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Transient molecules play a key role in the chemistry of many diverse processes in-
cluding asronomy. industrial plasmas and biological systems. However since tran-
sient species arc hard to prepare and preserve in the experimental laboratory there
have been relatively few experiments on the interaction of electrons with such com-
pounds. In this brief report we will review recent progress in the production of such
compounds and describe some recent experiments to study their spectroscopy and

interaction with electrons,

L. Introduction

A transient molecule may be deseribed
as a molecule that exists for only a short
time. Thus a molecule may be described as
transient if it is; (i) in an excited state with a
short lifetime, (ii) highly reactive and there-
fore rapidly removed from the system by
chemical reactions or (iil) inherently "unsta-
ble' and dissociates into two or more stable
products. Examples of the first type include
all electronic states of molecules excited in
photon or electron collisions. Examples of
reactive species include aeronomic species
such as ozone, astrophysical molecules such
as C20; and CH; and those compounds de-
scribed by chemists as 'radicals' e.g. CH, CF,
SO and NO. 'Unstable’ molecules include the
stratospherically important dinitrogen pen-
toxide N;0s and the halogen nitrates
{(XONQO; where X = Cl or Br) which are
thermally unstable at room temperature. In
all cases the presence of transient molecules
may effect the local physics and chemistry
such that the role of transient species is im-
portant in many natural and industrial proc-
esses. For example stratospheric ozone de-
pletion is dominated by the solar ultraviolet
photodissociation of NaOs to yield NO and
MO4 [1]. The etching rate of silicon wafers in
the industrial fabrication of integrated cir-
cuits is determined by the appearance of CF,
radicals (where x = [ 1o 3) produced within a
cold plasma by electron bombardment [2]. In
astrophysics CH, produced by photo-

44

dissociation of simple hydrocarbons, is an
active molecule in the synthesis of organic
compounds in the InterStellar Medium
(ISM). Transient species also play a key role
in radiation chemistry with free radicals
causing much of the damage within biologi-
cal tissue after exposure to x-ray or y-ray
irradiation [3].

However the very nature of such mole-
cules has limited their study in the experi-
mental laboralory since, even if they can be
prepared with sufficient number densities,
they may decay prior to the completion of
any experiment to measure their spectro-
scopic properties or their interaction with
photons and electrons. However recently
new preparation techniques and faster data
analysis procedures have allowed experi-
mentahsts to begin to study such species. In
this brief review a guide to recent advances
in this freld and the prospects for future re-
search will be given together with some se-
lected examples.

2. Preparation of transient species

Transient molecules may be prepared
either in situ or remote from the experiment.
In the latter case preparation techniques are
in general chemical in nature the product
molecules being stored in a reservoir prior to
transport to the experimental apparatus,
Typical transient molecules prepared in this
way are the stratospheric compounds such as
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ozone, the halogen nitrates and dinitrogen
pentoxide, all reactive compounds but mole-
cules that may be stored for a period of days.
Typical compounds that must be prepared in
situ include all excited states of molecules
and radical species such as CFy ,CHy, SO
and CS.

2.1: Chemical production of
stratospheric compounds

Figure 1 shows a typical facility for the
production and storage of high purity sam-
ples of ozone. Ozone itself is a stable mole-
cule once formed but is highly reactive and
therefore decays upon contact with most sur-
faces also, due to its low lying excited states
(all of which are dissociative in nature) it is
also unstable at high temperatures. High pu-
rity concentrations of ozone (>90%) may be
readily prepared using a atmospheric gas
discharge of molecular oxygen. In such dis-
charges molecular oxygen is reduced to
atomic oxygen which subsequently forms
ozone via the three body reaction;

{}+E}1+M—}D3+M

where M is a third body (0:) required to
stabilise the product ozone. Typically only
1-2% of the effluent gas from the dis-
charge is ozone, not enough to conduct
electron coUision experiments. However
ozone may be collected on a cooled sihea
gel surface (7 < 250 K) while molecular
oxygen does not 'stick' to the same surface.
Running the gas discharge for an hour pro-
duces typically a gram of ozone on the sihca
gel. After turning off the discharge and
pumping off the excess oxygen warming the
sihca gel to room temperature allows the
ozone to be desorbed from the sihca gel and
stored in a glass bulb (at pressures of typi-
cally 200 mTorr). Ozone samples stored in
the dark (to prevent decay by solar radiation)
may be maintained for a period of several
days or even weeks with a typical sample
decay rate of 1% per day. Using this appa-
ratus the authors have been able to perform a
series of experiments to study the spectros-
copy and coUision dynamics of ozone [4].
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Fig. 1. Typical apparatus used for producing high purity sample of czone for gaseous experiments.

