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a b s t r a c t 

Shock tube techniques for kinetic studies are continuously evolving driven by advances in kinetic model- 

ing and detection techniques. An innovative category of shock tubes has been recently developed for use 

at Synchrotron facilities. In this work, a new high-repetition-rate shock tube (HRRST) was constructed to 

employ synchrotron-based double imaging photoelectron/photoion coincidence spectroscopy (i 2 PEPICO) 

at the beamline DESIRS of the SOLEIL synchrotron. The shock tube design and performance (pressure 

profiles, repeatability of operations) are presented for the first time together with the detailed descrip- 

tion of the coupling with the molecular beam end-station holding the i 2 PEPICO spectrometer. The first 

experimental results with the HRRST/i 2 PEPICO on ethanol pyrolysis are grouped based on four different 

experimental conditions, each highlighting functionality of this novel experimental system. Experiments 

were performed at temperatures between 1232 K and 1525 K, pressures between 6.2 bar and 7.5 bar, 

with 2.7% or 0.25% ethanol in argon, and photon energy of 10.0 eV or 11.0 eV. The results are supported 

by kinetic analyses with the CRECK model. This study shows the potential of the HRRST/i 2 PEPICO com- 

bination for obtaining detailed mechanistic and kinetic data for complex chemical systems. Mass spectra, 

photoelectron spectra and time-resolved species profiles were obtained for a wide variety of species from 

methyl radicals to large polyaromatic hydrocarbons. The different experimental conditions studied indi- 

cate how future experiments can be designed to target key regimes facilitating the elucidation of desired 

kinetic and mechanistic data. 

© 2020 Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

In 1899, Vieille published the progenitor of modern shock tubes 

1 , 2] , which have subsequently provided much of the experimental 

ata on high-temperatures gas-phase chemistry. These extremely 

ersatile instruments have been designed for a wide variety of ki- 

etic and mechanistic studies, see for examples refs. [3 , 4] and are 

articularly useful for studying fast, elementary reactions and tar- 

eted subsets of complex chemical systems. One of the principle 

eatures of shock tubes that facilitates high temperature studies 

s their ability to nearly instantaneously generate, in a controlled 
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ashion, almost any combination of pressure and temperature of 

ractical interest. Studies have been performed from a few Torr 

nd several hundred Kelvin [5 , 6] through hundreds of atmospheres 

nd thousands of Kelvin [7] . 

During the last sixty years, there have been many creative 

evelopments in the design of shock tubes for gas phase chemical 

inetic studies and the diagnostics used with them. In particular, in 

ecent years some of the most notable developments in techniques 

nclude: very long observation periods [8] , very high pressures 

9 , 10] , studies of non-volatile complex fuels [11] , measurements 

f dP/dt for accurate interpretation of ignition delay times [12 , 13] . 

hese methods have facilitated a broad range of studies that were 

reviously unattainable and/or improved their accuracy. However, 

hese techniques are all essentially single-shot experiments, and 

https://doi.org/10.1016/j.combustflame.2020.11.035
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t would be challenging to perform signal averaging over multiple 

xperiments to improve the signal to noise ratio (S/N). Techniques 

ave also been developed to create reproducible reaction con- 

itions in shock tubes reliably and efficiently [14 , 15] permitting 

ignal averaging [16] to improve the S/N of weak signals. Recently, 

 new class of shock tubes, miniature high repetition rate shock 

ubes (HRRST), has been developed to exploit the capabilities 

f synchrotron-based diagnostics [17] . Traditionally, synchrotron 

ethods for chemical kinetics have been restricted to pseudo- 

teady state reactors such as flow tubes [18] and low-pressure 

ames [19] where signal averaging is easily applied to obtain suffi- 

ient S/N from the inherently weak signals. HRRSTs were designed 

o be small enough to fit into the restricted space at synchrotron 

acilities, give reproducible reaction conditions and have a suffi- 

iently high firing rate to make efficient use of limited synchrotron 

ime. To date HRRSTs have been used with X -ray diagnostics at the 

dvanced Photon Source (Argonne National Laboratory) to probe 

oundary layers and gas states [17 , 20] and vacuum ultra violet 

hotoionization mass spectrometry (VUV-PIMS) at the Advanced 

ight Source (Lawrence Berkeley National Laboratory) to explore 

eaction mechanisms [21–23] . 

The complement to the shock tube for chemical kinetics is the 

iagnostic equipment to probe the chemical reactions. To study 

omplex chemical systems, it is often desirable to be able to si- 

ultaneously monitor a large number of species including radicals. 

uch measurements have been made of several key combustion 

pecies by optical spectroscopy [24 , 25] . However, often a separate 

aser source is required for each species. Furthermore, each optical 

robe has different sensitivities and detection limits which place 

ractical limits on the number of species that can be monitored. 

hock tubes coupled to time-of-flight mass spectrometers can 

etect a broad range of stable and radical species simultaneously 

26–29] . Typically, lab-based systems use electron ionization, 

hich has the advantage of producing strong signals but at the 

xpense of fragmentation in the ionization process which compli- 

ates interpretation of the mass spectra. Photoionization, as used 

n references [19 , 21–23 ] typically reduces fragmentation compared 

o electron ionization resulting in cleaner mass spectra. However, 

he signal levels are typically much lower, and averaging over 

any experiments is necessary; although with an HRRST this is 

easible with highly tunable, narrow bandwidth, synchrotron VUV 

ne can obtain the photoionization spectrum of a species as well 

s the mass from a HRRST/VUV-PIMS experiment. The photoion- 

zation spectrum is similar to a fingerprint of the molecule and 

ermits positive identification of species. Of particular value is that 

pecies of the same nominal mass (e.g. H 2 CO, C 2 H 6 and NO [23] ),

nd isomers (see for example ref [19] ) can be distinguished by 

heir photoionization spectra. Furthermore, a measured photoion- 

zation spectrum can be decomposed into a linear combination 

f spectra from a mixture of molecules and isomers allowing 

ontributions to a single mass peak to be assigned to discrete 

pecies. VUV-PIMS experiments are very informative for unrav- 

lling complex mechanisms, however as the number of possible 

somers grows, the capability of fitting a photoionization spectrum 

o quantitatively distinguish the various combinations of isomers 

ecreases. Furthermore, to obtain high resolution photoionization 

pectra, it is necessary to acquire a large number of experiments 

or averaging at each photon energy, properly accounting for 

hanges in photon flux at each energy level. The absolute number 

f experiments required is dependent on the concentrations and 

bsorption cross-sections of target species. 

An alternate technique that has many of the features of VUV- 

IMS and some advantages is synchrotron-based photoelectron 

hotoion coincidence (PEPICO) spectroscopy. This powerful method 

ields not only mass spectra but also the corresponding photoelec- 

ron spectra (PES), which, relative to the photoionization spectrum, 
54 
an be thought of as a higher resolution fingerprint of molecular 

tructure. Like photoionization spectra, the photoelectron spectra 

an be used to identify discrete species in mixtures of isomers. 

owever, the sharper and richer set of features in the photoelec- 

ron spectrum allows more complex mixtures to be discretized. 

lthough the potential for isomer differentiation was established 

arly in the development of PES [30] , the expansion of imaging co- 

ncidence techniques has been recently exploited by the combus- 

ion community to answer the need for an in-situ , real-resolved, 

niversal probe of complex gas-phase chemistry [31–36] . The same 

etection schemes are also applied in other fields including atmo- 

pheric chemistry [37–39] and catalysis [40 , 41] . 

The rich information content from PEPICO is very attractive, but 

oincidence schemes need a very low ratio of ionization events 

er photons pulse to work ( < 0.01), and therefore are mostly 

sed with continuous synchrotron sources or high repetition lasers 

 ≥100 kHz). PEPICO experiments are also normally performed with 

teady state or pseudo-steady state reactors, such as flow tubes 

nd flames. HRRSTs were specifically developed for coupling with 

ynchrotron-based detectors and following HRRST/VUV-PIMS ex- 

eriments, coupling an HRRST to a PEPICO detector is a logical 

tep. The advantages of shock tubes for high temperature kinetics 

tudies are well-established as are the benefits of PEPICO for deter- 

ining the composition of complex mixtures of open and closed 

hell species. The HRRST/PEPICO method is expected be an excel- 

ent complement to other more established techniques and a focus 

f future work will be a rigorous comparison of the benefits of var- 

ous methods and the potential for synergistic studies. 

