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In recent years, predictions of product branching for reactions of consequence to both combustion and
atmospheric chemistry have outpaced validating experiments. An apparatus is described that aims to
fill this void by combining several well-known experimental techniques into one: flash photolysis for
radical generation, multiple-pass laser absorption spectrometry (LAS) for overall kinetics measure-
ments, and time-resolved photoionization time-of-flight mass spectrometry (PI TOF-MS) for product
branching quantification. The sensitivity of both the LAS and PI TOF-MS detection techniques is
shown to be suitable for experiments with initial photolytically generated radical concentrations of
∼1 × 1012 molecules cm−3. As it is fast (µs time resolution) and non-intrusive, LAS is preferred
for accurate kinetics (time-dependence) measurements. By contrast, PI TOF-MS is preferred for
product quantification because it provides a near-complete picture of the reactor composition in
a single mass spectrum. The value of simultaneous LAS and PI TOF-MS detection is demon-
strated for the chemically interesting phenyl radical + propene system. Published by AIP Publishing.
https://doi.org/10.1063/1.5024399

I. INTRODUCTION

Over the past 100 years, there have been many experi-
ments directly probing radical decay kinetics, often with the
aid of lasers, and in more recent decades, there have been
many predictions of the product branching of such reactions
using quantum chemistry combined with rate theory. How-
ever, there have been a few experiments that directly quantify
product branching against which to validate predictions. Even
for a system like hydroxyl radical (OH) + acetylene (C2H2)
that is critical for both combustion and atmospheric chem-
istry, there is limited experimental validation of the predicted
branching,39 which has subsequently been incorporated into
many common combustion mechanisms.43

The few experiments that do attempt to quantify product
branching usually fall into three categories: crossed molec-
ular beams (CMBs) that simulate a single-collision envi-
ronment,18 end-product analysis of a complex process such
as pyrolysis, or flash photolysis coupled to a fast detection
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technique. In the case of CMB experiments, although the
dynamics and energetics of a specific reaction can be probed
with exquisite detail, it is difficult to connect these results
to the thermalized environment of many applications. In the
case of end-product analysis, a detailed chemistry mecha-
nism with many parameters is often needed to interpret the
results, which leads to large uncertainty in the final product
quantification. Some successful examples of quantitative end-
product analysis are flow pyrolysis reactors combined with
gas chromatography/mass spectrometry (GC/MS)44 and flash
pyrolysis reactors combined with both molecular beam MS
(MBMS)64 and infrared spectroscopy.5 Flash photolysis offers
a compromise between these two extremes: the reaction envi-
ronment is thermalized, but the chemistry is simple enough that
secondary and side reactions can often be neglected. Time-
resolved detection techniques such as absorbance,28 laser
induced fluorescence (LIF),45 and MBMS2 are frequently used
with flash photolysis to obtain product branching. Combin-
ing two of these techniques, absorbance and MBMS, in one
flash photolysis reactor allows for complementary measure-
ments of both overall kinetics and product branching with
high-fidelity.

In order to directly measure the chemical kinetics of spe-
cific reactions, it is necessary to probe the concentration of
either one of the reactants or one of the products with a time-
resolution sufficient to resolve the transient decay or rise of the
probed reactant or product, respectively. To accomplish this
task, both time-resolved MBMS and laser absorption spec-
trometry (LAS) can be used. However, LAS is traditionally
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better suited for kinetic measurements because it is fast and
non-intrusive, and one can usually design the initial mixture so
its absorption spectrum does not block the expected transient
absorption of the radicals.

In order to measure the product branching fractions of
a chemical reaction, it is necessary to quantitatively deter-
mine the amount of each product species relative to the total
concentration of the limiting reactant or to all other prod-
ucts. Single-wavelength LAS is not convenient for measuring
branching ratios because usually one would need to do exper-
iments at more than one probe wavelength and also one would
need absolute calibrations of the absorption cross sections of
each species at each probe wavelength at all temperatures (T )
and pressures (P) considered. While it is possible to measure
product fractions using LAS,28 in most cases, mass spectrom-
etry is generally more suited for product quantification as it
can in principle determine the difference in abundance of any
species with different masses. Therefore, in order to measure
both chemical kinetics of reactions with high resolution and
product branching fractions of chemical reactions, we have
designed and built a novel apparatus that is the first to combine
the LAS technique and the time-resolved TOF-MS technique
in a single device.

Laser absorption spectrometry is a technique wherein the
concentration of a species is determined by measuring the frac-
tion of light that is absorbed. The concentration is given by
the Beer-Lambert law, which says the absorbance (A), defined
as the natural logarithm of the ratio of the initial intensity
of light (I0) to the final intensity of light (I), is proportional
to the concentration of the absorbing species (C), the path
length for absorption (l), and the absorption cross section of
the species (σ). By measuring the transient absorbance from
a single species, one can then determine its relative transient
concentration. If the cross section at the wavelength of light
being used and the absorption path length are known, then one
can determine the absolute concentration of the species,

A= ln

(
I0

I

)
=σlC. (1)

The LAS technique has been used by a number of groups to
determine the kinetics of various chemical reactions. In partic-
ular, the group in the Combustion Research Facility at Sandia
National Laboratory has used a multiple-pass absorption cell
for studying gas-phase chemical kinetics.38 This multiple-pass
design was the inspiration for an earlier apparatus built in our
group.22–24 The laser systems (both the photolysis laser and
the composite Ti:Sapphire laser system), the basic design for
the multiple-pass absorption configuration, the optical layout
(including the beam shaping optics for the Ti:Sapphire laser
and the telescoping optics for the photolysis beam), and the
differential amplification and signal detection scheme used in
Ismail et al.’s apparatus are also used in the new apparatus.
Some changes and improvements were made to these systems
to accommodate the new instrument, which are discussed later
in this work.

Compared to pump-probe techniques such as laser
induced fluorescence (LIF), LAS is much less sensitive to
pulse-to-pulse fluctuations in the photolysis shot because a
complete time trace is recorded for every shot. However,

single-pass LAS is usually not sufficient to detect the low
radical concentrations (∼1012 cm−3) necessary to avoid exces-
sive radical-radical reactions. Therefore, multiple-pass LAS
is usually necessary and the Herriott cell design used here
is preferable to other multiple-pass configurations, such as a
White cell,58 due to its relative simplicity (only two mirrors),
stability, and control over the probed volume.

Time-resolved Photoionization Mass Spectrometry
(PIMS) is a technique wherein a sample of a reactive mix-
ture is ionized using light, usually in the vacuum ultraviolet
(VUV) range, and then analyzed with enough time resolution
to ascertain the time-dependence of the relative abundance of
the ions separated by their mass-to-charge (m/z) ratios. Pro-
vided that the photoionization process is mostly single-photon
(i.e., only one photon of ionizing radiation is absorbed per
molecule), then the charge imparted to each ionized molecule
is +1, and the only difference between the ions is their mass.
Thus by applying a static electric field in the case of time-
of-flight mass spectrometry or an oscillating radio-frequency
field in the case of quadruple mass spectrometry, the ions can
be separated according to their masses with the abundance
of each mass being proportional to the integrated signal for
each mass-to-charge peak. The general time-resolved PIMS
technique has been famously used by a number of groups to
study the kinetics and the time-dependent species distribution
of chemical reactions. Instruments include those from Focken-
berg et al.,16 Slagle and Gutman,41,42 Eskola and Timonen,13,14

Blitz et al.,4 and Osborn et al.36

The real challenge of time-resolved PIMS, and thus the
reason the number of research groups using it is limited to date,
is to sample the reactive mixture without altering its compo-
sition in any way. For example, the reactive mixture cannot
merely be sampled by a tube fed into a generic bench-top mass
spectrometer since the mixture would continue to react while
in transit to the mass spectrometer and/or the reactive inter-
mediates would be quenched by the metal walls of the tubing,
thus changing the composition of the sample when it reaches
the mass analyzer. More advanced techniques are required to
sample the gas and maintain its composition by quickly trans-
porting it to the mass spectrometer for analysis before it can
react further with itself or with other spurious entities. Typi-
cally, such techniques involve using a custom-built apparatus
to closely couple the reaction cell and the mass spectrome-
ter together. Furthermore, all of the aforementioned designs
including our design utilize an effusive or a supersonic expan-
sion to sample the reactive gas. Such an expansion of the gas
sample accomplishes several desired objectives at once. First,
it attenuates the gas and drops the pressure by several orders of
magnitude to approach the high-vacuum (low-pressure) envi-
ronment required to use a mass spectrometer. Typically, a
second stage of pumping with a conical skimmer is used to
further attenuate the gas and thus reduce the pressure even fur-
ther, with the exception being the design of Blitz et al.4 where
the snout of the TOF-MS is coupled directly to the effusive
expansion. Second, the gas expansion cools the reactive mix-
ture and maintains the composition of the gas sample during
transit to the mass spectrometer. Finally, the collisions in the
gas sample during the finite transit time to the PIMS are greatly
reduced as a result of the attenuated gas density and as a result
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of the greatly accelerated motion in the direction away from the
pinhole toward the PIMS. Therefore, the molecules in the gas
sample quickly reach the ionization region of the mass spec-
trometer (typically in 10–100 µs) before bimolecular reactions
can occur to any measurable extent.