Samples of the chlorine oxides (the so
called reservoir species in which atmospheric
chlorine liberated by photo-dissociation of the
CFCs is stored in the atmosphere) may also be
easily prepared by simple chemical reactions.
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Flowing a pure stream of molecular chlorine
over sodium chlorite (NaOClz) allows pure
samples of OCIO to be produced while the
flow of chlorine over mercuric oxide (HgQ)
allows CLO samples to be prepared.
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Fig. 2. Typical apparatus used for producing samples of OC10 and CL,0 for electron impact
and spectroscopic experiments,

Having made these precursor molecules
it is then possible to produce samples of
other important stratospheric compounds, for
example the reaction of ozone with NO;
vields the higher nitrogen oxide N2Os [1].
Reaction of OCIO with N;Os produces an-
other important stratospheric reservoir com-
pound chlorine nitrate (CIONO;) [5]. Sam-
ples of OCIO, ClsO and CIONO: may be
stored in liquid nitrogen cold traps prior to
transport to experimental systems.

2.2: Production of transient species by
molecular fragmentation

Many transient molecules can only be pro-
duced in situ during the experimenmt. Com-
pounds may be produced by microwave and RF
discharges or (more recently) by laser photoly-
sis. Microwave/RF discharges have been used

to prepare sources of transient species for more
than thirty years and were commonly used to
measure the photoelectron spectra of such spe-
cies. “Jumber densities in excess of 10" mole-
cules/em’ are achievable however such sources
are not state specific and it is possible to pro-
duce many different transients in one discharge
also, since such discharges must be operated at
relatively high pressures, it is often necessary to
introduce one or more stages of differential
pumping between the production region and the
experimental chamber (Fig. 3). WNevertheless
despite these complications microwave sources
remain the standard method for producing most
transient and radical sources and commercial
microwave sources may be purchased that pro-
duce good yields of the atomic species of H, Q,
N and Cl. Microwave sources also provide a
source of CS (from CS;) and SO radical
{from 50;).
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Fig. 3. Construction of & microwave source used 1o prepare transient molecules for electron scattering experiments. Micro-
wirve cavity (m); aperture (B); Ton removal plates (S,) Teflon tube (T) Copper tube {C); O-rings {(O,) and PTFE bush (F).
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The industrially important etching radi-
cals CF, (x =1 to 3) may be produced by
RF/microwave discharge of fluorocarbon
compounds. Discharges of CFil produce
relatively pure yields of CF; radicals while
discharges of C;F4; produce high yields of
CF;. Currently there is considerable interest
in such discharges since these gases have
been proposed for use in the next generation
of industrial plasma reactors, since both have
a lower global warming potential than the
currently used CF,4 and C,Fs .

The second method for producing tran-
sient species is laser photolysis. Laser pho-
tolysis while more expensive than micro-
wave/RF discharges is capable of providing
state selectivity in the production of transient
species for example tuneable dye lasers may
be used to produce SiF from 5iF, [6). Laser
pumping of molecules also allows excited
molecular states to be prepared, the recent
method known as STIRAP [7] being particu-
larly effective in preparing molecules in spe-
cific vibrational states. However in general
laser photolysis produces lower number den-
sities of transient species such that it is not
possible to use such sources for crossed elec-
tron/target beam experiments.
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A third method for the production of
beams of transient species has been developed
by Becker and co-workers [8] and Helm and
Croshby [9]. A commercial Coultron ion
source is vsed to produce positive ions of the
required transient species by dissociative
ionization of a parent molecule. The positive
ions are then passed through a gas cell where
charge transfer yields neutral molecules, This
methodology has been used to produce targets
of CF, CF,, NF, NF; and SiF for electron im-
pact ionization experiments (see below).

3. Electron scattering from transient
molecules

3.1 Photoelectran experiments

The earliest experiments on transient spe-
cies involved study of their spectroscopy.
Photoelectron spectra recorded using Hel
hght sources have recently been supple-
mented by new experiments performed on
synchrotron light sources [10], coupled with
VUV absorption measurements such experi-
ments are providing important details on the
electronic (Rydberg) states of many transient
species playing a key role in global ozone
Fig. 4 shows the PES spectra for CL,0.
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Fig. 4. Photoelectron spectra recorded for the stratospheric compound Cl.0
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The first direct electron scattering ex-
periments performed on transient molecules
measured their lonization cross sections, the
product ions being detected using conven-
tional mass spectrometry. Detailed electron
impact fragmentation patterns have been
measured for several stratospheric com-
pounds O;,0C10, CLO, N30s and HNOs;
[11, 12]. Absolute electron impact ionization
cross sections for lonization of CF,. CH,,
SiFy, and NF, have also been reported
[13, 14].

