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The signal levels observed from mass spectrometers coupled by molecular beam sampling to shock

tubes are impacted by dynamic pressures in the spectrometer due to rapid pressure changes in the shock

tube. Accounting for the impact of the pressure changes is essential if absolute concentrations of species

are to be measured. Obtaining such a correction for spectrometers operated with vacuum ultra violet

photoionization has been challenging. We present here a new external calibration method which uses

VUV-photoionization of CO2 to develop time-dependent corrections to species concentration/time

profiles from which kinetic data can be extracted. The experiments were performed with the ICARE–

HRRST (high repetition rate shock tube) at the DESIRS beamline of synchrotron SOLEIL. The calibration

experiments were performed at temperatures and pressures behind reflected shock waves of 1376 ± 12 K

and 6.6 ± 0.1 bar, respectively. Pyrolytic experiments with two aromatic species, toluene (T5 = 1362 ±

22 K, P5 = 6.6 ± 0.2 bar) and ethylbenzene (T5 = 1327 ± 18 K, P5 = 6.7 ± 0.2 bar), are analyzed to test the

method. Time dependent concentrations for molecular and radical species were corrected with the new

method. The resulting signals were compared with chemical kinetic simulations using a recent mecha-

nism for pyrolytic formation of polycyclic aromatic hydrocarbons. Excellent agreement was obtained

between the experimental data and simulations, without adjustment of the model, demonstrating the val-

idity of the external calibration method.

Introduction

Recent advances in chemical kinetic modeling of reactive
systems have led to the development of comprehensive and
detailed tools capable of accurately simulating the pyrolysis and
oxidation of complex fuels starting from their components and
simple fuel mixtures. The predictive capabilities of the models
have also significantly improved; it is not uncommon for a
simulation with a state-of-the-art model that was developed and
validated at one set of conditions to accurately simulate new
experimental measurements at different conditions without

adjusting the model. For testing and developing models it is
essential to have accurate measurements of species concen-
trations as part of the target set. Time-dependent measurements
of stable and reactive molecules are particularly valuable. For
high-temperature processes (e.g., T > 1000 K) shock tubes are
often the preferred reactors due to the well-defined reaction con-
ditions, the breadth of conditions that can be created and the
near instantaneous heating of the reagent mixture.1–3

Shock tubes (ST) coupled by differential pumped molecular
beam sampling (MBS) to time-of flight mass spectrometers
(TOF-MS) have been used to study complex reaction systems
and simultaneously measure stable and radical species con-
centrations with high time resolution.4–6 Generally, in
ST/TOF-MS cations are created by electron impact ionization (EI).
While EI is efficient, typical energies are quite high, and most
species fragment following ionization. Fragmentation can
severely complicate analysis of the mass spectra particularly,
for complex mixtures such as those in this study. In principle,
fragmentation can be minimized by reducing the ionization
energy (IE). However, this also severely reduces the sensitivity
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of the experiment and with most ST/TOF-MS apparatuses
signal averaging methods cannot be used to compensate for
the reduced sensitivity. The standard ST/TOF-MS method has
been successfully applied to quite complex systems, but the
lack of ability to discriminate between isomers and fragmenta-
tion limit the applicability to larger molecular weight com-
ponents such as polycyclic aromatic hydrocarbons (PAH).

Many of the challenges posed by EI can be addressed with
vacuum ultraviolet (VUV) photoionization (PI) which largely
reduces fragmentation compared to EI. Furthermore, with
highly tunable synchrotron sourced VUV, isomers and species
of the same mass but different chemical composition can be
distinguished.7–10 However, signal levels from PI-TOF-MS tend
to be low and signal averaging is essential to obtain sufficient
signal/noise (S/N). To take advantage of synchrotron-based
VUV-PI methods miniature high repetition rate shock tubes
(HRRST) were developed.11 Two of these are routinely used at
synchrotron facilities. The original one developed at Argonne
National Laboratory (ANL) is primarily used at the Advanced
Light Source (ALS) with TOF-MS (ANL–HRRST/TOF-MS).12–15 A
later HRRST was built at the Institut de Combustion
Aérothermique Réactivité Environnement (ICARE)16 and is pri-
marily used with double imaging photolelectron/photoion
spectroscopy (i2PEPICO) at the DESIRS beamline of synchro-
tron SOLEIL.17–20 The ANL–HRRST and ICARE–HRRST are
coupled by MBS systems to the charged particle analyzers. To a
first order the apparatuses are identical and differ in the infor-
mation content of the datasets produced. While both appara-
tuses have produced considerable insight into complex reac-
tion mechanisms it has so far not been possible to extract
kinetic data from them due to challenges with obtaining absol-
ute concentrations of species. The main difficulty is a conse-
quence of the fast changes in pressure that occur within a
shock tube experiment that induce a slower increase in
pressure in the ionization region of the spectrometer. This rise
in pressure results in more ions being generated, even for an
inert species, and the observed signal correspondingly
increases. Thus, the signal for a reagent or product is a combi-
nation of the mole fraction of the species and the local
pressure in the ionization region. These effects have to be
decoupled to extract meaningful rate coefficients. The effect is
well-understood4,5 and in EI systems is dealt with by adding a
small amount of an inert gas (usually Ar, Kr or Xe) to the
reagent mixture. The inert gas acts as an internal standard and
allows the pressure effects to be accounted for.4,5

