
NbO* and NbN+ which then in turn are rapidly converted to NbO:* and NbNO*
by O-atom abstraction. NbO;" and NbNO+ each sequentially add 3 molecules
ofN2O.
Our measurements of atomic-ion reactivities also are directed toward the development ofa
data base for chemical resolution using ICP/MS and toward the elucidation of specific
isobaric interferences/
2. Ligated metal-ion chemistry: Addition of a ligand molecule upstream of the flow tube
allows metal ions to be ligated upstream and to be reacted downstream. Our focus so far has

been on Ihe use of benzene and large carbonaceous molecules such as coronene, corannulene
and CM as ligands. We have completed a survey of reactivities of M*(CcHd) ions towards O2
across and down the periodic table and in so doing we have identified benzene oxidation
mediated and catalyzed by specific metal ions. The large PAHs and Q,o are large enough to
present a carbonaceous "surface" to the metal ion. In this case a comparison of reactivities of
bare metal ions and ligated metal ions can provide a measure of carbonaceous "surface"
effects. Reactivity studies of these adduct ions can provide insight into the nature of the
coordination of the metal ion on the carbonaceous surface. We have completed such studies
for Fe+(benzene), Fe'(coronene), Fe+(corannulene) and Fe^Cso).4
3. Bio-metallic ion Chemistry: The objective in these studies is to mimic die local metalatom bond found in a biomolecule and measure their intrinsic reactivities towards biologically
important gases such as O2, CO, CO:, NO, H2O and NHj. Example of such M+(biomolecule)
bonds include the Cu-imidazole bond found in blue copper proteins and the metal-pyrrole
bonds found in porphorins and proteins. Biomolecular units thai we have employed in these
mimicking studies include glycine, methyl-imidazole, pyrrole, benzene and pyridine.
Biologically important metals include Cu, Fe, Ag, Zn, and Pt.
The M+(biomolecule) ions are again created upstream in the flow tube of the ICP/S1FT
and then reacted downstream. We have now investigated the reactions of Cu+( 1-methyl
imidazole),, ions (for n = 1-3) with O^, CO, COj, D2O, ND3 and N2O and the reactions of
Ni+(pyrrole) and CV(pyrroIe) with O2, CO and CO2. Interesting trends in reactivity were
observed and, together with parallel theoretical studies, insight was gathered into the
structures of some of these M~(biomolecule) ions. These are early investigations of such
biological chemistry but they clearly point toward a very promising future.
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Some Aspects of Ion-Molecule Reaction Mechanisms
Eldon Ferguson
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The Flowing Afterglow technique developed in Boulder in 1964 was applied to ihe
understanding of the ion reactions in the earth's ionosphere. This has subsequently been
extended by others and applied to other fields of physics and chemistry. The purpose here is
to recount a somewhat neglected aspect of the FA studies, namely their contribution to the
understanding of reaction mechanisms. The neglect in reporting these results to the physical
chemistry community arose in large part because most of the early results were reported in the
geophysical literature where the impact was immediate.
The versatility of the FA led to a huge increase in the number and variety of known
reaction rate constants, which led to the discovery of several generalities about reactions. This
in turn led to new insights into mechanistic processes.
The generality of fast ion charge-transfer with neutrals that was found overturned
theoretical prediction of generally slow CT that had been developed for ionospheric
application in the absence of laboratory measurements. The theory invoked, the Adiabatic
Principle, is not valid when long-lived complexes are formed as is usually the case for IM
reactions at thermal energy. In cases where repulsive chemical interactions dominate the
attractive electrostatic potential so that long-lived complexes are not formed, the Adiabatic
Principle is valid and has been used to explain some of the observed exceptions to fast
reactions. The experimental techniques for the measurement of thermal energy [M reactions
prior to the FA involved the ionization of gas mixtures and so were unsuited for the study of
CT.
The failure of the Adiabatic Principle was recognized when the FA was first turned on.
He buffer gas was ionized and the mass spectrometer detected both OT and NT ions resulting
from He* CT with air from a small leak, showing the CT with N: to be slightly faster than CT
with O; , both occurring on essentially every collision. Two years earlier a theory for He
escape from the earth's atmosphere by reaction of He+ with O; had been proposed which
required non-reaction with Ni This was assumed to be probable on the basis of the Adiabatic
Principle. We were thus able to disprove this He loss theory. Similarly the reaction
N;T + O -> NO+ + N had been excluded from ionospheric models because it is non-adiabalic,
i.e. involves an electronic stale change. It turns out, however, that the reaction is efficient and
represents the major N:~ loss in the earth's ionosphere. The FA versatility allowed the study
of reactions with unstable neutrals such as O, N, H atoms.
Another generality (or propensity) found was that exothermic associative-detachment of
negative ions by neutrals is usually efficient. Again this requires either complex formation or
at least an attractive potential curve. The slow reaction exceptions observed have been
explained from this viewpoint. The FA yielded the first measurements of AD. The reaction
H' + H -> H: + e , of considerable astrophysical importance, has a rate constant equal to half
the Langevin collision rate constant, consistent with one of the two H" + H entrance channel
potential surfaces being attractive into the aulodelaching region while the other is repulsive.
On the other hand the exothermic O" + Nj -> N;O + e AD was found to be slow and it was
shown that the adiabatic potenlial surface is repulsive.

The reaction O" + H2 -> H2O + e is fast due to H atom abstraction forming a complex in
which AD occurs, 0' + H2 -» (OH' •••• H)' -> H 2 0 + e . The AD OH" + H was independently
found to be efficient. At elevated ICE the complex lifetime becomes too short to allow AD,
and the reaction becomes O' + H2 -> OH" + H. The exothermic AD's C + H2 ~^ CH2 + e and
S' + H2 -> H2S + e do not occur because the initial H atom abstractions are endothermie
precluding complex formation.
Another generality, for which we have found no exceptions so far, is fast exothermic
proton transfer (for small molecular systems). A reaction first thought to be an exception,
measured in Chrislchurch, was proton transfer from HCN~ to CO2 • The reaction was finally
determined to be HCN+ + CO2 -> HNCT + CO2 , two sequential fast proton transfers in a
complex, i.e. HCN+ + CO2 -> (CN •••• HCQ>+) -> HNC+ + C0 2 , the catalytic isomerization
of HCN" to HNC+ . Energy dependence studies in Innsbruck proved this mechanism. At
higher reactant kinetic energies long lived complexes are not formed and only the initial
proton transfer occurs. The Innsbruck studies fortuitiously yielded the first accurate
determinations of the heats of formation of HNC and HNCT as an unexpected fall-out.
Another generality was the finding of efficient vibralional quenching of diatomic ions
by neutrals. This is in marked contrast to the very inefficient vibrational quenching of nonpolar neutral diatomics at thermal energy. The first systematic studies of ion vibrational
quenching were carried out in Boulder, O2+ (v), and Innsbruck, NO+(v). The difference
between ions and neutrals is the generality for long-lived complexes with ions to be formed
due to the long range ion-induced dipole forces yielding an attractive well. The several slow
exceptions found could be explained by chemical inhibition of complex formation. Our
complex quenching model, in combination with complex lifetime measurements (by 3-body
association), allowed a determination of the vibrational predissociation rate constant in weak
complexes, - 109 - 1010 s'1 in several cases. Our quenching model showed a correlation of
quenching rate constant with well depth. One application was the deduction of an
anomalously strong bond for CO* • N2 , relative to the expected electrostatic bond strength,
based on the observation of very fast quenching of CO+(v) by N2 reported by Bierbaum and
Leone. This has subsequently been supported by an experimental bond strength
determination by Glosik et. al in Innsbruck and by ab initio quantal calculations by Rosmus
et. al in 1999. In retrospect the reason for the enhanced attractive force is due to chargetransfer complex formation (which should have been obvious to us years ago!).
Several observed anomalously large three-body association rate consiants, led us io
develop an "endothermic trapping" model explaining enhanced complex lifetimes, analogous
to Feshbach resonances in atomic scattering. Three-body association rate consiants involve
the collisional stabilization of complexes and hence are proportional to the complex lifetime.
A particular example is the three-body association, ST + O2 + M -> SiO2" + M, of interest in
connection with the loss of meteor derived Si" in the earth's atmosphere. The three-body rate
constant is an order of magnitude larger than that for many similar ions wiih O2 , e.g. Mg',
Ca*, Fe" , Na* and K*. The trapping mechanism proposed to enhance the complex lifetime is
Si+ + 0 2 / (SiO+ - 0)'. The reaction Si* + 03-> SiO* + O is slightly endolhemiic but can be
driven by the electrostatic attractive force. Further pursuit of the endothermic
Si+ + O: -> SiO* + O reaction as a function of KE in a Flow Drill Tube allowed
determinalion of the endolhermicity which yielded an 0.2 eV correction to the literature value
ofD(SiO*).
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When long-lived complexes are not formed, the Adiabatic Principle does apply and was
used long ago by Landau and Teller to derive a theory for the energy dependence of neutral
molecule collisional vibrational quenching. The first (and only so far) applications of
Landau-Teller theory to ion vibrational quenching have been carried out in Innsbruck. This
required having conditions where repulsive interaction dominated attractive interaction so
that long-lived complexes were not formed, e.g. using He quencher and elevated KE in a
Flow Drill Tube.
What is learned in the case of diatomic ion vibralional quenching is the repulsive
exponential parameter, usually given in the form of range parameter, e.g. 0.2A for
N : '(v) + He. In the case of He one triatomic ion that has been studied, in Innsbruck, HCN~(v)
+ He we were able to determine (a) that HCN+ is vibrationally enhanced selectively in the CH
stretch mode by 30-50 eV electron ionization. This despite the ionized electron being
removed from the CN triple bond, whose vibrational frequency is most changed upon
ionization, and (b) the vibralional quenching is directly to the ground state (or possibly the
low frequency bend mode) rather than cascading via the intermediate frequency CN stretch.
Also of course the repulsive potential range parameter. The range parameter, 0.21 A is about
the same as for the isoelectronic N; + , indeed all diatomic repulsive range parameters, both for
neutrals and ions seem to be about 0.2 A. The isotopic DCN~(v) quenching was also
measured.
*It is appropriate to dedicate this paper to the memory of Werner Lindinger, a valued friend
and colleague for 27 years who collaborated in much of the work described here
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Abstract
In Werner Lindingers laboratory we have developed a mass spectrometric technique,
named Proton-Transfer-Reaction Mass-Spectrometry (PTR-MS), which utilizes positive ion
chemistry to measure trace neutral concentrations in air. During the last few years PTR-MS
has been used in food research, in medical applications, and in environmental applications to
gain gas phase information of volatile organic compounds (VOCs) at parts per trillion (pptv)
levels. The real-lime method relies on proton transfer reactions between HjO* primary ions
and organic trace gases (VOCs) which have a higher proton affinity than water molecules.
Organic trace gases such as hydrocarbons, carbonyls, alcohols, acetonitrile, and others can be
monitored on-line. In this paper we will discuss the mass spectrometric method and present
recent results on tropospheric VOC measurements.
Introduction
The main interest in tropospheric VOCs originating from biogenic sources such as forests
and from anthropogenic sources such as cities is that these reactive trace gases can have a
significant impact on levels of oxidants such as ozone (O.s) and the hydroxyl radical (OH),
and on secondary organic aerosol formation [1]. In addition, oxygenated VOCs like acetone
are an important source of HOX (=OH + HO2) radicals in the upper troposphere [2\.
Atmospheric degradation of acetone and acetaldehyde produce acetylperoxy radicals. These
radicals associate with NO? to form peroxyacetic nitric anhydride (PAN; C H J Q O J O O N O J )
which acts as a relatively unreacttve temporary reservoir for nitrogen oxides (NO* = NO •*•
NO:). 11 is in this form that NOX equivalents are transported over wide distances, e.g. from
urban to rural areas, where they can contribute to photochemical ozone formation with
biogenic VOCs.
Photochemical reactions of VOCs in the troposphere are complex, depending on the
presence of OH, NOS and ultraviolet light. The generally accepted net reaction of a simple
hydrocarbon (HC) is the following [1]:
HC + 4 O2 + 2 in -> 2 O3 + carbonyl(s) + 2 H;O

(1)

OH and NOV do not appear in the net reaction as they are regenerated in other reactions.
Notably, atmospheric oxidation of HC (at sufficient NOX) results in the production of ozone
and carbonyl compounds that can undergo further photochemistry. A VOC generally
contributes more to ozone formation the higher its density is and the faster its reaction with
OH radicals proceeds. Thus, in order to understand quantitatively tropospheric ozone
chemistry, it is a necessary prerequisite to know the VOC distribution within the troposphere
as well as VOC tluxes from individual sources. The examples below illustrate how the use of
the PTR-MS technology [3] has enhanced our understanding of anthropogenic VOC
emissions, biosphere-atmosphere exchange processes, and photochemical processing of both
anthropogenic and biogenic VOCs in the troposphere.

Tins lecture is dedicated to the memory of our teacher, colleague and friend Prof. Werner Lindinger, who passed a
IctiruarylOOI.

Tropical Troposphere
Tropical regions with reactive hydrocarbon emissions from forests of greater than 1015 g C
per year are especially important in determining the oxidizing capacity of the atmosphere
because of the high abundance of UV radiation and high relative humidity. An other
important aspect of tropospheric chemistry is the influence of anthropogenic activities. The
rapid growth of human population and industrial development in China and South East Asia
will increase air pollution in these tTopical regions. An increase in carbonyl compounds in the
tropical boundary1 layer for example has the potential to influence the upper troposphere.
Carbonyl compounds transported into the upper troposphere by convection may act as free
radical precursor and directly influence the oxidizing capacity of the upper troposphere [2,4].
During ihe last few years PTR-MS [5] has been used in several field campaigns to gain
gas phase information of VOCs at parts per trillion (pptv) levels. Organic trace gases such as
hydrocarbons, carbonyls, alcohols, acetonitrile, and others have been recorded in two different
tropical regions. In Amazonia (LBA-CIaire 1999), a largely unpolluted region which is
optimally located to study chemical processes induced by tropical forest emissions [6,7] and
above the Indian Ocean. The Indian Ocean Experiment (INDOEX 1999) offered the
opportunity to study the influence of anthropogenic pollution in the tropical troposphere. Asia
is already a significant source of pollution. Carbon monoxide (CO) from Asia is estimated to
be 50 % larger than the combined emissions from Europe and N-America. CO sources are
different in Asia from those in Europe and N-America. In India and surrounding countries
biofuel use and agricultural burning cause strong CO emissions. Acetonitrile (CH3CN) is a
unique gaseous tracer for biomass burning and can, in combination with other species like
acetone, methanol, and CO provide strong indications about air pollution sources. Ship- and
airborne PTR-MS measurements of organic trace gases in real time over a broad spatial extent
of the Indian Ocean turned out to be of great importance to detect pollution outflow from
India and helped to quantify the relative amount of CO originating from biomass burning
[8,9,10].
Air Pollution in Cities
During the Southern Oxidants Study (SOS) 1999 campaign ambient air samples were
analyzed at Cornelia Fort Airport, Nashville, TN. Even at a ground-based site a high time
resolution in VOC measurements is useful to investigate the photochemistry of anthropogenic
and biogenic emissions under the influence of varying meteorological conditions. Aromatic
species such as benzene and toluene with long atmospheric lifetimes showed strong diurnal
variations having enhanced concentrations during night time decreasing shortly after sunrise
to rather low values during day time. This frequently found diurnal pattern was a result of
strong boundary layer dynamics and local transportation related emission sources. As more
reactive species are considered, such as isoprene, a biogenic hydrocarbon (BHC) and its
oxidation products methyl vinyl ketone (MVK.) and methacrolein (MACR), the isoprene
photochemistry [li] appeared to be occasionally enhanced in NOX rich plumes that were
advected to the site over deciduous forested land leading to enhanced peroxymelhacrylic
nitric anhydride (MPAN) values. MPAN is formed almost entirely from the oxidation of
isoprcne in the presence of NO* and is an excellent indicator of recent ozone production from
BHC. In contrast peroxypropionic nitric anhydride (PPN) is thought to be a marker for
ajitluopogenic hydrocarbon (AHC) driven photochemistry [12]. Measurements [J3] of
peroxyacetic nitric anhydride (PAN), a general product of hydrocarbon-NO* photochemistry.
MPAN and PPN were used to estimate the contribution of BHC and AHC to regional
tropospheric ozone production, which is a serious air quality problem in the South East of the
United States especially during summer lime.

During the Texas Air Quality Study (TexAQS 2000) ambient air was analyzed on-board
the National Center for Atmospheric Research (NCAR) Eleclra aircraft using the Innsbruck
PTR-MS. Molecular-level information of VOCs such as acetaldehyde, isoprene, toluene,
keiones and PAN were obtained at parts per trillion (pptv) levels with a time resolution of
typically 30 seconds. This high time resolution was useful in characterizing individual
contributions of distinct sources for ozone production in the greater Houston area. On several
flights, wind direction and speed were such that these airborne VOC measurements allowed to
differentiate among anthropogenic petrochemical, urban, and power plant plumes. In-situ
acetaldehyde measurements, taken in aircraft transects of the Houston metropolitan area,
confirm the importance of propene emissions from localized point sources to the
photochemical processing of NOS and the rapid formation of ozone and PAN within short
distances from the co-located NOX and propene emission sources. Biogenic isoprene
emissions contribute also to ozone formation. Fast response measurements of this compound
and its photooxidalion products MVK & MACR and hydroxyacetone revealed that biogenic
emission sources are primarily located north east of Houston and contribute to ozone
formation in the metropolitan Houston area only under certain metrological conditions.
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Food products all along the food chain, from raw materials to final products, continuously
emit volatile organic compounds (VOC). While VOC's represent only an infinitely small
mass-fraction of the food product, they can be probed non-invasively and are related to
important properties of the product itself, such as flavour, age or shelf-life, geographic or
genetic origin, history of processing, safely, packaging or presence of micro-organisms.
In view of the substantial information that can be gained from knowledge of the chemical
composition of the headspace (HS), several analytical techniques were developed that sample
and analyse the HS of foods. Up until recently, nearly all HS analysis was based on gas
chromatography. Yet, in spite of the advances made over the last twenty years, headspace-GC
was rather inadequate when it came to monitor, in real time, the temporal evolution of volatile
profiles. GC-based analysis tends to look at the HS as a static phenomenon.
But why is it important to have the added time dimension? We would like to cite just three
areas, which benefit from the added time-dimension: (i) Many food-processing steps involve
fast transformations of food products. Real-time monitoring of their HS can help to better
understand and control these processes, (ii) Flavour generation and flavour degradation are
two central issues of food flavour chemistry. Both are intrinsically dynamic processes and
hence require analytical techniques that can capture this time-dependence, (iii) When food is
being consumed, the temporal evolution of a flavour profile in the mouth is believed to be a
crucial attribute for the perceived quality of foods. In order to investigate and understand such
dynamic processes, one need analytical techniques that are intrinsically dynamic and capable
to capture the time-dependent character of flavour.
Over the last few years, several approaches have been evaluated and implemented which
provide temporal information on volatile compositions. Following a brief overview of current
on-line techniques for VOC analysis, we will discuss applications PTR-MS, and outline the
impact of PTR-MS on food flavour research.

On-line food flavour analysis
To acfiieve the time-resolulion needed for fast on-line measurements of VOCs, GC can be
replaced by MS as a means to separate volatile compounds. Yet, prerequisite for separation in
a mass filter is ionisation. This introduces complications due to potential ionisalion induced
fragmentation. It was, therefore, only when soft and sensitive ionisation techniques became
available that direct injection into a mass spectrometer developed into a valuable approach for
flavour analysis. Currently, two soft ionisation modes have been implemented in actual
instruments - chemical ionisation (Cl) and laser ionisation. Atmospheric-Pressure Chemicallonisation MS (APCI-MS) [1-4] and Proton-Transfer-Reaction MS (PTR-MS) [5,6] are both
based on Cl. APCI-MS utilises a conventional Cl cell combined with a newly developed intel
system, while the strength of PTR-MS is its unique design of the chemical ionisation cell.
Both approaches are unselective in their ionisation process, detecting essentially all VOCs in
64

the HS. They are hence one-dimensicnal techniques and an unambiguous assignment of
compounds requires additional sources of information. In contrast, resonance-enhanced
multiphoton ionisation (REMP1) introduces selectivity in the ionisation step [7-9]. In
combination with a time-of-flight mass filter, REMPI-TOFMS represents a two-dimensional
technique that can identity volatile compounds. Common to all three techniques is speed,
enabling direct introduction of the volatile compounds into the instruments without any preseparation process. Therefore, these various instrumentations can be applied to study flavour
release and in-situ flavour formation. Here we will concentration on FfR-MS and discuss
applications and implications of PTR-MS on food flavour research.
Proton-Transfer-Reaction Mass Spectrometry (PTR-MS)
PTR-MS is based on a novel design for the chemical ionisation cell [10], which had
developed out of the swarm technique of llow-drift-tube type [11]. The gas to be analysed is
continuously introduced through a ventury type inlet system into the chemical ionisation cell
(drift tube), which, besides buffer-gas (air), contains a controlled ion density of HjO+.
Volatiles that have proton affinities larger than water (proton affinity 0IH2C): 166.5 kcal/mol)
are ionised by proton transfer from H3O*, and the protonated compounds are mass analysed in
a quadrupole MS.
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Figure: Two qualitatively distinct types of inlbrtnation can be obtained by PTR-MS. HS
profiles can either be averaged over a given lime window to yield concentration vs.
mass spectra (static data). Alternatively, temporal changes can be analysed via limeintensity plots (dynamic data). The above static data represent an equilibrium US profile
above a coffee brew. The dynamic time-intensity traces below represent the temporal
evolution of a series of selected mass while reconstituting soluble coffee.
Since its introduction in 1993, PTR-MS has been steadily improved and applied to a
variety of fields. Medical and nutritional applications of breath analysis allow monitoring of
metabolic processes in the human body [12,13]. Environmental applications include
investigations of volatile emissions from decaying bio-matter [14.15], or diurnal variations of
organic compounds in the troposphere. Monitoring of food processing was investigated on the
example of coffee roasting [16,17], Finally, PTR-MS has been shown 10 be an ideal tool for

nose-space analysis while consuming food [18], and to measure Henry's Law Constants
[19,20].
PTR-MS experiments provide information that can roughly be divided into two classes, as
schematically shown in the figure below. On one hand, one can record direct-sampling mass
spectra of a given HS profile, and average this data over a lime window (static data). Such
spectra closely match genuine HS distributions and can be used to assess authenticity, monitor
deviations in production from a reference or classify products and raw materials. Provided
mass peaks can be assigned to compounds, absolute HS-concenlrations can be determined
from HS profiles. On the other hand, one can record the temporal evolution of a series of mass
intensities over a given time window (dynamic data).
In this contribution we will discuss a series of applications of PTR-MS to food flavours
and outline the potential role and impact of PTR-MS to the future of food flavour science.
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Proton-transfer-reaction mass spectrometry (PTR-MS) is a rapidly expanding field that
spans disciplines such as ion physics, atmospheric chemistry, food chemistry, and biology.
The proliferation of PTR-MS research has been accelerated by the availability of a compact
PTR-MS instrument resulting from the work of the late Werner Lindinger and associates at
the University of Innsbruck'. The PTR-MS does not require calibration because
concentrations can be calculated from a ratio of ion signals and well-known rate constants.
The inherent accuracy, high sensitivity and rapid time response of the PTR-MS have resulted
in multiple applications including the monitoring of volatile organic compound (VOC)
emissions from fruit, coffee and meat as well as VOC compounds in the ambient air.
Another area of research in mass spectrometry that has experienced a resurgence of
activity in recent years is membrane introduction mass spectrometry2 (M1MS). In MIMS, the
analyte is introduced into the ionization region of a mass spectrometer though a selective,
semi-permeable, polymer membrane. The most commonly used membrane materials are
silicone polymers, such as poly-dimethylsiloxane (PDMS), used either in a sheet or tube
configuration. We present the results of initial studies that combine PTR-MS and MIMS
research. First, the unique abilities of the PTR-MS are exploited to measure certain
fundamental physical properties of a PDMS membrane, including solubilties and diffusion
coefficients. Second, we demonstrate how the chemical selectivity of a PDMS membrane can
be used to extend the capabilities of the PTR-MS instrument for two separate applications.
MIMS introduces the analyte into the mass spectrometer through a semi-permeable
membrane using a process known as pervaporation. Three steps are involved in this process,
adsorption of the analyte onto the membrane, diffusion through the membrane, and desorption
from the inner surface of the membrane into the low-pressure ionization region. The
permeation process is described by Fick's diffusion equations, given below in (Eqs. 1- 4) with
the solutions for a hollow fiber membrane3:

2. <Efci),D.|££fc0l

•

,,m,^ilt)

4,

F(x,t) is the flow rale of analyte molecules through the membrane, C(x,l) is the concentration
inside the membrane, D is the diffusion coefficient, A is the surface area of the membrane, x
is the depth in the membrane, t is time, Uo.w«,; the rise time from 10% to 90% of the final
signal level, L is the length of a tubular membrane, I is the membrane thickness, n, and r, are
the inner and outer membrane diameters, Fsl is the steady-state (low and CM and C's: are the

concentrations of analyte in the membrane at the entrance surface and exit surface,
respectively. These quantities are illustrated schematically in Fig. 1 below.
N,/Air

7 ^ 5 ample
— Pump

To PTR-MS
Fig. I Schematic diagram of the interface of the hollow fiber membrane to the PTR-MS with an
i]Ju.sfration of Ihc relevant experimental parameters

The right-hand side of Fig. 1 shows how the hollow fiber membrane physically interfaces
with the sample stream and the PTR-MS. The membrane is mounted inside a stainless steel
tube and sealed at each end as shown in Fig. I. The interior of the membrane feeds directly
into the PTR-MS drift region, held at a pressure of approximately 2 inbarr. A mass flow
controller limits the flow of air or nitrogen through (he membrane to 10 50 seem, keeping
the pressure near 2 mbarr. Sample air is drawn into the membrane assembly at atmospheric
pressure and flows around the outside of the membrane at 100 — 200 seem.
The left hand side of Fig. I shows a magnified section of the membrane labeled with the
quantities described in Eqns. 1- 4. The steady slate ilow rate has been rewritten by setting C«
= 0, because the inner surface of the membrane is swept by a carrier gas at very low pressure.
The validity of this approximation will be demonstrated with experimental data. We then use
the relationship K - Csi'Cv, where K is the partition coefficient4 to rewrite i\, in l;.qn. 5:
5)

2itLDKCV

' Infi '
We demonstrate how the PTR-MS can be used to determine F sl and Im-t.vov These results
can be related to the diiTusion coelficient D and the partition coefficient K. The data will be
presented as a function of membrane thickness and flow rate for V(.)('"s with various
functional groups that display a range of molecular properties such as polarity, polarizability
and mass. Data will also be presented on the effect of temperature on both [-"„ and i;:>-,.<».
These will be explained using an Arrhenius-type relationship. An example nf these results is
shown in figure 2.
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Fig. 2 Time dependent concentrations of VOC's inside the membrane for temperatures of 25 and 65 C

These data were obtained by using a three-way valve to modulate the composition of the
sample stream between zero air and n mixture of several VOC's. The concentration of the
VOC's in the mixture were determined by direct introduction into the PTR-MS and found to
be 5 ppm for acetone. 3.5 ppm for benzene and toluene, and 2.S ppm for methanol. Fig. 2
illustrates bolh the rise time and the steady state flow dependence of the different VOC's at
two different temperatures. This serves as an illustration of how the ability of the PTR-MS to
measure absolute concentrations of multiple chemical species can be used to quickly
characterize critical physical properties of a semi-permeable membrane. Although this initial
work used a relatively well-characterized membrane material, these results clearly
demonstrate the potential of the PTR-MS to rapidly characterize new membrane materials for
use in a variety of applications.
The second area that will be presented is the use of the properties of the semi-permeable
membrane to enhance the capabilities of the PTR-MS. We demonstrate how the difference in
transmission rates through the membrane can be used to eliminate certain isobaric
interferences in the PTR-JMS such as acetone and propanal at m/Z = 59. Fig. J shows the
difference in both rise time and steady state concentration when 200 ppb samples of acetone
and propanal are introduced to the membrane. The potential for time modulated MIMS in
resolving this type of isobaric interference in the PTR-MS is discussed.

Fig. 3 VariHtion.s in rise time and steady state values for m/Z >=59 obtained for 200 ppb propanal and 200
ppb acetone in separate experiments
Finally, data will also be presented that show how the ability of the membrane to exclude
water while transmitting volatile organic compounds can allow the use of the PTR-MS for
making measurements in extremely humid environments. This further extension of the PTRMS capabilities using membrane introduction is demonstrated in measurements of VOC's
over the headspace of hot soup. The significance of these results and future research
directionswill be discussed.
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The dynamics of ion molecule reactions are characterized by the presence of a variety of
reaction channels. Major reaction channels are generally related to charge-exchange processes
[1], eventually associated with dissociation phenomena. Bond-forming reaction channels, i.e.
collisions leading to the formation of new chemical bonds are usually less probable than
charge-exchange channels. However- even when their cross-section is relatively small - they
are of great interest because they play a key role in the synthesis of molecular species in
interstellar space.
In Trento, bond-forming ion molecule reactions have been extensively investigated using a
high-sensitivity guided beam apparatus [2]. Collisions involving both singly and doubly
charged ions have been considered. In particular, we have focused our attention on the
formation of molecular dications [3-5] and on the synthesis of polyatomic molecules
containing the CN bond [6].
In recent years the structure and the gas-phase reactivity of small doubly charged
molecules have attracted increasing interest [7-10]. These species are usually unstable
because of the Coulomb repulsion XY"+ -> X+ + Y~, however, in some cases they can be
either thermodynamically stable or long lived [11]. Such molecules exhibit high reactivity and
their exoergic reactions with other molecules may release several electron volts in kinetic
energy of the products. As an example, Hei"* has been proposed as a source of propulsive
energy with properties which far exceed those of all known propellants [12].
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Figurel: Integral cross-section as a
function of collision energy for the
production of ArC2: in the reaction of
Ar" with CO [4"j.
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We have produced molecular dications such as ArX"+ (where X= C, N, O) [3-5,13) by
reaction of an atomic or molecular dication with a neutral partner. The remarkable feature of
these reactions is the formation of a new bond in a process which involves doubly charged
ions both as reactants and products. Bond-forming reactions usually produce singly charged
ionic products [14-17].
Aromatic and polyaromatic molecules are known to be present in extraterrestrial matter
such as carbon stars, molecular clouds and meteorites; their presence has been observed in
astronomical spectra [18-20] and the recent observation of benzene in interstellar space [21]
has aroused further interest in the chemical behaviour of the entire class of molecules for the
b;issi(«'sciem:e.iinitn.k

modelling of astrophystcal processes. Given the relevance of molecules containing carbon and
nitrogen atoms in such context, an understanding of mechanisms by which C-N bonds might
be formed from C-C chain or ring reactants should provide insights into the possible
aslrophysica! origin of life's building blocks [22,23].

Figure 2: Integral cross-section as a
function of collision energy for the
reaction CO2' + Ar ~» ArC! + Ar
[5J.

To this end, much attention has recently been devoted to studying the growth of complex
molecules containing C-N bonds. Several reaction mechanisms have been proposed including
the reaction of CN radicals with unsaturated hydrocarbons [24-26], and the aggregation of
cyanoacetylene, which may be catalysed by doubly charged PAH or fullerene cations [27].
We have investigated another possible pathway based on the reaction of N* with benzene [6],
This was suggested by the observation that the nitrogen ion is isoelectronic with the neutral
carbon atom, whose insertion into a benzene ring has recently been observed both
experimentally [28] and computationally [29] to form, under single collision conditions, the
seven-membered ring C7H5 radical. The reaction of CT ions with benzene has been studied in
the past [30,31] providing the first evidence of a C7H5* intermediate.
We have observed product ions such as cyanoallene CH;CCHCN+, cyanopolyacetylene
HC5N*, and HC5NH*, as well as lighter compounds such as H2CN* and CnNH;*. Our results
indicate that aromatic hydrocarbons can be directly converted into cyano and amino
molecules, thus giving a complementary pathway to the reaclion mechanisms mentioned
above.
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From Quantum Calculations
F.A. Oianturco, F. Sebastianelli, E. Scifone
Department of Chemistry. The University of Rome.
Cilt Vinersitaria. 00185 Koine. Italv

The ionizalion of pure rare gas (Rg) clusters by photon or electron impact causes a great
deal of energy to be deposited in these weakly bound, van der Waals (vdW) aggregates. We
have focussed our attention on 4Hen* and Ne,r clusters with a fairly small number of particles
as result of the impact ionization of much larger droplets and have considered the nanoscopic
processes which are likely to occur in them after the initial electron emission has taken place.
Quantum, ab initio calculations of the interaction forces [1,2] and examination of the most
stable confgurations [3] when the most probable ionic cores are considered, have been able to
tell us what is the most frequent occurrence within such aggregates even when the number of
particles is fairly small. Our theoretical treatments and our numerical calculations will be
shown to provide a rather detailed descriptions of such ionic cores and of the layering of the
solvent atoms around them after their formation [4]. Such results are indicative of a rather fast
nucleation process in such systems and of a very limited charge propagation afler the initial
ionic monomer is formed by the impinging projectiles. The most recent results from quantum
dynamics will be presented at the Meeting.
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The adiabatic approximation has been successful in describing numerous classes of
molecular motion and interaction phenomena Hi. It relies on the concept of the Potential
Energy Surface (PES) and assumes that a molecular system adopts its parameter dependent
ground state at any stage of its evolution. Within die confines of the adiabatic approximation,
the molecular motion is computationally predictable if the ground state PES of the respective
system is known. This approach, however, meets its limits wherever highly dynamic
situations are involved, such as in fast collisions or scattering reactions at high energy.
Further, the adiabatic approximation loses its validity in cases of degenerate or neardegenerate electronic ground states, as is encountered in the vicinity of a conical intersection
/I/. This contribution focuses on a third type of molecular processes which transcends the
regime of this approximation, namely the dynamic behavior of molecules close to the
threshold of dissociation. Since disintegration phenomena frequently involve high kinetic
energies, their adequate representation demands in general the use of a theory that allows for
the inclusion of non-adiabatic effects.
Such a formalism is available with the Election Nuclear Dynamics (END) Theory 111,
which has been designed to provide a full description of the dynamic development of the
electronic system. A particular strength of the END Theory, which makes this approach a
particularly plausible choice for the investigation at hand, consists in its independence of any
PES constructions. Since the processes studied in this work are characterized by a sizeable
dynamic coupling between electrons and nuclei, as will be outlined in further detail in Sec.
Ill, any use of the PES concept appears artificial or, in the best case, computationally
unnecessarily extensive, requiring the implementation of a complex scheme of multiple PES.

%»

— f~ >•

V1

Figl.: The model adopted for the description of pseudorotation. P denotes the initial
momentum imparted to each nucleus in H/.
The present work emphasizes triatomic species as well as a particular type of molecular
motion, namely psetidorolation, involving the coordinated, phase related motion of all atoms
in a molecule or cluster. The ideal case of circular pseudorouition of a triatomic unit is
indicated in Fig. 1.

Pseudorotation of a triatomic molecule is conveniently defined in terms of the two
orthogonal deformation coordinates of such a unit. In die special case of circular
pseudorotation, these two degrees of freedom behave like sinusoidal functions of time, being
equal in amplitudes and shifted with respect to each other by a phase angle of n/2.
We will clarify that this process is a particularly worthwhile object of dynamics studies,
since it exhibits an extraordinary range of interactions of nuclear degrees of freedom, both
among themselves and with electronic degrees of freedom/3,4/. More specifically, simulations
based on END theory are performed with the aim to extend the current understanding of the
dynamic features of pseudorotation into the non-adiabatic regime. By the examples of Hi+ and
Lij+, it is shown that the total nuclear angular momentum of the molecules, which is
considered as a conserved quantity in the adiabatic region, provides a useful guideline for the
dynamic evolution of the system as a function of the difference AE between the total energy
of the dynamic molecule and its static equilibrium energy in the ground state. Thus, the total
nuclear angular momentum is mostly pseudorotalional in nature at low energy where the
kinetic effects are sufficiently small. In an intermediate energy interval, it is a combination of
components due to both pseudorotation and spatial rotation. At still higher energy, it ceases to
be a constant of motion, which it attributed to the onset of a sizeable dynamic coupling
between the nuclear and the electronic system.
Correspondingly, we characterize the electron dynamics of the molecular species in terms
of electronic angular momentum expectation values. At energies AE in excess of about 3 eV
for Hj* and 0.1 eV for Lij+, a rapid angular momentum exchange between the alpha and the
beta system is recorded. This phenomenon coincides with the occurrence of maximum
interatomic distances within the molecule and is thus interpreted as an electronic response to
an extreme amount of bond stretching. This behavior signifies a partial rupture of the covalent
bond and thus precedes the dissociation of the molecule as a whole. It is also demonstrated
that the divergent reactions of the alpha and the beta system conelate with the fonnation of
nonzero spins at the atomic centers of the molecules and in further consequence with a
complex pattern of spin exchange processes between these centers. With the elapse of time,
the phase relation between the angular momentum contributions of the alpha and the beta
system is lost, and the angular momentum exchange proceeds between all molecular
components, i.e. the nuclear and the electronic degrees of freedom.
The observations summarized above can be cast into the language of electronic
excitations. By evaluating a sequence of electronic bases, each consisting of the UHF
molecular ground stale determinant and all deienninanls arising from single and double
substitutions for a succession of geometries adopted by the molecule in the course of its
evolution in time, it is possible to calculate expansion coefficients which carry the
information about the excitation content of the electronic system at any stage of the motional
process (see Fig.2). This analysis yields characteristic differences between spin alpha and spin
beta projections of the dynamic wavefunclions. In particular, it turns out for L13* in the
examined energy interval that the promotion of the HOMO to the LUMO is associated with a
near - constant phase difference of about 71 between the corresponding excitation coefficients,
giving rise to the emergence of pronounced spin polarization effects within the molecule.

Time (a.u)
Fig.2: Upper panel: The three interatomic distances of Mj+ in pseudorotation at AE = 3.9 eV
versus time. Lower panel: For the same situation, the total electronic excitation
probability versus time.
The concepts introduced in (his work are suitable for the invesliaglion of pseudorolating
open shell species such as Alkali?, which have been experimentally studied in great detail /5/.
under the aspect of dynamic coupling between the nuclear and the electronic systems.
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Introduction
lonization potentials (IPs) of CfcO [1] and of CIO2 and O3 [2] and their dimers were
recently measured via electron impact ionization close to threshold. For these systems, we
have performed quantum chemical calculations to verify the experimental results, to find the
equilibrium structures of the three dimers and to obtain information about the electronic
structure of monomers and dimers. It turns out that the two chloro-oxides pose no particular
difficulties (CL'O: 11.15 eV and CIO2: 10.55 eV; dimers -0.5 eV lower) but that in case of
ozone measurement and calculation disagree severely. This leads to an investigation of the
structure of ozone dimer and it is suggested that not a weekly bound O3+O1 complex but an
Oii or O4+O2 entity is causing the signal.
Calculations
All quantum chemical calculations were performed with the 6-31 l++(2df,2p) basis set.
The MP2 method (perturbation theory after a Hartree-l;ock calculation) and density functional
(DFT) calculations with the 3-Parameter Betke exchange functional and the Lee-Yang-Parr
correlation functional were checked against each other. We round no case where their results
disagree with each other and can therefore recommend the DFT calculations also for
calculations of energetic properties of these molecules. This is not evident a priori because the
electronic state of ozone and chloro-oxides is expected to partially have an open-shell
character with contributions from more than one determinant.
a) CIOi and its dimer:
There is good agreement between the values of the experiment (10.55*0.02 eV) and the
ionization potential calculated as the
difference between the energies of
CIO2 and CKV (10.76 eV). This also
indicates thai the species present is
O-CI-O anil not, for example the
Lsomer Cl-O-O. (iood agreement is
also found for (<'!:())>. The 'solvation
effect' caused by dimerization leads
to a lowering of the If 10 10.04 eV
(Experiment |2|: V.X7-0.2 eV). The
dimer is found i«i have the structure

depicted above. Its nearly linear C1-O--C1 angle resembles the water dimer. An analysis of
the charge distribution shows that the binding energy of -0.06 eV (~1.4 kcal/mol) and the
dimer structure is mostly a result of the interaction of the positive partial charge of one
oxygen (5*=0.3e) with the dipole moment of the other monomer unit.
b) CfeO and its dimer:
There is good agreement between calculated (11.15 eV) and experimental (11.04±0.01
eV) ionization potentials. Dimerization
lowers the IP to 10.66 eV (experiment:
10.47±0.0l eV). While the most stable
structure of the monomer is Cl-O-Cl (C^v
symmetry), the dimer exhibits a more
asymmetric structure compared to CIO2
(picture on the right side: the shortest CI-0
distance between both monomers is ~2.75
A). The dimer binding energy is more than
twice as large than for ClOi (-0.14 eV =
-3.2 kcal/mol). An analysis of the bonding
in terms of electrostatic multipoles is more
complicated in this case since the dipole
moment of CI2O is rather small.
c) Oj and its dinier:
The calculated IP ofCH (12. 65 cV) is close to experimental values ([2]: 12.70 ± 0.02 eV;
other experiments gave results between this value and 12.87 eV). The neutral ozone dimer
seems to be asymmetric
and very weekly bound
(right side). Indeed, only if
the calculations are not
corrected for the artificial
stabilization caused by the
basis set superposition
error, a binding energy of
~0.l eV is obtained and
more precise calculations
lead
binding
energies
between zero and this
value.
The binding energy of the calionic dimev was calculated to -0.7 eV (Due to convergence
problems, this value corresponds to a nearly but not fully optimized geometry). This is in
disagreement with dimerization energy deducted from the ionization experiments:

Q3+Q3'

=> ~ -2.6 eV

+12.7 eV
(exp.)

20,

+ 10.1 eV
(exp.)
> -0.1 eV

(all calculations)

(03)

From this thermodynamic cycle, it is evident that - provided the monomer binding energy
is really close 1o zero - the unusually large difference between the measured IP of the
monomer and that of the dimer leads to a large binding energy of die dimer cation.
Provided that both calculation and experiment are in principle correct, this discrepancy
can be only resolved if alternative structures for the () s unit are considered and the idea of a
'conventional' O.i dimer is abandoned. Among the candidates screened by us, we found only
one metastable structure in agreement with the measured IP of 10.1 eV. This structure (picture
below) can be viewed as an O4+Q:
adduct. Other candidates like cyclic
or octahedral Or, exhibit interesting
features but are either extremely
unstable or have an incompatible IP.
The IP of this CVK); complex is
calculated to be 10.4 eV - still within
the experimental error limits. While
this is not a proof that this and no
other compound causes the measured
signal, it is a strong indication that
the seemingly too low experimental IP for the dimer can be explained by this or a similar
species and that probably an interesting rearrangement (03)2 •••••> O2+O4 lakes place. It is
noteworthy that afier our calculations were completed, an unambiguous chemical analysis of
O.t has been described lor the first time [3].
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Recent results on the IR-pholodissociation spectroscopy of mass-selected gas phase cluster
ions in the spectral region from 600 to 1600 cm*1 are presented. The experiments were
perfonned employing a novel experiment setup, consisting of a tandem mass spectrometer, a
temperature-controllable He-filled radio frequency ion trap and the free electron laser FELIX
(FOM Institute for Plasmaphysics, Nieuwegein, The Netherlands). The application of this
technique to the study of the IR-spectroscopy of transition metal oxide cluster cations and
halogen atom - halogenhydrid cluster anions of the type Br'(HBr),, with /; = 1-3 is described.
In combination with electronic structure calculations these results allow for a unique
structural characterization of the studied cluster ions. For both types of cluster ions these
experiments represent, to the best of our knowledge, the first experimentally determined gas
phase IR spectra of these compound classes.
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Fig. 1: IR-photodissociation spectrum of V4O10* measured by
monitoring the Oj-loss channel (V4OS ).
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Abstract:
We generate endohedral Na@Ct<f by gas-phase collisions of Na+ with Cm. A model that
includes radiative cooling and a distribution of energies accurately reproduces the ion yield
from its appearance at 29.6 eV to its disappearance above 55 eV. We derive a dissociation
rale of 94 000 s'1 when the internal excitation energy of Na(ajCr>o+ reaches 49.1 ± 0.5 eV. Its
dissociation energy is found to be 10.17 ± 0.02 eV (statistical error) if one assumes an
Arrhenius factor of v(, = 5*10" s"'. The dependence of the breakdown energy on the
temperature of the effusive C«i source implies a vibrational heat capacity of C6o of 12.6 ±1.4
me W C for temperatures of 500 to 570 "C.
Introduction:
Many elements have been incorporated into Cm or larger fullerenes. One method involves
implantation of energetic ions or atoms into pre-formed fullerenes. Particles may be implanted
either into fullerene films [1-3], or into gas-phase fullerenes [4, 5]. In the latter case,
quantities of particular interest are the insertion threshold energy, and the "breakdown
energy" which we loosely define as the energy at which the adduct ion will be so highly
excited that it has 50 % probability of breaking before it can be identified. These quantities
have been determined for a number of systems, but experimental uncertainties are usually
large. No attempts have been reported to quantitatively model the observed yield of adduct
ions over an extended range of collision energies.
The insertion threshold may range from a few eV to a value that is too large to form a
long-lived adduct ion as, for example, in the case of K* + CM collisions [3, 4], On the other
hand, the breakdown energy will reflect the stability of the collision complex and agree
closely with the dissociation energy of Cto* if loss of C2 is the preferred decay channel, and
the caged atom or ion does not significantly weaken or strengthen the carbon-carbon bonds. In
the present contribution we report an experimental study of gas-phase collisions between Na"
and Cf,ci. We model our data with due consideration of the energy spread in the collision
complex as well as radiative cooling. The breakdown energy is found to depend on the
temperature of the effusive Cm beam which provides a novel method to measure iis heat
capacity.
Experiment:
Fig. I shows an overview of the selup. In short, a pulsed beam of sodium ions, accelerated
to the desired energy, collides with an effusive beam ol'C«> under 90° in the ion source of a
time-of-llight (TOF) mass spectrometer. Product ions that are formed as a result of collisions
are accelerated by pulsed extraction potentials towards the ion detector at the end of a drift
tube. The TOF mass spectra reflect the ion distribution 9 10 11 fis alter the collision. Sodium
ions arc generated by surface ionizalion. These sources provide ion beams with a very small
kinetic energy spread of about 2 kaT ~ 0.3 eV [6].
The Na" ion current is measured for each spectrum by moving an electrode inlo the ion
beam uheie it intersects the Cm beam. The Con flux is continuously monitored by a quartz
82

microbalance. Data are corrected for changes in ion current and C$0 ilux. For additional
details sec [7].
€60 flux monitor
Ion detector

f\\L, I Experimental setup. A
beam of Cfi,i collides with Na f
iotis emitted front a surface
ionization source. Collision
product ions arc extracted into
a TOF mass spectrometer by
pulsed potentials.

Deflection
ID a gate

Metal ion source

Data analysis:
We model dissociation of the parent ion Na@C«/ with the Arrhenius relation for the rate
constant k(T) of a canonical ensemble at temperature T,
k = !'„
v,, is a frequency factor taken to be 5x 10" s"1 [8, 9], ka is Boltzmann"s constant, and £„ is the
activation energy for dissociation. Finite heat bath theory [10] is applied to transform the
excitation energy E' of Na@Q>o+ into a fictitious heat bath temperature T. E' is the sum of
three terms,
Ecm is the ccnter-oi'-mass collision energy between NaH and C«o; Ew is the average internal
energy of a canonical ensemble of CM that emerges from the Knudsen cell kept at temperature
Tov ^cnJo, the adiabatic complexation energy of Na* + CM, has been calculated by a variety of
different ab-initio methods [11]. The value of 1 eV that we adopt in this study agrees with
published values within about ± 0.5 eV.
The experimental breakdown curves are simulated as a product of the cross section for
collisional formation of Na@C«i\ and the probability that this ion will not undergo
unimolecular dissociation within a time window / < tlm% which is determined by experimental
parameters. Our data suggest that the formation cross section a(£,;nl) increases linearly above
some threshold energy £'nms|,, in agreement with the results of molecular dynamics
simulations for 1.V + C(,o collisions [12]. We have fitted a large number of spectra and
consistently obtained fihresh = 29.6 eV (in the center-of-mass system). Hence, the following
relation is used to model the observed yield of adduct ions,
A\'oC6fl =cro 'fam ~Ethres/i)'cliP{-k'miix)
(3)
We incorporate the following features into this model: 1) £,„ and £',„. are described by
distributions; their combined width is obtained by a fit to the data. 2) E' and kiT(E')\ arc time
dependent because radiation will gradually cool the adducl ion; this will shift the breakdown
curve to higher collision energies. We describe radiative energy loss by the expression [13]
*„, = 4.5 • 10 l 7 r* eV/s with Tin Kelvin.

Results and Discussion:
Fig. 2 displays the yield of adduct ions, Na@C«i\ measured for three different C6o source
temperatures. The dashed line represents a fit to the data obtained for a source temperature of
570 °C. It invokes four parameters: The combined width of the energy distributions, the
dissociation energy £ a , the formation threshold £n,,«h, and the initial slope ov
Fie. 2 Full dots: Dependence of the yield of
Na(«;C,.n' on collision energy for three

«j"

iiavtiJv-.gQ

^

B

gQQOQ

~

30

35

40

different C«, source temperatures, tines: l'il
to data taking into account radiative cooling
and distribution of excitation energies. Data
are normalized to exhibit same rising slopes.

45

50

55

Collision energy in lab (eV)
Data for the other source temperatures were fitted similarly, but the values of E, and £tiir«h
were adopted from the previous fit. The observed shift in the breakdown energy is accounted
for by varying the initial thermal energy of CM, see Eq. 2. The results of the data analysis may
be summarized as follows:
• The model provides an excellent fit to the yield of Na@C(«f •
• The insertion threshold Eih^sh in the cenler-of-mass system amounts to 29.6 eV (estimated
statistical error 1.0 eV). This value is some 10 eV higher than the value reported by
Anderson and coworker [4], Presumably, their lower energy resolution resulted in much
broader yield curves, and in an underestimate of the insertion threshold.
» The dissociation energy of Na@C«i+ with respect to C; loss is Ea — 10.17 ± 0.02 eV
(statistical uncertainty). It is strikingly close to the average dissociation energy of C«T,
10.0 ± 0.2 eV (rms standard error) thai was recently derived from a comprehensive
analysis of all experimental data published during the past decade, under the assumption
thai vo = 5xlO19 s'1 [9], and to the value of 10.2 eV lhal Boese and Scuseria obtained from
a density functional study of C6o~ [14].
« The breakdown energy of Na@CW(50 % survival probability for a lime interval of 10
[is, computed from k(E*)) is £ ' = 49.1 ± 0.5 eV; its dissociation rate is k = 94 000 $"'
(£* and k are the values immediately after collision; radiative cooling will reduce them
over the experimental time interval of 10 us).
s The abruptness of the breakdown graph provides a lower limit to v,,. As can be seen from
eq. 1, the lower the activation energy, the more gradually the rale will increase with T.
and E". If we assume a pre-exponentia! less than 2xlO14 s'1 and a correspondingly small
activation energy to match the breakdown energy, then the experimental data cannot he
fitted unless we assume an energy spread less than the lower bound thai one can compute
from Eq. 2.
• The shift in the breakdown energies that is apparent from T-'ia. 2 provides us with a novel
method to determine the heat capacity of ("«i. (The temperature dependence of the
appearance energy of C<s*, formed from C'w by electron impact ionization, presents a
closely related method, bul the accuracy of those data appears to be inferior [15]). Fig. 3

shows how the thermal energy of C(,o (E,,v in Eq. 2) that one needs to assume in order to
fit the data at 500 and 535 °C decreases with decreasing Tov. The slope of the straight line
that we fitted to our data yields the vibrational heat capacity of CM, AEJAT= 12.6 ± 1.4
meV/°C. For comparison, the equipartition theorem predicts a value of 15.0 meV/°C.

•S

Fin. 3. Full dots: thermal energies of CM
relative to that at 500 °C. extracted from
the shift in breakdown energies fcf. Fig.
2). Solid line: least-squares fit of a straight
line. Its slope. AE/AT = 1.26 ± 1.4
mcV/°C. measures the heat capacity of
CM.

Heat capacity of <
slope=12.6±1.4meV/°C
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Fullerenes are very interesting and fruitful model systems for investigating the dynamics
of complex molecular systems with a large number of degrees of freedom. In this talk 1 will
discuss two dilTerent manifestations of the dynamics of highly excited fullerenes. In the first
example the molecular fusion reaction of two colliding fullerenes will be discussed. In earlier
work Ihe fusion reaction was described in the context of simple two-body models such as the
absorbing sphere model (otherwise known as line-of-centres model) as applied to nuclear
physics collisions [I]. The experimental results differed from the simple models in three
important aspects as illustrated in Figure 1: the form of the cross section close to threshold,
the absolute magnitude and the very rapid decrease of the cross section to higher energies.
Here 1 will discuss these models and provide some explanations for the different behaviour
observed experimentally [2], The fragmentation behaviour of the highly excited fusion
product (mass and angular distributions of the fragments as a function of collision energy)
will also be discussed in the context of simple statistical models [2,3].
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Fig. I.

Cross section for the fusion reaction in Co' + Cw, collisions. Squares: experimental
data, Dashed line: linc-of-ceiitrcs model multiplied by 0.07 with centrilugal cut-off at
high energies.

Another very interesting property of CHI is its tendency to undergo delayed (fts) ionisation
after excitation with ns laser pulses. This is generally described in terms of a statistical
thermal electron emission, akin to thermionic emission from bulk metals [4]. The delayed
ionisation occurs due to the strong coupling of electronic to vibralional degrees of freedom
during the timescale of the laser pulse leading to a strong vibralional heating to temperatures
on the order of 3000-4000 K. Since the activation energy for the lowest energy fragmentation
process (C; emission) is higher than the ionisation potential in fullereues, delayed ionisation is
an observable reaclion channel, in competition with neutral fragmentation. This work
explores the ionisation behaviour when the excitation time scale is reduced below the lime
scale for electron-phonon coupling [5]. Three distinct ionisation mechanisms are observed for
dilTerent excitation timescales as illustrated in Figure 2. For the shortest laser pulses (25 Is),
ihe ionisation is a direct multipholon ionisation for intensities up to ca. 10N Wcm*" where

ca. 3.5 J/cm2

.1..

n ...

ilk
Time of Right
Pig. 2. PES (left) and Top mass spectra (right) produced from photoionisation with laser pulses of different pulse
duration but the same fluence (3.5 J'cnr). (a) 25 fs pulses, direct above threshold ionisation (b) 200 fs
pulses, thermal electron emission from vibrationally cold fullcrenes (e) 5 ps pulses, thennal electron
emission from vibratioiially hot fullerencs. Adapted Iran [5]

tunnel ionisation onsets. This is seen most clearly in the photoelectron spectra where clear
above threshold ionisation (ATI) peaks are seen for intensities below this value. As the laser
pulse duration is increased beyond 75 fs, keeping the fluence constant, the ATI becomes less
important and is dominated by a thennal electron energy distribution corresponding to high
election temperatures (on the order of 30000 K). This is interpreted its being due to a
statistical electron emission alter the electronic excitation energy has been distributed among
the electronic degrees of freedom in the molecule. The mass spectra are still characterised by
strong multiple charging and sharp mass peaks (indicating prompt ionisation on the ns
timescaie). The tdird iont'salion mechanism is observed for laser pulses longer than 500 Is.
The thermal electron temperature drops dramatically for laser pulses of the same fluence. In
addition, no multiply charged ions can be seen in the mass spectra and the C'wf parent ion
peak develops a long "tail" extending to longer flight times. Such a tail is characteristic of
delayed (us) ionisation. This therefore marks the cross-over to a thermionic-like ionisation
after the electronic excitation energy has coupled to the vibrational degrees of fieedom [6]. In
addition to the above threshold ionisation and the statistical electron emission there is
reproducible structure superimposed on the dominant photoelectron peak at electron kinetic
energies up to 1.5 cV. This is shown in Figure 3 and tias been shown to be Rydberg series of
the fuilerene produced and ionised with the absorption of one additional photon within the
same laser pulse [7]. This is the lirsi time that resolved Rydberg series of C«i have been
measured. The difficulty of obtaining resolved electronic spectra of gas-phase Cca is due to
the difficulty of vibralionally cooling molecular beams of dm. In the fs-laser experiments it is
the relatively hiah vibrational excitation of the fullerenes leaving the oven that allow the

Rydberg series to be populated and resolved in the photoelectron spectra. It is the decay of
these excited Rydberg states on tlie 100 rs time scale that leads to the rapid thertnalisalion of
tile electronic energy and statistical emission of hot electrons prior to coupling to the
vibrational degrees of freedom.

photoelectron energy / eV
Fig. 3. Photoelectron spectrum from C'wj using low intensity i.5 ps losisr pulses (800 nnil. The
structure corresponds to the excitation and one-photon ionisalion of three excited
Rydberg series in the molecule.
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Time-Resolved Photodissociation (TRPD) of Biomolecule Ions in the Gas
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Chava Lifshitz
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The development of mass spectrometry of biomolecules has raised again some old
questions. For example, does intramolecular vibrational redistribution (IVR) precede
fragmentation in very large proteins, having an extremely large number of degrees of
freedom? Does electronic energy relaxation take place or is there site selectivity and charge
directed reactivity'? We have taken upon ourselves the study of the extent of statistical versus
site selective fragmentation of small peptide radical cations. The objective is to find out to
what degree does the mode of preparation of the ions and the initial site of excitation affect
the type, degree and rate of fragmentation. It has recently been suggested theoretically that the
charge acts as a scout to find the preferred fragmentation site and IVR does not necessarily
precede fragmentation. This contradicts the general wisdom in mass spectral statistical
theories such as RRKM/QET and has far reaching implications concerning the fragmentation
of large bio-molecules that are now the central topic of analytical research in mass
spectrometry. The theoretical effort coincided with some very nice experiments done on small
peptides having a chromophore through which laser MPI and photodissociation (PD)
proceed2. Fragmentation of these peptides has been observed as a direct outcome of the initial
ionization and excitation at a specific site, followed by intramolecular charge transfer.
A new instrument has been constructed by us whose purpose is to study time-resolved
photodissociation (TRPD) of small peptide ions. Laser desorption of neutral peptides and
entrainment in a supersonic expansion is combined with laser photoionization in an ion trap
followed by thermalization, laser photodissociation and time of flight mass analysis.
Ionization and excitation take place through an aromatic chromophore at the C-terminus of
the peptide whereas dissociation produces the immonium ion at the N-lerminus. The longrange purpose is to uncover the role of IVR in unimolecular fragmentations of peptide radical
cations. One avenue is the determination of microcanonical rate constants at a well-defined
internal energy E for a series of peptides possessing the same chromophore, undergoing the
same fragmentation but having a variable number of degrees of freedom. This paper
demonstrates the feasibility of the method and provides the first attempts at rate
measurements for the peptide leucyl tyrosine (LeuTyr).
The experimental apparatus is shown schematically in Figure 1. It consists of three
vacuum chambers, for laser desorption. for Ihe quadrupole ion trap and for a reflectron timeof-fiight (TOF) analyzer, respectively. The latter two parts have been employed by us and
have been described in detail in the past3. The refleclron TOF mass spectrometer with a
quadrupole ion trap as an ion source has been developed for the observation of unimolecular
decay of energy selected ions on the ms time scale combined with a fast mass detection
process.
The first chamber is constructed on axis with the other two. Laser desorption (LD)
followed by jet cooling is carried out in this chamber. LD of peptides is performed by [he
1064 nm fundamental output of a Nd:YAG laser which is focused loosely to a spol of the
order of 1.5 mm diameter within 4 mm in front of the nozzle (0.5 mm diameter) of a pulsed
supersonic valve. A graphile rod is used as a substrate covered evenly with the peplide
sample. The desorbed neutrals are entrained and cooled by collisions with CO? or Ai gas

through the nozzle. The neutral molecules are introduced into the second chamber
downstream, through a 3 mm diameter skimmer.

Laser 2
Pulsed valve

Laser 1

Figure 1
Photoionization and photodissociation take place in the second chamber where a
quadrupole ion trap is used as the ion source. There are six 3.5 mm diameter apertures. Two
apertures are in the two endcaps, one of which is used as the inlet of the laser desorbed neutral
sample and the other for ion ejection. Four are in the ring electrode with two at the top and
bottom (vertical direction), and the other two in the horizontal direction for the laser beams.
About 1 cm above the top aperture is the nozzle of a General Valve pulsed valve that can
provide pulsed helium buffer gas. During operation, the RF voltage is applied to the ring
electrode while both endcaps are held at 0 V. 'Hie RF field serves to trap ions present within
the volume of the trap until they are ejected by application of a DC extraction pulse to the exit
endcap. During extraction, the RF voltage is off.
Cold intact neutral molecules undergo two-photon ionization by either one of the
following methods: The frequency-doubled output of a dye laser (ND6000, 275 290 nm, 0.3
0.8 mJ/pulse) pumped by a Nd: YAG laser (Surelite from Continuum), or alternatively the
266 nm fourth harmonic of a Nd-YAG laser (Minilite from NewWave, 1.3 mJ/puIse). In onecolor experiments, the photon employed for photodissociation has the same wavelength as is
used for the two-photon ionization. Photodissociation is achieved in two-color experiments
by absoqition in the visible wavelength region (530-580 nm, 2-2.4 mJ/pulse). Both die
pliotoionizing- as well as the pholodissoeiating-laser are aligned to pass through the center of
the ion trap, but from opposite directions. Two digital delay/pulse generators control all
events. Laser desorption takes place after the opening of the nozzle of the pulsed valve. The
desorbed neutrals are transported into the ion trap where they are photoionized. The pulse to
the ionization laser is synchronized with the RF pulse. The storage time of the ions is
controlled by another output of the pulse generator by triggering the extraction pulser that
serves the dual purposes of ejecting the ions and providing the start-time reference of the TOF
mass analysis, kmization can produce the parent ions in a variety of excited states. It can also
lead to prompt fragmentations. In two-color TRPD, the ionization and excitation steps are
separated in time so that the parent ions can undergo radiative and collisional thermalizalion
to lose their excess internal energy acquired in the ionization step. In some of the experiments
we are applying two additional pulses between the ionization and excitation laser pulses.
Pulsed helium buffer gas is provided for the dual purpose of bringing the ions into the center
olihe irap and for enhancing collisional thennalization. This event is triggered by the second
iligiial delay/pulse generator that is triggered by the Q-switch output of the ionization laser,
which makes sure the nozzle opens after the ionization event. The bulk of the helium gas has
90

to be pumped out by the time the excitation laser leading to photodissdcialion is turned on to
ensure that the photoexcited ions undergo no further relaxing collisions. A second pulse
serves to eject any prompt fragments that are formed. This is achieved by temporarily
increasing the amplitude of the RF voltage that is applied to the ring electrode.
Following thermalizalion the photoexcilation laser is fired to excite the thermalized ions to
well defined internal energies. This is followed by measurements of the fragment ion buildup
as a function of the trapping delay time leading to the TRPD curve. Each lime point along the
TRPD curve is the result of 500 laser shols. Time dependent daughter ion intensities are
normalized via the corresponding parent ion intensities, taking the parent intensity at the
shortest trapping time as the reference point, in order to take into account fluctuations in light
intensity for different laser shots.
The dissociation kinetics of the photoexcited peptide ions can be deduced by fitting the
measured buildup curve of their fragment ions. The one color photoionization and timeresolved photodissociation spectrum for LeuTyr obtained at 266 nm is presented in Figure 2.
The experimental results can be fitted with an exponential rise of the normalized yield of the
tmmonium daughter ion with a rale constant k = (1.3±0.3)xl0} sec"'. There is a large non-zero
intercept of the daughter ion yield at zero trapping time. This is ascribed to a higher-order,
faster multiphoton process than the one depicted by the time dependence on the millisecond
time scale. It is plausible that some, or all of the intercept at zero trapping lime is due to a
three photon process and that the time-dependence observed in the millisecond range is due to
the least internally excited ions in the distribution. These are the ions formed by two-photon
ionization and excitation just slightly above the dissociation threshold.
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The genotoxic effects of ionizing radiation in living cells are not produced by the mere
direct impact of the primary high energy quanta (B-, X- or y-rays). Instead, these effects are
induced by secondary reactive species which are formed along the ionization track. Among
these secondary species, which also include neutral radicals, and positive and negative ions,
non-thermal ballistic secondary electrons are created abundantly (= 5x10 per MeV
deposited), the majority of which possess initial kinetic energies between below = 20 eV
[11], In the course of successive inelastic collisions within the medium these electrons are
thermalized before they enter some stage of solvation as chemically rather inactive species.
In an extended effort to reveal the molecular mechanisms of electron induced damage in
biological material (e. g. single and double strand breaks in DNA [1]) we have investigated
the components of large biomolecules (DNA bases and simple aminoacids [2-4]) in the gas
phase in order to get information on the intrinsic behaviour of these compounts with respect
to low energy electron interaction. This is done in a crossed molecular beam/electron beam
arrangement where the gas phase molecules interact with an electron beam of well defined
energy and a mass spectrometric detection of the negatively charged products. Our results
indicate the elementary reactions by which these compounds are degraded at low energies
with the most prominent one identified as resonant electron capture and subsequent
dissociation.
A further point concerns the molecular mechanisms of radio sensitizers (e.g. 5bromouracil (BrU)) which are used in cancer therapy. Our results demonstrate that reactive
uracil radicals (U) can very effective be generated via dissociative electron attachmernt at
energies below 1 eV. This reaction is hence considered as the essenttell mechanism by which
this sensitizer operates.
Work supported by Deutsche Forschungsgemeinschaft (DFG), Medical Research Councel
(MRC) and National Cancer Institute (NCI) of Canada.
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Stark Mixing in Rydberg Atoms by ultralow energy collisions with ions
M. TL Flannery and D- Vrinceanu
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Thf theory of Collision*! .Stnrk Mixing in Rydlx?rg atoms is presented in the classical ami quanta!
furj)iulatir>iM. Quanta] anO classical probabilities arc derived for nt — nt'. transitions iii a Rytlbcrg
sysujin iurlucrd by tin* time dependent (dii>ok) electric lit'M generated by ariiabntif collision with
charged particle. A universal classical >tcolinR low pormits examination of the (rapid) convergence
of the quanta! results onto the classical background as a is increased. Comparison is made with
measurements of the fractional population*.