The existing time-resolved PIMS designs do have some
rather substantial differences however. For example, the
designs use different methods for photoionization. Slagle and
Gutman,41,42 Fockenberg et al.,16 and Eskola and Timonen13,14

use the VUV emission from lamps to photoionize the gas sam-
ple. Blitz et al.4 also included the capability to use lamps in
their design but found better performance using the frequency-
tripled 355 nm output of an Nd:YAG laser to obtain 118.2 nm
light. Both Osborn et al.36 and Sztáray et al.47 use tunable
VUV radiation from a synchrotron. The essentially continu-
ous source of narrow-bandwidth tunable VUV light (7.2-25 eV
with a 2.5% bandwidth) from the synchrotron is by far the
best photoionization source in existence, as it allows species
with different ionization energies to be analyzed and it even
allows some isomers of the same m/z to be separated based on
differences in their photoionization efficiency curves (i.e., iso-
mers of the same m/z can be differentiated by observing the
change in signal with respect to photoionization energy).10

The photoionization energy range available with lamps is
quite limited, and it is plagued by large gaps in the available
range, relatively low photon fluxes, and multiple output photon
energies.26 The higher-order harmonics of lasers offer both

very narrow bandwidths and the largest number of photons per
shot (and thus the highest number of ions per mass spectrum).
Compared to a synchrotron source where a continuous beam of
∼1 × 1013 photons/s is generated, a pulsed VUV laser gen-
erates ∼1 × 1011 photons in 5-10 ns. For kinetically rele-
vant time scales of ∼100 µs, a synchrotron will only output
1 × 109 photons, necessitating significant signal averaging
to achieve signal to noise, S/N, levels comparable to the
pulsed laser ionization source. However, the pulsed nature of
lasers combined with their limited repetition rates means that
the time-dependence of the mass spectra cannot be observed
for each photolysis shot. Instead, it must be obtained by
sequentially measuring a mass spectrum for each desired time
during the course of the reaction from separate photolysis
shots. That is, time resolution is accomplished by delaying
the photoionization pulse relative to the photolysis pulse to
obtain mass spectra at different reaction times. Lasers are
also difficult to tune in the VUV range, requiring a com-
plex setup to accomplish a narrow tuning range of even a
few eV.35

Another difference between the existing PIMS devices
is in the type of mass spectrometer used. In particular, the
oldest design by Slagle and Gutman uses a quadrupole mass
spectrometer (Q-MS) instead of a TOF-MS. This offers sev-
eral advantages and several disadvantages. An advantage is
that a single m/z peak can be monitored very rapidly by a
Q-MS when a continuous photoionization source is utilized.

TABLE I. Comparison of time-resolved PIMS devices in the literature.

Publication Reactor Pinhole ϕ (mm) T range (K) P range (Torr) PI source MS

51 cm long
Slagle and Gutman42 1.05 cm ID 0.44 300–811 1 ARLa Q-MSb

Quartz

43 cm long
Fockenberg et al.16 1.0 cm ID 1.0 300–873 10 ARLa TOF-MSc

Quartz

43 cm long
Eskola and Timonen13 0.6/0.8/1.7 cm ID 0.15/0.3/0.5 200–360 0.2–40 ARLa Q-MSb

Coated stainless steel

70 cm long
Ninth Nd:YAGd

Blitz et al.4 1.3 cm ID 1.0 300–1000 0.5–2
or ARLa TOF-MSc

Quartz

62 cm long
Tunable

Osborn et al.36 1.05 cm ID 0.4/0.65 300–1050 1–10
synchrotron

TOF-MSc

Quartz

60 cm long
Tunable

Sztáray et al.47 1.05 cm ID 0.3 300 1–4
synchrotron

PEPICOe

HWf-coated quartz

100 cm long
This work 1.6/3.6 “bow-tie” ID 0.3 300–800 1–50 Ninth Nd:YAGd TOF-MSc

Quartz

aARL = Atomic Resonance Lamp.
bQ-MS = Quadrupole MS.
cTOF-MS = Time-of-Flight MS.
dNinth Nd:YAG refers to the ninth harmonic wavelength of an Nd:YAG laser (118 nm, 10.5 eV).
ePEPICO = Photoelectron Photoion Coincidence spectroscopy.
fHW = Halocarbon Wax.
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This allows the kinetics of a single m/z peak to be observed
for every photolysis shot with both high time resolution and
signal to noise level(s). However, a Q-MS cannot scan the mass
range quickly enough to observe more than one m/z peak at a
time, as the mass-scanning time is longer than the typical reac-
tion time scales. Therefore, the time dependence of each mass
peak in Q-MS must be recorded individually, meaning that
a Q-MS is not multiplexed like TOF-MS wherein the entire
mass spectrum is recorded at once. For TOF-MS with a pulsed
ionization source, measurements of relative product branch-
ing are less sensitive to drifts and fluctuations in photolysis
laser and VUV intensity than they would be for Q-MS, as the
relative abundance of each m/z peak is recorded for each pho-
tolysis/VUV shot. Thus, for the same total acquisition time, the
trade-off between using a continuous Q-MS versus a TOF-MS
is to have more precise kinetic measurements in lieu of more
precise relative mass abundances, which are required to obtain
more precise product distributions. If an experiment were to
use a Q-MS with a pulsed ionization source, instead of the
traditional pairing with a continuous ionization source, then
the Q-MS would have clear disadvantages, having neither the
advantage of the fast detection of a Q-MS with a continu-
ous ionization source nor the advantage of the multiplexed
detection of a TOF-MS. Most of the more recent PIMS instru-
ments use TOF-MS to take advantage of its multiplexed nature
and to exploit its ability to more precisely determine product
distributions. A summary of the similarities and differences
between the known time-resolved PIMS devices is shown in
Table I.

While we mostly took inspiration for the design of the
PI TOF-MS portion of the new apparatus from the designs
by Osborn et al. and by Blitz et al., the additional incorpora-
tion of multiple-pass LAS is a new feature that required some
unique reactor and chamber design. Specifically, the reaction
cell dimensions have to be large enough to accommodate the
passage of the multiple-pass laser beam while still ensuring
that the TOF-MS is sampling from a fully illuminated (i.e.,
narrow diameter) section of the reactor. Additionally, the cus-
tom vacuum chamber had to allow close coupling of the PI
TOF-MS to the reaction cell and thus to the multiple-pass
LAS.

II. EXPERIMENT
A. Reaction cell

Figures 1–3 show the apparatus from different angles and
cross-sectional views. The apparatus consists of a “bow-tie-
shaped” custom quartz flow reactor housed in a custom vacuum
chamber. The reactor is 1 m long in total and has a 1.6 cm ID
(2.5 mm wall thickness) in its central 40 cm and a 3.6 cm ID
(2.0 mm wall thickness) everywhere else. The narrow ID at
the center of the reactor is matched by the diameter of the pho-
tolysis laser (described in Sec. II B) used to generate radicals.
As a result, radial diffusion of photolytically generated radi-
cals and subsequent products is eliminated as a loss process in
the center of the reactor where sampling for TOF-MS occurs.
The larger diameter at the edges of the reactor is necessary to
accommodate the Herriott cell.

FIG. 1. Isometric view of the LAS/PI TOF-MS chamber. Photolysis beam is
shown in pink, probe beam is shown in green, and photoionization beam is
shown in blue.

To prepare the reactive gas mixture, a manifold of cali-
brated mass flow controllers is used to flow precisely controlled
amounts of each component. The gas mixture flows in through
the tube on the left of the chamber and out through the port
on the right of the chamber. Although not shown in the dia-
gram, the exit port is connected to an automated butterfly valve
to actively control the pressure in the reaction cell between
1 and 1000 Torr using a feedback controller. The outlet of the
automated pressure control valve is connected to a Leybold
WSU251/D65BS Roots blower pump package via a long 3′′

diameter stainless steel tube that runs from the laboratory to a
separate pump room. This Roots blower has a pumping speed
of about 300 m3/h (∼106 SCCM), which is more than suffi-
cient to handle the 1000 SCCM maximum flow for a typical
experiment and still keep the pressure at the inlet to the Roots
blower in the 100s of millitorr range. At all reactor temper-
atures and pressures, the total gas flow rate was chosen such
that the residence time from the reactor inlet to outlet was
1 s: ∼10−3 m3/s volumetric flow rate or ∼2 m/s linear veloc-
ity. Using this relatively low flow rate has several advantages.
First, pressure drop across the reactor is negligible (∼0.01 Torr)
as verified by measuring the pressure upstream of the reactor.
Second, it was possible to achieve the relatively flat tempera-
ture profiles shown in Fig. 4. Finally, at these conditions, there
is an ∼50 ms window of time after photolysis during which
time-resolved MS can be measured free of convective transport
effects.