Implementing an internal calibration method for a shock tube
experiment with PI sources is difficult, primarily due to the
lack of inert species that have ionization energies in the range
of most organic molecules. In the remainder of this paper, we
present an alternative method for calibrating the pressure
response which we refer to as an external calibration.
Conceptually the method is similar to the external chemical
thermometry method often employed with single pulse shock
tubes.21,22 Following a discussion of the method, it is applied
to two recent studies on toluene pyrolysis and ethylbenzene
pyrolysis with the ICARE–HRRST/i2PEPICO experiment. The

method is demonstrated for photoionization, but it should be
equally applicable to other methods such as low energy elec-
tron impact and chemical ionization.

Experimental methods
ICARE–HRRST/i2PEPICO

The ICARE–HRRST and its coupling with the DELICIOUS III
double imaging (i2PEPICO) spectrometer18,19 of the DESIRS
beamline17 at the SOLEIL synchrotron facility has been pre-
viously described in detail.16 A brief description is provided
here of the salient features. The driver section consists of a
high-pressure reservoir and a fast acting, high-pressure, sole-
noid actuated valve.23 The driven section protrudes into the
driver section and in this part the bore of the driven section is
12 mm. The driven section extends from the driver section
giving the shock tube an overall length of ∼1.4 m, a schematic
is provided in the ESI.† Downstream of the driver section the
driven bore section is reduced to 8 mm. The driven section is
terminated with a custom-made nozzle (0.4 mm orifice) which
forms the entrance to the MBS interface. Shock velocities are
obtained by the time taken for the incident shock wave to
travel between pressure transducers (CHIMIE METAL A25L05B,
2 mm diameter) spaced 60.0 mm centre-to-centre. The final
pressure transducer is 20.0 mm from the nozzle orifice and the
velocity of the incident shock wave at the nozzle is obtained by
extrapolation. The temperatures and pressures immediately
behind the reflected shock wave, T5 and P5 respectively, are
obtained from the incident shock velocity, the driven section
loading pressure (P1) and the driven section temperature (T1) via
the normal shock wave equations.1 The calculated T5 and P5
define the initial reaction conditions. However, wave dynamics
in the HRRST can cause variations in P5 with respect to time.
The P5 history was obtained in separate experiments performed
in the laboratory at ICARE where the nozzle was replaced by a
piezoelectric pressure transducer (PCB 113B24) covered by a
thin layer of RTV paste. Space constraints prevented the nozzle
and pressure transducer being installed simultaneously.
However, the high reproducibility of the HRRST allowed nearly
identical experiments to be performed at SOLEIL and ICARE.

The driven section of the ICARE–HRRST is largely encased in
the SAPHIRS chamber (primary vacuum chamber) at the
DESIRS beamline.16 Gases continuously elute through the
endwall nozzle into SAPHIRS forming a supersonic jet that
quenches reaction. A portion from the jet centre passes through
a skimmer (1 mm orifice) creating a molecular beam in an inter-
mediate chamber. A portion from the core of the molecular
beam passes through a second skimmer (2 mm orifice) into the
ion source of the DELICIOUS III i2PEPICO spectrometer.19 The
combination of nozzle and skimmers defines two stages of
differential pumping between shock tube and ion source. The
transient pressure changes in the spectrometer are around one
order of magnitude (from ∼10−7 to ∼10−6 mbar) in each experi-
mental cycle. The base pressure in the spectrometer was
∼5 × 10−8 mbar with the shock tube under vacuum.
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The i2PEPICO method yields a multi-dimensional dataset
from which mass spectra and the photoelectron spectrum
associated with each peak in the mass spectra are extracted.
Additionally, time-dependent data are obtained by providing a
trigger signal that synchronizes firing of the HRRST and data
acquisition with DELICIOUS III. For every experiment data
were acquired from DELICIOUS III for 7.8 ms and the dataset
comprised both pre-shock (non-reactive) and post-shock data.
For every experimental cycle, i.e., each shock, sufficient data
are recorded to allow post-processing of the dataset on a
shock-by-shock basis. For example, different binning strategies
can be tested, or shocks excluded to reduce standard devi-
ations in reaction conditions. The experiments presented in
this work were obtained at a repetition rate of the HRRST of
1 Hz. The photon energy was fixed at 10.0 eV for toluene
(IE 8.82 eV)24 and ethylbenzene (IE 8.77 eV),24 and 14.5 eV for
carbon dioxide (IE 13.78 eV).25 An argon gas filter removed
high harmonic photons prior to the monochromator which
was fitted with a 200 gr mm−1 low dispersion grating and deli-
vered photon resolutions of around 25 meV at 10 eV. Details of
DESIRS and DELICIOUS III in ref. 17–20.