I. STARK MIXING
The ion-Rydberg atom /molecule collisions! process

Az++Ry(n,t)

-> Ry(nJ')+Az+

(I)

is called coilisioual Stark mixing since the l-dimighig transitions t -* V occur within the same energy shell n of
the Rydberg species and arc induced by the time-dependent electric iield generated hy the pHssins ion Az+. The
prrxx'ss is -significaiu over a broad range of interest mid applications. For example, the formation of anti-hydrogen by
throtvbody rrcombination e+ + p + i-+ —* ft + c*" at ultralow energie?>. when: the sequence [1] is collidicinal capture
into high t —* states, followed hy Stark'mixing collisions nC -* nt' aiul by Radiative relaxation. Since the n-changing
ccilliaion.s are relatively unimportant at ultralow energies, the f-niixing colJisioiis are essential in producing the low
rtiigular momentum states required to radiativcly decay at relatively high rate to low n-levels. thereby stabilizing the
recombination. In ZEKE (Zero Kinetic Energy) Speetroscopy [2] where higfi t stntcs are producai from low i states
by electric fields. It is also significant in dissociative recombination [3-5]. Largo cross sections for ^-mixing in slow
ion- Na collisions have been measured [fi].
The process is also intercHting fn>m ;i theoretical point of view and has remained largely iiixstilveil for four decades.
Notable historical landmarks include a modified first-order impact parameter treatment ["]. a classk-il diffusion thoor\r
[8]. hydrogen atom in weak E-B fields [OJ, a truncated closely-coupled channel system of equations [10], Monte-Carlo
simulations }11]). and quanta! rvnd classical treatments of 0 —» t' transitions J12-15). The rich dynamical symmetry
of the hydiogen atom provides the key which enables both {exact) classical [17,18] and quantal solutions [18-20] to
be developed here, in a unified way.
II. GROUP SYMMETRY
In addition to the unperturbed Hamiltonian
H

-•£~ 2'",:

'-.
r '

t!u; Jingiilnv moincnumi L = r x p nnd rhc rlnysical Rlliifti'-Lenz \(X'tor

dinvttxl toward the periconfer ami norinaliztxl to angular inoinoiituni units, are all conserved. The openttor A has
the symmetrized (Pauli-Lenz) qinintal form

A = - ( p x L - L x p j - vt^-r\ fpn
and t he following properties:
[Aj.H]
[L/.-^tj
[.4j,,4/t]
A •L
A'2 + L'

=
=
=
=
-

0
>Ti fit-uA,,
ih (iit.L,,
L •A - U
(n1 ~ \\tr

II is a conserved quantity.
It is also ii system vwttir.
H? component?; do nor commute.
The viittot A i> urthogtmal on L,
Is roiishint fur iiirrasholl transitions,

where CKin i* tlic Lovi-Civita antisymmetric symbol for any k,j = 1,2,3. These commutation relations define the
£0(4) dynamic symmetry group for the restricted motion of the orbital electron to the energy shell. The SO(-i)
operators can he disentangled by introducing M = (L + A)/2 nnd M = (L - A)/'2. Each M and N operator
separately generates a SO{H) wubalgebra, such that SO[i) = SOfli) & SO(Z). The clinical analogy is that the. set of
coitpk'd equations for L and A art- decomposed into nn uncoupled set fur M ami N. winch then evolve independently
with lime. In classical mechanics, the operators L and A are replaced by their classical vector and the commutators
(i/f)~'[...] by the correspond ing, Foisson brackets.
III. COLLISION INTERACTION
The vectors L and A pn.tess about the direction of the electric field £ with Stark frequency us = £ uni:n(£/e).
The trct(£it"nrics of the Rydberg electron ami the collision are u/tl = vn/an and a//? =• <!>. respoctiveh*. Hero a,, = 11*0$
and c, = ixi/n are the averaged orbital radius and velocity. Sinmlatiou of the ecilli.sion will show that the frequencies
arc ordered as u.y < u;/? < ujtt. It will also show that although L mid A change little during one orbit, significant
change, is accomplished during the collision over the course of many (^50) tilwtrmi orbits. It also indicates that the
^-changing collision at ultralow impact energies satisfies the following three iippt'oxinuttious:
• Weak field: Here the Stark cueigy splitting Ttjj$ <&fiu;n.the separation between ncigliboriug: energj" leveLs.
The. collision then occurs at larg<; impact parameters 6 where the ion-Rydbcrg atom interaction potential is the
ion-dipole potential;
V(V,R)

= -d •£ = - ^

p 2

^r

where d = -cr is the dipolc. The weak field region is then 6 » (3Z/'2)l/2ult.
• Orbital adinbatic: In this region b > [v/vr,}<i,,, the collision frequency &n — 'P ^C usn. the orbital frequency of
tin* Rydherg fleetK»n. In classical treatmunrs. the. electron position v<;rtr>r r can then In; replaced by its averagt*
(r). In quantal treatments, then
<nf'm'|r|nfm) = —~-(n(Jm'\k\nl\n)

(2)

for matrix elements within thn saint* energy shell. This is Panli's ieptai:e.nuuit rule [16].
• Classical path: The angular momcntuiu of relative motion — fiR2^.* of the collision system of reduced mass n
is ,'•?> /ft, the angular momentum of rho Rydberg clccrron. It is rhp.reforc conserved with value fibi* so that tho
interaction potential is

— rfFR-r =

Zt2

Under the above tlitx'e. approxiinatiojLS, the interaction is

where the diineiLsionless Stark parameter is
rt =

~~-~ ~ ~2~ V' bt< )

=

~2~ \~F)

\ ~T

/

where T,.,,;I — 6/t» is a measure of the collision duration and TV, - dn/'n is the an of time. E<iuation (:i) has the ad\antage
tluit ii is expressed only in terms of tin- generators of tli<- ,S'O(4j group. Moreover, the (Xiiiipotients {Li.A>. Ay]
generate a subgroup of the original symmetry group. 1'nder the ahovo t h t w appntxirnations. the re.sti1ting sot nf
([uautal and classical equations govwniug the problem of cullisional Ktark Mixing at ultralinv energies v,\n ho solvwi
oxaetly in terms of collision parumet-er \' defined by c-us v - |1 I u ^ c o s A ^ V l i - o - | / l l 4- <r) where A'l1 is the polar
angle swept out l>y the uitemuclear v<xtur R during tin; wll^iun lime T,.,JI.

IV. RESULTS
Exact solutions [17-20] of Stark Mixing in atomic hydrogen induced l>y the time-dependent (dipole) electric Held
generated by (actiabatif:) collision with a .'slow ion will ho. presented in both classical and quantnl formulations. Movies
tif tho process will bo shown The exceptionally rich dynamical symmetry of the hydrogen atom provides the key
foundation whieh enables both xh» classical [17.18] and quanta! yolutions [18-20] to he constructed in a unified way.
by using group representation theory. Fig.l demonstrates tin* rapid convergence of the (junntal results onto the.
classical frame as n is increased. The structure will be explained in terms of two distinct region* within the classical
accessible region, and two classical inaccessible regions. It remains obscured within the quantal results.
V. SUMMARY OF MAIN POINTS
« Case study of Collisional Stark Mixing far the full transition array nf — n(' will be presented.
• The inherent Group Dynamic Symmetry permits our present development of exact solution in both quantal and
classical formulations.
• Collijiional Stark Mixing at ultralow energies is probably one of the last remaining problems in collision physio*
capable of an exart analytical solution.
• Our solutions arc presented in compact form reflecting; the mathematical beauty of the problem as well as
prngirmtic value.
• Classical results complement Quantnl results.
• Quanhil-Cliissieal C.Vn'resi>ond(Uiee and Convergence will lie exhibited.
• A modified theory which can account for Quantum Defects (low t) in lion-Jiydrogenic systems will be proposed.
• Essential agreement is obtained with measurements [6j for N0.(28(1) —> A7<(2£/).;Yn(28/+28<)i),-Yu(28/ + 28f/ +
'2S/iJ transitions.
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Recombination of Highly-charged Ions with Cold Electrons: Plasma
Applications and Fundamental Spectroscopy
R. Schuch\ M. Fogle, P.Glans*, N. Eklow, E.Lindroth, S. Madzunkov, T. Ali Mohamed
Department of Atomic Physics. Physics Center, Stockholm University. S-169 S3 Stockholm. Sweden

Recombination, one of the possible reactions of cold electrons with ions, has several
important applications, besides being of fundamental interest. Astrophysical objects are
studied through their radiation spectra emitted from electron-ion recombination; plasma
modeling and diagnostics are based on the knowledge of recombination cross sections. It is
the proposed mechanism for antihydrogen production in a trap filled with antiprotons and
positrons. The most fundamental process of recombination is radiative recombination (RR):
Recombination can also proceed via exciting an initially bound electron to form a doubly
excited state in the Zlql>* intermediate system, in so-called dielectronic recombination (DR).
Then the cross sections show strong resonanl-like structure. Accurate measurements of these
resonances in scattering of electrons at ions can be used for critical tests of calculations. The
experiments presented here have both aspects in their motivations.
In the talk, we will present measurements of the recombination rate coefficients in
absolute scale both in energy and height. The experiments are done with the electron cooler of
the CRYRING storage ring at the Manne Siegbahn Laboratory in Stockholm. This electron
cooler has an adiabatically expanded electron beam that gives electrons with mean transversal
velocity component of 1 meV and longitudinal component of 0.1 meV.

Fig. 1. (a)Time spectrum obtained by
the zig-zag energy scan of the
electrons as shown in (b). The
spectrum consists of 4 complete data
sets. Note that the high peak at the
center, which is from the nonresonant recombinations, defines
precisely the time and electron
energy at which the electron
velocity equals the ion velocity. For
reference, the approximate interaction energy is show in (c).

y
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The highly eharged ions were created in an electron-beam ion source, injected into the
ring, and accelerated to several MeV/amu. After electron cooling of the ion beam for a few
(I -3) seconds, the recombination rates as function of relative energy between electrons and
ions were measured (Fig. 1). This was achieved by ramping the electron energy up and down
from cooling to a maximum energy in the center-of-mass frame so that recombination spectra
were obtained kith with the electrons being slower and faster than the ions (see Fig 1). With
the scans, as displayed in Fig. I, we can check the correction for the drag effect on the ions
when detuning the electron beam energy as well as for the space charge of the electron beam.
These corrections are important in order to get accurate energy scales in the spectra[l]. For
the low relative velocities scanned in these experiments (energies around 0-1 eV) it is possible
to take full advantage of the low energy spread of the adiabatically expanded electron beam
and a resolution in the order of meV was obtained. But data was also taken for an extended
energy range of 0-40 eV. From fits to the resonances we confirm the longitudinal and
transversal temperatures of the expanded electron beam to be less than 0.1 meV and 1-3 meV,
respectively.

Fig.2 shows the recomhination rate
coefficients for the cases of Ply**
and Pb54H. Observe, the coefficients
for Pb M "are multiplied by 10.
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(n measurements using bare ions, where only the RR can occur, there is a consistent
disagreement between the measured rates and the theoretical RR descriptions at very lowrelative energy) 1-31. And, it could be shown that this deviation depends on external fields,
such as a weak magnetic field in the interaction region (4,5|. We concentrate here on
examples for recombination with few-electron ions, such as Cu-like Plv 3 [6], Na-like
Ni' 7 *[7], and Li-tike N 4 [8] and Be'[9]. All these ions considered have one valence electron in
an s state. The lowest energy resonances are thus most likely formed by exciting the ns
electron to npj and bind the free electron to high n, for the example of Pb'' it is a 4si.-; to <tpi.-j
excitation and simultaneous capture in a 181j-slate, with j - 2 i / 2 . QI{|) effects, such as self
energy and vacuum polarization, are substantial in this highly charged ion and contribute to
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the 4pi/2-4si/2 splitting with 2 eV. In Fig.2 we show the rate coefficient for the case of Pb53~
and PbM~. Thus adding one electron in 4s makes the recombination rate around a factor 100
higher. A quantitative analysis of this experiment shows, that the DR-resonances can be
determined with a precision of 1 meV and one is thus sensitive to the 4si,i to 4pi/2 splitting
with the same precision[6]. This splitting is around 120 eV, which gives a relative accuracy in
the 10'' regime. It is clear that in cases where resonances are only a few meV above threshold,
their position is determined by QED; and, the present-day ability to calculate the QED
contribution to such a resonance energy is much larger than the experimental uncertainty.
The experimental results are compared with theoretical results, which were obtained by
using three different computational schemes [8]. One method is based on relativistic manybody theory and is capable of meV accuracy for few electron systems (except for the QED
effects). This method uses complex rotation to handle autoionizing states. The other two
calculations use AUTOSTRUCTURE and R-matrix codes, respectively [8]. All these codes
have advantages and disadvantages. Based on the comparison with the experimental spectra
the quality of these theoretical methods can be discussed.
As an example we show here comparisons of four different calculations with our
measurement for the Li-like ion N4+. In this case we see a 2S|/2 to 2p\/2 excitation and
simultaneous capture in a 4lj-states. QED effects are small in the 2si£ of this light ion, and are
well corrected for.
, i , . ,i , , . i , . . i , , . i , , , i . . . i ,i
2.01.51.0-

Fig.3: Comparison of the
experimental recombination
rate coefficient for N'1* with
4 different calculations [8]:
a) AUTOSTRUCTURE,
b) configuration interaction,
c) R-matrix,
d) rel. many-body perturbation theory.
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Many of these measured rate coefficients are of interest to plasma or astrophysical
applications. For some of the candidates such as Be, C, N, O, Fe. and Ni in several charge

states, accurate experimental data is now available. For making the measured rate coefficients
useful, they can be folded with Maxwellian temperature distributions of the kind as they exist
in stars and in fusion plasmas. Examples for such temperature dependent rale coefficients are
given and applications in astrophysics and plasma physics are discussed and compared to the
theoretical values, which are presently available on data banks.
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Abstract
In recent studies on the impact of slow highly charged ions (HC1) on insulator surfaces, a
dramatic increase of the sputtering yield with projectile charge has been observed. Compared to
kinelic sputtering {i.e. sputtering of target atoms due to momentum transfer in cdision cascades),
which unavoidably causes radiation damage in adjacent regions, this new form of sputtering is
induced by the potential energy of slow HCI (termed potential sputtering - PS) and holds great
promise for a more gentle nanostructuring tool. Systematic experiments with slow HCI
impinging on An, LiF, NaCi, S1O2, AI2O3, and MgO have explored (he possible mechanisms
leadingtoPS as weS as the minimum potential energy necessary for its procedure.
Since during the last two decades intense sources for slow, highly charged ions (HCI) have
become available, the possibility of exploiting the huge amount of potential energy stored in
such projectiles for surface modification and nanofabrication has captured the imagination of
researchers. Applications have been envisaged ranging from information storage via material
processing to biotechnology. Compared to kinetic sputtering (i.e. sputtering of target atoms due
to momentum transfer ill collision cascades), which unavoidably causes unwanted radiation
damage in adjacent layers, sputtering induced by the potential energy of slow highly charged
ions (termed potential sputtering - PS) holds great promise for a more gentle nanostructuring
tool. A profound understanding of the mechanisms responsible for the conversion of projectile
potential energy in such PS processes is therefore highly desirable
PS phenomena have so far been reported by several groups for a variety of insulator target
surfaces as. e.g.. alkali-halides [1,2]. Si<> [2], UOX [3j, GaAs [4J. mica [5], and hydrocarbon
contaminated surfaces (for recent reviews see, e.g., [6 - i>]). These investigations have in
common that a dramatic increase of the total sputter yields, the secondary ion emission yields
and/or the size of single ion - induced surface defects with inctvusing projectile charge state has
been observed.
There has been a long debate in the literature whether potential sputtering is best described by a
"Coulomb explosion'' niechanivin [9] of within the so-called "defect-mediated desorption"
model [ 1. 2,7] <scc. e.g.. the discussion in [6 - 8]). Recently another model involving structural
instabilities because of 11 dcsfabilization of atomic bonds due to high density electronic excitation
[10] was proposed to explain the observed high sputtering yields of ref. [4]. Our data for
projectile ions in lower charge states (<| 27) [t, 2, 11] are at variance with the "Coulomb
explosion" mechanism [7J. They arc, however, consistent with the :'defcct-mcdiated desorption"
model originally developed for electron- and photon-stimulated desorption (ESD, PSD) for
alkali halides [ 12\. In this model localized defects (e.g. "self-trapped excilons". STE or "self
trapped holes". STH) arc formed following particle-hole excitations in the valence band of
insulators with strong electron-plranon coupling such as alkali halides and silicon dioxide.
Dcsorpiion of ma inly neutral atoms follows the diffusion of defects to the surface. Theoretical
estimates [7) show that the localization of electronic excitation by forming defects is an essential
precursor for PS. In contrast, the lifetime of vacancies in the valence band is too short even in
insulators tor "Coulomb explosion" to contribute significantly to sputtering. Formation of a
sclf-ii-iipped hole requires a threshold excitation energy of about 11) cV for a LtF target surface
[13]. hi recent experiments [I4J we have found a potential energy threshold, i.e. a minimum
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potential energy necessary to induce PS, nl around lhis value oi' 10 eS'. which unambigously
proved that defect mediated desorplbn is the dominant mechanism for potential sputtering in
alkali holides.
In order to identify further target materials which arc subject to potential sputtering, we have
extended our investigations to MgOx. AI;O.i and An. The defect mediated sputtering mechanism
should of course not work for a conducting Au target surface. And. indeed, in preliminary
experiments wilh muhipfy charged Ar ions in low charge stale (up to 9*) we <lid not find anv
charge state dependence of the total sputter yield [ I I ] . We were, however, curious, whether this
pure kinetic behaviour would still hold for ions carrying considerably higher potential than
kinetic energy (the potential energy of e.g. Xc-?1 is around K keV. while the kinetic energy in
our experiment varied between 0.1 and 1.5 keV.
In Fig. I the mass removal (in atomic mass units per incident ion. as determined by our quartz
crystal microbal.ince technique!15]} due to impact of Ar1!' (<j-I, 3. S and 9) and Xe l l' (<|=»°, 14,
19 and 25) ions on Au is plotted as a function of ion impact energy. Also shown arc kinetic
sputtering yields as calculated for neutral Ar - and Xe projectiles on Au by the SRIM-2000 code
(the most recent version of TRIM [16|). Up to the highest charge states investigated (Xe 2 ^), the
sputter yields measured for the Au target arc independent of the projectile charge state [17). The
data points nicely follow the SRIM-2000 results, u code that only considers kinetic sputtering
due ti> momentum transfer in a collision cascade. Therefore, our results provide convincing
evidence that for a conducting Au target the potential energy of highly charged ions is not
available for .sputtering of surface atoms'.
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Fig. 1: Mass removal for sputtering of Au by singly and multiply charged Art* (q=1,3,8 and 9; open
symbols) and Xe^(q=9,14,19and25,fa!symbols) ions as junctton of ion impac! energy (data from ref.
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total sputtering yields for MgO with projectile impact velocity, however, led us to (IK conclusion
that we liad encountered it new form of PS [1K).
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Fig. 2 : Mass removal for spufiering of AI2O3 by highly charged X e i * (q=9,14,19,25 and 28) ions as
function of m impact energy (data from ref. [18]). Lines for guidance only.
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Tig. 3: Mass removal for sputtering of MgOx by highly charged Xet* (q=1,5,9,14,19,23, and 25) ions
as function of ion impact energy (data from ref. [18]). Lines for guidance only.
In contrast to the case of Eilkaii-hnlkte or SiO; surfaces this mechanism requires the
simultaneous presence ol'electronic excitations of the target material and of a kiiicticaily formed
collision ca«:a<lc within die target in order to inttitrlc the sputtering process |1SJ. This
kmelically->!ssisle<i potential S])titteiing mechanism has meanwhile been identified to be present
for oilier insulating surt'aces as well, e.g. as a minor contribution in l.iF (fig. 4), AM); (tig. 2),
and Si(H. [t might eveii provide an explanation for some projectile charge state dependent

sputtering and svcartilary km emission phenomena observed at considerably higher kinetic
energies (see [3.4] ami refs. therein).
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Rg. 4 : Mass removal for sputtemg of LF by Ngfily charged Art* (q= 1,4,8,9,11 and 14) ions as function
of ion impact energy (data replotted from ref. [2TJ. Lines for guidance only.
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Collisions of polyatomic ions with surfaces: Incident energy partitioning
and chemical reactions.
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V. Cernuik Laboratory, J. Ileyrovsky Institute of Physical Chemistry.
Academy of Sciences. Doiej.skova 3, 182 23 Prague H. Czech Republic

Collisions of polyatomic ions with surfaces were investigated in ion-surface scattering
experiments to obtain more information on energy partitioning in ion-surface collisions and
on chemical reactions at surfaces. Mass spectra, translational energy and angular distributions
of product ions were measured in dependence on the incident energy and the incident angle of
polyatomic projectiles. From these data distributions of energy fractions resulting in internal
excitation of the projectile, translational energy of the product ions, and energy absorbed by
the surface were determined. The surfaces investigated were a standard stainless steel surface,
covered by hydrocarbons [1], carbon surfaces at room and elevated temperatures [2,3], and
several surfaces covered by a self-assembled monolayers (Ci2-hydrocarbon SAM, Cuperfiuorohydrocarbon SAM, and Cnhydrocarbon with a terminal -C0OH group SAM) [4].
The main processes observed al collision energies of 10 - 50 eV were : neutralization of
the ions at surfaces, inelastic scattering and dissociations of the projectile ions, quasi-elastic
scattering of the projectile ions, and chemical reactions with Ihe surface material (usually
hydrogen-atom transfer reactions). The ion survival factor was estimated to be a few percent
for even-electron ions (like protonated ethanol ion, C2H?O+, CD5+) and about 10-10' times
lower for radical ions (like ethanol and benzene molecular ions, CD4+).
In the polyatomic ion -surface energy transfer experiments, the ethanol molecular ion was
used as a well-characterized projectile ion. The results with most of the surfaces studied
[1,2,4] showed in the collision energy range of 13 - 32 eV that most collisions were strongly
inelastic with about 6-8 % of the incident projectile energy transformed into internal
excitation of the projectile (independent of the incident angle) and led partially to its further
dissociation in a unimolecular way after the interaction with the surface. The incident energy
transformed into the product ion translational energy varied with the incident angle between
18-45 % of the incident energy for the incident angle 40" - 80° with respect to the surface
normal, respectively. The rest of the incident energy was absorbed by the surface. The only
exception was the perfuloro-hydrocarbon SAM [4], where about 17% of the incident energy
was transformed into internal energy of the polyatomic projectile. The hydrocarbon SAM
behaved very similarly as the stainless steel or carbon surfaces, covered by hydrocarbons. The
peak of the angular distributions of the product ions showed a simple correlation between the
parallel and perpendicular components of the velocities of the incident and product ions.
Collisions of small polyatomic ions CD5~, CD/, CD3+ (from methane) with carbon HOPG
(highly oriented pyrolytic graphite) surface were investigated [3] at room and elevated (600°
C) temperature of the surface. At the room temperature and collision energies of 7 - 52 eV,
the main processes was inelastic dissociation of the projectile ion and chemical reactions with
surface hydrocarbons. The main chemical product with C D / projectiles was CD4H" ( H-atom
transfer) and its dissociation products, and formation of QOt)* and CiX/ ( X=H,D) in
reactions with terminal groups of the surface hydrocarbons. Complementary experiments with
CHj and 'CH/ enabled determination of the fracfion of the product from projectile ionsurfacc chemical reactions and surface sputtering. Translational energy and angular
distributions of the product ions together with the isotopic scrambling data provided new
information on the details of the ion-surface chemical processes.
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In 1882 Lord Raleigh predicted fl] that a charged, incompressible liquid droplet becomes
unstable as soon as the cohesive forces, which create the surface tension and which try to keep
the droplet in its spherical equilibrium form, are equal to the Coulomb forces, which try to
destabilise the droplet. In terms of energies, this means that the Coulomb energy £c
corresponds to twice the surface energy £s- About half a century later [2,3] the ratio
X=ECHE%

(1)

has been called the fissility, thus characterising the Rayleigh limit by X = 1. Furthermore,
Rayleigh claimed that for high charges (X > 1) higher multi-pole oscillations will become
unstable and will provoke the emission of liquid in form of fine jets. Up to now these
predictions have not been confirmed experimentally in a clear and convincing manner.
(n the 19301h the liquid drop model has been applied with great success to other systems
like atomic nuclei. In this case the charge is volume distributed in contrast to the surface
charged droplets. Even the most heavy nucleus which has been produced recently with a
nucleus charge of Z = 114, is characterised by an X-value smaller than 1 (X ~ 0.9 [4]).
Therefore, the decay of the nucleus is a thermally activated process well below the Rayleigh
limit, characterised by a fission barrier of finite height.
During the last decade a new effort has been started in the field of cluster physics with the
aim to test the validity of the Rayleigh limit, in this case, metal clusters are ionised in
collisions with highly charged ions, thus, allowing for the first time to prepare charged
systems with a fissility larger than 1.
The experimental principle is as follows. Neutral sodium clusters are produced in a gas
aggregation source. Sodium is heated in an oven to a temperature of 350 to 400°C. The hot
sodium vapour (partial pressure ~ 0.1 inbar) expands into a cold He-atmosphere (pressure of
several mbar, T ~77 K) where it condenses due to super-saturation. The formed clusters pass
two differentially pumped sections before entering the interaction region, which is kept at a
pressure of about 10' mbar (by using a liquid nitrogen cooled trap which encloses the
extraction region). The cluster velocity depends on the cluster size and the source conditions,
it ranges from 200 to 400 m/s [5]. The measured mass distribution follows a log-normal
distribution as expected for this type of cluster source. The smallest clusters contain several
tens of sodium atoms, the maximum occurs at around 150 atoms with a tail reaching to
clusters made of 400 atoms. The cluster density within the beam is rather low at the
interaction region, integrated over the whole size distribution it amounts to about 10-!0 6
clusters/cm1 [5].
The ions which are produced in a CAPRICE-ECR ion source [6] interact with the sodium
clusters at the object point of a reflectron-type lime-of-flight spectrometer, characterised by a
mass resolution of ~ 15000 [7J. The ion beam is pulsed (10 us. 3 kHz) as well as the
extraction field for the produced cluster ions. After passing the time-of-ilight system the
extracted particles are delected by a channelplale device and finally registered by a 'multi-hit'
start-stop system. Typical flight times are of the order of 100 to 200 us.
In Figure 1 a small part of the measured mass spectrum is shown close io the stability limit
of five-time charged sodium clusters. The intensity of these cluster ions disappears close to
n/q - 21.6 corresponding to a so-called appearance size of /ia|,n -IOS. When we rewrite
equation (1) for the case of sodium clusters we obtain :
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= 2.5 q2 / n ,

X = Ec! 2 £ s = <f£11

(2)

where e is Ihe elementary charge, r s the Wigner Seilz radius and a the surface tension. Thus,
the measured appearance size for five times charges sodium clusters corresponds to a fissility
of X(q=5) = 0.58, which is well below 1. Smaller systems with higher A'-values decay by
thermally activated processes due to their internal energy.

Ar.11+
60

30

21

23

22

I

n/q
Figure I: Part of a limc-of-tlight specirum of multiply charged sodium clusters Na,,"1' (transformed into
size/charge values), produced in collisions of Ar
ions with neutral sodium clusters. The vertical lines
mark the positions of five-lime charged clusters.

In order to demonstrate the influence of the internal energy on the appearance size, we
have performed experiments with highly charged projectiles (Xe28*), in order to minimise the
energy transfer during the collision, and clusters, the initial temperature of which has been
varied with a heal bath between ~ 80 K and 400 K. In Figure 2 the appearance size of four
times charged clusters is shown as a function of the initial cluster temperature and the charge
slate of the projectile used to ionise the neutral clusters. At Ihe lowest initial temperature, the
different points show that Ihe appearance size strongly decreases with increasing projectile
charge. This is due to the dominance of peripheral collisions with increasing charge. Whereas
for laser ionisation njpt, is found to be 123, close to the case of proton collisions (119), this
value is as low as 71 in (lie case of Xe2*' projectiles. The corresponding X-values vary from
0.33 to 0.57. When comparing appearance sizes for a given projectile (O5+ - ions) but
different initial temperatures, the value increases from 83 to 120 for 7"= 80 K to T- 350 K.
This means that for a 4-fold ionisation of Ual2o about 9 eV are transferred more in proton
collisions than in collisions with 0 S4 , as in both cases different impact parameter ranges are
effective.
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Figure 2: Appearance sizes for 4-limes charged sodium clusters as a (unction of the initial cluster temperature.
The values at 80 K (full circles) correspond to different projectiles, the open circles are obtained in
collisions with O 5 ' ions at different cluster temperatures.

In Figure 3 the cluster ions at their appearance size are shown in a charge/size plot. The
two lines marked by X= 1 and X= 0.3 characterise those systems where the fission barrier
vanishes or its height is of the order of 1 eV, the activation energy for evaporation of neutral
monomers. Our measurements show that with increasing cluster charge and consequently
cluster size the delected systems indeed approach the Rayleigh limit (for q=\0 we find X~
0.85). However, it is not totally reached due to the initial cluster temperature (80 K) and the
energy transfer in the collision.

50
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200

cluster size n
Figure 3; Cluster inns at their appearance size approaching the Kayleigh limil.

The temperature effects should be negligible for very large systems. Therefore, we have
studied the stability and the explosion of highly charged microdroplels, which are injected
into a Paul trap levilator. The charge lo size raiio is determined from the levitaior DC-voltage,
the droplet diameter by an analysis of (he Mie scattering signal from the droplet, which is

irradiated with a HeNe laser. The diameters of the glycol droplets are of the order of 100 um,
the charges of several pC. Both entities are followed as a function of time during the
evaporation of the droplet. We observe that successive explosions occur where about 20% of
the charge is emitted whereas no mass loss is observable.
In addition we can analyse by the integrated scattered light intensity the quadrupole
oscillations of the droplet, which are driven by the quadrupole field of the trap. Whereas the
driving trap frequency is rather low (200 Hz), the Eigen frequency of the droplet is of the
order of several tens of kHz. Therefore, the droplet can easily follow the driving force and we
observe a certain amplitude of the oscillation which depends on the strength of the quadrupole
field. Only when we approach the value ofX=l, the Eigen frequency drops to zero and passes
in the vicinity of X=\ the driven frequency. Indeed, we observe resonance phenomena just
before each explosion, i. e. a strong increase of the amplitude and a phase shift of the
oscillation. As the resonance is linked to X ~ 1, this is the first proof that the Coulomb
instability of charged glycol microdroplets occurs at X~ 1, as predicted by Lord Rayleigh.
* Imtiuttjtir Physlk. Untversitat llmenau. Postfach 100SS6, D-98684 Ilmenau. Germany
S CIRIL rue Claude Bloch. 13P5133, 14070 Caen Cedex 5. France
" Dep. ile Physique Theoriaue el AppHquee. CE.t-Ite de France, BP12. F- 91680 Bmyeres le Child, France
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Abstract
New theoretical approaches and calculations of parity violation due to the electroweak force in
polyatomic molecules hare indicated, that the corresponding parity violating energy differences
between enantiomers of chiral molecules are orders of magnitude larger than previously anticipated,
although they arc still predicted to be very small, on the order of l O " i W i 3 ' eV, depending on the
molecule. This leads to a fundamentally new outlook on the magnitude of the expected symmetry
breaking and hence the possibility of observiug this phenomenon experimentally. We shall first
review briefly the development of the field aiijl outline the fundamental concepts. We then report
on the current status with emphasis on recent theoretical work from the Zurich group including a
discussion of the concepts for experiments and consequences for biomolecular homochirality as well
aa potential applications to high energy physics.

Introduction
The understanding of molecular chirality has played a key role in chemistry for ft long time
since its discovery by Pasteur 150 years ago [1-3]. Most current efforts in chemistry relate
to synthetic and industrial applications of cliiral compounds and some of these efforts have
been honoured in 2001 by the Nobel prizes conferred upon William S. Knowles, Ryoji Noyori
and K. Barry Sharpless.
However, molecular chirality is also important in relation to fundamental physics, in particular in relation to the underlying symmetries of physical laws. This relationship was pointed
out by van't Hoff in an early review of the stereoehemical concepts introduced in parallel by
J. A. LeBel and himself [4]. Van't Hoff argues (rewritten here in modem notation) that the
Gibbs energy A^Ge, the enthalpy &RH& and entropy A R S ° of an isomerisation reaction
between R and S euantiomers of a chiral molecule
R <=, S

A R G S = ARtf8 - T A H S e

(1)

all must be exactly zero at all temperatures for reasons of mechanical symmetry and thus
the equilibrium constant K is always exactly equal to 1 because of
lnA- = - A R 6 ^ / ( i ? T )

(2)

This symmetry reasoning within a classical mechanical framework for the hypothetical molecular dynamics was retained in the framework of the quantum mechanics of chirnl molecules.
Hund noted in 1927 [5] that because of the invariance of the molecular hamiltonion under
space inversion (x —> — x, y —> — y.z —> —z) nowadays frequently called the parity operation P, there will be a conserved good quantum tminber "parity" (fl) for the molecular
cigpnstates, which takes the values + 1 if the energy eigeufunction is symmetric {x+) and —1
if it is antisymmetric (x~) under inversion. The probability density corresponding to the
cigen functions is thus delocalized over II and S structures of chiral molecules and therefore
corresponds to ''achiral states" [6,7]-

The localized states a and p corresponding to S and R can be generated as superpositions
of energy eigcnstates of well defined parity, which arc separated by a tunneling splitting
(&B± = £ L - E+)
(3)
(4)

a and p are time dependent and iuterconvert with a tunneling time for a transition from R
toS
T± = h/(2A£±)
(5)
Hund already estimated millions of years for such a tunneling process through the high
potential barriers in the van't Holf tetrahedral chiral carbon compounds, thus explaining
the effective stability of the chiral enantioraers of tliesc compounds (for a critical review,
see [8]). This was actually the discovery arid first application of the tunnel effect anil in 2002
we shall be celebrating its 75th anniversary. In thin context, it may be of interest to note
that physics textbooks tend to attribute the discovery of the tunnel effect incorrectly to the
later application to mtcloar a-decay [9j.
In the years following the formulation of modern quantum mechanics in 1925/26 hy Heisenberg, Bom, Jordan, Schrodiager and Dirac, the belief was expressed that the underlying
physical laws relevant for all of chemistry were known [10]. It turns out that this was incorrect, as we know today that a further fundamental physical phenomenon had to be discovered
in order to correctly understand molecular chirality. The discovery of parity violation due to
the weak nuclear force [11,12] and the formulation of electroweak theory [13 15] has changed
our outlook on the structure and dynamics of chiral molecules. It was quickly understood
that because of the extremely small tunnelijig splittings estimated already by Hund, even
very small parity violating perturbations in cliir.il molecules would lead to a real (very small)
energy difference between enantiomers and thus a non zero ABW° in eq. (1). Yarnagata
already in 1966 [16] pointed out- not only the energetic but also in a somewhat speculative
manner the kinetic and possible biochemical consequences for the appearance of homochirality of life on earth. It turns out that Yamagata's estimates of A R / / ° were many orders
of magnitude too large compared to what we know today and the kinetic mechanism that
lie proposed was even qualitatively inadequate to generate biochemical hoinochirality under
realistic conditions, because of a fundamental quantitative flaw [17,18]. Still, his proposal
certainly kept interest in this question alive. Work in the decade following Yiunagata's publication tried to improve the estimates of the effects of parity violation in molecules [19-23]
but it is probably fair to eay that all estimates remained rather qualitative; for the parity violating energy difference ApvJS Ri AnHe/N,\ they had acknowledged uncertainties of
perhaps o or more orders of magnitude and; of course, the sign of Aj ( // e for a given R/S
pair was completely uncertain without a quantitative calculation. But this was nevertheless sufficient to confirm the general assumption that the parity violating energy differences
Apvili' could dominate over the exceedingly small hypothetical tunneling splittings A-fc'-t for
chiral molecules that are chemically stable against tunneling for long times in the sense of
Huml (see for instance [22,23]). Thus, it was clear that parity violation iti spite of its small
magnitude had R real sterwhemieal significance.

Quantitative Calculations of Molecular Parity Violation
Systematic quantitative quantum chemical calculations of parity violating energy differences
were initiated with the single determinant excitation-restricted Hartree Fock approach (SDERHF) around 1980 [24,25]. This theoretical approach was widely used for the following
decade [2fi 28] leading to widely publicized results for biochemically relevant molecules such
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as ammo acids and sugars [26-28] (for reviews see [6,28]). While alternatives were considered
[29], the results from the SDE-RHF approach were generally believed firm and reliable.
The situation changed dramatically with the introduction, of the new CIS-RHF (configuration
interactions singles) approach to electroweak quantum chemistry by our group in 1995 [30-32]
and later also the more efficient and powerful mult.iconfiguration linear response approaches
(MC-LR) [33]. It turns out that in typical cases the calculated parity violating potentials
are by one order of magnitude larger than previously considered [26-'28]. Because at the
same time it was shown that in (lie calculations the parity violating potentials appear as a
trace of a tensor, Epv = £ ' " + Effi + Ef£, where the individual elements may have different
sign and evolve independently in the calculations, this implies that none of the calculations
on sign and magnitude of A pv £ in polyatomic molecules prior to 1995 can be maintained.
Our new approaches have been applied to various problems in different molecules such as
H2O2, H2S2, ethylene torsion (all these having been investigated already in the early work,
but with very different results [26-28]), distorted GH^, alanine in the gas phase and in
solution, distorted acetylene, N2O4, CHBrCIF, CDBrCIF, ftuorooxirane, S2Cla, etc. [3441]. Some of these new results could be ^confirmed by independent calculations in other
research groups [42-46]. As the approach by Schwerdtfeger and coworkers. in particular,
uses quite a different quantum chemical framework within Dirac Fock theory, but agrees
nevertheless very well with the results from the Zurich group, one may hope that the recent
theoretical approaches give quantitatively accurate results within the limits of basis sets and
methodological convergence resulting in remaining uncertainties of perhaps 30 % in [Apv£'|,
depending on the molecule [33]. With appropriate care (and cost),even much more accurate
results are accessible to our approaches. We exclude here the always remaining possibility
of some fundamental ommission that, might be common to all current theories. This could
be tested by experiment [47].
Our theoretical discovery of 1995/96 of the much increased order of magnitude of ApvE
has thus led to considerable stimulus for current- theoretical advances and has: at the same
time, also stimulated experimental efforts, as the outlook on successful experiments is much
better now than it was 10 years ago. Also experiments become increasingly important to
test these now much more quantitative calculations for flaws in the theory as well as for their
quantitative convergence.

Experimental Approaches towards Molecular Parity
Violation
Until today no experiment has been successful in proving molecular parity violation. One
may distinguish here spectroscopic experiments on isolated molecules in the gas phase from
experiments on macroscopic samples. The latter have led to a. number of claims, however
not to adequate proof. The first proposal to measure directly the energy difference A pv E or
An.H£ between enantiomers was descritxtd in [47], It, relies on measuring the time evolution
of parity in a coherent superposition of R and S states. However, the experiment can also
be carried out in the frequency domain [6]. The key idea is to use an aehiral intermediate
molecular state of well denned parity.
Already earlier experiments have been proposed and carried out that try to measure spectroscopic frequency shifts [20,48,49]. Although these experiments do not provide direct
access to ARH^ they are more easily carried out, for instance in the microwave [50] or infrared [48,49] region where they are actively pursued at high accuracy [51]. We refer to
three papers presented by Stohner, Albert and Seyfaug at SASP 2002 for related current
work in our group, as well as to [6,18] for further review and to [40,41] for the question of
biomolocular homorhirality, which we will address in the lecture in detail. If time and space

permit, we shall also address the question of the pari ty of superposition of left and right skis,
first raised at SASP 1996 [52].
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Introduction
Laser vaporization in pulsed nozzle sources lias made it possible to produce a fantastic
variety of atomic clusters. For carbon clusters, variations on these methods made it possible to
produce CM and the related fullerenes and nanotubes in macroscopic quantities and to study
them using conventional speclroscopy. However, most clusters produced in the gas phase,
especially those containing metals, remain largely uncharacterized. Among these are
transition metal-carbide.-oxide and -nitride clusters,
The free-electron laser FELIX [I] at (he FOM Institute "Rijnhuizen" is ideally suited for a
large variety of experiments in gas phase molecular physics. In particular, its wide wavelength
tuning range, covering (almost) the full molecular fingerprint' region, combined with high
power and fluence make FELIX ideally suited to excite gas-phase species such as gas-phase
clusters. When FELIX is tightly focussed and resonant with an IR active mode of the cluster,
the excitation of the cluster can become very high. For hot clusters, several cooling pathways
exist and for strongly bound species with low lying ionization potentials, the thermal emission
of an electron (thermionic emission) can become the dominant process. We exploit this
thermionic emission to record 1R spectra of strongly bound gas-phase clusters. Here, results
from experiments of titanium carbide clusters are presented [2,3].
Titanium carbide clusters were investigated before using mass spectrometric techniques.
The TijCii "met-cars" clusters were first reported by Castleman and coworkers [4]. They
proposed a structure in which both metal and carbon are present in the wall of a symmetric
cage with 12 five-membered rings on its surface (Th symmetry). The TiuCu cluster was
suggested lo have a 3x3x3 nanocrystalline cubic structure [5]. Neither the TieCn nor the
TiuCu clusters have been isolated, and there is no spectroscopic data which can confirm or
disprove the proposed structures
Experimental
The clusters of interest are produced by pulsed laser vaporization from a solid metal rod in
an expansion containing several percent reactant gas. A scheme of the setup is shown in
Figure 1. About 20-30 rnJ of a frequency doubled Nd:YAG laser (Spectra Physics GCR ISO)
are focused on the metal surface. The metal rod can have a diameter of 6 or 12 nun and is
rotated and translated to regularly expose a fresh spot on the surface. Gas from a pulsed valve
(R.M. Jordan Inc.) quenches the laser plasma, clustering and chemical reactions occur and the
clusters and carrier gas expand into vacuum. When performing experiments on metalcarbides. 5 % CH4 (or "CH4) is seeded in argon. For metal oxides, 1-5 % O2 in argon and for
experiments on metal nitrides, 1-5 % N2 in argon is used. The beam is skimmed and enters the
region between the acceleration plates of a reflection Time Of Flight (TOF) mass
spectrometer (R.M. Jordan Inc.) that is 20 cm downstream of the cluster source. Ions
produced directly in the source plasma are blocked with an electric field (500-1000 V/cm)
perpendicular to the molecular beam that is located directly after the skimmer, about 5 cm
prior to the TOF region.

Pulsed Valve

Metal Rod
Felix

MOP
Detector

Rsfiectam
Figure 1: Scheme of the exiwrimental setup. Neutral clusters are generated by laser
vaporization techniques, ions that are created after interaction wilh FELIX are anayzed in a
time of flight mass spectrometer.

The FELIX beam enters the chamber above the axis of the molecular beam and is
focussed on the cluster beam using a 7.5 cm focal length gold mirror. The laser beam is
focussed back using a 3.75 cm focal length mirror thus effectively doubling the micropuJse
repetition rate and thus the fluence that clusters are exposed to. The molecular beam moves
with a typical beam velocity of 600 m/s. 'lite IR laser beam focus will be, depending on
wavelength, between tens of microns to several hundreds of microns in size. The clusters will
thus not be exposed to the entire FELIX macropulse but see only up one microsecond of it.
To be able to resonantly pump a large amount of energy into a cluster, the available
energy per |is is thus a crucial factor. One feature that really distinguishes FELIX from most
other free-electron lasers is that FELIX has the highest output energy per micro-second
throughout its tuning range of 5 - 250 um. The light output consists of macropulses that are 5
Us long and come at a repetition rate of 10 Hz. Each macropulse consists of rmcropulses lhai
come at a repetion rate of 1 GHz (1 ns spacing) or 25 MHz (40 ns spacing). The rnicropulse
length can be adjusted and range from 300 fs to several ps. The bandwidth is transform
limited and can range from 0.5 % FWHM of the central wavelength to several percent. In the
1 GHz mode, the output energy can be up to 150 mi / macropulse.
Results and Discussion
Figure 2 shows the specrra of three selected clusters as the infrared ionization laser is
tuned through ihe region of 400 to 1670 cm"1. It is immediately apparent that there is a strong
wavelength dependence to the ionization yield and that this wavelength dependence is
different for the different cluster masses measured. The TixC':: "met-cars" cluster has a strong
resonance centered at 1395 cm"1 (1345 cm"1 for the ''(.' cluster), while the TiiXu cluster has
no measurable resonance in this wavelength region. The frequencies measured can be
associated with vibrational resonances for specific structural patterns in these clusters. The
1395 cm"' band in TisCi: is logically associated with a (.'—C stretching mode. The TinCj;.
cluster has two resonances in the longer wavelength region at 630 and -185 cm'' (610 and 475
cm"1 (or the ''C cluster). The low frequency features are particularly strong for the TiuC,;
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cluster. Bulk TiC with the well-known rock-salt structure, lias surface phonon resonances in
this region [6J.
For TijtC'i i and TijCi2, the measured IR spectra are consistent with those expected for the
so called "mel-car" structures [4]. All larger clusters show 1R spectra that are indicative for
bulk-like nanoerystalline structures [5]. The spectra of all those larger clusters do not depend
strongly on cluster size and show resonances at positions where k=0 phonons of the TiC (100)
surface are known to be |6).
Surprisingly, strongly bound gas
phase clusters can also be of
importance in astrophysics. In an
active collaboration with a group of
astrophysicists, we identified a wellX10
known emission feature observed at
wavelengths around 20.1 microns in
spectra of post-asymptotic giant
branch (posl-AGB) stars, to the
emission of titanium-carbide clusters.
For more than a decade, the strange
infrared glow coming from certain red
giant stars had puzzled astronomers.
Originally identified by the DutchAmerican IRAS satellite in 1988. this
emission became known in the
astronomical community as the '21micron mystery1 [7]. Although it was
known that meteorites contain
micrometer-sized graphite grains with
embedded titanium carbide grains,
and although isotoptc analysis had
500
1000
1500
identified asymptotic giant branch
Frequency (car1)
stars as ihe birth sites of these grains,
The infrared resonance-enhanced muhiphoum ionization
the possibility that the mysterious 21spectra obtained tor the TinCn, TitiC.'iiand Ti^Ci> clusters
micron emission might originate from
art' shown. Jo each sjwctnjm the indicated parent
titanium carbide crystals was never
molecular ion yield is measured while tuning tiie infrared
wavelength. The structures proposed previously for TisCi;
considered. Only after our laboratory
rind TiuCn are shown in the figure.
measurements
revealed
the
spectroscopic signature of titanium carbide nano-crystals, the mystery was unambiguously
solved. In the figure, an IR spectrum of TiC clusters as measured at Rijnhuizen is shown
(lower tracel. This can be compared to the emission spectrum of a posl-AGB star. Clearly, the
match is very good.
The results shown here represent the first infrared spectra of gas phase metal clusters.
Infrared speclrnscopy is particularly problematic for these species due to the intrinsically
weak absorption in this region and the limited availability of intense tunable light sources.
The method presented here is uniquely suited to strongly bound clusters with low ioni/.alion
energies, a condition which is met for many pure metal clusters and metal compound clusters.
The IR-REMP1 method using widely tunable free electron lasers therefore provides
unprecedented opportunities to probe the structures and dynamics of size-selected metal, nonmetal and semiconductor atomic clusters in the isolated gas phase environment. Recent results
on metal-carbide, -oxide and -nitride clusters will be presented in the talk.
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figure 3: The emission spectrum from the post--AGB object SAO 96700, taken liy llw ISO satellite (upper trace,
left axis) and the wavelength spectra of TiC nanocrystal clusters recorded in the laboratory (lower trace, right
axis). Also shown is a pictorial representation ot'a typical (4x4x4 atom) TiC nanocrysi.il.
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Melting and Boiling of Clusters
Martin Schmidt, Thomas Hippler, Jorn Dongcs, Bernd von Issenclorff and Hclimut
Haberland
Fokulh'itjiir Physik dvr Unhwsiiii Freiburg. Germany

AH properties change with the size of a cluster. 1 ho transition from tlie
atom/molecule to the hulk is often quite smooth and th<: asymptotic behaviour
well understood!-!]. Tins is not the case for cluster melting, where large and
irregular fluctuations arc found even for cluster containing more than hundred
atoms.
We have recently developed a method to measure caloric curves for sixc se
lecUsi eliistw io;is[2, 3, 4, 5], TJio caloric curve is <t plot of the cluster energy
as a fuiictiou of cluster temperature, and contains all Us basic tJienrtodyriainic
propertira. Our method can be divided into two stops. In step 1, sodium cluster
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Figure 1: Caloric curvp for Na^ tl . The clustor energy is plotted against Hio temperattire of the hoat hatli of the cltujtwrs. Bo!ou' iOfJ K tlie curve has been extrapolated
usiiifi the. t>nlk result. The incroas+i near 2(ifl K is duo 1O tIi<•? nit'tittig; prorx'ss. Melting
ifinperaiure and latent Jiea' can b^ eavsiJy rea<J off tin1 curve. Ai>ovc 100 K tfif* data
deviate from tlie caloric curve as the cluster can no longer be. th'Ttitalized, They ace
so hot that they evaporates already in the hoat batli. this situation i-nrre*ponds to
;in (!vaj>orativ« fiiSofiiftU*. wlu*>e torriperaiitro ;tn<( ojirr^v ran l>r- so rtoiormiiteti. Ir. li:i-s
l/c**n argued in rnf.[0] thai. th« rvajwirwtiv*' PIISCIMMC eoi'respoTids l<i rlu^ler hoi ling' a t
a low oressun'.

ions are produced and tbcrmalized. The beat bath is a helium gas of known temperature 7\ where the cluster make so many a>Ih*sions thai: they reach thermal
equilibrium. The thcimaliml dusters are extracted, transfened to high vacuum,
and mass analyzed. One has thus prepared a cluster of known mass and known
temperature /'.
In step 2 the internal, dominiuitly vihraliotial energy li of the cluster is measured by a photofragmeut ation technique explained earljer|2,4. 7,8J. If one knows
K and T one can plot the caloric CHITC E ~ tt(T). Fig. I shows an example.
Ifclow HLC meltinK temperature, the caloric curve has about the slop<' expi?ct«d by
the classiral Dnlontj Petit law of 3ks. where k^ is Holt'/mann's constant. Near
the melting point, there is a stronger increase of energy over a small temperature
interval. For an Arbitrarily large system, this increase would be abrupt. We take
as melting temperature (Tnlcu) the position of the largest slope of the caloric
curve. The latent heat is given by the step height of the smool hed-out step.
The iiielting temperatures are. given in Fig. 2. They show surprisingly large
variations: one additional atom can change Tmeit by up to 10 K, This result is
very far from the expected (radius)"1 behaviour often deduced for supported,
non-mass selected dusters. Two main points can be ol>se.rved: I) the melting
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Figure 2: The moiling Imnp^raliirns of N a * aro plolt.wl H^niiist lht> iininlx*)' o l ' a t o m s .
\.i*t(fo ilurtiiatiori!? a r c s w n whoso origin h not woll utidprs1<xicl. Thfiy do not correlate!
with ftlpf.irotiic {<U>ttf^«l lino) or gcmnRtrir (dashed) sliol! closings, which aro indicat-yi
in thr- fipurf*. The bulk mHting tftmpcrature h 371 K. N'oto, that che ?cr<:> h suppressed.
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temperatures are about one third lower than in the bulk, and 2) they fluctuate
by ± 50 K. From less complete data it had earlier been conjectured that the
melting points are high, if electronic and grometrir shell closings are dose to
each othcr[4j. This is no longer supported by the new data covering a wider mass
range.
Several calculations have been performed on melting of sodium cluster, but
the overall structure of the data in Fig. 2 has not been reproduced so far. The
number of atoms for the maxima and minima in Fig. 2 do not generally correspond
to any known shell closings, be they electronic or atomic in origin. Also, it might
be that the cluster <;hangcs its geometry near the melting temperature, as has
been observed in a simulation on gold clusters by Liui(lman[9] ct al.
There are several features that make cluster melting - or more generally phase
transitions in finite systems an interesting physical problem^. 5, 10]; One can
develop a thermodynamics of finite sysleins[lQ] and observe how the standard
Boltzmann Gibbs statistical mechanics (where always infinitely large systems
are considered) is emerging as a limiting case. The must important difference
between bulk and Jinite systems is. that the energy in the latter can be. nonadditive, i.o the sum of the energies of .V particles is not proportional to /V.
This property is also called nonexUnsivi-. Nonextensivity occurs if the range
of interactions is not negligible compared to this diameter of the system. This
has far warding cons«]iierices[10]: e.g. the heat imparity ran heroine negative.
Near a phase transition, a small system can become cooler upon beating, as was
predicted long ago[l(J, 1 lj but only very recently observed oxperimontally[12, 1!}].
The liquid to gas transition of finite systems has received much less attention.
It has been linked to the evaporative ensemble in a (jedaukenexpe3'iinent[()]. A
first measurement was reportedfllj] by a Lyon/Innsbruck gTOup, which has used a
method adapted from Nuclear Physics to study this phase transition in. hydrogen
clusters.
This research was supported by the Dratsrhe Forschungsgcrneinschaft through
SFB 276.
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Abstract
One of the great challenges in cluster physics in the last years was the identification and
characterization of critical behavior and of phase transitions, including solid-to-liquid and
liquid-to-gas phase transitions. Since clusters are particles of finite size one is confronted with
the general question of how to detect and/or characterize such a transition in a finite system, a
question of interest for many microscopic or mesoscopic systems such as for instance melting
and vaporization of metallic clusters [I], Bose condensation of quantum fluids and nuclear
liquid-to-gas transition [2].
In a strict sense, sharp second order phase transitions can only occur in the thermodynamic
limit that is critical singularities only are present for a system with a large number of particles.
In small systems such as two colliding nuclear or molecular systems fluctuations may wash
out the signature of the phase transition [3] (see also [I]). Nevertheless, it has been
demonstrated theoretically (see [2] and references therein) and also experimentally (see [4]
and references therein) that finite systems may indeed exhibit critical behavior to be seen
when studying inclusive fragment size distributions, scaled factorial moments, and anomalous
fractal dimensions. For instance recent heavy ion collision experiments around the Fermi
energy and cluster collision experiments around the Bohr energy (see [5] and references
therein) liave shown the formation of many different fragments in the exit channel of the
reaction exhibiting a power law in tolal fragment size distributions. Such a power law, as
described by the Fisher droplet model [6,7], is expected to hold for droplet condensation
/evaporation near the critical temperature, indicating a liquid-to-gas second order phase
transition. However, the recent work on the lattice gas model' demonstrates that a critical
behavior is compatible with a first order phase transition because of the finite size effects.
High energy collisions (60keV/amu) of hydrogen cluster ions with an helium target have
been completely analyzed on an evenl-by-event basis in a recently developed mullicoincidence experiment at the Institut de Physique Nucleaire de Lyon [3]:
• The most abundant decay channels have been studied quantitatively for these high energy
cluster ions. This allows us to identify decay reactions and their underlying decay
mechanisms responsible for the occurence ofthe U-shaped fragmentation paltern f8].
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• Moreover, the data allows an unbiased look at Ihe true nature of fragmentation including
a statistical analysis in terms of fluctuations in the fragment size distribulion [9,10]. The
comparison with percolation models leads to evidence a transition which exhibits a
critical behavior.
• By selecting specific decay reactions we can start after the energizing collision with a
microcanonical cluster ion ensemble of fixed excitation energy. From the respective
fragment distributions in these selected decay reactions we derive corresponding
temperatures of the decaying cluster ions. The relaiion between this temperature and the
excitation energy (caloric curve) exhibits the typical prerequisites of a first order phase
transition in a finite system, in the present case signaling the transition from a bound
cl uster to the gas phase [ 11 ].
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ABSTRACT
This presentation summarizes the principles that govern the generation and maintenance
of atmospheric-pressure discharge plasmas. The properties and operating parameters of
various high-pressure discharge plasmas such as dielectric barrier discharge plasmas, corona
discharge plasmas, microhollow cathode discharge plasmas, and dielectric capillary electrode
discharge plasmas are introduced. Several applications where atmospheric-pressure plasmas
have gained prominence recently such as UV and VUV light sources, remediation of
pollutants and waste streams, and surface cleaning will be discussed.