The reactor is heated by Nichrome ribbon wire in two
zones. First, there is a 5 cm pre-heat zone slightly upstream
of where the Herriott cell and photolysis laser overlap (see
Sec. II B, referred to as the Herriott cell overlap region) that
rapidly brings the room temperature flowing gas mixture to
the desired temperature. Then there is a reaction zone that
maintains the gas at near isothermal conditions for almost the
entire remaining length of the reactor (up to the last 20 cm).
The temperature of the gas leaving each zone is measured by
a thermocouple inside the reactor and out of the path of the
photolysis laser and Herriott cell. The thermocouple reading
is used to control the power provided to each heated zone.
Using this scheme, the temperature in the central 0.5-0.6 m
corresponding to the overlap region only varies up to ±3%
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FIG. 2. Front cross sectional view of
the LAS/PI TOF-MS apparatus show-
ing the reaction cell as well as the gas
sampling region in the center.

FIG. 3. Side cross sectional view of the LAS/PI TOF-MS
apparatus showing the VUV generation setup.

(2 standard deviations) of the full scale (Fig. 4). The variance
is even less for the 0.2 m region upstream of the reactor center,
where products are sampled for TOF-MS (referred to as the
MS sampling region). Temperature profiles were measured for
nominal temperatures of 300-800 K and 10-50 Torr of flowing
helium with a 1 s residence time from the gas inlet to outlet.

FIG. 4. Representative axial centerline temperature profiles measured at
nominal T ’s of 300-800 K. The gas residence time in the Herriott cell overlap
region is ∼300 ms, while for the MS sampling region, it is ∼50 ms.

All of the measured profiles were of similar quality as those
in Fig. 4.

The current accessible T,P-range of this apparatus is
quoted as 300-800 K and 1-50 Torr (Table I). The lower bound
for T is set by room temperature (no controlled cooling capa-
bility currently), and the lower bound for P is set by the accu-
racy of the pressure gauge controlling the butterfly valve. Of
course, a different P-gauge could be used with a lower range, so
the real limit is set by the density of gas needed to observe the
chemistry of interest. The high-T and high-P limits are closely
related, as they are currently set by the maximum power out-
put of the short pre-heater before it burns out. Both upper
bounds have additional constraints as well. For T, many of the
chemical precursors that will photodissociate at 266 or 355 nm
(wavelengths of photolysis laser used) such as iodobenzene,
C6H5I, will also start to thermally dissociate significantly on a
1 s time scale (reactor residence time) as T approaches 1000 K.
This is the main reason that none of the flash photolysis/PIMS
experiments summarized in Table I exceed 1050 K. For P, as
discussed by Osborn et al.,36 less than 10 Torr is desirable
to allow fast (<1 ms) radial diffusion to “smooth out” any
non-uniformity in the photolytically generated radical con-
centration due to a non-uniform beam profile. However, this
is mainly a concern if kinetics (i.e., time-dependence) are to
be measured by time-resolved MS, in which case transport
delays (including diffusion to the MS sampling region within
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the reactor) can and should be minimized to 10-100 µs.3,36

In our case, however, kinetics are measured by LAS, which
does not require any physical sampling of the reactive mixture
(hence no transport delays) and which is also mostly insensi-
tive to local concentration variations under pseudo-first-order
conditions. Therefore, as long as the primary reaction products
can be clearly resolved by TOF-MS before secondary reactions
take over, a lower time resolution is acceptable, allowing both
LAS and TOF-MS measurements up to 50 Torr in the current
apparatus.

The gas in the photolyzed region in the center of the
reaction cell was sampled through a “funnel-shaped” pinhole,
adapted from Wyatt et al.,60 with a 275 µm diameter at the
narrowest point. We found that this geometry was necessary
to prevent excessive wall reactions inside the pinhole during
sampling. The gas is driven continuously through the pinhole
by a large pressure gradient. Typical pressures inside the reac-
tion cell ranged from 10 to 50 Torr, with 10 Torr found to
be a good balance for most experiments. Typical pressures in
the low-vacuum chamber outside the reaction cell were around
10−5-10−4 Torr, and a very large 2000 L/s Leybold turbomolec-
ular pump was used to handle the relatively high gas load of a
continuously sampled system while still achieving low enough
pressures. The roughly 5-7 orders of magnitude difference in
pressure between the reaction cell and the low-vacuum cham-
ber was required to supersonically expand the gas sampled
from the pinhole. The three purposes of sampling the reactor
gases through such an expansion were already outlined in the
Introduction.

After exiting the pinhole (or nozzle in free-jet parlance),
the gas rapidly expands and attains speeds greater than the
speed of sound; i.e., it becomes supersonic and has a Mach
number greater than 1. This supersonic zone immediately out-
side the pinhole is called the zone of silence, and it is within this
zone that the gas is both cooled and nearly collision-free. To
extract the gas from this zone, a 1.0 or 2.0 mm diameter Model
16.3 Beam Dynamics conical skimmer was placed about 1.0-
2.0 mm away from the pinhole, depending on the position of
the reaction cell. This optimal distance was calculated using the
empirical equations of Miller.31 The skimmer eliminated the
slower and less-cooled regions of gas away from the axis of the
zone of silence, and it created a molecular beam to transport the
gas sample continuously to the ionization region of the mass
spectrometer. The skimmer also provided an additional reduc-
tion in pressure by reducing the gas load to the high-vacuum
chamber where the gas sample is ionized. This reduction in
pressure decreased the amount of VUV photoionization light
losses due to absorption by the scattered background gas, and
it brought the high-vacuum pressure to a level suitable for the
use of an electron impact ionization source, with which our
TOF-MS is also equipped. Finally, the reduction of pressure
due to the skimmer indirectly allowed the TOF-MS to be used
with greater pressures in the reaction cell by decreasing the
pressure at the TOF-MS snout and thus the pressure within the
TOF-MS.

B. Herriott multiple-pass laser absorption

As noted above, the geometry of the reaction cell
was designed to sample the photolyzed region via a small

pinhole without disturbing the ability to simultaneously probe
the same region using the Herriott multiple-pass laser absorp-
tion technique. The photolyzed region is defined by the region
through which the photolysis beam passes, the diameter of
which is matched to the ID of the central portion of the reac-
tor (1.6 cm) using a pair of telescoping lenses. Typically, we
use the fourth harmonic (266 nm) output of a Nd:YAG laser
(1064 nm fundamental) for photolysis, although the third har-
monic (355 nm) can also be used. The maximum output of
the current photolysis laser at 266 nm is ∼100 mJ per pulse,
which corresponds to ∼1017 photons per pulse. As explained
in Sec. III A, only∼1012 cm−3 of radicals are needed to achieve
sufficient signal-to-noise (S/N) for both LAS and PI TOF-MS
detection and therefore a negligible portion of the photolysis
beam is attenuated, while passing through the reactor. The rep-
etition rate of the photolysis laser is set to match the residence
time in the reaction cell: typically 1 s or 1 Hz.

The probe laser is composed of a Spectra Physics Tsunami
Ti:Sapphire laser, a Spectra Physics Millennia Xs diode pump
laser, and a Spectra Physics GWU doubler/tripler module.
The Tsunami Ti:Sapphire laser is a mode-locked laser that
produces 1.2 ps FWHM pulses of light at 80 MHz. The Mil-
lennia Xs pump laser is a 10 W 532 nm continuous wave
(CW) diode-pumped laser. The output of the Ti:Sapphire laser
is tunable from 690 to 1080 nm with the use of two optic
sets, and the wavelength is measured using either an Ocean
Optics HR 2000+ spectrometer (790-950 nm with 0.12 nm res-
olution) or an Ocean Optics USB 2000 spectrometer (∼1 nm
resolution). The Ti:Sapphire laser frequency can be either dou-
bled to 345-540 nm or tripled to 230-360 nm using the GWU
module. Because the temporal resolution of the Ti:Sapphire
laser is very high, the frequency bandwidth has a relatively
large value, 13 cm−1. However, many free radicals have even
broader absorption features in the UV-visible range; in these
cases, the relatively low probe resolution does not adversely
affect the signal-to-noise (S/N). For example, allyl,50 ben-
zyl,51 phenyl,52 peroxy,15,62 and vinyl11 radicals, as well as
the simplest Criegee intermediate49 and iodine monoxide,12

have all been identified as detectable species with the current
LAS setup22 because they are all known to absorb broadly
and strongly (cross sections range from 10−19 to 10−18 cm2)
in the UV-visible range. Experimentally, all of the aforemen-
tioned species have been observed using the current LAS
apparatus.6,9,24 If a chemical system becomes of interest in
the future that requires better spectral resolution, either the
current probe laser could be modified to output 10 ps pulses
with a 10× narrower bandwidth or an entirely different probe
laser could be used. The root mean square of the relative
intensity noise in the probe laser is ∼0.0001 from 1 Hz to
1 MHz, which is the main source of random noise for the LAS
technique.22

The Herriott multi-pass setup is shown in Fig. 2 as the
green beams and in Fig. S1 of the supplementary material.
The photolysis beam enters from the left and passes through the
middle of the hole at the center of each mirror. Prior to entering
the reactor, the probe beam is reshaped by a set of cylindri-
cal lenses to correct for astigmatism and mode-matched to
the Herriott cell by a spherical lens.22 The probe beam then
enters from the right side of the cell though a slit in the mirror.
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The probe beam reflects between the mirrors, intersecting the
photolysis beam in the overlap region multiple times before
exiting via a slit in the left mirror. By using separate opti-
cal elements for the photolysis and probe beams, there is less
opportunity for spurious signals to appear due to either scat-
tered photolysis light reaching the probe laser detectors or
transient heating of the probe laser optics by the photolysis
pulse. The Herriott mirrors are spherical with an 800 mm radius
of curvature and a 380-550 nm 99% reflective coating on a clear
BK7 substrate. Figure S2 of the supplementary material shows
the pattern of reflections observed behind one of the mirrors
when the Herriott cell is well-aligned. The reference and sig-
nal beam intensities are both measured by Thorlabs DET110
Silicon detectors on the inlet and outlet side of the reactor,
respectively.