Reagent mixtures

The reagent mixtures were prepared on-the-fly as needed for
the experiments. The mixture preparation set-up comprised a
bubbler for entraining vapor from liquid fuels into the argon
carrier gas, a mixing station with three MKS mass flow control-
lers (MFC, model 1179A) and a six-liter tank to store the
mixture. The flow controllers were activated by opening or
closing air-actuated ball valves located at the exit of the MFCs.
One of the MFCs controls the flow through the bubbler, the
second the argon flow to bring the mixture to the desired
dilution level. The operation of the mixing apparatus was fully
automated. Similar techniques have been shown to provide
excellent agreement between expected and actual fuel concen-
trations for single fuel mixtures.26 In the present experiments,
all mixtures were composed of 0.1% fuel in argon. Toluene
and ethylbenzene were purchased from Sigma Aldrich (>99.8%
pure) while carbon dioxide and argon (>99.9999% pure) were
supplied by Air Liquide.

External calibration method

The method is conceptually similar to the external chemical
thermometry method often employed with single-pulse shock
tubes.21 In the external calibration method, a mixture is pre-
pared consisting of a molecule that is inert under the target
reaction conditions (calibration species) dilute in the same
bath gas used for the regular experiments e.g., pyrolysis of
toluene. The concentrations of the calibration species and
reagent are similar. The calibration mixture is introduced into
the driven section of the shock tube and shock heated to
similar T and P as the reagent mixture experiences. Both the
calibration and reagent mixtures are dilute. Consequently, the
shock wave properties are mainly determined by the bath gas,

argon, with small contributions from the calibrant and
reagent. The temperature (T5) and pressure (P5) immediately
behind the reflected shock wave are calculated using the ideal
shock wave equations assuming frozen conditions.1 Over the
range of conditions in the current work the difference in T5 for
shocks in pure argon and shocks in 0.1% toluene/argon mix-
tures is approximately 1%. The maximum variation in the
temperature due to the thermal decomposition of the fuel
compared to the experiments with pure argon is obtained
from chemical kinetic simulations and is also about 1%.
Finally, the impact of the mixture composition on the expan-
sion of gas through the nozzle has to be considered. The
primary factor here is the specific heat ratio. This differs by
about 0.25% between pure argon and the mixture and is too
small to produce a noticeable difference in the supersonic
jet properties. Consequently, by using dilute mixtures in the
same bath gas similar T5 and P5 are obtained and similar
flows through the nozzle are obtained in the calibration and
reactive experiments. This results in essentially the same
pressure rise in the ion source of the spectrometer in the
calibration and reactive experiments. Due to the low signal
intensities characteristic of VUV–PI, signals from many
experiments are averaged to obtain sufficient signal/noise. An
additional benefit of averaging is that statistical fluctuations
in signal levels that are evident in single shot experiments
are largely removed.5 The number of experiments that need
to be averaged are largely dependent on the apparatus and
based on experience ranges from as few as 200 for the ANL–
HRRST/VUV–TOF-MS to several thousand for the ICARE–
HRRST/VUV–i2PEPICO.