1. Introduction
Discharge plasmas at high pressures (up to and exceeding atmospheric pressure), where
single collision conditions do no longer prevail, provide a fertile environment for the
experimental study of collisions and radiative processes dominated by (i) step-wise processes,
i.e. the excitation of an already excited atomic/molecular state and by (ii) three-body
collisions leading e.g., to the formation of excimers. The dominance of collisional and
radiative processes beyond binary collisions involving ground-state atoms and molecules in
such environments allows for many interesting applications of high-pressure plasmas such as
high power lasers, opening switches, novel plasma processing applications and sputtering,
EM absorbers and reflectors, remediation of gaseous pollutants, and excimer lamps and other
non-coherent vacuum-ultraviolet (VUV) light sources. A recent summary of various types of
atmospheric-pressure discharge plasmas and their applications was given by Kunhardt [1].
2. Basic Principles of High-Pressure Discharges
Dielectric barrier discharges (DBDs), corona discharges (CDs), dielectric capillary
electrode discharges (CDEDs), and microhollow cathode discharges (MHCDs) are all sellsustained, non-equilibrium gas discharges that can be operated at atmospheric pressure. CDs
and DBDs represent very similar types of discharges. While DBDs are characterized by
insulating layers on one or both electrodes, CDs depend on inhomogeneous electric fields at
least in some parts of the electrode configuration to restrict the primary ionization processes
to a small fraction of the inter-electrode region. At atmospheric pressure, the physical
processes in both types of discharges are similar and resemble those in transient high-pressure
glow discharges, fn addition (o pure CDs and DBDs, there are certain hybrid discharges,
which are a mixture between a DBD and CD.
Usually, DBDs at atmospheric pressure consist of many tiny current filaments which are
referred to as microdischarges. Homogeneous (i.e. diffuse, non-filamenlary) discharges can
be obtained under very special circumstances with plasma parameters that are quite different
from filamentary DBDs. At atmospheric pressure, the discharge in a conventional DBD
device starts with local gas breakdown at many points in the discharge volume. The gas
breakdown in a DBD and the formation of microdischarges has been thoroughly studied and
is fairly well-understood [2], The discharge sequence encompasses four phases. The initial
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gas breakdown at sufficiently high electric fields is called the Townsend phase.
Subsequently, the streamer or ionization phase leads to the formation of a highly conducting
channel, a so-called filament with a diameter of about 0.1mm and a current density of up to
100 A/cm2. Charges are transferred through this channel and accumulate on the dielectric
surface (phase 3) until the voltage across the filament is compensated and the discharge dies
out (phase 4). The time scale for the completion of a full 4-cycle discharge development is of
the order of 10 s s. Typical conditions in a filament are as follows: electron densities up to
10 u cm'3; average electron energies of up 20 eV, particularly in the narrow streamer head;
gas temperatures only slightly above room temperature, 300 - 400 K. However, these
conditions exist only in a filament, i.e. on the ns time scale and in very small spatial volumes.
Common CDs geometries have at least one electrode which favors the generation of
highly non-uniform, locally high electric fields, e.g. point-to-plate, wire in a cylinder, knifeedge shapes electrodes, etc.). When the voltage is raised, current starts to flow at the corona
onset and increases until the potential for spark breakdown is reached. This range of corona
activity is called partial breakdown. The corona discharge is characterized by a faint glow in
the region of high electric field accompanied by streamers propagating towards the other
electrode. Even with dc pulses the appearance is that of a burst corona with regular current
pulses. The physical mechanism of these current pulses is a regular build-up and removal of
space charge that modulates the ionizalion in the high-field region. High concentration of
radicals can be generated by using fast-rising high-voltage pulses which lead to the formation
of streamers to bridge the gap between the electrodes. The properties of these streamers are
similar to the streamers in DBDs (diameter of 0.1 - 0.2 mm, duration of a few nanoseconds,
peak average electron energy of up to 20 eV at gas temperature near room temperature near
the streamer head. Highest efficiency is achieved when the length of the exciting HV pulse
equals the streamer transit time. Thus, the properties of a corona discharge are similar to
those of a DBD in the filamentary mode.
The basis for the atmospheric-pressure operation of the CDED is a novel electrode design
which uses dielectric capillaries that cover one or both electrodes. The capillaries, with
diameters in the range from 0.01 to 1 mm and length-to-diameler ratios of the order of 10:1,
serve as plasma sources which produce jets of high-intensity plasma at atmospheric pressure
under the right operating conditions. The plasma jets emerge from the end of the capillary
and form a "plasma electrode" for the main discharge plasma. The field inside the capillary
does not collapse after the formation of the streamer discharge due to the fact that the high
electron-ion recombination at the wall of the capillary requires a large ion production rate
along the axis of the capillary in order to sustain the current. Under the right combination of
capillary geometry, dielectric material, and exciting electric field, a steady state can be
achieved. Run-away into the arc is prevented by the fact that the current through the
capillaries is self-limiting, i.e. the gas density inside the capillary decreases with time due to
gas heating which puts an upper limit to the conductivity as a result of gas starvation.
Compared to other atmospheric-pressure discharge plasmas, the CDED plasma requires a
lower sustaining voltage, lower energy input per cm of plasma generated. CDEDs achieve
plasma parameters (electron densities and average electron energies) in the bulk plasma thai
are much higher than the corresponding parameters in DBDs and CDs. In fact., the bulk
plasma parameters in a CDED plasma are closer to the plasma parameters that arc realized in
the filaments of DBDs and CDs, average energy of the plasma electrons of up to 6 eV at gas
temperature in the 350 - 400 K range and electron densities of up to 1014 cm'"'.
Another approach towards the generation and maintenance of a high-pressure discharge
plasma is based on the hollow cathode (HC) discharge concept and exploits the inverse
scaling of the hole diameter with the operating pressure which makes atmospheric-pressure
operation possible, if ihe hole diameter is of the order of about 0.1 - 0.5 mm (microhollow
cathode discharge, MHCD). HC discharges have been widely used since the early days of
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discharge physics and gaseous electronics as high-density, low-pressure discharge devices for
a variety of applications [3-5]. A HC discharge device consists of a metallic cathode with a
hole in the center and an arbitrarily shaped metallic anode. A HC discharge is created by
confining the negative glow of the discharge to the cathode cavity. This is accomplished by
an externally applied dc or a time-varying voltage applied lo the electrodes which a potential
trough in the cathode cavity lhat results in a strong acceleration of the electrons and a possible
oscillator)' motion (pendulum electrons). The trapped "pendulum electrons" [4,6,7], can
undergo many ionizing collisions with the background gas thus creating a high-density
plasma which emits intense radiation and is characterized by a very high current density
(hollow cathode effect).
3. Selected Applications of High-Pressure Discharge Plasmas
Among the various applications of high-pressure discharge plasmas, novel light sources in
the ultraviolet (UV) and vacuum ultraviolet (VUV) spectral region have gained prominence
recently. MHCD plasmas have been used extensively for the generation of non-coherent UV
and VTJV excimer radiation using either pure rare gases, rare gas - halide mixtures, or gas
mixtures of rare gases and molecular gases such as H2, 0;, and N2. Schoenbach and coworkers were the first to report excimer emissions from MHCD plasmas in Xe and Ar [8-13].
Subsequently, excimer emissions were also reported from MHCD plasmas in Ne and He
[14,15]. Rare gas atoms have a 'S o electronic ground state. The lowest excited-states result
from the promotion of a (np) valance electron to the (n+l)s-level (n=2,3,4,5 for Ne, Ar, Kr,
Xe) leading to four "P-states", two of which are metastable, while the other two stales decay
to liie ground state via dipole-allowed transitions . The most common routes to rare gas
excimer formation are either via electron-impact ionizalion

(la)
(Ib)
(lc)
(Id)

X* + 2X->X 2 '+X

where X = He, Ne, Ar, Kr, or Xe and the asterisk denotes a metastable rare gas atom, or
alternatively directly via excitation of melastable rare gas atoms by electrons
(2a)
(2b)

e' +
X' + 2 X -> X;' + X

In either case, the exchner molecules are formed in three-body collisions involving a
metastable rare gas atom and two ground-state atoms. Efficient excimer formation requires
(i) a sufficiently large number of electrons with energies above the threshold for the
metasiable formation (or Utilization), and (ii) a pressure that is high enough 10 have a
sulTiciemly high rale of three-body collisions. Minimum electron energies required for
excimer formation range from 11 - 14 eV in Xe to 20 - 24 eV in He.
Rare gas excimer emission spectra are dominated by transitions from the lowest lying
bound '£„ excimer state to the repulsive ground state (second continuum) [16,17] with peak
emissions at 170 nm (Xe), 145 nm (Kr), 130 nm (Ar), 84 nm (Ne), and 75 11111 (He). The socalled lirsi excimer continua in the rare gases are observed on the short-wavelength side ofthe
second continua and are attributed 10 (he radiative decay of vibrationally excited levels ofthe
' l u cxciincr slate. Most work to dale has been carried out in Xe, Kr, and Ar, where the highpressure MHCD can be "sealed off" wilh a window (LiF or MgF?) for speclroscopic
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investigations of the excimer emissions in tlie 130 - 170 nm region. Studies of the Ne2' and
He2* excimers, on the other hand, require an "open" MHCD source [ 14,15] connected directly
to a VUV monochromator, since no material is transparent below 105 run.
Kurunczi et al. [14] reported the emission of intense H Lyman-a emissions from MHCD
plasmas in gas mixtures of high-pressure Ne with trace amounts of H^. Kurunczi ct al. [14]
monitored simulianeously the Ne^* excimer emission and the Lyman-a emission and
observed a dramatic decline in the Ne?* excimer emission when H; was added to the gas
mixture. This provided direct experimental evidence that the near-resonant energy transfer
reaction involving Ne:* excimers and Hi molecules is the source of this intense atomic H
emission. Ne2* excimers in the bound 3SU state have enough energy to dissociate H2 and
excite one of the H atoms to the n = 2 slate. The subsequent decay of the excited H atom
results in the emission of the 121.6 nm H Lyman-a line. Earlier, Wieser et al. [18] had
observed a similar emission of intense, monochromatic H Lyman-a radiation from highpressure gas mixtures of Ne with trace amounts of H? bombarded by high energy electrons
and ions and first suggested the above near-resonant energy transfer process as the most likely
mechanism leading to the emission of the H Lyman-a line [18] solely on the basis of
spectroscopic studies of the Lyman-a emission. Further details of excimer light sources
based on high-pressure discharge plasmas are given in the oral presentation.
Other applications of high-pressure plasmas that will be addressed in the conference talk
include the remediation of gaseous pollutants from effluent gases and waste streams, the
cleaning of conducting and non-conducting surfaces, and the decontamination of chemical
and biological agents.
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1. Introduction
Non-thermal low-temperature plasmas used in plasma processing are mainly composed of
hot electrons (average electron energy 0.5 eV - 5 eV), cold ions, and neutral gas molecules,
which both have energies corresponding to temperatures in the range of 300 K to 1000 K. In
stationary plasma, the ion loss rate equals the ion production rale. Electron impact ionization
of the neutral heavy particles in ground or in excited states is the initial, an important and in
many plasmas the dominant ion formation process depending on the shape of the electron
energy distribution function. The efficiency of a particular ionization process in die plasma is
determined by the overlap of the electron energy distribution function with the respective
cross section. The electron impact can produce the molecular ion by direct ionization and by
dissociative ionization fragment ions and neutral products such as radicals and smaller neutral
stable molecules. Thus, the dissociative ionization is not only important for the charge carrier
production, but it is also an essential step in initiating plasma chemical reactions. However,
the ions are even more important in the sheath regions of the plasma near the wall of the
plasma reactor or near the electrodes where is a large potential drop. In this region, the ions
are the main carrier of kinetic and potential energy, which may be transferred to the surface
and which serves as the "trigger" for a number of processes there, e.g. recombination,
sputtering, chemical reactions etc. Electron impact ionization has been studied since the
1930s. The experiments were developed in two general directions. One is to examine the
ionization process at a very fundamental physical level and figure out the finer details of the
process. The other one is to determine the probability of ion formation of the specific ions of a
given target as a function of the electron impact energy, i.e., the partial ionization cross
section on an absolute scale. The charge-weighted sum of all partial ionization cross sections
then gives the total ionization cross section. Numerous general reviews liave been published
on the topic of electron impact ionizalion of atoms and molecules by this time. For example,
we note the earlier summaries of Kieffer and Dunn [1], and Mark and Dunn [2], which
include the unchanged fundamentals. Since the middle of the eighties the research is
characterized by the improvement and/or new development of the experimental set-ups. The
fundamental new aspect is to avoid or to correct ion loss at the extraction, transmission, and
detection stage of the ion trajectory- Especially excess kinetic energy of fragment ions was
found to be a cause of ion loss. Detailed information of the recent progress and the various
experimental techniques is summarized in the reviews of Mark [3], Matt et at. [4], Becker et
al. [5], Basner et al. [6] and in the numerous special references quoted therein. The primary
emphasis of this contribution is our experimental investigation of the formation of positive
ions of molecules for plasma processing.
2. Experimental details
The ionization cross-section measurements were carried out using a time of ilight mass
spectrometer [7,8] under single collision conditions with operating pressures not higher than
0.5 mPa measured by a spinning rotor viscosity gauge. A schematic diagram of the time of
flight mass spectrometer (TOFMS) is shown in figure I. The TOF-MS can be operated either
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in a linear mode using detector I or in a reflection mode using the reflector (grids: Gj, C14, Gj)
and detector II. Both detectors are micro channel plate detectors (chevron arrangement, 40
mm diameter) for ion counting. All measurements described here were performed with the
TOF-MS operated in the linear mode. The ion efficiency curves were measured
simultaneously for Ar and the molecule under study in a well-defined gas mixture in an effort
to ensure identical operating conditions for the detection of the ions of each gas. The
measured relative partial ionization cross sections were put on an absolute scale by
normalization relative to the total Ar ionization cross section of 2.77 x 10'16 cma at 70 eV [9].
Typically, the electron gun was operated using electron pulses of 90 ns width at a repetition
rate of 15 kHz. The electron beam has a diameter of about 0.6 mm in the interaction region
and the amplitude of the electron beam current is in the range from I - 10 uA with energyspread of about 0.5 eV (FWHM). The impact energy can be varied from 5 eV to 900 eV and
the electron beam is guided by a weak magnetic field (200 O).
1

F-'IG. 1. Schematic diagram of (he tinie-ot'-tlight
mass spectrometer (TOF-MS} and an expanded view
of the electron impact ion source used in the present
study (all dimensions are in mm): electron beam
(tungsten filament, 0 - (-900) V); apertures: S, (0.5 x
4 umv\ 22.4 V pre-aceeleration). S> /Si (0.5 x 4
mm 2 . 22.4 V or 70 V below the potential of the
filament; pulsed), S* (0.4 x 0.4 mm", grounded);
rcpeiler {0 - +3 kV); collision chamber exit aperture
(6.5 x 6.5 mnr, molybdenum grids (G|, G2;:
transmission °0 %: grounded); flight tube entrance
electrode (diameter 10 mm, 0 - +3 kV); deflector (0
- +500 Vi; Kinzel lens (0 - ±13 kV); reflector
(copper grids (GJ.GJ.GJ): transmission l )4%);
detector [ and II ( Galileo, 40 mm diameter MCP,
active area 12.5 cm*).

Extraction fields up to 3 kV/cm with a 10 ns rise time can be applied to the repellcr at least 10
ns after the incident electron pulse passed through the ionization region. The output from the
MCP-detector is preamplified and recorded with a 2 GHz multiscaler using a time resolution
of 500 ps. Our TOP-MS was operated in such a way that no more than one ion is created
during each electron pulse. This results in a higher number of sweeps and comparatively long
data acquisition times, but ensures, on the other hand, that dead lime corrections to the
recorded signals arc negligible. For tin's set-up the excess kinetic energy of fragment ions
causes the following effects:
(i) The ion source region, which is normally determined by the spatial dimensions of the
electron beam, is enlarged because of the motion of the ions during the lime interval
between their formation and their extraction,
(ii) The divergence of the extracted "ion beam" is enlarged both spatially as well as
temporally due to the variation in the spatial positions and energies of the ions when the
extraction pulse is applied.
Measurements of the ion extraction efficiency as a function of the delay time between the
end of the electron pulse and the beginning of the extraction pulse to the rcpeller revealed
constant ion currents for all fragment ions as long as the delay times were below a fixed
value. This indicates that all ions from the extraction region of the ion source arc transported
to the detector under these conditions. Furthermore, extensive studies varying the voltages on
the Einzel lens and on the horizontal and vertical dellcclion plates ensured iliat the diameter of

the "ion beam" at the end of the flight tube is smaller than the diameter of the MCP (40 mm)
for every fragment ion. We conclude thai the experimental conditions necessary for 100% ion
transmission of the ions from the ion source to the detector were established with the
exception of ion loss at the grids Gi and Gj.
Since our techniques relies on measurements of ratios of ions, the detection efficiency of
the MCP for the reference ion and the various product ions of the gas under study must be the
same. A series of experiments was performed to measure the ion count rate of a constant
incident ion flux as a function of the ion impact energy for given operating voltages of the
MCP and threshold levels of the mulliscaler. Increasing the ion energy and the operating
voltage of the MCP while decreasing the threshold level of the multiscaler revealed a
saturation value of the recorded ion count rate. The saturation for doubly charged ions at the
same ion impact energy always occurred at a lower operating voltage of the MCP as expected.
A minimum threshold level of the multiscaler well above the noise level was selected in such
a way that the ion count rate was saturated for all singly charged ions and for all doubly
charged ions with twice the ion impact energies. We assume that the ion impact energy is high
enough to guarantee a 100% counting efficiency for each ion hitting the front channel plate.
3. Results
In this contribution we present a summary of electron impact ionizalion cross-section
results for titanium tetrachloride (TiCLi) [7], tetrafluorosilane (SiF.t) [8], and hexafluoroethane
(C2F6). TiClj is used for the plasma-assisted chemical vapor deposition of titanium nitride
films. SiFj is a gaseous product of fluorine-based plasmas for silicon etching and is used also
in the plasma-enhanced deposition of thin silicon layers. C2F6 is well known as etching gas in
the semiconductor industry.
FIG. 2, Absolute total single T1CI4 ionization cross
section as a function of electron energy up to 100
eV, present experiment {filled diamonds) and
calculated cross sections using the MAR [10] (filled
squares) and the DM formalism [11] (tilled circles).
Also shown are the present results of the chargeweighted sum of the measured singly and doubly
charged ions (filled triangles).
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Dissociative ionization was found to be the dominant process for all three molecules. We
found evidence of the presence of the TiCU" and SiF4* parent ions in our experiments whereas
no ion signals were detected that correspond to the formation of C2F6*. Electron impact
produces only singly charged fragment ions from CTFS but singly and doubly charged
fragment ions are formed from TiCU and SiF.i.The experimentally determined total single
ionization cross section of each molecule is compared svilh results of semi-empirical
calculations [10,11] and reasonable agreement is found.
We studied the electron impact ionization of TiCI* for electron energies from threshold to
500 eV [7]. Absolute partial cross sections for the formation of all singly charged positive
ions (TiCU* (x = I - 4). I T , CI*) and for four doubly charged positive ions (TiCU** (x = 1 3). Ti") were measured. At lower impact energies up to 40 eV, the ion abundance varies
drastically with impact energy, whereas at higher energies, two ionization channels dominate,
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the formation of the TiCl3~ fragment ion with a maximum cross section of 3.75 x 10" cm" at
100 eV and the formation of the C\* fragment ion with a maximum cross section of 4 x 10'16
cm" at 70 eV. All fragment ions with the exception of TiClj+ are formed with excess kinetic
energy. The cross section values of the doubly charged ions are about one order of magnitude
smaller than those of the singly charged ions. The experimentally determined total single
ionization cross section of TiCU in comparison with results of semi-empirical calculations
[10,11] and the total ionization cross section are shown in figure 2.
FIG. 3. Absolute partial SiF4 ionization cross
sections for the singly charged ions SirY (filled
squares), SihV' (filled circles), SiF;'* (filled
inverted triangles), SiF' (filled diamonds). Si1
(stars), and F1 (tilled triangles) as a function of
electron energy up to 200 eV.
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The absolute partial cross seciions for the formation of various singly charged (SiFV (x =
1 - 4), Si*, F") and doubly charged (SiFx** (x = 1 - 3), Si**) positive ions produced by
electron impact on SiF4 were measured from threshold to 900 eV [8]. The SiF.r fragment ion
has the largest partial ionization cross section with a maximum value of 4.3 x I0"'6 cm2 at 90
eV. All other singly charged fragment ion cross sections are about one order of magnitude
smaller at this impact energy (see figure 3). The cross section values of the doubly charged
ions with the exception of SiFi" are about two orders of magnitude smaller .All fragment
ions are formed with excess kinetic energy.
The measurements of electron impact on C;F6 include the partial ionization cross sections
of CyV, C2F/, C2F*, Crf, CF/, CF:*, CF~, C*, and F" in the energy range from threshold to
900 eV. Fig. 4 shows the partial ionization cross section for the four most abundant fragment
ions from threshold to
FIG. 4. Absolute partial Cft,
ionization cross
sections of the fragment ions C F / (squares). C;FY
(circles). CF' (.triangles), and CF;' (diamonds) as a
function of electron energy up to 200 fV.
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I.13

200 eV. CF3+ is the fragment ion with the largest partial ionization cross section with a
maximum value of slightly less than 4 x !0' 16 cnr at 80 eV followed by (he C2F$* partial
ionization cross section with roughly half the maximum value of die CFj+ cross section. Other
fragment ions that are formed with a maximum cross section of about 1 x 10"l(i cm2 are CF~
andCF2+
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INTRODUCTION
The main purpose of the Atomic and Molecular (A+M) Data Unit of the IAEA is to
establish and maintain databases in support of nuclear fusion energy research. This
encompasses a very large number of processes in atomic, molecular, and plasma-material
interaction physics. Data for these processes are supplied by research centres around the
world participating in several different activities, such as Co-ordinated Research Projects
(CRP), a Data Centre Network, and individual consultant agreements. The resulting data are
incorporated into the databases maintained at the A+M Data Unit at the IAEA Headquarters
in Vienna. These databases are now available through the world-wide-web.
This talk will focus on recent improvements and additions to these databases. Notable
points include a new search engine developed by Yuri Ralchenko and Denis Humbert, energy
and angle dependent data for physical sputtering and radiation enhanced sublimation,
effective rate coefficients for several elements relevant to fusion machines, as well as some
new interfaces in the web site. In the near future more data from recently concluded CRPs
will be added. In addition, two new CRPs have recently started and a third is scheduled to
begin in 2002. These CRPs will generate needed data on molecular processes affecting the
edge plasma, data needed for diagnostics in fusion machines, and data for assessing the total
tritium inventory in plasma machines.
SEARCH ENGINE
As the number of electronic databases available on the Internet increases, it has become
increasingly difficult for any one user to become proficient in using them. Each site has its
own formal and the user must learn this format for eacli web site. Discussions have been held
on the possibility of constructing one interface that could take a user request and formulate the
request for each of several different databases. The requests would then be sent to each
database in turn and the results returned to the user.
There is now a prototype of such an interface. Yuri Ralchenko of the Weizmann Institute
in Israel and Denis Humbert of GAPHYOR in France have developed the search engine
called GENIE. This search engine currently searches five different sites for radiative data and
two sites for electron impact excitation and ionisalion data. The format is simple and easy to
understand. The underlying code is easy to expand for more databases and other types of
data. The prototype version is available at (he web sites at the IAEA, the Weizmann Institute,
and GAPHYOR.
PHYSICAL SPUTTERING AND RADIATION ENHANCED SUBLIMATION
The CRP on "Plasma-Interaction Induced Erosion of Fusion Reactor Materials" produced
a large volume of data on erosion of materials. This large volume of data was carefully
evaluated by several members of the CRP. The best quality data were then fitted to physically
realistic forms for angle dependence and for energy dependence. The resulting Ills were

checked for accuracy in reproducing the original data and to insure smooth behaviour over die
entire range of validity. The results of this work were published in Volume 7B of the journal
series Atomic and Plasma-Material Interaction Data for Fusion. The fit coefficients have
been added to (he online electronic database along with the evaluation functions so that users
can obtain the data for arbitrary energy or angle.
EFFECTIVE RATE COEFFICIENTS
The computer modelling of non-LTE plasmas can be very time consuming. It is often the
case that the densities are such that a simple coronal model is not sufficient. In such a case,
each individual energy level of each ion must be included in the solution of the rate equations.
This can result in massive amounts of data and solutions of very large sets of equations. In a
CRP on radiative power losses in plasmas, many such lengthy modelling calculations were
carried out. In addition to providing the calculated radiated power, effective ionisation and
recombination rate coefficients were derived. These data were stored along with the
populations of the ion stages as well as the total radiation from each ion stage. It is possible
to use these data to interpolate in temperature and electron density to obtain the radiated
power at an arbitrary temperature and density. In the steady state case this does nol require
the use of the effective rate coefficients. The effective rate coefficients are needed in the case
of a plasma that is evolving with lime. In that case it is possible to use interpolated effective
rale coefficients to solve the lime dependent problem and obtain the populations of each ion
stage as well as the total radiated power. Since the effective rates coefficients do not require
any explicit energy levels, this calculation is very quick computationally. These effective rate
coefficients will soon be available on the A+M Data Unit web site.
NEW INTERFACES
Recent work by Jeff Stephens and Yuri Ralchenko has resulted in a preliminary version of
a new interface to the bibliographic database at the A+M Data Unit. In the past, access to the
bibliographic data was possible only through a Telnet session. That method is no longer
adequate and a new interface was needed. While at the A+M Data Unit, Stephens did a large
amount of work on the bibliographic database to bring it into a form suitable for more modem
database management. During a recent period as a consultant, Ralchenko continued this work
and put a preliminary version of an interface on the Unit web page. This interface allows the
user to search the extensive bibliographic database by author and/or keyword. The resulting
references are displayed along with a link to the home page of the journal where possible.
In may cases it is necessary to model a particular element for which data such as electron
impact excitation cross sections, are not available. Such data may take a considerable time to
generate. Often it would be of great value !o have al leasi a good estimate of these data. This
is now possible for electron impact excitation of atomic ions. During a consultancy visit to
the Unit, James Peek installed a code for calculalion of these cross sections using the socalled "average approximation". Along with the cross section code, a version of the HartreeFock atomic structure code of R. Cowan was also installed. It is now possible to run these
codes through an interface at the Unit neb page. This allows the calculation of cross section
versus impact electron energy for an arbitrary ion in a relatively short time, typically a second
for each energy point. The calculations are all in configuration average mode only, no
angular coupling to form LS terms is carried out. However, the results should be useful in
cases where no other data exist. In most cases the average approximation is fairly accurate
compared to a distorted wave calculation. The worst case is for singly ionised at very close lo
threshold energy, where the average approximation could be in error by as much as a factor of
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two. For higher ion stages and for higher energies, the average approximation is within
approximately 10% of the distorted wave.

NEW CO-ORDINATED RESEARCH PROJECTS
In the past year two new CRPs have been started, one on the subject of "Data for
molecular processes in edge plasmas", the other on the subject "Atomic and molecular data
for fusion plasma diagnostics". Each CRP had a research co-ordination meeting last fall and
each group formulated a plan for research in these areas. In addition a new CRP to assess the
overall inventory of tritium in fusion reactors will start this year. This CRP will include
processes that retain tritium as well as melhods to release the tritium back to the plasma.

THE URL FOR THE ATOMIC AND MOLECULAR DATA UNIT IS:
http://www-amdis.iaea.org/
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Electron impact ionization of ions is a process playing a fundamental role in any discharge
or plasma. Measurements of absolute ionization cross-sections for various ions have long
been performed, in the case of single and double or even triple ionization. The data concern
various ion species, negative and positive ones, including multiply-charged ions on which
most of the recent measurements where focused. In addition to the direct electron ejection,
experiments have demonstrated the significant — even dominant in some cases —
contribution of indirect mechanisms to ionization processes. These mechanisms are innershell ionization or excitation followed by Auger emission of one or two electrons.
Furthermore, some experiments have enlightened the existence and importance of resonant
mechanisms such as resonant excitation followed by multiple autoionization.
When polyatomic ions are concerned, dissociation may also take place, following
excitation or ionisation. In these cases, internal potential energy may be transformed into
fragments kinetic energy. In the laboratory frame, these fragments exhibit angular and energy
distributions which are much larger than the primary beam distributions. The angular
dispersion is controlled by appropriate focusing elements but the spatial distribution of
energetic fragments at the exit of the analysing device (here a double focusing magnet) is too
large to ensure their total collection: the actual fraction of detected fragments is determined by
scanning the magnetic field. A total transmission is achieved only for non dissociative
ionization reactions, either atomic or molecular.
Let us consider the dynamics of dissociation fragments. The energy of a fragment ion (A*)
in the laboratory frame is given by:
(E M -q M V h )AE, M +q,V b

(1)

where EM, M, qM are the energy, mass and charge of the primary molecular ion, respectively,
iiu and qA are the mass and the charge of the fragment and u, is the reduced mass. AE<M is the
internal energy converted into kinetic energy (KER) released to fragments and 9 is the
emission angle of fragments with respect to the primary ion beam velocity. Vt, is the collision
region bias potential. From (1), it can be seen that the energy difference between fragments
emitted forward (6=0) and backward (0=;i) may be large (several tens of eV) even if AECM is
small (a few eV). That difference represents die width of the product energy distribution
which can be deduced from the magnelic field scan and this width allows the determination of
ihe KER. A transformation of this distribution also leads to the transmission efficiency.
EXPERIMENTAL METHOD
In the experiments, the animated crossed beam method has been employed [1J. The cross
electron-ion beam set-up is divided in three sections: the incident beam preparation section,
the collision region and the analysis section. In the lirsi section, the ion beam is formed alter
extraction from the ion source. This section includes a magnelic mass selector and appropriate
optical elements [2], In the collision region, the ion beam interacts with the ribbon electron
beam. In the animated crossed beams method, the electron beam is swept across the ion beam
in a linear see-saw motion at a constant speed. In the analysis section, product ions are
13S

magnetically separated from the primary beam which is collected on a Faraday cup. Finally,
product ions are directed by an electrostatic deflector to the particle detector.
In the animated crossed electron ion beam method, the cross section is related to the
measured quantities in the following way [I]:
v p Vj u K

Here, u is the sweeping speed, K is the total number of events produced during one passage of
electrons across the ion beam, vc and Vj, Ie and I;, e and qe are the velocities, currents and
charges of the electrons and ions, respectively. In order to achieve good precision, careful
measurements are needed for all the parameters in equation (1). Details of the apparatus as
well as of the method are given in the reference [2].
RESULTS
Single and double ionisation of Krypton ions: q=10,18
At the meeting, I will review recent experimental and theoretical results concerning
electron impact single and double ionization of Krq+ (q=10-l 8).
The presence of ions formed in melastable states belonging to (he ground configuration is
observed for Kr'2+, Krl4~ and Krl6~ but for Krl8+, the observed metaslable slate belongs to the
lowest excited configuration. The important signals observed below the ground state
ionization threshold indicate that the corresponding metastable state population is probably
dominant for all the concerned ions. It is not possible to estimate the metastable population in
the present experiment.
Tlie comparison of experimental results with the prediction of the semi-empirical Lotz
formula shows the dominant role of the excitation autoionization processes in the low energy
range. The ACDW calculation performed for Kr'8* in the metastable only will be improved in
order to explain most of the experimental observations. The results clearly show the
increasing role of excitation to autoionising states via the 2p-31 transitions. One generally
expects that the ionization cross section reduce as the ion charge increases. In the present
study, the cross section for q=14 exceeds the one for q=15 above the 2p-3p excitation
auloionization threshold. Detailed calculations should give an explanation of this effect.
It is interesting to relate the absence of any spectroscopic data corresponding to the present
studied ions. The one and only source of information being the calculation of Blanke et al [3],
ihe present energy data are, up to now, the first experimentally determined ionization and
excitation thresholds for these ionic species.
The double ionization cross sections are dominated by L-shell ionization followed by
autoionization for q > 14. This process is roughly estimated by the semi-empirical Lotz
formula and the difference does not exceed 30 % at the maximum. The comparison with
recent semi-empirical formulae shows that further improvement for these approaches is
necessary. Resonant capture and excitation processes implying the L-shell are also obtained
for charge slates 14-16.
lonisation and dissociation of polyatomic ions
Absolute cross sections for electron impact iontzalion, dissociative excitation and
dissociative ionization of NT are reported in the energy region from threshold to 2.5 keV. The
experimental procedure has been developed in order to separate ihe contributions from
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different ions with identical charge-to-mass ratio. The maximum KER for both dissociative
processes are determined. The role of slates contributing to different reactions is discussed.
For dissociative excitation, present results are found to be much smaller than the results of
Peterson el al. For ionization, (single and dissociative), a good agreement with their result is
obtained as well as with the prediction of the model of Deutsch et al [4].
References
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CoIIisional and Photon Induced Molecular Synthesis within ice mantles
N.J. Mason, A. Dawes, P. Tegeder and P. Holtom
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Kingdom

Multilayers of molecules condensed on bulk surfaces at temperatures below 270K. are of
great importance in several major areas of modem physical and chemical research:
(1) in (he terrestrial stratosphere where they play a key role in the heterogeneous catalytic
destruction of ozone on the surfaces of ice crystals in polar stratospheric clouds [1], and
(2) in the interstellar medium where they provide a 'habitat' for the synthesis of molecules
[2], indeed such processes are postulated to underpin the formation of those prebiotic
compounds that have been suggested to be the origins of life itself.
The interaction of photons, electrons and ions with a molecular adsorbate produces highly
reactive species (radicals, cations, anions) which can subsequently react with neighbouring
molecules to form new products and hence initiate further chemical and physical processes.
To date there have been few studies of the synthesis of molecules by collisions within
multilayers and these are largely restricted to ion-molecule reactions. In a new research
programme project we are studying neutral atom/motecule-molecule collisions stimulated by
photon, electron and ion impact. Such processes have recently been shown to play an
important role in stratospheric ozone depletion. Solar UV radiation dissociates the chlorine
reservoir species OCIO on the surface of ice crystals composing Polar Stratospheric Clouds
(PSCs)[3]toformCIOOi.e.
hv +

OCIO -»

CIO

O

CIOO

+

0

(1)

and subsequently,
C1O+

->

(2)

This is a process we may describe as photon induced isomerizalion of OCIO. CIOO
(chlorine peroxide radical) is thermodynamically more stable than OCIO, but is kinetically
very unstable and will quickly dissociate liberating Cl atoms which catalytically destroy
ozone leading to an enhanced ozone loss in the siratosphere.
Such mechanisms can not occur in the gas phase since the kinetic energy of the
dissociative fragments (CIO & O) is too high to allow reaction 2 to occur however such
kinetic energies may be dissipated within the film and CIO and 0 trapped for sufficient time
to allow CIOO to be formed.
Recently we demonstrated a second type of atom/molecule process within a thin film
leading to the direct synthesis of a new molecular species within the multilayer. Low energy
eleclron bombardment of a condensed molecular oxygen film was found to lead to the
formation of significant concentrations of ozone through the following mechanism:
e" +

O2

->

O

O

O:

->

O3

+
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+

O

(3)
(4)

the product ozone being detected by anion spectroscopy [4]. This mechanism is analogous to
that proposed to occur in the gas phase in the Earth's stratosphere as part of the Chapman
mechanism for ozone formation i.e.

O +

Iiv

+

O2

->

O

+

O

(5)

Oi

+

M

-»

Oj

+

M

(6)

M being a third body (usually O2 or N;) necessary to ensure that the produced ozone (formed
in excited vibrational states) is de-excited to remain stable, within the multilayer adjacent
oxygen molecules or the bulk may act as the third body M greatly enhancing the rate of
molecular synthesis.
(a)
(b)
(c)

Figure 1: Molecular synthesis on a dust grain in Intcntcllnr Spucc. (a) Atoms accrete to the cold grain
surface, (bl An icy mantle is Conned as atoms react to form simple molecules. The mantle is processed by
stellar radiation as simple molecules are photolyscd to form radicals, which react to form mote complex
molecules, (c) An inner mantle ot'organics is formed, protected by an outer layer of volatile ices.

Such processes may also occur in the interstellar medium (LSM) and may explain the
synthesis of many of the molecular species recently observed by astronomical telescopes. For
example in the ISM synthesis of many of the larger polyatomic species recently observed by
the Hubble telescope (e.g. the amines, acetic acid and glycerol) may be explained by
photolysis of trapped species in the ice mantles coating ISM dust grains (Figure 1). Most
recently it has been postulated that ion bombardment of the ice surfaces of other planetary
bodies can not only lead to the formation of new chemical species but can significantly alter
the albedo of the planetary surface! For example abiolic ozone found on Rhea and Dione
(two satellites of Saturn) and on Ganymede (a Jovian moon) is postulated to have been
formed by high-energy charged particle impacts of oxygen or carbon dioxide molecules
trapped in the water ice forming the surface of such satellites.
A prototype instrument has been constructed (figure 2) in which multilayers of ice with
co-adsorbed molecular species may be formed on a cold substrate at temperatures compatible
with the terrestrial atmosphere, the ISM or planetary bodies. These films maybe bombarded
by UV irradiation, electrons and ions. Molecular synthesis within the mantle is probed by a
combination oflTlR.. UV-vis and mass spectrometry as a function of incident flux, energy
and polarisation - the latter perhaps explaining the inherent chirality of biological systems.
UV radiation is provided by tuneable lamp sources and, uniquely, by utilizing synchrotron
radiation. Electron bombardment will be provided by using a high resolution electron gun and
ion bombardment by using the research accelerator facilities at Queens' University of Bellas).
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Figure 2: UCL Apparatus for Studying Synthesis in Ice Mantles

Wavelength (»
Fiyurc 3: Photoabsorption spectra of water ice after various irradinlion times with zero-order Synchrotron
irradiation.

Figure 3 shows the first results of synchrotron irradiation of a water film. During the
course of several hours continuous irradiation a new feature is observed at 235nm
characteristic of the formation of OH radicals by photolysis of the water ice. These radicals
are isolated and trapped in the ice but may subsequently react with neighbouring molecular
species. An interesting (and unexpected) phenomenon was also observed around 370 nm
where it appears that there is some luminescence from the ice (leading to a negative
photoabsorption!). This may be due to the formation of excited O: molecules formed by the
production of O atoms in the ice and has been observed in some earlier experiments using
flash photolysis and electron irradiation.
These results and others will be discussed in this presentation and future experiments
related to aeronomy, astrophysics, planetary albedo studies and the new scientific discipline
of aslrobiology will be described.
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Stable Isotopes in Global Change Research
Willi A. Brand
Mux-Phnck-lmtihite for Bio^eochcmistry, PO Box 10 01 64, 07701 Jena, Germany
Email: wbrand@hgc-ji>na.mpg.ik

In a globally changing world the composition of the atmosphere, in particular the
abundance of the trace gases plays an important role for life on earth as a whole. All organic
matter is synthesized from water and CO2, which contributes only 0.037 % to the gas volume
of the atmosphere. This quantity, while seemingly small, is at the heart of our concern
because the earth has seen an unprecedented rise of CO2 in the last 200 years. An important
property of CO2 and other trace gases in the atmosphere is the ability to absorb infrared
photons and thus retain some of the heat of the sun scattered at the surface of the earth that
would otherwise be lost to open space. As a consequence the earth has become warmer in the
past [1]. For mankind and life on earth as a whole the question is, how much more the average
global temperature can increase before the consequences may become unbearable.
High precision concentration measurements of CO2 were started in 1958 by CD. Keeling
in Hawaii and shortly after at the South Pole. These measurements have proven to be an
invaluable tool, almost like an earth clinical thermometer, by lightly monitoring ihe
continuous increase and inter- and intraannual variability of COi as well as the phase
difference of these properties between the hemispheres. Other trace gases like CHi and N;O
have since proven their importance as greenhouse gases or in connection with the ozone
chemistry and today are closely observed in a large number of stations around the globe.
Because of the small differences from year to year or inside functioning ecosystems
quantification of the trace gases must be made with utmost precision, stretching the physical
limits of existing analytical instrumentation.
CO2 in the atmosphere is only a small fraction of the global CO? (most of it is dissolved in
the world oceans) and carbon in CO2 is only a small fraciion of Ihe global carbon cycle. In
order to quantitatively understand the processes involved in the rise (and possible future
decline) of CO2 in the atmosphere, all sources and sinks of this gas must be considered and
quantified over space and time. Due to natural fraclionation processes, stable isotopes of
carbon and also - to a lesser degree - of oxygen have proven to be one of the most valuable
tools in understanding the fate of CO: during photosynthesis, respiration, biomass burning
and fossil fuel combustion. The isotope ratios n C/'"C and '"o/'^O must, however, be
measured with very high precision over long time periods in the atmosphere and in fossil
proxies of ancient atmosphere. Such proxies are for instance the large ice shields over
Greenland and Antarctica. From measuring stable isotopes of oxygen in ice at Ihe Vostok
station we have a complete record of the climate changes of the last 440000 years with
dramatic changes of the global temperature through several ice ages. From such studies we
have learned that the current warm period that started about 10600 years ago is unusually
stable. Most of (he time, the earth was colder than today, interrupted by shorter warm periods.
CO2 concentration has remained below 300 ppm during the whole lime frame covered,
compared to 380 ppm today.
The presentation will focus on the role of stable isotope measurements or measurement
techniques in our understanding of the changes of the global biogeochemical cycles, in
particular Ihe carbon cycle thai «e are witnessing a( present.
[1] [PCC report 2001
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Dissociation of macromolecules; a slow process studied with FTICR-MS
Ron M.A. Heeren
FOM-lmtitute for Atomic and Molecular Pltysics, Kruislaan 407, ]()98 SJ Amsterdam. The Netherlands

Collisional induced fragmentation in ion traps is becoming more and more important as an
analytical tool lor structural analysis of macromolecular systems. Low energy activation
tecliniques, which can be applied for extensive periods of time, are especially suited for
macromolecular studies. The determination of activation and dissociation energies of high
molecular weight macromolecules may provide insight into structures/conformations and
functionalities of a wide scope of polymeric systems ranging from peptides, proteins and/or
their complexes (o industrial synthetic polymers. Gas-phase activation/dissociation studies on
isolated/trapped macromolecular and/or their complex ions may potentially relate therefore
bond energies with structural/conformationa! information in solution [1]. It is known that
upon activation ions will gain internal energy which eventually can lead to dissociation [2-4].
Ions can also be excited to an internal energy level below the dissociation threshold [5]. This
may cause slight changes in the conformations of macromolecules and/or their complexes
prior to the occurrence of dissociation. Information on the correlation between small internal
energy changes and conformational changes in biomacromolecules is of special interest for
studies of non-covalent interactions in biomolecular complexes. The experimental
determination of the influence of the collision energy, the initial ion temperature and even the
mass of the ions on the conversion of kinetic energy into internal energy are subjected to
further investigation.
The measurement of the internal energy deposition was achieved by the so-called pumpprobe experiments. Details to construct ion breakdown diagrams at different temperatures
have been published previously [5]. Briefly, the cell was first heated up to a certain
temperature and then kept constant, while ions generated in the external ESI source were
transferred into and trapped in the ICR cell. A delay of at least 60 seconds was set to allow the
ions to equilibrate (thennalize) with the hot cell walls and eventually reach the temperature of
the ICR cell by the absorption of IR photons during blackbody infrared irradiation. Then the
ions were probed by a series of on-Tesonance excitations with different excitation energies to
induce dissociation. The breakdown diagrams were constructed by plotting the ion survival
yield of the isolated ions versus the laboratory-frame kinetic excitation energy.
To perform the ion survival yield versus the ion temperature (pump-probe) experiments,
the ICR cell was also first heated up to a certain high temperature. After the ion introduction
and isolation steps, the ions were pumped up to a certain internal energy level by blackbody
infrared irradiation from the hot cell walls during the long ihermalisation delay (60 s) and
subsequently probed by an on-resonance collisions! activated dissociation pulse with a fixed
excitation energy. Then the healer was switched off and the temperature started to drop down.
During this cooling process, a series of on-resonance collisional excitation pulses were
applied to dissociate the ions and to probe the iniernal energy change at different temperatures
by plotting the ion survival yield versus the temperature of the ions. In fact, three different but
fixed laboratory frame kinetic energy pulses were applied to probe the internal energy change
at different temperatures.
We have employed a very similar methodology for the separation isomeric structures,
based on a difference in activation energy. The methodology is based on the creation of an
isomerically depleted ion population. This depleted ion population is subsequently
investigated by means of CAD and BCD to assess the occurring structures. This DoDIP
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(Dissociatton of Depleted Ion populations) method has been employed for the study of
structural changes in synthetic polymers as well as the molecular aging phenomena in
phospholipids from egg-tempera based paint systems. In addition FT1CR-MS offers the
possibility to perform a sequence of experiments to investigate the internal energy loss rate.
Both experimental results, using our Ihermostated 1CR cell and theoretical calculations
demonstrate that the main internal energy loss mechanism after collisional activation is
radiative cooling.
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New View of the Surface of Salt Solutions with Implications for
Atmospheric Chemistry
Pavel Junewirth1 and Douglas .1. Tobias2
1) J. Heyrovsky institute of Physical Chemistry, Academy of Sciences of the
Czech Republic, and Center for Complex Molecular Systems and
Bioiuolectttes, Dolejsknva 3. 18823 Prague 8. Czech re/ntblic.
2) Department of Chemistry and Institute for Surface and Interface Science,
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It has been known for almost a century that simple inorganic salts raise the surface
tension of water. Interpretation of this phenomenon via the Gibbs adsorption equation
has led to the generally accepted picture of ions being repelled from the air/solution
interface. Here, we report results from molecular dynamics simulations of a series of
sodium halide air/solution interfaces. In all cases, the simulations reproduce the
experimentally observed increase in surface tension relative to pure water. Analysis of
the simulations reveals that the small, nonpolarizable fluoride anion is excluded from
the surface in accord with the traditional picture. However, all the larger, polarizable
halide anions (Cl'( Br', and I) are present at the surface. Moreover, bromide and
iodide exhibit surfactant activity, i.e. their concentration at the surface is higher than
in the bulk. On Ihe basis of the simulalions a molecular picture of hydrogen bonding
in the interfacial region, which can be tested by surface sensitive spectroscopic
experiments, is developed. The novel microscopic view of the interfacial structure of
aqueous salt solutions is in a stark contrast with the traditional belief (which,
incidentally, is not supported by any direct measurements with molecular resolution)
that the surface of aqueous electrolytes is devoid of ions. The results of the present
simulations have also direct implications for reactivity of aqueous sea salt aerosols in
the marine boundary layer, as well as for bromine chemistry on Arctic snow packs
during the polar sunrise.
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Electronic Spectra of Carbon Chains and their Relevance to Astrophysics
John P. Maier
Institute for Physical Chemistry, University of Basel, Klingelbergslrasse 80, Cll-4056 Basel. Switzerland

The electronic spectra of neutral carbon chains, their cations and anions have been
obtained in the gas phase. Three different approaches have been used. The transitions of the
chain radicals C2nH n=3-6 and of the bare carbons C4, C<, have been delected by cavity
ringdovvn spectroscopy with a supersonic slit-discharge source. The electronic spectra of the
polyacetylene and cyanopolyacetylene cations such as HC^K* and HC2,,CN+ n=2,3 have been
measured at high resolution in cell and jet discharges at low temperatures using frequency
modulation absorption speciroscopy. Carbon anion chains of the type C,,' and CnH" wilh n in
the range 3-10 have been studied by a two colour resonant photodetachment approach. The
electronic transitions of very long polyacetylene chains HC2nH n-4-13 have also been detected
in the gas phase by a two photon ionisations technique. The gas phase spectra obtained in the
laboratory have enabled for the first time a direct comparison with astronomical
measurements in the diffuse medium for polyatomic carbon chains to be made. The
implications of this are discussed.
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EXPERIMENTAL AND THEORETICAL STUDIES OF A BONDFORMING REACTION BETWEEN CF 2 !+ AND X2O (X = H, D)
N. Lambert, S. D. Price and N. Kaltsoyannis
Department of Qwmistry. University College London, 20 Gordon Street, London WCIH OAJ. UK

Abstract
Currently unpublished work from UCL indicates the existence of a bond-forming reaction
between OF?2* and H2O to yield the product ion OCF*. In the current study, reactions of
CF;:+ + DiO were monitored at laboratory-frame collision energies from 3.0 V to 12.0 V
using time-of-flight mass spectrometry. As with the collisions with H;O, reactions with DzO
also yield the OCF* product. In addition, V* and HF' were not observed. This indicates that
the products of the bond-forming reaction are OCF*, Hf and neutral(s). Results also suggest
that greater yields of OCF* are produced in collisions with DzO rather than with HjO.
Computational methods were used to probe the potential energy surfaces of the bondforming reactions of CF22* + X2O (X = H, D). Optimized geometries and vibrational
frequencies of local extrema were calculated using the Gaussian98 program with both the
B3P86 and B3LYP methods. In all calculations the 6-3U++G(2df,2pd) basis set was used.
These structures and their energies and frequencies as obtained by these two methods were
compared. Stationary-point energies were improved by performing single-point calculations
at the CCSD(T)/6-311++G(2df,2pd) level on geometries optimized at the hybrid levels. A
reactive mechanism loosely analogous to that presented by Mrasek et al, [1] for the bondforming reaction of CO22* + H2 has been determined. The products OCF* + H* + HF were
found to lie on the lowest energy product channel asymptote, in agreement with experimental
results. Information obtained from these calculations was also used to determine rate
constants for these reactions using statistical Rice-Ramsperger-Kassel-Marcus
quasicquilibrium theory [2].

Figure 1: A transition state on the CF^" + H2O —• OCF* + H' + HF reaction path
References
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Energy dependence of the reaction rate constants of A r \ A r " and N2+ ions
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Introduction
Dry etching processes using low temperature plasmas in C b and in Ch-noble gas or
nitrogen mixtures are common in the manufacture of semiconductor devices, but their
chemical mechanisms are often poorly understood. It was shown by F.X. Campos et al [1]
that hyperthermal Cl; etches room temperature silicon at least ten times faster than thermal
Ch and that the etching rate increases significantly at Cb kinetic energies larger than 3 eV.
More detailed analysis of neutral mean kinetic energy of Ar, N2, C b in ECR plasma source
has been carried out by R.S. Goodman et. al. [2]. This energy was varied between 0.04 and
0.45 eV. Enhancement in neutral mean kinetic energy has shown a strong correlation with ion
fluxes of atomic and molecular species out of the source for all source gases studied. The
average translation energy of Cl* ions (determined by LIF Doppler method) gave values in the
range 0.24 - 0.61 eV. [3] These values depend also on the gas pressure. It is surprising, but
till now only S.G. Lias [4] has measured some reactions of positive inert gas ions with
chlorine by ICR method. No other reaction rate coefficient can be found in review papers
[5,6] besides our previous reported value [7]. Therefore the aim of this paper is to present the
results of the reaction rate constant measurements of Ar+, Ar**, N2* ions with chlorine as a
function of mean relative kinetic energy.

Experimental apparatus
The Innsbruck Flow Drift Tube (1FDT) apparatus was used for the present investigation.
It has been described in detail in the literature [8], thus only a brief outline of its main features
needs to be given here. Ions were produced in a simple electron impact ion source operating
with variable electron energy instead of hollow cathode discharge source. These ions enter the
drift chamber through a small orifice of diameter 50 urn and through the helium, neon and
argon buffer gas under the influence of an electric field towards the downstream end plate of
the chamber, when part of the ions enter in the analyzing system (quadrupole mass
spectrometry) through an orifice in the end plate. A constant flow of buffer gas through the
drift lube is maintained al a small enough rale, so that the driA velocity of the ions is always
high relative to ihe bulk flow velocity of the buffer gas through the drift section. Addition of
chlorine gas (of research grade purity) to the buffer gas causes a decline of the count rate of
reaclant ions (and an increase of new produced ions) from which the rate coefficient of the
reaction can be calculated in the usual way [8].
Measurement were performed at various E/N values, where E is the electric field strength
and N the buffer gas density in the drill section. The mean relative kinetic energy
KE,m
belween Ihe ions and the neutral chlorine Ch was calculated using the Wanniers formula [9]
in ihe usual way. Then according to [10] the /££,,„ is expressed as:
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(1)
where M, m and M\ are the masses of the reactant neutral ( i n our case C h ) , of the
buffer gas and of the reactanl ions, respectively, vj is the drift velocity of the reactant ions in
the buffer gas, k is the Boltzmann constant and T is the neutral gas temperature (a room
temperature).

Results and discussion
It is common that rate coefficients obtained in drift tube experiments are expressed as a
function of KEal, , derived using Eq.(I). Reaction rale coefficients obtained for the total
destruction of N2+, Ar* and A r " by reaction with chlorine CI2 as a function of KEcm are
shown in Fig. 1, Fig.2 and Fig.3, respectively for different buffer gas pressures.
The reaction of N2+ with CI2 has the large reaction rate coefficients. The remarkable
changes of rate coefficients from 4 x 10"10 cms' 1 to 2 x 10"' e m ' s ' are observed in energy
range from thermal up to a few eV KEm. The dominant reaction is
N2+ + C12 -> CI2+ + N 2

(2)

and for it only decline was observed, so indicating that vibrationally excited N2" either
reacts at the same rate as non-excited N 2 * or that N/f.X, v = 0) is quenched faster (mainly in
He buffer gas) than it does react with CI2. Similar rate coefficients for both vibrationally
excited and non excited N2+ could be expected in case of these two reactions, as both
reactions are fast, even at room temperature and in general fast reactions hardly ever show a
significant influence by the vibrational excitation of the ions.
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There are three important and energetically possible reactions of Ar+ ions with Cb:
Ar* + Cb ->• Cb* + Ar

more than 50%

Ar*+CI2-* c r + Cl + Ar

(3)
(4)

+

Ar + Cb -* ArCf + Cl

less than a few percent

(5)

The branching ratio between reaction (3) and (4) was measured only lor near thermal
energy KEcm. This ratio is similar to that observed by Lias [4] and R.S.Goodman [2]. The
present results for total reaction rate coefficient of Ar* with CI2 shown in Fig.2 are about of
one order higher than those presented by Lias. (1.5 x 10' lo cmV) [4].
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argon in dependence on the mean relative kinetic energy
The reaction of doubly ionized argon ions Ar*'
excimer laser. It can be expressed as
Ar** + Cb -

Cl*

with chlorine Ch is important for
(6)

with an exothermicity of about 13 eV.
Results of our measurements are presented in Fig. 3. It can be seen that this rate constant is of
order I x 10'' em's 1 what is about 3 times higher than that ones (4 x lO"10 cmV) measured
by I. Kuen with F. Howorka [11] and { 2.9 x 10""1 cmV) by S.G. Lias [4],
Conclusions
We have shown that the N2*, Ar* and Ar** positive ions react with chlorine Cb very
fast and that the corresponding reaction rale coefficients depends on die mean relative kinetic
energy KEan. In the case of the reaction of Ar" with Cb, its reaction coefficient depends
also on the buffer gas. It can imply the enhancement of Cb* ions during etching of Si in the
Ar/Cb mixtures. The reaction of He", Ne" and Kr* with chlorine Cb has been also
investigated. The results of these measurements will be published elsewhere [12].
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Introduction:
Collisions of polyatomic and cluster ions with surfaces provide information about
structure, energetics and reactivity of the projectiles. Well defined amounts of energy can be
deposited into the scattered ions, the distribution of the excitation energy being relatively
narrow. Within the last years especially the study of cluster-ion/surface collisions has
attracted the interest of researchers, with the aim to learn about reactions induced within the
aggregate, between the aggregate and Ihe substrate or modification of the latter by
implantation of clusters.
In addition to being of fundamental importance, reactions of polyatomic molecular ions
and cluster ions with surfaces are also relevant to technological applications, such as (i)
secondary ion mass spectrometry, (ii) reactive scattering for surface analysis, (iii) surface
induced dissociation for structural analysis, (iv) surface modifications for the preparation of
novel electronic materials (plasma processing) and (v) plasma-wall interactions in electrical
discharges and fusion plasmas.

Experimental:
Experiments were carried out on a tandem mass spectrometer system called BESTOF (Bsector, E-sector, .Surface, Time-£)f-Flight MS). Neutral clusters are produced in a supersonic
expansion source and are ionized by electron impact in a Nier-type ion source. The ions
produced are extracted from the ion source region and accelerated to 3 keV for mass (and
energy) analysis by a double-focusing two-sector-field mass spectrometer. After passing the
mass spectrometer exit slit, the ions are refocused by an Einzel lens and decelerated to the
required collision energy before interacting with the target surface. Field penetration effects
are minimized by shielding the target with conical shield plates. The incident impact angle of
the projectile ions is kept at 45" and the scattering angle (defined as a deflection from the
incident beam direction) is fixed at 91". The collision energy of ions impacting on the surface
is defined by the potential difference between the ion source and the surface. The potential
difference (hence, the collision energy) can be varied from about zero to about 2 keV with a
typical resolution of about 200 meV (full width at half maximum). The collision energy and a
measure of the projectile beam energy spread was measured by applying to the target a
retarding potential and measuring the (reflected) total ion signal as a function of the target
potential. A fraction of the product ions formed at the surface exits the shielded chamber
through a I mm diameter orifice. The ions are then subjected to a pulsed extraction-andacceleration field which initiates the lime-of-flight analysis of the ions. The second mass
analyzer is a linear tinie-of-night mass selector with a (light tube of about 80 cm length. The
mass selected ions are detected by a double-stage multi-channelplate which is connected to a
multi-channel sealer (lime resolution of 5 ns per channel) and a laboratory computer.
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Results:
In experiments on the surface collisions of acetonitrile molecular cations, both, simple
dissociations of the projectile ion and chemical reactions involving H-atom transfer from the
surface material (followed by dissociations of the protonated projectile ion formed) were
observed. Results obtained for the dimer ions (CD3CN)2+ indicate the formation of the
protonated acetonitrile ions via surface-induced reactions in two ways: (i) an intra-cluster ionmolecule reaction followed by dissociation to form CDjCND^, and (b) a hydrogen pick-up
reaction from the surface material during the interaction of the dimer ion with the surface
leading to CD3CNH* A simple model based on the Brauman double-welt potential, suggested
earlier to explain the occurrence of analogous reactions in acetone cluster ion - surface
interactions, accounts well for the formation of both products. Considerable amounts of nondissociated dimer ions were observed after acetonilrile dimer cation -surface collisions with
energies up to 25 eV. Similarly, both trimer ions (up to 20 eV) and dimer ions (up to 30 eV)
were observed in acetonitrile trinier cation - surface interactions. This indicates that
unimolecular dissociation kinetics governs the product formation for these cluster ion- surface
interactions.
The second system investigated in the frame of the present work deals with the collisions
of ethanol monomer cations (CjHsOH*) as well as protonated ethanol monomer, dimer and
trimer cations, (CjHsOH)^ (n = 1-3), with a stainless steel surface covered by several
monolayers of hydrocarbons. While we studied the interaction of ethanol molecular cations in
the first line to determine the amount of translational energy transferred into internal degrees
of freedom upon (he collision process, secondary ion mass spectra obtained after surface
collisions of protonated ethanol monomer and cluster cations gave evidence of the
unimolecular decomposition of surface excited cluster ions via the sequential loss of
monomeric units. Breakdown pattern of molecular ions without a neutral precursor were
derived for the first time.
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1. Introduction
In the manufacture of ultra-large-scale-integrated circuits, it is necessary to fabricate
predetermined patterns on a scale of less than 0.1 u,m and fine structures with an aspect ratio
of more than 10 on a silicon wafers with diameters of greater 30 cm. This process requires a
well collimated, spatially uniform, high density plasma source operating under low pressure
conditions The main feed gases used by the plasma etching industry are perfluorocarbons
(CF4, C2F6, CjFs, CHFj, and c-CtFs) however these are also strong greenhouse gases and
therefore, tinder the terms of the Kyoto Protocol, must be replaced by alternative compounds
that have low 'global warming potentials' [1]. One possible replacement is CF3I, which due to
its high photolysis rate, is expected to have a very short lifetime in the atmosphere. CF3I is
also predicted to be able to produce high yields of CF3 radical in any etching plasma since it
should be possible to break the weak C-l bond by direct electron impact.
Prior to adapting existing industrial plasma reactors to use CF3I as a feed gas it is
necessary to run simulations of the reactant plasma, such simulations require a detailed
database of the electron interactions with the feed gases (and their dissociation products).
However at present there is a lack of data on electron interactions CF3T. Thus we have
performed an exhaustive series of measurements to measure elastic and inelastic scattering
from CF3I including an exhaustive study of its electronic state spectroscopy using both photon
absorption and electron scattering techniques.
2. Experimental
Two experimental methods were used in these investigations: electron energy loss
spectroscopy (EELS) and photo-absorption spectroscopy. Electron scattering experiments
were performed both at University College London and Sophia University Tokyo.
Measurements of the angular dependence of any discrete electron scattering process were
made by studying the intensity of the scattered electron signal at one specific energy loss and
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at fixed impact energy, [n order to study resonances, the analyser was tuned to transmit only
electrons corresponding to a specific energy-loss channel and the count rate measured as a
function of impact energy. Absolute ctoss sections were obtained using the well known
relative flow technique using helium as the comparison gas.
The photo-absorption spectra were recorded using synchrotron radiation at both the
ultraviolet vacuum line (UVI) of the Astrid facility at Aarhus University, Denmark and on
beam line 3.1 at the UK Daresbury synchrotron facility. In addition, temperature dependent
measurements at long wavelengths were made using the Molecular Structure Facility at the
UK Rutherford Appleton laboratory. Absolute photo-absorptbn cross sections were derived
using the Beer-Lambert law:
I = Ioexp(-nox)

(1)

where n is the target gas number density, c is the absorption cross section, and x is the path
length.
The CF3I gas was purchased from Argo international for the European experiments and
from Takachiho Chemicals Co. Ltd for the experiments performed in Japan all gases were
quoted to have a purity of greater than 99.999%.
3. RESULTS
3.1 Elastic scattering and vibrtttional excitation
Vibrational Excitation Cross Sections for CF,I against
Incident Electron Energy at Different deflection Angles
And Constant Energy Loss = 0.14eV.

6
8
Incident Energy (eV)
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-1CT(DCS60deg)

Figure 1:
A comprehensive set of differential cross sections for elastic scattering CFjI over the
impact energy region from 1.5 to 60eV for scattering angles between 20° and 130° has been
compiled. These will be presented at the conference. At low incident energies (< 6 eV) a steep
increase in the cross section is observed at small scattering angles which may be attributed 10
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the large permanent dipolc-moment of CF3I. As the energy increases from 6 to 8 eV, a new
structure emerges around 90°. This energy region corresponds to the position of a shape
resonance observed in alkancs and fluoroalkaues.
To probe the formation of temporary negative ions (resonances) in electron scattering, the
vibrational excitation function for the 0.14 eV energy-loss peak (mainly the CFj stretching
modes) was measured. This is shown in Figure 1. Below 4 eV there is a steep increase in
cross section and above this energy there are some overlapping structures, i.e. a peak at 5.5
eV, a shoulder at 8 eV, and a long tail up lo 12 eV. These provide evidence for the presence of
shape resonances associated with the composed symmetry of ai (C-Fa') and e (C-l7i') MO's.
3.2 Electronic slate spectroscopy
Photo-absorption cross sections measured by both photon impact and electron energy loss
spectroscopy between 4 eV (300 nm) and 11.6 eV (110 nm) areown in figure 2. Electron
energy-loss spectroscopy provides an alternative methodology for probing the excited states
of atoms and molecules. At large scattering angles and low incident energies forbidden
transitions dominate the observed Electron Energy Loss Spectrum (EELS) while at small
scattering angles and high incident energies allowed transitions are dominant [2]. At electron
energies in excess of 100 eV and scattering angle of zero degrees, EEL spectra may be
directly compared to photo-absorption results, giving cross sectional data free of any
saturation or pressure effects. We have used this technique to explore the photo-absorption
cross section of CF3I above 11 eV, the cut off of die optical window in the synchrotron
experiments.

Comparison of Electronic Excitation Cross
Sections with Photoabsorptton Spectrum.

!