The characteristics of the Herriott multiple-pass laser sys-
tem have been extensively studied, and equations to describe
the system have been published by others.21,38,55 The over-
lap path length of the probe laser beam within the photolyzed
region is calculated from the formulas given by Herriott et al.21

and Trutna and Byer55 for the special case of a circular cell (the
original formulas are given in a general form for an elliptical
geometry). For a typical setup, the overlap of a single-pass of
the Herriott cell with the photolyzed region is 0.7 ± 0.15 m
and the total number of passes is 39 such that the total overlap
path length is 28 ± 6 m. The uncertainty is from propagation
of error.

We also use a New Focus Vortex TLB-6025 CW diode
laser centered at 1315.28 nm to probe the concentration of
iodine (I) atoms made during the photolysis of iodinated pre-
cursor molecules such as vinyl iodide and phenyl iodide.7 This

beam passes through the slits in the Herriott mirrors in a single
pass counter to the probe beam and is focused onto a Thorlabs
DET10C InGaAs detector. The path length of the I atom laser
is ∼70 cm, which is sufficient to measure the 3→ 4 hyperfine
transition of the I atom.19

At either end of the apparatus are two custom vacuum
crosses used to house the Herriott mirrors in semi-custom mir-
ror mounts (crosses shown in both Figs. 1 and 5). The crosses
allow control of the tilt (both horizontal and vertical), axial
translation, and slit angle of the Herriott mirrors while under
vacuum in order to facilitate alignment. The photolysis, probe,
and I atom lasers enter and exit through these crosses, pass-
ing through a window positioned at Brewster’s angle to ensure
minimal back-reflections. Brewster’s angle, defined here as the
angle of incidence that best propagates p-polarized 266 nm
light through the UV-fused silica windows, was calculated to
be 56◦.

C. Photoionization

Typically, roughly 10 electron-volts (eV) of energy are
required to ionize most stable organic molecules.10 Thus, high-
energy radiation in the VUV range is required to photoionize
most molecules. To generate this type of radiation, the third
harmonic (frequency-tripled) 355 nm output of an Nd:YAG
laser is frequency tripled again in a xenon/argon gas mix-
ture to produce the ninth harmonic 118.2 nm (10.487 eV)
wavelength.29 To accomplish the conversion of 355 nm pho-
tons into 118.2 nm photons, the collimated 355 nm beam
from a pulsed Quantel Brilliant Nd:YAG laser (∼50 mJ/pulse,
5 ns pulse width) is focused into a 1:10 Xe:Ar gas mixture

FIG. 5. Custom Herriott cross assem-
bly with semi-custom Herriott mirror
mounts inside shown from (a) the side
furthest from the vacuum chamber, (b)
the side close to the vacuum chamber,
and (c) in cross sectional view with
relevant dimensions shown (in inches).
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FIG. 6. Top cross sectional view of the
VUV generation setup showing the sep-
aration of the residual 355 nm radiation
from the desired 118 nm radiation for
photoionization.

at 80-100 Torr using a plano-convex UV-fused silica lens
(21.6 cm focal length), as shown in Figs. 3 and 6. The
beam must be focused into the gas mixture because the non-
linear conversion process by which the frequency-tripling
occurs can only take place at sufficiently high power densities
(W/cm2), as is the case for most nonlinear optical conversion
processes.56

After the 118.2 nm radiation is generated, it passes
through an MgF2 lens along with the residual 355 nm radi-
ation. As shown in Fig. 6, the two beams are aligned 5 mm
off-axis of the MgF2 lens such that the lens spatially separates
the two wavelengths of radiation, like a prism, due to their dif-
ferent indices of refraction in MgF2.59 The incoming beams
are also at ∼2.5◦ angle with respect to the normal of the vac-
uum chamber in order for the 118.2 nm beam to focus in the
photoionization region. By contrast, the 355 nm beam is not
refracted sufficiently by the MgF2 lens and is therefore not
aligned with the photoionization region. Finally, after passing
through the MgF2 lens, the two beams propagate through a
tube terminated by a cap with a 2 mm hole drilled in its center.
The 118.2 nm beam passes through the 2 mm hole, whereas the
355 nm beam is blocked by the cap. In this manner, only the
118.2 nm radiation is permitted in the photoionization region.
If both beams are allowed in the photoionization region, we
observed species in the mass spectrum with ionization energies
well above 10.5 eV, such as He, as well as unexpected frag-
ments, such as vinyl cations from vinyl iodide fragmentation
(11.3 eV appearance energy40). After switching to the MgF2-
lens-as-prism approach described above and used by many
other researchers,53,61 both the helium and the unexpected
fragment signals disappeared.

The residual 118.2 nm light was partially reflected onto
a NIST aluminum oxide-coated VUV photodiode using an
uncoated elliptical flat as the partial reflector. Only a portion
of the 118.2 nm beam was reflected onto the VUV photodi-
ode surface, instead of the entire beam, to avoid exceeding
the damage threshold of the photodiode. The VUV photo-
diode signal can be used to normalize each corresponding

TOF-MS spectrum for shot-to-shot fluctuations in VUV inten-
sity. However, normal averaging of the TOF-MS spectra for
around 100 shots without explicitly correcting the shot-to-shot
VUV intensity fluctuations was found to be sufficient to get
acceptable statistics. Furthermore, if normalization is desired,
it is better to normalize to another TOF-MS signal, for exam-
ple, one of the internal standard signals present in small con-
centration or another transient product. In this manner, fluctu-
ations from other sources (e.g., photolysis laser power, molec-
ular beam density, detector sensitivity) can be accounted for
as well.

The Kore TOF-MS used in the apparatus is also equipped
with an electron impact ionization source. This e−-impact
source essentially consists of a filament in front of a slit with a
plate behind it held at a specific adjustable voltage. The default
setting of 70 V provides 70 eV of electron impact ionization
energy. While time-resolved electron impact experiments can
be performed, the data acquisition hardware was not optimized
for such experiments. That is, data could only be collected at
the repetition rate of the photolysis laser (<10 Hz), even though
electron-impact experiments could be conducted at much high
repetition rates (e.g., 50 kHz) by pulsing the TOF-MS indepen-
dently. This would allow the time evolution of the mass spectra
to be observed in real time, much like what is done with any
other continuous ionization source. Electron impact spectra
are also difficult to interpret, and the relatively high ionization
energy causes many of the parent ions for each molecule to
fragment into smaller ions. Often, a single fragmentation peak
arises from a number of parent peaks, making deconvolution
of the mass spectra necessary and usually difficult. However,
the electron impact source was a useful diagnostic tool for our
system. For species that do not ionize when using the 118.2 nm
(10.487 eV) light, such as O2, we can observe them using elec-
tron impact ionization, to check for a leak for example. Also,
when troubleshooting issues, such as a lack of signal, we can
use the electron impact source to determine if the VUV ion-
ization setup is the problem or if the tuning of the TOF-MS is
the problem.
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D. Time-of-flight mass spectrometer

A schematic of the Kore TOF-MS used in the apparatus is
shown in Fig. S3 of the supplementary material. The cations
produced by either photoionization or electron impact ioniza-
tion are accelerated into the snout of the TOF-MS by the elec-
tric field applied between the extraction plate (held at ground)
and the TOF-MS components (held at negative voltages). For
the case of photoionization, the extraction plate voltage is
held constant, while for the case of electron impact ioniza-
tion (which is continuous), the extraction voltage is pulsed
to give a time t = 0 for each time-of-flight mass spectrum.
For photoionization, the time of the laser pulse is time t = 0 for
each mass spectrum. After entering the snout (or entrance aper-
ture) of the TOF-MS, the ions are spatially focused by an ion
lens, which consists of a Faraday cage with precisely machined
curved edges. Thereafter, the ion trajectories are steered using
a set of X and Y deflector plates. After passing through the
field-free region (FFR), the ions are reflected and focused both
spatially and temporally using a reflectron. The reflectron con-
sists of a retard plate to slow the ions and a stack of plates
with a steep gradient of voltages to reflect the ions. Finally,
after traveling back through the FFR region, the ions strike the
discrete dynode electron multiplier detector. The signal from
the detector is then amplified using an analog pre-amplifier
when using photoionization (relatively large packets of ions
for each m/z) or using a digital pre-amplifier when using elec-
tron impact ionization (single-ion counting for each m/z, i.e.,
the Poisson limit). The signal from the analog pre-amplifier
is digitized and averaged over ∼100 photolysis shots using a
2.5 GHz (set to 1.0 GS/s) Tektronix DPO7254 oscilloscope.
The signal from the digital pre-amplifier is histogrammed
using a Kore time-to-digital converter. The amplifiers can be

swapped relatively easily, but they cannot be used together at
the same time.