In general, the mass spectrometer signal for species x, Sx,
can be written as follows:

Sx ¼ σx � ½x� � nexp � Dx � ηset � f ðP; tÞ ð1Þ

where σx is the photoionization cross section at the specific
photon energy, [x] the concentration of species x, nexp the
number of experiments, Dx the mass discrimination factor
(accounting for neutral transmission, ion transmission, and
ion detection efficiency, as in ref. 27), ηset the coefficient which
takes into account the efficiency of the system for the specific
experimental set as function of the beamline intensity, and
f (P,t ) the correction term as a function of the pressure inside
the mass spectrometer chamber and the time. If CO2 is the
external standard, this equation becomes

SCO2 ¼ σCO2 � ½CO2� � nCO2 set � DCO2 � ηCO2 set � f ðP; tÞ ð2Þ

from which we can derive the expression for f (P,t )

f ðP; tÞ ¼ SCO2

σCO2 � CO2½ � � nCO2 set � DCO2 � ηCO2 set
: ð3Þ

Substituting eqn (3) into eqn (1), the concentration of any
species x can be derived from

x½ � ¼ CO2½ � � Sx
SCO2

� σCO2

σx
� nCO2 set

nset
� DCO2

Dx
� ηCO2 set

ηset
: ð4Þ
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The concentration of the external standard and the number
of experiments are known, the ratio between signals can be
obtained from the experimental measurements, while the
mass discrimination factors can be estimated based on pre-
vious investigations.27 Thus, if the photoionization cross sec-
tions are measured or calculated, the only unknown in the
equation is the ratio between the transmission factors. This
ratio is the same for all the species measured in a specific
dataset, including the fuel molecule. Thus, its value can be
derived from the following equation

ηCO2 set

ηset
¼ fuel½ �0

CO2½ �0
� SCO2;t¼0

Sfuel;t¼0
� σfuel
σCO2

� nset
nCO2 set

� Dfuel

DCO2

ð5Þ

where [fuel]0 and [CO2]0 are the known concentrations of fuel
and external standard at time zero after the passage of the
reflected shock wave.

Experimental results and discussion

A typical mass spectrum obtained from i2PEPICO by averaging
over 107 000 experiments with 0.1% toluene in argon at T5 and
P5 equal to 1362 ± 22 K and 6.6 ± 0.2 bar, respectively, is
shown in Fig. 1. The uncertainties represent one standard
deviation from the average for all the experiments. The results
include contributions of molecules coming from the pre-shock
region, reflected conditions, and after the arrival of the rarefac-
tion waves, during 7.8 ms period. In Fig. 1 several peaks
between m/z 78 (benzene) and m/z 106 (ethylbenzene) corres-
pond to single ring aromatics, heavier species correspond to
multi-branched alkylated aromatics and/or PAHs, and several
peaks, particularly at m/z < 92 represent fragments from dis-
sociation of the fuel (toluene/ethylbenzene). The maximum
m/z detectable is around 426. The identification and analysis
of these compounds is the focus of ongoing research and is
outside the scope of this paper which focuses on the develop-
ment and application of the external calibration method. For

peaks with single/noise ratio of at least 3 : 1 reliable concen-
tration/time profiles are obtained (e.g., m/z < 350 in Fig. 1),
although adequate profiles can be extracted for S/N of 2, see
the ESI† for some examples.

As discussed above, the mass spectrometer signal is pro-
portional to the gas density (or pressure) inside the mass
spectrometer chamber, which varies during the miniature
shock tube cycle due to the large rapid changes in thermo-
dynamic conditions in the HRRST due to the primary shock
wave. However, there is also a slower and smaller pressure vari-
ation in the post-shock conditions due to wave dynamics in
the HRRST. This slow variation also has to be accounted for
particularly in chemical kinetic simulations of species concen-
trations. An example pressure trace averaged over 1000 experi-
ments is shown in Fig. 2. In this case, the single pressure pro-
files were shifted in the x-direction to align the arrival times at
the sensor. The pressure profile in Fig. 2 represents the
thermodynamic conditions inside the shock tube, to be used
in kinetic simulations. The stochastic distribution of the inci-

Fig. 1 Toluene pyrolysis, 0.1% in argon at T = 1362 ± 22 K and P = 6.6 ± 0.2 bar, photon energy 10.0 eV. Average mass spectrum from 107 000
experiments.