10"(30eV. 15deg)

100ev, 3deg

-Aarhus Photoabsorption Data;

Figure 2:
The photo-absorption spectrum is characterized by three distinct regions. The first region
is a very weak continuum around centered about 4.7 eV. The second consists of four
Id I

prominent band structures observed at around 7.4, 8.1, 9.0, and 9.8 eV, respectively and
contains vibrational structure from 7 to JO eV. The third region (above the ionisation
potential) could only be studied by using EELS and shows additional broad peaks. The lowest
band is more enhanced at lower incident electron energies suggesting that forbidden
transitions are important in this region of the spectrum, while the next four bands show
greater differential cross sections at higher incident energies, a trend characteristic of optically
allowed transitions.
The broad and weak continuous X —* A absorption feature centered at 4.66 eV (266 nm)
with a local maximum cross section of 0.67 Mb is a result of the excitation to an antibonding
orbital along the C - 1 bond (n -» a*) of the CFjI molecule. This band has been assigned to
transitions from the ground X state to the excited A state of the CF3I molecule. Special
attention has been devoted to A band (350-200 nm) excitation due to the prompt dissociation
along the C-I bond caused by the strong repulsive nature of the excited slate. Dissociation
into a ground state (fluorinated)-alkyl radical (CF3) and a ground-slate I (= I ( 3 PM)) or
excited-stale 1* (= I (2Pi.-2)) provides a source of radicals for etching silicon wafers in
industrial plasma reactors. Absolute photo-absorption cross sections for the A band have been
reported in two earlier experiments [3,4] but disagree in the magnitude of the cross section.
The present synchrotron results agree well with the data of Fahr el al [3] while the MSF data
match the results of Rattigan and Cox [4]. Further details on the classification of higher lying
excited states of CF3I will be presented at the meeting.
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MICRA: A mobile FTICR mass spectrometer based on a permanent
magnet
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Performances of a new, compact, easy to move and operate FTICR ion-trap/mass
spectrometer will be discussed.
Combining successfully mobility with the FTICR high mass resolution and powerful ion
manipulation techniques opens up new fields of application, in particular when on-line or insilu measurements are necessary.
Experiments where trapped ions must be irradiated with intense photon fluxes from a large
scale non movable facility (like a Free Electron Laser) are planned, with emphasis on ion
structure determination in the gas phase via 1R multi-photon excitation/dissociation as a
function of wavelength.
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The reaciions of ions with neulral molecules play a significant, and often dominant, role in
the chemistry of many gaseous plasma environments, including the interstellar medium,
planetary ionospheres and industrial plasmas. This has led to many publications reporting
ion-molecule reaction rate coefficients and reaction pathways (product ion distributions).
Such critical data are invaluable in the understanding of the formation and abundance of ions
and neutral molecules present in natural and man-made plasmas, and to predicf how such
plasmas chemically and physically evolve.
There have been many studies investigating the positive ion chemistry of
chlorofluorocarbons (CFCs) [1], and a number of studies have explored the positive ion
chemistry of their replacements, the perfluorocarbons (PFCs) [2-5], In pan these studies have
been undertaken because of their relevance to plasmas, and of more specific interest in terms
of their relevance to industrial plasma processing. Halogenated molecules are commonly
used in plasma processes. In contrast to fluorinated and/or chlorinated species, little attention
has been directed to the reactions of positive ions with bromine containing molecules. Yet a
systematic study of these reactions permits useful comparison with the ion chemistry of fully
and partially fluorinated/chlorinated compounds. This in turn improves our fundamental
understanding of ion-molecule reactions, and ultimately leads, for example, to better models
to predict the optimum conditions needed to operate industrial plasma processes.
In this paper the thermal bimolecular rate coefficients and product ion branching ratios for
the reactions of the positive ions (in order of increasing recombination energy) HjO*, N2O~,
O \ CO2+, CO*, N+, and N 2 ' with the bromine containing molecules CF3Br, CF2Br2, CFBrj,
CF2B1CI, CFBr2CI, CBrClj, CH3Br, CH2Br2, CH2FBr, CHF2Br, CHFBr2, CH2BrCI, CHBrCI2,
CHBr2Cl, CF3CF2Br, and CF2BrCF2Br at 300 K are reported. This represents the most
comprehensive investigation of the positive ion chemistry of brominaled molecules to date,
with nearly all of the experimental data being presented here for the first time. Only the
reactions of H2O+ with CFjBr [6, 7], and 0* with CHFiBr [8] have been previously reported.
Related to this study is a recent study by Spanel and Smith [9], who report the reaction rate
coefficients and product ion distributions for the reactions of NO* and O2* with CHjBr and
CH3CH2Br. Also reported in this paper are the reactions of H2O+ with CHjCH2Br,
CH2BrCH2CI, and CH2BrCH2Br. All the reactions are efficient, with all the experimental
reaction rale coefficients being greater than I0"9 cm3 molecule'1 s'. Dissociative charge
transfer is considered to be the dominant reaction mechanism.
Acknowledgements
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1. Abstract
We investigated the spoiling of meal. Beef (pork) were wrapped into different kinds of
packages (air and vacuum) and stored at 4 "C for 10 (13) days. We measured the emitted
volatile organic compounds (VOCs) in the course of time and found a large increase in these
emissions after a few days of storage. Also a large difference in the spoiling behavior between
vacuum- and air- packed meat was observed.
2. Introduction
The preservation of appearance and quality is essential during the distribution and
merchandising of perishable products like raw meat. The only criterion consumers have at the
point of purchase to select meat cuts is visual appearance. Retail appearance is influenced by
numerous factors, including species and muscle of origin, duration of aging, display lighting,
temperature (1) and numbers of microorganisms (2).
The principal function of preservative packaging is to delay biodeterioration by
restricting the growth of spoilage microorganisms, but to be commercially useful abiotic
deterioration musl also be controlled - like preservation of the meat color. Delaying the
bacterial spoilage of raw meat requires good hygienic condition of the product and low
storage temperatures as well as the use of preservative packaging. Under aerobic conditions,
the dominant spoilage microorganisms are strictly aerobic pseudomonads. They produce
offensive byproducts that cause putrid odors and flavors. Under vacuum, the anaerobic
conditions prevent growth of the pseudomonads, the microflora is composed mainly of
lactobacilli. If the initial numbers of spoilage bacteria are small, meat will be spoiled slowly
by the relatively innocuous byproducts of lactic bacteria. Storage at low temperatures results
in reduced growth of spoilage bacteria (3).
The method currently used for determining the status of meat, with respect to spoilage, is
analysis of the counts of total bacteria and/or specific spoilage bacteria. An obvious drawback
with a bacteriological method is the incubation period of 1-2 days that is required for colony
formation. For enrichment cultures several days are needed.
In the present work we have measured the concentrations of several "spoiling compounds"
in the headspace air of different kinds of meat that was stored at 4 °C. We compared beef and
pork as well as the effect of different kinds of packaging (normal air and vacuum). The goal
of these investigations is to replace the time-consuming bacteriological method by fast
headspace air measurements to facilitate the investigation of a huge number of meat samples
in very short time and to determine the remaining shelf-life of meat during storage from the
emissions.
3. Experimental
The measurements were performed using a Proton-Transfer-Reaction-Mass-Speclrometer
(PTR-MS) system thai allows for on-line monitoring of the concentrations of volatile organic
compounds (VOCs). The system and measuring procedure has been described in detail in
Refs. (4) and (5). The meat samples (about 15 g) were placed in a glass flask (300 ml) that
was incubated at 25 °C. The headspace air was drawn at 114 ml/min by a vacuum pump. 14
J6S

ml/inin of which was led through a heated teflon transfer line into the PTR-MS system for online analysis. The mass spectrometric data were collected ibr m = 20-260 amu.
The meat samples were all cut from the same piece of meat, and each of them was
separately packed and stored at 4 °C in a refrigerator. The emissions of 22 pork samples
packed in normal air were measured one by one in the course of 13 days. Seventeen beef
samples packed in normal air and 16 beef samples packed in vacuum were investigated in the
same way for 10 days. An additional experiment was to measure the VOCs of vacuum-packed
beef that was exposed to air after unpacking and incubated for 2 days at 25 °C after a storage
timeof6.4daysat4°C.
4. Results
In a first set of measurements we investigated the emissions of the pork samples in the
course of time. Typical spoiling compounds (6) detected on mass 89 (ethylacetate,
methylpropionate, propylformate) are shown in Fig. 1. The concentrations started to
exponentially increase after 3.5 days. After about 6 days the concentrations remained more or
less unchanged. This behavior of the emitted VOCs corresponds to a typical bacterial growth
curve. An initial lag phase where the bacteria get used to the medium components is followed
by an exponential increase in the bacterial biomass. After reaching a maximum, a stationary
phase is obtained for a certain time before the number of bacteria decreases. We noticed the
same trend in the emitted concentrations of many compounds like those shown in Fig 1.
Therefore, we conclude that bacteria produce these components.
I * Sum of Ethyl acetate, Methyl propionate, Propyl formeate
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Fig. 1: Concentration of typical spoiling compounds emitted by pork pieces that were
stored at 4 °C for 13 days.
In a second set of measurements we compared the VOCs emitted by beef under aerobic
(normal packed) and anaerobic (vacuum-packed) conditions. The results are shown in Fig. 2
A. While the typical spoiling compounds ethylacetate, methylpropionate and propylformate
(C3-esters) strongly increased with time in the case of the normal air-packed beef, the
vacuum-packed beef showed a strong increase of ethanol. That confirms what we expected.
Under anaerobic conditions (vacuum) mainly heterofermentalive lactic bacteria arc
metabolically active and produce ethanol beside of lactic acid.
16"
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Vacuum packed beef
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Fig. 2: A) Comparison of the emissions of normal air-packcd and vacuum-packed beef in the
course of time: The C3-esters (ethylacetate, memylpropionate, propylfonnate) are
typical spoiling compounds emitted under aerobic conditions (normal air packed beef),
and ethanol is typically emitted under anaerobic conditions (vacuum-packed beef)- B)
A vacuum-packed beef sample was stored after a first measurement (storage time =
6.4 d at 4"C) unwrapped in an open glass flask for 2 days at 25 °C. and emissions were
measured 6.5 and 49.25 h after the first measurement. Ethanol, the typical spoiling
compound emitted by vacuum-packed meat, strongly decreased and the C3-esters
increased.
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We measured also the VOCs of beef that was initially vacuum packed, stored for 6.4 days
at 4 °C, afterwards unwrapped and exposed to air for 2 days at 25 CC. What we can see in Fig.
2 B is that the ethanol concentration was strongly decreasing while the concentration of the
C3-esters was increasing. It seems that aerobic bacteria (producing C3-esters) replaced the
lactic bacteria (producing ethanol) with time. However, lactic acid bacteria can grow under
aerobic conditions but stop ethanol production.
Moreover, the present results indicate, that the emissions of pork and beef under aerobic
conditions (normal air packed) are quite similar.
5. Conclusion
In the present work we have found that the time dependence of some VOCs emitted by
spoiling meat seems to be comparable to a bacterial growth curve. We have shown big
differences in the emissions of normal air- and vacuum-packed meat, which result from
different bacteria living under aerobic and anaerobic conditions.
Encouraged by these results we will repeat the measurements and additionally we will
carry out a bacteriological examination at the same time. The aim of these experiments is to
replace bacteriological examination by fast measurements of the VOC concentrations in the
headspace air of the meal sample to facilitate the investigation of a huge number of pieces of
meat in very short time and to determine the maximum storage time and storage temperature
from the emissions. One also could use this method to investigate the growth of bacteria or
the changes in the microbial composition.
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ABSTRACT
We report the results of experiments aimed at the investigation of the destruction of sporeforming bacteria, which are believed to be among the most resistant microorganisms, using a
novel atmospheric-pressure dielectric capillary electrode discharge plasma. Various wellcharacterized cultures of Bacillus subtilis were prepared, subjected to atmospheric-pressure
plasma jets emanating from a plasma shower reactor operated either in He or in air (N2/O2
mixture) at various power levels and exposure times, and analyzed after plasma treatment.
Reductions in colony-forming units ranged from 10 (He plasma) to 10 (air plasma) for
plasma exposure times of less than 10 minutes.
I. Introduction
The interaction of plasmas with chemical and biological agents, in particular in the context
of sterilization and decontamination has received much attention in recent years [1-5].
Particular emphasis has been on the utilization of atmospheric-pressure plasmas as they do not
require operation in costly vacuum enclosures and thus facilitate the convenient and low-cost
treatment of large surface areas. However, atmospheric-pressure discharge plasmas are
highly susceptible to instabilities and the generation and reliable maintenance of uniform,
large-volume discharge plasmas at or near atmospheric pressure remain formidable
challenges. A new concept 10 generate and maintain atmospheric-pressure plasmas over a
wide range of operating conditions was developed at Stevens Institute of Technology [6,7].
The atmospheric-pressure plasma is produced using a patented capillary dielectric electrode
discharge concept [7] that employs dielectric capillaries that cover one or both electrodes of
the discharge reactor. The capillaries serve as plasma sources, which produce jets of highintensity plasma at atmospheric pressure in a variety of carrier gases under the righi operating
conditions.
Spore-forming bacteria, in particular bacteria of the genera Bacillus, are believed to be
among the most resistant microorganisms. The species Bacillus subtilis has received
particular attention, as these bacteria are easy to grow in a reproducible fashion under
chemically well-defined conditions. As a result, Bacillus subtilis has been the species of
choice in many sterilization experiments in the past (see e.g. Refs. [8] and [9] and references
therein to earlier work). Reliable and reproducible experimental data on sterilization rates
have been obtained by different investigators using a variety of methods and can readily be
compared.
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In ihis paper, we report the results of experiments aimed at the quantitative determination
of the destruction of spore-forming bacteria using a novel atmospheric-pressure plasma
shower reactor [6,7]. We established a straightforward protocol to prepare and characterize
various bacteria including Bacillus subtilis on either glass or aluminum surface supports and
analyze the samples afler treatment by atmospheric-pressure plasma jets emanating from the
plasma reactor using either in He or air (N2/O2 mixture) as a carrier gas at varying power
levels and exposure times. We found significant reductions in colony-forming units ranging
from lO4 (He plasma) to 108 (air plasma) for plasma exposure times of less than 10 minutes.
II. Experimental Details
II.1 The Atmospheric-Pressure Capillary Electrode Plasma
The atmospheric-pressure plasma jets are produced using a patented capillary dielectric
electrode discharge concept [6,7], which employs dielectric capillaries that cover one or both
electrodes of the discharge reactor (see fig. 1). The capillaries produce jets of high-intensity
plasma at atmospheric pressure under the right operating conditions. The plasma jets emerge
from the end of the capillary and form a "plasma electrode" for the main discharge plasma.
Under the right combination of capillary geometry, dielectric material, and exciting electric
field, a steady state can be achieved. In the present study we used PlasmaSol's patented
system [10] either with pure He, air (N;/O2 mixture), or a combination thereof as a carrier gas.
The plasma jets emanating from the plasma source were fired against well-characterized
cultures placed either on glass or aluminum substrates. In the course of this work we
determined both the cell kill rate of the microorganism caused by the plasma exposure as well
as the removal of the residual biomass from the respective substrate (cleaning).
Fie. 1: Schematic diagram of the Plasma Reactor.
it tor E«
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11.2 Characteristics of the Micro-organisms
We used several Bacillus subtilis strains as prototypical examples of spore-forming
bacteria. In some cases, we also used non-spore-forming bacteria (Pseudomonas fluorescens
ATCC 1474) for selected experiments. The growth kinetics of the selected bacteria as well as
the cultivation conditions that were used in die present work has been described previously
[11,12]. The bacteria were sub-cultured on Difco nutrient broth slants. The spore suspensions
were obtained from homogeneous batch cultures grown on chemically defined media.
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111.3 Sample Preparation and Analysis
The protocol for the preparation of the samples for plasma treatment and for
establishing reliable bacterial counts after the plasma treatment consists of the
following steps:
(i) 100 ft] of the stock spore suspension was distributed evenly across a standard microscope
slide within an area of 22 x 50 mm2 and air-dried in a laminar-flow hood. This resulted
in an essentially conlinuous monolayer of biofilm on the slide with patches of bare glass
(total surface coverage in the range from 70% to 80%). Alternatively, the suspension
(200 ul in this case) was placed on aluminum substrates in an area of 50 x 50 mm2.
(ii) The samples were then exposed to various plasma treatments.
(iii) AAer the plasma treatment the biomass was removed from the glass/aluminum substrate
by dispensing a small amount of Tween 80 solution on the surface, removing the wet
biofilm from the substrate surface, and placing it in a Petri dish. This procedure was
repeated until most bacterial mass was removed from the substrate as determined by
optical density measurements of the bacterial count on the substrates using direct
microscopy. We routinely achieved removal rates of up to (and in some cases exceeding)
90%.
(iv) The resulting cell suspension was transferred from the Petri dish into a test tube and
sonicated to disrupt cell aggregates before carrying out the following analytical steps:
• determination of the concentration of colony forming units (CFUs) by plating
• determination of the viability of cells by micro cultivation on agar films [13]
• determination of the viability of cells by staining and direct microscopy [14,15]
• determination of the total amount of solid mass and released nucleic acid by UV/VIS
spectrophotometry
• determination of the total number of residual active cells by respirometry
measurements
III. Results and Discussion
In a first step, we measured the UV/VIS absorption spectrum of the spore suspension
before and after several minutes of plasma treatment. The UV absorption spectrum of a
suspension of Bacillus subtilis shows an increase in the absorption of the plasma-treated
sample belosv 300 nm with a local maximum around 260 nm. This is attributed to the
presence of extra-cellular compounds that are released during the plasma treatment, most
likely DNA, RNA, and proteins and thus indicates the destruction of the cell by the plasma.
However, the increased absorption provides only a qualitative measure of the cell kill rate.
A more quantitative measure of the efficiency of the plasma treatment on the destruction
of the bacteria is the rate constant, k, for cell destruction (the so-called cell "kill" rale). The
kill rate k is determined from a series of experiments in which samples are exposed to the
plasma for varying periods of time (under otherwise constant plasma operating conditions)
and the number of destroyed cells is plotted versus the plasma exposure time. The CFU
number per ml solution plotted as a function of exposure time, y(l) follows an exponential law
of (he form
(i)

y « = yl)-e-<l")

where yo denotes the initial cell density at I = 0 and k is the cell kill rate. When plotted on a
semi-log scale, the data fall on a straight line whose slope allows the determination of "k". It
is often more convenient to introduce a cell hall-life. t|.2. which is defined as t\n = ln(2)/k and
denoles the time required (o destroy half ihe cell population fur a given plasma treatment.

The cell half-life is a particularly useful quantity when one needs to determine the required
plasma exposure to achieve a pre-determined sterilization rate, e.g. a cell destruction of 4
orders of magnitude (i.e. by a factor of 10,000). With our plasma shower reactor operating in
air as the carrier gas, which is of particular utility in many practical applications, we achieved
cell kill rates of up to 1.6 min'1 for glass samples corresponding to a cell half-life of t|/2 = 0.43
min and a plasma exposure time of a little more than 5 min for a cell destruction by a factor of
10,000.
Lastly, we also used the plasma shower reactor with He as a carrier case to treat both airdried biofilms of spores and vegetative cells and bacterial suspensions on aluminum samples.
Because it is in principle more difficult to generate and maintain atmospheric-pressure plasma
jets that fire against a conducting substrate (as opposed to firing against the insulating glass
substrate), we had to work with lower plasma currents (and consequently with lower plasma
densities) in the experiments that used the aluminum substrates. As a result, we obtained
lower cell kill rates under these circumstances of about 0.1 min'1.
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1. Introduction
The evolution of crystalline structure in small elemental clusters, and the convergence of
their binding energy towards the bulk value, have been central topics in cluster science.
Neutral inert gas clusters have served as model systems because the low computational power
that was available decades ago restricted searches for the minimum energy structure to
systems with pair-wise additive interaction potentials [1,2]. Early mass spectrometric analysis
of xenon clusters [3] revealed intriguing qualitative agreement with computational work, but
it was soon realized that those mass spectra revealed properties of charged, rather than
neutral, clusters [4, 5]. The binding energy of charged clusters may be measured by analyzing
the kinetic energy released in the metastable decay of mass selected parent ions, in the present
work we use finite heat bath theory to determine the binding energies of argon, neon, krypton,
oxygen and nitrogen clusters from their respective average kinetic energy releases.
2. Experimental
Details of the experimental arrangement have been published elsewhere [6]. In brief, tlie
apparatus consists of a high-resolution double focusing two-sector field mass spectrometer of
reversed Nier-Johnson type geometry. The clusters are produced by expanding the gas from a
stagnation chamber with a pressure of about 1-10 bar through a nozzle (diameter 10 um or 20
um) into a vacuum of about 10"7 torr. The ensuing neutral clusters are ionised by an electron
beam of variable energy and current. The cluster ions are then extracted by an electric field
and accelerated by 3 kV into the spectrometer. They pass through the first field free region,
are then momentum-analyzed by a magnetic sector field, enter a second field-free region
(length 33.3 cm), pass through a 90° electric sector field and are finally detected by a
channeltron.
MIKE (mass-analyzed ion kinetic gnergy) spectra are measured to investigate decay
reactions of mass-selected ions [7], Spectra are recorded as follows: The magnet is tuned to
the mass of the parent ion, mp, while the electrostatic sector field voltage if is scanned. Stable
singly charged ions will have a kinetic energy of 3 keV and pass at the nominal sector field
voltage of L'n = 510 V. Daughter ions (mass /nj), formed in the 2ff in a spontaneous decay
reaction, will then pass at a voltage

This equation relates the position of a daughter ion peak to the position of the parent ion
peak in a MIKE spectrum. In practice, (he parent ion peak will have a finite width and a
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distinct shape that will also be imposed on the daughter ion peak. If no kinetic energy were
released in the decay reaction, the daughter ion peak would have the same shape as the parent
ion peak, only scaled by the ratio of the electric sector field voltages Uj/Up. However, any
kinetic energy jelease (KER) in the reaction will modify the peak shape of the daughter ion. If
the MIKE peak is strictly Gaussian, then the average kinetic energy can be extracted from its
full-widih-at-half-maximum, AU, from the width of Che daughter ion AU has to be corrected
for the finite width of the parent ion by deconvoluting the fragment ion signal with the parent
ion signal.

Gaussian peaks are observed when the decaying ensemble is (i) prepared in a way that the
internal energy is equally partitioned over all degrees of freedom and (ii) no reverse activation
barrier prevents the production of ions with low kinetic energies. The cluster ions are
produced with a distribution of internal energies in the ion source, but only a distinct subensemble of these ions will decay in the experimental time window of about 20 to 60 us
which we sample by the MIKE scan technique, depending on the mass of the selected cluster
ion. At this time the excess energy is uniformly distributed among all degrees of freedom and
thus we can model the decay reactions with statistical theories. Details of the data analysis
have been presented elsewhere [8].
3. Results and discussion
The smallest cluster ion for which we observe here statistical driven metastable monomer
evaporation is five. The shape of the metastable peaks observed in this work is Gaussian
hence the average kinetic energy release in the center-of-mass system <KER> is extracted
from the width of the peaks with help of eq. 2. Given the KER and the fact that the KER
distributions are Gaussian we can apply finite heat bath theory to derive the transition state
temperalures and the dissociation energies of the cluster ions, (for details see Ref. [8-13]).
In Fig.l we show as an example binding energy values for neon, argon and krypton cluster
ions. The solid dots are derived by using a constant Gspann factor of y = 23.5. Also shown (as
a solid line slightly above the solid dots) are binding energies obtained with a more carefully
chosen, size-dependent Gspann factor. The latter binding energies are 10 to 15 % larger than
the former, depending on cluster size n and monomer mass. The corresponding deviations in
the Gspann factor from the commonly accepted value of y = 23.5 [11] are smaller, but they
exceed the uncertainty of 6 % that Klots had suggested for y for small and medium-sized
clusters, for a variety of different systems and k = 10s s'1 [12]. Hence, the common practice of
using a constant Gspann factor for different cluster sizes,, monomer masses and mass
spectrometers is questionable.
Included in Fig. 1 are binding energies of.argon cluster ions recently measured in our lab
[13]. The reader is referred to that report for a comparison with experimental results obtained
by Stace and co-workers [14,15], and for a detailed comparison with Engelking's alternative
procedure [16] to derive binding energies from average KER values.
For the inert gases Ne, Ar and Kr, the binding energies initially decrease with increasing
size n and then level off at a value above the enthalpy of vaporization of the condensed phase
[17] which is indicated in Fig. 1 as a solid horizontal line. Beyond this general decrease, there
are no features that arc common to all three systems. The local variations for larger cluster
sizes are probably statistical. It should be noled, though, that neither the geometric structure of
small inert gas cluster ions nor the size dependence of their stabilities are expected lo follow a
common trend. For example, the size distributions observed after electron impact ionization

of neutral clusters are notably different in this s h e range [18-21]. Experiments and
computations at various levels of sophistication suggest that the structure of the ionic core
may well be different for neon, argon, krypton and xenon cluster ions [22-27]. Results for
calculated binding energies (Ne [27] and Ar [24]) are designated by the dotted lines in Fig. I.
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Ar'->Ar.;
§ 8
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Cluster size n
Fig.!: Full dots: Binding energies of Ne, Ar and Kr cluster ions calculated from the average
K.ER with finite heat bath theory and a constant Gspann factor of y = 23.5. Solid line:
Same, but with a more appropriate, size-dependent Gspann factor. Open dots: Results
from high-pressure gas phase experiments [28]. Dashed horizontal line: Enthalpy of
vaporization of the bulk [17]. Doited lines: Binding energies calculated forNe n T [27]
and Arn* [24],
Also shown in Fig. 1 are thermochemical stabilities (AH0 values, open dots) determined by
Hiraoka and Mori from van't Hoff plots of ionic clustering equilibria in a high-pressure mass
spectrometer source [28]. These values are significantly below the values obtained by us.
However, as pointed out by Klots [12], these measurements are subject to systematic errors
which arise from evaporation of cluster ions before mass analysis is accomplished.
We have applied the same method in order to measure kinetic energy release for decaying
N2 and O; clusters ions and derived binding energies from the kinetic energy release data of
these metastable decay reactions. Both, average kinetic energy release <KER> data derived
from the peak shapes and the time dependence of the metastable fractions ofstoichionmetric
oxygen cluster ions show a characteristic dependence on cluster size (U-shape) indicating a
change in the metastable fragmentation mechanism when going from the dimer to the
dekamer ion. The binding energy results obtained are in fair agreement with previous results
based on gas phase ion equilibria measurements and the corresponding bulk value.
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Here we report experimental results of low energy, ~ 0 - JO eV, electron attachment to
formic acid (HCOOH) and nitromethane (CH3NO2). In case of formic acid we observe
HCOO", OH", O" anions whereas electron capture to nitromethane forms NO2", O", OH",
CN", CNO". For the above mentioned ions, absolute cross sections for electron dissociative
attachment were obtained.
Formic acid is the simplest organic acid and is an important prototype molecule. It is
closely related to the possible building blocks of biomolecules so that its properties are of
direct interest for radioastronomy and for exobiology studies. Presence of HCOOH in the
space has spurred the study of this molecule [1,2].
Nitromethane is the simplest and typical organic nitro compound. It can plays a role in
atmospheric chemistry following reaction of CH3 radicals with oxides of nitrogen.
Nitromelhane is also important because of its potential use as propellant. CH3NO2 is polar
molecule with unusually large dipole moment (3.5 D) and there is considerable interest to
study formation and structure of dipole bounds anions [3,4].
fn order to measure a accurate attachment cross sections a highly monochromatic electron
beam is needed. This high energy resolution beam is provided (in our experiments) by a
trochoidal electron monochromator (TEM).
In a TEM the electrons are produced by thermal emission from a hairpin filament. An
electron beam is then formed by a system of three electrodes and enters the dispersion volume
consisting of a homogeneous crossed electric and magnetic field. In this region slow electrons
are deflected more strongly than faster ones. Using an exit aperture with a diameter of 0.4
mm, electrons with a narrow energy spread are selected from the dispersed beam and these
electrons are accelerated or decelerated by a system of two lenses to the desired energy. After
passing through the interaction chamber the remaining electrons are collected and measured
by a Faraday cup. A pair of Helmholtz coils mounted outside of the apparatus produces the
magnetic field necessary for the operation of the TEM. By adjusting the magnetic field and
the electrostatic potentials of (he electrodes the electron energy spread and the electron current
can be varied in a wide range. Nevertheless, these two parameters depend on each oilier and
cannot be adjusted independently. Ions formed in the interaction chamber are extracted
towards the quadrupole mass spectrometer by a very weak electric field. After mass analysis,
the negative ions are detected in a channeltron coupled to a computer data acquisition and
analysis system. The molecular beam is formed by effusion through a 20 yen diameter orifice.
One of the great advantages of a TEM is that the electrons are guided by a magnetic field.
This is especially important for low energy electrons to avoid space charge and to minimize
influence of stray magnetic fields (e.g. Earth magnetic field). Additionally the magnetic field
helps to separate electrons and negative ions in the interaction chamber, thus electrons, which
otherwise would case artefacts in the anion signals, are not extracted by the ion extraction
field.
Using a recently improved version of the TEM [5,6] we are able to produce electron
beams with spreads in the electron energy of about 30-50 meV (full width half maximum FWHM). To determine the energy spread and for calibration of the energy scale we used
measured cross sections for of CI or SFr, produced by dissociative electron attachment to
CCIj or SF(,, respectively.
in the present experiments the electron energy spread (FWHM) used was 140 meV in case
of HCOOH and 150 meV in nitromelhanc. This low resolution was a reasonable compromise

between product ion intensity and incident electron energy distribution. For the calibration of
the energy scale we used the Cl" ICCU system. Samples of 98% (HCOOH) and 99%
(CH3NO:) pure were purchased from Sigma Aldrich, Wien, Austria. The experiments have
been performed at a pressure of about 10"' mbar (HCOOH) and 2x10"* mbar (CH3NO2),
respectively.
Electron impact with HCOOH in the energy range of - 0 - 10 eV produces the three
anionic fragments HCOO~, OH", O" (reaction la-c) with intensity ratios (maximum peak
values) of 240: 10:1,
e-(«1.3eV)
+ HCOOH
-» HCOO"" + H ,
(la)
e"(«7.5eV)
+ HCOOH
-»OH"
+HCO,
(1b)
e"(=7.5or9.2) + HCOOH
->O~
+HCOH.
(lc)

.1

4,0-

t —
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Fig. 1. Formation of negative ions by dissociative electron attachment to formic
acid. The pressure in the apparatus was
10"6 mbar and the electron energy
spread was about 140 meV
a) HCOO7HCOOH
b) OHVHCOOH
c) OVHCOOH).
Electron energy (eV)
C)

These anions are formed through different channels at electron energies of about 1.3, 7.2.
7.5 and 9.2 eV. respectively^ In case of HCOO" generation we observed vertical onset at
1. 15 eV. This experimentally determined onset value does not agree good with a value of
1.30 ± 0.13 derived from the difference between the bond dissociation energy D(HCOO-H) =
4.47 eV (calculated from enthalpy of formation [7]) and the electron affinity EA(HCOO) =
3.17 ± 0.13 eV [7].

Based on earlier measurements of dissociative cross section of Cl'/CCU
[8,9] we obtained estimates for the absolute cross sections for fragments in free
electron attachment to the HCOOH molecule (Fig. 1).

In case of electron attachment to nitromethane we observe formation of five fragment
ions: NO2~, CT, OH", CN~, CNCT with an ion current intensity ratio oflOO : 10 : 2 : 1.5 : 1. In
a complex molecule such as nilromethane, each ion observed may occur at more than one
electron energy. The negative ion signals showed maxima at incident electron energy of about
0,0.7, 2,4.3, 5.6 and 8.7 eV. These anions are produced via the following reactions:
e > 0,0.7)
eX* 5.6,4.3,8.7)
eX* 0,4.3, 5.6, 8.7)
e > 0,-2, 5.6, 8.7)
eX« 0. ~2,4.3,5.6,8.7)

+CH3NO2
+CH3NO2
+ CHjNO2
+CH3NO2
+CH3NO2

-»NO2~
->O~
-> OH"
->CNO"
-> CN"

+CH3,
+CH3NO,
+CH2NO,
+H 2 O+H,
+H ; O+OH.

(2a)
(2b)
(2c)
(2d)
(2e)

For tliese fragment ions produced we also estimated absolute cross section for their
formation, the peak value for dominant NO2" anion having a value of 5.2x 10'22 m2.
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On the separation of enantiomers of I,l,lj2-Tetrafluoroiodoethane by IR
Multiphoton Excitation
JSrg Pochert, Martin Quack, and Georg Seyfang
Physical Chemistry, ETU-ZSrk-h, CH-S093 Zurich, Switzerland

Abstract
We report tlie first attempt to separate euantiomers of cliiral molecules using IR-multiphoton
excitation with circularly polarized light. CF3CHFI has been chosen as its IR-spectroscopy
arid its IR-photoclieuustry is well characterized by our previous work. A theoretical model
based on a master equation is presented to predict the enantiomeric enrichment factor. Our
experimental results show that the experimental sensitivity must be improved to reach the limit
of the theoretical prediction.

Introduction
The infrared laser chemistry of chiral molecules is of potential interest for some of the fundamental aspects of molecular chirality [1], including raccmization dynamics, the possibility of
diiral selection of diastereomers and enantiomers by multiphotou excitation, and the hypothetical influence of the weak nuclear interaction in chemistry. So far, only two classes of chiral
compounds have been the subject of detailed studies concerning their infrared laser chemical
properties, the chiral sulibxidee [2], and the (monojfluorooxiranes [3, 4J. Our investigations of
sulfuxidcs proved for the first time [6], that isotopic diastereoisomcrs can he separated by multiphoton excitation, due to their slightly different vibrational transition frequencies. However,
the possibility of enantiomcr enrichment by infrared laser radiation has rjot been investigated
previously, mainly because of the difficulties related to highly accurate enantioselective analysis
of racemic mixtures of the possible candidates. .Vow, for the chiral CF3CHFI these difficulties
have been solved, analyzing the racemic mixtures before ami after irradiation by means of chiral
gas chromatography.
TfetraJluoroiodoethane has many advantages for experimental investigations of Hi multiphoton
excitation and laser chemistry. Its infrared laser chemistry [6] and spectroscopy were subject to
previous studies, including a detailed analysis of the influence of a chiral, symmetry breaking
coupling on the infrared spectra of the C-H chromophore [7, 8]. CF3CHFI contains a strong
infrared cliroinophore moiety (C--F) with an integrated band strength of G — 2.3 pm 2 . The
low threshold energy of Br - : 18400 eta" l for the CM bond fission leads to a simple primary
dissociation step in IR-laser chemistry.

Theoretical Model for Enantiomeric Enrichment During IR-Multiphoton Excitation
Our theoretical treatment of the enantionieric enrichment, by infrared multiplioton excitation is
based on the vibrational circular dichroism of the pumpwl chromophore vibration. Irradiation
with circularly polarized (CH) light leads to a slightly mow efficient excitation of one of the two
ciuuitioitiers, giving rise to a higher product yield. This effect etui be calculated approximately
using the master equation [!), 10, 11]. Assuming that the difference in the efficiency of the
multiphoton excitation with CP-light for the (R) and (S) eiuuitioiners is essentially determined

by their differeut integrated band strengths GS,R, we can apply the master equation with a
modified rate coefficient for up-pumping, given by

K,M+l.M

CG(l±g/2)I(fM

=

(1)

where the symbols have been defined previously in [9, 10, 11] and g is the (Kuhn) auisotropy
factor 112, 131
AG
at
,„.
5= ^ = ^(2)
AG represents the difference between the integrated band strengths of the vibration excited
for (R) and (S) enantiomers, irradiated with circularly polarized light. In equation (2) g is
furthermore related to the rotatory strength if. and the dipole strength V of the vibration [14],
molecular quantities which can be measured or calculated ftb initio [15, 16,17]. In equation (1)
we assume the approximate validity of the chromophore principle [9,10,11] not only for G, but
also for y, meaning that both quantities are constant over a wide range of excitation energies.

Enantiomeric enrichment, experiment and theory
To investigate the possibility of chiral selection by infrared multiphotou excitation, we performed
experiments irradiating racemic mixtures of tetr&lluoroiodoethane with CP- radiation, using the
laser lines 9R24 and 9R28 under various experimental conditions. The results are summarized
in table 1. Within the experimental accuracy of our analytical method of typically 0.1%, no
euantiomeric enrichment could be achieved. Experiments with higher total pressure where collision&l deactivation should increase the selectivity because more photons are absorbed until the
reaction threshold is reached again gave no significant deviation from the racemic ratio.
cm" 1
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1083.5
1074.7
1074.7
.1.074.7
1074.7
1074.7
1074.7

Pi«l
mbar
11
11
11
11
11
11
11
27
43
17.S

PI

Jem
—
0.7
0.5
0.6
0.7
O.«
0.5
1.4
1.9
1.1

N

n

Yield/

4
4
4
4
4
4
i
4
4

%
—
50
25
60
30
30
20
30
50
41

2

—
8640
13500
23000
901X1
18000
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5600
2300
10070

7..

0.999
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1.004
1.004
1.002
1.007
0.98!)
1.004
1.003

0.005
0.014
0.0024
0.004
0.007
0.007
0.008
0.04
0.008

[0.013

Table 1: Summary of the experiments on chiral selection of tetrafluoroiodoethanc. N, Pexl: and
F arc the number of multi ruode laser pulses, the excitation wavenumber, and tlw. laser fluencc
in the experiments. /•'(<* is tlie total pressure (reactant: always p = 0.5 tnbar CF.-jGHPI plus
additional N2), and n is the nuiubor of experiments. The first line rfi;>resents the result at the
analysis of the reactant without laser irradiation. For each experiment the reaction yield was
determined by IR spectroscopy. The mean enantiomeric ratio {{«.'] /ev)) was measured by chiral
gas cliTomatograpuy with the error AiU-i/e-z)) given as 95% confidence interval.
In tho biinulfttzon u master niuniion wtxft ajijilicd fur ditfertMit vnlueti of <j ami no significant
influence from possible nonlinear intensity effects (case C, (10, II]), even at very low laser

is:

intensities (/ < SMVean'2), was observed. An almost linear dependence of the static yield
ratio as a function of the anisotropy factor g is found for different laser flneuces. The slope
is close to one for all laset fiuences. Therefore the effect of chiral selection by multiphoton
excitation scales linearly with the anisotropy factor g or the vibrational circular dichroism AG:
(3)
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Figure 1: Ratios of apparent yields P^, Pjj^, in logarithmic scale are given as a function of
laser fluence for different values of the anisotropy factor j . (Symbols), g; (A): 4.78-10"3; (o):
4.7640""*; (0): 4.76-10"5; (+): 4.76-10"'. The hypothetical single photon selectivity is given as
dashed line (g =4.78-l(r').
Tin's finding is consistent with the usual stepwise excitation of the reactant in infrared laser
chemistry, whereas for direct absorption of n photons one might expect a scaling with (AC?)".
Figure 1 shows the fiuence dependence of the static yield ratio for different anisotropy factors.
Here, increasing cnauiiomeric separations are observed for decreasing laser flueuces. These data
can be compared to the hypothetical single photon case which are shown for the smallest value of
9 as a broken line iu the figure Concerning chiral selection, stogie and multiphoton excitation
of tetrafluoroiodoethane differ by a factor of 15 for small laser fineness ( P = 0.25 Jem" 2 ).
This enhancement is comparable with the number of absorbed IR-photons. For higher laser
flueuces coutributious from the steady state regime are more important arid the chiral selection
approaches the value for single photoa excitation.
To simulate a realistic experiment, we have calculated the vibrational circular dichroism of
tetrafluoroiodoethane ab initio. For the «c-F chromophore vibration a value of g = G.75 • 10""'
was obtained (.17). If one chooses a laser fiuence of F ~ 0.5 Jem" 2 , one finds that a maximum
«uautk>meric excess is obtained with the number of laser pulses chosen to be JVIIIU = 2280. We
then get static yields of Pjfc, - 1.09406U • ID"2 and 1'-^ = 1.093610 • 10" 2 . The calculated
erumtiotrieric excess is ee = 2.1 • 10" 4 , one order of magnitude beyond the sensitivity of our
experiments vising chiral gas chrornatograpby with an uncertainty of about Aee. = 2.5 • ltl" 3 .

Summary
We have previously <!otemiim;d for the first time liypcrfini.' slAte sc.lw:t«l product distributions
In IR-multiphoton excitation with the examples CF:il, C(iF»I and OF3CHFI [6]. Here, several
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major new results were obtained for the chiral compound CF3CHFI. A first experiment was
performed, resulting in enantiomer Reparation Iwlow the sensitivity of our analytical technique.
In principle one can. think of increasing the sensitivity, for example by averaging individual gas
cliroinatagraiim. Parallel to the experiment, enantiomer enrichment was calculated, implementing the vibrational circular dicliroism into the statistical theory of uiultiphoton excitation. The
simulation of a realistic experiment, based on the vibrational circular dicliroism calculated ab
initio revealed that the effect is expected to be below the sensitivity of our current experimental
conditions. The calculation points to the fact, that chirol selection in the limit of case B [10] is
approximately linear with respect to the number n of photons absorbed. A larger effect would
be expected in case C [10], i.e. for a smaller chiral molecule such as fluorocoth-ane [3, 4).
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1. Introduction:
The importance of molecular hydrogen and small hydrocarbon ions in the edge plasma of
tokamaks has only been recognized recently. Previous investigations of some of these
molecular ions include photodissociation of H3* [']. neutralization of H:T at metal surfaces
[2], scattering of D;* and D3+ from Au surface [3] and collision-induced dissociation of HD;*
with rare gases [4]. Here we report a iirst systematic study on the interaction of H;*, D>*,
HD*, Hb+ D3~ and HD2* ions, in the collision energy range up to 100 eV, with graphite tiles
from the tokamak reactor Tore Supra in Cadarache and with a hydrocarbon covered stainless
steel surface.
2. Exprimental:
Experiments have been carried out with a tandem mass spectrometer system recently
developed in Innsbruck called BESTOF (El-sector, E-sector, Surface, Time-Of-Flight mass
spectrometer) [5]. The ions were produced in a newly commissioned commercial Colutron ion
source (low-pressure d.c. gas discharge). Ions are extracted from the plasma, accelerated and
focused subsequently by a specially designed lens system into the entrance slit of a double
focusing two-sector field mass spectrometer. After mass and energy analysis the beam is
refocused by an Einzel lens and hits the surface after deceleration to the desired collision
energy by an electrostatic lens system. The collision energy is determined by the potential
difference between the ion source and the surface and can be varied from about zero up to 2
keV. A fraction of the secondary ions produced in the collision process exits the shielded
collision chamber through an orifice, is extracted, accelerated and analyzed in a Time-OfFlight mass spectrometer.
3. Results and discussion:
The collision energy dependence of intact secondary ions H2*, H3+ and their only product
ion observed H+ is shown as a energy resolved mass specirum in Fig.l. In the case of H;~ one
needs higher collision energies as compared to H;* to dissociate the molecule, i.e. the fraction
of the collision energy transformed into internal energy of the projectile ion in the surface
collision process must be higher in the H3* case due to a stronger bonding in this triatomic
molecular ion. This is in accordance with the thermochemistry of these ions, i.e., the binding
energy of H / is approx. 1.5 eV larger than that of H2* [6]. This has been confirmed by
additional studies with the deuterated species Di + and D3*.
Several trends can be deduced from the study of H;*, D2*, Hj* and Dj" ions interacting
with graphite and stainless steel surface:
I. Both, the diatomic and the triatomic hydrogen (deuterium) molecular ion fragment
exclusively into the atomic counterparts. This is in accordance with results concerning the
angular dependence of backscatlering of fceV molecular ions studied [3].
JS5

2. In both cases, hydrogen and deiiterium, the fragmentation patterns are very similar for the
two target surfaces.
3. In contrast, for both targets the ERMS fragmentation patterns for hydrogen and deuterium
ions are quite surprisingly rather different from each other, i.e. shifted approximately by a
factor 1.3 (when going from hydrogen to deuterium) and in addition the slopes arround the
crossing points (full lines) in the deuterium case are less steep.
4. The threshold values and the crossing point values are higher for the heavier hyrogen
molecular ion, i.e., incresing from 26.8 to 29.3 and from 44.3 to 56.5 eV respectively,
when going from the H;* to the H:T case. This is in accordance with the somewhat larger
binding energy of the H* ion in the trialomic ion as compared to the diatomic case. The
same is true for the deuterium case, although in this system all values are much higher than
in the hydrogen case. It is interesting to note that in the hydrogen case for instance the
threshold energies are shifted by about the same order of magnitude as the different
binding energy (appr. 2 eV), whereas the crossing point is shifted by a much larger amount
(appr. 10 eV).
5. Finally, when the data are converted from an ERMs type plot to a VRMS type plot the
ordering in the threshold value and the crossing point value is changing drastically.
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Fig. I. Energy resolved mass spectra of the H2* , Hi*, D f and D.f interacting with a graphite
surface of a Tore Supra tile from Cadarache.
As these studies showed characteristic differences between the two different isotopic
species. We have also investigated the interaction of HD* and HD2" ions yielding further
information on the energetics and dynamics of the break-up patterns for these two ions. A
derailed account of this study will be published elsewhere [7].
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Abstract
We report vibr&tional freqwucieH for all the fundamentals of CDBrCIF as compared to the normal
isotopomer CHBrCIF already reported at SASP 2000. The parity violating potential energy has
been obtained by high quality ab initio methods as a function of reduced dimeusiontess normal
coordinates g and fitted to a multi-dimensional polynomial expansion. This polynomial has been
used to calculate parity-violation induced relative frequency shifts for the fundamentals wi to wn as
expectation values using anhannouic vibrational wavefunctious. Anharmonidty can have A magnifying effect on the relative frequency shift as compared to a harmonic approximation. Furthermore,
we discuss parity violation ill relation to statistical thermodyuauiic equilibrium properties.

Introduction
More than hundred years ago, v»n't Hoff [I] pointed out that if one assumes n left-right
syuimotry of ordinary free space in physics, the heat of formation as well as the entropy of
pnantiomers are exactly equal. This leads to the conclusion that the equilibrium constant for
raz-emization is exactly equal to one. This fundamental symmetry has not beeu questioned
even »hen HUJKI [2] discussed stereomutation tunneling of chiral molecules in quantum
mechanical terms and noted that this symmetry leads to a "good" quantum number termed
parity. A discussion in a much broader context recognize Huntl's considerations as one
special case of molecular chirality, namely de facto symmetry breaking in the "low barrier"
limit [3, 4|: Here, tunneling splitting &±£! dominates and 'diirality' is very short-lived.
Examples are hydrogen peroxido (H2O2) and aniline-NHD (CsH5NHD) which have been
studied by high-resolution infrared spectroscopy as well aa computationally |5). It was found
that here chiral states have lifetimes on the order of 10~J3 to 10~ u s. The other fundamental
case of molecular chirality, the de. irjje symmetry heaking in the "high barrier" limit with a
tunneling splitting much smaller than the parity violating energy difference A^fi' is known
in principle since the discovery of parity violation in atomic physics [6,7] and practically
sine* early quantitative estimates of Apy/i' [8 : 9j. Progress in computational methodology
from early Hartrec-Focl< [8,9] to high quality rtb initio methods using u Multi-Con figurations)
Liueai- Response (MC-LR) approach [10] identified T 2 Sj [llj and SjClj [12] as candidates
with important de lujf symmetry' violation. The hamiltonian for parity violating potentials
in stable molecules [8,9.13-15j. which is based on the neutral current for clcctton-nuclciis
potentials in a nonrulalivistic approximation used in atomic physics, is given by

where nuclear spin effocij; have been neglected. The surns go over nuclei n And elw.tvons
i, where me is the electron mass, c the velocity of light, C?p: FerniUwupliug constant,
p[i)- electron uiotueiiitiin, s(i): electron spin, <^3(r(«) - n(«)): Dinw: cU'lia discrihiition

that confines the interaction to the positions of the nuclei, and [•••]+ denotes the anticommutator. The weak charge <3d is given by iV0 - {1 - 4sin 3 tf w ) Za with Na: neutron
number of nucleus a, Zt: electric nuclear charge, i?w: Wcinberg angle. This hamiltonian
introduces an energy difference between left and right handed molecules, A^E, and the heat
of reaction for stereomutation is [16]

S

R

Arfl0°

(2)

A^E — -i\kfvl where Em. is the expectation value o ' Up, with a spin-orbit perturbed ground state wavefunction (for more details, see [10,
13]). AE p v might be observable following the proposals in
'»*
[3, 4]. It has also been discussed on the last SASP 2000
in Folgaria [17] that a less dihi's
rect route to experimentally
determine the influence of parity violation on molecular properties is to try to observe a
shift of the vibration.-*) frequencies of enantiomers with rek
spect to each other [18,19]. We
have shown [20-22] that the
current experimental accuracy
Figure 1: Energy levri Bcheme (not to scale) for the stereomutation still lacks three to four orders
of (S)-CHBtClF (left) und (R)-CHBrCIF (rijht).
o f magnitude for the measure-

t 4*'

J A^

t_

&

ment of the. relative frequency shift between both enantiomers of CH(D)BrClF in the range of
the CF-stretehing fundamental at about 1078 cm" 1 . Figure 1 shows an energy level scheme
for (R)-CHBrClF (right) and (S)-CHBrClF (left) with AtH$ « 2 x 1 0 ~ u J mol"'.

Theory
The parity violating potential V'p, of CHBiCIF aud CDBrCIF has been determined using the
RPA and MC-LR CASSCF ab initio method [10| along the reduced dimensionlees normal
coordinates ^"for all relevant vibrationai degrees of frewlom. In our early calculations [21,22]
we assumed VJw(v) diagonal in (ft. VpV(y) was then fitte<l to a polynomial expansion in q,
and the relative frequency shift has been determined analytically in the separable harmonic
adiabatic approximation (SHAA) or numeriesllj' in the separable anharmonic adiabatic approximation (SAAA) by solving the vibrationai Schrodinger equation
(3a)
(3b)
« 2
1

Vf#{(f) is pxpaiid<xl in. a polynoi»ial of wt** order and

,}

(3c)

L numerically.
(4)

In our current work we consider treatments where both tb« anharmonic, parity conserving Bom-Oppenheimer potential for vibrationai motion and the parity violating potentials
'>•($ contain coupling!) between several normal modes [23]. |*J) is then tb« Hiitiamionic

18f>

eigenfunction to the eigenvalue £„ of the complete vibrational molecular Hamiltonian H ^
for the upper (u) or lower (1) molecular state, and 5"1 the corresponding energy difference.
The factor of 2 in cq. (4) arises from considering the difference between R and S eniantiomera, which is twice the individual shift. More details can be found elsewhere [16,21,22].
If the total energy of a molecule a separable in the translations!, electronic, vibrational and
rotational degrees of freedom, the total partition function is given by the product
Qtot = QtamQdQ\\liQnil

(5)

(only electronic ground slate populated) and tlie parity violation modifies the individual
contributions to Q1 [16]. The equilibrium constant K^(T] for sticreomutation ey. (2) can be
written as

Results and Conclusions
The normal coordinate dependence of the parity violating potential has been used to determine relative frequency shifts for all fundamentals aad some overtones in CH(D)BrC'IK
in the SHAA and SAAA approximation. The expectation values can also be used for the
calculation of temperature dependent equilibrium constants, iCw,{T).

T = 300K
1.000 000
0.999 999
0.999 999
0.999 999
x re -1.777 343 x 1 0 ' "
1.000 000
0.999 999
e x p ( - A r # ; 7 K T ) 0.999 999
I 0.999 999
x w -3.224 500 x l f r "

000 000 000 014 471 568 444 847
999 999 999 967 755 000 000 000
999 999 990 880 417 660 488 762
999 999 990 862 644 228 933 609
y w -9.119 582 x 1Q-L;'
000 000
999 999
999 999
999 999
y«

000 000 000 000 000 000
999 967 755 000 000 000
316 031 324 536 887 904
315 999 079 536 887 926
-6.839 687 x lO=T!r~~~~

In the table we list tin- ratio of the rotational and vibrational partition functions for (R)aiul (S)-GHBrClF, the oxponential factor and K(T) for 4 and 300 K. At lwv temperature,
the equilibrium constant Kal is smaller implying that the equilibrium is shifted towards the
(S)-CHBrClP, which is also the more stable cnantiomer.
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ABSTRACT
A combination of electron scattering and laser-induced fluorescence (UF) techniques has
been used in the experimental determination of the absolute cross section for the formation of
Si('S) and Si('D) ground-state atoms following the neutral molecular dissociation of Sicontaining molecules such as SiH4 and SiF4 by electron impact. Electron impact on Sicontaining molecules produces - among other species - Si('S) ground-state atoms which are
detected by pumping the Si (3p)2 'S -> (3p)(4s) 'P transition at 390 nm with a tunable dye
laser auid recording the subsequent Si (3p)(4s) 'P -* (3p)2 'D fluorescence at 288 nm.
Likewise, Si('D) ground state atoms can be detected by interchanging the pump and probe
pathways in the above reaction sequence.
1. Introduction
The collisional interaction of an electron (or any other projectile) with a molecule may
result in the dissociation of that molecule. Molecular dissociation induced by electron impact
may lead to the formation of neutral ground-state fragments (neutral molecular dissociation)
or may combine with other inelastic electron scattering processes resulting in dissociative
excitation, dissociative ionization, and dissociative attachment. The electron impact
dissociation of a molecule is not only one of the most important fundamental collisional
interactions between an electron and a molecule, but dissociation processes also play an
important role in many applications including gas discharges, low-temperature processing
plasmas, fusion edge plasmas, gas lasers, planetary, cometary and stellar atmospheres, and
radiation chemistry [1-3], While electron impact dissociation processes have been studied
extensively since the early years of this century, the focus of most experimental studies has
been on dissociative excitation, dissociative ionization, and dissociative attachment processes
[1,2]. This is due to the fact that in these processes the resultant dissociation products are
formed with internal energy and/or charge that can be used conveniently for their quantitative
detection. By contrast, neutral molecular dissociation results in two or more neutral groundstate fragments which are very difficult to detect. Rigorous quantum mechanical descriptions
of molecular dissociation processes are also very difficult because of the complexity of both
the target and the process. However, first results of the application of varialional methods to
the electron-impact dissociation of molecules have been reported in the literature recently
[4,5],
McConkey and co-workers [6,7] were the first to utilize laser-induced fluorescence (UF)
techniques in the quantitative detection of neutral ground-stale dissociation products
following electron impact dissociation of a molecule under single collision conditions.
Recently, Abramzon et al. [8,9] introduced a variant of this LIF technique, which is
conceptually similar to the approach of McConkey and co-workers and differs only in the
details of the experimental realization of the technique. In a first step, Abramzon et al. used
their apparatus in the determination of the absolute N:"(X) ionization cross section as a
function of electron energy following electron impact on N; [8,9]. Here, we report results of
the extension of this technique to ihe electron impact dissociation ol'SiH, and SiFj leading to
the formation of Si('S) and Si(IO ground-state atoms. Silane, SiH.|, is a frequently used
constituent of low-temperalure processing plasmas employed in the fabrication of Si-based

microelectronic devices and other semi-conducting components. SiHU plays a particularly
important role in the plasma-assisted deposition of silicon and amorphous silicon-hydride
(a:SiH) films [10], SiF4 is Ihe most abundant volatile by-product of the plasma-assisted
etching of Si by plasmas with F-contaioning molecules in the feed gas mixture.

II. Experimental Apparatus and Procedure
The apparatus consists of an eleclron-beam and a gas-beam intersecting at right angles
inside a vacuum chamber in conjunction with a tunable laser beam which propagates either
parallel or antiparallel to the electron beam in order to maximize the overlap of the three
beams. Optical detection of the LIF signal from the interaction region is made perpendicular
to both the electron beam and the gas beam. The energy of (he electron beam can be varied
between 5 eV and 400 eV with typical beam currents of 3 uA at 25 eV and 20 nA at 100 eV
and an energy resolution of about 0.5 eV (FWHM). The electron beam is collected in a
Faraday cup which consists of three electrically insulated elements which enables tis to
measure the beam current as well as the beam divergence. The gas beam is an effusive beam
emanating from a multi-capillary array of rectangular shape which is positioned about 8 mm
above the electron beam axis. Roughly 50% of the total gas throughput passes through a
rectangle of the size of the nozzle array in the interaction region. The pushing pressure
behind the nozzle is continuously monitored by a capacitance manometer. The laser system
consists of a pulsed Lumonics EX-520 excimer laser operating at 308 nm (XeCl) which is
used to pump a Lumonics HD-500 dye laser using Exalite 392A as the dye of choice in the
pump wavelength region around 390 nm. The laser system produces 0.0015 nm wide pulses
of less than 10 ns duration of up to 3 ml energy per pulse in the wavefength range from 375397 nm. The laser beam enters and exists the vacuum chamber through Brewster-angle
windows and the beam intensity passing through the vacuum chamber is monitored by a laser
pulse energy meter. The fluorescence from 1he interaction region is imaged onto the cathode
of a cooled Hamamatsu Rl 104 photomultiplier tube (PMT). Spectral isolation is achieved by
a narrow-band interference filler. The output pulses of the PMT are processed by a gated
photon counter whose output, in turn, is directed into a personal computer for data storage and
further analysis. A different dye and a frequency doubler are employed for the measurements
in the pump wavelength region around 288 nm.
The LIF measurements were carried out as follows. After the end of the laser pulse and
after suitable delay had elapsed to allow scattered laser light to decay, a first gate (gate A) of
the gated photon counter was opened for a period T corresponding lo about 5 times the
radiative lifetime of the radiating state. The data in gate A contain the LIF signal, any
residual background and/or noise, and fluorescence produced by the continuous electron
beam. At time T, gate A was closed and a second gate (gate B) was opened for the same
period T. Since after a period of 5 lifetimes any residual LIF signal is negligible, the data in
gate B contain only any residual background/noise and fluorescence produced by the
continuous electron beam. The LIF signal was then obtained as the difference between the
accumulated counts in gate A and gate B.
In Si, we employed the following LIF and detection scheme. Si atoms in the 'S state of
the ground-state (ls) 2 (2s)"(3s) 2 (3p)" electron configuration resulting from the electron impact
dissociation of SiH4 were detected by pumping the (3p) : 'S -> (3p)(4s) 'P transition around
390 nm and recording the subsequent (3p)(4s) 'P -» (3p) : 'D fluorescence at 288 nm. The
pump and deletion pathways were interchanged for the detection of Si(' D) atoms. LIF specira
in Si were recorded for impact energies from 20 eV lo 120 eV. The properly normalized LIF
spectra recorded at different electron energy yield the absolute cross section lor the formation
ofSif'S) following neutral dissociation ofSiHi as a function of energy.
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111. Results and Discussion
The absolute cross section for the N;(X) -» N/(X) is known [8,9]. Thus, its value at 45 eV of
40 x 10"18 cm2 can be used to put the Si('S) cross section on an absolute scale in a
straightforward fashion. We determined a value of 30 x 10 18 crtr a( 45 eV. The errormargin
of our absolute cross section measurement is estimated to be 25%. The measured cross
section (shown in fig. 1 below) rises rapidly from threshold to a plateau around 30 eV and
peaks in the energy range from 50 - 70 eV with a maximum value of about 4 x 10'17 cm2.
The cross section declines fairly rapidly with increasing impact energy. The two data points
at 40 eV were obtained under very different experimental conditions and thus demonstrate the
reliability of the experimental technique. The shape of the cross section is rather similar to
the shapes of various photoemission cross sections of Si and S1H4 reported by Perrin and
Aarts [ 11 ] which all displayed a prominent structure in the low-energy regime around 30 eV
followed by a maximum around 60 eV and rapid decline towards higher impact energies. The
shape of our cross section is rather similar to the shapes of various photoemission cross
sections of Si and SiHj reported by Perrin and Aarts [11] which all displayed a prominent
structure in the low-energy regime around 30 eV followed by a maximum around 60 eV and a
rapid decline towards higher impact energies. It is interesting to note that the total SiH4
ionization cross section has a maximum value of 5.4 x 10'"' cm2 at 70 eV [12] which is
roughly half the magnitude of the total SiRi neutral dissociation cross section obtained by
Perrin et al. [13]. Basner et al. [12] also observed that the ionization of SiHj by electron
impact is entirely dominated by dissociative processes resulting in the formation of various
singly and doubly charged fragment ions.
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Fig. 1: Absolute cross section for the formation of Si('S) atoms following
electron-impact induced neutral dissociation of SiHj as a function of
electron energy.
Measurements of the cross section or formation of Si( S) atoms following electron-driven
neutral molecular dissociation of SiF4 are currently underway as are measurements of
absolute cross sections for the formation of Si( D) atoms following electron-impact
dissociation of both molecules. Earlier attempts to measure cross sections for Si('S)
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formation from Si-organic compounds such as TMS, TEOS, and HMDSO were unsuccessful,
but allowed us to establish upper limits on these cross sections that were on the order of 10"20
cm2 at 70 eV
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Femtosecond pump-probe imaging experiments on Rydberg state photon induced
dynamics in CF3I will be discussed. The femtosecond laser pulses excite the CFjl molecules
produced in a cold molecular beam expansion. The pulsed beam is produced by a small piezo
pulsed valve synchronized to the 1 kHz repetition rale of the regen-amplified femtosecond
laser system.
The angular and energy recoil distribution of the various ions produced in the multiphoton pump-probe exeilation are measured with a sensitive two-dimensional MCP/CCD
detector. The ion optics are configured for velocity map imaging providing a substantial
improvement of the velocity resolution over the conventinal ion-grid extraction optics.
Pump-probe transients for the different ionic fragments will be presented as well as
velocity map images at several time delays. The images give direct information about the
kinetic energy release of the produced fragments and the angular recoil distribution at various
pump-probe delays [1].
The competition between neutral fragmentation and dissociative ionization pathways will
be discussed for both CF3I and CF21;

Images of'the recoil of I' fragments ac a pump-probe delay lime of 0 ' " , 200 "" and 1000"' fs. The molecular
beam is perpendicular to the plane, Uie polarization of the pump laser at 264.2 nm is vertical in the plane of the
images.
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Introduction
The plasma processing technology used in the fabrication of materials for microelectronics
has became one of the most vibrant and commercially successful industries. Despite its high
cost and technical importance, plasma equipment is still largely designed empirically, with
little help from computer simulations. Models of technological plasmas require quantitative
data on the reactions of all the constituent neutral species and ions, especially data on
collisioiial, reactive processes occuring within the plasma.
The molecular reactants currently used (CFi and CaF6) in plasma processing
procedure have been found to be detrimental to the terrestrial environment and global
climate as both are strong greenhouse gases. CFSI and OtFj haw. been proposed as the
next generation of plasma reaotant since both have a low global wanning potential but
still provide efficient sources of CF, CF2 and CFS radicals for the etching of silicon surfaces
(Samukawa et al 1999).
We are developing a joint experimental and theoretical programme to investigate
electron interactions with CK3I and C/F4 and the radical fragments (CPJ. Initial
experimental research has concentrated upon measuring absolute scattering crosa sections
for elastic scattering from and excitation of CF3I at electron energies typical of those
present in commercial plasma reactors. Vibrational excitation cross sections reveal
resonance phenomena which indicate dissociative electron attachment may be important
at low energies leading to injections of anions into the reactor plasma. A complete analysis
of electronic excitation of CF3I has also been performed, revealing new information on the
spectroscopy of the molecule and dissociative pathways leading to reactive CF r fragments.
The theoretical programme is studying of electron collisions with CF t radical using
the UK. molecular R-matrix codes (Morgan at at 1998). The first target to l>« studied is

Method
The It-matrix method is used to study the electron collisions with the CF2 molecular
radical (Burke and Berrington 1993, Morgan, Tftnuyson and Gillan 1998). The general
application of R-matrix method to polyatomic molecules employing the UK polyatomic
R-matrix code has been described in lite literature (Morgan, Tennyson anrl Gilian 1998,
Tennyson and Morgan 1999). The application of these codes to electron collisions with

Clx0v radicals was described by Batuja cl al (2000, 2001a, 2001b).
In the inner region the total wavefuuction describing scattering of an electron by
N-electrou molecule is (Burke and Berrington 1993)

where A is the anti-symmetrization operator, xn is the spatial and spin coordinate of the
H"1 electron, (j is a continuum orbital spin-coupled with the scattering electron and a^i,
aud bnik are variational coefficients determined by our program.
Target

Our calculations on CF3 uBed the 6-311G* Gaussian basis set (Us5p/4s3p) and complete
active space configuration interaction (CASCI) wavefunctiona where the orbitals were
represented by state-averaged pseudo-natural orbitals (NO) obtained from 'all singles and
doubles' configuration interaction (CI) calculations for all target states. In averaging
procedure we included the l A|, *Bj, 1Xii and 3Aj states with a maximum weight given
to the first excited state as this model gave better target properties.
The ground stale dipole moment, calculated using our model (0.448 Debye) Is in a
very good agreement with the experimental data of Kirchhoff and Lidc (1973) 0.469±0.026
Debye and with theoretical calculations of Russo, Sicilia and Toscano (1992) 0.44 Debye.
The details of calculations and comparison with available experimental and theoretical
data are described by Rozum et al (2002).
Scattering model
Our electron-CFz scattering calculations included the seven states X'Ai, 8 Bi, 'Bj, 3Ai,
l
A2 and 'B 2 and continuum orbitals of Faure et al (2001) up to g (( < 4) partial waves.
The range of scattering energies was restricted to the energies below 10 eV. The Born
correction that compensates for the neglect- of terms with higher I in scattering amplitude,
was added to the snmmed cross seetioas.
In order to study the dissociative behaviour of resonances we performed calculations
in which one C-F bond was stretched from 1.8 u0 to 3.7 o«.
Results
Elastic cross sections for OF? were calculated at different gcometries.Thc main feature in
the elastic cross section is the present of n shape resonance of 'JB] symmctry(2A" inC,).
At equilibrium geometry this resonance has position and width of 0.95 eV and 0.18 eV
r<»|wctively. Analysis of the inner region eigenvectors shows that it is a shape resonance
with the extra electron in 36 [ orbital.
CF2 has an equilibrium dipole moment of 0.44 D, which may be enough to support
•A bound state. However, our calculations show that CFa docs not have any bound states
at its equilibrium geometry. With increasing a C-F bond length the JBi ( 2A") resonance
energy curve approaches the ground state energy curve. As one C-F bond length is increased to 3.2 «OJ this resonance becomes bound (see figure 1). The 2Bi ( 2A") resonance
thus displays the classic behaviour one would expect, of resonance supporting dissociative

fcend lenph, i^

Figure 1. Electronic star* energies of CFj as a function ol changing one C-F bond. The
daahed lines represent the resonance energy curves. The dotted line below ground state
curve represcutfi the bound state curve. Curves are labelled by the symmetry in tlie Ca0
(C#J point groups.