E. Timing and data acquisition

Figures 7 and 8 depict schematically the timing and data
acquisition for both detection techniques (LAS and PI TOF-
MS). The timing of the entire experiment is controlled using a
BNC 575 digital delay generator. For the LAS experiment,
only the firing of the photolysis laser requires an external
trigger. The probe and I atom lasers also used in the LAS
experiment are quasi-cw and cw, respectively, such that neither
requires an external trigger. The intensity of the Ti:Sapphire
laser is measured by a pair of photodiodes before and after
passing through the reaction cell, and a differential amplifier
is used to subtract the former signal from the latter, resulting
in a significant reduction in noise.22 The I atom laser inten-
sity is measured only at the exit of the reactor as differential
amplification was found unnecessary in that case, although the
resulting signal is amplified by 500 times. The photolysis laser
flash, detected by another photodiode, is used as the trigger for
a 1 GHz oscilloscope (Lecroy 6100A Waverunner) that records
the intensity decays of the probe and I atom lasers. The signal
is averaged on the oscilloscope, typically for ∼100 photolysis
shots (∼1 min acquisition time at 1 Hz), before being sent to
the “LabView PC” for storage and further processing on the
“Analysis PC.”

For the PI TOF-MS experiment, there are several compo-
nents that require external triggers. In addition to the photol-
ysis laser, the photoionization laser also requires triggering.
The delay of the photoionization laser trigger is adjusted by
LabVIEW, via the delay generator, to scan through different
reaction times. The delay generator can also be used to trigger

FIG. 7. Schematic of timing and data acquisition for the LAS experiment.
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FIG. 8. Schematic of timing and data
acquisition for the PI TOF-MS experi-
ment.

the high-voltage extraction plates of the TOF-MS, which is
necessary when a continuous ionization source is used, such
as an electron gun or atomic resonance lamp. The other chan-
nels of the delay generator are used to trigger the high-voltage
pulser (DEI PVX-4140) that is connected to the X/Y deflection
plates of the TOF-MS (Fig. S3 of the supplementary material)
in order to direct large packets of ions from background gases
away from the detector and avoid saturating the detector sig-
nal. The firing of the photoionization laser, as detected by a
VUV photodiode, is used to trigger a 2.5 GHz oscilloscope
(Tektronix DPO7254) that records the amplified mass spec-
trum. This oscilloscope is also used to verify the delay time
between the photolysis and photoionization shots, correspond-
ing to the current reaction time being probed by TOF-MS. The
delay time between the firing of the two lasers is precise within
10 ns, well below the resolution of the TOF-MS experiment
due to molecular beam sampling (Sec. III B). After averaging
for ∼100 shots (∼1 min), the spectrum acquired on the oscil-
loscope is sent to the LabView and Analysis PC’s for storage
and further processing.

The entire experiment, including the temperature and
pressure of the reaction cell, the gas flows, the TOF-MS cali-
bration, and the data acquisition, is controlled using a custom
LabVIEW program. The data taken using the instrument are
analyzed using a custom MATLAB program. This program
allows mass spectra from multiple reaction times to be loaded
simultaneously and the various m/z peaks assigned and inte-
grated automatically. It also allows simple pseudo-first order,
second-order, and biexponential fits to be applied to the LAS
data. This program is useful for on-the-fly evaluation of the
data being taken, saving time by allowing problems to be
identified and fixed before proceeding.

III. RESULTS
A. Sensitivity

The sensitivity of the laser absorption spectrometry (LAS)
portion of the apparatus was previously characterized by

Ismail.22 Ismail determined that the use of differential ampli-
fication greatly reduced the noise in the Ti:Sapphire probe
laser signal, as the subtraction of the reference beam taken
before the absorption cell removed most of the systematic
fluctuations in the probe laser intensity. Most of the intensity
fluctuations in the probe beam were due to intensity fluctua-
tions from the Spectra Physics Millennia Xs diode pump laser
power supply. Thus, the noise in the absorption signals for
the new apparatus could likely be improved further by either
upgrading the power supply of the Millennia pump laser or
replacing it entirely with a state-of-the-art low-noise pump
laser.

Another significant source of noise in the LAS experiment
is thermal lensing, which is the movement of laser beams due
to refraction of the beam from thermal gradients. Because the
reaction cell is heated and some of the components around the
apparatus radiate heat, the laser beams pass through a number
of transient thermal gradients. These transient thermal gradi-
ents refract the laser beam randomly, causing its position to
wobble slightly. For the probe beam that is reflected by the
Herriott mirrors and passes through a steep thermal gradient
within the reaction cell many times, the degree of random
movement due to thermal lensing can be quite pronounced
(e.g., ∼1-2 mm of movement in the final beam at high reaction
cell temperatures). Thermal lensing can be manifested in the
LAS measurements as either random “wiggles” and baseline
shifts in the trace or as completely spurious “signals” due to
transient heating of the photolyzed region during the photol-
ysis shot. Averaging can reduce random noise introduced by
thermal lensing, while background subtraction of absorbance
traces with bath gas only can eliminate spurious signals. The
problem of thermal lensing is made worse by greater thermal
gradients and by passing through gases with higher polariz-
abilities. The refractive index of a gas is a function of its
polarizability, and gases with higher polarizabilities tend to
exhibit greater changes in the refractive index as the temper-
ature is changed. Therefore, helium was typically used as a
buffer gas for most experiments due to its relatively low polar-
izability. While other inert gases such as argon or nitrogen
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would have served equally well as a diluent gas, these gases
possess greater polarizabilities than helium and thus result in
higher levels of problem-causing thermal lensing.

Even with residual noise from the pump laser and noise
from thermal lensing, it is still possible to detect transient
absorption signals as small as 0.0001.23 For the 30 m over-
lap path length used to determine this limit by Ismail et al.,
this detection limit corresponds to a cross section weighted
concentration of σiCi = 3.3 × 10−8 cm−1. For a phenyl rad-
ical, which has an absorption cross section of 3.6 × 10−19

cm2,52 this corresponds to a minimum concentration of ∼1011

molecules/cm3.
The sensitivity of the PI TOF-MS portion of the apparatus

was characterized using a custom calibration gas mixture. The
calibration gas mixture, which contained seven species diluted
in helium (propene, 1,3-butadiene, furan, benzene, cyclohex-
ane, toluene, and heptane) with known concentrations and
known photoionization cross sections, was also used to cal-
ibrate the conversion of time-of-flight to m/z in the TOF-MS.
The signal for any given species i in the TOF-MS is given by
the following equation:

Si =σPI ,iRiCi, (2)

where S is the signal (integrated m/z peak area), σPI is the
photoionization cross section at 10.487 eV, R is the mass dis-
crimination factor, and C is the concentration in the reaction
cell.

Equation (2) is a simplification of the complete relation-
ship between S and C36 but will suffice for our purposes. The
mass discrimination factor is an instrument-dependent factor
that accounts for any systematic differences in signal due to
differences in the gas sampling and the detection efficiencies
for each species. Technically, every species has its own mass
discrimination factor, but typically this parameter is mostly a
function of the mass-to-charge ratio (m/z) and is not strongly
dependent on the exact identity and features of the species
being detected.10 The mass discrimination factor for the PI
TOF-MS was measured by the calibration gas signal during
an experiment (phenyl radical + propene at 707 K and 10 Torr,
Sec. III D) and is shown in Fig. 9. Note that of the seven cal-
ibration gas species, only four could be used in this analysis
because the remaining three (propene, benzene, and toluene)
overlapped with some other species or precursor impurities
in the reactor during the experiment. The mass discrimination
factor was fit to a power law

Ri =A
[m

z

]b
, (3)

which is the functional form typically used to match R. A
is essentially a lumped conversion factor between the cross
section weighted concentration and TOF-MS signal [Eq. (2)]
and b accounts for any dependence on m/z. The fit in Fig. 9
uses b = 0.57, similar to the square root dependence on m/z
empirically observed before.36 Interestingly, without excess
propene present in the reactor, no dependence of Ri on m/z
was observed across the entire calibration gas range (42-100
amu). Nonetheless, for the combustion applications of current
interest to us, a heavy hydrocarbon like propene will often be
present in the reaction mixture. Therefore, the best approach

FIG. 9. Mass discrimination factors measured (markers) at 707 K, 10 Torr
during a phenyl radical + propene experiment (Sec. III D). Error bars are from
15% uncertainty in photoionization cross sections. The line is a power law fit.

to quantifying Ri (needed for subsequent product quantifica-
tion) is to fit the measured signals in situ of a small known
concentration of calibration gas, such as in Fig. 9.