The HRRST/PEPICO combination presents a number of signifi- 

ant challenges. First, although the HRRST repetition rate (1 Hz in 

his work) is very high for a shock tube, it is a low repetition rate

ulsed source. Still, this rate is not dissimilar to pulsed photolysis 

ources (4–10 Hz) used with other experiments that employ VUV- 

IMS [19] . This rate results in an effectively low duty cycle for the 

EPICO instrument. The low duty cycle cannot be compensated for 

y simply increasing the photon flux, though, as a low flux rate is 

ecessary to prevent so-called false coincidences becoming over- 

helmingly frequent, reducing the S/N. Second, the gas composi- 

ion in a shock tube changes rapidly and dramatically during an 

xperiment, and thus it is necessary to conduct time resolved ex- 

eriments. Finally, the pressure changes in a shock tube experi- 

ent are large, and these induce pressure changes in the spec- 

rometer chamber must be considered. The last two challenges are 

ommon to HRRST/TOF-MS experiments, and have been either sur- 

ounted or are the focus of ongoing work [21–23] . In the follow- 

ng sections, we describe a new HRRST built at Institut de Com- 

ustion Aérothermique Réactivité Environnement - Center National 

e La Recherche Scientifique that has been designed to exploit 

he strengths of synchrotron photoelectron photoion coincidence 

PEPICO) spectroscopy at the DESIRS beamline at the SOLEIL syn- 

hrotron facility [42] . 

First, the ICARE-HRRST is described, and its suitability for the 

emanding task of producing thousands of repeatable shocks, 

eeded to obtain a sufficient signal-to-noise ratio via the coin- 

idence scheme is demonstrated. We then present results from 

he first shock tube/PEPICO experiments, during which pyroly- 

is of ethanol was studied (1232–1525 K, ~7 bar) in non-sooting 

nd sooting conditions. The experiments were conducted on the 

APHIRS end-station [43] of the DESIRS beamline [42] at the 

OLEIL synchrotron facility with the DELICIOUS III double imag- 

ng (I 2 PEPICO) spectrometer [43 , 44] . Ethanol was selected for these 

nitial experiments because there is a rich literature of experimen- 

al [45–50] and theoretical [48 , 51–53 ] research that could guide 

esign of experiments and interpretation of the results. Further- 

ore, ethanol pyrolysis spans regimes from non-sooting conditions 

here products are dominated by small hydrocarbons to sooting 
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Fig. 1. a) Cross-sectional view of the part of the driven section of the ICARE-HRRST that sits inside the SAPHIRS vacuum chamber at SOLEIL. The part that connects R to 

the vacuum feedthrough is a section of tube and is not shown. EV : end valve; MV : middle valves; T : end section; S : spacers; R : connection element; PT : pressure transducer 

holders. Compressed air is connected to ports P1 and P2 . b) ICARE-HRRST coupled with DESIRS-SAPHIRS. A : DESIRS-SAPHIRS outer chamber; B : DESIRS-SAPHIRS inner 

chamber; C : movable support flange for chamber B; D : slab with linear guides. 
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Fig. 2. Cross-sectional view of the driver section showing the high-pressure cham- 

ber and solenoid actuated valve. G : flange with convergent section; H: main cham- 

ber body; I : leading part of the driven section; L : poppet; N : outer body; O : arma- 

ture body. Parts L, N and O form the armature. 
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onditions where polyaromatic hydrocarbons are formed in large 

mounts. These different regimes are easily accessed by chang- 

ng reaction temperatures. These two distinct regimes permitted 

ifferent aspects of the HRRST/PEPICO combination to be tested. 

he goal of the present investigation was not to provide a de- 

ailed analysis of the kinetics or mechanism of ethanol pyroly- 

is, but to examine the experimental capabilities of the unique 

RRST/i 2 PEPICO combination. These first experiments with the 

CARE-HRRST/PEPICO apparatus represent a demonstration of the 

otential of the methodology. During the current studies, a num- 

er of areas for improvements were identified, and these are also 

iscussed. 

. Experimental section 

In this section, the design of the ICARE-HRRST and its inte- 

ration into the DESIRS beamline is presented. In addition to the 

hock tube, the data acquisition process and automation of the 

ntire facility are also briefly discussed. The performance of the 

CARE-HRRST is demonstrated with the results from laboratory- 

ased experiments prior to installation of the shock tube at the 

eamline. 

.1. ICARE-HRRST 

The ICARE-HRRST is intended for use as a standalone lab instru- 

ent as well as at synchrotrons. The design is based on a similar 

pparatus reported by Tranter and Lynch [17] (ANL-HRRST). How- 

ver, a number of significant changes have been made that were 

ecessary to allow insertion of the ICARE-HRRST into the con- 

trained space in the SAPHIRS chamber at DESIRS ( Fig. 1 b). The 

ain features of the ICARE-HRRST are described below, and a de- 

ailed description and drawings are available in the Supplementary 

aterial. Figures labelled "Fig. SXX" refer to figures in the supple- 

entary file. 

The driver section of the ICARE-HRRST consists of a high- 

ressure chamber and a fast acting, high-pressure, solenoid actu- 

ted valve ( Fig. 2 ). The high-pressure chamber is a cylinder of 304
55 
tainless steel and has a 78 mm i.d. and volume of 0.334 L. The 

hamber is rated for pressures up to 100 bar. The driven section 

xtends into the high-pressure chamber. This part of the driven 

ection has an i.d. of 12 mm which is reduced through a con- 

erging nozzle to match the rest of the driven section (8 mm). 

he reduction in cross-sectional area, a factor of 2.25, results in 

igher shock Mach numbers compared to a straight tube for the 

ame initial ratio of driver pressure (P 4 ) to driven section pressure 

P 1 ) [54] . The driver valve is opened by an overdriven solenoid and 

losed by a spring. The valve is similar to that described by Tran- 

er and Sikes [55] , more details have been provided in the supple- 

entary material. The final part of the driver section is an accu- 

ulator tank (2.2 L) that is necessary to maintain a consistent P 4 
uring high-repetition-rate operations. P 4 is monitored by a Hon- 

ywell LM-BP211DL sensor. 
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The driven section of the ICARE-HRRST was designed in a mod- 

lar fashion, Fig. 1 a, that allows it to be easily reconfigured with 

 length changed to meet specific needs. The driven section has 

 bore of 8 mm, slightly larger than in the original ANL-HRRST 

6.35 mm) but smaller than the 12.7 mm bore miniature shock 

ube constructed by Lynch at the University of Illinois at Chicago 

UIC-HRRST) [56] and the 15 mm bore shock tube designed by 

atsugi [57] . The larger bore results in longer test times (~800 μs) 

han are achievable in the ANL-HRRST (~ 300 μs [21] ). The driven 

ection modules consist of spacer sections (S) and pneumatically 

ctuated valves ( EV, MV and FV ). The sections are 60.0 mm in

ength and connected by a boss and socket arrangement that pre- 

isely aligns the bores. Viton O-rings provide seals between the 

ections and tie rods hold the parts together. Pressure transducers, 

T , (CHIMIE METAL A25L05B, 2 mm diameter) are located in the 

ase of the valves and spacer sections in removable holders. The 

T s are spaced 60.0 mm on center. The final pressure transducer is 

0.0 mm from the end wall and the shock velocity at the end wall

s obtained by extrapolation. 

The valves EV and MV are used to exhaust gases from the shock 

ube and FV admits fresh reagent mixture to the driven section, de- 

ailed descriptions of their functions, design and timing are given 

n the supplementary material. The driven section ends with the 

erminal section , of which there are currently two. The first is de- 

igned to hold nozzles (10 0–40 0 μm orifice diameters) that form 

he first part of the interface to the ionization chamber where the 

ELICIOUS III spectrometer is mounted. In the second, the nozzle is 

eplaced by a PCB pressure transducer (113B24 covered by a thin 

ayer of RTV) allowing laboratory-based tests to characterize the 

ressure time-histories behind reflected shock waves. Due to the 

mall bore of the ICARE-HRRST, it is not possible to simultaneously 

ount a sampling nozzle and endwall pressure transducer in the 

erminal section. 

The design of the pneumatic valves is similar to that in refer- 

nce 17. However, to maximize conductance through the valves, 

hey have been constructed with two ports on opposite sides 

ather than just one as in ref [17] . On the EV and MV valves

he ports are connected to exhaust manifolds whereas on the FV 

alve they are connected to reservoirs of reagent mixture. More de- 

ails are presented in the supplementary information. The exhaust 

anifolds are continuously evacuated by a roots blower pump 

3900 m 

3 / hr; Edwards-EH500 / GV-80) through KF-40 fittings, 

exible hoses, and vacuum feedthroughs. The reagent reservoirs 

ttached to FV are equipped with pressure relief valves, and one 

lso has a MKS 722B capacitance manometer to measure the load- 

ng pressure in the driven section, P 1 . The reagent reservoirs are 

ontinuously filled from an automated mixture preparation system, 

ection 2.3 . Compressed air for operating the pneumatic valves is 

upplied via double acting solenoid actuated valves (Parker-Viking 

treme P2LCX series). FV and EV are connected to individual con- 

rol valves while the three MV s are all connected to a single con- 

rol valve. Thus, the five pneumatic valves are operated as three 

iscrete units. Two thermocouples are attached to the end section 

nd EV to monitor the driven section temperature, T 1 . Under vac- 

um in the SAPHIRS chamber the EV temperature needs also to 

e monitored to avoid excessive heating up during high repetition 

perations. 