Fig. 2 Toluene pyrolysis, 0.1% in argon. Pressure profile from 1000
experiments; temporal species profiles from 107 000 experiments at T =
1362 ± 22 K and P = 6.6 ± 0.2 bar, photon energy 10.0 eV.
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dent shock wave arrival times at the endwall is within ±50 μs
around the average. These times are estimated with respect to
the initial signals which trigger the shock tube cycle starting
with the opening of the high-pressure valve. The average
pressure profile over 1000 experiments from the raw data
without shifting is presented in Fig. S1.† The averaging
process also affects the shape of the experimental curves.
Fig. 2 also contains signal intensity/time (kinetic traces) plots
for m/z = 92 (fuel molecule) and m/z = 78 (one of the main
peak products, mainly benzene) from the dataset presented in
Fig. 1 (0.1% toluene/Ar). The kinetic data shown in Fig. 2 have
not been corrected for pressure changes in the spectrometer,
and the fuel profile has been translated so that the time corres-
ponding to around 50% of its maximum value matches the
zero of the pressure profile. Following the initial rise in the
m/z 92 signal it stays nearly constant for around 400 μs, before
dropping almost to its baseline within 200 μs. For the example
shown, the rise time for the fuel signal to go from the pre-
shock value to its maximum is about 150 μs. This rise time is
related to the time taken for the pressure increase in the
spectrometer to reach a maximum and is similar to that seen
in single shot ST/MS experiments.5 The width of initial rise in
the averaged pressure profile from the raw data (Fig. S1†) is
around 80 μs, the pressure build-up in the mass spectrometer
chamber contributes for the remaining effect. The region of
stable m/z 92 signal indicates that dissociation of toluene is
slow in these experiments. As the fuel signal falls, first primary
and then secondary products start to appear, for example m/z
= 78 in Fig. 2. After the initial sharp rise at time = 0 the
pressure profile rises slowly for 600 µs before decreasing. This
behavior is due to wave dynamics within the HRRST and has
to be accounted for when simulating the kinetic traces. Similar
behavior is seen in more conventional shock tubes and the
impact of reaction temperatures has been previously
analyzed.28,29 In particular, the decrease in m/z 78 (benzene)
cannot be due to sudden consumption after 600 μs. Rather the
observed signal is a convolution of the actual concentration
and variations in signal due to non-idealities in the HRRST
and pressure build up in the spectrometer. As will be seen in
the following sections the inert calibration species signal exhi-
bits similar behavior. Thus, the external calibration provides
not only a correction for the build-up of the pressure inside
the mass spectrometer chamber but also for the non-ideal
behaviors inside the HRRST, allowing extraction of kinetic
information in units of mole fractions. For this to be accurate,
it is important that the conditions for the external calibration
experiments and the actual ones to be corrected are similar,
not only in terms of T5 and P5, but also in terms of pressure
time history.

A CO2 mole fraction of 0.1% in argon, at an average temp-
erature of 1376 ± 12 K and pressure of 6.6 ± 0.1 bar, and
photon energy equal to 14.5 eV was used for the external cali-
bration experiments. A total of 6042 experiments were averaged
to derive the CO2 time profile, presented in Fig. 3 together
with the m/z = 92 from Fig. 2. Carbon dioxide does not react at
the thermodynamic conditions of the experiments, thus its

mole fraction behind the reflected shock wave is constant. On
the other hand, its signal varies due to the pressure variations
inside the shock tube and the shape is similar to the pressure
profile in Fig. 2. The initial rise in the CO2 profile is slightly
faster than the case of toluene. This is probably an artifact of
the large difference in the number of experiments (∼6000 vs.
107 000) and the signal levels. Note that the CO2 values have
been multiplied by a factor of 3 in Fig. 3.

In the following sections, the results of applying the exter-
nal standard calibration technique to toluene pyrolysis and
ethylbenzene pyrolysis will be presented. One of the uncertain-
ties in the development of the external calibration technique is
related to the alignment between the fuel and the CO2 profiles,
e.g., Fig. 3. In Fig. 4 three methods of correcting for the small
temporal misalignment between the CO2 and toluene (m/z =
92) signals are compared. The m/z = 92 signal is anchored at

Fig. 3 Temporal species profiles, m/z = 92 from toluene pyrolysis (0.1%
in argon), averaged over 107 000 experiments at T = 1362 ± 22 K and P
= 6.6 ± 0.2 bar, photon energy = 10.0 eV; m/z = 44 from carbon dioxide
pyrolysis (0.1% in argon), averaged over 6000 experiments at T = 1376 ±
12 K and P = 6.6 ± 0.1 bar, photon energy = 14.5 eV.

Fig. 4 Temporal species profiles from toluene pyrolysis (0.1% in argon),
averaged over 107 000 experiments at T = 1362 ± 22 K and P = 6.6 ± 0.2
bar, photon energy = 10.0 eV. Different matching between fuel and CO2

profiles: solid lines at the peak; red dashed lines at start of the rise; light-
blue dotted lines at 50% rise.