The detection limit for the PI TOF-MS was estimated by
measuring signals from the species in the calibration gas mix-
ture using various levels of dilution and comparing them to
the noise in the baseline of the mass spectra after averaging
100 times (background noise). To account for the fact that
each species has a different photoionization cross section and
thus gives a different signal for the same concentration, S/N is
plotted versus the cross section weighted concentration (σiCi,
Fig. 10). Plotting versus σiCi effectively collapses all of the
data onto a single line (accounting for at least 15% cross sec-
tion uncertainty), which was fit using the least-squares method.
Defining the minimum discernable signal to correspond to
S/N = 3, the detection limit for the PI TOF-MS is estimated to
beσiCi = 2× 10−8 cm−1. In terms of a typical organic molecule

FIG. 10. Calibration gas measurements used to determine the detection limit
of PI TOF-MS at 10 Torr and 300 K.
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such as propene (∼10 MB photoionization cross section) or a
radical such as phenyl (∼17 MB46), this detection limit corre-
sponds to∼109 molecules/cm3, about two orders of magnitude
lower than the LAS detection limit. Similar detection limits
were measured at both 10 and 50 Torr.

This measured detection limit can be rationalized through
some simple calculations. First, the detection limit is defined
as the point at which only one ion is generated per photoion-
ization laser shot (single ion counting limit). Second, typical
355–118 nm conversion efficiencies are only 0.0001%56 such
that for 50 mJ pulse−1 of 355 nm input energy we should gener-
ate ∼1011 photons of VUV. Third, we assumed that the free jet
density drops by two orders of magnitude relative to the reac-
tor density (reactor pressure ∼10 Torr) before being skimmed
2 mm from the reactor pinhole, after which the molecular beam
has minimal spread in the transverse direction such that the
overlap path length between the VUV and molecular beams is
∼1 mm.17 Finally, we assumed a typical photoionization cross
section of 10−17 cm2 (10 MB), which gives a detection limit of
109 molecules cm−3 in the reactor, in excellent agreement with
our measured detection limit. Typically we operate at condi-
tions such that the TOF-MS signals for important products of
a photolytically initiated reaction are 1-2 orders of magnitude
above the detection limit and therefore well above the single
ion counting regime.

However, this detection limit is an optimistic estimate
because it was measured using stable species with only helium
bath gas. Radical species will be harder to detect due to wall
losses. Additionally, in a real experiment, there will often be
a large organic molecule (e.g., propene) also present in high
concentration that tends to lower the S/N for a given σiCi

due to both attenuation of VUV photons and a decrease in
the molecular beam density for a heavier carrier gas.33 There-
fore, initial radical concentrations during actual experiments
were typically ∼1012 molecules/cm−3 such that the various
stable products formed have concentrations ∼1011 and give
MS S/N’s of at least 10 (above single ion counting limit)
even in the presence of a heavy excess reagent. This initial
radical concentration is also ideal for LAS as it is 10× that
detection limit, but not so high that radical-radical recombi-
nation will become a significant problem on our experimental
time scale (a typical high-pressure bimolecular rate coefficient
of ∼1 × 10−10 cm3 molecule−1 s−1 for vinyl24 and phenyl
radicals54).

Another feature of Fig. 10 worth commenting on is the
linear dependence of S/N on Ci for a given species, such as
benzene or toluene. It is reassuring that in the S/N range of
10-100 where most products were quantified the MS detector
is within its linear response regime.

B. Time and mass resolution

Because the Ti:Sapphire laser is actually pulsed at 80
MHz, or every 12.5 ns, the fastest possible reaction time
scale that can be measured is limited to 10× this value in
order to have at least 10 points to fit during the decay. For a
pseudo-first order system, this time scale corresponds to a max-
imum reaction rate of k ′ = 8 × 106 s−1. However, this upper-
limit is constrained further by considering the effect of RC

electronics on the signal during data acquisition. Specifically,
the Stanford Research System SR560 pre-amplifier used to
take the difference between the laser intensity before and after
the reaction cell (increasing the sensitivity of the LAS exper-
iment by orders of magnitude, as discussed in Sec. III A) has
a maximum 1 MHz bandwidth. Therefore, the fastest measur-
able k ′ for the LAS experiment is 1 × 106 s−1, as we have
previously noted.7 Similarly, the slowest radical decay that
we have managed to observe with LAS also exhibited sig-
nal distortion due to the electronic data acquisition process.7

In this case, the pre-amplifier, which had a high-pass filter
of 0.03 Hz, was not the problem, but rather the oscilloscope
to which the signal was AC coupled also acted as a high
pass filter with an RC time constant of 65 ms. Therefore,
we estimate the slowest measurable k ′ without significant
electronic signal distortion as 50 s−1. For transient species
that are smaller or more reactive than the iodine atom, their
slowest decays will likely be limited by some other physical
process, such as diffusion out of the probe volume or wall
reaction before this limit is reached. Thus, the absolute great-
est range of first order rate coefficients that can be measured
using the LAS method with this instrument is estimated as the
following:

50 s−1 < k ′ < 1 × 106 s−1.

This four decade range of measurable k ′ values is ideal for
overall kinetics measurements, where it is desirable to measure
pseudo-first-order decays over as wide a range as possible.

The range of kinetic time scales that can currently be
measured using the time-resolved PI TOF-MS technique are
very limited compared to the LAS technique. Although the
BNC 575 delay generator has sub-nanosecond time resolu-
tion and can control the relative timing of the photolysis and
the photoionization lasers to well within their ∼10 ns laser
pulse durations, the time resolution of the PI TOF-MS data
is constrained to much longer time scales by other factors. In
particular, the fastest possible measurement time scales are
limited by transport delays during molecular beam sampling
that include diffusion to the sampling pinhole, flow through
the pinhole, and transport via the supersonic expansion to the
ionization region of the TOF-MS. The effect of effusive and
supersonic sampling on kinetic measurements has been exten-
sively characterized theoretically by Moore and Carr32 and
Taatjes,48 and experimentally, it has been verified that pro-
cesses as fast as 100 µs can be resolved by both effusive3 and
supersonic36 expansions. In our case, the rate-limiting trans-
port step is actually diffusion within the reactor due to radial
inhomogeneities in the photolysis beam, a delay that becomes
more acute at higher P. In order to estimate the overall effect
of all transport processes on the observed PI TOF-MS time-
resolution, the simple, one-parameter model of Baeza-Romero
et al. for transport of species i from the reactor to the ionization
region was adapted,3

dSi

dt
= ksampling

(
RiσPI ,iCi(t) − Si

)
, (4)

where ksampling is a first order rate-coefficient used as a fit
parameter to describe the rate of transport both to and from
the ionization region and Si, Ri, σPI,i, and Ci have the same
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definitions as before (MS signal, mass discrimination fac-
tor, photoionization cross section, and concentration in the
reactor). Baeza-Romero et al. showed for a variety of Ci(t)
functional forms that Eq. (4) can be used to accurately fit for
kinetic processes with pseudo-first-order rate coefficients, k ′,
up to half of ksampling. For example, if Ci(t) is a step function
at t = 0 that changes by ∆Ci,0 (can be either positive or nega-
tive) to a constant value, then Eq. (4) can be solved to give an
analytical equation for the change in Si(t), ∆Si(t),

∆Si(t)=Riσi∆Ci,0(1 − e−ksamplingt). (5)

Therefore, if we photolytically generate some species in the
reaction cell that has a step concentration profile, ksampling can
be determined by fitting the TOF-MS signal observed for this
species to Eq. (5). The positive jump in the I atom MS signal
(m/z = 127 amu) following photodissociation of C6H5I was
used for this purpose (Fig. 11), although a more complicated
form of CI (t) was used that accounts for subsequent reactions
of the I atom necessitating numerical solution of Eq. (4).

Figure 11 compares two different models of sampling:
instantaneous (ksampling → ∞) and fit (ksampling = 750 s−1).
Clearly the instantaneous model is not suitable, but it is help-
ful for visualizing what the profile should look like (what it
does look like inside of the reactor) and how sampling effects
distort that behavior. Over the course of conducting experi-
ments on the phenyl radical + propene system (Sec. III D),
ksampling was fit over a range of T, P and reactor gas compo-
sition, from which it was observed that ksampling is typically
∼1000 s−1 (such as in Fig. 11) and decreases with increasing
P and propene concentration, CC3H6 . The last two observa-
tions are consistent with diffusion within the reactor being the
rate-limiting transport step, as both increasing P and CC3H6

will inhibit diffusion. From this analysis, the fastest process
that could be measured reliably with time-resolved TOF-MS
is∼500 s−1 (half of ksampling) giving a time-resolution of∼1 ms.