.2. Data acquisition and electronics 

Operation of the ICARE-HRRST is fully automated through a 

abVIEW program and purpose-built electronics similar to those 

sed in Ref. [17] . The methodology and timing strategy were sim- 

lar to those employed with the ANL-HRRST and UIC-HRRST. The 

rogram generates digital control signals via a multifunction DAQ 

ard (National Instruments PCIe-6361) and monitors various analog 
56 
ignals via the same card. For every shock, all the state information 

e.g. P 1 , P 4 , T 1 , nominal mixture composition, and the signals from 

he CHIMIE METAL sensors) necessary to recalculate shock proper- 

ies are recorded along with ancillary information. In addition, the 

ime dependent spectral information from the i 2 PEPICO instrument 

as recorded for every shock. Consequently, the data can be post- 

rocessed to include or exclude individual experiments and to bin 

xperiments based on desired ranges of reflected temperature (T 5 ) 

nd pressure (P 5 ). The synchronization between DELICIOUS-III and 

he shock tube was performed with a NIM signal from a Stanford 

G535 delay pulse generator that was fed into the Time to Digital 

onverter (TDC) managing the data acquisition of the DELICIOUS 

II spectrometer [44] . The TDC continuously measures the arrival of 

he charged particles to the position sensitive detectors with a 120 

sec step and yields time and position information [44 , 58] . The ar-

ival of photoelectrons is measured with respect to the shock wave 

iming signal and thus contains the kinetic data because the elec- 

ron time-of-flight, on the order of a nsec, is independent of its 

nitial kinetic energy and is negligible with respect to the kinetics 

imescale. The ion TOF is measured with respect to the electron 

rrival and carries the m/z information. The ionization events that 

uild up the photoelectron image from which the PES is extracted 

re tagged by the ion mass, reaction time and experiment num- 

er. The start of data acquisition was delayed relative to firing the 

hock tube, and 8 ms of data were obtained that spanned the pre- 

hock and post-shock regions. For several thousand experiments, 

t the end of the experimental campaign, the repetition rate was 

ncreased from 1 Hz to 1.5 Hz with no degradation of the perfor- 

ance of the shock tube or the i 2 PEPICO instrumentation. 

To obtain the time intervals for passage of the incident shock 

ave between consecutive CHIMIE METAL sensors, a different ap- 

roach has been taken compared to Ref. [17] . Here the pressure 

rofiles from each sensor are digitized (25 MS/s, GAGE-Applied Oc- 

opus 14-bit PCIE card) and stored. For each channel, the incident 

hock is located with a LabVIEW program, permitting the time in- 

erval and hence shock velocity to be obtained. The code is suf- 

ciently efficient to calculate velocities and post-shock conditions 

P 2 , T 2 , P 5 and T 5 ) on-the-fly allowing performance of the ICARE- 

RRST to be monitored as it runs. 

.3. Reagent mixture preparation 

The high-repetition-rate of the HRRST requires reagent mixture 

o be supplied almost continuously to the driven section. For this 

urpose, a separate mixing apparatus was built. This is comprised 

f a bubbler for entraining vapor from liquid fuels into a carrier 

as (here argon) and a mixing station with three MKS mass flow 

ontrollers (MFC, model 1179A) and a six-liter reservoir to store 

he mixture. One MFC regulates the flow at the exit of the bubbler, 

hile the second one was used to add additional argon to achieve 

he desired mixture compositions. Solenoid valves were placed at 

he exit of each MFC to start and stop the flow. Downstream of 

he solenoid valves, the gas streams enter a manifold with a static 

ixing element. Operation of the mixing rig is fully automated 

hrough a LabVIEW program and control electronics. The pressure 

n the reservoir is monitored and maintained in a certain range 

y adding fresh reagent mixtures needed. Over the course of one 

housand shocks, the reservoir will be topped up several times. The 

eservoir outlet is connected to the fill-valve accumulators through 

 vacuum regulator that is used for maintaining the pressure P 1 at 

 desired value. In general, the initial ten experiments in a batch 

f shocks are discarded while P 1 and P 4 values reach stable values. 

n these experiments, ethanol was purchased from Sigma Aldrich 

 > 99.8% pure) while argon was supplied by Air Liquide ( > 99.9999%

ure). 
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Fig. 3. Pressure time-histories for a single experiment and an average pressure over 10 0 0 experiments for the following conditions: a) T 5 = 1509 K, P 5 = 7.3 bar; b) 

T 5 = 1297 K, P 5 = 7.8 bar. For clarity, the individual pressure profiles are offset relative to the averaged profile ( + 1 bar, -20 μs). Without the offset, the profiles would be 

largely indistinguishable. 
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.4. The DESIRS beamline and coupling of the ICARE-HRRST and 

ELICIOUS-III 

The experiments were conducted at the monochromatic branch 

 of the undulator-based DESIRS beamline [42] . At DESIRS, an 

rgon gas filter eliminated higher order photons prior to the 

onochromator, in which a 200 g/mm low dispersion grating was 

hosen to deliver photon resolutions of around 25 meV, over the 

0–11 eV photon energy range used in this work. Branch A ter- 

inates with the SAPHIRS molecular beam chamber [43] which is 

quipped with DELICIOUS-III, the i 2 PEPICO spectrometer [44] . DE- 

ICIOUS III consists of a velocity map imaging (VMI) spectrometer 

nd a modified Wiley–McLaren time-of-flight (TOF) imaging spec- 

rometer that simultaneously detects electrons and ions, respec- 

ively. The 3D ion momentum distribution is obtained from the 

on TOF referenced to the arrival time of the corresponding elec- 

ron and its location on the position-sensitive detector. A second 

osition-sensitive detector is used to collect electron images on the 

MI. These images can be treated with an Abel inversion algorithm 

59] to obtain photoelectron spectra. The coincidence scheme is 

pplied to filter the photoelectron images by ion momentum prior 

o Abel inversion. In the present work, the scheme is used to mass 

elect the photoelectron spectra, and to consider only events corre- 

ated to molecules coming from the shock tube, i.e. to ions having 

 net velocity along the direction of the molecular beam transport- 

ng molecules from the shock tube to the spectrometer interaction 

ionization) region. 

The ICARE-HRRST is coupled to DELICIOUS III by a double differ- 

ntially pumped molecular beam sampling interface. Fig. 1 shows a 

chematic of the ICARE-HRRST mounted in the SAPHIRS chamber, 

he fill valve and high-pressure section are outside the chamber. 

he driven section of the shock tube terminates with a nozzle that 

s aligned with a skimmer forming the first of the two stages of 

ifferential pum ping. The double differential pum ping in combina- 

ion with careful selection of nozzle and skimmer orifice sizes and 

he distance between them is necessary to maintain safe operating 

ressures in the spectrometer chamber ( < 1 × 10 −6 mbar) while 

btaining adequate signal levels. Gases eluting from the shock tube 

orm a supersonic jet freezing the gas composition. The core of this 

et passes through the first skimmer forming a molecular beam. A 

econd skimmer is mounted on the left most wall of Fig. 1 , the

ntrance to the spectrometer chamber, and the core of the molec- 

lar beam passes through the second skimmer into the ionization 

one of the spectrometer. Careful alignment of the nozzle and two 

kimmers is essential to maximize signal. The position of skimmer 

, Fig. 1 , is fixed and centered on the ion source of the spectrom-
57 
ter. Skimmer 1, however, can be moved under vacuum in the X, 

 and Z axes by precision motor driven screws, see [43 , 44] . By in-

roducing a small flow of argon into the chamber, the two skim- 

ers can be precisely aligned and moved to a desired separation 

y monitoring the spectrometer signal. Unfortunately, due to the 

eight of the ICARE-HRRST and the need to have the fill valve and 

igh-pressure section outside the vacuum chamber this alignment 

annot be done with the shock tube installed. To ensure chamber 

 , Fig. 1 , did not move after aligning the skimmers a new cham-

er was made with six support feet near the skimmer end that are 

ositioned after aligning the skimmers. Measurements of signal in- 

ensity with and without the shock tube installed confirmed that 

lignment was kept. During the initial sets of experiments, conser- 

ative choices for the diameter of the first skimmer and the sepa- 

ation between the nozzle and first skimmer, and first and second 

kimmers were made. While these reduced signal levels, they did 

llow safe operation while experience was gained with the sys- 

em. In the latter experiments, more optimal orifice sizes and sep- 

rations were selected. Details of the configurations of the nozzles 

nd skimmers are given in later sections. 