Figure 2. TouJ cross sections for electron impact excitat-iou of the first excited .state aD
(*.V in C ) of CFS plotted at different G-P bonds (from 1.8 co to 3.5 a0).
attachment. Asymptotically the resonance dissociates to CF + F " ( *PU) which one would
therefore axpoct W) he a major product of low energy (-ilt^f.ron roHisioiis with Cl'V
l'"ij;ur»^fi 2 presents elftctrcni-irripact etw:tronic excitation cross action fn'irn the ground
slate 'A) ID the first excited states 3 B f . This excitation process is dominated by ihc vAi
( a A') symmetry HI which there IH a proiuiimnt rosomuiue wii.Ii a position HIK! width at
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equilibrium geometry of 5.61 eV and 2.87 cV respectively. This shape resonance binds the
extra electron in tho 7ai orbital.
Conclusions
Our calculations on CF» give resonance parameters &•? well as elastic cross-section arid
excitation cross-sections for the six low-lying excited states, of symmetry 3 Bi, 'Bi, 3 A2,
'Aj, 3Ba and ' B j . These states have vertical excitation energies in the range 2.44 to 10
eV. We have found shape resonances of J Ai and a Bi symmetries at 5.61 and 0.95 eV
respectively. Performing an asymmetric stretch of CF^ we found that J Bi ('JA" in C,
symmetry) resonance is bound at a bond length beyond 3.2 an, providing a route for
dissociative attachment in this molecule (Rozuni et al"2002).
We liave started to perform calculations oti electron collisions with the CF 3 radical.
Only the dipole moment and the Hartree-Fock energy for the ground state of CF S are
known. In order to obtain the target parameters, in particular the vertical excitation energies, we are performing molecular structure calculations using program GAMESS.
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1. Introduction
Trifluoromethyl sulphur pentafluoride, SF5CF3, was recently discovered in stratospheric
air al concentrations of about 0.12 ppt with the tendency to increase at a rate of about 6 % per
year.[l] The molecule possesses several remarkably strong IR bands in the "atmospheric IR
window" (800 - 1300 cm'1). Due to these properties it is considered to be the most effective
greenhouse gas on a per molecule basis in the Earth's atmosphere. By assuming the same
atmospheric lifetime as SFs, the global wanning potential (OWP) of SFJCFJ is estimated to
be 18 000 times that of CO2.P] However, due to the low concentration its contribution to the
overall radiative force in the atmosphere remains at present very small.
In our experiments low energy electron attachment and electron impact ionisation to this
potent greenhouse gas is studied at high energy resolution by means of mass spectrometric
detection of the product anions/cations. A large dissociative electron attachment (DEA) cross
section forming SF5" + CF3 is observed within a very narrow energy range close to zero eV.
In addition, comparatively weak resonances are observed near 1 eV yielding the fragment
ions CF3' and F". In the first direct electron impact ionisalion measurement of this compound
several cations (CF3+, CF 2 \ CF+, SF5+, SF 4 \ SF,+, SF2+, SF+) are delected and their
appearance energies (AE) measured. Some implications for the atmospheric lifetime of
SF5CF3 and hence its global warming potential (GWP) are considered.
Thus, apart from its possible role in the atmosphere, a comparison of the attachment
behaviour between SF5CF3, SF6 [2] and for instance two other SF6-derivatives, namely SF5CI
(chloro sulphurpentafluoride) and SF5NCO (pentafluorosulphur isocyanate) is of general
interest.
2. Experimental
The dissociative electron attachment spectrometer consists of a molecular beam system, a
high resolution trochoidal electron monochromalor (TEM) and a quadrupole mass filler with a
pulse counting system for analysing and detecting the ionic products. The TEM used here has
recently been described in detail.[3] It achieves an energy resolution of 35 meV, for the
present experiments, the instrument was operated at an FWHM of = 80 nieV. a reasonable
compromise between product ion intensity and electron energy resolution. The electron
impact ionization spectrometer consists of a molecular beam system, a hemispherical electron
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monochromator and a quadrupole mass filter with a pulse counting system, too. For negative
ion formation the energy scale was calibrated by recording CV from CCU,[4] for positive
ionization it was calibrated against the appearance energy of cations from krypton.
3. Anion yields
Electron attachment to SF5CF3 in the electron energy range 0-10 eV generates three
anionic fragments SF5*, CFj" and F" (Figure I) with intensity ratios (as monitored by the
count rate at the highest peak of the respective cross section curves) of 1:0.004:0.0007. The
present relative cross section data of SFs' have been calibrated by using the absolute data for
the total cross section reported by Chen et al. [5], the CFj' and F" data by using the measured
intensity ratios.
From thermodynamic considerations of the different bond strengths involved we assign
the observed anion signals to the following dissociative electron attachment reactions
c-(E = 0eV)
+ SFjCFj ->
SF5" + CF3
SF5CF3

CF.i'

e'(E«0eV)
e"(E»0.9eV)

F" + SF 5 CF 2

SFSCF3

electron energy (oV)

electron Eneigy (oV)

ehKtron enefgy (eV)

Figure )
4. Cation yields
The appearance energies of the product cations were derived using a data analysis
procedure described in detail in a recent publication.[6]
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Figure 2 shows the mass spectrum of SF5CF3 together with krypton which was used as the
calibrant of the electron energy for determining the appearence energies. No parent ion was
observed at any incident electron energy suggesting that the lifetime of SFjCF3* is insufficient
for its transit through the quadrupole (< 10 microseconds). Fragment ions observed include
CF* C F / , CF 3 \ s r , SF2+, SFj\SF 4 ' and SF5+. The strongest signal arises from CF3+, a
process that involves the simple rupture of the S-C bond. Due to the similar masses (50,51)
and isotope effects, the signal from C F / may be partially influenced by SF* as may CFj+ and
SF:" (masses 69 and 70 respectively). CF* is also close to S~ (mass 31 and 32 respectively)
but we do not believe that at the low energies used in this experiment any S* will be formed
since this would require complete fragmentation of the parent molecule. This is partly
confirmed by experiments on the related compound SF6 where no S+ ions are formed at
electron energies below 100 eV. Formation of SFj+ + CFj, a process that requires the
migration of single fluorine atom across the S-C bond, exhibits the lowest ionisation
threshold of all the fragment ions produced.
The following table gives the cation reaction processes identified and the corresponding
energetics.
e-(ES 24.44 ± 0.10 eV) + SFSCF3 ->

CF+

e"(ESi7.80±0.50eV) + SF5CF3 -»

CF/

e" (E2 12.87 ± 0.10 eV) + SF5CF3 -*

CF3*

e-(E 2 12.66 ± 0.20 eV) + SF5CF3 ->

SF4

e-(E^15.6± l.OeV)

+ SF5CF3 ->

SF2+

e- (E 2 14.48 ± 0.10 eV) + SF5CF3 ->

SF3*

e-(E 2 12.10 ± 0.30 eV) + SF5CF3 ->

S F / + CF4

e-(E2 16.10± 0.30eV) + SF5CF3 -»

SF 4 + +CF 3 + F

e"(E2 13.16±0.60eV) + SF5CF3 -»

SF5*

In order to obtain information about the dissociation pathways of the SF5CF3" cation and
to compare between the measured AEs and the theoretically predicted ones, we performed
quantum chemical calculations at the MP2, B3LYP levels of theory and with the G2MP2
model chemistry. All methods of calculation predict for the two reactions producing CFj* and
SF.f AE's too low by about leV compared with the experimental values, whereas values for
the cations with higher AE's tend to agree slightly better, the theoretical values being higher
than the experimental ones.
5. Implications for the role of SF5CFj in the terrestrial atmosphere
The chemical reactivity of SFJCFJ is very low as are the photodissociation [7] and
photoabsorption [8] rates. Hence ion-molecule reactions [9] and elecron attachment rates
come into play in determining the atmospheric lifetime and thus the ultimate global warming
potential. As the density of free electrons in the earth's atmosphere is low, the gas phase DEA
may not be at a level to be of relevance in any of the complex cycles in atmospheric chemistry
of SF5CF3.IIO] However, it is accepted 1hat photon initiated heterogeneous chemistry' at the
surface of particles (dust particles, aerosols, polar stratospheric cloud particles) can play an
20}

important role in the destruction of stratospheric species (e.g. the CIO., compounds) [11].
Since electron attachment to SF5CF3 is exclusively dissociative we would expect the
atmospheric lifetime of SF5CF3 to be quite short. Further experiments are however required to
investigate the properties of SF5CF3 on ice and dust surfaces.
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1. Introduction.
Molecular clusters play a key role in the molecular scale explanations of macroscopic
phenomena, being in between the isolated gas phase and the condensed phase. This condition
allows to obtain information on intermolecular forces (dispersive, polarization, and
electrostatic forces) simply by studying the physicochemical properties of isolated clusters
and to extend them macroscopic systems. Weak interactions and hydrogen bond are
particularly relevant both in inorganic as well as biological systems, characterized by high
molecular and chiral selectivity.
Molecular-scale understanding of intermolecular forces and solvation effects can be
performed through gas phase methodologies as laser spectroscopy and mass spectrometry
[1,2]. Only recently these methodologies have been applied to study the physicochemical
properties of chiral systems [3-5], while in condensed phase enantioselective inlermolecular
interactions have been studied in the past by various techniques (NMR, CD,
Chromatography).
In this paper we report on a comprehensive study of the short-range forces operating in the
molecular complexes between several chiral aromatic alcohols (M) and water (solv), through
the application of mass resolved REMPI technique.
2. Experimental methodology.
The experimental setup, which combines a supersonic molecular beam, two Nd-YAC!
pumped dye lasers and a time of flight (TOF) mass spectrometer, has been already described
(5]. Supersonic beam production of the adducts is obtained by adiabatic expansion of a carrier
gas (Ar) seeded with a selected chromophore M and partners solv (hrough a healable pulsed
nozzle of 400 um i.d. The concentration is ma intained enough low to minimize the
contribution of heavier clusters to the spectra. The skimmed supersonic jet (1 mm skimmer
diameter) enters into a second chamber equipped with a TOF mass spectrometer. Molecules
and clusters in the beam are excited and ionized by one or two tunable dye lasers pumped by
the same Nd-YAG laser and the ionized species are detected by a channeltron. The mass
selected photoionization signals are recorded and averaged by a digital oscilloscope and
stored on a PC.
One colour R2PI experiments (lcR2Pl) involve electronic excitation of ihe species of
interest by absorption of one photon hvt and by ils ionization by a second photon Av'j. Mass
discrimination of the ionized complex may be complicated by its fragmentation, due to the
excess energy gained in ionization process [4, 6-7].
The photoionization efficiency curves have been obtained by two colour R2PI (2cR2PI)
sequence: i- the first exciting laser (hvi) is tuned on the S|«-So transition of the species of
interest; ii- Ihe laser intensity is lowered to about 1% of the initial lluence to minimize the hv,
absorption; iii- a second laser (/IV.J) is scanned through the cluster ionizaiion and
fragmentation threshold regions. The photoionization spectra were corrected for the cITecl of
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the electric field strength (200 V/cm) produced by the extraction plates of the TOF
spectrometer.
The binding energy D"o of the M-solv adduct is computed from the difference between its
dissociative ionization threshold AE(M)~ =h vi(M-solv)'+h ^(M++.vo/v) and Ihe ionization
threshold of bare M, i.e. IP(M)=hvi(M)'+hv2(M)r.
The dissociation energy D*o of the ionic
cluster (M-solvf is calculated from the difference between its dissociative ionization
threshold, AE(M)' =h vi(M-solv)'+h VJ[M*+SOIV), and its ionization threshold //>(Msolv)=h
V
*
3. T h e hydration of a r o m a t i c molecules.
Hydrated aromatic molecules are simple model systems for the study of selectivity and
function of biologically active systems. The role of hydrogen bond interaction and molecular
confomiation in these systems has been studied for many aromatic molecule —water systems
[6] and also on molecules of biological interest [8]. R2P1 studies of hydrated clusters of
aromatic alcohols are reported. The measure of shifts and binding energy of these systems can
lead information on the behaviour of water, which can acts both as proton donor and proton
acceptor.

<THN) R H 2 O
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372O0
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Figure I Mass-resolved one colour R2PI excitation spectra of THNR (a) and THNR-H;O (b),
measured respectively at miz =148 and m/z = 166, and at a total stagnation pressure of 3 bar.
In fig. 1, the one colour R.2PI spectra of l-tetralol (THN R ) and T H N R - H J O are shown.
The two bands marked in the spectrum are tentatively assigned to the two axial and equatorial
conformers of THN R . As already found for l-phenyl-1-ethanol - water and 1-phenyl-lpropanol - water clusters a blue shift with respect to the 0o° electronic transition Si <- So of
the chromophore is observed. A blue shift reflects the fact that the interaction forces decrease
upon excitation. The blue shift of the electronic transition in many 1:1 aromatic moleculewater cluster is not unusual and can be related to a O—H — n interaction between water and
the chromophorc. in which water acts as proton donor [8,9],
In fig. 2b the one colour R2PI spectra of I-indanol (1R) is reported. The two stable
conformers predicted from ab iniiio calculation for In molecule, cannot be easily assigned in
the spectrum. The spectra of the two conformers could be superimposed within 1-2 c m ' . A
206

few vibronic bauds calculated in the harmonic calculations, are marked in lhe spectrum.
Experimental shift of the 0"u electronic transition for IR-HIO (fig. 2a) is around 0 cm"1. At
variance with other non cyclic benzylic alcohols, calculations for IR-IIJO predict that in the
most stable structure, IR acts as a proton acceptor towards water, and the O—H —
7t interaction is negligible.
The combination of mass selected R2PI technique and ab iniiio computation has proven to
be an efficient tool in the study of the hydratcd clusters of bcnzylic alcohols produced in the
low temperature envoronment of a supersonic beam.
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Figure 2 Mass-resolved one colour R2P1 excitation spectra of IR (a) and IK-HJO (b), measured
respectively at in/z — 134 and tn/2 — 162, at a total stagnation pressure of 3 bar.
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1. Introduction:
Until the development of the Plasma Ion Mass Spectrometer (PIMS) there was no device
available for measuring the absolute flux of ions in each charge state flowing in the edge
plasma of lokamaks (magnetic fusion devices). Besides the knowledge of the local density in
the edge region the PIMS can give an indication of Ihe average ion temperature of the
impurities [1,2,3]. The charge state distribution and absolute flux of impurities is dependent
on the location and magnitude of the impurity sources and the transport of impurity ions
within the scrape-off layer (SOL) and on closed flux surfaces.
The benefit of mass spectrometry compared to speclroscopic methods is that a full
evaluation of species in the plasma edge can be achieved by this iit-silu measurement at a very
precisely defined point in space [1,2,3]. These measurements are very relevant for next step of
magnetic fusion experiments such as ITER (International Thermonuclear Engineering
Reactor) [4] since the production and screening of impurities in current tokamaks is still not
well understood and ITER will need a low plasma impurity content to reach its fusion energy
goals. JET is currently the closest tokamak in size to ITER in operation today and the only
machine in which both beryllium and carbon can be used as wall materials as is planned for
ITER. PIMS measurements in JET would provide an excellent benchmark for the edge
plasma simulation codes and thus improve our predictions for ITER.
2. Description of the FIMS and its simulation:
The PIMS is a trochoidal mass spectrometer that uses the magnetic field for the
confinement of the plasma as its B-field. Thus only electrostatic voltages are needed for the
operation of this instrument. The specific requirements for the design of an in-silu mass
spectrometer can be summarised as follows:
• The instrument must not be negatively affected by the high magnetic field of the
tokamak. In JET the range of toroidal magnetic fields used routinely is 1 to 3.4 T.
• The ion optics has to deal with a wide spread of initial ion velocities since ihe plasma is
a hot ion source.
• The geometry must be simple so that the relative transmission probability of various
ions is straightforward to model, since there is no practical means to calibrate the
device.
• The intensity of the ion source in the boundary plasma necessitates an attenuating slit to
avoid space charge effects that may occur if loo much current is extracted into the
device.
• The outer shell and entrance slit need to withstand up to 40 MWVm" for periods of
200 ms which corresponds to the lime it takes the JET reciprocating probe drive to
insert and withdraw the probe head from the JET plasma. The bulk temperature of the
probe may transiently reach 500° C.

The JET reciprocating probe drives are located on the top of the torus. Every two seconds
the probe head can be driven into the plasma edge using a fast pneumatic system giving a
typical exposure time of 200 ms to the plasma. The drive system imposes important
constraints on the probe head design:
• The external diameter of the probe must not exceed 40 mm to be compatible with the
JET probe drives. The size also needs to be kept down to minimize the voltage required
since breakdown can be a problem in the plasma environment.
• The probe has to be aligned to within a few degrees with the local magnetic field. The
most common magnetic field on axis (3.0 m major radius) is 2.5 T, so the field for the
reciprocating P1MS probe head at a radius of 3.25 m will be typically 2.3 T (assuming
I/R scaling).
The dimensions of the active components of the JET P1MS are 4.35x8.5x18.5 mm. The
focal length is 5.45 mm as compared to 9.5 mm used on D1TE [2] and TEXTOR [3J. The
ratios of the other dimensions to those in the earlier devices are similar. Due to the space
restrictions the number of collectors has also been reduced to two. The entrance slit is 0.1 mm
in width and made out of a single piece of TZM molybdenum alloy to maximize its power
handling characteristics. Figure I shows the geomeiry of the PIMS as realised in the ion
optics calculations including some trajectories calculated with die ion trajectory program
SIMION 6 for realistic electric and magnetic fields.

Figure 1: Geometry of the PIMS probe as realised in the ion optical calculations.
Ions enter the PIMS through a small entrance slit in the plate perpendicular to the
magnetic field and hence to the other plates in the device. This entrance slit is a symmetry
point in the PIMS such that the potential of the plate thai is level with the slit remains the
same constant potential as the slit. The number of particles reaching the collector regions is a
function of the ion temperature and the sheath voltage along with the electric field across the
device.
SIMION 6 as well as the similar custom written code in JET [2] compute ihe vacuum
electric fields associated with a series of electrodes defined on a rectangular three dimensional
grid through a numerical solution of Laplace's equation. Ions are randomly generated at the
entrance slit with a Maxwellian distribution corresponding to a temperature Tj. and are
accelerated parallel to the magnetic field to allow for acceleration in the plasma sheath. Ions
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are then followed through the structure until they impact with one of the surfaces or exit the
grid.
The most important issue to be calculated in the ion optics simulations is the transmission
of the different charge states of ions we expect to see in the edge of JET. It is clear that the
PIMS is expected firstly to detect and distinguish deuterium and carbon ions of different
charge states plus smaller amounts of beryllium. Simulations were carried out to confirm that
(he geometry of the PIMS chosen has transmission characteristics that are not too sensitive to
sheath voltage and ion temperature, and (hat magnetic field misalignment does not
significantly degrade the resolution.
Our base case assumes an ion temperature Ti = 50eV and sheath voltage, V, = 100V (from
sheath theory V, *3Te). Figure 2 shows the maximum transmission versus charge state for the
base case where the transmission is the current at the collectors divided by the current
entering the device. The results presented here are for the most common toroidal magnetic
field at the probe of 2.3 T. One can see from figure 2 that the ions with high M/Z are mainly
deposited on collector 2 whilst those with low M/Z go to collector I. This is because the ions
reach the collector from the defining slit in one gyro-period and during this time travel
parallel to the magnetic field, see figure 1. Although a single ratio of the two collector
currents would not allow one to distinguish the sheath voltage from the ion temperature, by
using the current ratios for ions with a range of M/Z the problem becomes soluble [21.
o Collector 1
o Collector 2

C2*

C3*

C4'

B<M* C6"

Figure 2: Peak transmission for different charge states of carbon for the base case (see
text).
The effects of small field misalignments will be a crucial point in operating the PIMS in
JET. This is due to the fact that although the toroidal magnetic field is well known ilie
poloidal magnetic field is not so well known due to uncertainties in the radial profile of the
plasma current. The total magnetic field in JET is helical with typical pitch of 15°. In ihis
situation the electric and magnetic fields inside the PIMS may no longer be orthogonal to each
other. Misalignments of ±3" about both axes are considered a worst case and have been
investigated.
Since we will be making measurements under conditions of variable ion temperature and
sheath voltage it is important to ensure that the total transmission (collectors I + 2] is not too
strongly dependent on the edge ion temperature and sheath voltage. Scans have therefore been
done in these parameters for all charge states.
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3. Conclusions:
The edge of a magnetic fusion device is a severe and demanding environment for
deploying a mass-spectrometer, particularly one whose purpose is to sample a high
temperature plasma. Previous experience on small tokamaks has however shown the
feasibility and utility of such devices. However, as the largest tokamak in the world, the JET
environment and probe drive systems place even more severe demands on the design,
including the need to shrink the device dimensions by 43% to give a focal length of 5.45 mm
and fit within an overall diameter of 40 mm. Our simulations of the ion optics of the proposed
device have however shown that we expect good transmission for the high charge state ions
which are predicted to be the most abundant and hence of greatest interest to us. It is clear that
ion optics simulations will be essential to the interpretation of any results obtained from the
device.
Future work will concentrate on developing biasing schemes and minor geometric
variations to optimise the transmission of the lower charge slate ions.
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The photo-ion pair formation process in CFj and CFjCl have been studied in the VUV
between 20 and 55 e V. F~, Fj~. Cl~, Cfe" and FCI~ efficiency curves have been measured and
the role of various excited and superexcited states investigated. Jntravalence transitions,
shape resonance states and two electron processes play an important role in the
pholoahsorption process.
1. INTRODUCTION
Carbon tetrafluoride (CF«) is a basic fluoromethane and is of interest because of its
chemical stability, high degree of symmetry, and the unusual dissociative and optical
emission behaviour of its cationic states [1-3]. CF4 is introduced into the atmosphere by its
widespread use as a fire extinguisher and it is also used in the plasma etching of
semiconductor materials. Freon molecules, such as CF3CI, have been widely used in industry,
for example as refrigerants and aerosol propellants and it is recognised that these compounds
are responsible, via photochemical mechanisms, for the depletion of the earth's ozone layer.
Rydberg and superexcited molecular states which have several different decay channels,
including dissociative autoionization and ion-pair formation, can play an important role in the
photoabsorption processes of such molecules. In the present work negative ton spectroscopy,
which yields information about the precursor excited molecular states, has been used to study
CF4 and CF3CI.
2. EXPERIMENTAL APPROACH
These experiments were carried out at the Daresbury Laboratory (UK) synchrotron on
beamline 5D, which can provide photons in the energy range 20 - 210 eV. The photons
entered the interaction region, via a 2.4mm diameter glass capillary, where they collided with
a narrow gas jet. Negative ions produced by photoabsorption were swept from the collision
region by a potential difference across two grids. The ions were then focussed, by an
electrostatic lens, into a triple quadrupole mass spectrometer. The data was corrected for
higher order radiation. The collision region was kept at a low pressure to avoid secondary
collision effects and the quadrupole mass spectrometer was differentially pumped to reduce
noise from stray electrons.
3. RESULTS AND DISCUSSION
Figures 1 and 2 show the negative ion yield curves, F~ and F2" for CF4, and F~, Fj", CT
and FCP for CFjCl respectively. F~ produced after pholoexcitation of CFj has been measured
by Mitsuke et at [4] in the photon energy range 11-31 eV, while F~ and CI" from CF3CI have
been observed by Schenk el al [5] in the energy range 8-25 eV. The negative ion yield curves
for the other fragments are presented here for the first time. Some of the resonance peaks can
be attributed to valence Rydberg transitions. A term value TR for the Rydberg stale is
estimated using the formula

T

R

L_

-(tf)3

where R denotes the Rydberg energy (13.6 eV), n the nominal principal quantum number and
8 the quantum defect. TR can then be used lo identify the resonance peak energy Ehv from
Ehv = Ip - TR
where I|> is the vertical ionization potential for the molecular parent ion fonned by removal
of the electron from the initial orbital.
3.1 CF 4
The ground slate electronic configuration of the CF4 molecule (in Tj symmetry) is given
by
where the parentheses denote (he Fls , CIs , inner-valence and outer-valence orbitals
respectively [7]. The bonding orbitals are 4ai
and 3t2, while 1e, 4lj and lt[ are of fluorine
lone pair character [8]. In addition there are
unoccupied (virtual) valence antibonding
orbitals 5a° and 5t! which have (C-F)'
character [9]. From combined Hel and Hell
PES studies [10, 11] the vertical ionization
potentials of the outer valence molecular
"rtlO'A,
orbitals I ti , 4t2 , le , 31; and 4ai are known lo
be 16.2, 17.4, 18.5, 22.12, and 25.12 eV
respectively, corresponding with ion states
X -T, , A : Tj , B 2 E , C 2T2 and D "A, . The
inner valence molecular orbitals 2t2 and 3a i
yield vertical ionization potentials of 40.3 and
43.8 eV [12,13] corresponding to the ion states
E : T 2 andF 2 A,.
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The F yield curve (figure 1) from 20 ~> 52
eV was measured with a resolution of ~50
meV, and the Fj" yield was measured with a
resolution of -200 meV. The process of
producing F from CF4 is
CF4 ( X ' A,) + hv -> CF 4 " -> F + ( C F J I *

where CF4" denotes the superexcited or
Photon energy («V)
doorway state which is involved in ion pair
formation. The structure in the first peak has
Figure I: Negative ion yields from CFV Solid
lines represent Rydhcrg states converging on ionic
also been observed by Milsuke el al [4] and
states of the molecule, dash dot lines represent
attributed to two different types of vibrational
shape resonance or quasihound states, and dotted
progression lying on a broad background. The
lines represent virtual orbital limits taken from
EELS studies (5J. Relative to F~ yield.
first is a vibralional progression of lhe
Rydberg state CF 4 " (3t2 -» 4pt2
'T;)
converging lo the third excited ionic state CF4+ (C 2 T2). The second vibralional progression is
tentatively assigned to two Rydberg stales, CF 4 " (3tj -> 5pt2 'T;) and CF 4 " (3t2 -> 6pt2 'T2)
converging to CF/(C : Tj) which overlap with each other. The resonances between 24 and 26
eV are in agreement with those observed previously [4]. These have been attributed to
Rydberg slates converging to the CF4" (D 2 A|) ionic state, 4ai -» 3d, 3b -> 4pl2 and 4at -»
5pl;. We also see evidence ol'these Rydberg states in the F2" yield between 20 and 26 eV. A
1 S 2 0

2 S 3 0 3 5 4 0 4 S & 0 5 5
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comparison with earlier work suggests that the F' peak at 21.5 eV has a cross section of
=5xlO22 cm2.
Above 26 eV the F" yield curve has not been observed before and it can be seen from
figure 1 that there is a marked increase in F~ production. Rydberg progressions converging on
CRf (E 2T2) and CF.T (F 2 A,) have been marked on figure 1 and show possible correlation
with the final large peak in the case of C F / (E : T,). However discrete Rydberg resonances
associated with these inner valence electrons may not be observed since orbital degeneracy
leads to apparent band areas in the photo-electron spectra [14]. It has also been shown
theoretically [15] that ionisation from the F2s (3ai and 2t2> molecular orbitals cannot be
understood on a one particle basis. Therefore ionisation will lead to population of a number of
mixed "shake up" slates that have the same symmetry as the one-electron transition. A spread
of final ionized states will therefore be obtained which will give rise to neutral Rydberg states
which may predissociate into the ion-pair channel. These two hole states may therefore
explain the broad nature of the peak around 37 eV. However, it is also possible that in the 3342 eV energy region promotion of the inner valence electrons into antibonding virtual orbitals
is leading to negative ion production. Electron energy loss [5] has identified ranges of term
values for the 5ai and 5tj unoccupied orbitals which overlap well with the broad peak at «37
eV for both F~ and F2".
None of the processes suggested above can describe the features seen in both negative ion
yields between 26 and 35 eV. We propose that these features are the result of promotion of
the 4t2 and 3t; electrons into shape resonance states. A shape resonance state is a quasi bound
state in the continuum where the outgoing electron is confined by a potential barrier which
results from the interplay of attractive and repulsive forces in the molecule, (i parameter
measurements [14, 16, 17] suggest the presence of shape resonances, in CF<, between 10 and
15 eV above the vertical ionization potential for the outer valence b orbitals. The two broad
peaks in F observed here are ~l 1.5 eV above the respective ionization potentials (see figure
2). The absence of one of these peaks in F2" may result from the different character of the 3tj
(bonding) and 4t? (F lone pair) orbitals.
The large F" continuum beyond the final valence electron lp at 43.8 eV is evidence that
two electron processes play an important role in photoabsorption. Negative ion formation
involving two electron processes has been reported previously in SO2 [18]. The broad features
between 26 and 42.5 eV may also result from ionic Rydberg states converging on the
dicationic states of the parent ion. Auger-electron and double-charge-transfer spectroscopy
techniques [19] have been used to identify a number of doubly ionized states in CF4. These
results show a large number of dicationic states in the energy range of interest, starting at
37.98 eV. Double photoionizarjon/fragmentation studies [20] determined the thresholds for
die ion-pair formation of CF42' into F* + CF3+ (37.6 eV), F* + CF3* (42.4 eV), F + C F (47.5
eV), and C* + F+ (62.0 eV) and these correlate with calculated two-hole states of CF< [21].
These ionic Rydberg states seem unlikely due to the differences between the F2" and F" yields
above 43.8 eV, where two electron processes definitely lead to negative ions.
3.2. CFjCI
The ground state electronic configuration of CF3CI (in Cjv symmetry) is given by
Or)(2a,2le4X3orX4«rX5a,22<?<)(6a|-3<?'7a,::)(8of4e'9af5e'6e*la; 10of7e<) lA,
where the parentheses denote the Clls, Fls, Cls, CI2s, C12p, inner-valence and outer-valence
orbilals respectively [9]. In addition there are unoccupied (virtual) valence antibonding
orbitals lla°, 8e" and 12a? which have (C-Cl)', (C-F)' and (C-F)' character respectively [9].
The ionization potential values for orbitals in the energy region of interest (9ai, 4e, 8a(, 7ai.3e
and 6a,) are 20.2, 2).2,23.8, 26.9,40.0 and 42.5 eV respectively [6].
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The F~ and C\~ yield curves (figure 2) from 20 —• 52 eV were measured with a resolution
of-50 meV, whereas the F : " and FCF yields
were measured with a resolution of ~2O0
meV. The main peak in F" at «21 eV has a
cross section of approximately 2xl0'21 cm5
which is a factor of 4 increase on that seen
in CF«. However the structure closer to the
inner valence region is smaller than that
around 21 eV in stark contrast to what was
observed in CF4. F2" has a similar cross
section to that seen in CF4 which is probably
the result of the mesomeric states of these
molecules which have substantial ionic
character due to the high elecironegativity of
the ligands. The structure observed in the
20-25 eV region for all negative ions
appears to be a result of overlapping
Rydberg series converging on the ionic
states that result from 7ai and 8ai ionization.
Rydberg states assigned using the method of
Gilbert et al [22] have been marked on
figure 2. The Rydberg series involving the
8ai electron appears for all negative ions
except Fi". This may be due to the 8ai
electron having C-F bonding character. This
argument could be supported by the increase
Pholon Energy (eV)
in F;" when the CI3s non-bonding electron is
Figure 2: Negative inn yields rrom CFjCI. Solid
excited into a Rydberg state, which allows
lines represent Rydbcrg states converging on ionic
time for the molecule to distort and form the
states of the molecule, dash dot lines represent
F;~ fragment. Structure is observed in all
shape resonance or quosibound .states, and dotted
channels which cannot be accounted for by
lines represent virtual orbital limits taken from
EELS studies [5]. Relative to V yield.
predissociating Rydberg suites. This
structure, represented most clearly in the FCI" fragment by the peaks at «29 eV and «37.5 eV,
is believed to be the result of neutral transitions of valence electrons into shape resonance
states and unoccupied valence orbitals. Zhang et al [9] have observed a shape resonance in
CFjCI at 2.81 eV above the ionization potential of the Cls electron. It seems that this
resonance state is responsible for the feature at «29 eV which is 2.1 eV above the 7ai
ionization potential. In addition they have also observed virtual orbitals with term values;
7bi+14ai 2.8-3.9 eV and I3ai+9b2 5.3-6.7 eV. The ranges of these virtual orbitals have been
marked on figure 2 and show good overlap with the structure observed. Again, as in CFj, we
also see substantial negative ion signal after the last valence electron ionization potential
suggesting two electron processes.
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Femtosecond and subfemtosecond time-resolved photoelectron
spectroscopy dynamics
P. SiffaloviS, M. Drescher and U. Heinzmann
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M. Hentschel, R. Kienberger, Ch. Spielmann, G.A. Reider, N. Milosevic, T. Brabec, P.
Corkum and F. Krausz
Imlitutfilr Pholonik, T.U. Wlen, A1040 Wmn

The contribution presents a recently performed visible-pump/extreme ultraviolet (EUV)
probe spectroscopy experiment using spectrally selected high harmonics of intense laser
pulses for the study of electronic dynamics on semiconductor surfaces. Transient changes of
surface photo voltage at the p-GaAs(lOO) surface are observed after photoexcitation with 3.1
eV femtosecond laser pulses. The time evolution of the band-bending is probed by measuring
the kinetic energy shifts of the Ga-3d core level photoelectrons after excitation with 70 eV
femtosecond EUV pulses. Carrier transport from the bulk to the surface is observed to occur
within 400 ft after photoexcitation while a subsequent relaxation is determined as evolving on
a picosecond time scale. The technique to isolate an individual higher harmonic of the pulse
without loss of its fs-time structure and to focus the monochromatized radiation on the target
makes use of specially designed nanometer multilayers as narrow band EUV mirrors.
The same technique has been used to realize the first attosecond metrology experiment [1].
The work demonstrates - for the first time - the generation, characterization and use of
isolated bursts of electromagnetic radiation being confined in time to less than 1 femtosecond.
For reasons of cross-comparison, one period of visible light is 2 fs. In order to gain access to
the attosecond regime, high order (n > 55) harmonics of near infrared pulsed (7 fs) laser
radiation have been filtered out at 90 eV by means of EUV multilayer optics. Theoretical
models predict the formation of a light packet much shorter than the generating laser pulse.
The main progress of our work is the development and realization of a visible/EUV crosscorrelation scheme which provides sub-laser-cycle temporal resolution to test this theoretical
prediction experimentally. The kinetic energy of 4p valence photoelectrons from free Krypton
atoms ionised by the EUV radiation in the presence of the laser field was used as the crosscorrelation signal. In this photoionization experiment which looks at the energetic distribution
of the photoelectron at the instant of its creation or shortly later the measured evolution of the
kinetic energy spectrum as a fund ion of the delay between the EUV and the laser pulse
therefore represents a laser field/EUV intensity cross correlation. Thus, the high harmonic
pulse has actually been confined to 650 ± 150 attoseconds.
References
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Summary:
TiN coalings of some microns in thickness were deposited by different reactive plasma
deposition technologies (Magnetron Sputtering Magnetically Assisted, Arc Source Ion
Plating, Sputter Ion Plating Plasma Assisted) on various metal parts. The experiments were
carried out in specially designed plants under variable vacuum and plasma conditions. The
plasma properties of the different processes were investigated by mass spectrometry and the
energy distribution of process relevant particles was additionally determined.
The aim of this work was to find proper processes and conditions for a reliable low cost
deposition of hard coatings at relatively high gas pressures.
The investigations were supported by the European Union in the TIPCOAT-Project: Brite
EuRamBE-38J5/ContractBRPR-CT97-0397
Keywords:
Tribological coatings. Magnetron Sputtering, Ion plating, Arc source, Plasma parameters,
TiN
Introduction:
The growing demand for enhanced performances and durability for mechanical
components, together with an increased use of steel, light metals and workable alloys have
lead, in the last decades, to a wider use of coatings for hardening, protection and low friction.
The best results in this area have been found with PVD (Physical Vapour Deposition)
techniques.
The industrial target of this work was the development of a new PVD (Physical Vapour
Deposition) process and plants, by Ion Plating Plasma Assisted Technologies (IPPA). For this
purpose the alternative PVD-processes had to be modified to coat 3D complex components, at
costs and at substrate temperatures lower than 250 °C. One goal was to coat locally, near
atmospheric pressure, large and heavy forming tools primarly for the car-component industry.
Three main objectives were forseen:
1) Set-up of an isolropic deposition process for the realisation of tribological coatings, even
on surface details not in optical view of the sources.
2) Set-up of a plant operating near atmospheric pressure for only local coating of large
mechanical components
3) Lowering of coating costs through a dramatic shortening of cleaning and deposition times,
[n order to reach these industrial objectives, two innovative solutions were studied
concerning I.P.P.A.:
• "High Pressure Ion Plating":
• '"Multi-Plasma Ion Plating".
"High Pressure Ion Plating" in the range up to 0,1 mbar to obtain high isolropy in coating.
"Multi-Plasma Ion Plating" to enable an indepentend control of ihe plasma for ionisalion of
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the vapourised material and of the substrate bias in the high pressure process. In particular the
generated multi plasmas and their influence on layer properties have been studied.
2. Experiments / Results
Arc sources and planar magnetrons without and with multiplasma configuration have been
used al different working pressures to coat unheated metal substrates at variable distances
between 8 and 25cm.

a)

b)

Fig. I: a) Schematic of an arc source ion plating plant (with the static standard substrate holder)
b) Schematic of a planar magnetron ion plating plant (with a mass spcctromctric plasma monitoring
system). The plant can be used as sputter ion plating plasma assisted, or by insertion of a magnetic
cylinder as dc magnetron sputtering system magnetically assisted.

Under different working conditions the vapour species of the individual coating material
sources was analysed carefully by mass spectrometric measurements with a plasma monitor.
The results for arc source ion plating are shown in Fig.4 and for sputtering in Figs 2 and 3.
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Kig.2: a) Schematic of a magnetically forced de pulsed plasma of a planar magnetron .sputtering source.
b) According energy spectrum of the Ar+ ions. As can be .seen, with increasing frequency of the current
regulated generator the amount and the energy of the ions is strongly increased.
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Fig.3: Energy spectrum of a!) ions of the TiN process in medium frequency biased magnetron sputtering
(Fig.lb). Left: without bias (floating), right: 40V medium frequency (50kHz) bias. As can be seen with
bias ion population and energy again is increased.
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f-'ig.-l: Ifnergy specfra of the Tt+ ions in the reactive TiN arc source ion plating proems (Fig. la) at various Ni
gas pressures (I'lO' 3 inbar to 1*10"' mbar) at constant arc current (Ti cathtKle distance 20ci»0. It is
remarkable how many energetic TH- ions were found even at 10"! mbur gas pi-essure!

From Fig.3 it can be seen that in medium frequency forced dc magnetron sputtering a( lowpressure the amount of Ar* ions is higher than that of Ar*r. Also Nj" is higher than N*, and
(here is no N j ' . T f is larger than Ti2*. and TiN* larger than TiN''.
From the energy spectra of all ions of arc source ion plating it was found that the intensity
ol' N ' is much higher than that of N / . TiN" could also be detected. The intensity of TiN'
increased with rising N 2 - gas pressure. The intensity of TiN"'' was even 10 times higher than
lhatofTf.
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At medium gas pressure in the !0"3 mbar regime the investigated coating methods and
their variants resuhed in films of proper quality but of differences in thickness and hardness
dependend on gas pressure, bias voltage, and on impact angle of the coating material.
Sputter deposited films have a relatively smooth surface. Arc deposited films show more
or less droplets, that are macroparticles emitted from the arc cathode. The degree of source
material poisoning (nitride formation) has some effect on the number and size of droplets
produced such that with increasing degree of arc cathode poisoning, and this happens at
higher Ni-gas pressure, fewer and smaller droplets result.
Mainly the mechanical film properties as hardness, adherence and abrasion resistance are
influenced by many parameters, e.g. substrate material, surface roughness, surface pretreatment, temperature, and so on which are not considered in detail in this presentation.
Increasing the gas pressure improved in all cases the 3D coating uniformity. However, an
increase of the gas pressure from the 10'3 mbar region to about 10"2 mbar decreased more or
less strong the energy and modified the energy distribution of the coating material vapour
species of both, the arc source and the various magnetron sputter variants.
An increase in the gas pressure to about 10''mbar decreased, the energies of the sputtered
coating material so strong that no high performance films could be deposited under such
conditions. In arc-source ion plating, however, the amount of coating material and its particle
energy is, even at about 101 gas mbar pressure, high enough to form proper films on unheated
substrates during reasonable times. In order to measure the insitu substrate current density in
the cathodic arc source deposition arrangement, in some experiments, the substrate holder was
replaced by an ion current probe.
3. Discussion/Conclusions
The magnetically forced and medium frequency pulse biased dc magnetron sputter
deposition variants, operating in the !0 J mbar gas pressure range, showed a relatively large
amount of single and double charged positive ions with kinetic energies up to 55 and 95eV, as
consequence of the applied modifications.
CatJiodic arc deposition, in the same gas pressure range of 10"' mbar, showed a very high
number of such ions with energies up to more than lOOeV, depending on the value of the
applied arc current.
However, at constant distance between source and substrate the higher gas pressure
increases also the number of energy reducing collisions of the coating-material vapour-species
with the gas molecules.
The arc source process, even when performed at high gas pressures of about 10'1 mbar,
showed a remarkable amount of ions with energies up to 75eV resulting in high performance
TiN films of quite proper 3D homogeneity. The arc source technique is able to increase film
thickness uniformity up to 3 times with respect to the traditional coatings if the samples are
mounted in a way thai they do not influence each other.

Table 1: Characteristic data of the different reactive deposiiion processes
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1. Introduction
Carbides of the group 4 elements are refractory materials widely used as coatings in the
high temperature technology field for their chemical-physical properties. In fact these
compounds present a very high thermal stability and a noticeable resistance to corrosion [1,
2]. Various deposition techniques, such as chemical vapour deposition, plasma spraying and
ion sputtering, are commonly used to obtain carbides thin films but we have focused our
attention on pulsed laser ablation deposition (PLD). PLD technique is currently employed for
its capability to evaporate and lo deposit every kind of material and it has shown to be
particularly useful for the deposition of coating of refractive materials with very high melting
temperature [3]. In spite of its good performances as deposition technique, PLD suffers from
the incomplete knowledge of the mechanisms leading both to the vaporisation of the material
and to its deposition on the substrate. In this paper we will summarise the results of the
analysis of the gas phase produced by laser ablation of titanium, zirconium and hafnium
carbides, with the aim to elucidate the ablation mechanism in this three systems.
2. Experimental
The experimental apparatus has been already described [4]. It consists of a vacuum
chamber equipped with quartz windows for laser beam inlet and in-silu optical analyses,
heatable substrate holder and rotating target support. The limiting pressure inside the chamber
was 1.0 x I0"4 Pa. The laser source was a frequency doubled Nd:YAG laser (X = 532 nm, z =
10 ns, 10 Hz repetition rate) impinging on the target with an incidence angle of 45 degrees
The characterisation of the gas phase was carried out by emission spectroscopy (OMA1CCD system, EG&G, coupled to an ARC50 spectrograph by a bundle of 20 optical fibers),
optical imaging (FCCD camera, EG&G) and lime of flight mass spectrometry (LAMMA 500,
Leybold). The spatial and temporal resolutions of the ICCD systems were 150 pm and 5 ns
respectively.
3. Results and discussion
The ablation rate, measured through the target weight loss, can give an indication on ihe
ablation mechanism involved in the laser-material interaction. Zirconium and hafnium
carbides show a linear dependence from laser fluence [4, 5] while titanium carbide has a
peculiar behaviour. In fact the plot is not linear and can roughly divided into three zones, 1,11.
and III that in our hypothesis correspond to different ablation mechanisms [6]. In particular
zone I corresponds to a high temperature thermal vaporisation and zone II to a real ablation,
while at higher laser fluence (zone III) the laser spallacion mechanism leads to the increase of
the ablation rate. On Ihe contrary the linear plot obtained for ZrC and HlC should indicate a
single ablation mechanism.
The X-ray analyses of the films deposited on silicon substrates indicate that the films are
crystalline in the whole temperature range at middle and high fluences for titanium carbide,
while in the case of zirconium and hafnium carbides Ihe crystallinity is flucncc and
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temperature independent. The composition from XPS shows that (he stoichiometry of Ihe
titanium carbide films is TiC'2 in the fluence zone 1 and TiC in the zones II and III [6], while
for die other carbides one obtains ZrC and HfC stoichiometry irrespective of the laser fluence
[4,51Time of flight mass spectromelry, performed on plasma (plume) produced by the
interaction of die laser radiation with the target, confirms the differences between TiC and the
other two systems. In fact at laser fluence lower than 3 J/cm2 (zone I) the main component of
the TiC plasma, together with metal and carbon, is TiC2 but its importance decrease very
rapidly with the increasing of the fluence (zones II and 111). On the other hand the dicarbide is
present in the gas phase from ZrC and HfC, but only in a small quantity whatever the fluence
might be [4, 5]. It is important to note that the metal dicarbide molecule is present in a small
amount in (he gas phase produced by conventional thermal equilibrium vaporisation [7} and in
that conditions its abundance grows with the increasing of the temperature.
The 1CCD imaging of the total emission of plasma produced from the three different
targets evidences strong differences between the shape of the plume of TiC and those of ZrC
and HfC. In fact at low laser fluence only one emission maximum is observed for all systems
while at laser Quence higher than 3 J/cin a second emission maximum appears in the case of
TiC, becoming more evident with the increase of fluence [5,8]. The analysis of the emitting
species, resolved in space, frequency and time, has allowed to have indications about the
plume composition and dynamics. The main components of the carbide plumes are metal and
carbon atoms, both neutral and ionised, but double ionised (Ti4*) particles are present only in
the case of TiC. An example of the velocity distribution of the different species is reported in
fig. I, where the velocity distribution curves fora) neutral and ionised hafnium, b) neutral and
ionised titanium is shown. In the first case the velocities are 1.1 106 cm/s 1.5 106 cm/s, in the
second 1.4 106 cm/s and 2.5 106 cm/s.
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It is evident from the data that while tor zirconium and hafnium die metal ions and
neutrals have quite the same velocity, in the case of titanium lite situation is diflereni and the
velocity of the ions is higher. If we match our emission spectroscopy results widi those
obtained from ICCf) imaging we could have an idea about the dynamic of the plume
expansion for the different systems.
In Fig. 2 the results for TiC plume, obtained at high laser fluence, are shown. The two
maxims found in the plume image are clearly related lo neutral and ionised titanium atoms
travelling with different velocities and this is in good agreement with the results found for
other systems, such as aluminium nitride |.']. From these data the front of plume seems to be
tine 10 the emission of C" for all three carbides, while the comparable velocity of atoms and
ions found for hafnium and zirconium could be considered responsible for the presence of a

single maximum in the plume of these systems. The velocity of the double ionised atoms,
found only in Ihe TiC ablation, is about one order of magnitude higher than those of the
neutral particles.
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Fig.2 ICCI) image of the plume produced by User ablation of a TiC target ai a fluencc of 11 Man2. The curves
represent the velocity distribution of the different species obtained by frequency resolved emission
spectroscopy. The values on the axis arc in pixels.

The different gas phase characteristics for TiC, ZrC and HflC may be used to clarify the
film growth mechanism for these materials. In fact the gas phase the composition seems to
be the same for both systems at high iluences (zones II and 111 for TiC), the only difference
between the three systems being the energy of the ionised particles. If we consider that, i'rom
TEM analysis, the first step of TiC growth is the formation of layers covering the whole
substrate surface, while the ZrC and HPC growth starts with the formation of islands
maintaining their structure also when the coverage is complete [9], the charged particles that
certainly impinge on the substrate with higher energy compared to neutral ones, could
interfere with the formation of large islands [10], thai is the first step of columnar growth,
favouring the layer-by-layer growth.

4. Conclusions
The data summarised in this work have shown that the characteristics of the gas phase
produced by laser ablation of group 4 carbides can be correlated to the growth characteristics
of the deposited films. In particular the different film growth structure, columnar for ZrC and
HfC, layered for TiC, can be explained in terms of energy of neutral and charged particles
present in the plasma.
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Abstract
A reaction of Xe+ ion with acetone and subsequent transformations of the product ions at
a buffer gas pressure (He) of 1.1 Torr were studied by the flow reactor technique mass
spectrometry. A kinetic scheme describing the evolution of the ionic composition has been
determined. The rate constants of the key reactions involved in the scheme have been
evaluated. A channel of the production of acetone cation in A state in a charge transfer
reaction was observed. A production of slowly reacting isomer of the acetone cation in
secondary reactions was detected. Its product in the reaction with acetone is the
"nonprotonated dimer".
Introduction
A reaction of Xe^ with acetone is interesting due to a very small difference in energy of
the excited long living A state of the acetone cation and the 2P.v: state of Xe\ The
corresponding state to state charge transfer is exothermic only by 0.23 eV. The charge transfer
channel in which the acetone cation is produced in the ground state is exoergic by 2.47eV and
the internal excitation of the molecular cation is larger than the threshold of its dissociation
(equal to 1.7 eV) in which CH3CO* and CH3 are produced.
Photoionization, photoelectron spectroscopy, photoelectron - photo ion coincidence
(PEPICO) '"* and collisional induced decay
studies indicate on an important role of the
production of the A state of acetone cation for subsequent fragmentation process. A detailed
review on the subject is given in works 7 ".
The main goal of the present work was to check if die acetone cations are produced in the
charge transfer and if the reactivity of the product ions differs from that measured by other
authors when the ion is produced in different ways.
Subsequent chemical transformations of the other product (CH3CO' ion) are of interest. A
production of clusters of this ion witli two (or more) molecules of acetone ligand may
compete with the rearrangement processes resulting in the production of the protonated dimer
of acetone and stable molecules CsHjO; (probably 2,4 pentanedione or other isomers). The
rearrangement processes in ion clusters are not well studied up to date.
Experimental
The experiments were earned out using the flow technique reactor apparatus described
elsewhere ''"'. Primary Xe* ions were produced in the ionizer by an electron impact. The
neutral adduct (acetone) was admixed to the flow via a capillary downstream. The
concentration of acetone was a varied kinetic parameter. The length of the reaction region I.
was defined by the distance between the edge of the capillary and the orifice in the first
sampling cone. The calculated value of the effective lime of reaction was equal 10
0.866 10° s.
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Results
Fig. 1 presents the dependences of relative currents of the most intensive ions versus the
product [A]t where [A] is the concentration of acetone. The kinetics of the production of
ternary ions - [CH 3 CO + CH 3 COCH 3 ] (m/e=101), CH 3 COCH 3 H' (m/e=59) as well as the
production of ions of the fourth generation - [CHiCO*(CH3COCH3)2] (m/e=159) and
(CH3COCH.0;HT was observed, it follows from Fig. I that the main product of ihe reaction of
Xe* with acetone is CH3CO* ion (m/e=43) while the other channel (production of the
molecular ion of acetone (m/e=58)) is less intensive.

2 ai

Fig. 1. Kinetic dependences of the relative
currents for the most abundant ions. The
solid line corresponds to the fit for a
decay of the primary ion.

Fig. 2. Kinetic dependences of the relative
currents for some small constituents in the
ionic composition,

k«-5«

t

'

AcH*

f
f-

CHjO*Ac

Fig. 3. The scheme of main pathways of the ionic transformations.

Kinetic dependences of some small constituents are presented in Fig. 2. The ions with m/e
= 116 are ascribed to the nonprotonated dimers of acetone (ion-radical), ions with m/e =118 to
the protonated dimers of acelone with one IJ C atom, ions with m/e =119 to the clusters of the
mixed composition [ C H J C O * C H J C O C H 3 H2O] formed dvie to the presence of water traces in
the buffer gas.
The scheme of the main pathways of ionic transformations is shown in Fig. 3. The values
of rate constants were determined Iron: the fitting procedure. Expressions for ion currents
were obtained from the solutions of differential equations of chemical kinetics for ionic
concentrations in accordance with the given above scheme. The expressions were taken as
fitting functions for the experimental dependences of ion currents. The rate constants were
optimized parameters. In each procedure not more than two rate constants were determined.
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While fitting the dependences for the tertiary ions and the ions of the fourth generation the
values of the rate constants determined in the previous fitting sessions for the primary and
secondary ions were used. The results are shown in Table 1.
Table].
Effective binary rate coefficients at 1.1 Torr pressure of He for some processes
rate constant,
reaction
10* cm3 s"1
1
la)

Xe*+Ac

lb)
2
2 a)

CHjCO'+Ac

2 b)

1.88±0.06

•» CJUSO* + Xe

0.04S±0.002

•>CH3C<y+Xe

1.81±0.07

products

0.84 ±0.05

AcK* + CH2CO

0.29±0.03

(+He) CH3CO*Ac

3
3 a)

-> products

CH,CO+Ac + Ac

0.49±0.04

H*(Ac)2 + products

0.22±0.08

(+He) CHjCO+(Ac)2

3 b)

0.45 ±0.05

products

0.26±0.4

4

CH3CO'(Ac)2+Ac

products

0.25±0.8

5

CjH«O++Ac

products

0.54±0.03

6

AcH* + Ac + (He)

+

(Ac)2H + (He)

0.88±0.1

Discussion
The main channel of Xe+ + ( C H J ) J C O reaction is the production of CH3CO4 ions. Only
2.5% of C3HtO'r ions are formed in a parallel channel. The secondary C3H<,0' ions cannot be
unambiguously attributed to the A state of the acetone cation. The determined rale constant of
the reaction of the charge transfer product ion with acetone does not differ much from
measurements of other authors. In some of those measurements CjH<,O* ion was formed by
electrons and photons whose energy was lower than the threshold of the production of the
cation in the A state.
For the other secondary ion (CH3CO*) a competition of slightly endoergic proton transfer
(38±4%) with the association <62±4% at 1.1 Torr of He) takes place.
A reaction of the ternary CTi3CO*(CH;):CO ion also has the association channel. Another
channel is a production of the protonated dimer of acetone ((CH^iCObH • Hie channel is
exoergic about 15 kcal/mole (the estimation is based on the difference in the binding energies
'of the clusters (31 kcal/mole for ((CHsfcCOfcH* and 12.5 kcal-mole for CH3CO (CH.^CO)
and a difference in the proton affinities of ketenc and acetone taken equal to 3.2 kcal/mole). A
competition of an exoergic particle traasfer process with an association channel is not typical
for ion/molecule reactions.
There is another thermochemically allowed channel of the reaction of CII.1CO (CHO.'CO
ion in which protonaled acetone and a stable molecule CJHKO? are produced. E.g. for the
229

CH.1-CO-CH2-CO-CH) product molecule (which requires minimal rearrangement of
particles) the reaction is exoergic about 12-13 kcal/mole. A detailed analysis of the kinetic
dependence of the ion current of protonated acetone shows that the contribution of the
channel is not significant (otherwise the kinetics of the ion of the fourth generation should be
imposed on the kinetics of the tertiary ion).'
The cluster CHJCO*((CH3)JCO)2 may be considered as a "metastable" ionic particle i.e. its
spontaneous reactive decay (whose ionic product is protonated acetone) is exoergic by several
kcal/mole. (ft follows from the assumption that the clusterization energy for
CH3CO*+{CHi)2CO process more than for CHjCCTfCH^CO + (CHJ)JCO one.) A careful
analysis of the kinetic dependences shows that the time of the "reactive decay" is at least
longer than 10 ms.
The rate constant of the reaction of the CH.iCO+((CHj)2COk ion with acetone is about
0.25 10"* cm3 s 1 . The channels of the production of CHsCO^CHj^CCty and H*((CH3):CO)3
ions are not significant (the intensities of the corresponding ion currents are too low to explain
the loss of the ion in the reaction). Thus the main ionic product of the reaction is the
protonated dimer of acetone i.e. same ionic product of the rearrangement channel of the
reaction of the precursor CHjCCf (CrfchCO ion cluster with acetone.
Why does a collision of the CH3CO+((CHj):CO)2 ion with acetone induce the production
of the protonated dimer of acetone? As a possible explanation the production of CSHJOJ
neutral may be suggested. It is not clear why does this product is not produced efficiently in
the reaction of a smaller ion cluster. The effect may be attributed to also to a higher
exothermicity in the case of the larger cluster.
At [A]t > 3 10 ' cm"3 s an additional source of a production of C.iHjO+ ions becomes
efficient (see Ftg.2). It is not possible to identify die process resulting in the production of
these ions. The dependence does not show a decrease in the range. It may indicate that the
ions practically have a low rate of the reaction wilh acetone.
Thermochemical calculations show that the production of protonated acetone from acetone
cation is exoergic by 4.5 kcal/mole while the formation of the product from its isomer( enolic
acelone cation whose energy level is by 14 kcal/mole lower) is endoergic. The only pathway
for the loss of the isomeric ion in reaction with acelone is the association reaction producing
nonprotonated dimer. The ion with m/e=l 16 was observed in our experiment see (Figure 2).
The Joss of the dimer in the reaction with acetone takes place in an exoergic reaction in which
the protonated dimer of acelone is produced.
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1. Introduction
The most fundamental parameter in the characterization of any free stable polyatomic particle
(molecule, fullereue, polymer or cluster) is its dissociation energy. It is of great importance
since it reflects structural and dynamical properties of the system under investigation and is of
major relevance in any activated process the particle can undergo.
Therefore, numerous methods have been developed to extract the dissociation energies front
various properties of the systems. These activities have been a major part of research in physical
chemistry during most of the 20"" century. Many models exist that equate the rate of disintegration at a known excitation, to the dissociation energy [1-8]. However, such a determination
of dissociation energies is rather indirect and depends on the characteristics of the respective
model as well as on a number of often implicit assumptions about the systems' properties. It
is thus vulnerable to systematic uncertainties of all kind.
A new procedure [9] allows a direct measurement of dissociation energies without any assumptions on how the disintegration pro<:ess proceeds. It does not rely on any model of the system,
of its disintegration behavior or of other properties.
As an example, we have determined the dissociation energies of a series of gold clusters Ati*
[0, 10]. Tim resulting dissociation energies show no energy dependence and are typically about
one order of magnitude mare accurate than values from traditional analyses. Thus, the new
method allows to experimentally set benchmarks for any theory which attempts to describe
activated processes of polyatomic systems.

2. Method
The basic idea of the new method [9] is to compare the excitation energy EA of a sequential
decay
.4 -> B -> C
(1)
with the corresponding energy Bn of the single decay
B -> C

(2)

that leads to the same firuil product. When the single decay process (2) depends in a measurable
way on the amount of excitation energy present, it can be used as an unealibrated thermometer
for the last step of tlie sequential reaction (1), Adjusting either of the two excitation energies £U
aud Be to produce the same reading of the thermometer, the difference iu excitation energies,
EA — jEfl, is a direct measure of the energy consumed in the first step of the sequential decay,
which is essentially the dissociation energy of A.
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2.1 Decay H a t e as a T h e r m o m e t e r
The rate k of unimolecular decay upon photoexcitation may serve as a thermometer to measure
the energy content of the intermediate reaction product. In the case of free gold cluster ions,
process (1) reads
An* -> /!«+_, -» ylttt-ii
(3)
and is compared to the corresponding single-step process
• K _ , -+ Aut-u

(4)

at the same rate k for the build-up of the product AuJ_3. The dissociation energy £>„ of the
cluster Auj is then given by

where Br^a and Bp/,,n-i are the photoexcitation energies of the respective cluster sizes, £#,,„
and Btfi.n-i are their initial thermal energies and EKBR is the kinetic energy of the evaporated
atom in the lirst step of the sequence. The contributions of both the thermal, energy and the

3 4 5 6 7 8 9
10 11
PHOTOEXCITATION ENERGY [eV]

Figuru 1: Rates of fragmentation as a function of pbotoraritatiOD energy for the decays Axi^
ami Auj, -> Ati?; (fruin ref. |9J).

Attfq -* Auft,

KER lead to only small corrections, 'fhe thermal energy is given by approximately 0.021 cV per
vibrational riegrw of freedom, as calculated from the bulk heat capacities. A Debye approach
results in the very similar value of 0.020eV. Tlie kinetic energy relcnae is a imyisurable qnontity
[16-18], but in view of the small magnitude of the correction, a calculated estimate suffices
here. Figure 1 iiJnscraMfi1 the <iei;«n:rtmal;ion of the dissociation energy of ZIWJY where the daaiy
rates serve as a thermometer. Tlio decay rates have been measured by pulsed laser excitation
of size-selected cluster ions stored in a Penning trap [9]. As the measurements show, the decay
rates of the laat step of the sequential reaction y4«f7 —> Au^ -> Aufc and the single-step
reaction Au^, + Aufr, as a function of photoexcitation energy show the same dependence on
the Bxdtwiion cuorg}' with the only difference of an energetic shift of 3.47(6) eV. By u.w of
eq. (5) this translates into a dissociation energy of the -<lief7 cluster of 3.37(9) eV.
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2.2 Branching Ratio as a Thermometer
Alternatively, iu the case of small, even-size group-11-eleineut clusters (CuJ, Ay*, Au£) the
energy-dependent decay pathway branching ratio [11,12] can bo used as a thermometer [10j.
In this case the sequential reaction
)

(6)

(h)
is compared to the single-step reaction

Aui.

/• /luJ-2 + Au

CA)
(A)

(7)

at the same brauchiug ratio /2//1 of the products A«J_S (after neutral dinier evaporation) and
A-i't-i (after neutral monomer evaporation). Again, the dissociation energy is given by <x\. (5)
Figure 2 shows the branching ratios as a function of photoexcitatiou energy for the detenni-

S

6

7

0

9

PHOTOEXCITATION ENERGY [eV]
Hgiire 2: Braiidmig ratios afl a fuuctioii of photoexcitalion energy for the dCTenmriaUon of Uie dissfidation
energies of A»f4 (top picture) and A t j ^ (bottom picture). From ref. [1U].

nation of the dissociation energies of Auft and An'{c. The energetic differences of 3.31(5) eV
in the case of Auft (top picture) and 3.15(7) eV in the cas<; of .Au/j, (bottom picture) translate
via eq. (S) into dissociation energies of £>u—3.24(7) eV and D16=3.03(9) eV, respectively.

3. Results and Outlook
The new method has been applied to gold cluster ions An£ of sizes n=14-24. Figure 3 shows tlio
resulting monomer dissociation energies. Open symbols give thn values from the new method
with the decay rate as theririoruetei'. Full symbols represent values from the decay branching
ratio as thermometer. As can be seon. the values from the independent methods agree within
statistical uncertainties. The now method is currently applied to the vanadium cluster V'|'(,
where a precise knowledge of the dissociation energy is required for a study of radiative cooling
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30

22

CLUSTER SIZE n
Figure 3: Dissociation energies of dusters ytyj 0=14-24 (from ref. (1(1]). Opeu symbol* correspond to values from the decay rate OS thfirmometer, whercus full aymbole represent values from the branching rariot} us

from transition metal clusters [16]. Furthermore, the method is currently extended to the
determination of dimer dissociation energies, and to the binding energy of a niethanol molecule
to a gold cluster.
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Recent years have seen important improvemenis for experimental studies of slow-ion
induced electron emission from alomically clean solid surfaces. These developments are of
great interest for a better understanding of the relative importance of the kinetic and potential
energy of slow projectile ions. Both energy contents can give rise to slow electron emission,
hence we speak of kinetic emission (KE) and potential emission (PE). Furthermore, the target
surface material and -topography are highly relevant for these emission processes, and in this
respect systematic investigations are still lacking. In general, our understanding of the
inelastic interaction of slow neutral, singly- and multiply charged projectiles with solid
surfaces is still far from satisfactory, since most of the published data in this field involves
target surfaces with not sufficiently well defined conditions (for a recent review, cf. /I/).
In our own recent studies we have concentrated on atomically clean target surfaces of both
metals and insulators. If such targets have a polycrystalline structure, they may coniain
defects and their surface is usually rough, in which case the ion impact geometry is rather
poorly defined. This is not of much concern for PE which occurs dominantly above the
surface /!/, but is rather critical for KE which is initiated only after the ion has made close
surface contact. Therefore, better prospects are offered by atomically flat monocrystalline
target surfaces with grazing incidence of the projectile ions, which assures rather well defined
projectile trajectories. In this case the resulting electron emission can be conveniently studied
with the electron statistics technique which not only provides the absolute total electron yield
but also the statistical distribution of the number of emitted electrons from which additional
details of the mechanisms responsible for electron emission can be obtained HI. Under such
experimental conditions, different projectile trajectories can be identified from their twodimensional imprint on a channelplate detector behind the impact region IV. By using such
arrangements for slow ion bombardment of Au(lll) and LiF(OOl) we could separate
contributions from PE and KE to the total electron emission. With such studies carried out
with different projectile charge states and -kinetic energies, a more detailed understanding of
the involved KE processes is obtained than just from the total yields, and even more can be
learnt if, in addition, the resulting projectile energy loss is measured by means of a time-offlight technique.
Especially interesting are studies where this projectile energy loss is measured in
coincidence with the electron emission statistics, as has been demonstrated for impact of
neutral hydrogen atoms on a LiF(001) surface 141.
Whereas for low ion charge states the resulting total PE yield is proportional to the
involved potential energy of the projectile, for higher charged ions an increasing fraction of.
the related potential energy will be spent for emission of fast Auger electrons and soft x-rays
which result from the recombination of transient inner shell projectile vacancies /5A
Nevertheless it is remarkable that a rather large amount of potential energy (typically 100 eV)
is needed per emission of one slow electron. To better understand this poor efficiency of PE,
we need systematic measurements of the energy distribution of ejected electrons, preferably to
be carried out under similar well-defined projectile scattering conditions as described above.
Precise knowledge of these electron energy distributions is even more important for a
detailed understanding of the mechanisms responsible for KE from metal surfaces. So far, the
common belief was that the KE yield is more or less proportional lo the electronic stopping
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power for the projectile in the target material 161. However, recent theoretical considerations
in comparison with precise KE yield data have shown (hat at low projectile impact energy, i.e.
near the KE threshold, stopping due to the metal electron gas does not provide the dominant
KE contribution and thus other KE mechanisms had to be taken into account HI. This is
especially important for heavy projectile ions, whereas for light projectiles stopping in the
target electron gas is most relevant for the total KE yield and only then a well-defined
(socalled classical) KE threshold can be observed. A recent comparison of the dependences of
total KE yields on the ion impact velocity for polycrystalline gold and graphite targets have
also shown the important role of the Fermi electron energy for this KE threshold /8/.
Another remarkable feature with respect to ion-induced electron emission is the excitation
of plasmons at the expense of the potential projectile energy, the signature of which can be
seen in the respective electron energy distributions 191. Also here more systematic studies are
desirable in order to understand the reason for this "potential excitation of plasmons - PEP".
New ways to determine the amount of the projectile potential energy which is kept in a
target surface have recently been opened by measurements of the number of electron-hole
pairs created in a silicon detector/10/, and of the thermal energy deposited into a copper strip
target connected to a IN2 cooled microcalorimeter l\ \l. In both cases it was found that only
about 30-40% of the total potential projectile energy remain in the surface. If (hese findings
are compared with the relatively small amount of energy carried away by the PE electrons
(see above), a significant fraction of the total available potential energy is still missing.
In summary, new experimental techniques are now available for studying in more
systematic ways the deposition of potential and kinetic energy of slow ions impinging on well
defined target surfaces. A satisfactory explanation of the thereby involved projectile energy
balance can probably be obtained from the energy distributions of the ejected electrons which
fake over a substantial amount of the initial projectile energy.
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Abstract
During the Texas Air Quality Study (TexAQS) 2000 ambient air samples were analyzed
on-board the NSF/NCAR ELECTRA research aircraft by two VOC measurement techniques:
1) an in-situ gas chromatograpli named TACOH (Tropospheric Airborne Chromawgraph for
Oxy-hydrocarbons and Hydrocarbons), operated by NOAA's Aeronomy Laboratory, and 2) a
chemical ionizalion mass spectrometer named PTR-MS (Proton-Transfer-Reaction Mass
Spectrometer) and operated by the University of Innsbruck. The sample protocols were quite
different for the two methods: the TACOH system collected air samples for 15-60 sec
(depending upon altitude) every 15 min, the PTR-MS system monitored selected VOCs on a
time-sliared basis for 2 sec respectively, once every 4-20 sec, depending upon the number of
monitored species. Simultaneous measurements of acetaldehyde, isoprene, the sum* of
acetone and propanal, the sum* of methyl vinyl ketone and mcthacroleiu (* PTR-MS does not
distinguish between isobaric species) and toluene show good agreement despite being
performed in the complex and highly polluted Houston air matrix.

1..
TlmttUTC)

Fig. 1 Flight dat;i of September 6, 2000. Temporal variation of acetone-*-propanal volume mixing ratios;
scatter plat of overlapping PTR-MS find GC measurements
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The infrared spectrum of the chiral molecule CDBrCIF in the range
600-1150cm*1: A rovibradonal analysis of the v4 and v5 band
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Latxiraloritimjiir Physikaliachc Clicmie - ETH-'ZSrich (Huni>%erbLrg)
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Abstract
The rovibratlonal spectrum of the chiral molecule CDBrCIF has been analysed on the basis of an effective
Umailtouiaa [1]. The epectra have been recorded at room temperature with a Fourier transform infrared
(FTIR) spectrometer (resolution 0.0024 cm"1) and a supersonic jet diode laser spectrometer (rtisolntlon
0.001cm"1). The assignment of the vt andvi rovibrational lines of the FTlfl spectrum for the two major
isotopomers C!DT'Br!5ClF and CD"'Br'5Clf' has been carried out with an interactive Loomis-Wood program. Accurate rotational and quartic centrifugal distortion constants for the v< and it vibrationol state of
CD™Br>3ClF and CD" Br^OF have been determined. A new experimental technique based on backward
wave oscillators is proposed in order to measure the parity violation.