Paper Analyst

1590 | Analyst, 2024, 149, 1586–1596 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/4

/2
02

6 
3:

40
:3

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an00819c


t = 0 as in Fig. 2 and the CO2 signal is shifted on the X-axis as
follows: (i) the times of the 50% signal rises are matched
(Fig. 4 red dashed lines), (ii) the times of the two main peaks
at the end of the sharp increase in signal are matched (Fig. 4
solid lines, CO2 profile shifted by +36 μs), (iii) the times at
which the two profiles start rising are matched (Fig. 4 light-
blue dashed lines, CO2 profile shifted by −24 μs). These times
refer to the profiles in Fig. 3. During the first few tens of micro-
seconds both the CO2 and m/z = 92 signals are small and what
look like minor fluctuations can introduce quite large pertur-
bations in the corrected signal. Overall, fewer fluctuations are
seen with method ii although the three methods produce
essentially the same shapes in the profiles indicating that the
choice of alignment method is not significant. The corrected
m/z = 78 product signal is little affected by the choice of correc-
tion method. This is primarily due to the CO2 signal being
relatively large and stable when the m/z = 78 signal starts to
rise. For all three methods, the noise in the treated signal
before time zero, pre-shock, is quite large, thus the derived
information is not useful. Our experience has shown that large
fluctuations are also observed in the pre-shock signal when an
internal calibrant is used with electron ionization.

Fig. 5a–c present the temporal species profiles for the fuel
and some of the main products after correction. The species
shown were chosen because they could be unambiguously

identified by comparing the experimental photoelectron
spectra with literature ones (excluding minor contributions
from isomers) and the photoionization cross sections have
been measured or estimated. The mass spectral peaks at m/z
78, 92, 102 and 104 are almost entirely due to benzene,
toluene, phenylacetylene and styrene, respectively, for m/z 116
indene accounts for 90% of the signal, while at m/z 128
naphthalene is about 70% of the peak. The error associated
due to the difference in photoionization cross sections for the
remaining isomers not considered in the current analysis is
not expected to be significant. The absolute photoionization
cross sections at 10.0 eV for toluene, phenylacetylene, styrene,
indene, and ethylbenzene were taken from Zhou et al.,30

benzene from Rennie et al.,31 while for naphthalene the esti-
mated values from ref. 32 were used. An uncertainty of 20% in
the photoionization cross sections of the single-ring species is
estimated, which increases to 30% for indene and 50% for
naphthalene. These uncertainties were used to calculate the
error bars for the mole fractions, Fig. 5. The time uncertainties
are represented by error bars based on the maximum shift in
the fuel profile from Fig. 4. The photoionization cross section
for carbon dioxide at 14.5 eV was obtained from Hitchcock
et al.33 by interpolation of the values at 14.0 eV and at 15.0 eV.
In Fig. 5a–c, the dashed lines represent simulations obtained
with the ICARE chemical kinetic mechanism35 for PAH for-

Fig. 5 Temporal species profiles from toluene pyrolysis (0.1% in argon), averaged over 107 000 experiments at T = 1362 ± 22 K and P = 6.6 ± 0.2
bar, photon energy = 10.0 eV. Dashed lines in (a)–(c) represent the results of simulations with the ICARE PAH chemistry model.
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mation and growth. This mechanism was previously validated
against species profiles vs. temperature conditions from
single-pulse shock tube experiments for pyrolysis of many
single fuels at a nominal pressure of 20 bar. Some of the data-
sets used to develop the model were toluene34,35

(100–200 ppm, T5 1050–1700 K), and ethylbenzene36 (100 ppm,
T5 950–1700 K) and their mixtures with small aliphatics
(including reactions toluene + C2Hx

37 and toluene + C3Hx
35 at

similar conditions). The simulations were performed with
ANSYS CHEMKIN-Pro 2021 software using the batch reactor
model with variable pressure. For these simulations the
pressure profile in Fig. 2 was used. The error in the simulation
results was obtained by considering the minimum and
maximum temperatures in the T5 distribution (1362 ± 22 K).
Overall there is excellent agreement between experiments and
simulations for the decomposition of the fuel and the for-
mation of the main single-ring aromatic products, including
benzene (m/z = 78), styrene (m/z = 104), and phenylacetylene
(m/z = 102), especially considering that the mechanism was

not modified to match the experimental data. A peak at m/z =
91, corresponding to the benzyl radical, was also detected. The
photoionization cross section was estimated by Li as 24.03 Mb
at 9.98 eV.32 The shape of the m/z = 91 profile is correctly cap-
tured by the model. Species profiles for larger PAH products
including indene (m/z = 116) and naphthalene (m/z = 128) are
shown in Fig. 5c. Although the rise in the simulation profiles
in Fig. 5c are delayed compared to the experiments and the
absolute concentrations are not perfectly reproduced
(especially in relative terms), the results are quite satisfactory
considering the complexity of the chemistry involved in the
PAH formation and the experimental errors related mainly to
the availability and accuracy of ionization cross-sections. In
particular, the simulations for the maximum naphthalene con-
centrations are within the experimental errors. Nevertheless,
the data provide targets for future model development. The
m/z 116 and m/z 128 profile would also need to be reduced by
around 10% and 30% for comparison with indene and
naphthalene, respectively, as additional isomers are not con-
sidered here. Thus, especially for naphthalene, the experi-
mental profile would get closer to the simulation and substan-
tially overpredict indene formation.