.5. ICARE-HRRST performance 

Prior to experiments at SOLEIL, the performance of the ICARE- 

RRST was assessed in the laboratory to determine the repro- 

ucibility of shock waves and the operating characteristics of 

he instrument. The tests were performed with helium as the 

river gas and argon as the driven gas and P 5 -time histories were 

ecorded for two nominal conditions: 7.8 bar and 1297 K, and 7.3 

ar and 1509 K. One thousand experiments were performed at 

ach condition. Examples of pressure/time histories averaged over 

0 0 0 shocks and a single shock are shown in Fig. 3 for both ex-

erimental conditions. As expected, the observation time, limited 

y the arrival of the rarefaction waves and the subsequent drop in 

he pressure and temperature, is shorter for higher temperatures, 

00 μs at 1509 K compared to 700 μs at 1297 K. Similar to the

NL-HRRST and UIC-HRRST, P 5 changes during the observation pe- 

iod due to boundary layer growth. In Fig. 3 , the increase in P 5 
s quite large going from about 8 bar to about 12 bar. Of course, 

he change in P 5 would need to be taken into consideration for 

aking quantitative measurements but is not an impediment to 

he current work. As the pressure profiles are very reproducible 

or a given range of T 5 and P 5 it should be possible to use pro-

les measured in the lab to analyze future datasets from PEPICO 

xperiments where the profiles cannot be obtained. 
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Fig. 4. Distribution of measured and calculated reflected shock pressures using ex- 

trapolated velocities to the end-wall of the shock tube. 
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Fig. 5. Distribution of calculated reflected shock temperatures using extrapolated 

velocities to the end-wall. 
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For each shock that forms the averaged signals in Fig. 3 , the 

easured P 5 was obtained from the first 40 μs following forma- 

ion of the reflected shock wave. P 5 was also calculated by extrap- 

lating the shock wave velocities to the end-wall based on the last 

ve pressure sensors signals and subsequently solving the conser- 

ation equations. There is excellent agreement, in Fig. 4 , between 

he measured pressures and the pressures calculated using the ex- 

rapolated velocities. The average pressure and temperature condi- 

ions for the first set of data are 7.8 bar and 1297 K with standard

eviations of 0.1 bar and 18 K, respectively, and for the second set 

f data 7.3 bar and 1509 K with standard deviations of 0.1 bar and

1 K. In Fig. 5 , the distributions of calculated T 5 based on the ex-

rapolated velocity are reported. The variation in the P 5 and T 5 can 

e attributed predominantly to variation of P 1 and P 4 . In particu- 

ar, the variation in P 1 is due to slight shifts in the filling reservoir

ressure. P 5 follows a similar trend and variation to P 1 . 

. HRRST/I 2 PEPICO experiments on ethanol pyrolysis 

The first ever shock tube / I 2 PEPICO experiments were con- 

ucted on ethanol pyrolysis. At high temperatures, the thermal de- 

omposition of ethanol proceeds mainly through three channels 

 47–49 , 52] : 

 2 H 5 OH = C 2 H 4 + H 2 O (R1) 

 CH 3 + CH 2 OH (R2) 

 C 2 H 5 + OH (R3) 

Reaction channels R1 and R2 are identified as major unimolec- 

lar pathways in the decomposition of ethanol for a wide range of 

emperatures and pressures [46 , 47 , 49] and some of the products 

hould be directly observable in these experiments. It is unlikely 

hat CH 2 OH and C 2 H 5 would be detectable as the rates of their

nimolecular dissociation ( > 10 7 s −1 ) are very high at the reaction 

onditions studied. Similarly, the OH radical is rapidly consumed in 

imolecular reactions and will reach only a very low concentration. 
58 
The present work spans T 5 of 1232–1571 K, and P 5 from 

.2–7.5 bar. Two photoionization energies were chosen, 10.0 eV 

nd 11.0 eV. Experiments at 11.0 eV allowed C 1 -C 6 hydrocarbons 

ncluding the fuel molecule to be monitored (ethanol has an 

onization energy of 10.41 ±0.05 eV [60] ). However, the signals 

rom ethanol and other major species were sufficiently intense 

t 11.0 eV that sensitivity to minor species was reduced. This 

ensitivity reduction was primarily from increased background 

aused by false coincidences from photoions of the major species. 

he 10.0 eV experiments avoided this issue, as the photon energy 

as below the ionization energy of ethanol and ethylene, which 

esulted in enhanced detection of trace species including polycyclic 

romatic hydrocarbons, at the expense of no longer being able 

o simultaneously monitor ethanol. In addition to varying the 

eaction conditions and ionization energies, the concentration of 

thanol was also adjusted. In initial experiments, a relatively high 

oncentration was used to ensure adequate signals. In subsequent 

xperiments, much more dilute mixtures were used, and signal 

evels were maintained by improvements to the molecular beam 

ampling. The high concentration experiments are discussed first. 

.1. Experiments with high ethanol mole fractions (0.027) 

The experiments presented in this section were conducted with 

ixtures containing 2.7% ethanol in argon. The first element of the 

olecular beam sampling system was an electroformed nickel noz- 

le (Servometer) terminating the driven section. Two nozzles were 

lternatively used and had orifices of 0.35 mm and 0.4 mm. The 

wo skimmers completing the MBS were Beam Dynamics Model- 

. The first stage skimmer (Skimmer 1, Fig. 1 ), had an orifice of 

.5 mm, whereas the second stage skimmer at the spectrometer 

ntrance (Skimmer 2 position indicated in Fig. 1 ), had a 2.0 mm 

rifice. The distance between the nozzle tip and the skimmer tip 

n chamber B was set at 3.2 mm. This is close to the distance 

here maximum quenching in the supersonic jet is attained [61] . 

ith this combination of nozzles and skimmers, the pressure in- 

ide the various chambers could be maintained at acceptable levels 

dynamic pressure of 10 −4 –10 −3 mbar in the main chamber and 
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Fig. 6. Mass spectrum obtained for T 5,mean = 1232 K, P 5,mean = 7.4 bar, 2.7% ethanol 

in argon. A: propyne, B: propene/ketene, C: acetaldehyde + vinyl alcohol, D: viny- 

lacetylene, E: 1,3 butadiene (possible contribution from 1-butyne). Photon energy 

11.0 eV. 
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0 −8 –10 −6 mbar in the spectrometer chamber) with turbomolecu- 

ar pumping (20 0 0 l/s Adixen ATP30 0 0M and 10 0 0 l/s Seiko Seiki

TPH10 0 0C for the main chamber, three turbo-molecular pumps 

30 0 l/s, Edwards nEXT30 0D) for the differential chamber, and 

wo turbo-molecular pumps (10 0 0 l/s, Leybold TurboVac10 0 0) for 

he ionization chamber). The experimental results are given in 

igures 6 –8 , 11–16 and are categorized into four cases based on 

he T 5 and P 5 ranges of the experiments, as well as the photon en-

rgy and the fuel concentrations. The specific conditions for each 

ase are given in the following sections. 

.1.1. Low temperature, 11.0 eV photon energy 

The first set of ethanol pyrolysis experiments were carried out 

t a photon energy of 11.0 eV. The set consisted of 15,0 0 0 experi-

ents, T 5,mean = 1232 K, σ = 19 K and P 5,mean = 7.4 bar, σ = 0.2

ar ( P 5,mean / P 1,mean ~ 25). Figs. 6 and 7 show examples of the ex-

erimental results which were obtained from averaging the 15,0 0 0 

xperiments. The mass spectrum obtained from integrating over 

.25 ms of pre-shock and 6.55 ms of post-shock measurements 

s presented in Fig. 6 . This mass spectrum contains contributions 

rom molecules eluting from the shock tube before the reflected 

hock wave is formed (i.e. the pre-shock region), species from be- 

ind the reflected shock wave (i.e. post-shock region) and species 

rom after the arrival of the rarefaction waves (at around 700 μs 

ased on Fig. 3 ). Thus, the relative values of the peak heights may 

e weighted towards the products which are present in the mix- 

ure after quenching. Despite this, mass spectra such as these are 

seful for obtaining an overview of product distributions and iden- 

ifying species of interest for which spectra can be obtained from 

ppropriate parts of the whole dataset e.g. the first couple of hun- 

red microseconds of reaction. The process of obtaining results 

rom limited temporal regions is described later. 