FIG. 11. Measured (circles) time-resolved PI TOF-MS profile of the I atom
at 127 amu, following 266 nm photodissociation of iodobenzene in the pres-
ence of C3H6 at 707 K, 10 Torr. The lines are two different models of MB
sampling: instantaneous (blue) and delayed by fitting a ksampling of 750 s−1.
Back-extrapolation of SI,0 for initial radical concentration quantification is
also shown.

Diffusion is slower in our reactor compared to either Osborn
or Blitz for several reasons: 1. We are operating at higher
pressures (≥10 Torr) in order to observe the relatively slow
chemistry of interest to us. 2. In order to fit the Herriott cell,
our reactor is relatively wide (1.6/3.6 cm ID) and long (∼1 m
from the Brewster inlet window to pinhole) such that the pho-
tolysis beam must be expanded and propagated over a long
length, which will tend to create hot spots in the beam. 3.
Given the greater reactor length, slight misalignments of the
photolysis beam can also cause the region directly adjacent to
the pinhole not to be completely illuminated. 4. We are probing
bulkier molecules (e.g., an iodine atom in Fig. 11 and aromatic
molecules in Sec. III D) with smaller diffusivities. Of course
this resolution can and should be improved down to a 10-100 µs
time scale, for instance, by using a reactor P < 10 Torr when
possible or working to improve the radial uniformity of the
photolysis beam. Nonetheless, for the purpose of primary
product branching quantification, a 1 ms time resolution is suf-
ficient so long as primary products can still be distinguished
from later generation products, which was found to be the
case for the phenyl radical + propene system described in
Sec. III D. This is especially true considering that the LAS
portion of the apparatus already has µs time resolution and
as a non-intrusive detection technique is preferable for kinetic
measurements.

The slowest k ′ that can be measured with TOF-MS is
limited by convective transport of the reactive gas out of the
MS sampling region (Fig. 4). For a typical total residence time
of 1 s, the residence time in the MS sampling region is∼50 ms.
Therefore, the range of pseudo-first-order rate coefficients that
can be measured using the PI TOF-MS method is as follows:

20 < k ′ < 500 s−1.

Depending on the identity of the species being sampled for PI
TOF-MS, the lower bound on k ′ could be higher due to wall
reaction loss. Clearly this is a very restrictive range that is not
suitable for overall kinetics measurements, but it is sufficient
for extracting quantitative product branching by PI TOF-MS,
as shown in Sec. III D.

The mass resolution of the PI TOF-MS, m/∆m, is ∼400 as
measured by fitting a gaussian to each of the seven peaks in the
calibration gas mass spectrum and taking the full width at half
maximum, FWHM, of the fit as ∆m (see Fig. 12). This reso-
lution is more than sufficient to distinguish chemical species
with m/z values separated by 1 amu over the m/z range of inter-
est, 1-200 amu. For example, in Fig. 12, the 13C isotopologue
for each species is clearly resolvable. The current cation flight
time is relatively short (∼20 µs for m/z = 200 amu); therefore,
depending on the origin of the broadening, it might be possible
to achieve higher mass resolution by extending the length of
the flight path.

Table II summarizes the sensitivity and resolution of both
parts of the apparatus. Using the phenyl radical as an exam-
ple, the PI TOF-MS detection limit is ∼2 orders of magnitude
lower than it is for LAS. As already mentioned, for a typical
initial radical concentration of 1 × 1012 molecules cm−3, the
LAS S/N will be ∼10, and the various products that are sub-
sequently formed with concentrations of ∼1 × 1011 molecules
cm−3 will appear in the TOF-MS with S/N up to∼100. Despite
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FIG. 12. Representative mass spectrum of calibration gas with gaussian fits
to each peak in order to estimate ∆m. Calibration gas consists of propene
(m/z = 42 amu), 1,3-butadiene (54), furan (68), benzene (78), cyclohexane
(84), toluene (92), and n-heptane (100). There is a fragment of an iodoben-
zene impurity (C6H5I) at 77 amu and an acetone impurity at 58 amu. Other
unidentified peaks are likely accumulated impurities in the reactor. Asterisks
denote 13C peaks of calibration gas.

its lower sensitivity (currently), LAS can measure a much
wider range of k ′. The advantage of combining both exper-
iments is clear: LAS can be used to measure the kinetics of
one species’ decay with very high time-resolution, whereas
PI TOF-MS can measure the appearance of many species at
once albeit with lower time-resolution. Even if the time res-
olution of PI TOF-MS detection is too slow to resolve k ′, it
can still be used to accurately quantify product branching frac-
tions. Finally, other than wall reactions, all of the limitations
in Table II are technical rather than fundamental, and there-
fore, they all have technical solutions. As an example, routes to
improve the fastest TOF-MS k ′ have already been discussed,
while the slowest TOF-MS k ′ (due to convection out of the
MS-sampling region) could be extended by simply increas-
ing the gas residence time. As another example, the detection
limit of LAS could drop by an order of magnitude by increas-
ing the number of probe laser passes accordingly, such as in
cavity ringdown spectrometry,37 or with an astigmatic Herriott
cell.30 It also bears mentioning that although LAS in this appa-
ratus currently uses a picosecond Ti:Sapphire laser, there is no
reason that another UV/visible laser with a narrower band-
width could be directly used instead to allow more selective

radical detection. For example, a dye laser tuned to the 308 nm
absorbance band of the hydroxyl radical, OH, a very important
oxidant in atmospheric and combustion chemistry.34 While
these examples are helpful for highlighting possible directions
for future modification/improvement, the current iteration of
the apparatus is perfectly capable of achieving the original
goal: simultaneous measurements of overall kinetics with high
time-resolution and quantitative primary product branching.
The expected accuracy and precision of these measurements
are discussed in Sec. III C.

C. Precision and accuracy of kinetics measurements

Besides verifying that the LAS/PI TOF-MS apparatus can
be used to measure overall kinetics and product branching, it is
equally important to know how precisely and accurately those
quantities can be measured and why. Table III summarizes the
answers to these questions.

For overall kinetics measured by LAS, the precision can
be very high and is limited primarily by the amount of random
noise induced by thermal lensing, which depends in turn on the
particular conditions of the experiment. In the near-absence of
thermal lensing, precision is limited by the uncertainty in fit-
ting k ′, which is <±0.1% as we have shown previously6 due to
the high density of data points for a given absorbance decay.
However, the accuracy is limited by ±5% systematic uncer-
tainty in the mass flow controller (MFC) calibrations used to
control gas flow rates, which translates into ±10% system-
atic uncertainty in the excess reagent concentrations needed to
convert k ′ into the bimolecular rate coefficient of interest, k. If
each MFC was specifically calibrated for the gas that it is used
to flow during an experiment, then the accuracy could improve
to ±1%. For our purposes, 10% accuracy in k is adequate.

For product branching measured by PI TOF-MS, the pre-
cision is ∼7% due to fluctuations in both the photoionization
and photolysis laser energies. This was determined by compar-
ing replicate measurements of both photolysis-dependent and
independent MS signals. For photolysis-independent signals
(i.e., calibration gas), the highest precision measured was∼2%
(one standard deviation), whereas for photolysis-dependent
signals (styrene product in Sec. III D), it was ∼7% at best.
The accuracy is limited to ±15% due to systematic uncer-
tainties in photoionization cross sections (PICS) needed for
quantification. This is a well-known limitation of MS-based
quantification techniques, but perhaps if relative PICS were
measured with the same instrument and then applied to a
measured product signal ratio, the resulting product branching

TABLE II. Summary of LAS/PI TOF-MS apparatus characterization.

Detection limit Slowest measurable k′ Fastest measurable k′

Detection technique σiCi (cm�1) (Phenyl radical) (cm�3)a Value (s�1) Cause Value (s�1) Cause Mass resolution

LAS 3 × 10�8 1 × 1011 50
High-pass RC filter

1 × 106 Low-pass RC filter of the
. . .

of the oscilloscope differential pre-amplifier

PI TOF-MS 2 × 10�8 1 × 109 20
Convection/wall

500
Diffusion to

400
reactions pinhole/MB sampling

aAbsorption and photoionization cross sections of the phenyl radical at 504.8 nm and 10.5 eV taken from the studies of Tonokura et al.52 and Sveum et al.,46 respectively.
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TABLE III. Summary of precision and accuracy for both overall kinetics and product branching measurements
using LAS and PI TOF-MS, respectively.

Precision Accuracy

Measurement Value (±%, 1σ) Cause Value (±%) Cause

Overall kinetics
<0.1a Fitting k′ 10

Mass flow controller
by LAS calibrations

Product branching
7

Fluctuations in
15

Photoionization cross
by PI TOF-MS VUV/photolysis lasers sections

aWithout thermal lensing.

ratio would be known with much greater accuracy because of
a large cancellation of systematic uncertainties.

This brief analysis represents a best-case scenario esti-
mate, while Sec. III D demonstrates for a real system how
precisely and accurately overall kinetics and product branching
can actually be measured using LAS/PI TOF-MS.

