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Abstract

Quantitative species data for the development and critical examination of combustion mechanisms are
in high demand regarding the need for predictive combustion models that may assess the emission potential
of current and emerging fuels. Mass spectrometric investigation is one of the often-used techniques to
provide mole fractions of stable and reactive intermediates including radicals from specifically designed
laboratory experiments. Molecular-beam mass spectrometry (MBMS) has been coupled with electron
ionization (EI) and photoionization (PI) to determine the species compositions, and combinations of these
techniques have been successful in the investigation of the combustion pathways in flames of numerous
hydrocarbon, oxygenated and nitrogenated fuels. Photoelectron/photoion coincidence spectroscopy
(PEPICO) has recently emerged as a novel diagnostics to be combined with flame-sampling mass
spectrometry, and its potential as a complement of existing techniques is just about being explored. In a
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multi-laboratory investigation, the present study has thus combined four different MBMS spectrometers
(in Bielefeld, Germany, the Advanced Light Source in Berkeley, USA, the Swiss Light Source in Villigen,
Switzerland, and the SOLEIL synchrotron in St. Aubin, France) to study a rich premixed argon-diluted
low-pressure (40 mbar) ethylene–oxygen flame under comparable conditions. This was done with the
aim of illustrating the respective properties and capabilities of the methods under these conditions, with
an emphasis on the power offered by the synchrotron-based techniques, including PEPICO, for combus-
tion chemistry studies. Examples include comparisons of selected species quantification as well as PEPICO
spectra measured at different instruments.
� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The world’s demand for energy is still predomi-
nantly covered by combustion and, in spite of
efforts to substitute fossil with renewable fuels, this
situation will not drastically change in the foresee-
able future. Detailed insight into the combustion
chemistry of a wide range of different bio-fuels is
thus needed [1] to develop new and optimized strat-
egies for efficient and low-emission combustion
processes. To this end, widely-used model systems
are investigated combining theoretical and experi-
mental methods to understand the complex chemi-
cal reaction networks in these systems. Typically,
simplified systems such as low-pressure flames are
used to provide experimental data with full specia-
tion for the development of predictive models. A
major challenge is the quantitative and structural
identification of characteristic intermediate species,
including isomers, for each fuel. Molecular-beam
mass spectrometry (MBMS) is well established
for quantitative combustion chemistry analysis.

Different ionization and detection methods
provide a powerful instrumentarium for probing
flame chemistry. Specifically, electron-ionization
(EI) and photoionization (PI) MBMS, often in
combination, have proven invaluable in numerous
studies [2–7].

A newly explored technique in flame diagnostics,
synchrotron-based photoelectron/photoion coinci-
dence (PEPICO) spectroscopy, may add another
dimension to the detection of combustion interme-
diates [8] with the potential to explore the simulta-
neous detection of the photoelectrons to reveal
additional information about the detected species.

The aim of this study is to provide a first
assessment of the combined power of these meth-
ods, choosing a fuel-rich low-pressure ethylene/
oxygen flame as a model target.

2. Experiments

2.1. Experimental procedures

Molecular-beam mass spectrometry (MBMS)
is a well-established technique for the investigation

of laminar premixed low-pressure flames and has
been accurately described before [2–4,7,9]. In brief,
a gas probe is sampled out of the flame at
�40 mbar by a quartz nozzle and expanded into
high vacuum to form a molecular beam and inhibit
further reactions. The molecular beam passes
through a skimmer into the ionization volume
where the species are ionized by electrons
(EI-MBMS) or photons (PI-MBMS). These ions
are then separated by their mass with time-of-flight
mass spectrometers that offer simultaneous species
detection. Mass resolutions up to 4000 allow deter-
mination of the elemental composition of C/H/O
species in the flames by their exact mass.

EI-MBMS has been applied successfully in
many flame-sampling experiments [2], including
ethylene flames [10–13]. The broad energy distribu-
tion of the electron beam does not permit isomer-
selective species detection, and fragmentation
reactions may occur that must then be considered.
The power of EI-MBMS laboratory instruments
lies in their facile use to provide a detailed and fast
overview of nearly all species in the combustion
process with only one single scan along the height
above the burner at one fixed electron energy.

Isomer-selective combustion analysis has been
realized with PI-MBMS, using synchrotron-
generated tunable vacuum-ultraviolet (VUV) light
[2,3,14–16]. With its high energy resolution, iso-
mer identification and quantification of species is
possible by their different ionization thresholds
(IE), avoiding fragmentation problems by evalu-
ating scans with the lowest photon energy above
the IE. Thus, PI-MBMS requires a series of scans
for a detailed analysis of the flame chemistry.
Also, isomer-selective species identification relies
on the energy resolution and comparison data
such as photoionization efficiency (PIE) curves
and ionization cross sections. Typically, isomers
can be identified by their ionization energies and
the form of the PIE curve. Although there is no
principal limit in the number of isomers which
can be separated with this technique, identifica-
tion becomes difficult when three or more isomers
are present as well as when two have very similar
ionization energies. Both, EI-MBMS and
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