For each mass, the photoelectron image can be extracted from 

he underlying dataset [43] . An example 2D of photoelectron image 

fter Abel inversion for m/z 28 is shown in Fig. 7 a. The photoelec-

ron spectrum can be obtained from the 2D photoelectron image. 

n the present work, the S/N is sufficiently large to obtain well- 
59 
efined VMI-photoelectron spectra for a number of the smaller 

pecies, for example ethylene (mass:charge ratio, m/z 28, Fig. 7 b). 

imilarly, it was possible to identify other products including 

ormaldehyde (CH 2 O, m/z 30), propyne (m/z 40), acetaldehyde + 

inyl alcohol (CH 3 CHO and CH 2 CHOH, m/z 44) and vinylacetylene 

m/z 52). The photoelectron spectra and comparisons to literature 

pectra are available in the supplementary material. While most of 

hese species could easily be identified based on m/z and ioniza- 

ion energy, the results demonstrate that reliable PES can be ob- 

ained from the HRRST/PEPICO experiments. 

Considering m/z 52, there are several isomers of C 4 H 4 that 

ould contribute to this peak, but the photoelectron spectrum re- 

eals that the largest contribution to the observed peak is from 

inylacetylene ( Fig. 8 ). In this case, the experimental peaks are 

uite broad, due to the fact that the signal for m/z 52 is relatively 

ow. Indeed, although the photoelectron VMI spectrometer is ca- 

able of absolute electron resolutions in the 30–70 meV range for 

he moderate extraction field used in this work, the original im- 

ges have to be binned to increase the S/N per pixel for the Abel 

nversion to work, leading to decreased resolution. Thus, not all the 

eatures of the vinylacetylene PES are observed. However, the good 

atch between the binding energies at the experimental maxima 

nd the peak energies in the vinylacetylene PES confirms that the 

mall m/z 52 peak in Fig. 6 corresponds to vinylacetylene. The ab- 

ence of peaks at around 8.25 eV also rules out the possibility of 

 contribution from cyclobutadiene, while the small shoulder at 

round 9.2 eV could be due to a small contribution from 1,2,3- 

utatriene. The PES presented in Fig. 8 is adequate although of rel- 

tively low resolution. However, in Section 3.2 we show that it can 

e considerably improved by changing the photon energy and in- 

reasing the number of averaged signals. 

At m/z 54 a large peak is observed that corresponds to fea- 

ures in the literature PES for 1,3-butadiene [32] . However, unlike 

he analysis of m/z 52 where some isomeric species could be ex- 

luded based on the 11.0 eV PES, we cannot exclude 1-butyne as 

eing a contributor to the experimental m/z 54 PES at 11.0 eV 

Fig. S10). For several other species, the signal intensity is too 

ow to obtain well-defined PES indicating that either more experi- 

ents would be required or that S/N should be improved by other 

eans. 

In a prior shock tube study, Kiecherer et al [46] used 

OF/MS with electron impact ionization to study ethanol pyrolysis, 

 5 = 1300–1510 K and P 5 = 1.1 bar. They identified a peak cor- 

esponding to m/z 44 and hypothesized, based on modeling that 

t corresponded to acetaldehyde and not vinyl alcohol (CH 2 CHOH). 

he present results clearly confirm, at similar T 5 , acetaldehyde is 

ormed as one of the main primary products of ethanol decompo- 

ition. Later in the text, we also show that vinyl alcohol is formed 

n lower concentrations. The ability to distinguish isomers, even 

hen one is minor relative to the others, is a powerful feature of 

he HRRST/PEPICO method. 

The final peak analyzed in this initial dataset was m/z 42. Iden- 

ification of the species contributing to m/z 42 was quite challeng- 

ng. The photoelectron spectra for ketene (m/z 42.08) and propene 

m/z 42.04) are nearly identical (Fig. S9) and the experimental PES 

acks sufficient resolution to distinguish between the two com- 

ounds. Obtaining a sufficiently well-defined experimental PES to 

istinguish ketene from propene with the HRRST/PEPICO experi- 

ent would require much better resolution. This could potentially 

e obtained either by lowering the extraction field or using thresh- 

ld photoelectron techniques where the resolution can be < 1 meV 

66] . However, these methods would require a much longer acqui- 

ition time due to the necessary photon energy scanning (see for 

nstance reference 32). Either of the methods would be challenging 

n terms of acquisition time and source stability, and the low duty 

ycle of the shock tube relative to pseudo-steady state reactors. 
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Fig. 7. a) Photoelectron image corresponding to m/z 28; b) comparison of photoelectron spectra for m/z 28 (experimental) and ethylene [62] ; c) ion kinetics for each mass, 

horizontal line distinguishes the pre-shock and post shock region; d) temporal profiles of ethanol (red), ethylene (green), and acetaldehyde (black), with a vertical line 

distinguishing pre-shock and post-shock area. The experimental profiles were obtained by taking vertical slices from Fig. 7 c. 
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In addition to the mass spectrum and photoelectron spectra, the 

emporal histories of ions were also obtained. The raw data can 

e reduced in many ways and one particularly useful method for 

his work is to obtain plots such as shown in Fig. 7 c. In this fig-

re, the number counts of the different ions are plotted on two 

xes which reference their arrival times at the detector relative to 

he trigger (time zero). The X-axis represents m/z, of an ion, while 

he Y-axis represents the arrival time relative to time zero. Thus, 

 horizontal slice of the image gives a mass spectrum at a spe- 

ific time relative to the trigger (e.g. Fig. 6 ), while a vertical slice

ields the time history for a specific m/z. Examples of time histo- 

ies of discrete masses obtained by taking vertical slices from the 

on kinetics graph are presented in Fig. 7 d. Fig. 7 c contains data

efore and after shock wave reflection at the endwall, the time 

arked by a horizontal line at 1.25 ms. Before 1.25 ms, essentially 

he only species observed are the parent ion of ethanol (m/z 46) 

nd C 2 H 5 O 

+ (m/z 45) from dissociative ionization of the ethanol 

ation. The observation of mass 45 in the pre-shock region is con- 

istent with its appearance energy of 10.8 eV [67] . At 1.25 ms in

ig. 7 c, other ions also begin to appear, indicating products being 

ormed. The formation of the reflected shock is most easily deter- 
60 
ined from integrated mass peaks for primary products vs. time 

lots. An example of this is shown in Fig. 7 d where time histories

f the peaks for acetaldehyde and ethylene are shown along with 

thanol. 

In principle, the plots shown in Fig. 7 d are equivalent to con- 

entration/time plots from which kinetic parameters could be de- 

ived. However, the species temporal profiles are influenced by 

ressure changes inside the mass spectrometer chamber that are 

nduced by the rapid and large pressure changes in the shock tube 

uring an experimental cycle. This problem is well-understood and 

ntirely the same as encountered in shock tube/ TOF-MS exper- 

ments [68 , 69] . In those experiments, an inert internal standard 

s added to the reagent mixture and used to correct for pressure 

hanges in the spectrometer chamber [68 , 69] . This method is easy 

o implement with electron ionization but more challenging with 

hotoionization [23] . However, once an internal standard has been 

eveloped, it will be used in future experiments to obtain accu- 

ate species temporal curves and permit accurate concentrations of 

pecies to be measured. With respect to the current work, it is pos- 

ible to obtain relative concentrations of ions from which branch- 

ng ratios can be estimated in a similar manner to that used with 
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Fig. 8. Photoelectron spectra for m/z 52 (experimental), vinylacetylene [63] , 1,2,3- 

butatriene [64] , and cyclobutadiene [65] . Photon energy equal to 11.0 eV. 

Fig. 9. Integrated rates of production, 2.7% C 2 H 5 OH in argon, T 0 = 1232 K, P 0 = 7.4 

bar. The percentages refer to the consumption of the reactant species, the arrow 

thickness is proportional to the corresponding flux. CRECK model [70] . 
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RRST/VUV-PIMS [22 , 23] considering that ions from similar reac- 

ion times experience the same pressures in the molecular beam. 

hus, various competing pathways can be assessed and compared 

ith modelling results. 