Introduction
CDBvClF, the deutero isotopoiuer of CHBrCIF, is an example of one of the simplest chiral molecules.
it has an asymmetric carbon with C\ point group symmetry. CHBrCiF has been analysed recently
in detail with respect to its spectra and its intramolecular vibratiotial redistribution (WR) dynamics [2-5]. CDBrCIF offers the opportunity to investigate the effect of deutero inotoplc substitution
in the spectra. The vibrational spectrum of CDBrCIF has been analysed from the far infrared
(FIR) to the near infrared (NIR) region [6]. A rovibraiional analysis of the spectrum is clialieugiug
due to the congestion of lines which results from the low symmetry of the molecule and the presence
of four different wotopomcrs (CD^Br^OIF : CD 8l Br 3s CIF : CTD79Hr'TCIF: CD 8l Br"ClF -•= 0.380
: 0.36S: 0.122 : 0.118) .
Another motivation to investigate the rot&tionally resolved spectra of this molecule arises from
effects eencrat«l by parity violation (J-5,7-11). While an uusucccssrul attempt to see these effects
in CHBtCIF has been made already a quarter century ago (7,111, our studies seem to be the first
on the D-isotopomer in tils respect. Both molecules havts been studied extensively in theoretical
work on parity violation in our group [8-10]. New calculations including CDBrGlF [9,10J «h«w a
very small impact on relative vibrational and rotational frequency shifts due to the parity violation
on the order of Au/v — 10~1T to 10" 16 (8-10]. Kecent, still unsuccessful experiments giving a limit
on the order of Au/w — 10**13 »nj in agr««nent with these calculations (12J.

Experimental details
The R]>w.trum of CDBrCIF has been recorded in two different ways. A Fourier transform infrared
(FTIR) spectrum in the spectral region between 600-1140 cm"' was measured with the Zuerich
BOMEM DA 002 interferoiuetric Fourier transform infrared (FTIU) spectrometer (1}] with a resolution up to 0.004 cut" 1 . Diode laser spectra using the Zuerich supersonic slit jet system [14] were
obtained in the region 745 752 cm""1. The diode laser spectra were recorded with a resolution of
0.001 cm ~J. In order to improve the vibrational cooling CDBrCIF has been mixed with lielium with
a CDBrClF:He seeding ratio of 1:4, resulting in rotational temperaturw* in tin; range Trot—\ft -40 K.
'present addivs*: Lubortituiru de Physique dt: Tl'ittvcrsiW do Bourgogiif 9 nv. A. Saviiry. B.P. J7870-21078 Dijon
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LOOMIS-WOOD PLOT
J versus the C rotational constant
CDMBr«C1F

Giessen-Program-Package (1991) FS
Figure 1: Loomis-Wood plot of the i>« band. The P-branches of the e-type series ate shown. The
rotational quantum number J is platted versus the rotational constant O. The vertical scries belong
to thn isotopomer CD^Br^CIF and the slanted aeries belong to the isotopomer C D ^ r ^ C l F .

Assignment and analysis
The assignment of the observed rovibrational transitions in tlie FTIR spectra belouging to a particular subtend consisting of P- aud R-brancbra has been carried out efficiently with an interactive
Loomis-Wood assignment progrwn [15]. Two types of subbands have been assigned in the spectrum
of the m region. One type consists of transitions with (J±l,Kt,Ke
= J±l—Kc)
«- (J,Ka,Kc =
J — Ka) (P- and R- brandies) which correspond to c-type transitions. The different series can be
clearly seen in tbe Looniis-Wood plot in Pig. 1. The spacing between two transitions of a series is
approximately 2G. The Loomis-VYbod plot in the r>type region of the i't band providts an easy separation of transition liues in transitions belonging to the GD79Br3::ClF or CD^Br^ClF isotopomer.
The other type of nubbands consists of (J ± 1, Ka = ,/ ± "1 - Kc, Kc) <- (J,Kt = J - Kc, Kr)
transitions (P- and R-brauches) which con-espond to «-type transitions.
In the t*j region of the spectrum, only c-type transitions have been assigned in the FTIft spectrum.
The jet-cooled diode laser spectra have been used to assign the o-type transitions. The a-type
Q-br»uchM around 748 cm" 1 in the jet-cooled diode laser spectrum have been assigned from J - 2
tip to ,J = 12 with Kr up to 2 for CD T9 Br l5 ClF and CD81Br16ClF. Fig. 2 shows the Q-branches
for the two isolopomers.
The rovibrationat analysis has been carried out with Watson's A reduced effective Haimltonian in
the /' representation up to quaiiic centrifugal distortion coustants
Hm = .

f- iK %,

(1)

with ./i = Ji) ~biJc, The rotaCionfil constants .4, B, C and tha centrifugal distortion amstauts
A./, &JK, Af;, Sj aud 8x depend upon the viljratkmfU level v. The sp«1;rosa)pic data have been
analyzed by our Wong program [16].
FTIR and jet-cooled diode laser spectra were fitted together with a standard deviation of (^.n. —
0.0006 crn"1. In T&ble 1 the HiJectroscopic constants of the i'4 and i% staten are presented. The
A rotational constants of CD 79 Br M GlF aud CD*'Br w ClF arc similai- for tue i^ and *$ states iu
oach JBOtopoTuer; but significantly smaller than in tlK* ground state. By contrast, the B constants

CDBiCIF, Hit|«t, r « . O.OOt c m ,

748.05

7-W.10

T,* - 15 K

748.18

748.20

740.2S

748.30

P/cm"1
Figure 2: Part of the a-type Q-branches between J = 2 - 1 2 . The upper trace shows the jet-cooled
spectrum measured hi absorbance. The rotational temperature %nt = 15 K Iwn been determined
by comparison with the simulated spectrum. The lower trace illustrates the simulated spectrum
for the two major isotoponiera CD^Br^ClF and CD"Br 3s C]F.
are quite similar in the ground and the exdtcd states */< and t*j tor both isotopomers. The G
constants are slightly smaller in the i% state than those in the J<< state. The shift of the *$ band
center for CD™BrMClF/CB81Br$5ClF (0.157 cm" 1 ) ia larger than that of the IM band center for
the CD 79 Br ir> eiF/CD 81 Br lli ClF (0.015 cm" 1 ) pair.
v*

"S

Aj

A«
AA-

h
SK

CD^Br^CIF
AL
0.2079056(34)
I
0.0870MS (70)
0.05319372 (83)
C
-0.0351 (21)
xlO"
-0.0S455
xlO~
0.1259 (22)
xlO0.0151 (30)
xlO"
•0.1287 (35)
xlO"
M: 74«.299262{S0)
345
0.00O6

CD' l Br M ClF
0.2077876(32)
0.0665982(57)
0.05274959(84)
-0.0394 (23)
-0.0a24 a
0.1384(22)
0.0503 (21)
-0.0519(24)
74S.15272S (80)
352
0.0006

CD^Br^CIF
0.2079836 (18)
0.0671179(68)
0.05323741 (82)
0.0732 (27)
-0.1669 (96)
0.0995 (70)
0.0749 (13)
•O.10759 (81)
1082.81177 (11)
834
0.0006

CWBr^'CIF
0.2078181 (19)
0.0666127 (55)
0.05279303(82)
0.1380 (16)
-0.3956 (61)
0.2041(46)
0.04109(77)
•
-0.11796 (67)
1082.79858(10)
828

0.0006

Table 1: Rotational constants and centrifugal distortion constants of tUe i/y, and v\ states of
CD^Br^ClF and CD 8t Br i5 ClF from the vt and t j fundamental band transitions. The standard deviations of the parameter values are given in parentheses, drms is the root-mean-square
deviation of the fit. All constants are given iu cm"'.
Fur the simulation i>f the i/s band of CD^Br^OIF ami CD81BrlflClF the following transition monieut coiupoueuts obtained with all inilio calculations |(i) wre used: (i^ = 0.191 D, m, — —0.0774 D,
lie = -0.0348 D for V5. Fig. 2 illustrates the o-iype Q-brauches of tLe i/f. band of CD^Br^ClF and
CD8lBr3r>CiF recorded with a diode laser iu a seeded supersonic slit expansion with an effective
rotational temperature TTM — 15 K. The Q-brandiea have been assigned from J = 2 up to J - 12.
There is n Rood agreement between the experimental aud calculated i
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Conclusion
A rovibrationa! analysis of the 1/4 «nd i/& hands lias determined the spectroscopic constants of the
v», J^J and the .ground state of CB^Br^ClF ancl CD"Br M ClF for the first time. The patterns of
tbe*« u d n bands Live also txwti Grand ia the m and t^ spectral region* of-CDBrCIF.
The «seigiunctit of tuc Uglily Teodlsed infrared spectrum of CDBrCJF is expected to increase the
possibility of finding spectral regions ia order to carry out double resonance experiments as described in [7] to measure the energy difference between the two enantioinere caused by the parity
violation potential or to measure infrared frequency shifte [12], as recent calculations [8-10] predict. With the ground work presented hi [10] and bore, it might be possible to detect rotational
absorption line shifts caused by the parity violation potential wiiii a phase locked fiubmiliiriioter
spectrometer in the terahertz region [17,18). Backward wave osriliatora baste frequency purity better than 1 Hz. If they are phase locked the ratio is in the range cSAvJv = 10" 10 - 1 0 ~ " in the
THr. region. This ratio ia not sufficient toobserw the effect in the CDBrCJF spectra, but perhaps
in heavier molecules. In the spectra presented here no splitting due to parity violation potential
has been observed. This is in agreement with recent calculation* [8-10].
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Direct and dissociative single electron capture in slow collisions
of He 2+ with O 2 and CO
M. Albu1, L. Mrazek2, F. Aumayr and HP. Winter
Ins/ititljiir Allgemeine Pfyxik, TU Witm. Austria

For the next generation of magnetically confined fusion plasma experiments, an important
part of the plasma heating will have lo be provided by fast alpha panicles resulting from D-T
fusion reactions. In a so-called burning fusion plasma these He2* ions transfer their initial 3,5
MeV kinetic energy in series of elastic collisions lo the deuterium and tritium fuel ions. After
having slowed down, they end up as "He ash" which needs lo be removed from the plasma to
avoid inacceptable bremsstrahlung losses and dilution of the D-T fusion fuel. Removal of the
He ash occurs in so for not yet well understood collective plasma processes for which in the
outermost plasma region also atomic collisions between He2* and neutral plasma constituents
might be of some relevance. Jn the plasma scrape-off layer (SOL) there are non-negligible
concentrations of hydrogen and oxygen molecules which result from particle- and radiationslimulated desorption from the first wall components.
In collisions of He"* with molecular species, single elclron transfer (SEC) is a highly
probable process which may leave the product molecular ions in either bound or unbound
(dissociated) states. For a satisfactory understanding of the reaction kinetics and energy
balance in the edge plasma it is of interest to determine the absolute and relative importance
of these non-dissociative and dissociative SEC processes. For this purpose we can apply as
experimental method translational energy spectroscopy which determines ihe kinetic energy
change of the (nearly) forward-scattered charge-exchanged projectile ions. Since these ions
assume most of the inelastic energy loss or -gain from the relevant SEC reaction channels, the
latter can be identified in the respective translational energy spectrum (TES). By varying the
projectile ion scattering angle one may also select the related impact parameter range and
thereby enhance or suppress different SEC channels in relation to each other. Such
measurements have already been made for He'* impact energies above 2 keV with molecular
targets D2, N2, O; [1] and H2 [2], and recently also at lower impact energies with Hz [3], N2
and CO [4], respectively.
Our translational energy spectrometer provides an ion kinetic energy resolution of < 200
meV and therefore permits, at least in principle, discrimination between different final
vibrational slates for the SEC reactions of interest [5]. For SEC in collisions with relatively
slow doubly charged ions, the socalled "reaction window" [6] offers reliable guidance for
predicting the relatively most probable reaction channels, as demonstrated with both atomic
[7] and molecular target species [5]. The reaction window favours slightly exothermic SEC
reactions which are therefore most probably populated, whereas endothermic as well as
stronger exothermic SEC reactions are efficiently suppressed. This clear selectivity for the
SEC energy defect becomes less pronounced toward higher impact energy [4], however.
For the present measurements, the He2* projectile ions have been produced from 4He gas
in a 5 GHz ECR multicharged ion source. We utilized the SEC reaction

Permanent address: National Institute for Physics and Nuclear Engineering "Horia Holubei", RO76900 Bucharest-Magurele. Romania;
Postdoctoral visiting scientist from J. Heyrovsky Insiilute of Physical Chemistry, Academy of
Sciences of the Czech Republic, CZ-18223 Praha, Czech Republic.
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He2* + Ne -> He + (n=l) + Ne + (2s2p(i 2 S)

(AE = + 5.9 eV)

for calibration of the TES kinetic energy gain-/loss scale, by adding Ne gas to the molecular
target gas of interest into the collision cell of our translational energy spectrometer. If the
fraction of Ne in the target gas mixture is well known, this method also provides a rather
convenient way for determination of the absolute slate-selective SEC cross sections for the
molecular target of interest, by way of comparison with the cross section for the above SEC
from Ne. The latter cross section can be very conveniently measured, because at low impact
energy the related SEC channel is the only one favoured by the reaction window and therefore
corresponds with good accuracy to the respective total SEC cross section. The latter on will
be measured in the further course of this work over the impact energy range of interest.
First results of our present study can be summarized as follows.

TES have been measured at collision energies of 600,800 and 1000 eV at 0° scattering angle.
The dominant SEC channel corresponds to an energy gain of 1.3 eV and is thus identified as
the non-dissociative SEC
He3* + 0 ; (X%~) -> He*' (n=2) + <Y ( X 2 n t )

(AE = 1.3 eV).

A rather broad feature observed for energy gains AE between 6 and 10 eV corresponds to
reaction channels for dissociative SEC into He*(n=l) via
He 2+ + O2(X3£B") -+ He*(n=l) + OV*' (various dissociative slates).
We have also measured TES for collision energies of 600 lo 1000 eV at a scattering angle of
0.2°. The same reaction channels as mentioned above were observed, but for the finite
scattering angle the non-dissociative SEC became slightly less important.

For this collision system TES were measured at impact energies between 600 and 1000 eV at
0° scattering angle. Here the non-dissociative SEC channel
He2* +• CO (X%*) -> He*' (n=2) + CO* (X2£*)

AE = - 0.4 eV

was already not observable despite its small endothermicity, which is in clear contrast to
similar measurements performed at only slightly higher impact energies [4].
Exothermic dissociative SEC
He2* + CO (X%f)

-> He*(n=i) + CO*(various dissociative states)

was only observable for energy gains AE between 6 and 15 eV. TES measured at scattering
angles of 0.2° and 1° showed a similar relative importance of the dissociative SEC from CO
with respect to the SEC from Ne as under exact forward-scattering conditions.
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Plasma diagnostics with electrostatic probes in the Reactive Low Voltage
[on Plating process
T. Lechleitner, D. Huber, H.K. Pulker
Univ hinabruck (A)

Summary:
The analysis of cold plasmas, which are used in thin film coating techniques, is mainly
important for the understanding of the correlation between the film properties and the plasma
(or the process) parameters. With the knowledge of these correlations, one is able to optimise
and eventually improve the coating processes for the production of films with certain
desirable properties. The plasma for the Reactive-Low-Voltage-Ion-Plating process is a cold
non-isothermal plasma produced by a low-pressure dc non-self sustained arc discharge,
controlled by two main parameters, the arc current and the total gas pressure in the chamber.
It shows, that the arc current is in a direct linear relation to the degree of ionisation and the
increase of the total gas pressure has a contrary effect.
The additional aim of this work is to show, that (he usage of electrostatic probes for the
plasma analysis of deposition processes is a powerful tool to complete the common plasma
monitor measurements (energy analysing quadrupol mass spectrometer) and to improve the
understanding of industrially used plasmas.
Keywords:
Tribological coatings, TiN, Langmuir probe, Faraday Cup. Ion plating, RLVIP
1. Introduction:
The outstanding feature of the RLVIP-Proccss is a dense beam of ions from the
evaporation source and the gas inlet system to the substrate plane, which is responsible for the
growth of the film. These ions are mainly produced by election impact interaction of the arc
discharge electrons with the evaporated film material. [1]
The RLVIP process is mainly controlled by two parameters:
1) The arc current between the hot
filament of the plasma source as the
cathode and the evaporation source as
the anode of Die arc discharge.
2) The total gas pressure in the
recipient, consisting of Argon and a
reactive gas component, in this case
Nitrogen.
Variations of these parameters show
the relation between arc current and
total gas pressure respectively with the
density and the energy distribution of
the ions and electrons in the plasma.
Plasma density and energy distribution
of the ions are responsible for the
Kig. I: Schv-maiii- of a Halzers BAP 800.
properties of the obtained films, such as
:i RLVII' I'mcm
their density and their mechanical stress.
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2. Experiments / Results
Langmuir Probe measuring equipment:
The Langmuir probe consists of a cylindrical tungsten wire in a glass tube, which can be
moved linearly by a pneumatic system. The analysis system allows to follow the results online
and to make fest and accurate measurements.
Because of the fast pneumatic motion, the exposure lime of the probe to the plasma is very
short. Therefore the contamination of the probe by the coating material is not problematic. A
gap between the tungsten tip and the glass shielding prevents a conductive connection
between the tip and the tube. The measured signal is filtered without harming the
characteristic on the basis of a fourier transformation, where specific disturbing frequencies
can be deleted well directed.
Furaday-Cup-Measuremcnts:
A Faraday-cup is a special type of an electrostatic probe, which is used for ion beam
measurements. Instead of a current-voltage characteristic one measures a present ion beam in
the plasma, which doesn't have to be induced by an attractive probe potential.
The used Faraday-cup consists of an electrode on top of the cup with three grids and a
magnetic field placed in front of the electrode. The magnetic field lias the task to separate the
electrons from the much heavier ions, so that a beam of only ions reaches the electrode. The
grids are on different potentials, which allow measuring the ions energy selected, by putting
on a variable retarding voltage for the ions in front of the electrode.
Alter the separation of the electrons in front of the cup the ions pass the first grid, which is
grounded. Between the first and the second grid, a variable retarding voltage has to be
overcome by the ions. The third grid is put on a negative potential (-30V) in respect of the
electrode to prevent secondary electron emission. An incoming ion induces a positive charge
on the electrode, which is connected to ground. This positive charge ties an electron out of
ground for recombination. An Ampere meter detects this electron. The Faraday cup offers
high flexibility and can be positioned at different spots in the recipient. With an increasing
retarding potential the measured current decreases. By deriving the function of current over
increasing potential fdl/dU«i) one gets the frequency of incoming ions of a certain energy
level (sretarding potential).
Signal

Plasms

a)

b)

Fig.2: a) Schematic of an Langmuir probe tip
b) Schematic of a haraday Cup
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Variation of arc current
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Fig.3: a) Langmuir probe measurement: Electron density in dependence of arc current
b) Faraday Cup measurement: Ion current densily in dependence of arc current

Variation of total gas pressure
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Fig.4: aj Langmuir proln: ineiisutcincnt: Klcctrun density in dependence oHolul g;w pressure
b) Faraday Cup mea-surenient: Ion current densily in dependence of total gas pressure

3. Discussion/Conclusions
Variation of arc current (Fig. 3):
By increasing the arc current, more ionizing electrons are inserted in the plasma.
Therefore the electron density increases as well as the ion density. The result is a higher
degree ol" ionisatioti in the chamber. The relations between are current and electron density as
well as ion current density are directly linear. Not only the degree of ionisation is higher but
also the local potential conditions in the recipient change. This leads lo a higher acceleration
of the ions towards (lie substrate. The consequence is an increased mean energy of the ions in
the plasma and therefore a higher energy input in the films. As a result of these changed
conditions, the film density, as well as the intrinsic compressive stress in the films grows. [3]

Variation of total gas pressure (Fig 4):
Increasing the total gas pressure raises the number of collisions in the plasma. This
decreases the mean free path of the plasma particles and a kind of thermalization of the ions
and neutral particles fakes place. The high energetic part of (he plasma components decreases,
which causes a decrease of the mean energy of the plasma components (electrons and ions).
It is known that the film density is directly correlated to the amount of high energetic ions
in the ion beam, whereas the intrinsic compressive stress is correlated to the total energy input
in the films [2]. Therefore an increase of the total gas pressure in the recipient decreases film
density and die compressive mechanical stress in the films [4].
Another effect is a delocalisation of the locally higher-pressure areas in front of the
evaporation source. This has the consequence that ionisation processes take place in a larger
volume and not only directly above the evaporation source. The relation between gas pressure
and electron density, as welt as ion current density shows an exponential decrease (Fig 4).
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While investigations on the reactivity of excited bare metal ions ("state-selective
reactivity") has been a significant advance in gas phase organometallic chemistry [1], little is
known about the dependence of fragmentation and reactivity of ionic metal complexes with
their internal energy. In this study, we present results concerning the dissociation of staleselected ferrocenium ions (c-CsHj^Fe* commonly called Cp2Fe+, as well as their reactions
with methanol and ethanol. It is interesting to get more information about the
thermochemistry and the reactivity of ferrocene CpjFe and derived ions for different reasons :
first it is known to be a very efficient smoke inhibitor in flames [2,3], secondly the Cp
(cyclopentadienyl) ligand, widely used in organornetallic chemistry, might vary its
complexation mode (5,3 or I atoms) with internal energy.
In this study parent ions Cp^Fe* are produced by VUV photoionization of neutral
ferrocene using synchrotron radiation (Super-ACO, Orsay), and selected in internal energy by
threshold photoelectron-photoion coincidences (CERISES experimental setup [4,5]). Briefly,
the apparatus is divided into three differentially pumped regions: the source, the reaction and
the detection zones. In the source, state-selected parent ions are formed and can be selected in
mass by a first quadrupole filter. State-selected ions are then injected in the second zone
which is a RF octopole ion guide where reactions can occur in a collision cell filled with the
target gas. In the third zone, either fragment ions or reaction product ions are mass analysed
by a second quadrupole filter and detected by microchannelplates. In addition, the long flight
time in the octopoles (several hundreds of microseconds) allows studying long-lived
metastable ions.
In the study of ferrocenium ion dissociation, several kinds of measurements were
performed.
- First, total mass spectra were recorded at different photon energies.
The fragmentation channels are summarized in the Table, as well as the percentage of the
observed fragments in the total mass spectrum at a photon energy of 13.75 eV. In addition to
the main CpFe* and Fe* fragments, several minor fragments are detected such as CUIHIO**.
which reflects the formation of a C-C bond between the two Cp ligands. Losses of CH;, C2H2
and C4H4 also indicate that important structure rearrangements take place before cleavage.
- The appearance energies of each mass-selected fragment ion were measured by
recording fragment ion yields as a function of photon energy. Surprisingly, all fragments were
found to have the same energy onset, i.e. 13.2 eV photon energy, except for CjHjFe* (m/z
95). For Fe* ions, a sharp increase was observed at 17 eV, above the thermochemical onset of
Fe+ + 2 Cp . The 13.2 eV appearance energy of Fe~ is thus assigned to the formation of Fe" +
CKIHIO. The thermochemistry of the ferrocenium ion is not well established; the CpFe*—Cp
bond energy is evaluated to 3.7 eV [6] or 3.9 eV [7].The CpFe* ion experimental onset at 1.1.2
eV is at 6.55 eV above the Cp2Fe IP, i.e. about 2.5 eV above the estimated thermochemical
onset. This important difference may be attributed either to a dissociation barrier or to kinetic
shift.
- In order to evaluate the kinetic shift, coincidence mass spectra have been measured in
two different time ranges, by using either the quadrupole mass filter mounted at the exit of the
source (detection time in lens of us) or the quadrupole mass filter mounted after the oclopolc
ion guide (detection time in the hundreds of JIS). A shift of the crossing points of the
breakdown curves clearly demonstrates the presence of long-lived metastable ions. Figure I

shows the breakdown curve recorded by the second quadrupole mass filter for the major ions.
In this diagram, parent ion lifetimes can be derived in the considered energy range. Results
are reported in Figure 2, as well as lifetimes measured from lime-of-flight spectra.

13.2

13.3

13.4

13.5

13.6

13.7

13.8

Photon energy (eV)
f-'iguro i : Breakdown curve ot'C|oH it iFe'. restricted io the most important fragments Cpirc and Fe'.

Table : Major fragmentation products of lerrocenium ion.
Appearance %, spec, mass
Mass Fragment ion(a)
Neutral loss
threshold (eV) l3.75eV0>,c)
186

Cl(,HioFe''
(CpjFe", parent)

121

CjHjFe*
(CpFe')

56

1

Fe

%, colucid.
13.75 e W )

6.65

84.2

0

CsHj

13.2

11.5

81

CJOHII,

13.2,
17.0
13.2
13.2
13.2
13.2
17.3

-

2C S H 5

171
160
134
130

GiH7Fe'*

CHj

CAFc*
C.H4-V

C;H2

CioH,,,"

Fe

95

C-,H;Fe'

C5HS + C2H2

C4H4 V

1.9

8

0.6
0.5
0.2
0.5
O.i

S

3
3
2
0

ui) Very minor fragment* arc found at m/z 158 and 128; their relative intensity increases with increasing photon
vm-rgv.
(b) Proportion of the considered ion in the mass spectrum, at photon energy Ei ««13.75 eV.
u ) Kur L.i 11.5 cV (with LiFculotVfor phulons-* 12 t'V), Uie parent is ihu only detectable ion.
(<i) Proportion of the considtTCcf ion in coincidence with threshold electrons (relative to the sum of ions in
ciiincifkiKC vviih ihresholil electrons), at photon energy f;i "'• 13.75 eV.

- TIic CpFc (tiuc-of-fligfu spectra exhibit two peaks, corresponding to the time-ot-flight
of the ex pec led fragment :ind of the parent respectively. The latter corresponds to ions which

fragment during their pathway between the source and the detector. Let us note that
dissociation lifetime measurements reported in the literature [6,8], also shown in Figure 2,
have some ambiguity in the internal energy assignment.

Parent ion internal energy (eV)
Figure 2: Fragmentation rate constant of Cpjf c*: • from the fragmentation diagram, • from the timc-of-flight
spectra, Literature : O [6] O [8] — RRKM fit [6)

Besides the evidence of a kinetic shift, two arguments seem to indicate the presence of a
barrier and a rearrangement prior to dissociation : all fragments have the same appearance
energy within experimental errors, secondly fragments such as CIOHIO* demonstrate the
recombination between the two Cp Hgands.
The rale-determining step is thus most probably an isomerization of Cp;Fe , which
implies that the Cp loss is not a simple bond cleavage as previously supposed [6,8]. Figure 2
shows a RRKM fit calculated by Faulk and Diuibar [6], assuming a loose transition state. It
does not fit well our experimental data. Further RRKM modelling, as well as structure
calculations for the transition state, are now necessary to understand the fcrrocenium ion
dissociation which appears to be much more complex than previously stated.
'Die reactivity of ferracenium ion with methano! and ethanol iias been investigated as a
function of photon energy. It gave quite unexpected results. While no reaction occurs at lower
photon energies, several reaction products appear at 13.0 eV photon energy, very close to the
fragmaitation tlireshold. It was checked that these ions are really products from the parent ton
CpiFe*, since reaction of each of the different mass-selected fragments with the alcohol leads
to different products.
Only one product ion, m/z 201 ("CpjFe(CH3)""), comes from single collisions. It is
formed in both reactions with methanol and with ethanol.
Several other products appear at the same threshold, mainly mil. 217 ("Cp2Fe(OCH.;)'")
for metliaiiol and 231 ("CpjFe(fX':Hj) + ") for etlianol. Their non-linear increase: wilh
increasing reaclant gas pressure indicates that their formation involves several collisions.
The observed particular reactivity of the ferrocetitum ion just below its fragmentation
threshold seems to show that only mctastable ions arc reactive. It suggests that in order to
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either dissociate or become reactive, ferrocenium ions have first to isomerize. In order lo
check this hypothesis, further work is necessary, in particular ab initio calculations of possible
isomers.

References
[1]
[2j
. [31
|4]
15)
[6]
[7]
|8]

P.B. Amienlrout, Arm. Rn\ Phy.s. Chem. 41 (1990)313.
P. Carty.J.Grant, E. MelcaWe. Applied Orgammwt. Chem. 10(1996) 101.
M. Kasper, K. Sattler, K. Siegmann, U. Matter, H.C. Siegmann, J. Aerosol Sci. 30 (1999) 217.
O. Dutuii. C. Alcaraz. D. Gerlich. PM. Guyon, 1. Hepburn, C. Metayer-Zeitoun, J.B. Ozenne, M.
Schweizer, T. Weng, Chan. Phys. 209 (1996) 177.
J. Loos. D. SchrMer, W. Zuramack, H. Schwarz. R. Thissen, O. Dutuii. Int. J. Moss Spectrom. in
press.
J.D. Faulk, R.C. Dunbar. J. Am. Chem. Sot: 114 (1992) 8596.
M.F.Ryan,J.R.Eyler,D.E.Richaidson.J./im. Chan.Soc. 114(1992)8611.
S.J. Han, M.C. Yang, CM. Hwang, D.H. Woo, J.R. Hahn, H. Kang, Y. Chung, Ml. J. Mass
SiKulrom. 181(1998)59.

252

Poster B

7S3

AT0200306
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Many sequential and parallel chemical reactions involving charged species occur in a
plasma. Data needed to model plasma's chemical and physical environment includes crosssections, rate coefficients, and product ion distributions of electron-molecule and ionmolecule processes. Such reactions are studied by our group away from the complexity of the
plasma environment, with experimental techniques thai allow us to concentrate on a single
process, where usually only one or two species are involved. A molecule commonly used in
plasma etching applications is S F G ' J . We have performed a series of positive ion-molecule
and electron attachment studies on SF6 and related molecules, including SeF(,, TeF6 (i.e. XFc,
molecules), SF3CF3 and SF5CI (i.e. SF5X molecules) ] " 8 . The studies of ion reactions wilh and
electron attachment to SF<, and physically similar molecules are of value when seeking to
understand the ion and electron chemistry occurring in SF<, containing plasmas. The results of
these studies are presented in this poster.

Ion-Molecule Reactions
Rate coefficients and ion product branching ratios have been determined with the Selected
Ion Flow Tube (SIFT) at room temperature (300 K) for reactions of SFSX with the following
twenty-two cations; N e \ F*, Ar+, N2*. N~, CO*, CQj*. O + , N 2 O + , H 2 O + , ( V , S F / , C F 2 \ SF~,
SF 2 + , NOi*, SF 5 + , NO*, CF*, CF, + , SF3*, and H3O* (listed in order of decreasing
recombination energy), SFj*, NO:*, NO + , SFj*, and HjO + are found to be unreaclive with
bolh S F J C F J and SF5CI. The majority of the other reactions proceed with rate coefficients
that are close to the capture value. Those found to occur at rates significantly less than the
capture mechanism value are the reactions of O2*, SFT, SFS+, and CF3* with SF5CF3, and SF4*
and SFs* with SFjCI. Several distinct processes are observed among the large number of
reactions studied, including dissociative charge transfer and various abstraction channels.
Non-dissociative charge transfer is not observed, implying that the parent ton dissociates
rapidly to the fragment ion and associated neutral(s). Figure 1 illustrates the reaction
pathways accessible to the reagent ions either by dissociative charge transfer (simple
fragmentation) and those involving migration of an F atom across the S-C bond.

Electron Attachment Studies
Electron attachment rate coefficients and anion product branching ratios have been
measured for electron attachment to XF(i (X = S, Se and Te) and SF5X~(X = Cl and CF 3 ),
using an atmospheric pressure drift tube apparatus connected to a mass spectrometer. Results
from these studies are presented. Electron attachment so XF4 was observed 10 produce XF(,'
and XFj'. When extrapolated 10 zero attaching gas concentration, the branching ratios are
found to be similar, with XF&' dominant in each case. Despite this similarity, the electron
attachment rate coefficients are found to be markedly different: k(SeFfc) ~ lO^kfSFi,) ;
k(TeF6) - ]0 o xk(SF 6 ). SF5CF3 and SFjCI are also found 10 attach electrons ai a much slcnver
rate than SF 6 .
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With F migration

Simple fragmentation
—

F' + SFj

• No

20

CF2* + F + SF

15

0 IFigure I. Adiabatie dissociative ionisation limits below 22 cV for SFfCFi. The limits arc divided into those
attained by simple fragmentation, and those involving the migration of an F atom across the S-C bond.
The recombination energies of the reagent ions with RE > 11 cV arc also presented in the figure. The
electrons have been omitted from the labelling of the various limits.
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Charge transfer involving multiply charged ions in collision with atomic or molecular
targets are determinant processes in controlled thermonuclear fusion research and
astrophysical plasmas. In such processes, an electron is generally captured in an excited state
of the ion, followed by line emission. The observation of line intensities provides important
information on the electron temperature, density and spacial distributions in the emitting
region of the plasma.
From a theoretical point of view, different approaches may be used with regard to the
collisions! energy range of the process. A semi-classical method is currently used at keV
energies, but the description of very low-velocity processes requires a complete quantum
mechanical treatment of the dynamics of both electrons and nuclei. The first approach
extensively used is the resolution of the stationary close-coupling equations, but we have
analyzed recently the efficiency of a time-dependent wave packet method [1,2] which
provides a clear and physical insight into the dynamics of the processes and may be
particularly interesting for polyatomic systems since it allows the possibility of developing a
fully quantal mechanical treatment for some degrees of freedom, the other ones being treated
classically.
The keV energy range treatment is presented on two examples pointing out the case of
complex ion-atom collision systems, as well as the differences between ion-atom and ionmolecule mechanisms. In connection with translation energy spectroscopy experiments of
McLaughlin et al [3] in the 4-28 keV impact energy range, we present a complete ab-initio
theoretical approach of the N4+(2s):S + He system taking into account both single and double

Adiabatic potential energy curves 1br N4* i- He
Full curves, ' I T stales; broken curves, "instates.

Cross sections far the N'1* * Me process
Comparison with experimental data [?>]
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electron capture channels [4], This is an extremely complex coHisiouul system which involves
numerous collision channels with short range interactions and a very intricate interaction
region may be observed for interatomic distances around 11=3.5 a.u.. In agreement with
experimental data, the process is shown to be dominant on the N3+(2p2)'S single capture
channel, but the double capture process has to be taken into account in the mechanism.
The semi-classical approach may be extended to molecular targets, taking account of the
much higher velocity of electronic transitions, with respect to molecular vibration. At the
lower level of approximation, the molecular vibration of the molecule can be ignored and the
ion-molecule collision may be visualized as an ion bumping an anisotropic atom. This
approach has been applied on the B3*(lsJ) + H: [5] and give reasonable results for energies
greater than 100 eV/ai)iu.[6), taking account of the anisotropy effect for the different
orientations of the molecule and the dependence on the vibrational coordinate in-ii.
The wave-packet time-dependent treatment has been developed on the Si*+ + He
collisional system [1,2]. The recombination of silicon ions with atomic hydrogen and helium
is a quite important process in astrophysics! plasiuas which has attracted recently a particular
interest as experiments of Fang and Kwong [7] have provided for (he first time measurements
of rate constants at very low temperatures. The calculation lias been performed in both
adiabatic and diabatic representations in order to get rid of the ambiguity in defining the
unitary transformation, in particular for polyatomic systems and Hanckel-Ricatti functions
have been used in order to improve the precision of the calculations. Our results are in good
agreement with time independent approaches [8], but a large discrepancy Is observed with the
ion-trap experiment of Kwong which cannot be explained by the simple electron exchange
Si+f/Si . Further mechanisms involving impurities or excited states should perhaps be
considered.

Rate coefficients for Si' r +Hc (full curve.
Hankcl- Kicani functions ; doited curve, plane
waves)

Cross sections for B " + H : . Comparison with
experimental data [61
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In this work was received equation, connecting correlativity properties of surface with
electrons distribution function. Usually for equilibrium is necessary a large number of
collisions. Collisions are "destroying" correlations. In case rare collisions large importance
have correlations and "memory" effects. Non-Markov's character of emitting particles by
surface lead to strongly nonequilibrium condition of "gas" Here kinetic equation of diffusive
form does not apply. Classical kinetic equation are described only conditions near to
equilibrium.
This work offers to use ideas anomal diffusion in phase-space. The correlation properties
of surface describe by correlations of velocities of emitting electrons: fl(/), We offer to use
functional equation for probability collision instead of kinetic equation:

This functional allow to consider "memory" effects. It is important for consideration of
electrons and clusters near surfaces. Distribution function become direct connected with
correlations. In classical Kubo-Mory theory of transfer is necessary to get nondivergences
30

integral:Doc jB(l) .In considering case we can use even "power function". It was used
0

'slow' correlation function as Kohlraush in calculations. The information about kinetics and
correlations properties are containing in one functional equation. It was received solution of
this equation in form Levy function:
/ 1)
exp — .
\ vJ
The solution of this form can not to be get with help asymptotic methods of kinetic theory.
Asymptotics of solution have scale-invariant character F(l')ai-rrr. This indicate on fractal
properties phase-space.
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Metal ions in unusual oxidation states can be introduced into water clusters using a
standard laser vaporization source. Such nanosolutions of a single ion in typically 50 water
molecules are comparable to a one molar bulk solution, and their chemistry can be studied in
the ion trap of a fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer. The
laser vaporization usually yields singly charged hydraled transition metal ions M*(H20)n,
corresponding to the oxidation state +1. Due to a rapid disproportionation, this oxidation state
is for most transition metals unstable in bulk solution. In the cluster, however, with only a
single metal ion present, this decay channel is closed, and the hydrated monocation is stable
even on the long time scale of the ICR experiment. The +1 oxidation state is a potential
intermediate for redox reactions involving transition metals, and these clusters offer a unique
opportunity to study these elusive species in an aqueous environment.
When exposed to room temperature black-body radiation, M*(H2O)n with M=Cr, Mn, Fe,
Co, Ni, and Cu decay by sequential loss of water molecules, and no redox reactions are
observed. Hydrated vanadium cations V*(H2O)n, n=5-3O, besides the loss of water ligands,
show two different intracluster redox reactions, whose branching ratios are strongly sizedependent. Oxidation to the +11 state results in V(OHy"(H2O)n ions, and a concurrent release
of atomic hydrogen. Alternatively V(OH)2*(H2O)n clusters can form, leaving vanadium in the
+111 state, common in aqueous solutions, and simultaneously molecular H: evaporates from
the cluster. This behavior reflects the ability of vanadium as a transition metal to form stable
compounds in a variety of oxidation stales, and differs from ihe previously studied intraclusler
reactions involving the hydrated monovalenl main group metals Me* and Al+ which only
react to their preferred oxidation state, MgOH' and A1(OH)2+, respectively.
A strong acid like hydrogen chloride also oxidizes the early transition metal vanadium to
the more common +111 state, while Cr, Mn, Fe, Co, Ni, and Cu retain their unusual +1
oxidation slate, and the binary metal chlorides M(I)CI precipitate.
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An inductively-Coupled Plasma (ICP) has been interfaced with a Selected-Ion Flow Tube
(SIFT) tandem mass spectrometer and this combination has been used in systematic
measurements of periodic trends in reactivity for reactions of molecular oxygen with
transition-metal cations both bare and attached to benzene.
The gas-phase oxidation of metal cation-benzene adduces in reactions with O 2 can mimic
the oxidation of larger organometallic or biological molecules containing benzene units in the
presence of metals. Transition metal cations often provide the active sites in such processes
and can mediate oxidation reactions by binding molecular oxygen reversibly {O2 transport by
mioglobin) or by delivering an O-atom to various substrates (Cytochrome P-450).' To the
extent that benzene mimics graphite, the oxidation of metal-coated graphite also can be
simulated.

Experimental
Transition metal cations are produced in an ICP source,2 selected with a quadrupole mass
filter and injected upstream into a flow tube containing helium buffer gas at O.35±0.01 Torr
and 295±2 K. Benzene adduct ions are generated by adding benzene and thermalized by
collisions with He upstream of the reaction region. Reactant O2 is added midstream. Reactant
and product ions are selected by a second quadrupole and detected downstream. Ion signal
measurements are taken as a function of Oz flow and these provide reaction rate coefficients
and product ion distributions. Bond connectivities are determined by inducing collisional
fragmentation prior to sampling.3

Results and Discussion
Kinetic results obtained for primary reactions of benzene mono-adducts of all transition
metal cations (except Tc+) with molecular oxygen are presented in Figure 1. They are
presented as reaction efficiencies. I W fc, where kgw, is the measured reaction rate coefficient
and kc is the collision rate coefficient calculated using the Variational Transition State
Theory.'1 Also included are branching ratios for competing primary reaction channels.
The primary channels observed are described by reactions (1 a)-( 1 g). Some of these clearly
involve O-O (reactions la and lc), C-H (reaction Ic) or C-C (reaction If) bond activation.
The relative occurrence of these reaction channels clearly depends on the position of the
transition-metal cation in the periodic table, viz. the electronic structure of the metal cation.

M C I V + O2

-> MC,,Hf,O + ()
-> M C H j O : '
-> MC,,K,O* + rfcO
->C6H6*+MO;
- • M<V + C6H,,
->MC 4 Hj'+(C : H ; O 2 )
-> M' + (C(,H(,O;)

O-alom transfer
addition
addition/dehydration
metal abslraction
ligand switching
acetylene elimination
benzene abstraction

(la)

(1b)
(Ic)
(Id)
(le)
(10
(lg)

N

o

O

<

CO

—6

**
U

CO

CD

•<

C-4

O

Figure I. Periodic variations in the rcactivitv' of transition metal cation-benzene mono-adducts toward molecular
oxygen, krtjkc, where k*, is the measured rate coefficient and k^ is the calculated collision rate coefficient. The
observed reaction channels are also indicated with (heir measured branching ratios.

Benzene adducts of early transition-metal cations exhibit rich chemistry that involves
competition between several (up to five) reaction channels. The overall reactions arc last,
approaching the collision limit, koi,, > 2.6xlO'iri cin'molecuIe'V. In sharp contrast, late
transition-metal cations simply add molecular oxygen and do so slowly, k ^ < 1.8x10''"
cm'molecule's', or they do not react measurably in the flow range investigated, kni* < 1.6
xlO12 cm'molecule'V (Ag, Cd). Some intermediate transition-metal cations react slowly but
still exhibit several primary reaction channels. Hg* does not form an adduct with benzene,
rather it abstracts an election.
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Figure 1 clearly shows that metal-benzene adduct ions of early transition metals activate
molecular oxygen and accept an 0 atom in a manner that we have previously established for
bare transition-metal ions (in the absence of benzene).5 Also we have found that M(Q,H6h*
ions do not accept an O atom and that O-atom transfer (with unit reaction efficiency) occurs
as a secondary reaction, reaction (2), for M = Nb, Mo, Ta and W.
MC6H6O* + Ch ->• MC(,H6OO* + O

(2)

Molecular oxygen addition, reaction lb, occurs with most metal-benzene mono-adducts,
in contrast with what is observed in the absence of the benzene ligand.3 Molecular oxygen
addition is the exclusive reaction pathway for benzene adducts of late transition metal cations;
rate enhancement of up to one order of magnitude is observed when benzene is added to these
cations. Addition of molecular oxygen is also observed in reactions of benzene bis-adducts
with early transition metal cations (Sc*, Y + , L a \ Zr*, Hi*, Nb + and Ta*). Reaction rate
coefficients for these addition reactions range from 1.7x10"'" cm'molecuIe'V for Ta(C6H6)2*
to 3.4xl0' 10 cm 3 molecule"'s'' for La(C6H(,):*. Only one benzene bis-adduct of late transition
metal cations, ZnfQjHi):*, was observed to react with oxygen by addition, k ^ «= 4 . 1 x 1 0 "
cm'molecule's' 1 . O2 addition was also observed to occur with monoxides formed in reaction
(la). T i C ^ O * , VC6H6O*, ZrC6H6O* and HiCAO* reacted relatively fast by adding one
molecule of O 2 , k<*s > 7.9x10"" crn'molecule'V.
The dehydration channel (lc) occurs with V*, Cr*, Fe* and Re* (with Cr* and Fe* it is the
major channel)) and involves 0 - 0 and C-H activation. The product ions CrCdisCf and
FeC6H(O+ behaved differently upon collisional dissociation and structures have been assigned
accordingly.
Reactions in which the metal is abstracted, reaction (Id), or in which the benzene ligand
switches with molecular oxygen, reaction (I e), result in the formation of neutral or cationic
transition-metal dioxides. Metal abstraction was observed for M = Sc, Ti, V, Zr, Nb, Mo, Hf.
Ta, W, Re. Os, and Ir. Switching was observed for M = Sc, Ti, V, Y, Zr, Nb, Mo, La, Hf, Ta,
W, Re and Os. The occurrence or non-occurrence of these channels allows estimations to be
made of thermochemical properties of (he metal dioxide species.
The benzene abstraction channel (lg) was observed with Cr*, Fe* and Co*. Formation of
the neutral product molecule catechot (1,2-dihydroxybenzene) provides the highest reaction
exothermicity.
The product metal ion can realtach to benzene and so initiate a catalytic cycle that results
in the oxidation of benzene to catechol.
The acetylene elimination channel (If) is unique to Os* and clearly involves benzene ring
cleavage.
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Abstract
The reaction dynamics of C( 3 P,'D) with acetylene and ethylene have been investigated by
using the crossed beam technique with mass spectrometric detection and time-of-flight (TOF)
analysis. The novel capability of generating continuous supersonic beams of carbon atoms by
a radio-frequency discharge beam source is exploited. From angular and velocity distribution
measurements, the primary reaction products are identified, their relative importance assessed,
and their dynamics of formation characterized. While the reaction C( 3 P) + C ^ r ^ X ' s / ) has
been found to lead to C3H + H and C3(X'SS+) +H2(X l Z e ') in comparable amount, the reaction
C( 3 P) + C 2 H^X'A|) has been found to lead, predominantly, to H + C3H3 (propargylene). The
dynamics of the C('D) reactions are also characterized. The spin-forbidden H2 elimination
channel in the reaction C( 3 P) + C2H2 is attributed to the occurrence of inter-system-crossing
between the triplet and singlet manifolds of the C3H2 potential energy surfaces. Interestingly,
these findings provide evidence that the C( 3 P) + C2H2 reaction maybe the source of both C3H
and C3Species detected in the extreme environments of dense interstellar clouds and outflows
of carbon stars, as well as in combustion systems.

Introduction
In this contribution we report on the investigation of the dynamics of some important
reactions of C( 3 P,'D) with unsaturated hydrocarbons (acetylene, ethylene), a work carried out
in asynergistic fashion with low temperature kinetic'and low energy dynamic (integral cross
sections)2experiments within the EC Network on Astrophysical Chemistry.'These reactions
are of basic chemical interest and of great relevance in areas which range from combustion to
aslrochemistry. Kinetic studies of a variety of C( 3 P) reactions with unsaturated
hydrocarbons(C3H2, C2R1, C3H4, etc.) found them very fast (k = 2-4x10"'° cm 3 molecule's 1 )
down to very low temperature (15 K) and suggested that these are barrierless reactions
dominated by long range attractive forces and that may have a critical role in tiie chemistry of
the inler-stellar-medium (ISM).'These studies, however, follow the decay of C( 3 P)and do not
provide information on (he primary products and on the dynamics of the reaction.
In our laboratory, we have carried out measurements of product angular and velocity
distributions at different mass-to-charge (m/e) ratios by using the crossed beamtechnique,"
and from this we have identified the primary products and determined their branching ratios
for both C( J P) and C('D) title reactions, have derived their angular and translational energy
distributions in the Center-of-Mass (CM) frame, and have characterized the reaction
micromechanism. The reaction dynamics are discussed in the light of recent theoretical
calculations on the relevant potential energy surfaces (PESs) governing the transformation
from reactants to products. 3 ''
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Supersonic, continuous beams of carbon atoms, generated by a high pressure RF discharge
beam source in diluteCCVrare gas mixtures, well collirnated in angle and velocity, are crossed
at 90° with supersonic beams of C2H2 and C2H4 in a large scattering chamber.5 The reaction
products are detected by a rotatable UHV mass spectrometer detector with electron impact
ionizer; the product velocities are measured by the pseudo-random TOF technique.4'5 The C
beams contain only 2-3% C? and no detectable Cj; this characteristic is particularly important
in this study, since C3 is one of the energetically allowed products of the C+C2H2 reaction.
Results
The reaction C(3P,'D) + CsH^X'Zj*) was sttidied at the collision energy Ec of 29.3 kJ/hiol
by detecting the products at /w/e=37 and 36. The corresponding lab angular distributions are
depicted in Fig. 1 together with the velocity vector ("Newton") diagram of the experiment.
The relevant dynamic information, i.e., the double differential cross section ICM(9.E), was
retrieved using a forward convolution fit of the lab distributions by assuming a separable CM
angular, T(6), and translational energy, P(E'r). distributions, i.e., ICM(8,E)=T(9)xP(E'r).
Them/e=37 data correspond to formation of C3H + H products and revealed contribution from
both the C(3P) and C('D)reactions (see best-fit curves in Fig. 1-top). It can be seen that
them/e=36 angular distribution is wider and extends on a wider range of lab angles,©, than the
one at m/e-'il (also, the TOF spectra, not shown here, exhibit a faster rising edge). This
unambiguosiy indicates that the m/e=36 signal does not originate only from dissociative
ionizalion of C3H in the ionizer, but it must also arise from an H2 elimination channel,
corresponding to C3 + Information (see best-fit in Fig. 1-bottom). From the extent of the
P(EV) distribution we concluded that Ci formation arises only from the C(3P) reaction.5'6 We
have derived a ratio of integral cross sections a(C3+Hb)/[ o(C3+H2)+ o(CjH+H)] of about
0.37; that is, the H2 elimination channel is comparable in importance to the H elimination
channel.''"
The reaction C + C2H4 was studied at four different Ec (8.8,15.9,29.7, and 37.8 kJ/mol) by
detecting products at m/e=39 and 38. The corresponding angular and TOF distributions were
found to be identical, indicating that the C/H exchange channel is the dominant pathway and
no H2 formation occurs.5'7
Discussion
Both reactions, C(3P,'D) + C2H2 and C2H4 are found to proceed through a strongly bound
intermediate (C3H2 and CjH«, respectively) that lives a lime comparable to its rotational
period. Formation of H + HjCCCH (propargyl) is the dominant pathway, at low collision
energy- (Ec), of the C(3P,'D) + C2H4reaction, while at high E: formation of the less stable CjH3
isomers (cyclopropenyl and/or propyn-1-yl) also occurs; Ihe H2 elimination channel is
negligible and no C('D) contribution has been observed except at high Ec." The H
elimination channel has also been found to be the dominant pathway in the C('P,'D) +
CHjCCH reaction leading toQHj isomers (both the triplet and singlet dynamics has been
characterized); again, no ^elimination was observed to occur.5
In contrast, both H and Hielimination, leading in comparable ratio to C3H + Hand
C.i(X'l/) +H;(XI£S~), respectively, have been observed in the reaction C(3P) + CjhhlX'lg1)
at a collision energy of Ec=29.3 kJ/mol. The dynamics of CjH + H formation from C('D) has
also beencharacterized.3'5'1' The occurrence of the spin-forbidden molecular pathway in the
C(JP) + C;H2 reaction, never detected before," has been rationalized by invoking the
occurrence of inter-system-crossing between triplet and singlet manifolds of the CjHi PESs
(see Fig. 2). These findings are supported by recent kinetic work' as well as by
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theoreticalcalculations"' and may have important consequences in establishing the role of this
reaction in the modeling of combustion and interstellar chemistry networks.
The detailed results will be discussed at the meeting.
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Abstract:
The rate constant for dissociative electron attachment to ozone has been derived over the
energy range of 0-10 eV by using previously measured cross section data revisited here in
regards to discrimination effect occurring during the extraction of ions. The obtained data for
both possible channels exhibit the maximum at mean electron energies close to 1 eV.
Introduction
The attachment of electrons to molecules is an important process in discharge plasma, as it
substantially affects the concentration of electrons and therefore the macroscopic properties of
the plasma. Moreover, if the capture of an electron by an electronegative molecule proceeds
via the dissociative channel this can actively affect the kinetics of plasmachemical and ionmolecule reactions in the gas discharge gap and therefore influence the equilibrium in the
concentration of chemical compounds. Bom the neutral molecular components of gaseous
mixtures as well as the molecular products formed due to plasmachemical reactions can be
dissociated. Hence the dissociative electron attachment is an additional process to direct
electron impact dissociation of neutral gas components, which can play an important role in
many industrial plasma technologies.
The dissociative electron attachment to ozone molecules in ozonisers is a typical example
of such a process. Ozone, which is generated in the discharge gap can by destroyed by
electron impact either directly [1]
e + Oi -> O + O3 + e

(I)

or via two competitive dissociative electron attachment processes
e + O3 -> O~ + Oz

(2)

e + Oj -> O + O2~

(3)

The cross section for (2) exhibits a maximum in the range of 1.2 - 1.5 eV according to
several studies [2]-[8J. The maximum for process (3) was observed at electron energies
slightly below that corresponding to process (2). In addition, the existence of a very narrow
resonance for process (2) at nearly zero electron energy has been reported recently [7] and [8],
This resonance was observed only if an electron beam of very low FWHM values was used in
crossed-beams experiment. Moreover two further resonances in cross section data at 3.5 eV
and 7.4 eV have been reported recently [2] and [3].
Despite of the importance of the dissociative process (2) and (3) in ozonisers, there are
only several experimental studies reporting rate constants for these processes. Those,
conducted over the period 1967-75, were surveyed by Caledonia [9]. Low values of the
thermal rale constant at near zero electron energy, smaller than 1x10"" em's"', are typical for
all earlier swarm data [9]. According to Stelman el al.[10] the rate constant k increases with
the electron energy Ck = ku\ (kn is Boltzmann constant and Tc is the electron temperature)
expressed in cV as follows

Formula (4) was used by Kastelewitz et al. [11] for low energy electrons Ek < 0.5 eV. At
higher energies the rate constant was derived from Currans relative cross section data [3], and
then were normalised to Stelman's data. A Maxwell-Boltzman electron energy distribution
function was used for these calculation yielding
k = 5.87 x 10 "(ek)'-5.exp[- 1.59/cJ

(5)

which exhibits a flat maximum of 1.2 x 10'' cm3.s"' at a mean electron energy close to 1.5 eV.
As to the author's knowledge there existed no new data for this rate constant.
In contrast to these values for the attachment rate constant determined by swarm
experiments several papers report values of k higher that 1 x 10"' cmV using low
temperature gas discharge plasmas [12, 13, 14]. Also from the attachment rate coefficient data
obtained in oxygen-ozone [ 15] and air-ozone [ 16] mixtures in drift tubes higher values for the
rate constant can be surmised. Finally, the modelling of ozone generation in a negative corona
discharge has shown that the dissociative attachment processes (2) and (3) participate in the
mechanism of ozone destruction [17]. There is however one contradictory data reported by
Klopovskij et al. [18] who found a value of 5x10"'0 cmV', which does not depend on the
electron energy.
In the current paper new attachment rate constant data are reported in the electron energy
range (0-10) eV.
Analysis of the extraction efficiency of a TEM and results.
The rate constant for the dissociative electron attachment has been calculated both for
process (2) and (3) by using the earlier measured cross-section data [6] and [7]. Those were
revisited in respect to the discrimination effect that occur during the extraction of ions from
the collision region.
The operation of the TEM (Trochoidal Electron Monochromator [19]) at high energy
resolution regime requires the extraction electric field in the collision chamber to be very
small in order to minimise electric field effects on the electron energy distribution in the
incidental electron beam. The beam is characterised by the full-width-half-maximum
(FWHM). Under such conditions, the efficiency for the extraction of ions having higher
kinetic energy is reduced. Therefore the experimentally measured yield of ions per lime unit is
not proportional to the rate of the ion formation in the collision region. Hence there is no
direct proportionality between the measured yield and the cross section data, which is usually
assumed to be valid converting the relative cross section data to absolute values [20]. Better to
say, the shape of ion yield measured as a function of electron energy does not correspond to
the real shape of the attachment cross section as a function of electron energy. The problem
has been discussed in detail recently [21 ].
In order to avoid effects of the discrimination on the shape of the measured ion yield the
extraction efficiency for ions has to be taken into account. Therefore this effect has been
calculated by the program SIMION for the geometry of the TEM used in earlier experiments
[6] and [7]. The calculated extraction efficiency for both O' and Oj' ions is shown in Fig. la,
and lb respectively.
The extraction efficiency is at its maximum (100%) when the high extraction electric field
(extraction potential of 10 V) is applied only for ions having kinetic energies smaller than
about 0.4 eV. At higher ion energies the efficiency is strongly reduced down to about 20%. In
the case of low extraction electric field (extraction potential below 1 V) only a small fraction
of ions having low energy is extracted completely. All other ions are strongly discriminated
and the efficiency sharply decreases down to 20 % of maximum.
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The earlier published absolute cross section data [6] and [7] were revisited by using this
calculated extraction efficiency, assuming that the excess of the Idnctk electron is transferred
to the negative ion product Absolute calibration of the corrected relative cross sections has
been carried out by calibrating ourO" data at 1.3 eV (resonance maximum) to the O cross
section values of Rangwalla et al. [2] at the same position. Knowing the absolute cross section
values a(r.), a rate constant for the processes (2) and <3) wasilien calculated using the formula
k

*

(6)

=

where mc is an electron mass, e^ = 2/3 <s> and <E> is the mean electron energy.
The calculated values of k as afiinclwn-Gl'uHemean electron otergy bolli for process (2)
and (3) are polled in Fig. 2a) and 2b) respectively togeilier with the data<Jetermined from the
original cross section data published earlier {6,7]. For the comparison also the data reported
by KastekwilzaruJ Bachman f 1 ]] are displayed.
Tlie current date are evidently shifted in comparison to the earlier data and are in good
agreement with that -obtained from parameters of various discharges [12, 13, 14]. Moreover
the current data are fairly well consistent with those determined by Kastclcwitz and Bachman
at election energies above 1 cV by using the formula<4), and (5) [I I). At lower energies the
differences between current data and earlier calculated are evident The results confirm the
fact that dissociative electron attachment to ozone under certain conditions typical for low
temperature gas discharges {mean energy dose Jo 1 £V) is a process which considerably
contributes to mechanism of the ozone decomposition by an electron impact and must be
considered, besides the dtred electron impact-dissociation (I), in the kinetic models of ozone
formation by electrical discharges.
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Superfluid helium nanodroplets {Hen, N=5000) are produced in a supersonic expansion of
helium gas under high pressure and low temperature conditions. Evaporative cooling keeps
the droplets at an internal temperature of T=380mK. Doping with atoms and molecules can
easily be achieved by pick-up from the gas pliase. Hence, the droplets provide a weakly
interacting and cold matrix for studies at very low temperatures. The application of Ihis
technique for matrix isolation spcctroscopy has drawn much interest during recent times,
governing many interesting new results (e.g. see special issue on helium nanodroplets in
J.Chem.Phys. [1]).
Furthermore, molecules, clusters and weakly bound complexes can be synthesized when
sequentially adding constituents under the low temperature conditions. In contrast to atoms
and molecules which normally reside inside helium droplets, alkalis do not submerge in
helium. They form weakly bound surface states due to die Pauli-repulsion of the helium
electronic distribution and the alkali valence electrons. As a consequence the formation of
alkali clusters on the surface is hindered by desorption from the droplet, induced by the
dissipation of binding energy upon cluster formation. Hence, only weakly bound clusters
survive the agglomeration process on the surface of a droplet. In this way, van dcr Waals
bound alkali clusters, having all the spins of the valence electrons aligned in parallel, can be
exclusively produced. We employed femtosecond multiphoton ionisation for studying this
phenomenon. In Fig. t a mass distribution is shown, indicating die abundance of such highspin clusters. The odd-even alternation of intensities is due to a spin relaxation mechanism
induced by the laser excitation. Even the clusters having more than 10 constituents are totally
spin-polarized. Since there is no question about the non-metallic property of these clusters, the
electronic and geometric structure has to be experimentally confirmed in future experiments.
We observed distinct differences in the cluster formation depending on the alkali used (Li,
Na, K, Rb, Cs). Na and K readily form clusters up to N => 20; in contrast, the formation of
larger Rb and Cs clusters is suppressed. Finally, applying this method, Li does not form any
clusters beyond the trimer. Absorption, ionisation and fragmentation properties of the clusters
will be discussed.

Hig.l: (Lett) I'hotoionization intensity of sodium clusters
formed by consecutive pick-up ol' sodium atoms on a
helium nunodroplet at two different laser wavelengths.
Selection of weakly bound complexes leads preferentially
lo clusters with ail the valence electrons having parallel

References
[ l | "Helium Nonodroplets: A Novel Medium for Chemistry and Physics", J.CIwm.Phys. 115 (22).
10065-10281(2001).

AT0200314
Ionization of Uracil Vapor by 20-150 keV protons
B. Coupier, B. Farizon, M. Farizon (a); M. Carré (b); S. Ouaskit (c); N.V. de Castro
Paria, G. Jalbert (d);G. Hanel, P. Scheier and T.D. Märk (c)
(a) Institut de Physique Nucléaire de Lyon, f.\:2P3~CS'RS et Université Claude Bernard. 4Ì Bd
dull Novembre 191(1. F-69622 Villeurbanne Ceder. France,
(b)L.A.S.1.H CNRS UMR « 7 9 d université Claude. Renard. 43 Hd du lì Novembre 1918.
[''•69622 Villeurbanne Cedex. France.
(c) Laboratoire de Physique de la mutiere condensée, Faculté dey sciences Ben M'iïk.
Cazabhnvn. Marocco.
(d) Université Fédérale de Rio de Janeiro. Rio de Janeiro, UrazU.
(e) Institut fir lottanphyslk, LeoftoldFiwat'ru Universität, Techirikerstr. 25, A-6020 Innsbruck,
Austria.

This work must be attached lo the study of the effects of radiations on bio molecules at the
molecular scale, occurring in hadrontherapy lor instance. Indeed, in the Bragg peak energy
range of hadrontherapy, charge exchanges processes are occurring, leading to particularly
destructive effects like strand breakings of DNA molecules. The survival of the irradiated
cells is then under question. As a consequence, the study of these processes is of great interest
to gain a better understanding of the biological effects of radiations. In a first step, we will
study the effects of proton impacts on the isolated bases of the macromolecule, such as the
uracil molecule C4H4N2Q2 (one of the RNA bases).
The experimental set-up is schematically represented on the figure. Using a coincidence
system between a TOF mass spectrometer and the outgoing-projectiles detectors, we are able
to measure the branching ratio of electron capture processes versus direct ionization processes
in proton-uracil collisions in the range of proton beam energy 20 to 150 keV.

Pmjetils

selection

Cciridena
Tin: u-lociiv dependence lit" ilie Branching Raiii) and the corresponding Urocii fragment spectra will be
presented.