In contrast to spectroscopic studies low
energy electron scatlering from transient
molecules have only just begun [1.4,5,15].
Such studies are interesting because they will

provide detailed information on the interac-
tion between electrons and the molecular
charge clouds. At very low energies (<100
meV) the incident electron interacts strongly
with the molecular field. Many transient spe-
cies have permanent dipole moments or un-
paired electrons such that there is an addi-
tional long range Coulombic interaction
between the incoming electron and the target
molecule. This may lead to an enhancement
in the scattering cross section at low incident
energies or, confrary to initial expectation,
may lead to a fall in ¢ross section over a nar-
row energy range such that it appears that the
molecule is ‘transparent’ to the incident elec-
tron.
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Fig. 5: Integral scattering cross-section for low encrgy electrons from CWCIC. Upper graph total scattering cross
sections, lower graph backward scattering. Solid lines cross sections estimated with a Born approximation,

Figure 5 shows the total scattering cross
section for low energy electrons from OCIO,
a sharp minimum is observed in the cross
section around T0meV, such phenomena are
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also observed in Cl;O but not in Oy, The rea-
son for such 'scattering windows' remains
unclear but may arise from an interference
between possible scattering processes. At
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scattering energies below the onset of vibra-
tional (and electronic) excitation pure elastic
scattering and rotational excitation processes
dominate the scattering cross section, inter-
ference between these two channels may ex-
plain the observed minima.

However another possible inelastic proc-
ess accessible at low energies is dissociative
glectron attachment (DEA), i.e.

¢ TABC - AB +C ,

producing anionic fragments AB' or C' of the
parent molecule ABC. DEA is particularly
prevalent in those compounds containing
halogen species. Studies of DEA from sev-
eral transient compounds are now being per-
formed in several laboratories with the re-
sultant anions being detected by mass spec-
trometry. Measurement of the kinetic energy
of the product anions provides information
on the structure and dissociation dynamics of
the parent anion ABC". At higher incident
energies such anions may decay by electron
detachment leaving the molecule in a vibra-
tionally excited state. Indeed the cross sec-
tion for electron induced vibrational excita-
tion of molecules is usually dominated by
such processes described as 'resonance’s'
(since they cause an enhancement in the
meastured cross sections).
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Fig. 6. Dissociative electron attachment cross section
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DEA attachment and resonant formation
may therefore play a key role in the local
chemistry. For example recent experiments
have shown that the ozone molecule is effi-
ciently destroyed by low energy electron
bombardment since the DEA cross-section
for O formation is large (see Figure 6). This
has important consequences not only for the
formation of ozone in gaseous discharges
(the low energy electrons in the discharge
destroying the ozone as it is produced) but
may provide a link between global ozone
loss and ionospheric turbulence driven by the
solar wind [16].

4, The Fuoture

Due to their importance in many diverse
areas of physics, chemistry, biclogy and
technology an understanding of the interac-
tion of electrons with complex molecular
targets is urgently required. However ex-
perimental studies of electron scattering
from transient molecular species is only just
beginning. The first results suggest that the
less symmetrical molecular structure of such
targets leads to more complex scattering
phenomena with low energy ‘scattering win-
dows, larger DEA cross sections and strong
angular scaftering correlations. The chal-
lenge for both the experimentalist and theo-
rist in the next decade will be to both under-
stand and be able to model the interaction of
electrons with such targets such that we may
be able to determine how they influence lo-
cal chemistry in industrial plasmas, aere-
nomy, astrochemistry and even within bio-
logical media.
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@axyaeTeT dizuky i acrpoHomil, JJoHAOHCERMI YHIBEPCHTETCEEHIT KONeTA,
Jonpoen, BemikoSpHrania

Mepexizal MomesyTH BiAITPAIOTE KMOYMOBY POIE Y XIMIT DISHOMANITHHX NRoUCCiE, J0Kpesa, B
AEPOHOMET, DPOMHCAGROMY OTPHMANHE TNasse T2 Glanoriauuy cucresan, Canae, oCxibEr
Nepexignl COONYEH BAKKD OTPHMETH 1 3DcpiraT™ B CHCNCPHMCHTANEHMX JR50PATOPHNEX
YMOBAN, BLIOMO JOCHTE MAND SRCICPHMEHTIE 1 BIACMOIL] eNekTROHIE 3 TAKMMH CIOIYKAME,
Tyr noganc ROpPOTEMI OrOAL OCTAMHIX NOCATHEHE B OMCLOKAHHI TAKHMY CNOMYE i onncamo
Aeskl OCTAHNI SRCTIEPHMEHTH 3 IX CTICKTPOCKONIT Ta BHBUMERNH TX BIacM 0mil 3 enerrpoHany,
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