Chemical kinetic modelling of ethanol pyrolysis was performed 

ith the CRECK model [70] using the homogenous reactor model 

f COSILAB [71] . The reaction conditions were set at T 0 = 1232 K,

 0 = 7.4 bar, and the constrained pressure profile was imple- 

ented using the pressure history from Fig. 3 b. The integrated 

ates of production over the first 700 μs for the main reaction 

athways are presented in Fig. 9 . Around 15% of the fuel decom- 

osition proceeds through reaction 1 which leads directly to the 

ormation of ethylene, while the pathway to formaldehyde through 

eaction 2 accounts for 7% of the fuel decay. The remaining fuel de- 

omposition pathways involve H-radical abstraction by H, OH, and 

H 3 . In particular, the H-abstraction reactions leading to formation 

f CH 3 CHOH account for 49% of the fuel depletion. Once formed, 

H 3 CHOH mostly decomposes to acetaldehyde + H. Another path- 

ay to acetaldehyde involves the formation of C 2 H 5 O, which in 

urn comes from the fuel molecule through H-abstraction (4% of 

he fuel consumption) or from the isomerization of CH 3 CHOH, but 

his pathway is only minor since C 2 H 5 O mainly decomposes to 

ormaldehyde + CH 3 . Finally, the formation of the CH 2 CH 2 OH rad- 

cal (24% of the fuel consumption) leads ultimately to ethylene and 

H radical. The C3 and C4 products observed in Fig. 6 derive from 

he reactions between C2 intermediates and CH 3 or other C2 inter- 

ediates, respectively. 
61 
The temporal profiles for the three main products, formalde- 

yde, ethylene, and acetaldehyde, are presented in Fig. 10 a to- 

ether with the experimental profiles over 700 μs after the shock 

ave reflection at the end-wall for the corresponding m/z values 

 Fig. 10 b, filtered raw data). There is excellent qualitative agree- 

ent between the simulations and the experiments. A fast rise 

n the acetaldehyde concentrations (m/z 44) can be observed at 

arly times before reaching a maximum at around 400 μs while 

he ethylene profile (m/z 28) is characterized by a slower but 

onotonic rise. At later times, the concentration of ethylene is 

uch larger than that of acetaldehyde, while formaldehyde (m/z 

0) is formed in relatively small amounts. It is important to under- 

ine that the profile for m/z 44 ( Fig. 10 b) contains two contribu- 

ions from acetaldehyde and vinyl alcohol (see Fig. S10 for the PES 

urve), acetaldehyde being the major product. Vinyl alcohol may be 

ormed by H-scission from the terminal and central carbon atoms 

f the CH 3 CHOH and CH 2 CH 2 OH radicals, respectively. A ratio ac- 

taldehyde:vinyl alcohol of 4 ±1:1 was found by best fitting the ex- 

erimental m/z 44 PES curve with the following equation 

ES ( m / z = 44@11 eV ) = c1 · σ11 eV , acetaldehyde · PE S acetaldehyde 

+ c2 · σ11 eV , vinylalcohol · PE S vinylalcohol (1) 

here c1 and c2 are constants, σ 11eV,acetaldehyde and σ 11eV,vinyl alcohol 

he photoionization cross-sections of the two compounds at 11 eV, 

nd PES acetaldehyde and PES vinyl alcohol the corresponding experimen- 

al photoelectron spectra. 

Integration of the temporal profiles in Fig. 10 was also used to 

stimate the ratios between the concentrations of the main prod- 

cts which reflect the branching ratios for the fuel decomposi- 

ion pathways. As discussed above, the experimental profiles in 

ig. 10 are affected by the change in pressure inside the spectrom- 

ter chamber. This may introduce some additional uncertainty into 

he following analysis although this is minimized by considering 

he ratios of species concentrations. The ratio C 2 H 4 :CH 3 CHO:CH 2 O 

etween the integrated areas for the different species profiles 

rom the simulations is 54:36:10 while the experimental value is 

9:35:5 after removing the contribution from vinyl alcohol. The 

xperimental values were obtained from Eq. 2 which relates the 

ignal magnitude from a species (S i ) to the concentration (X i ), the 

hotoionization cross-section at a particular photon energy ( σ xxeV ) 

nd mass discrimination factor (M d ). 

 i α X i · σxxeV · M d (2) 

here the constant of proportionality represents a collection of in- 

trument specific constants independent of mass. The σ 11.0eV are 

.1 Mb [72] , 7.9 Mb [73] , and 9.6 Mb [74] for ethylene, acetalde-

yde, and formaldehyde, respectively. In this work, we assume that 

 d is unity for all species as they have not been determined for 

his apparatus. This introduces a small error into the calculation of 

oncentrations, but based on Cool et al. [75] it will be small for 

he range m/z 28 to m/z 44 (ethylene to acetaldehyde). Consider- 

ng the experimental uncertainties especially in the integration of 

he formaldehyde profile as well as the fact that the CRECK model 

as not validated against data obtained at similar conditions to 

hose implemented in the current work, the agreement between 

he simulation and the experimental ratios is good. 

To summarize the achievements presented in this section, the 

xperimental results have demonstrated that accurate photoelec- 

ron spectra can be obtained from HRRST/i 2 PEPICO experiments, 

nd these are of sufficient quality to identify the main isomer con- 

ributing to a peak in the mass spectrum. Furthermore, the result- 

ng pseudo-concentration/time histories for several species were 

btained which allowed relative concentrations and branching ra- 

ios to be derived. The S/N is not sufficient to obtain accurate PESs 

or temporal profiles for the minor peaks observed in this initial 
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Fig. 10. Time histories for ethylene and m/z 28 (green), acetaldehyde and m/z 44 (black) and formaldehyde and m/z 30 (pink). a) Simulations with CRECK model [70] ; b) 

experimental profiles. 

Fig. 11. The mass spectra obtained for T 5,mean = 1234 K, P 5,mean = 7.5 bar, 2.7% 

ethanol in argon. A: allene, B: propene/ketene, C: vinyl alcohol, D: mass 50, E: viny- 

lacetylene, F: 1,3-butadiene (possible contribution from 1,2-butadiene), G: m/z 56. 

H = m/z 58, I: cyclopentadiene, J: m/z 68, K: benzene. Photon energy 10.0 eV. 
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et of experiments. In subsequent sections, we present some meth- 

ds by which the S/N was improved for minor peaks, although fur- 

her improvements will be a focus of ongoing studies. Moreover, 

he addition of an internal standard will allow quantitative mea- 

urements of concentration which will also clarify aspects related 

o detection limit, sensitivity, and dynamic range of the technique. 

.1.2. Low temperature, 10.0 eV photon energy 

The second set of experiments was conducted at similar T 5 and 

 5 ( T 5,avg = 1234 K, P 5,avg = 7.5 bar) to the initial experiments but

ith a photon energy of 10.0 eV instead of 11.0 eV. This lower ion-

zation energy suppressed the major peaks ethanol and ethylene, 

llowing more sensitive detection of minor products with ioniza- 

ion energies less than 10 eV, for example aromatics. The number 

f experiments was also increased from 15,0 0 0 to 27,0 0 0 to im-

rove the S/N ratio for the small intermediates. The mass spectrum 

rom the 27,0 0 0 experiments integrated over a total time of 7.8 

s (1.25 ms pre-shock, 6.55 ms post-shock) is given in Fig. 11 . As

xpected, the mass spectrum is quite different from the one pre- 
62 
ented in Fig. 6 . The primary differences are the absence of peaks 

t m/z 45, 46, and 28 and the appearance of additional peaks 

hich could not be observed before. Of particular note is m/z 15, 

hich corresponds to methyl radical, indicating radicals can be 

etected, a considerable achievement in these early experiments 

onsidering the low concentrations of such species. The presence 

f CH 3 is also indicative of the decomposition of ethanol through 

eaction 2. Other new identified species include cyclopentadiene 

m/z 66) and benzene (m/z 78), although currently the contribu- 

ions of isomers (cyclopropylacetylene, m/z 66 and 1,2-hexadiene- 

-yne, m/z 78) to these peaks cannot be excluded, see for example 

ig. S12 in the supplementary material. Minor peaks at m/z 50, 56, 

8, and 68 could also be detected, but the S/N for these peaks is 

oo small for definitive identification of species from the PES. 

From the experiments at 11.0 eV, several mass peaks were as- 

igned to a dominant isomer e.g. m/z 44 – acetaldehyde. Reducing 

he photon energy to 10.0 eV, below the IE of acetaldehyde, al- 

owed other isomers of m/z 44 to be better identified for which 

nly small features could be observed in the experimental PES at 

1 eV. The isomers of m/z 44 considered were acetaldehyde, ethy- 

ene oxide, and vinyl alcohol. These have very different photoelec- 

ron spectra and as mentioned in Section 3.1.1 , acetaldehyde was 

dentified as the main contributor to the m/z 44 peak because of 

he good correspondence between the positions of the two peak 

axima, as well as between the relative ratio of the peak heights 

 Fig. 12 a for photon energy of 11 eV). The ionization energies of 

cetaldehyde and ethylene oxide are 10.24 eV and 10.57 eV [76] , 

espectively, thus they do not contribute to the mass 44 peak in 

ig. 11 . Nevertheless, a peak at m/z 44 is present in Fig. 11 and

he PES corresponds to vinyl alcohol ( Fig. 12 b). These results con- 

rm the formation of vinyl alcohol as described in Section 3.1.1 and 

rovide better definition of the corresponding PES. 