Fig. 5d contains mole fraction profiles of various main pro-
ducts (m/z = 78, 91, 102, and 202). In the analysis, the photoio-
nization cross section of pyrene, estimated by Li,32 was used
for m/z 202. From prior single-pulse shock tube measure-
ments34 pyrene is one of the main isomers at m/z 202 and the
small differences in photoionization cross sections of the
different isomers will introduce little error. For clarity simu-
lation results are not plotted. However, the figure shows that
the corrected profiles have the shapes and relative heights that
would be expected for species that are formed sequentially.

As briefly mentioned in the previous paragraphs, the exter-
nal calibration method provides corrections not only for the
initial pressure rise in the mass spectrometer, but also for the
non-ideal behavior inside the shock tube at later times. To
demonstrate the capability to compensate for long time
effects, calculations were made using a constant value for the

Fig. 6 Temporal species profiles from toluene pyrolysis (0.1% in argon),
averaged over 107 000 at T = 1362 ± 22 K and P = 6.6 ± 0.2 bar, photon
energy = 10.0 eV (solid lines), with f (P,t ) = f (t = 0). Dashed lines the
results of simulations with the ICARE PAH chemistry model.

Fig. 7 Temporal species profiles from toluene pyrolysis (0.1% in argon), averaged over 107 000 (solid lines) and 27 000 (dashed lines) experiments at
T = 1362 ± 22 K and P = 6.6 ± 0.2 bar, photon energy = 10.0 eV.
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correction term, i.e. f (P,t ) = f (t = 0) rather than the time depen-
dent expression obtained from the CO2 profiles. The results
are presented in Fig. 6 together with the kinetic simulations
from Fig. 5 for toluene and benzene. Clearly, setting f (P,t ) =
f (t = 0) has a significant impact on the experimental profiles
demonstrating the need to incorporate the full f (P,t ) model.

The use of the profiles in Fig. 6 for model validation would
lead to incorrect mechanisms and kinetics.

The experimental results presented in Fig. 4 and 5 were
obtained by averaging around 107 000 signals from experi-
ments at a 1 Hz repetition rate which took at least 36 hours to
perform (∼30 hours of experiments and time to change gas
bottles, refill bubblers with reagents etc.). This large number
of experiments was performed to enhance the S/N of high
mass (m/z > 326) and low concentration products. Ideally, the
smallest number of experiments necessary would be per-
formed to obtain S/N of the desired level. The number of
experiments needed is largely dependent on the concentration
and photoionization cross section of a target species. Thus,
the number of experiments needed will vary greatly depending
on the overall goal of a study. To test the effects of reducing
the number of runs on the signal quality, a sub-set of 27 000
experiments was selected and used to derive temporal species
profiles with the same data treatment procedure presented
above. The number of experiments selected is the same as
obtained in a subsequent study on ethylbenzene, discussed
below. In this analysis, the first 27 000 experiments were kept.
Tests were also performed randomly selecting different
batches of 27 000 experiments and similar results were
obtained. Selected results are presented in Fig. 7 for various

Fig. 8 Raw signals for m/z 102, toluene pyrolysis, at T = 1362 ± 22 K
and P = 6.6 ± 0.2 bar, photon energy 10.0 eV. 107 000 experiments
(green); 7000 experiments (orange).