274

AT0200315
The intriguing steric dependence and interfering behaviour of rotationally
inelastic NO-Ar, He and D 2 collisions.
Marc de Langew, Craig Taatjes0", Marco Wisse(>>, Geesje Boon'"', Paul Griffiths**,
Marcel Drabbels(*'c), Millard Alexander'* and Steven Stoke'"'
(a) Laser Center and Department of Physical Chemistry, Vrije Universiteit, De Boelelaan
1083. 1081IIV Amsterdam, Vie Netherlands,
Combustion Research facility Sandia, National Laboratories, P.O.Box 969,
Liveware, CA. 94551-0969 USA.
fcj Department of Chemistry, Swiss Federal Institute ofTechnology Lausanne, CH-1015
Lausanne EPFL Switzerland,
(d) Deportment of Chemistry and Biochemistry, University of Maryland, College Park,
MD 20742-2021 USA.
(bj

Abstract
The orientational dependence of the state to state rotational energy transfer collision cross
section has been measured for NO with He or Di and found to be larger and more oscillatory
in j ' ( than that obtained for N0-Ar[l-3]. To elucidate this puzzling phenomenon of a strong
and undu/aeive steric effect for nearly symmetric NO, as predicted by ab initio theory {2], a
new type of semiclassical approximation to the scattering problem is presented.
Introduction
The total inelastic collision cross-section of NO and Ar with Q = Cl' at
£„ =475cw"'(0.06eF) exhibits a strong propensity to conserve parity. This homonuclearlike behaviour suggests that the total rotational inelastic cross-section ought to be rather
insensitive whether the incoming Ar, (or He, D2) impinges preferentially onto the N-end (<JN)
or onto the O-end (00) of the NO-molecuIe.
Experimental
A pulsed beam of Ar, He or Di and a hexapole state-selected, pulsed beam of NO
(fl = $,j = $,£ = -1) cross each other at the scattering centre. Here the incoming NO
molecules are oriented by applying an electric orientation field £ ( = 30'%,,). Depending
upon E f t £>„, or E I t £„, the N-end with {rm • 6nl)=X or the O-end with (rxo •£„,,) —
Yi of NO points preferentially towards its incoming collision partner. The yield or(scatiered)
NO molecules residing in a single (Ci',j',E') stale is delected by Laser Induced
Fluorescence (L1F), using resonant excitation by a narrow-band (0.1 cm 1 ) pulsed laser
tuneable around 226 nm. The quantum number Ci' = i or 4 indicates Ihe fine structure stale,
]' the rotational stale and e' = -l or 1 the symmetry of the selected A-doublel component.
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Fig, 1: The arrangement of the oriented NO-Ar, lie, D? scattering experiment.
Results and Discussion
The steric asymmetry

S a ( c r ¥ - < x o ) / ( < x v + < 7 0 ) , which is used to quantify the

dependence of a collision cross section upon molecular orientation, has been determined at
E r 4 7 S cm'1 for NO-Ar and at E,r=502 cm"1 for NO-He or Dj. The measured values of S,
which are depicted in fig. 2, at c ' = 1 and £2'= £2 = | , as a function of j ' , S(j',s'

= ]),

show that \S(j", e' = Vj[ for NO-He is almost a factor two larger than for NO-Ar. Additionally,
the oscillatory behaviour is found to be much more pronounced for NO-He. The measured
values of S{j',e' = -1) of NO-He, both for £2' = + and £2' = \ r are plotted in tig. 3. Here,
forNO-Hc, the similarity of S(J",E'

= -1) for £2 = -j and for £2' = jr is very striking. Such

a similarity is found to be marginal for NO-Ar. Finally, for NO-He and NO-Dj, the observed
values of S(j',s'=l)

with t i ' = -§• are displayed in fig. 4. Similarly, as obtained in

differential scattering ion-imaging experiments [4] only small differences emerge in
S(j".e'=

I) between NO-He and NO-D2, which suggest a very similar anisotropic potential

for both systems.
In our model to elucidate the surprisingly large steric asymmetries for a nearly symmetric
NO molecule the ab-inilio surface is simplified to an anisotropic hard shell potential. The
transfer of collision energy into the outgoing j ' state is assumed to occur impulsively at the
turning point of a classical trajectory. Imposing conservation of incoming momentum
perpendicular to the normal potential surface at the turning point, one can identify at every
spatial orientation of the molecular axis a curved array of impact parameters thai will
contribute for a fixed j - > j ' to the same scattering angle 9. The spatial coherence of the state
selected (i=m-il=ll2) NO oricmed molecule wave function requires introduction of a phase
shift 11 to account for interference among all outgoing "plane wave" rays, belonging to fixed
j - > j ' and 9. This to obtain a semi-classical scattering amplitude. We will show and discuss
the results of this calculation. The mechanism for the observed NO-nricntation dependent
interference resulting in the stcric asymmetry oscillation will be elucidated. This mechanism
explains why S is very sensitive i<> the iinisatropy of the potential f.1J. This could offer a

possibility to resolve the unexpected discrepancy between the observed differential cross
sections [4] and ab initio close coupling predictions [5]. Finally sophistication of our newly
developed treatment could lead to the possibility of inverting experimental S ( / , e ' = ±l),
when resolved for scattering angle, into the anisotropic potential. Moreover, a pedestal to
bimolecular control possibly emerges.
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With the recently rising interest in the properties of biomolecules and astromolecules we
have also started a series of measurements concerning inelastic electron scattering (ionization
/ attachment) on these molecules. Here first measurements have been carried out for the uracil
molecule C4H4N2O2. Uracil is one of the four bases in the human cellular RNA. Besides
electron attachment experiments at electron energies in a range from 0 to 15 eV, which can be
also done with the present apparatus (see contribution same conference), our main task here
was to investigate positive ion formation and dissociation at higher electron energies in a
range from 8 to 30eV.
The main part of the apparatus used is a hemispherical electron monochromator [1) with a
maximum energy resolution of about 30meVand a maximum electron energy of 600eV. This
energy resolution was determined by electron attachment studies of the zero energy Cl' yield
of CO,.
The interaction between the uracil and the monochromatized electron beam occurs in the
collision chamber which is directly mounted onto the monochromator. After the crossing
point of the electron beam and the uracil beam the ions produced are mass separateted by a
commercial quadrupol mass spectrometer (Balzers QMG421C). At the exit of the quadrupole
mass spectrometer the ions are deflected into a channellron mounted off-axis. In the present
experiment the energy resolution of the electron beam was typically chosen to lie in the range
between 100 and 130 meV. The major problem encountered in doing these measurements was
the rather low intensity of the evaporated uracil in the collision chamber. Uracil is a white
powder at room temperature and at first an existing Knudsen type CM oven was used but too
low signal was achieved. To increase the neutral beam intensity it was necessary to move the
nozzle of the evaporation oven used as near as possible to the crossing zone with the electron
beam. Thus obtaining an optimum situation for the determination of appearance energies. The
temperature of the oven during operation of the experiments was kept between 180° and
185°C.
With this experimental setup it is possible to determine ionization appearance energies for
atoms and molecules up to charge states of about 7 (see recent measurements on multiple
ionization of rare gas atoms by Gslir el a! same conference).
Here, the election impact ionization cross section was measured as a function of the
electron energy from a few eV below the threshold to about 3 eV above its onset. The
calibration of the energy scale was made relative to well known threshold values for singly
charged rare gas ions. In the present case we used xenon and krypton for calibration.
The measured raw data for the ionization cross section near the threshold were fitted with
a nonlinear least squares fit procedure [3J. This procedure uses the Marquart-Levenberg
algorithm for the fit. Addionally the fit procedure includes a weighting function to achieve
better values for the ionizaiion energies [3]. In short, a function F(E) is fitted over an energy
range which incorporates the threshold region:
F(E)=b

E<AE

(1)

F(E)=b + c(E-AE)p

E>AE

(2)
27<)

The fit involves the four parameters:
b
AE
c
p

the background signal
the appearance energy
scaling constant
an exponential factor (Wannier factor)
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Fig. I :Mass spectrum of the uracil molecule
Fig. I shows as an example an uracil mass spectrum measured at an electron energy of
lOOeV. It shows the parent ion at 112 amu and various fragments due to dissociation
reactions. The fragments will) the highest intensities are at mass 69 amu identified as
(H3C3NO)+ and mass 42 amu identified as (OCN)*. After proper identification of all the ions
present (also in comparison with a mass spectrum obtained by proton ionization in Lyon by
Farizon et al., see same conference) we have been able to measure for all of these ions
corresponding threshold ionization efficiency curves. Using the analysis technique outlined
above and described in detail in [3] it is then possible to determine the corresponding parent
ion and fragment ion appearance energies. Values obtained will be compared where available
with previous determinations.
Work supported by the FWF.Wien, Austria, the Austrian-French Aniadee program and the
European Commision, Brussels.
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ABSTRACT
As the semiconductor industry pushes toward ever smaller chip feature sizes (< 100 ran),
ever shorter wavelengths are sought for the photolithographic process used in their
fabrication. We used two types of plasma-based light sources for the generation of nearmonochromatic vacuum ultraviolet atomic hydrogen (121.6 nm) and oxygen (130.6 nm) line
emissions, (i) a variant of a dielectric barrier discharge and (ii) a microhollow cathode
discharge. When operated in high-pressure mixtures of Ne (Ar) with a trace admixture of
H2(O2> both sources emit intense, near-monochromatic atomic line H and O emissions. The
underlying microscopic processes have been identified as near-resonant energy transfer from
Ne2 to H2 and resonant absorption of Ar2 excimer radiation by O atoms produced from O2 in
the plasma, respectively.
1. Introduction
High-pressure discharge plasmas have been used extensively for the generation of noncoherent UV and VUV excimer radiation using either pure rare gas or rare gas - halide
mixtures [1,2]. Rare gas atoms have a 'S o electronic ground state. The lowest exciled-states
result from the promotion of a (np) valance electron to the (n+l)s-level (n=2,3,4,5 for Ne, Ar,
Kr, Xe) leading to four "P-states", two of which are metastable, while the other two states
decay to (he ground state via dipole-allowed transitions. Excimer molecules are formed via
three-body collisions involving a metastable rare gas atom and two ground state atoms (and
via other collisional interactions between electrons and atomic and molecular ions), if (i) there
is a sufficiently large number of electrons with energies above the threshold for the formation
of metastable rare gas atoms, and if (ii) the pressure is high enough in order to have a
sufficiently high rate of three-body collisions. Rare gas excimer emission spectra are
dominated by transitions from the lowest lying bound 'X,, and 32U excimer slates to the
repulsive ground state (second continuum) [1-3] with peak emissions at 170 nm (Xe), 145 nm
(Kr), 130 nm (Ar), 84 nm (Ne), and 75 nm (He). Spectroscopy of the Ne2' and He;* excimers
requires specially designed "open" discharge sources [3] connected directly to a VUV
monochromator, since no material is transparent below 105 nm.
Recent studies [3,4] have revealed that the generation of Ne;* excimers in the presence of
trace amounts of H; result in intense emissions of near-monochromatic H Lyman-a radiation
at 121.6. nm. We attribute the observed Lyman-a emission to the near-resonant energy
transfer from the Nej excimer (14.5 - 15.5 eV corresponding to an emission wavelength of
80-85 11m) to Hi leading to the dissociation of H2 (which requires 4.48 eV) and the excitation
of the n=2 state of H (which requires 10.2 eV). Similarly, Ar;' excimers when generated in
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discharge plasmas in the presence of trace amounts of O2 result in an intense atomic 0 line
emission at 130.6 nm. This emission is attributed to Ihe effective absorption of the A ^ '
excimer radiation by 0 atoms generated in the discharge plasma from O2. We have explored
the utility of these atomic line emissions from different high-pressure discharge plasmas for
advanced photolithography applications. The influence of the operating pressure, gas mixture
ratio, and the applied power on the emission spectra, the emitted optical power, and the
stability of the sources will be presented at the Conference.
2. E x p e r i m e n t a l Details
The first light source is based on the hollow caihode concept. Hollow cathode (HC)
discharges consist of a metallic cathode with hole, an arbitrarily shaped metallic anode, and
an insulating ceramic in between. HC discharges show several modes of operation as a
function of gas pressure p, hole diameter D, calhode-anode separation d, and discharge
current I. At values of the product p ' D below 10 Torr cm and low currents (below 1 mA), a
normal glow discharge develops along the path of the vacuum electric field. As the current
increases, a transition to Die hollow cathode mode occurs, in which the ionization is
concentrated along die axis of the discharge and the discharge is sustained by energetic
"pendulum electrons" [1,2]. If the current is increased further, an abnormal glow discharge
develops. The hole diameter D is inversely proportional to the pressure up to about 10 Torr/D
(in cm) for noble gases and N2 [1,2], so that atmospheric-pressure operation requires a hole
diameter of the order of 100 um (microhollow cathode or MHC discharge). The electrodes of
our MHC discharge are made of 0.1 mm thick molybdenum foils separated by a 0.25 mm
spacer of mica with a hole of typically 0.05 - 0.2 mm diameter in the caihode, the dielectric,
and in the anode. Supply voltages V n are typically 400 to 700 V and sustaining (discharge)
voltages are in the range of 200 - 300 V depending on the gas, the pressure, and the actual
geometry of the MHC discharge. Discharge currents IDIS vary between 1 - 1 0 mA. The
circuit includes a resistor RCVR which allows us to monitor the discharge current directly on
an oscilloscope along with the discharge sustaining voltage V^s. We can also operate the
MHC discharge in a pulsed dc mode with frequencies up to tens of kHz, pulse lengths from
100 ns to 1 nis and variable pulse separation and duty cycle using a versatile pulse generator.
The second light source that we used employs a novel, patented variant of a high-pressure
dielectric barrier discharge (DBD) based on a cylindrical design, which was developed by
Laroussi and co-workers [5]. The discharge unit consists of a hollow dielectric tube with two
loop-shaped electrodes wrapped around the outside wall of the tube which are separated by a
distance of a few millimeters. The discharge is generated inside the tube by means of a 13.56
MHz radio-frequency (rf) source. An impedance matching network inserted between the rf
power source and the discharge unit ensures maximum coupling of the rf power into the
plasma.
Spectroscopic measurements were carried out in high-pressure Ne or Ar (several hundred
Torr) with small admixtures of H? or O; (up to 1 Torr) using the discharge source in an "open"
mode, i.e. mounted directly to the entrance slit of a Minuteman 302-V 0.2 m VUV
monochromator (wavelength range 50 - 250 nni, reciprocal linear dispersion of 4 tun/nun) or
in a "closed" mode where the discharge is sealed by a LiF or MgF2 window and only radiation
of wavelengths longer than 115 nm (i.e. only the atomic resonance emissions) can be
detected. In the "open" mode, the Ne radiation from the MHC discharge (60 -90 nm) enters
the VUV monochromator through a 200 um pinhole between the discharge region and the
monochromator, which reduces the gas load from the high-pressure discharge into the
separately pumped monocliromatcnand detector regions. The VUV photon were detected by a
channel electron multiplier or a VUV photomultiplier tube connected to a standard pulse
counting system.
2x2

3. Results and Discussion
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Fig. I: Left: Emission spectrum in the 70-95 nm region from a MHC discharge in 740 Torr Ne; right: Emission
spectrum in the 70-125 run region from a MHC discharge in 740 Torr Nc with a 1.5 Torr admixture of H2.

The first experiments were carried out with a MHC discharge in high-pressure Ne (up to
760 Torr) either pure or with small admixtures of Hi (up to about 2 Torr). Fig. I (left
spectrum) shows the emission spectrum from a 740 Torr pure Ne MHC discharge in the
spectral range from 70 - 95 nm. The emission feature between 73 and 77 nm corresponds to
. the Ne2* first excimer continuum around 75 nm (with a small residual presence of the Ne
resonance lines at 73.5 and 74.3 nm). The broad emission feature in the region 76-88 nm is
attributed to the second continuum of the Ne2* excimer emission. Fig 1 (right spectrum)
shows an emission spectrum between 70 and 125 nm from the same MHC discharge operated
in a mixture of Ne (740 Torr) and H2 (1 Torr). There are essentially no emissions in the region
of the Ne resonance lines and the Ne2* exciiner. The spectrum is totally dominated by two
intense atomic lines at 121.6 nm and 102.5 nm which coincide with die Lyman-ct (121.6.nm)
and Lyman-p (102.5 ran) lines of atomic hydrogen. The intensity of these two atomic line
emission is orders of magnitude higher than what one expects from a conventional discharge
containing I Torr H2 [3,4].
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Fig. 2 shows the emission spectrum from the DBD source in the wavelength region
between 110 nm and 180 nm. It is obvious that the emission spectrum on the longwavelength side of the Lyman-a line is also essentially free from other emissions (except for
a weak emission feature at the position of the O resonance fine). This demonstrates that the
Lyman-a emission from such high-pressure discharge sources is essentially monochromatic.
Further details of the two light sources, of the underlying microscopic processes that lead
to the VUV line emissions, and the operating parameters of the discharge light sources and
their correlation to the spectral characteristics of the emitted lines will be presented and
discussed at the Conference.
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INTRODUCTION The interest in metal oxide thin film technology has grown enormously
during the last decades. These films are important for several applications, including optical
and protective coatings, microelectronic applications, and photochemical active layers.
Among them quite relevant is tungsten trioxide (WOj) which an important electro-chromic
material [1]. It has been recognized that WOj can be coloured through electro-, photo-, gas-,
laser-induced and thermochromism processes [2-4], Thin films of tungsten oxide have been
made by physical methods, such as evaporation, sputtering and pulsed laser deposition (PLD),
and chemical methods, such as chemical vapour deposition (CVD) [5], sol-gel and
electrochemical methods.
Zinc oxide (ZnO) is an interesting wide-bartdgap II-VI semiconductor with a lot of
scientific and technological potemial applications. For instance, it is characterized by high
optical transparency in the visible region, also stable for chemical as well as thermal
fluctuations, with a reasonably good electrical conductivity. Therefore, ZnO thin films are
suitable as electrode materials in photodetectors [6]. ZnO exhibits good piezoelectric,
photoelectric and optical properties, and might be a good candidate for electroluminescence
devices. ZnO films can also be used for application in surface acoustic wave (SAW) devices
and low-loss optical waveguides. It is one of the promising candidate in optoelectronic
applications like energy windows, liquid crystal displays, light emission devices, solar cells,
gas sensors, ultrasonic oscillators, trasducers, etc. [7]. A variety of methods were used to
fabricate ZnO thin films, including molecular beam epitaxy (MBE), Radio Frequency (RF)
sputtering, ion plating, spray pyrolysis, and CVD [8]. Recently, pulsed laser deposition (PLD)
became a powerful deposition method, and various thin films were produced successfully [9].
In the ZnO film depositions [10-12], the most common PLD method is to focus an excimer or
a Nd:YAG laser onto a zinc oxide target, in vacuum or in oxygen atmosphere [13].
In this work we present the depositions of tungsten oxide and zinc oxide thin films
performed by reactive pulsed laser ablation and deposition (RPLAD). This technique
combines the several advantages of conventional PLD, such as deposition in relatively high
partial pressure, crystallization of films at lower temperature because of the higher energy of
the ablated particles in the laser-produced plume, and relatively high deposition rates [14],
with the enhancement of the reactivity in the gas phase due to the presence of a reactive buffer
gas. In our experiments, the reactive gas is a RF generated oxygen plasma.
EXPERIMENTAL The laser ablation experiments were carried out in a multiport stainless
steel vacuum chamber equipped with a gas inlet, a rotating multi-target and a heatable
substrate holder (Fig. 1). The vacuum pressure of the deposition chamber was below 10'3 Pa
whereas the oxygen gas pressure during film depositions was 10 Pa. The deposition
temperature could be varied from room temperature up to 1000 K. The fluence of the laser
employed (Quanlel Nd:YAG 581, X=532nm, pulse duration=7 ns, repetition rate= 10 Hz) has
been kept nearly constant at 8 J/cm2. The laser impinges on the target surface at an angle of
45° with respect to the normal.
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The PLD set up has been improved by employing a RF plasma system placed just above
the substrate holder (Fig. 1), maintaining this last one electrically connected to the ground.
The substrate holder is surrounded by an isolated stainless steel top-hat connected to the RF
generator, through a customized matching unit. A 3 cm diameter hole on the top-hat allows
the deposition of the plume coming from the ablated target. The RF power generator is a
13.56 MHz ENI Model OEM-6, maximum power output 650 W.
A zinc disk, and a tungsten foil (0.5 mm thickness), 99.9+% purity (Aldrich 35,718-9)
were used as target materials. The one inch diameter metallic disks have been obtained
pressing at about 300 MPa, granular zinc -30+100 mesh 99,8+% purity (Aldrich 24,347-7).
All the targets were rotated at 2 rpm during depositions.
The gaseous species have been collected on Si (100) and quartz substrates positioned, with
the on-axis configuration, 5 cm far from the target, on a heatable holder.
The deposited thin films were analyzed by x-ray diffraction (XRD) and scanning electron
microscopy (SEM).
A commercial laser microprobe mass analyzer (LAMMA) Leybold 500 [15] based on a
time of flight mass spectrometer (TOF-MS) was employed to analyze positive and negative
ions, coming from the ablation process of thin films deposited on suitable quartz substrates.
The laser source employed for the ablation is a pulsed frequency-quadrupled Nd:YAG
(wavelength=266 nm, pulse duration = 6 ns) operating at 108-109 W/cm2.

E.I.

RF Negative Electrode

^Negative Electrode>
Substrate
Ground
;.I.

RF Negative Electrode

Cross Section

Front view

Fig. 1. Schematic layout of the heatable sample holder (H) hooded by a stainless steel tophat, with a 30 mm diameter hole, in which it is inserted the output of the matching
network corning from the RF power generator. (E.I. = electrical insulator, T.I. thermal insulator).
RESULTS The surface morphology of ihe deposited thin films has been studied by SEM.
Tungsten oxide thin films show a smooth surface with only lew particulates. SEM
photographs of zinc oxide on Si (100) deposited without RF discharge nnd in presence of RF
oxygen plasma show a surface smoothness quite good even if particulates are present in
samples produced in both PLD processes, with and without the RF plasma. The thin films
deposited in RF oxygen plasma show a paniculate less closely distributed with respect to the
one of the samples produced by conventional P1..D. To evaluate the adhesion of the deposited
thin films, we performed tape tear tests which confirmed a slighl difference between samples
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produced with and without RF plasma. The RF plasma deposited thin films presented a very
good adhesion.
XRD patterns of the tungsten oxide samples deposited on Si (100) in RF oxygen plasma
are measured as function of the substrate temperature, from 373 to 973 K. It is quite evident
that at low temperature the growth of cubic W3O is preferred, but this phase decreases rapidly,
and the formation of cubic WO3 is favoured in the thermal range of 500-750 K. At 773 K it is
possible to note the cubic phase of metallic tungsten. At higher temperature only the cubic
phase of metallic tungsten can be recognized in the spectra of the thin films deposited.
X-ray patterns of the ZnO samples deposited without and with RF discharge show spectra
ordered as increasing substrate temperature. A clear depletion of peak intensities of the
samples as function of the increasing substrate temperature, probably due to the reduction of
the film thickness as consequence of the variation of the slicking coefficient, is observed. This
behaviour suggests that high substrate deposition temperature does not favour ZnO formation.
The intensities of ZnO (10J) plane are always smaller than those of (002). On the other hand,
the spectra of thin films produced by RF plasma-assisted PLD show a preferential growth of
(101) planes up to 600 K. Beyond this substrate temperature, the (002) becomes the preferred
orientation of the thin films, at leasl up to 800 K. Therefore, comparing the XRD spectra of
the samples produced by conventional PLD and by plasma-assisted PLD, the effect of RF
plasma could be synthesized in a strong depletion of the ZnO (002) planes up to a deposition
temperature of 600 K and an enhancement of the same ZnO (002) planes beyond 600 K. The
similarity of XRD spectra of samples deposited by conventional PLD at 573 fC and those
produced by RF plasma-assisted PLD at 673 K. could be the evidence of a shielding effect.
The presence of the RF plasma, just upon the substrate, seems to shield the plume, or at least
its charged components.
The laser microprobe mass analysis was employed to detect positive and negative ions,
resulting from the ablation process of the thin films previously deposited on quartz substrates.
In particular, here it is reported the LAMMA analyses performed on tungsten oxide thin films.
Part of a typical mass spectrum of negative ions, detected during the analysis, is shown in Fig.
2. The fingerprint of tungsten is given by the following isotopic abundances: 182 (26.3%),
183 (14.3%), 184 (30.7%), 186 (28.6%). It is evident the detection of the tungsten-oxide
family, starting around 200 m/e (WO) and going on with WO2, WO3, WO4. W2O<, W;O5l
W;Of,, and W;O7 are detected with weak intensities. The intensity of the W2 is quite
negligible. The abundance of WO3 may confirm that, during the process, the deposition of
tungsten oxide takes place. The spectra of positive ions (not reported) show preferentially the
W and W2 abundances, with only few clusters of WO and WO2. The aim of this analysis is
that of appreciating only qualitatively the achievement of WO3 deposition by RF assisted
PLD. However, more reliable analyses of such deposits have been already performed and they
confirm that RF plasma-enhanced reactive PLD is a suitable technique for depositing not only
oxides but also nitrides [16].
CONCLUSIONS Tungsten oxide and zinc oxide thin films have been deposited on Si (100)
substrates by RF plasma-assisted reactive pulsed laser ablation of metallic target in 10 Pa O2
atmosphere using a doubled frequency Nd:YAG laser (532 nm). Depositions have been
performed at various substrate temperatures ranging from 373K up to 873K. The surface
morphology of deposited thin films has been roughly evaluated by SEM analysis. The XRD
analyses have shown that tungsten oxide samples, produced in RF oxygen plasma, grow as
cubic W3O and as cubic WO3 depending upon the deposition temperature. Above 800 K only
the cubic phase of metallic tungsten can be recognized in the spectrum of the thin films
deposited. For ZnO thin films, a clear depletion, as function of the substrate temperature, has
been shown in sample deposited without the RF discharge plasma. Instead, for those produced
by RF plasma-assisted PLD, it has been evidenced thai the preferential orientation changes
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from (101) to (002) around a substrate temperature of 600 K. A comparison between the
conventional PLD and the RF plasma-assisted PLD showed the influence of the RF plasma in
the reactivity of the plume, modifying the surface roughness and performing a better adhesion
to the substrates by the plasma-aided thin films, as confirmed also by adhesive tape tear tests.
In conclusion, the performed analyses, even if not exhaustive, confirm that RF plasmaenhanced reactive PLD is a suitable technique for depositing metal oxide thin films as
previously found for nitrides [16]. Work is still in progress to identify the best settings of the
experimental parameters, such as oxygen pressure, RF applied power, target-substrate
distance, laser iluence, with the aim to optimize the effects on the surface and structure,
during deposition of the thin films.
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Fig. 2. LAMMA spectrum in die range 180-270 m/e evidencing the negative ions
detection of tungsten and tungsten oxide clusters.
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Electron impact ionization cross sections for the production of ions for hydrocarbons are
of interest in many branches of physical science, i.e., especially for elucidating fundamental
processes in the energy deposition of biological cells [1] and for investigating reactive
processes near the edge of the hot hydrogen fusion tokamak plasma involving interactions
with the inner walls consisting of carbon coated materials [2]. The present measurements of
the partial and total ionization cross section functions in the energy range from threshold up
to 1000 eV for methane and other hydrocarbons were carried out with a modified NIER type
ion source and a double focussing reversed geometry mass spectrometer, tons produced by
electron impact ionization are extracted from the collision chamber through a slit in the first
electrode with the help of an electric field penetrating into the collision chamber. The
collision chamber, first electrode and pusher are kept on the same potential, typical 3 kV (ion
accelerating voltage). Two pairs of deflecting plates (in parallel and perpendicular to the
direction of the entrance slit) are used to sweep the extracted ton beam across the mass
spectrometer entrance slit. The gas under study can be introduced into the ion source via the
capillary leak gas inlet, thereby allowing to generate a stagnant gas target in the ion source.
The stabilized electron beam current (kept typically between 1 uA and 10 uA) is aligned by a
weak magnetic Field (-400G). The energy spread of the electron beam is approximately
0.5 eV (FWHM). Fractions of the ions extracted from the ions source are analyzed in a 48.5°
magnetic sector field followed by 90° electric sector field. To measure absolute ion currents a
Faraday cup may be used instead of the standard single ion channeltron counting detection
set-up. A detailed description of the apparatus lias been given previously [3-5],
In order to determine the absolute partial ionzation cross section it is nessesery to correlate
uniquely the mass analyzed individual ion signals at the ion collecting system to the number
of ions produced in the ton source under known interaction parameters as gas density, electron
current, interaction length [6]. This is a very difficult task because of the mass to charge
discrimination in the ion source and the mass to charge dependent transmission of the mass
spectrometer. In order to avoid discrimination at the entrance slit of the mass spectrometer it
has been shown [3] that for ions without kinetic energy (parent ions) it is sufficient to sweep
the extracted ion current perpendicular across the entrance slit and to integrate over the
recorded >'-ion beam profile. For (energetic) fragment ions this can be also achieved,
according to Ref. [5], by operating a 1 kHz sweep generator on the /-direction plates while
operating a z scan and (hen integrating over this z-ion beam profile. Moreover, it is also
necesery to extract a known fraction of all ions of a specific species produced in the ion source
to obtain a reliable measure for the ion current produced. Fragment ions, which have excess
kinetic energies, are not extracted with the same efficiency as the parent ion [5] and in order
to account for tin's discrimination an additional correction procedure has been developed in
our laboratory [4].
This correction is based on a study of the discrimination in our ion source and mass
spectrometer by computer simulations (using the S1M1ON program [7]) of the electrical field
distribution and the corresponding ton trajectories. The calculations show strong
discrimination effects in the extraction characteristics of fragment ions with kinetic energies.
Trajectories of ions with starting angles larger than a specific maximum angle are being losi at
one of the electrodes. This maximum angle is strongly dependent on (he initial kinetic energy
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of the ion. For the calculated maximum angle as a function of kinetic energy from 0 to 10 eV
see Ref. [8], The strongest dependency of the maximum angle on the kinetic energy is in the
regime between thermal and 2 eV which is a typical energy range for fragment ions. In order
to correct measured ion currents and ratios which are the basis for the partial cross section
determinations it is neceserry to define an extraction coefficient being the ratio of the
extracted ions and the ions produced in the ion source. Knowledge of the extraction
coefficient dependence on the kinetic energy of the ions may be used lo correct measured
fragment ion currents if the kinetic energy of fragment ion under consideration is known. For
the determination of these energies a simple method using the same experimental set-up has
been devised in our laboratory [4]. The kinetic energy may be determined from the relation
Ekin~ [UPWHM]2 where the UFWHM is the half-width at full maximum of the measured ion beam
profile in z direction. This relationship has been confirmed later [8] by plotting measured
UKWHM tor fragment ions of ethane, propane and H2 fragment ions versus determined kinetic
energies [9,10]. Moreover, in the present study we have developed a new method to obtain the
kinetic energy distribution of the fragment ions produced by employing a kind of MIKE scan
method.
Using this ion beam deflection technique and extraction/correction procedure described
above, we have determined (besides relative cross sections differential in kinetic energy)
relative partial ionization cross section functions from threshold to 1000 eV for the production
of CH4*, CHj*. CHj*, CH*. C \ Ha*,H+ from methane. Absolute partial ionization cross
section function for these tons were obtained by charge weighted summing of all observed
partial ionization cross sections at 80 eV and by normalizing this sum to the absolute total
ionizarion cross section (summation method [6]) reported by Slraub etal [I ]].
The present results are shown together with earlier determinations in Fig.l. Besides very
good agreement in the relative shape of all of the partial (and total) cross sections between the
present data and the data of Straub et al and Tian et al. [11,13] (which are the most recent
ones and considered to be also very accurate), there exists also quite good agreement for the
absolute cross section values.
In conclusion it is worth noting that using the present double focusing mass speclrometer
it is (as already demonstrated also earlier [8]) possible to determine partial cross sections in
good agreement with results obtained using a time-of-flight mass speclrometer with a position
sensitive detector whose output demostrates that all product ions are completely collected
[11]. Based on this success we have recently extended this study 10 oiher hydrocarbon gas
targets (e.g., C2H2, C;H,i,) thereby producing data (partial and total cross sections, kinetic
energy release distributions of fragment ions that is cross sections differential in kinetic
energy of these fragment ions) not only of fundamental interest but also of importance for
modelling plasma edge behavior in high temperature plasmas.
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elecron energy (eV)
Fig 1. Present partial and total electron impact ionization cross sections (designated by o)
together with the results of Straub et al (Ref.ll) (a), Chathan et al (Ref. 12) (*),
Adamczyk et al (Ref.13) (A) and C. Tian el al (Ref. 14) (A).
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Abstract
During the Southern Oxidants Study (SOS) 1999 Nashville campaign ambient air samples
were analyzed at Cornelia Fort Airport (CFA) for organic compounds by two independent
methods: 1) a gas chromatographic systems operated by NOAAs Aeronomy Laboratory,
which performed immediate analysis of collected samples and 2) an in situ proton transfer
reaction mass spectrometer (PTR-MS) system operated by the University of Innsbruck. The
sample protocols were quile different for the different methods. Hie GC system sequentially
collected and analyzed air samples each 60 minutes for VOCs. The in-situ PTR-MS system
measured more than 20 VOCs on a time shared basis for 5 to 15 seconds respectively, once
each 5 minutes. The PTR-MS system is not able to distinguish between isobaric species,
therefore acetone and propanal (MVK and MACR) values measured by NOAAs OC were
added up prior to comparison with the respective PTR-MS values. For all species mentioned
above the different measurement methods show good agreement. In Figures 1 and 2 Isoprene
and MVK&MACR values arc shown.
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Figure 1: Scatter plots of coincident PTR-MS and CiC measurements for isoprene and MVK
& MACR for the time period June 18 - June 29 obtained during SOS 99 in
Nashville, TE.
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Figure 2: Synoptic varialions for isoprene and its photooxidation products NfVK & MACR.
for the time period June 18 to June 29 as observed at Cornelia Fort Airport in
Nashville TE, during SOS 99. Open triangles represent iti-situ PTR-MS results, full
circles; NOAAs GC measurements.
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Abstract
PTR-MS combined with a fast response inlet-system was used lo investigate breath-bybrealh the evolution of the in-mouth coffee aroma. The time-intensity profiles of a series of 14
masses were monitored on-line. From an analytical perspective, the purpose of this
contribution is to demonstrate the potential of PTR-MS for real-time nose-space analysis.
From a flavour science perspective, we wish to examine possible differences between
orthonasal and retronasal aroma profile and document temporal changes of the retronsal
profile, while coffee is kept in the mouth.
Introduction
An objective of coffee flavour research is to find chemical quality markers for a coffee
brew, which correlate with the sensory assessment of expert coffee tasters and which drive
consumer preferences. Currently the majority of analytical investigations on coffee aroma are
performed under equilibrium or dynamic headspace conditions. The volatile flavour
compounds are either stripped by a flow of gas or extracted with solvents to be subsequently
analysed by gas chromatography. While this has been extremely valuable to expedite our
understanding of coffee aroma, one might wonder how well this reflects the coffee aroma
profile as it is experienced during the actual situation of coffee consumption. Coffee drinking
conditions have additional important factors such as mixing, mastication and salivation,
healing and interactions with mouth mucousa. This can lead to significant alterations of the
physical and chemical state of its constituents (e.g. melting, emulsification, adsorption) induce
chemical transformations, and modify the release of volatile flavour compounds relative to
headspace (HS) studies.
Here, we discuss some new developments of nose-space analysis. We present a method to
sample and analyse on-line volatile organic compounds (VOC) directly released from humans
through the nose when consuming food [1-4], The main benefit of on-line nose-space analysis
is the ability to investigate the aroma during the actual situation of consumption. We present a
novel approach to breath-by-breath analysis of volatiles exhaled through (he nose based on
Proton-Transfer-Reaction Mass-Speclrometry (PTR-MS). First we outline the method and
then go on presenting breath-by-breath nose-space results on a series of volatile coffee
compounds.
Nose-Space Analysis
The aroma (odour) of food products is related to VOCs that are released from foods and
reach the olfactive epithelium in the upper part of the nose. When flavour active compounds
interact with olfactive receptors, a sensory perception is triggered. VOCs can reach the
olfaclory epithelium from two distinct directions. Either they are sniffed directly through the
nose, via the orthonasal pathway, or they reach the olfaclivc receptors through the oral cavity
and the pharynx, via the relronasal pathway. The orthonasal aroma corresponds to an aroma,
as it is perceived from a food held in front of the nose (sniffing). In contrast the relronasal
aroma corresponds to the aroma of a food, as it is perceived during food consumption (while
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drinking or eating). Nose-space analysis samples the air exhaled through Ihe nose as food is
being consumed and reflects the retronasal aroma composition. Hence by comparison of a HS
VOC profile with a nose-space profile, we address the question how closely a HS profile
rcilects the odor of food being consumed.
The first real-time breath-by-breath analysis dates back to 1988 [5]; a recent review
discussed the various methods for nose-space (in-vivo) analysis [6].
Experimental
Nose-space analysis aims at sampling and analysing
the air exhaled through the nose while food is being
consumed. For this, nose-space air is sampled via two
glass tubes fitted into the nostrils (see Figure 1). The
separation and diameter of the tubes are adapted in order
to allow the person to breathe and eat freely. The air from
both tubes is combined and a small fraction of the nosespace air (IS sccm/min analysis flow plus 15 sccm/min
bypass flow) is sampled and introduced into the drift-tube
of the PTR-MS. The nosepiece is healed to 38°C to
prevent condeasation on the glass tubes.
The PTR-MS technique has been extensively discussed
in a series of review papers [7-10], Briefly, it combines a Figure 1: Xosepiece. The air
exhafvtt during food consumption Li
soft, sensitive and efficient mode of chemical ionisation stmtpied via (he timepiece and a
(Cl), adapted to the analysis of trace VOCs, with a mass small /radian introduced into lite
filter. In this study, 15 sccnVmin gas is continuously PTR-MS fur on-line YOC analysis.
introduced into the Cl-cell (drift-tube). The drift-tube
contains besides buflergas a controlled ion density of H3O'. VOCs that have proton affinities
larger than water (proton alT. of H;O: 166.5 kcal/mol) are ionised by proton transfer from
H3O*, and the protonated VOCs are mass analysed.
Results
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Figure 2: I'TR-MS timeintensity profiles of yOCs
during a typktxt nose-space
experiment with coffee brew,
for two selected masses - 59
and 45 unni. The experiment
can be divided into five
consecutive
phases.
First
indoor air was sampled
through the nosepiece in tirder
to assess contributions from
the laboratory background. We
then mensvred
the VOC
composition of human breath
during
sis
consecutive
breathing cycles, with the

nosepiece living inserted into the nostrils, but without Inning coffee in the muuttt. After approximately 410
sec. 5 ml coffee at 50°C were taken into the mouth and the nose-space air sampled for .viv additional
breathing cycles, after which the coffee was swallowed and further six cycles monitored. At the end of the
experiment, the nosepiece was removed from the nostrils ami the indoor-air memured aguin. During the
cxperirncf/i, the nosepiece wtts heated lo WCto avoid condensation.

As a starting point of Ihe study, the HS profile of a coffee brew was measured by stripping
ihe brew with indoor air. The cotlee was prepared as follows. Using a standard coffee filter
machine, 25 gram of roast&ground coffee was extracted with 500 ml water (Villel 'Bonne
Source'). 265 ml of the brew were put into a stripping vessel and the VOCs were stripped at
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distinctive, indicating lhat traditional US
analysis might not reflect accurate!}' the
volatile profile, as it it experienced by
consumer. The three bottom frames
illustrate lite evolution of the nose-space
profile with time. A significant change
with time is ubservcxl.

Figure 3: Exponential Jit-curve to the intensity
decrease of mass 45 as afiittction of time. Time zero
mis set at the moment where the msepiece was put
into the nostrils. Furthermore, we subtracted the
averaged intensity originatingfram the human breath
and the indoor-air from the raw data. Hence the
intensity prior to taking coffee in the mouth is zero.
Once coffee is taken into the mouth, the intensities at
masses conesponding to coffee voiatiies increased
initially abruptly, but then decreased gradually as
coffee MUS kept in the mouth. In order tu assess
quantitatively this decrease, we determined the
maximum intensities at the individual breathing
cycles and fitted an exponential function through
these povns. Once the coffee was swallowed, die
nuse-space intensities dropped to a value close to the
one prior to taking coffee iiito the mouth.

36 °C with an airflow of 15 sccm/min through the
liquid for a period of one hour. The VOCs in the
stripped gas were measured by PTR-MS. This
spectrum represents an orlhonasal reference profile to
be compared with theretronasal data discussed below.
The brew used for the nose-space experiments was
prepared similarly to the biew for the US experiments.
In order to minimize the experimental variability, a
precise protocol was develop for the preparation and
drinking of the coffee. A scries of time-intensity
profiles were taken by recording the intensities of a
series of 14 masses using PTR-MS. The temporal
course is shown in figure 2.
Discussion
The most sinking observation of the nose-space
time-intensity profiles is the strong decreases of signal
intensity with time, while the coffee is kept in the
mouth. In order to quantify the decrease we fitted an
exponential decay curve through the maxima of the
individual breathing peaks for each individual mass
and determined the exponent, as shown for mass 45 in
Figure 3.
Several processes can in principle be responsible
for this decrease. One is stripping of voiatiies from the
liquid colTe«. Based on measured partition
coefficients and stripping experiments [11], we have
to conclude that the observed decrease (exponents) is
at least one order of magnitude too fast than can be
explained by a simple volatile stripping argument. In
fact, we observe for mass 45 (as wcl I as for the others)
a decrease of nose-space intensity by more than 50%
within 2 min. In contrast, we measured reduction by
just a lew percent when stripping a liquid or a coffee
solution with J00 seem air for about 5 min. Hence this
can only account for a marginal contribution to the
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decrease of nose-space intensity.
Two other reasons for the fast decrease of VOCs in the nose-space can be put forward, (i)
Diffusion of VOCs into the mouth mucosa will deplete the liquid coffee phase from volatiles,
and hence reduce their nose-space concentrations. These compounds can be released back
from the mucosa into the mouth-space once the coffee is swallowed and contribute to the
lasting coffee-odour in the mouth. Currently we can hardly assess the quantitative importance
of this effect, although experiments by Buettner et al. have shown that this can be quit
significant [12,13]. (ii) The coffee that is taken into the mouth has a temperature of 50°C.
Once in contact with the mouth tissue, the liquid starts to cool down and eventually reach
37°C. In a separate study we measured the temperature dependence of the partition coefficient
for a series of coffee volatiles [14] and found that this phenomena can account for a
significant if not for most of the decrease of the nose-space concentration. Quantitative
studies are on (he way to assess the relative contributions to the decrease of nose-space
concentration with time.
Since we determined the exponents for the individual masses (Figure 3), we can calculate
the volatile profile in the mouth as a function of time and follow the evolution of the
mouth/nose-space. This is shown in Figure 4 for three selected times. The three bottom
frames show the nose-space profiles for 0 (A), 8S (B) and ) 70 (C) sec after taking the coffee
into the mouth. The frame Nosespace A corresponds to the nose-space profile as the coffee
was just taken into the mouth. The spectra are normalised on the sum of the selected masses'
intensities. While the coffee is kept in the mouth we can distinguish intensity changes that
occur with time. This demonstrates at an analytical level and based on just a few selected
compounds that the volatile profile is evolving rapidly in the mouth. It also suggests that a
dynamic description of flavour might be more relevant to the situation of consumption than a
static HS profile.
The top frame shows the intensities of the orthonasal profile (HS) at the same masses as
for the nose-space at time zero, just below. Comparing both profiles, we see that they are
distinctively different. This implies that the orthonasal HS profile is not an accurate
description of the volatile profile as perceived during consumption.
Conclusions
The objective of this study was twofold. From an analytical perspective, we wanted to
establish a nose-space method based on PTR-MS. From a flavour perspective we addressed
two specific questions. First we wanted to assess the relation between the orthonasal and
recronasal volatile profile. Second we were interested to see whether and how fast the
retronasal volatile profile evolves with time.
Based on the results presented in this study, we believe that we have established a
powerful approach that combines nose-space sampling with PTR-MS, to monitor at high time
resolution the nose-space volatile profile. Considering flavour aspect, we have observed a fast
exponential decrease of nose-space volatile intensities. For all VOCs discussed here, the
intensities decreased by more than 50% within the two minutes of keeping coffee in the
mouth. While several physical phenomena can contribute to this fast decrease, the most
significant is probably the cooling of the coffee from the starting 50°C to 37°C in the mouth,
although absorption on the mouth mucousa might also be important. More quantitative studies
are needed to ascertain the relative contributions. The other flavour aspect is the comparison
of the orlhonasal (HS) with the retronasal volatile profile. This work revealed important
differences between both profiles, documenting the value of analysing coffee flavour under
conditions close to the situation of consumption.
Hence these first resulls, based on a limited number of volatile compounds, have
demonstrated significant differences between orlhonasal and relronasal volatile profiles and
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revealed strong changes of the nose-space profiles while coffee is kept in the mouth. Further
studies are on the way to extend these findings.
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Abstract
We report the results of the experimental determination of the appearance energies (AEs)
for the formation of multiply charged N e " (up to n •= 4), Ar "* (up to n = 6) and Xe "* (up to n
= 8) and its fragments in a crossed-beam apparatus. The data analysis uses the MarquartLevenberg Algorithm (MLA), which involves an iterative, non-linear least-squares fitting
routine, in conjunction with either a 2-function or a 3-function fit based on the Wannier
threshold law. The values of the AEs determined in this work and the extracted exponents are
compared with other available data and with the predictions of the Wannier model. We will
also present recent data on multiple ionisation of He and Kr.

Introduction
The ionisation of the rare gases He, Ne, Ar, Kx and Xe by electron impact is an important
process in collision physics from a basic viewpoint. The energy dependence of the ionisation
cross sections near the ionisation threshold is a complex many-body process whose rigorous
quantum mechanical treatment is difficult, in particular in the case of a multiple ionisation
process involving. The electron impact ionisation of rare gas atoms is also an important
process in high-energy chemical processes e.g. in planetary atmospheres, pulsed power
switching and gaseous dielectrics.

Experimental
The apparatus used in the present experiments has been described in detail in a previous
publication [1]. Briefly, we used a molecular beam source in conjunction with a hemispherical
electron monochromalor (typical FWHM energy resolution 30 - 100 meV), a commercial
quadrupole mass spectrometer, a deflector and a channeltron for detection. The target gas
under study is injected directly into the collision chamber, so that higher target gas densities
(corresponding to partial rare gas pressures of 10'5 - 10"6 Torr) can be achieved in the
interaction region.
Results
3.1. Appearance energies of the rare gases Ne, Ar and Xe
The appearance energies extracted from our measured data sets using a fit function based
on Wannier type power threshold law CJ(E) = (E - Eo)" for the formation of Nen* (n = I ...4).
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Ar"+ (n = 1...6) and Xe"* (n = 1...8) ions are summarised in Tables 1 to 3 and are compared to
other available data including speclroscopically obtained AEs [2] and experimentally
determined values obtained using a variety of other methods [3-7].
Ion

Spectroscopic
Value [2]

Stuber
[3]

Redhead
[4]

This work

Ne'

21.56

21.56

21.6

Ne-'

62.53

62.50

62.fi

62.6±O.IO

Ne"

125.98

129.00

125.6

I2S.8±0.S0

Nc"

223.09

246.00

219.6

226.2±4.S0

2l.6±0.15

Table 1: AlEs in eV for multiply charged Nen* ions in comparison with other measured or calculated AEs (eV).

Ion

Spcctroscopic
Value [1]

Stubcr
[3]

Gcrdom
ctal.[S]

Ar'

15.759

—

At*

43.388

43.0

43.95±0.67
84.50±0.88

-

Redhead

W
...

Syage [6]

This work

...

1S.76±O.OI

42.8

._

43.36±0.02

Ar"

83.14

85.0

80.8

84

84.3±0.4

Ar"

143.94

147.0

-

135.8

148

144.0±1.5

Ar*

218.96

285.0

—

208.8

225

222.5±3.7

309.97
430.0
297.8
Ar328.0±3.7
~
Tabled: AIis incV for multiply charged Ai*"' ions in comparison with other measured or calculated AEs (cV).

Ion

Spectroscopic
value (2]

Dorm an
ct al. [7]

Stuber
[3]

Redhead
[41

Syage [6]

This work

Xc'

12.13

12.1

12.1

12.1

_.

I2.I±O.O1

Xc11

33.34

33.5±0.2

33.0

32.1

_.

32.2±0.6

Xc''

65.40

64.8±0.5

65.0

61.)

64

61.8±2.6

Xc*'

—

107.0±I.O

110.0

101.1

104

IO7.4±0.8

Xe J:

—

ico.Oii.o

172.0

152.1

166

160.8±3.7

Xe"

...

218.0±1.0

248.0

216.1

230

234.6±2.7

Xe7'

—

...

362.0

308.1

—
...

355_2±3.8

...

535.0
413.3
(545.6±11)
Table 3: AEs in eV for multiply charged Xc"' ions in comparison with other measured or calculated AEs.
Xc-'

In the case of Ne, the agreement between the various sets of A E values is quite
satisfactory except perhaps for the values of Stuber [3] whose AE values for Ne 3 * and Ne 4T
are significantly higher than all other reported data.
For Ar we are in good agreement with (he spectroscopic values given by Rosenstock et al.
[2] excepl for Ar>+. Compared to the other eleciron impact results our values are much lower
especially in the case of higher charged ions.
The siluation in Xe is even less satisfactory. While Xe has been investigated more
thoroughly than any other rare gas, there are discrepancies thai exceed the quoted
uncertainties already for the various reported values of AE for Xe J+ , where the highest
reported AE lies 5 eV above the lowesi reported value.
3.2. Exponents of the rare gases Ne, Ar and Xe
.5(11

The exponents n extracted from our measured data sets for die formation of Ne"^ (n = I 4), Ar"* (n = I - 6) and Xe"+ (n = 1 - 8) ions are summarised in Table 4 and are also
compared to other available data including predictions following the signal ideas of Wannier
[8] f o r n = 1 —4, and several experimentally determined values [9,10,11].
Ion

WannierGcltman

Generalized
Wannier

No*
Ncr'

1
2

Ne"

3

3.55

Ne"

4

>4.70

Lebius el
al. [9.10]

This work

(.127

1.<KS±O.OS

I.24±0.0l

2.270

2.<M±0.07

l.99±0.02

3.16±0.l
4.15±O.I5

3.21±0.05
3.28±l.07

Ion

WannicrGcltman

Generalized
Wonnicr

Statistical
approach

Koslowski
et al. [11]

Ar"

1

1.127

„.

—

I.40±0.2

Ar'

2

2.27

1.86

2.6 (2.0)

2.00±0.3

Tliis work

Ar ! "

3

3.5

2.89

3.0(1.7)

2.75±0.5

Ar"

4

>4.7

„.

2.5

3.15±0.9

Ar"

5

>4.7

_.

—

4.01±1.4

Ar6"

6

>4.7

...

...

3.89±1.4

WannierGclunan

Generalized
Wannier

1

Xc

1

1.127

1.13

1.13

1.33±0.05

Xc;

2

2.27

1.83

l.85±0.l

2.17±0.14

Ion

Statistical
approach

Lcbius
et al. [20,21]

This work

Xe!

3

3.5

2.82

2.80±0.14

2.28±0.l5

Xc J '

4

>4.7

3.70

2.62±0.26

3.05±0.06

Xe 5 '

5

...

...

3.54±0.11

Xc*-

6

_.

...

3.46±O.IO

Xe"

7

...

...

2.39±0.06

Xe"

8

...

—

(1.18)
Table 4: Exponent n for multiply diarged Ne1", Ar" and Xc" ions in comparison with results of other groups.

In Ne, there is satisfactory agreement between our values and those from Lebius et al.
[9] for Ne2* and Ne3*, whereas the agreement between the two experimentally determined
exponents is less satisfactory forNe*. In the case of Ne 44 , both experiments are lower than the
Wannier prediction. In the case of Ar, except for Ar", our exponent is again much lower.
In case of Xe. the present values for Xe* is slightly larger than the Wannier prediction
as well as the data of Lebius et al. [9, 10] and Russek [12], which both agree well with Ihe
Wannier exponent of 1.127. For Xe"* our "n" value is consistent with the Wannier prediction
and as the charge stale of Ihe Xe ion increases, all expert menial values fall below ihe
corresponding Wannier prediction.
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Summary
The values of the AEs determined in this work when compared with other available
experimental and spectroscopic values of the AEs reveal generally good agreement for charge
states n <4, but few, if any, systematic trends can be found for the experimentally determined
AEs for the formation of more highly charged ions. This is a reflection of the fact that the
reliable experimental determination of AEs for such ions is very difficult.
The level of agreement between our extracted exponents "n" in a power law when
compared with other available experimental data and the predictions of n-th power WannierGeltman and the generalized Wannier law is generally good only for very low charge states,
n=l and 2. Significant discrepancies were found for larger values of n. One observation,
however, is particularly, noteworthy, namely the fact that none of the available experimental
data seems to support the large values of "n" predicted by the Wannier-Geltman and the
generalized Wannier law for n > 2. This might indicate that the extension of these threshold
laws to the formation of highly charged ions, for which it was not originally derived, may be
questionable. We are presently extending these studies to He and Kr and we are in particular
revisiting charge slate n = 1 and 2 under very high resolution conditions in order to confirm
discrepancies between experimental values and theoretical predictions for the exponent in the
threshold power law.
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Using a recently constructed high resolution crossed beams apparatus involving a
hemispherical electron monochromator [1] we have studied electron attachment to the
d r ^ N ^ O : molecule, better known as uracil.
The experimental set-up consists of a hemispherical electron monochromator, a supersonic
nozzle expansion source and a quadrupole mass spectrometer. With this electron
monochromator we can achieve an electron energy resolution of up to 30meV FWHM. Two
different electron attachment studies one producing Cl' from CCU for the dissociative
attachment processes and the other producing SF 6 ' out of SF« was used to lest the set-up and
to determine the electron energy resolution. For the present measurements the determination
of the electron energy distribution mainly was done by producing Cl' from CCI4. This process
was additionally used to calibrate the energy scale. The electron energy range investigated
was in the region between 0 and 12eV.
Because uracil at room temperature is a white powder we used a modified C«i oven to
introduce evaporated uracil into the apparatus. The most important point in modifying this
oven was to attach an about 7cm long copper pipe to the open side of die oven. This helped us
to guide the evaporated uracil directly into the collision chamber. The inside diameter of this
pipe is about 0.8 mm. A typical temperature range of the oven during operation of the
measurements is 180 to 185°C. Approximately 2mm further the crossing of uracil and the
monochromatized electron beam occurs. The ions produced are extracted by a weak electric
field either produced by one part of the collision chamber or by the entrance cone optics of the
quadrupole mass spectrometer. After passing the mass spectrometer the ions are deflected and
counted in single ion count mode with a channeltron.
In addition to series of electron impact ionization studies (in order to determine the mass
spectrum and to obtain apperance energies) we did measurements on electron attachment to
the uracil molecule C i t U ^ O j . It is the first such study concerning the attachment of free
electrons to the uracyl molecule (see also the pioneering study about bound electron
attachment to uracil by Schermann and co-workers [3]). The only comparable measurements
have been carried out at the Berlin Laboratory of Illenberger and co-workers [2] where they
investigated electron attachment to the 5-bromouracil molecule.
The main interest of this work is to find out what will happen when slow electrons are
colliding with the cellular RNA compound uracil. It is generally considered that the types of
primary damage in DNA by ionizing radiation (electrons, photons, ions) leads to the most
significant biological effects [4], These effects are known as double-strand breaks (DSB) and
clustered lesions. These types of lesions have the greatest relevance of cellular effects
underlying both human cancer risk from radiation exposure and the cell killing action of
radiation used in radiotherapy.
In the present measurements the following anion fragments of uracil have been detected
within our detection limit (C4H3N2O2)', OCN", ( H J C J N O ) ' , CN\ O\ The most important result
is that we cannot observe wilhin our detection efficiency any traces of the parent anion (this
has been confirmed by careful measurements of neighboring isotope peaks). The most intense
fragment anion appears on a mass to charge ratio of 111 amu. Mass 111 corresponds to a
uracil molecule missing one hydrogen. Moreover, the electron attachment spectrum for this
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artion exhibits in the energy range from 0 to 3eV (see Fig.l) a number of resonant structures.
The zero energy resonance is probably due to an s-wave attachment process. Other observed
resonances appear at 0.68, 1.0, 1.44, 1.7, and 1.92eV. The error bars for these peak energy
values are in the region of about ±40 meV.

1.7

0

2

4

6

electron energy (eV)
Fig. I: Electron attachment spectrum for uracil producing the anion fragmen

It is interesting to note that this result, i.e. the missing of the parent anion is in contrast to
recent observations by Schermann and co-workers [3], who observed the occurrence of the
uracil parent anion when studying Rydberg electron attachment to gas phase isolated uracil
molecules [3] and also in contrast to free electron attachment studies to bromouracil by
Illenberger [2] who observed in these studies the parent bromouracil anion to be the major
anion produced.
Another interesting observation is whereas the parent minus H anion is observed at zero
electron energy, all other fragments do not appear in the zero energy range. The two most
intense fragment anion species appear at mass 42 identified as OCN" and at mass 68 identified
as (HJCJNOV , the same fragment anions are also observed in [2], In contrast to the
measurements of Illenberger and co-workers [2] on the bromouracil, however, we see in
addition the fragments CN' and O\ The intensity of these fragment anions is at least one order
of magnitude lower than OCN" yield. The onset of the first resonance for these anions appears
at the relatively high electron energy of about 5eV for CN' and at 9eV for Ihe O\ followed by
two resonances with the maxima at approximately 7eV and lOeV for CN' and in the case of
Ihe O" production only one resonance al !0.2eV.
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A. Overview
Small molecular doubly-charged ions (dications) are usually highly energy-rich and
reactive metastable species.1"3 However, despite their high internal energy content, several
molecular dications have recently been shown to display considerable chemical reactivity
with neutral species/"" 1 For example:

Initial studies of the chemical reactions of molecular dications were prompted by the
mass-spectromctric observation of product channels from dication-ncutral encounters which
involved the formation
of
new
chemical
bonds."1'17 Since these
early
observations
many new chemical
reactions
between
dications and neutrals
have
been
documented.
Vetreilj (Tin
However,
more
Figure i Schematic of (he position sensitive coincidence detailed investigations
of the dynamics of
spectrometer used to study dicaiion reaction dynamics.
these reactions are
scarce and restricted to pioneering angular scattering measurements in Prague 1 *" and studies
8 16
of intermolecular and intramolecular isotope effects at UCL. '"' The angularly resolved data
from Prague demonstrates the continued power of angularly resolved studies as a probe of
ionic reaction dynamics. Hence, we have developed a new experiment which will generated
angularly resolved data to probe die dynamics of dication chemical reactions. This new
experiment does not use the traditional technique employing a rotatable angularly restricted
detector. Instead we use the power of position sensitive coincidence (PSCO) experiments'8"1*
to detect in coincidence both of the charged products from a dication chemical reaction. Such
coincidence data should yield the initial velocity vectors of the charged products. From these
vectors the complete kinematics of the reactive scattering process should be accessible. This
poster will present the details of this new experiment and show that, as predicted, bimolecular
position sensitive coincidence experiments provide a hugely detailed probe of liic dynamics of
dication reactions.
B. E x p e r i m e n t a l details
The position sensitive coincidence apparatus is illustrated in Figure I. Briefly, o beam of
ions is extracted from a home-built ion source. The translation^ energy, and energy spread, of
the ions in the beam is controlled by a hemispherical energy analyser through which the beam
passes. The reactant dications of interest e.g. CVs* are selected from the ion beam and

collide in the source region of a time-of-flight mass
spectrometer (TOFMS) with the neutral reactant
and the reactions of interest occur. We generate
dication beams with excellent intensity and energy
distributions. Typical beam currents are I pA at an
energy of 4 eV in the source region with a
translational energy spread of 0.1 eV. Following
the interaction of the dication beam with the neutral
target the ionic products are detected and'analysed
by pulsing an extraction voltage (30-50 kHz) in the
source region of the TOFMS. The ions then fly
down the TOFMS and are detected at a position
sensitive detector interfaced to fast timing
a
electronics. This position sensitive data can be Figure 2 Scattering diagram from
:t
interpreted to yield the initial velocity vectors of the PSCO spectrum of collisions 2of Nc with
Ar. The direction of the Nc * velocity is
two charged fragments from a dication reaction. indicated by the arrow. The scattering
From these velocity vectors the dynamics of the centre is marked by a doL
reaction can be determined. Experiments can be
carried out with cither a pulsed (-0.5 us) or continuous beam of reactant dicntions. The
pulsed beam produces higher quality data at the expense of longer run times.
C Initial experiments
Initial experiments to lest the performance of the apparatus have been performed on tlie
atomic electron transfer reaction:
Ne"* + Ar -» Ne* + Ar

(2)
From the position sensitive data we can extract, as predicted, key quantities which
characterise the dynamics of the reaction. For example:
the angular distribution of each of the product ions
the angle between the product ions as they separate
the translational and internal energies of the product ions
the scattering diagram
the electronic states of the products and reactants from the energy balance.
For the Ne2+/Ar reaction representative results are presented. Figure 2 shows the
scattering diagram which demonstrates that the Ne* product is strongly "forward scattered".
Figure 3 shows the individual angular
distributions of the product ions,
relative to the initial velocity of the
rcactant NeA" ions. For NeT this
Ar* «t
distribution, as indicated in Figure 3, is
strongly peaked in the forward
direction (near 0"). with a few ions
back scattered. However, there is clear
evidence of a bimodal (twin peaked)
angular distribution even in the forward
scattered ions. Such a bhnodal angular
distribution has been observed before
for a electron transfer reaction of an
Figure 3 Centre of mass angular distributions of the
products of reaction .">.
atomic dication.2" This bitnodal
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distribution is thought to result from the different angular scattering that occurs when the
curve crossing between the reactant and product surfaces occurs on the approach or separation
of the collision system.
In addition, from the energy balance of the reaction and the measured kinetic energies of
the products, we can deduce which electronic states of the singly charged product ions are
populated in the reaction.
D. Recent work
The above data shows that the potential power of the PSCO experiment to study ion
energetics has been realised. The next step is to use this experiment to study the dynamics of
chemical reactions of molecular dications and this poster will present the first studies of
molecular dication chemical reactions using the PSCO technique. In addition, the results
from PSCO studies of the electron transfer reactions of molecular dications with the rare
gases will be presented. Such studies will allow a determination of the energy levels of
previously uninvestigated dications from the energy balance of the electron transfer process.
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Abstract:
Statistical analysis of online VOC measurements obtained by Proton-Transfer-Reaction
Mass Spectrometry (PTR-MS) during the TEXAQS2000 intensive period is presented. The
experiment was based at the La Porte site, near the Houston ship channel (HSC), and
deployed for continuous long-term monitoring. Multivariate techniques helped to identify
various VOC sources in the vicinity of HSC and distinguish between different anthropogenic
emissions. An assessment is given of the selectivity and interpretation of mass scans from this
online technique in a complex urban and industrial VOC matrix.
1. Introduction
The greater Houston-Galveston metropolitan area is characterized by a high diversity of
VOC, CO and NOS sources, especially near the Houston ship channel (HSC). As a
consequence, a great portion of potential O3 precursors released within and around the HSC
cause not only relatively high ozone formation rates but also highly variable ozone
concentrations. The unique VOC mix in and around Houston represents a major difference
from other metropolitan areas such as Nashville, Los Angeles and New York, which have
been the focus of previous field studies to assess urban air quality. The observed VOC/NOX
ratios around Houston, for example, are significantly larger than expected from emission
inventories and when compared to ratios obtained in other urban areas in the U.S. A
significant portion of atmospheric emissions around the HSC area comes from petroleum
refineries, synthetic organic chemical manufacturing planls and various mobile sources.
Together with characteristic meteorological events such as the land-sea breeze flow reversal,
the complex chemical mixture in southern Texas leads to a persistent ozone problem, which
typically led to 20 days of NAAQS (National Ambient Air Quality Standard) exceedances
within a 3 month period during the COAST study in 1993. Ground level ozone is considered
as one target pollutant for control by the Clean Air Act in affected U.S. urban areas. As
Houston, TX, is now generally recognized having the second highest ambient ozone problem
among U.S. cities''", there is a current interest in developing strategies to bring this area into
compliance with the NAAQS. Slate Implementation Plans required lor noncomplianl regions
have to be based on a detailed knowledge of key-variables that govern ozone formation.
VOCs in an high NOX environment act as 'fuel' in the process of ozone production and thus
are considered as target pollutants. VOC monitoring at the La Porte site during the
TEXAQS2000 study addressed several issues:
• assess the main VOC reactivity in and around the HSC
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• document large, unscheduled VOC releases near the HSC, that might contribute to
unusually high ozone events
• see if the high observed V0C7N0, ratios are due to inaccurate emission estimates of VOCs
orNCX
• evaluate the importance of chlorine chemistry on ozone formation
• investigate how VOC plumes influence Ihe local radical budget and ozone formation
• compare measured VOC concentrations with existing emission inventories
• give an estimate of the magnitude of VOCs released by various point sources in the HSC
Here we present and evaluate the VOC dataset obtained by Proton-Transfer-Reaction
Mass Spectrometry (PTR-MS) 3 at the La Porte site. We assess the selectivity of this on-line
technique and give an interpretation of mass scans in a complex tirban and industrial VOC
matrix. Principal component analysis allowed us to identify various HSC sources and
distinguish between different anthropogenic emissions.