Similarly, analysis of the 10.0 eV data confirmed that m/z 40 is 

omposed of allene and propyne, the later being dominant in the 

1.0 eV data (Fig. S9 and S11). The photoelectron spectrum of al- 

ene contains three main peaks at 9.69 eV, 9.93 eV, and 10.02 eV 

not detectable at 10.0 eV) [35] . With a photon energy of 10.0 eV, 

he PES for m/z 40 is quite noisy because the ionization thresh- 

ld for allene is very close to 10.0 eV, and σ 10.0eV is small, but the 

ain peak at 9.93 eV in the allene PES is well matched (Fig. S11). 

 small experimental peak at 10.02 eV is also observed at 11.0 eV 

n correspondence with the vertical ionization energy of allene 

Fig. S9). Experiments at slightly higher photon energies than this 

onization energy, e.g. 10.2 eV, would improve the m/z 40 PES and 

he identification of the profile for allene. These examples serve to 
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Fig. 12. Photoelectron spectra for m/z 44 (experimental), acetaldehyde [35] , ethylene oxide [76] and vinyl alcohol [35] . Photon energy equal to a) 11.0 eV, b) 10.0 eV. 

Fig. 13. Photoelectron spectra for m/z 52 (experimental), vinylacetylene [63] , 1,2,3- 

butatriene [64] , and cyclobutadiene [65] . Photon energy equal to 10.0 eV. 
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urther demonstrate the capability of the HRRST/i 2 PEPICO to iden- 

ify mixed isomers by selecting appropriate photon energies. 

Several products identified in Fig. 6 (11.0 eV) have ionization 

nergies below 10.0 eV and the lower ionization energies gener- 

lly resulted in much better resolution of the corresponding PESs. 

or example, in Fig. 8 the 11.0 eV PES for m/z 52, was presented.

t consisted of broad peaks that did not capture details of the fea- 

ures of the literature PES of vinylacetylene. Reducing the ioniza- 

ion energy to 10.0 eV, eliminates the features between 10.5 and 

1 eV, thus removing some detail from the PES. However, this loss 

s offset by resolving the two peaks at lower binding energies, 

hat correspond to features in the literature PES for vinylacetylene, 

ig. 13 , and these allow for unambiguous assignment of m/z 52. 

t is interesting to compare the higher quality PES in Fig. 13 with 

ig. 8 and note that a reasonably certain assignment of m/z 52 as 

inylacetylene could be made based solely on Fig. 8 and the loca- 

ion of the maxima in the PES. The shoulder at 9.2 eV in Fig. 8 is
63 
ainly an artifact due to low sensitivity and the necessity of bin- 

ing to recover the PES. This suggests that in cases where it is not 

ossible to improve the PES, even a low resolution one may be 

ufficient. Furthermore, chemical kinetic modeling, where available 

nd reliable, can be used judiciously to select isomers as candi- 

ates for a particular mass. Similar considerations apply to m/z 42, 

here a significant improvement in the definition of the PES was 

btained in the lower photon energy experiments, although iden- 

ification between propene and ketene was still not possible (Figs. 

9 and S11). 

The data presented in Sections 3.1.1 and 3.1.2 demonstrate that 

or a complex chemical system there is unlikely to be a single pho- 

on energy at which all of the desired data will be obtained. If it 

s necessary to identify species such as ethylene and ethanol, ex- 

eriments have to be performed at relatively high ionization ener- 

ies and it will be necessary to perform additional experiments at 

ower energies to target other species. The combined datasets pro- 

ide considerably more insight than a study at a single ionization 

nergy. 

.1.3. High temperature, 10.0 eV photon energy 

As seen in the results of Sections 3.1.1 and 3.1.2 , the tempera- 

ure behind the reflected shock wave was not suitable for the for- 

ation of large amounts of PAHs. For example, benzene was the 

nly aromatic species observed. In order to test the capability of 

he HRRST-i 2 PEPICO system to measure large multi-ring structures, 

he experimental temperature was increased. The photon energy 

as kept at 10.0 eV to avoid masking of low concentration species 

y ethanol. A set of 32,0 0 0 experiments with T 5,mean = 1525 K,

= 55 K, and P 5,mean = 7.5 bar, σ = 0.2 bar (P 5,mean / P 1,mean ~

7) was carried out to obtain the mass spectrum shown in Fig. 14 .

ompared to the lower temperature experiments, numerous ad- 

itional peaks were observed. These included PAHs of m/z up to 

52 as well as various small species. Some of these products are 

ommon to Section 3.1.2 including methyl radical, vinyl alcohol, cy- 

lopentadiene, vinylacetylene, allene, propene/ketene, and the fea- 

ures of the PESs are also very similar. At higher temperatures, a 

econd radical was found, propargyl (m/z 39) in addition to methyl. 

ther linear compounds that were detected include 1,3-pentadiyne 

m/z 64, Fig. S14), the C 6 H 4 isomers (E)- and (Z)-1,5-hexadyine-3- 

ne (m/z 76, Fig. S15), and triacetylene (m/z 74, Fig. S15). The peak 

t m/z 76 may additionally contain a contribution from o -benzyne 
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Fig. 14. The mass spectrum obtained for T 5,mean = 1525 K, P 5,mean = 7.5 bar, 2.7% 

ethanol in argon. A: m/z 38, B: propargyl radical, C: allene, D: propene/ketene, 

E: vinyl alcohol, F: m/z 50, G: vinylacetylene, H: 1,3 butadiene/2-butyne, I: 

1,3-pentadiyne, J: cyclopentadiene, K: triacetylene, L: m/z 76, M: benzene, N: 

m/z 90, O: m/z 92, P: m/z 98, Q: phenylacetylene, R: styrene, S: indene/p- 

methylphenylacetylene, T: m/z 126, U: m/z 128, V: m/z 152. Photon energy 10.0 

eV. 
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s the experimental PES shows a peak that corresponds to one 

f the reported ionization peak values for this diradical interme- 

iate (9.83 eV [77] ). Unfortunately, a second peak that would be 

xpected from o -benzyne at 9.57 eV is indistinguishable from the 

eak corresponding to the 1,5-hexadyine-3-yne isomers. To con- 

rm the presence of o -benzyne it would be necessary to improve 

he PES through more experiments or by increasing the number of 

olecules entering the ion source every shock 

Features corresponding to the single-ring aromatic compounds, 

enzene (m/z 78), phenylacetylene (m/z 102), and styrene (m/z 

04) are well resolved. The photoelectron spectrum of m/z 78 is 

resented in Fig. 15 a along with the PES for selected C 6 H 6 isomers
ig. 15. a) Photoelectron spectra for m/z 78 (experimental), benzene [78] , fulvene [79] , 1

) Photoelectron spectra for m/z 102 (experimental), phenylacetylene [83] , and 2,4,6-octa

64 
ncluding benzene. For clarity, we didn’t plot the PES for all the 

ossible isomers but only the ones which have reasonable simi- 

arities to the experimental PES. Compared to lower temperature 

onditions where the m/z 78 peak was small ( Fig. 11 ), the m/z 78

ignal in the higher temperature experiments is much larger with 

etter S/N resulting in better resolution in the experimental PES. 

n a recent work on a low pressure premixed sooting flame [33] , 

/z 78 was assigned to a mixture of benzene and fulvene based 

n the comparison between convolved peaks and the experimen- 

al PES. Similar attempts were made here to assign the shoulder in 

/z 78 to fulvene but it was not sufficiently resolved. In addition, 

he presence of fulvene would create a peak in Fig. 15 a at around

.5 eV which is not observed. Experiments at 8.7–9 eV would clar- 

fy the dilemma. Fig. 15 b shows the excellent correspondence be- 

ween peaks observed in the PES for m/z 102 and the literature 

ES for phenylacetylene [83] . 

Concerning larger PAH products, peaks were observed for m/z 

16, 126, 128, and 152. The S/N ratio for these peaks is quite low, 

o the corresponding PES are not well resolved and a larger num- 

er of experiments would be required for accurate species identi- 

cation. However, it is possible to use these low resolution PESs 

o reduce the number of possible isomers contributing to the PES 

hich is almost as valuable as positively identifying contributors 

o the spectrum. For example, for m/z 116 the experimental PES is 

hown in Fig. 16 along with those of selected isomers. It is ev- 

dent that only three isomers, indene, phenylpropadiene, and p - 

ethylphenylacetylene, may be present in the observed PES. This 

xample shows that even for compounds present in small concen- 

rations, such as the PAHs, and for which the photoelectron spec- 

ra are not well defined, the PES curves may provide useful infor- 

ation to aid the identification of possible species among various 

somers. Both PES and total ionization (PIE) curves can be used to 

istinguish isomers. However, the PIE curves are generally a less 

ensitive method because they are based upon the integral of pho- 

oelectron spectra over photon energies. 