Fig. 9 Temporal species profiles from ethylbenzene pyrolysis (0.1% in argon), average over 27 000 experiments at T = 1327 ± 18 K and P = 6.7 ± 0.2
bar, photon energy = 10.0 eV; (a) includes the m/z = 92 from toluene experiments as in Fig. 4. Dashed lines in (b)–(d) the results of simulations with
the ICARE PAH chemistry model.
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m/z (dashed lines) together with the results from averaging
107 000 runs (solid lines). The overall profiles are very similar
in the two cases, in terms of shape and mole fractions,
although the noise is considerably reduced when all the runs
are considered in the analysis. This is expected as the signal to
noise ratio is proportional to the square root of the number of
experiments. However, apart from the increase in noise the
information gained from the full dataset, Fig. 5, and the
reduced set, Fig. 7, are very similar. This suggests that,
depending on the overall goals, a small experimental set can
produce reliable results, albeit with more noise, and allow for
efficient use of limited beamtime. For example, in Fig. S2b
and e,† m/z 276 and 326 are reported from the average of
27 000 experiments, compared to the average from 107 000
experiments in Fig. S2a and d of the ESI.† The profile for m/z
276 is still well defined, despite the fact the related S/N is now
2 (compared to 4 in Fig. S2a†). The two profiles obtained with
107 000 and 27 000 experiments are compared in Fig. S2c.†
The initial rise in the profiles as well as the concentrations at
later times (around 1–1.2 ms) are not affected by the number
of experiments averaged. There is a slight discrepancy around
800 μs which is mainly due to the noise levels. On the other
hand, the S/N ratio is too low for m/z 326, and no kinetic pro-
files could be determined with reduced number of experi-
ments. In order to further confirm that the S/N ratio of around
2 is sufficient to obtain the kinetic profiles, the number of
experiments in Fig. 7 was further reduced to 7 000. The result-
ing signal has a S/N ∼2 and it still reproduces the signal from
averaging 107 000 shocks, see Fig. 8.

The decomposition of toluene is relatively slow at 1360 K
and 6 bar whereas ethylbenzene is far more reactive. The
initial fuel concentration of ethylbenzene was the same as
toluene (0.1% in argon) and the average temperature and
pressure of the experiments was 1327 ± 18 K and 6.7 ± 0.2 bar,
respectively. The small difference in temperature compared to
the calibration experiments will have little impact on the mass
flow through the nozzle. Consequently, the same CO2 cali-
bration experiments were used with ethylbenzene.
Approximately, 27 000 experiments on ethylbenzene pyrolysis
with an ionization photon energy of 10.0 eV were averaged.
The corrected concentration/time profiles of ethylbenzene and
toluene are compared in Fig. 9a. In the case of ethylbenzene,
the profile starts decreasing right after the arrival of the shock
wave at the end-wall. In addition, nearly all the ethylbenzene is
consumed after 500 μs, while around 12% of toluene remains
unreacted. The kinetic simulations with the ICARE pyrolysis
model accurately capture the ethylbenzene consumption
(Fig. 9b). Selected aromatic intermediates including benzene
(m/z = 78), toluene (m/z = 92), styrene (m/z = 104), phenyl-
acetylene (m/z = 102) and the benzyl radical (m/z = 91) are also
reported in Fig. 9b and c. Overall, the experimental data are
quite well reproduced by the model both in their shape and
absolute values, although a small shift in the peak time is
observed for toluene. Similar agreement is also observed for
larger multi-ring products, such as naphthalene (m/z = 128)
and indene (m/z = 116) as in Fig. 9d, where once again the rela-

tive concentrations are not perfectly simulated as for the
toluene case, but the overall profiles are captured reasonably
well.

Conclusions

A new method for correction of time-history concentration pro-
files from miniature high-repetition-rate shock tubes coupled
to synchrotron-based mass spectrometry diagnostics was devel-
oped based on the use of carbon dioxide as an inert external
standard. The method corrects for both the effects of pressure
build-up inside the mass spectrometer after passage of the
reflected shock wave at the endwall and pressure variations
inside the shock tube due to non-ideal behavior and rarefac-
tion waves. Two test cases were considered, involving the
thermal decomposition of toluene and ethylbenzene. The
average T5 for ethylbenzene were 30 K lower than those of the
toluene experiments. This small difference in temperature will
have negligible impact on the pressure rise in the ion source
of the spectrometer, although future studies will examine the
range of applicability of calibration experiments obtained at T
and P different to the reactive experiments. In particular,
based on the difference in the pressure profiles obtained at
∼1300 K and ∼1500 K presented in ref. 16, the calibration
curves are expected to be valid within a range of around ±50 K
without major variation in the experimental corrected profiles.
The corrected results were compared to kinetic modeling
simulations performed with the ICARE PAH chemistry model.
Excellent agreement between experiments and simulations
was found for the fuel profiles and the formation of the main
aromatic products, proving the reliability of the procedure.
Different analyses were implemented to test the effects of the
shift in the CO2 time profile to match different features of the
toluene profile and the variation in the quality of the results
with the number of experiments. The external standard
method has been proven a flexible tool for extracting kinetic
information from HRRST/TOF-MS experiments at
synchrotrons.
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