2. Results
Table 1 Observed VOCs at La Porte (compound assignment in parenthesis is based on the
TRI emission inventory); the rest were verified by GC intercomparison or isotopic
analysis.
Mz+1 ion
M28*
M33
M45
M54
M59
M69
M79
M93
MI05
MI07
M121
MI35
M149
MI63
M43
M61
M83
M85
M87
M89
MII5
M9I/M73

Compound
HCN
Mctlianol
Acetaldehyde
Aciylonitrile
Acetone
Isoprenc
Benzene
Toluene
Slyrcne
Xylenes, Ethylbenzene
Cm-Benzenes
d-Bcnzcncs
Cij-Benzcncs
Ci.i-Benzcncs
Propylene+Frogmem Mfil
CiH<b; (Acetic acid. Ctvcolaldchydc)
:

C»H,;
OHnOj (Vinyl acetate)
C<H.O:(Dioxane)
C;H n OC,-Kcuiiic
CH.oO-flithoxvethanol)

Mean
0.3
10.8
3.4
0.4
4.0
0.4
0.6
0.8
0.1
0.6
0.4
0.2
0.02
0.03
7.3
3.4
0.2
0.3
0.5
0.1
0.4
0.1

Concentrations
Max
Median
6.0
0.2
574
6.2
79
2.3
56.8
0.1
69
3.3
26.5
0.3
27.7
0.3
13.0
0.4
4.2
0.1
6.4
0.4
5.3
0.2
6.6
0.1
0.5
0.02
1.0
0.02<
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3.3
67.9
2.9
6.1
0.2
28.0
0.2
9.2
0.3
12
0.0
155
0.2
1.2
0.1

• lower limit based on a reaction rate of 2e-° c m s
2.1 Meteorology
Surface winds at l.a Porte were characterized by north-wesierly winds in the early
morning (0:00 - 7:00) shifting during the day to the north and dominating from the east in the
afternoon. Wind speeds ai 10 m during the night generally varied between 2 and 5 m/s, with a
slight decrease in the early morning. Along with Ihe developing boundary layer, surface wind
speeds increased around °:00 and typically reached a maximum (6-8 m/s) during the
afternoon and early evening (15:00 to 19:00). For wind speeds up to 4 m/s no distinct
direction persisted and winds shifted corresponding to the daily land-sea breeze effect. Higher
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wind speeds, > 4 m/s, usually dominated from south to southeast (100-200°) and generally
occurred in the afternoon. High ozone concentrations (August 30 and 31; -200 ppbv)
occurred during days with a surface high pressure region over the central Houston area
drifting slowly to the southwest and causing low level winds from southwest to northwest at
wind speeds around 1-3 m/s. Scattered thunderstorms occasionally caused heavy rain showers
with wind speeds up to 20 m/s from various directions.
2.2 Dominant VOCs observed at LaPorte
Overall, 28 ions dominated the mass spectra obtained during August and September 2000.
The 21 most important species are listed in Table 1. For many prolonated species the
selectivity of the PTR-MS instrument was good enough to identify a single compound
attributing to the observed ion-density. In cases of mixed ions and higher molecular weight
compounds typical fragmentation patterns, comparison with GC-MS and GC-FID
measurements and the Toxic Release Inventory (TR1)2 helped to identify individual
compounds.
2.3 Statistical Analysis
Multivariate methods are widely used to estimate source-receptor relationships and are
based on the mass conservation argument5' '• 8' '. Chemical mass balance models (CMB)
describe a linear relationship between source activities (S), the relative source strength of
source p (a) and measured properties such as the ambient concentration (C):
C l t =2]o,,-S 1 / 4 +e,,* = l..jw

(I)

where Cn is the measured concentration of compound i at time k, a^j the factor loading
which is related to the source composition, Sjt the source activity and Sk an error term to be
minimized. Here we use two complementary approaches to extract source profiles and
activities. Based on (1) the first method applies conventional principal component analysis
(PGA/' of the standardized dataset. The obtained primary eigenvectors are the base of a new
orthogonal coordinate system. When the transformed data set is plotted in this new coordinate
system, every point can be assigned to the original observation. Corner points in the n
subspaces represent occasions where a single emission source was predominantly active. By
locating different vortices that bound the datacloud provisional source profiles can be
obtained" . The second method involved factor analysis (FA) of the covariance matrix
according to (2) using the VARIMAX rotation13:

where ocy represent the 'factor loadings', which are related to the source compositions. Both
approaches defined provisional source profiles that were further refined by an alternating
least-square regression trimming towards positive factor loadings".
Figure I shows mixing ratios of a Cj-Ketone, aromatic source profile 1 and a substituted
Ci2-benzene plotted against wind-direction, and for all cases reveals a dominant polluted
sector SSE for all cases which originated from a conglomerate of the synthetic organic
industry in Harris located 5-8 km upwind. The typical signature of mobile sources with
toluene/benzene ratios around two did not correlate with any distinct winddirection and
reflected the nature of a mure diffuse area source. The high correlation with CO also suggets
that CO was mainly related to mobile sources at La Porte (benzene/CO= 9.8e-4). Diurnal
plots were normalized according to the statistical model (3) (GLM),
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where, i stands for half hour values of the day (i=i...48), j for the day of the week (j=l:
Monday-Saturday, j=2: Sunday and holidays), t for time, T for Temperature, WD for wind
direction and ws for windspeed.
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Figure 1
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u n
(C12 benzene isomers)

Tlie relative humidity was a perfect linear combination of ambient temperature and was
not considered. Since VOCs exhibited a log-normal distribution, the logarithm of ambient
concentrations were used in the GLM. All calculations were done with SystatlO (SPSS Inc.)
and MatlabS J (Mathworks Inc.).
3. Conclusion
PTR-MS proved to be a valuable tool for realtime VOC monitoring of complex urban air
chemistry. The main VOC reactivity in Houston originates from low molecular weight
alkenes such as propene, which reached ambient concentrations up to 300 ppbv. Thus
tropospheric ozone production is most likely driven by alkene-NO* chemistry. The results
suggest that the emission inventories currently used for regional air models in the greater
Houston-Galvaston area need to be reevaluated and updated. Even well known pollutants such
as C9-Cio-benzenes seem to be underrepresented by at least one order of magnitude. Existing
databases completely lack emission factors for some higher molecular weight compounds (for
example C-r ketones), which were present up to 3 ppbv. The PTR-MS technique could also
trace some unusual compounds (e.g. acrylonitrilc), that might not be important players for
local ozone chemistry, but contribute to an increased regional VOC background. Some of
these compounds, though, might have an impact on local air quality due to their toxicity.
Future PTR-MS deployments could involve mobile systems, that could be used to track
down local polluters, or simply help to find leaks in the vast pipeline network and storage
facilities. It could therefore become an attractive technique for the chemical and refining
industry as well as environmental protection agencies.
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The ion chemistry of bromine containing molecules is essentially unexplored. This lack of
information, and the use of H3O* as the reagent ion in the proton transfer reaction mass
speciromeler (PTR-MS) developed by the late Professor W Lindinger and his colleagues at
the Institut fUr Ionenphysik der Leopold-Franzens-Univeristat provide the motivation for this
study. Here we present results on the reactions of the reagent ion H3O* with the following
haiaogenated methanes; CH3Br, CrfcBr:, CH 2 FBr. CHF 2 Br, CHFBr2, CH2BrCI, CHBrCfe, and
CHBrjCl, together with a series of bromine containing ethanes; CHjCHjBr, CH;BrCH:CI,
ClfcBrCHiBr, CF 3 CF 2 Br and CF 2 BrCF 2 Br. Fundamental studies of the reactions of HjO*
with molecules are essential for underpinning the use and development of this mass
spectrometer. To our knowledge the majority of the data is being presented here for the first
time, with a few exceptions. Only the reactions of HjO* wilh CHFjBr [1] and with CHjBr
and CHjCH 2 Br [2] have been reported before.
The experimental rate coefficients, £«,„ the product ions, and product ion branching ratios
for the reactions of HjO* with the bromine containing methane molecules CH3Br, CH 2 Br 2 ,
CH2FBr, CHF 2 6r, CHFBr;, CHiBrCI, CHBrCl;, CHBr2CI are presented in table 1. Table 2
provides the rate and branching ratio data for the reactions of H3O~ with the bromine
containing C 2 molecules CH3CH2Br, CH 2 BrCH : CI, CH2BrCH2Br, CF3CF;Br. Included in
these two tables are the collisional rate coefficients {ke).
Charge transfer, which is a commonly encountered mechanism in the reactions of
molecules wilh positive ions resulting in a transfer of an electron from the neutral to the
reagent cation is ruled out because of the low recombination energy associated with HjO~.
However, H3O* is observed to react in a number of other ways, namely:
(i) Association Reactions. Three-body associative process with H3O* is the reaction channel
observed for M = CH 3 Br, CH 2 FBr, CHFjBr, CF3CF2Br, and, in trace amounts,
CF2BrCF2Br. It is also observed, but not as the only product ion, with CrhCHiBr.
(ii) Proton transfer. Proton transfer was not observed to be a major reaction channel in this
study. None of the reactions with the C| molecules resulted in proton transfer. For the Cj
molecules the proton transfer product MH* was only observed for two of the reactanl
molecules and then not as the only product ion.
(Hi) Hydrogen halide elimination and associated reactions. These are observed for the
compounds CHFBr ; , CHBrC'h. CHBrjCI. CH;BrCH:Br, CH;BrCH ; CI. and CHACH;Br.
In general a common pattern is observed: one or two pairs of ions are observed, a
carbocation, formed by the loss of ;) halogen (as the hydrogen halide), and the
corresponding protonated alcohol where the water from the H;O' is retained. An
exception is CHBrCl; where two protonated alcohols are formed but only one
carbocation observed, ll is suggested thai in all cases the protonated alcohol is the initial
product ion and (hat if this has sufficient im*mal energy it ean fragment inio water and
the carbocalion before being collisionally stabilised.

Product
ion(s)c

w

CH3Br

CH2Br2

CH2FBr

CHFBr2

0.04

NR

0.28

1.9

2.7

2.4

CH3Br.H3CT
(100)

ChWFBr.H3O*
(100)

CHBrj*
CHBr->O+H2
CHFBr+
CHFBrO+H2

(54)
(40)
(5)
(1)

CHFjBr

CH2BrCl

CHBrCl2

CHBr2Cl

0.02

NR

1.7

1.7

CHBrClO+H2(69)
CHBrCl*
(22)
CHCK) + H 2 (7)
CHC10IT
(1)
CHBrOH*
(1)

CHBr 2 '
(38)
CHBr2O+H2 (35)
CHBrCl*
(20)
CHBrCIO'H2 (6)
CHBrOH"
(')

1.4
Product
ion(s)c

CHF2Br.H3O*
(100)

Table 1. Reaction rate coefliciente, the product ions, and the branching percentages for the
reactions of H3O* with CH3Br, C H ^ , CH2FBr, CHFBr;, CHF;Br, CH2BrCI, CHBrCb
and CHBr2CI at 300 K. NR refers to no observable reaction, which provides an upper
limit of 10'13 cm3 molecule"1 s'1.
" The reaction rate coefficients, both experimental (k,v) and calculated (kc) are given in units
of 10' cm3 molecule'1 s'1, and are considered to be accurate to ± 20%. b The calculated 300
K collisional reaction rate coefficients are given for reactant neutral molecules with known
polarizabilities and dipole moments. For CHF2Br only the polarizability is available, and
hence the collisional rate refers to the Langevin value. c Ion branching percentages are given
in parentheses."1

k "

Product
ion(s)c

CH3CH2Br

CH2BrCH2CI

CH2BrCH2Br

1.2

1.8

1.9

3.0

2.3

CH,CH2Br.rT (46)
CH3CHJOtH2 (32)
CH,CH2Br.Hj0*(22)

|

2.4
t

CH2BrCH2O H2 (78)
CH2BrCH2*
(22)

CF3CF2Br
315

CH2BrCH;O"H2 (92)
CH 2 BrCH/
(7)
CH-BrCH^Br.H"(l)

CF2BrCF2Br

Product
ion(s)c

< 0.0005

0.19

CFjCF2Br.H3O"
(100)

CF2BrCF,Br.H3O*
(100)

Table 2. Reaction rate coefficients, the product ions, and the branching percentages for the
reactions of H3O+ with CH3CH2Br, CH;BrCH : CI, CH:BrCH2Br, CF3CF2Br and
CF 2 BrCF 2 Biat300K.
a The reaction rate coefficients, both experimental (kap) and calculated (fc) are given in units
of 10"' cm 3 molecule"' s"', and are considered to be accurate to ± 20%. b The calculated 300
K collisional reaction rate coefficients are given for reactant neutral molecules with known
polarizabilities and dipole moments. c Ion branching percentages are given in parentheses.
This present study illustrates that the reactions of H3O* with molecules can be more varied
than just simple proton transfer. Such reactions have the potential of extending the use of the
PTR-MS for trace gas detection and other applications. This study also serves to illustrate the
need for fundamental studies of ion-molecule studies to provide rate data, product ion
distributions, and mechanistic information. These feed into the applied areas of trace gas
detection to which the PTR-MS is so well suited. This parallels the research activities
Professor W Lindinger, drawing extensively from the fundamental and applied sciences.
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Abstract
It is the objective of this project to investigate the interaction of a novel capillary nonthermal ambient pressure plasma with contaminated Al surfaces and to develop a new
technology based on this concept that is suitable for the destruction and removal of organic
contaminants from Al surfaces for industrial applications. Our new approach, which is
intended to replace the current solvent-based cleaning process, offers three important
advantages over other existing plasma-based methods: (i) a more efficient energy utilization,
(ii) ambient-pressure operation, and (iii) easy scalability from laboratory scale to in-line
industrial scale.
1. Introduction
The cleaning of metal surfaces such as aluminum (or stainless steel) surfaces, both during
manufacturing and prior to their use in specific applications has been a significant
environmental challenge for industry. The main contaminants on Al surfaces are volatile and
non-volatile hydrocarbons and residual hydraulic fluids from leaks. Chemically, the
contaminants are primarily aliphatic hydrocarbons, branch-chain hydrocarbons, and estercompounds. Vapor cleaning using chlorinated or chloro-fluoro compounds, though effective,
has become undesirable as are processes using aqueous cleaning baths of acids or bases, since
the compounds and/or some of the by-products represent serious environmental hazards. The
industry has generally welcomed research and development on more advanced cleaning
techniques that eliminate or minimize undesirable and/or environmentally harmful byproducts.
Industry experiments in the past with plasma-based Al surface cleaning methods utilized
for the most part low-pressure discharge plasmas. The effort was terminated because of
concerns relating to the prohibitive costs of vacuum enclosures for any production-line
plasma-based cleaning reactor. Recent progress in the generation and maintenance of
atmospheric-pressure discharge plasmas in ambient air make it desirable to re-visil the
possibility of using plasma-based Al surface (and more generally speaking, melal surface)
cleaning methods on an industrial scale. Researchers al Stevens Institute of Technology have
achieved a novel method to generate and maintain stable, large volume, uniform atmosphericpressure discharge plasmas by employing a novel capillary electrode structure [I], This
capillary dielectric electrode slruclure provides dynamic feedback stabilization of the current
density in the cathode region of Ihe discharge reactor and thus prevents the non-uniform
growth of the current density, which is the precursor to discharge instabilities that eventually
result in a glow-to-arc transition and ihe termination of the discharge.
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2. Project Goals
The current project, which is carried out as a collaborative effort between Stevens Institute
of Technology, PlasmaSol Corporation, and ALCOA has iive main objectives:
•
•
•
•
•

Characterization of the discharge plasma used in the present application
Development of a laboratory-scale experimental system
Investigation of plasma jets firing against conductive and non-conductive surfaces
Investigation of an aimospheric-pressure plasma discharge system for controlled
cleaning of Al surfaces contaminated with selected hydrocarbons
Consideration scale-up of experimental system for in-line industrial use.

Consistent with the objectives of the project the following tasks were executed up to now and
the pertinent results will be reported at the Conference :
•
e
•
•
»

Construction of a discharge plasma reactor that fires the atmospheric-pressure plasma
jets on non-conductive surfaces
Characterization of the plasma jets
Assessment of destruction of oils and volatile organics on non-conducting surfaces
Modification of plasma jet reactor for firing against conducting surfaces
Preliminary assessment of destruction of oils on conducting surfaces

3. The Capillary Electrode Plasma at Atmospheric Pressure
The basis for the atmospheric-pressure operation of the capillary electrode plasma is a
novel electrode design that uses dielectric capillaries that cover one or both electrodes of the
discharge reactor. The capillaries, with diameters in the range from 0.01 to I mm and lengihto-diameter ratios of the order of 10:1, serve as plasma sources which produce jets of highintensity plasma at atmospheric pressure under the right operating conditions. The plasma
jets emerge from the end of the capillary and form a "plasma electrode" for the main
discharge plasma. The field inside Uie capillary does not collapse afler the formation of the
streamer discharge due to the fact that the high electron-ion recombination at the wall of the
capillary requires a large ion production rate along the axis of the capillary in order to sustain
the current. Under the right combination of capillary geometry, dielectric material, and
exciting electric field, a steady state can be achieved. Run-away into the arc is prevented by
the fact that the current through the capillaries is self-limiting, i.e. the gas density inside the
capillary decreases with time due to gas heating which puts an upper limit to the conductivity
as a result of gas starvation. Compared to other atmospheric-pressure discharge plasmas, the
capillary plasma requires a lower sustaining voltage, lower energy input per cm3 of plasma
generated, and achieves a higher average energy of the plasma electrons (up to 6 eV) at a
lower gas temperature (approximately 350 - 400 K) and higher electron densities (up to 10N
cm'3). These parameters were obtained from optical emission speclroscopic studies and from
other standard plasma diagnostic techniques applied to a prototype laboratory capillary
electrode discharge plasma.
4. Interaction of Plasma Jets with Conductive Surfaces
A significant challenge of this project was the development of a working system that can
fire an array of plasma jets against a conductive surface consistently in a non-destructive
manner. This is a much more challenging task than constructing a working plasma reactor
that Jlres an array of jets again an insulating surface where shorting and arcing are not a
problem. A prototype of such a device was recently conslrucied that overcomes the

difficulties associated with maintaining an array of stable plasma jets firing against
conductive surfaces. This device, which is a modified version of PlasmaSol's patented
"plasma shower" reactor, ensure repeatable and reliable operation when firing against
conductive surfaces. Figure 1 shows a prototype of the actual capillary electrode plasma
reactor firing against ft conductive surface (here a stainless steel surface). As the plasma
strikes die surface, it diffuses more or less uniformly across the treated surface. In an initial
proof-of-principle experiment we demonstrated that the plasma depicted in fig. 1 can
completely remove a layer of pump oil from a stainless steel surface with an exposure time of
less than 1 minute. Additional preliminary results indicate that this new device has the ability
to operate at different plasma intensities and the ability to tailor the plasma jet intensity to a
given application.

Fig. 1: Capillary electrode discharge plasma reactor firing against a conducting surface.
We characterized the hydrocarbon removal process from various surfaces by standard
surface characterization sludies supported by a detailed mass balance. These studies were
carried out lor both conductive and non-conductive. The macroscopic properties and the
spatial distribution of the capillary plasma were examined for conductive and non-conductive
surfaces in order to determine the effects of the treated material on the characteristics of the
plasma (back-diffusion of volatile surface reaction products into the plasma !). Plasma
generation was achieved using He, air, and various combinations of He and air as carrier
gases. The experiments were performed by inserting uncontamiualed surfaces into tlie plasma
region and by subsequently monitoring the pertinent parameters (plasma distribution, plasma
stability, current, voltage, etc). This assisted in determining distances between the treated
surface and the electrodes that maximize surface exposure under a given set of operating
conditions (power input, carrier gas, etc).
In order to characterize the effect of the plasma on a treated surface, we used an SEM
analysis of the surface. Several samples of AI alloy 6061 were prepared for testing. A control
sample was prepared and was always compared to the treated samples. The samples wore
subjected to the following conditions:
•

Sample I: control

no plasma; one hour elapsed - ambient air oxidation

•
•
•
•

Sample 2: Plasma treated for two minutes at high power.
Sample 3: Plasma treated for five minutes at low power.
Sample 4: Plasma treated for five minutes at high power.
Sample 5: Plasma treated for twenty minutes at high power.

The surfaces were analyzed using energy dispersive x-ray spectroscopy (EDXS) to determine
the "'before" and "after" effects of the plasma. We measured the electron ejection rate of a
sample treated with a plasma tor twenty minutes at high plasma density versus the control
surface, This sample as well as other samples exposed for a shorter time and a lower power
had no appreciable difference in the surface characteristics.
5. Summary
We have developed a prototype atmospheric-pressure plasma reactor based on the novel
capillary dielectric electrode discharge concept [1] that is capable of firing an array of highdensity plasma jets against a conductive surface such as Al in a reliable, reproducible, nondestructive manner. This reactor was subsequently used in a series of preliminary
experiments aimed at the determination of the optimum operating conditions for the
destruction and removal of hydrocarbon contaminants on Al surfaces. We have so far
demonstrated that our method is capable of removing hydrocarbon contaminants efficiently
without affecting the underlying Al surface. Further experiments are currently underway.
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Chiral recognition in biological systems is based upon the aggregation of a target chiral
molecule and a chiral selector [i]. Diastereomeric aggregates are held together by non
covalent interactions and, therefore, are endowed with a different stability and reactivity.
Various methodologies have been developed to evaluate these differences, including
polarimetry, circular dichroism, nuclear magnetic resonance, chromalography and capillary
electrophoresis [2]. Attention has been paid recently to the measure of the stability of
diastereomeric aggregates under solvent free conditions through the use of resonant laser
spectroscopy [3,4] and mass spectrometry [5]. The technique involving mass resolved
resonant two photon ionization R2PI [3] coupled with supersonic molecular beam allowed to
explore the intrinsic forces in isolated chiral clusters through the measure of ionization and
fragmentation potentials and binding energies of some diastereomeric pairs such as chiral
aromatic alcohols (reference) clustered with chiral aliphatic alcohols and amines (analyle) [68]. Unfortunately, it is difficult to apply this technique to the study of biomolecules in gaseous
phase because most of them are non-volatile and thermally labile. Many efforts have been
made to find new vaporization methods. Among them, electrospray ionization, coupled with
mass spectrometric detection (ESI-MS), proved most suitable since it provides precious
information on the stability of chiral clusters simply through the measure of ion abundances
[5-8].
According to the foundations of Cooks' kinetic method [9,10], gas phase discrimination of
chiral analytes (AR and As) is obtained by measuring of the relative stability- of their
diastereomeric complexes with a chiral reference selector (ref). Collisionally induced
dissociation (CID) of the diaslereomeric cluster ions [M(ref);An]* and [M-(ref)rAs]+ ,
where M = H~, Li". Na' and K+, may produce different fragmentation patterns reflecting the
relevant [MrcfAitr and [MrefAs] 4 vs.[M(ref):]' stability (AGH and AGS, respectively). It
is convenient to define the cluster ions as "homo" when the analyte and ref have the same
configuration, and "hetero" in the opposite case. Measurement of the ratio of the "homo" vs.
"hetero" ion abundance ratios provides the chiral selectivity RChirai, i- e.:
[M-refA s ]>/[M.(ref) : ] :
[M-ref-A K ]7[M-(ref),]'

[)

if the S enanliomer of ref is employed. The relative stability of the "homo" vs. the
"helero" [M-ref-A] cluster ion (AAG) is calculated from eq. 2, where Ton is the effective
temperature [II] and R is (lie gas constant.
, „

AAG
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Here we report several examples of tile application of the ESI-MS 2 -CID technique to the
enantiodiscrimination of chiral ct-aminophosphonic acids. a-Aminophosphonic acids are the
analogues of natural a-aminocarboxylic acids in biological systems. The biological activity of
these chiral compounds is governed by the stability of their uasolvated inclusion complexes
into ihc chiral cavity of an enzyme, normally containing also metal ion centers. For this
reason, we deemed it important to investigate the affinity of a-amiiiophosphonic acids
towards first-group metals in gaseous phase and how this can be affected by the ligands
configuration. The results are discussed in the light of structure calculation performed by
using nn empirical force field.
Figure 1 reports typical C1D fragmentation spectra of diastereomeric clusters containing
one of the (l-amino-2-methylpropyl)phosphonic acid enantiomers (P K and P s ), as analytes,
the (S)-(+Hl-aminoethyl)phosphonic acid Es, as ref, and a sodium ion ([NaPR(Es):] + and
[Na P s f l J s W ) . Their fragmentation leads essentially to the [NaPs.REs]4'and [Na(Es)j] + . The
dissociation patterns were found to be rather insensitive to the collision gas (N2) pressure (515 mbar) and moderately sensitive to the collision energy (2-18 eV lab frame). Analogous
results are found for the other a-aminophosphonic mixtures investigated [12,13].

Fig. i ES1-MS--CID spectrum of [Na P s (t:\thf (a) and [Na P R ( E R y * (b). '(lie spectra are the
result of 300 scans at 8 eV collision energy (lab frame).
The chiral resolution factors Ha«at tor tiie diastereomeric clusters investigated are rcporled
in Table 1. An Rci,ir»j<l value indicates that the heterochiral [MAtt^ref]'1' complex is more
stable than the homochiral [MAs.Rref]" one. For Rthimi=l there is no stability differences and
chiral discrimination is unattainable by this method. Within the reasonable assumption thai
entropy effects on fragmentation are negligible, die AAG term represents the difference in
binding energy of the homochiral vs. the heterochiral cluster (AAH = AHHOMO-AHHBTLRO = RTlniW,i).
The reproducibility of the present method was investigated changing the chirality of the
reference acid ref. The results obtained using the other ref enantiomer was within ca. 10%
error and the uncertainty associated with consecutive measurements of the same system was
within 5%.
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A

ref

Rtklral

E

Ps

0.8710.05

E

PR

0.8O±0.08

P

Es

0.7910.08

P

ER

0.85i0.04

P

Es

].25±0.05

E

Ps

1.25±0.05

P

Es

0.75±0.07

E

Ps

0.87±0.05

E

PR

0.75±0.08

P

ER

0.80±0.04

Es

0.9010.05

Ps

O.9O±O.O5

H+

Li+

Na+

P
E

Average Rtun,

MR*,
(KJ mor1)

0.83 ±0.08

l.5±0.7

1.25±0.08

-1.810.7

0.79±O .07

1.910.7

0.90±0.07

0.7±0.5

Table I . EnamiodiiTerentiation of chual ot-aminophosphonic acids (A s and AR) by ES1MS"-C1D fragmentation of their diastercomeric clusters [M As (reiM* and [M
AR (ref)a]' (M= proton or first-group metal; ref = reference a-aminophosphonic
acids of defined configuration).
From the table it appears that the stability difference is ranging from +1.9 to -1.8 K.l/mol
and there is no1 evidence that the homochiral cluster is more stable than the heteroehiral, as
found in neutral [AR.SI'O1] aggregates obtained in supersonic beam expansion. Stability
difference seems to be related to the nature of the metal center. From the calculated structure
it appears that the most probable configuration is the one with reference molecules directly
bounded to the metal center [13].
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The reactivity of various iron carbonyl cations Fe(CO),,+ (n=l-5) with water has been
investigated in an early work by Foster and Beauchamp [1] [2]. They measured the rate
constants for the primary reactions of Fe(CO)n'f with water in a mixture of Fe(CO)s with HjO.
However, it is interesting to study separately the reactivity of the Fe(CO)n" ions on H2O to
obtain accurate information on the different ligand substitutions. Moreover, the energy
dependence of rate constants was investigated, as various Fe(CO) n + /L systems studied in our
laboratory (L=methanol [3], dimelhylether [4]) were found to be strongly dependent on the
energy of the reacting ions.

Experimental device and data analysis:
It consists in three ICR cells which are differentially pumped. The first is used as an ion
source: the ions are generated by electron impact ionization upon Fe(CO)5, and are mass
selected. They are then transferred into the second cell, in which they can be relaxed either
radiatively or collisionally with Ar atoms, before going into the third cell (die reaction celt) in
which they react with water molecules during various times at a constant pressure. In the case
of Fe(CO)j*, a mixture of water with argon at different pressures in the third cell was studied
loo. Then, they are drifted back to the second cell in order to be mass detected, as an efficient
differential pumping ensures a pressure drop of a factor of 250 between the central cell and
the two adjacent cells. The drift energy of the ions remains negligible compared to thermal
energy, so that the primary reactions take place at thermal kinetic energy.
The intensity of each ion signal is normalized to the total ion signal and plotted as a
function of the reaction time. The reaction scheme is checked using selective ejection. The set
of experimental curves is globally analyzed using a "home-made" program: the so-called
KINET program. It enables to get the different rate constants along with their uncertainties as
well as to know whether the different rate constants are well determined or not.

Results:
In all the Fe(CO),,*/H;O systems (11= I-4), Itgand substitutions are the only reactions
observed. No reaction was observed in the Fe(CO)j*/H2O system under our experimental
conditions: 100 ms reaction time and 2.5 10"*TorrofHjO.
The different reactions along with the rate constants and uncertainties are reported in
Table 1. In the Fe(CO),," systems, the only reactions observed for n=l-2 are the successive
substitutions of one CO by one water molecule whereas for n=3-4, a second channel in which
two CO ligands are directly replaced by one H;O molecule is observed. In the latter case, the
Fe(H:O) n ' (n=3-4) ion is never detected.
It is interesting to note that in the case of reaction (R), the rate constant measured for the
CO substitution on Fe(CO)(H:O) - is more than twice larger in the Fe(CO)i' system than in
the Fe(CO)i f system. This significant difference can be attributed to the difference in the
average energy contents of the reading Fe((.'())(H:O)* ion, which is likely lower liir ions
arising from double substitution on Fc(CO): than from single substitution iron) Fe(CO);'. In
order to check and suuK the negative energy dependence of this reaction, the Fe(CO); -'H;O

system was investigated in the presence of different pressures of argon, allowing to partly
thermalize the intermediate FefCOXfyO)' ions.
Ion

Rale constant OO'1" ernes')

Reaction

Fe(CO)' MCOy + H;O •> Fe(H2O)' + CO

12.0 ± 0.1

+

17.311.0

FttfCOV Fe<CO)f + H2O -> Fe(COXH2O) + CO
Fe(COXH20)* + H2O -> Fe(H2O)/ + CO (R)
Fe(CO}f Fc{CO)3* + H2O -» Fe(CO)2(H2or + CO
4

8.15 ±0.6
15.5 ±0.7

Fc(COh' + H2O -> Fe(C0XH20) + 2CO

3.0 ±0.1

Fe(CO):(H2Or + H2O -> Fe(CO)(H2O)2' + CO

19.2 ±0.9

Fe(CO)(H:Or + H2O -» Fe(H2O)/ + CO (R)

20.5 ±1.2

Fe(CO)/ Fc(CO),' + HjO -» Fe(CO)j(HiOr + CO
+

1J.S ± 0.5

FfKCO)** + H2O -» Fe(CO)2(U2O) + 2 CO

3.3 ±0.2

Fe(COh(HiO)*+ H:O -> FeCCOXH^O^* + CO

18.311.3

T

Fe(CO)j(H2O) + H2O -> Fe(COMH2O)2* + CO

10.1 ±0.5

Fe(CC))3(H2C))* + H2O -> Fe(CO)(H2O)2" + 2 CO 2.0 ±0.2
Fe(CO):(l];O)2++ H3O -> Fe(CO)(H2OV + CO

83 ±4

Table 1: Successive reactions of Fe(CO)n* (n=l-4) with H3O. For the first substitution in the
Fc(CO)n+ system (n=3~4), the main channel is indicated in bold.
In Figure 1, the experimental dependence of the rate constant k as a function of the
number of collisions with Ar atoms (Nc) in the third cell is presented. Nc is the average
number of collisions (either with Ar or with H2O) encountered by a Ke(COXH;O)* ion before
the substitution reaction. It is evaluated as Nt = (k^A^PAr + WHjOPwoVfk Pmo), where PAc
is the argon pressure, P1120 is the water pressure and kt(Ar) and kc(H2O) are the capture rate
constants for the Fe(CO)(H2O)+/Ar and Fe(CX>)(H2O)*/H2O systems respectively, estimated
according to [5]. The experimental curve can be well fitted using cite following expression:
k] is the thermal rate constant, independent of the argon pressure, corresponding to a very
high number of collisions. This value has to be consistent with the experimental results
concerning the Fe(CO)j*/H:O system, k; corresponds to die substitution rate constant of
unthermalized Fc(CO)(ll:O)* ions directly arising from Pe(COh*. The parameter a is the
average relative energy loss of the ion for one collision. The k| value is set to
20.5 10'10 cm'.s'1, which is the subsiiiulion rate constant ij) the S:e(CO)i system. k2 and a are
the fitted parameters and are found equal to:
k3=-fl3.0±0.2) 10'" cm'.s 1 and a - 0.020 !• 0.005
According to available thcmiochcmical data [6] [7], the I-'e'-CO and Fe'-Olt binding
energies are very close to each other. Therefore there is a need of accurate experimental
determination of the thermochemistry of substitution. Work is in progress in order to study the
.'26

Fe(H2O)n7CO systems for n=l and n=2, and to determine the relevant equilibrium constants
using a mixture of CO and HjO in the reaction cell.

Figure 1: Dependence of k, the rate constant (in 10'10 cm'.s"') of reaction (R) with the
average number of collisions Nc. The solid line is a fit corresponding to the expression
k(Nc) = 20.5 -13.0 exp(-0.02N,..)
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Because of their low volatility the study of reactions amino acids with bare metal ions is
an experimental challenge. In tin's work we have studied in the gas phase using a FTICR mass
spectrometer the reaction of gold cations with ihe simplest of the amino acid, glycine.
Experimental results are compared with theoretical calculations for the energetics and the
mechanism associated with the observed reactions. Gold cations are produced in the FTICR
cell by laser ablation, focussing the tripled output of a NdYag laser on a target covered with a
gold foil. The target is located outside the cell, in front of a lmm diameter hole in the trapping
plate. The gold cations, guided by the magnetic field penetrate in the cell where they are
stabilised in the electrostatic trapping well. An effusive jet of glycine molecules is produced
by heating a powder of solid glycine in an oven. This effusive jet pass through the ICR cell
where the neutral molecule may collide with the stored gold cations. This is made possible by
the open structure of the ICR cell (I) which is designed to give easy access to the center of the
cell either for a molecular beam of neutral molecules or for the irradiation of the stored ions
with photons.
The association complex Au(Oly)* is not observed on the mass spectra, due to the
occurrence of reactive exothermic pathways. The main reaction pathways observed following
the activation of glycine by gold cations (together with the calculated exothermicities) a r e :
AH (kcal/mol)
+

Au + Gly *

CH 2 NH : * +AuCOOH

(-38.0)

Au(CH 2 NH)(H2Or +CO

(-78.2)

Au(CH2NH)(CO)* +H2O

(-91.5)

Au(CH 2 NHf+CO+H::O

(-33.2)
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Abstract:
PTR-MS technique was used to measure fluxes of various VOC's including oxygenates
using surface layer gradient method. The VOC concentrations and temperatures were
measured at heights of about 0.5m and 3.9m above ground at a field site in St. Johann in Tirol
during and after grass cutting (24m and 25* of May 2000) in order to calculate fluxes. The
sensible heat flux was obtained by a sonic anemometer with turbulence data analyzer. The
major crop in this part of Austria are perennial grasses used for livestock farming. We
observed VOC emission fluxes including melhanol and acetaldehyde as the major volatile, C<
and ds leaf wound compounds with lesser amounts and traces of acetone and butanone. This
composition of VOC's is very similar to lhat released from slashed pasture grass [1J. At the
same time, VOC fluxes were measured with PTR-MS and eddy covariance method [2].
Comparing the flux data of methanol and acetaldehyde of both days have shown very similar
results.
Introduction:
A very important area of atmospheric research is the quantification of the impact of man
made volatile organic compounds versus natural VOC emissions. In the last years, a huge
effort was made to reduce man made VOC emissions all most at the same pace as they were
rising by industrial pollution. To leam more about the influence of these VOC emissions to
the chemistry of the atmosphere it is necessary to know more about the quantitative amount of
natural VOC emissions. The vegetation on earth follows a living cycle were during all the
time, dependent on the process (growing up, drying, cutting, decomposing), different amounts
of VOC's are emitted. Living vegetation releases a large number of volatile organic
compounds [3], and many of these VOCs can significantly alter the chemistry of the
atmosphere [4,5]. For example, wounded plants release a mixture of Cf, hexyl and hexenyl
compounds that are derived from major leaf fatty acids. These VOCs are primarily
responsible for odour of grass cutting [6]. In addition to these Cb compounds, a significant
amount of other VOCs are released by grass and clover cutting [1]. The measurement of
different VOC emission to the atmosphere was a major issue the last 10 years. For this many
different methods were developed to gel flux data of natural VOCs such as the surface layer
gradient, the mixed layer gradient (e.g. with tethered balloons), the relaxed eddy accumulation
(REA), the real time eddy covariance [2,7] and most recently the disjunct eddy covariance
method (DEC) [8],
Field site description:
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The field experiment was done
on a 4 ha hay field in St. Johann hi
Tirol Austria in the time from May
23 lh to 26"' 2000. Orchard grass,
kentucky bluegras, timothy, red
clover and rough bluegras, is die
typical composition of alpine
annual grasses used for hay
production in this region. The map
on the right side shows the site and
the calculated cumulative footprint
for a measurement height of 1m
above ground level. The footprint
for a measurement height of 3.9m
(upper inlet height for gradient
measurement) indicated that more than 90% of the cumulative footprint occurred within
200m. The experiments were situated at the south end of the field including a PTR-MS. sonic
anemometer and meteorology-masts for surface layer gradient method, a second PTR-MS
(last responding) for real time eddy correlation (EC) and a second sonic-anemometer with
relaxed eddy accumulation (REA) system. The REA as well as the EC system sampled at a
height of 1m. The meteorology-masts provided wind, temperature and humidity gradients at
heights of 3.9 and 10m. Turbulence data were obtained from a USA-1 T sonic anemometer
with a built in turbulence kit.

Measurements and results:
Figure 2a and b show a summary of measured data on May 24 th and May 25*. The hay
field was cut on May 24 lh between 8:00 and 10:00. The local meteorological patterns resulted
in northerly winds (optimal fetch) during most of the hours (see figure 1). Thus only fluxes
obtained with the optimal footprint are presented. In the upper part of figure 2a and b, the
fluxes of methanol, acetaldeliyde, Cj-compounds, hexenal and other Gs-Compounds are
shown as well as the most important events during the day. Following the figure, eddy
coefficient, temperatures in different heights, humidity and sensible heatllux are shown
together with the obtained methanol concentrations (not backgiound corrected) as an example
for the emissions during the day. While turning the hay significantly increasing VOCconcentrations and fluxes were observed. Methanol and acetaldehvde were highest around
15:30 with maximal fluxes of 9.9 x 10"6 gm'2 s"1 and 2 x lO"*' gm' 5 s"1 respectively on May
24 th . During the second dav fluxes were generally lower with maximum at 4.6 x 10"6 gm"2 s'1
for methanol and 1.8 x 10 gm'2 s'1 for aceuildehyde. The farmer started collecting the hay at
15:45 on May 25"'. By 16:30 no hay remained on the field and therefore VOC fluxes rapidly
decreased. Fluxes of leaf-wounding compounds [1,3] such as hexanal, hexenals, hexenols, 3methylbutanal, penteuols and butanone, were observed on both days too. Fluxes of 3(Z)hexenal (fragment M81 and M99) peaked at 1.9 x 10'' gm° s 1 on May 241'1 while the fluxes
of CVcompounds (mainly pentenols plus 3-methylbuianal) was observed to be in the range of
1-3.5 x 1OJ| gm' ! s ' . M83 is a very important fragment of CVcoinpounds like hexenols and
hcxenyl acetate while M85 is a fragment of hexanol and liexenyl acetate. The highest fluxes
obtained for these compounds are in the range of I to 2.1 x 10* gin'2 s'1. Integrated emissions
for methanol and ucctaklcltyde are 65mg m ' a n d I3i>ig m ' \ on May 24ll: and lower by a factor
of 3 on May 25 lh . The average biomass density was measured to be SOOgdw m' : and thus
yielding 130 ug methiinol gdw' 1 and 26 ug acetaldehyde gdw'1. These numbers are in
reasonable agreement with other measurements.

Figure 2a,b: Fluxes of various VOC like methanol, ocetaldchyde on May 24'" and 25'". Micrometeorological data
like sensible heatflux, humidit>' and temperature were measured at the same time.

Comparing EC-data versus surface layer gradient data:
The flux data of methanol and acetaldehyde obtained by EC-method [2] and surface layer
gradient method are shown for both days in figure 3a and b. Taking into account limiting
factors due to meteorological conditions when measuring with the surface layer gradient
method the correlation is very strong. This indicates the surface layer gradient method in
combination with PTR-MS 1o be a very easy and useful technique to obtain fluxes of a large
variety of VOCs at the same time.
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Figure 3a: Comparing flux data of tncthano! and
acctaldchydc obtained by surface layer gradient
method wilh EC-flux data on May 24;h
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Figure 3b: Comparing flux daw of mclhanol and
acetaldehyde obtained by surface layer gradient
method with EC-flux data on May 25th

Discussion:
These measurements demonstrate that the PTR-MS technique is a very useful tool to
measure VOC-fluxes of biomass. Together with a detection limit of<2 x 10"6 gm'2 s'1 this
instrument meets important requirement for measurements in field applications. The
measurements were done in St. Johann (Tirol) which is situated in a 53 km2 valley were about
50% of the area is used for hay production. The continued VOC releases during the drying of
cut hay in periods of harvesting, is likely explained by the slow collapse of cellular structures
which results in formation of leaf-aldehydes and leaf-alcohols [3]. The harvesting is done in 3
periods (April-May, June-July, August-September) each in only a few days due to sudden
weather changes in this area. If 30% of the farming area around St Johann is subjected to
mowing activities and subsequently covered by drying vegetation this would give an input of
about 6.7 x 10"* gm J s'1 methanol, 1.3 x 10"6 gm' : s acetaldehyde and a total of 1.3 x 1C*
gm"2 s"' for all other reactive compounds investigated in this work. High NOX levels resulting
from the traffic on B3I2 highway in this region in combination with peroxyradicals can play
an important role in forming peroxyacetyl nitrate (PANHype compounds. Whereas
acetaldehyde mainly reacts to form PAN, hexenals give rise to PPN (peroxypropionyl nitrate).
Interestingly enough, high values of PPN were observed at field sites near areas subjected to
intensive agriculture [9,10]. Antropogenic NO* together with emissions of reactive VOCs
described here, could influence the local air quality in many regions in the Alps on a short
term basis and might have an impact on increasing ozone-levels that have been measured in
the Alps [II].
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Surface-induced dissociation of carbon dioxide molecular dication, COj2*, is investigated
by colliding this doubly charged ion with a graphite surface in the energy range of 0 to 30 eV.
For this ion. mass and energy analyzed beam of CO/* were focused on to the graphite surface
and reaction products were monitored using a time-of-flight spectrometer. The only reaction
product ions observed were Of and CO\ Partial neutralization (charge exchange) for CO22' to
yield C(V, was not observed.
So for surface-induced dissociation studies were mostly performed with singly charged
molecular ions. There exit only a very tew such studies on doubly charged molecular ions [1J.
The present study lias been undertaken to: (1) study the energetics of charge exchange
between multiply charged molecular ions and surfaces and (2) to compare (he nature and
intensities of fragment ions for singly and multiply charged molecular projectiles. Previous
experimental investigations on COj include electron impact ionization mass speclrometry
[2,3], double-chargc-transfer spectroscopy [4] and collision-induced dissociation reactions
with rare gases [5], As for as our knowledge is concerned, no surface-induced dissociation
experiment has been done with doubly-charged ions of this molecule.
Hie experimental apparatus used for present experiment is described in detail in Ref. [6j.
Briefly, carbon dioxide molecular dications are produced in a Colutron ion source. The ions
are extracted from source and accelerated 10 3 keV for mass analysis and selection by a
double focusing two sector field mass spectrometer. After passing the mass resolving slit of
spectrometer, ions are refocused by an Einzel lens to the deceleration optics placed in front of
the surface. The potential difference between (he ion source and surface and hence the
collision energy can be varied from almost zero to about 2 keV. Some of the secondary ions
formed at the surface leave the shielded chamber through a 1 mm diameter orifice and are
then subjected to the extraction and acceleration field of second mass spectrometer which is a
linear time-of-flight mass selection with a flight tube of about 80 cm length. These secondary
ions were then detected with micro channel plate.
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The primary ion mass spectrum obtained after optimization of the Colutron discharge for
C ( V + , shown in Fig. J, is dominated by the fragment ion CO*, other fragment ions, in order
of their decreasing intensities are C and 0 " respectively. Doubly charged ion CO22* (m/z =
22) is amount to be about 12% of the CO2* intensity. Figure 2 shows the secondary ion mass
spectrum for the interaction of doubly charged ion Co; 2 ' with carbon tile from Tore Supra at a
collision energy of 10 eV.
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Fig. 2. Secondary ion mass spectrum for the interaction of doubly charged ion CO22* with
carbon tile from Tore Supra at a collision energy of 10 eV.
The collision energy dependence of intact parent and product ions is summarized in an
Energy Resolved Mass Spectrum (ERMS) shown in Fig. 2. We observed only two product
ions i.e., CO* and O T (see Fig. 3). The ion CO* has a slightly higher intensity as compared to
O* and this effect appears to be increasing with collision energy greater than 10 eV. The
breakup of CO?2* starts at about 5 eV collision energy. The above threshold for both product
ions and the rather low threshold value (as compared for instance with 29 eV for surfaceinduced dissociation of H3*, see contribution of same conference) is on (he one hand
indicating that the undergoing reaction is very likely endothermic reaction. However, on the
other hand with a rather low endothermicity. Assuming an energy transfer of about 10 %
gives an upper limit of about 0.5 eV for this value. This nicely coincides with the relative
binding energy of the metastable ground state of CO>2* ion. Thus likely undergoing
dissociation mechanism for the product ions observed is the direct coulomb explosion of the
CO2"* ion after transfer of enough energy (o overcome the coulomb barrier. This obviously
leads to a large amount of energy released to the two reacting singly charged product ions.
The lighter ion O" receiving more energy than the heavier ion CO* and therefore likely being
more discriminated against in the detection process than C O ' and therefore slowing a slightly
more abundance.
It is interesting to point out that partial neutralization to CO2* is not observed in the
present case. Neither is the production of doubly charged product ions such as O : " and CO 2 ".
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Fig. 2. Energy resolved mass specu'um after impact O1CO2 T with a graphite surface.
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Abstract
A reaction of Xe+ ion with ethanol and subsequent transformations of the product ions
were studied A kinetic scheme describing the evolution of the ionic composition has been
determined. The rate constants of the key reactions involved in the scheme have been
evaluated. A competition of a low exoergic charge transfer with an association process was
detected. The competition takes place due to a long lifetime of the collisional complex with
respect to a reactive and reverse decay. A model describing an evolution of the collisional
complex has been suggested.
Introduction
An interest to kinetics of ion/molecule reactions (1MR) is related with their importance in
physics and chemistry of ionized gas. The data on 1MR kinetics is important for the methods
of analytic mass spectrometry in which ions are produced in the region with a high pressure
(chemical ionizalion and atmospheric pressure ionizalion. When ions are produced by a
bombardment of the surface by particles with high energy (SIMS, FAB methods) or by an
intensive laser pulse (MALD1) the formation of the ionic composition takes place at a high
density of particles, so the detected mass spectra may be affected by IMR.
The detailed information on reactivity in ionic systems can be obtained for simple organic
particles using modem methods of kinetic mass spectrometry. The knowledge may be a basis
for understanding details of the processes in more complicated systems.
The main goal of the present work is to study at what stage of ionic transformations a
competition of particle rearrangement in ion complexes with the association processes may
take place. Xe + ethanol system is a simple example when a detailed information on the ionic
transformations can be obtained.
Experimental
The experiments were carried out using the How technique reactor apparatus described
elsewhere . Primary Xe* ions were produced in the ionizer by an electron impact. The neutral
adduct (ethanol) was admixed to the flow via a capillary downstream. The concentration of
ethanol was a varied kinetic parameter. The length of the reaction region L was defined by the
distance between the edge of the capillary and the orifice in the first sampling cone. The
calculated value ofthe effective time ofreaction was equal to 0.91 10'3 s.
Results
Kinetic dependences of relative ion currents versus ihe product [C2H$OH]t are presented
in Fig. 1 and Fig. 2. The products of reaction of Xe* ion with ethanol are protonated
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formaldehyde (CJfcOH*, 75%, i 3 ,) and protonated acetaldehyde (CH3CHOH', 25%, 145). The
product of the reaction of CHiOH* with ethanol is protonated ethanol ( C J H J O H H * , 147). In
subsequent reactions the prolonated dimer ((C2HjOH)2H+, 193) and termer ((C 2 Hj0H)3H + , iw)
are produced. The reaction of the other product has the association and proton transfer
channels. A competition of the channels was also observed for the lernary product
(CH3CHOH* C2H5OH, icii). The scheme of the main pathways of ionic transformations is
shown in Fig. 3.
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Fig. 3. The scheme of ionic transformations in Xc* + ethanol system

The absence of discriminations allowed a careful treatment of the kinetic dependences.
The values of rale constants were determined from the fitting procedure. Expressions for ion
currents were obtained from the solutions of differential equations of chemical kinetics for
ionic concentrations in accordance with the given above scheme. The expressions were taken
as filling functions for the experimental dependences of ion currents. The rate constants were
optimized parameters. In each procedure not more than two rate constants were determined.
While fitting the dependences for the tertiary ions and the ions of the fourth generation the
values of the rale constants determined in the previous fitting sessions for the primary and
secondary ions were used. The results are shown in Table I.
Discussion
The reaction of Xe" with ethanol is a fast reaction and its rate constant practically equals
Ki that for collisions of the particles. Molecular ions are not produced in the reaction. It
indicates that the charge transfer takes place at large distances. In the present case the
intersection of the term of reactants (Xe~ + CH3CH2OH) takes place with highly excited terms
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of products (Xe + C H J C H J O H * * ) and the excitation energy of the product is higher than the
dissociation threshold.
Table 1.
Rate constants of ion/molecule reactions in Xe*+ethanol system at 1 Torr pressure of He
k, 10"* cmJ/s
Reaction
1
la
1b
2
2a
2h
3
3a
3b
4
5
6
7

-^products
->CHJCHOHt+ Xe + H
-JCHjOH* + Xe + CH,
(+He) •> products
•*CH,CHOH* CH3CH,OH
CHaCHOlT + C H J C H J O H
Xc* + CHJCHJOH

-^CHJCHJOHH* + CHjCHO

<+He) •^products
CHjCHOH* CH3CH,OH + Etli
->CHjCHOH* (CHJCHJOH),
->H*(CH,CH3OH), + CHjCHO
CHjCHOH^CHjCHjOHfc + Eth •»H*(CHJCH 2 OH)J + CHjCHO
CH:OH* + CHiCHjOH ->CH3CH]OHH* + CHjO
CHjCHjOHIt+Etn +(Hc)
-XCHjCHjOHfeH*
(CHjCHiOHfair +Eth +(He)
->(CH,CH2OH)JH'

1.39±fl.l9
0.3Stt0.0S
1.0410.14
1.75±0.S2
0.7±0.16
l.05±0.36
1.18±0.51
0.fiB±«.21
0.58±0.39
1.51±0.4
I.7Si0.26
l.Sl±0.33
O.77±O,I7

* For tcnnolccular association reactions the value of an "effective" binary nile coc()lcicnl is given.

The structures of the products of the reaction are ascribed to the protonated formaldehyde
(CH2OH*) and protonated acetaldehydc (CH3CHOH*). A behavior of the kinetic dependence
for the C:H}0* ions shows that there is no fraction of the ions with a different reactivity,
which may correspond to the CH2CHOHH* structure
An competition of a rather fast exocrgic proton transfer reaction with the association
process (at 1 Torr pressure of He) is not typical for ion/molecule reactions. The rate constant
of loss of the protonated acctaldchvdc in both channels is 1.75 10JJ cnrVs and is close to the
rate constant of collisions (1.91 10 cmVs m).
The rate constant of the proton transfer in the bath gas is smaller tlian thai measured at a
low pressure '* 4| . Even at a low pressure the rate constant of the proton transfer is noticeably
less (by 40%) than the rate constant of collisions. It may be due to a low exolhermicily
(1.9 kcal/mole isl ) of the reaction. At a long enough lifetime of the collisional complex (in the
present case it really takes place, as the efficiency of the association is rather high) the energy
relaxation process due to collisions with He may affect the rate of the proton transfer.

Fig. 4. A scheme of an evolution of the collisional [Cl l,CHOH'C;H s OI •!]• complex ((AM'-l)l*) which involves
a reverse and reactive decay, a production of (AH*-B)* complex due to a relaxation process (K.K,). for
(AH*-B)? complex only relaxation (Ks) and reactive decay processes arc uVrrnochemicaily allowed1.
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A model describing an evolution of the collisional complex which involves the energy
relaxation processes was suggested (see Fig.4). The model assumes that after the formation
the collisional complex (AH*-B)* it may undergo a reverse or a reactive decay (with the rate
coefficients K .j and K* respectively) or reduce its energy in collisions with He atoms (Km =
kcilHe]) producing the (AH*-B)# complex. It is assumed that the (AH*-B)* may undergo only
a reactive decay or be stabilized by collisions with He forming the stable association products
with the rate coefficients K* and Ks = kalHe) respectively. The basic assumptions of the
model are:
The model assumes only "weak" deactivating collisions of die (AH+-B)* complex, i.e. the
loss of the energy is less than 1.9 kcal/mole per a collision.
The model neglects the collisional activation of the (AH+-B)* complex.
The rate of a reverse decay of the (AH*-B)* complex is assumed negligibly low.
Two latter assumptions are made to present the model in an explicit way. A careful
consideration can be made using sophisticated statistical approaches.
An application of the "steady state concentrations" method to the mentioned above scheme
allowed to find the following relations between the rate coefficients:
K RI /K*= (k, /k_ 1(H(;) )(k, - k P T 0 ) / k , , T 0 - ( k , ikPT0) =5,52
(Hl)
K.s/K* = 1/ [ ^k - ( 1 - k, ~'.
) - 1 ] *= 0,91,
k

A

l- PT0

where k| is the calculated collisional rate constant, km is the rate constant of the proton
transfer at a low pressure (taken from literature data), kA is the rate constant of the association
channel (measured in the present work at pressure of He buffer I Torr), k .i(u,) = ki -k| 5 , ku
is the rate constant of the total loss of CHjCHOH* in the proton transfer and the association
channels (measured in the present work).
If the values of K* and K* are assumed to be close the ratio of Km and Ks is about 6. The
follosving interpretation of the result may be given. The transformation of the (AH*-B)*
complex to the (AH*-B)* state requires the dissipating of not large amount of energy. It may
take place after one or a few collisions with He. The subsequent stabilization of (AH*-B)"
requires the loss of the energy equal to 1.9 kcal/mole and it takes place after a larger number
of collisions. It may be shown that the portion of energy of the excessive excitation of the
[CH3CHOH*C2H5OH]* complex removed in each collision with He is about 25 meV or
even less, so the assumption of "weak" deactivating collisions is valid.
The production of some amount of CH.ICHOH*(CJHSOH)I cluster indicates that the
complicated exoergic rearrangement of particles (proton transfer, formation of the protonated
dimer, switching of acetaldehyde) may also compete with the association process.
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Introduction
Biogenic VOCs (Volatile Organic Compounds) are known lo be emitted in large
quantities from vegetation (J J50 Tg C yr"1 globally []] exceeding largely global emissions of
anthropogenic VOCs [2]. Monoterpenes (CIOHIO) are important constituents of biogenic VOC
emissions. The atmospheric oxidation of monoterpenes appears to be a potentially relevant
source of acetone in the atmosphere. Acetone is present as a significant trace gas in the whole
iroposphere and influences in particular the atmospheric chemistry in the upper Iroposphere
by substantially contributing to the formation of HOX radicals and peroxyacetyl nitrate (PAN)
[3]. Acetone is formed promptly, following attack by the OH-radical on the terpene, via a
series of highly unstable radical intermediates. Several previous studies have quantified the
prompt formation of acelone from the OH-oxidalion of a-pinene and p-pinene [4J. Acetone
is, however, also formed slowly via the degradation of stable non-radical intermediates such
as pinonaldehyde and nopinone. In order lo investigate the relative importance of these
processes, the OH-initiated oxidation of a-pinene and p-pinene was investigated in a chamber
study, where the concentrations of monoterpenes, acetone, pinonaldehyde and nopinone were
monitored by Proton-Transfer-Reaction Mass Spectromelry (PTR-MS).

Experimental
The experiments were carried out in a 480 L Teflon coated reaction chamber made of
glass and surrounded by 18 UV/V1S lamps (A. 2 300 nm) to simulate sunlight. OH radicals
were produced by the photolysis of CH 2 ONO in the presence of NO at X 2. 300 nm. The
experiments were performed in zero air (750 ± 10 Torr; 297 ± 3 K). The mass spectrometer
was connected to the reaction chamber through a heated fused silica tube. The analytical
technique applied was PTR-MS which lias been thoroughly reviewed elsewhere [5, 6]. Mass
spectral data of «-pinene, p-pinene, acelone, pinonaldehyde and nopinone were obtained by
adding (he respective compounds to the reaction chamber filled with zero air (m/z; rel.
intensity >1): a-pinene: B S X l l ) , 137*(]00), 82*(6), 81*(89); p-pinene: 138 + (ll), 137+(100),
82*(6.5), 81*000); acetone 60*(3.5), 59"(100); nopinone: 140T(10), 139+(100), 122+(1),
121~(IO), 93*(1). 83~(3); pinonaldehyde: 170*(l), 169*(12), 152 + (U), 15l~(100), 123+(9),
IO9*(9), 108(5.5), I07 + (65.5), 99*(8), 8l + (10), 72~(1), 71*03), 43 + (9). PTR-MS sensitivity
values were calculated using the procedure outlined in detail in [5, 6]. To obtain primary
product yields the measured volume mixing ratios of acetone, pinonaldehyde and nopinone
were corrected for wall losses/wall release, photolysis and further removal by reaction with
OH radicals [7].
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Results and Discussion
a-pinene + OH:
Fig. 1 shows typical variations of products and reactants as a function of time for die
reaction between a-pinene and the OH radical in the presence of NO* measured during the
first 60 minutes after starting irradiation. A large production of pinonaldehyde and acetone
was observed the first lOmin and after 15 min most of the a-pinene was consumed.
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The measured yields of acetone and pinonaldehyde from the reitction between a-pinene
and the OH radical are shown in Fig. 2. During the initial phase of the reaction, the
concentrations of acetone and pinonaldehyde were found to increase proportionally to die
consumption of a-pinene. The yield of acetone was /bund to be 11 ± 2 % and that of
pinonaldehyde was 34 ± 9 % on a molar basis (one o uncertainty. 3 experimental runs).
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in Fig. 3 it can be seen, that after all a-ptnene had reacted, an additional formation of
acetone was observed. The total amount of acetone fonned after 60 min of irradiation was 15
± 2 % (one cr) of the total a-pinene reacted.
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Fig. 3 Acetone ylukl und consumed a-pbicne as u function of litne

The secondary acetone yield is thus 4 % of the a-pinene consumed. With Ihe primary
pinonaldehyde yield of 34 i- 9 % an upper limit (other intermediates may also fonn acetone)
of 12 ± 3 % for the acetone molar yield from the oxidation of pinonaldehyde can be
established.
P-pinene + OH:
A large production of nopinone and acetone was observed during the first 15 minutes in
which £ 90% of the p-pinene was consumed. The measured primary yields of acetone and
nopinone from the reaction between p-pinene and the OH radical were 13 ± 2 % (one o
uncertainty, 8 experimental runs) and 25 ± 3 % on a molar basis (one o uncertainty, 4
experimental runs). After all p-pinene had been consumed, an additional formation of acetone
was observed. The total amount of acetone formed after 60 min of irradiation was 16 ± 2 %
(one o) of the total P-pinene reacted. The secondary acetone yield is thus 3 % of the p-pinenc
consumed. With the primary nopinone yield of 25 ± 3 % an upper limit (other intermediates
may also form acetone) of 12 ± 2 % for the acetone molar yield from the oxidation of
nopinone can be established
Atmospheric implications
The present study shows that significant amounts of acetone are formed directly, when o>
pinene and p-pincne are oxidized by the OH radical, but also secondary chemistry
(degradation of primary reaction products) gives a significant contribution to the formation of
acetone from monoterpenes. It can be concluded that atmospheric oxidation of inonoterpenes
contributes a significant fraction to the global acetone source strength. A secondary biogetiic
source of acetone from the oxidation of monoterpencs of 11-13 Tg yr'1 (—15—25 % of the
U2

global acetone source strength) has been estimated assuming an acetone formation of 8.5 11.5 % from monolerpene oxidation [3] [8]. The investigation presented here suggests that
these estimates may be somewhat (3-4 %) too low, because they only include the primary
yield of acetone from monoterpenes and not secondary acetone formation from other primary
oxidation products, which we have shown to produce significant amounts of acetone.
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Abstract
We have developed a semi-empirical approach to the calculation of cross section functions
(absolute value and energy dependence) for the electron-impact ionization of several neutral
and ionized {ullerenes CM* (n = 0-3), for which reliable experimental data have been
reported. In particular, we propose a modification of the simplistic assumption that the
ionization cross section of a cluster/fullerene is given as the product of the monomer
ionization cross section and a factor m", where "m" is the number of monomers in the
ensemble and "a" is a constant. A comparison between our calculations and the available
experimental data reveals good agreement for n = 0,1,3. In the case of the ionizalion of CM 2 *
(n = 2) our calculation lies significantly below the measured cross section which we interpret
as an indication that additional indirect ionization processes are present for this charge state.

Introduction
Electron-impact ionization cross section functions have been measured for nearly 100
molecules including free radicals, clusters, and fullerenes [I]. Calculation of absolute total
single ionization cross sections for most molecules and their energy dependence using semirigorous methods such as the BEB method of Kim and co-workers [2,3] and the DM
formalism [4] reveal reasonably good agreement (to within 20%) between measured and
calculated data for the vast majority of molecules. Even in cases such as the fluorine
containing free radicals CF» and NF« (x = 1-3), where earlier calculations revealed a
significant disagreement between measured and calculated cross sections of up to a factor 2,
the same 20% level of agreement has been achieved recently using a modified BEB approach
[5]The situation is distinctly different for clusters and fullerenes. Several theoretical models
have been applied to the quantitative characterization of the ionization properties of clusters
and fullerenes, i.e. to the calculation of their absolute ionization cross sections (see e.g.
Deutsch et al. [6,7]). The various theoretical approaches (see also the more detailed discussion
below) result in different absolute ionization cross sections both in terms of the absolute value
and the cross section shape as a function of electron impact energy for a given target.
However, none of the methods appears to succeed in reproducing the experimental data that
are available for a few targets. In this context, we will not distinguish between "clusters" and
"fullerenes". Both will be considered "ensembles of monomers" encompassing a large
number of constituents and geometrical structures ranging from a hard sphere packing
arrangement to a hollow cage structure.
In this paper, we introduce a semi-empirical approach to the calculation of cross section
functions (absolute value and energy dependence) for the electron-impact ionization of
several neutral and ionized fullerenes Coo" (n = 0-3), for which reliable experimental data
have been reported. In particular, we want to test for these selected cases to what extent, if at
all, i he assumption holds thai the ionizalion cross section of a cluster/fullerene is given as the
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product of the monomer ionizatjon cross section and a factor m*, where "m" is the number of
monomers in the ensemble and "a" is a constant.

Results and Discussion
We derived a semi-empirical approach to the calculation of cross section functions
(absolute value and energy dependence) for the electron-impact ionization of several neutral
and ionized fullerenes Ceo"" (n = 0-3), for which reliable experimental data have been reported
[8,9]. Our new method is based on a modified additivity rule

and incorporates ad hoc two factors, a structure factor e"h and an energy-dependent factor
F»SC(E).
m

«••

"

'

"*

(2)

The influence of the low energy dependence F(E) on the cross sections can be realized by
introducing an energy shin

£• = £-[£„ +(//>„,„,„..,„, - / / > _ ) ]

(3)

where E* denotes the effective energy of the primary electron within the cluster/fullerene, E is
the kinetic energy of the primary electron, and En the energy loss due to inelastic scattering. In
the present work a constant value of 5 eV was used for En. The appropriate values for the
ionization potentials (IPs) can be found in Refs. [9] and [10].
Our model allows us to predict the experimentally determined absolute cross section
values and the cross section shapes for a variety of fullerene ionization processes. A
comparison between our calculations and the available experimental data for CM/1* (n= 0-3)
reveals good agreement for n = 0,1,3, but indicates that additional indirect ionizalion
processes are present in ihe case of n = 2 (see Figures I -4).

o
O

Electron energy (eV)

Electron energy (eV)

Fig. I Cross section for the formation of CM,* tons
following electron impact single ionization of
CHl. The experimental data (open circles} are
from Ref. (8], the solid line represents the
present calculation.
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Fig. 2 Cross section for the formation of CH>3' ions
following electron impact single ionization of
Our'. The experimenuil dma (open circles) are
from lief. [9]. the solid line represents the
present calculation,

10

100

1000

Electron energy (eV)
Fig. 3 Cross section for the formation of C«i lr ions
following electron impact single ionization of
Coj**- The experimental data (open circles)
arc from Ret". [9], the solid line represents the
present calculation.

Electron energy (eV)
Cross section for the formation of C«i4' ions
following electron impact single ionization of
C«i". The experimental data (open circles) are
from Rcf. [9], the solid line represents the
present calculation.
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Haberland
Farizon

Chair: Bieske

1630 Mason
17" Brand
1740 Coffee
18M Heeren
1830 Jungwirth
19"' Mair
Chair: Price

1500 Registration
1900 Dinner
2030 Opening
204S Hofmann
Chair: Mark

1845 Dinner
2OIS Poster A
Chair: Stolte

1843 Dinner
20°" lllenberger
203" Flannery
Chair: Latimer

45

18 Dinner
2O1S Poster B
Chair: Dotan

2000 Conference
Dinner

Breakfast
Departure