.2. Experiments with low ethanol mole fractions (0.0025) 

This part of the study was conducted with the goal of testing 

he feasibility of using much lower reagent concentrations than 

n Section 3.1 . Experiments with highly-diluted mixtures are pre- 
,2-hexadiene-5-yne [80] , 1,4-hexadiyne [81] , and bicyclo[2.2.0]hexa-2,5-diene [82] . 

triyne [84] . 
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Fig. 16. Photoelectron spectra for m/z 116 (experimental) and selected isomers (in- 

dene [85] , 1-phenylpropyne [86] , spiro[4.4]nona-1,3,6,8-tetraene [86] , phenylpropa- 

diene [87] , p-methylphenylacetylene [88] ). 
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erred for kinetic analyses of isolated reaction mechanisms and re- 

ction rate parameters and branching ratios. Here the ethanol con- 

entration was reduced by approximately a factor of 10 to 0.25%. 
ig. 17. (Top) Mass spectrum obtained with 0.25% ethanol in argon. A: propyne, B: prope

utadiene (possible contribution from 1-butyne). (Bottom) Mass spectrum obtained with 

65 
educing the concentration would of course reduce signal levels. 

o obtain sufficient signal with a reasonable number of experi- 

ents, the components of the MBS were changed and a robust 

ethod of axially aligning the nozzle and first skimmer and main- 

aining their separation was implemented, details are given in the 

upplementary material. Skimmer 1 was replaced by a Beam Dy- 

amics model-1 skimmer with a 1 mm orifice (the original was 

odel-2 with 0.5 mm orifice), while the nozzle was changed to 

 smaller orifice of 0.3 mm. The separation of the nozzle and 

kimmer was fixed at 10 nozzle diameters where maximum cool- 

ng from expansion of the supersonic jet is achieved and the jet 

ensity is high. The smaller nozzle was necessary to avoid ex- 

ess pressure in the spectrometer chamber due to the increased 

ux through the larger orifice of skimmer 1. Skimmer 2 was not 

hanged but the separation between skimmers 1 and 2 was de- 

reased. The net effect of the changes to the MBS components and 

heir alignment was to increase the flow from the shock tube to 

he interaction region of the spectrometer while maintaining safe 

perating pressures. For this set of experiments, the upstream vari- 

ble aperture which defines the transverse size of the photon beam 

ntering the ionization chamber was also narrowed to around 65% 

n order to obtain a better spatial resolution at the expense of a 

omewhat reduced photon flux. In this case, the resolution was im- 

roved from 25 to 15 meV. 

The modified set-up was used to run around 9,0 0 0 experi- 

ents with a photon energy of 11.0 eV as in Section 3.1.1 , with

 5,mean of 1354 K, σ = 23 K, and P 5,mean = 6.2 bar, σ = 0.1 bar.

he mass spectrum corresponding to the signal integrated over 

.8 ms (0.75 ms pre-shock and 7.05 ms post-shock) is presented 

n Fig. 17 along with the mass spectrum from Section 3.1.1 (2.7% 

thanol). The S/N is moderately lower at diluted conditions, but the 

eaks are still well-defined and resolved. However, the initial con- 
ne/ketene, C: acetaldehyde + vinyl alcohol, D: diacetylene, E: vinylacetylene, F: 1,3 

2.7% ethanol, for comparison. Photon energy 11.0 eV. 
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entration of ethanol was a factor of 10 lower than the earlier ex- 

eriments and only 9,0 0 0 experiments were performed as opposed 

o 15,0 0 0. There is a slight difference in the ratios between the 

ifferent peak heights which can be mainly attributed to the dif- 

erence in temperature and pressure conditions between the two 

ases. For the dilute mixtures, the experimental ratios between 

he integrated time-history profiles for ethylene, acetaldehyde, and 

ormaldehyde over 700 μs are 0.69:0.06:0.25. Simulations were 

erformed with the CRECK model at T = 1354 K, P = 6.2 bar, and

onstrained pressure, and the results of the integrated species pro- 

les give 0.82:0.08:0.1 in reasonable agreement with the experi- 

ental values. Concerning the photoelectron spectra, they are sim- 

lar to those obtained in Section 3.1.1 . An exception is vinylacety- 

ene, for which the second peak at around 10.5 eV is not well 

esolved in the experimental PES of m/z 52. Similarly, m/z 54 is 

lso not well resolved, but the corresponding peak is very small 

n this case. On the other hand, the m/z 50 peak, which is much 

arger than in Fig. 6 , can be easily attributed to diacetylene. Overall, 

he improved alignment resulted in successful experiments with 

 highly diluted reagent mixture. Furthermore, the quality of the 

ata obtained were almost as good as those obtained with higher 

uel concentrations but with far fewer experiments. The reduced 

ime to get good S/N in the mass spectra gives flexibility in plan- 

ing future experiments. For example, a broader range of experi- 

ental conditions could be explored or attention focused on one 

et of conditions and high-resolution results obtained, as appropri- 

te. 

. Conclusions 

Results from the first ever experiments with a shock tube and a 

ynchrotron-based photoelectron photoion coincidence spectrome- 

er were presented and a number of aspects of the work are high- 

ighted here: 

(1) A new miniature high-repetition rate shock tube (ICARE- 

HRRST) was developed for installation in the SAPHIRS cham- 

ber at the beamline DESIRS of the SOLEIL synchrotron to 

allow the i 2 PEPICO technique to be used. The performance 

of the shock tube was excellent and over tens of thousands 

of experiments very reproducible reaction conditions were 

produced at repetition rates up to 1.5 Hz. Due to the repro- 

ducibility, signal averaging of the spectral data could be per- 

formed with confidence. 

(2) These experiments represent the first use of an electron/ion 

coincidence spectrometer like DELICIOUS-III with a non- 

pseudo-steady state reactor such as the ICARE-HRRST. The 

pulsed nature of the experiments and the large pressure 

due to the reflected shock wave presented a number of 

challenges including low duty cycles relative to steady state 

sources and large changes in pressures in the spectrometer 

during each experiment. Nevertheless, the high collection ef- 

ficiency of both electrons and ions and the fast acquisition 

time of the fixed-photon energy VMI electron spectrometer 

allowed mass spectra, photoelectron spectra, and time and 

mass resolved spectra to be acquired. 

(3) The detailed spectral information was used to probe aspects 

of ethanol pyrolysis under both sooting and non-sooting 

conditions. In the different regimes various aspects of the 

pyrolysis of ethanol could be investigated. At lower temper- 

atures it was possible to quantify branching ratios related to 

the initial steps of ethanol dissociation. Whereas, the high 

temperature experiments cast light on the formation of aro- 

matic species and the early stages of PAH growth. A criti- 

cal part of interpreting data from both regimes was having 

the photoelectron spectra as well as the mass spectra. These 
66 
two pieces of information allowed contributions of isomeric 

species to be either quantified (fuel and major products) or 

qualitatively assessed (minor products); although for many 

compounds, the low S/N ratio did not permit the identifica- 

tion of accurate PE spectra and temporal profiles. 

(4) These experiments were the first of their kind and thus 

also provided a unique opportunity for developing the 

methodology and guiding the design of future experimen- 

tal campaigns. In the course of experiments several improve- 

ments were made to the coupling of the ICARE-HRRST and 

DELICIOUS-III. However, while these greatly improved the 

S/N they also revealed a number of additional areas for 

future improvements including further optimization of the 

nozzle and skimmer combinations and separations to max- 

imize signal while minimizing pressure pulses in the spec- 

trometer. To obtain kinetic data it will be necessary to de- 

velop a suitable internal standard to correct the temporal 

profiles for pressure changes. This is a focus of ongoing 

work. 

(5) For HRRST/i 2 PEPICO experiments, the selection of ionization 

energy is critical, and accuracy and signal levels trade off in 

non-intuitive ways. For this reason, compromises will have 

to be made in order to perform accurate measurements for 

species in low concentrations such as radicals or large PAH 

against being able to observe species present at high ioniza- 

tion energies. It is likely that as more experience is gained 

with this method and anticipated signal levels can be bet- 

ter predicted and simulated a priori , reaction conditions and 

spectrometer settings can be properly optimized for efficient 

data collection with respect to number of experiments. 

Overall, these initial experiments were very successful consid- 

ring that this was the first attempt to couple these two complex 

echniques. The results indicate the potential for detailed explo- 

ations of mechanisms and kinetics at temperatures and pressures 

elevant to practical combustion devices using the well-defined re- 

ction conditions characteristic of shock tubes and the detailed 

pectral temporal information from i 2 PEPICO. 
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