D. Demo system: Phenyl radical + propene

The results shown below are a subset of the total set of
phenyl radical + propene (C6H5 + C3H6) experiments con-
ducted with the LAS/PI TOF-MS apparatus. The full data set

with detailed analysis and discussion is the subject of another
publication.9 Figure 13 shows representative time-resolved
mass spectra obtained under conditions where C6H5 + C3H6

occurs: photodissociation of iodobenzene, C6H5I, in the pres-
ence of C3H6. For convenience, the spectra are divided into
low (m/z = 75-125 amu) and high (125-250 amu) ranges (no
transient signal observed <77 amu). All of the expected pri-
mary products channels of C6H5 + C3H6 are observed in the
low range: hydrogen-abstraction (benzene, C6H6 at 78 amu;
C3H5 at 41 amu is not visible due to overlap with a large C3H6

fragment) and radical addition followed by methyl radical,

FIG. 13. Background-subtracted, time-resolved mass
spectra at m/z range where primary phenyl radical
+ propene products appear (70-125 amu, top) and a
higher m/z range where mostly parent cations of iodide-
containing species appear (125-250 amu). Measured at
707 K and 10 Torr with CC3H6 = 7.4 × 1015 and CC6H5,0

= 1 × 1012 molecules cm−3. Only positive changes are
shown. Each spectrum was averaged over 100 shots (∼2
min at 1 Hz).
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CH3, loss (styrene, C8H8, at 104 amu) or hydrogen, H, loss
(phenylpropene isomers, C9H10, at 118 amu). Although the
signal at 119 amu corresponds to the same m/z as a stabilized
C6H5 + C3H6 radical adduct (C9H11), the time-dependence
observed is not consistent with a radical (too long-lived), and,
by detailed modeling, it was revealed to be a fragment of
a secondary product (next paragraph). An unexpected pri-
mary product is also observed at 91 amu, nominally corre-
sponding to the benzyl radical, C7H7. Through a combination
of quantum calculations, rate theory, and automatic mecha-
nism generation, it was determined that the benzyl radical
is formed from C6H5 + C3H6 via a previously unreported
“aromatic-catalyzed” 1,2-H-migration with ethene, C2H4, as a
co-product. This example demonstrates that qualitative obser-
vations made with time-resolved PI TOF-MS can be of great
value, even for a system such as C6H5 + C3H6 that has already
been studied extensively by CMB1,25,63 and thermal experi-
ments,20,37,64 as well as theoretical calculations.27,57 The other
“signals” observed in the low range of the mass spectrum are
due to fluctuations of the internal standard gases and impuri-
ties (cyclohexane at 84 amu, toluene at 92 amu, n-heptane at
100 amu, and phenyl chloride at 112 and 114 amu) and are not
correlated with reaction time.

The signals in the high m/z range correspond to the I
atom and various secondary products. Many of the secondary
products arise from recombination of the I atom with another
radical present in the reactor including H (128 amu), CH3

(142 amu), C3H5 (168 amu), and C9H11 (246 amu). Although
secondary and higher generation products are generally unde-
sirable, using TOF-MS they can at least be observed and
included in the analysis. For example, the presence of a tran-
sient signal at the parent m/z of C9H11I (248 amu) quickly
led us to the realization that the signal at 119 amu was mostly
a fragment of C9H11I. Subsequent quantitative analysis rein-
forced this conclusion. The other secondary products observed
are from phenyl self-recombination (biphenyl, 154 amu) and
recombination of C9H11 with other radicals: CH3 (134 amu)
and C3H5 (160 amu, not discernable in Fig. 13).

The signals observed in Fig. 13 were all integrated for fur-
ther quantitative analysis, and Fig. 14 shows the results only
for the primary C6H5 + C3H6 products. The lines are model
predictions based on the calculations of Kislov et al.27 Quan-
titatively, styrene (104 amu) was measured as the dominant
product by ∼3-4× in agreement with predictions. The domi-
nance of styrene is also consistent with the other experimental
studies of C6H5 + C3H6 product branching, where styrene was
found to be the major product over a wide temperature and col-
lision energy range. The other measured products match the
predictions as well. The insensitivity of the measured product
branching to the concentration of propene, precursor, and rad-
ical, as well as the photolysis laser fluence was confirmed by
control experiments.

Also shown in Fig. 14 is a simultaneous measurement of
C6H5 decay by the 505.3 nm LAS on a much shorter time
scale: 5 ms compared to the 45 ms PI TOF-MS time scale.
The time-resolution of LAS is more than sufficient to resolve
the pseudo-first-order decay of C6H5, which is also in good
agreement with the predictions The decay rate of C6H5 was
measured with LAS over a range of propene concentrations

FIG. 14. Measured (markers) and predicted (lines) primary products of
phenyl radical + propene quantified by MBMS (top) and decay of the phenyl
radical measured simultaneously by the 505.3 nm LAS (bottom). Measured at
707 K and 10 Torr with CC3H6 = 7.4 × 1015 and CC6H5,0 = 1 × 1012 molecules

cm−3. The LAS trace was averaged over 200 shots (∼4 min at 1 Hz). Pre-
dictions are based on the calculations of Kislov et al.27 Primary products are
nominally benzene (78 amu), benzyl radical (91), styrene (104), and phenyl-
propene isomers (118 amu), although other species also contribute at these
m/z’s.9

from 300 to 700 K. From these data, the overall kinetics of
C6H5 + C3H6 were measured and found to be in agreement
with the cavity ring-down spectrometry measurements of Park
and Lin.37

Regarding the uncertainty in these measurements, the
overall kinetics of C6H5 + C3H6 were measured with 10%
accuracy at various temperatures due to systematic uncertainty
in the C3H6 concentration as discussed in Sec. III C and in
other publications.6,8 The primary product branching ratios,
however, have much higher uncertainty due to both lower pre-
cision and accuracy. As shown in Fig. 15, after only a few
milliseconds, the ratio of the 78–104 amu signal, SC6H6/SC8H8 ,
appears to have reached a steady state value of 0.31 ± 0.04
(one standard deviation uncertainty). This random uncertainty
of ∼15% is greater than the 7% precision quoted in Table III
because the 78 amu signal is near the detection limit where
background noise starts to make a noticeable contribution.
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FIG. 15. Measured (markers) and predicted (lines) primary products of
phenyl radical + propene quantified by MBMS at 707 K and 10 Torr with
CC3H6 = 7.4 × 1015 and CC6H5,0 = 1 × 1012 molecules cm−3. Both measured
and predicted results are plotted relative to the 104 amu/styrene signal at each
time point. Predictions are based on the calculations of Kislov et al.27

Although the concentration of C6H6 is ∼1011 cm−3, which is
well above the detection limit of 109 cm−3 quoted in Table II for
PI TOF-MS, the added presence of ∼6% C3H6 attenuates the
MS signal by absorbing VUV photons and reducing the molec-
ular beam density as already noted in Sec. III A, effectively
raising the detection limit. By contrast, the steady-state 104
amu signal is much higher, as seen in Fig. 14, and is measured
with∼7% precision. In order to convert the signal ratios to con-
centration ratios, photoionization cross sections, σPI, must be
applied,

CC6H6

CC8H8

=
SC6H6

SC8H8

×
σPI,C8H8

σPI,C6H6

. (6)

σPI for C6H6 is 31.8 Megabarns (Mb) with ±6.4 systematic
uncertainty,10 and for C8H8, it is 42.9 ± 4.3 Mb.65 Combining
both random and systematic uncertainties, the measured prod-
uct branching ratio between C6H6 and C8H8 is 0.47 ± 0.19,
which represents the competition between the H-abstraction
and CH3-loss channels in the C6H5 + C3H6 system at the
given conditions. As seen from this simple exercise, system-
atic uncertainty in σPI dominates the overall product branch-
ing uncertainty, and as already mentioned in Sec. III C, this
uncertainty could be reduced by measuring relative σPI.

IV. CONCLUSIONS

A flash photolysis apparatus that combines multiple-pass
laser absorption spectrometry (LAS) for overall kinetics mea-
surements with time-resolved photoionization time-of-flight
mass spectrometry (PI TOF-MS) for quantitative product
branching was described, characterized, and tested for a rep-
resentative chemical system. In order to accommodate both
detection techniques simultaneously, unique reactor and vac-
uum chamber designs were necessary. The current temperature
and pressure range of the apparatus is 300-800 K and 1-50 Torr,
respectively. The PI TOF-MS is two orders of magnitude more

sensitive than LAS such that an initial radical concentration of
∼1 × 1012 molecules cm−3 is optimal for both aspects of the
experiment. LAS is ideal for quantification of overall kinetics
because the decay of one species can be measured with high
time resolution, whereas PI TOF-MS is preferred for prod-
uct branching quantification because multiple products can be
measured simultaneously albeit with lower time resolution.
Simultaneous measurement of both the total rate and product
branching ratios on a single photolysis flash has significant
advantages over the conventional approach of measuring these
quantities separately: the availability of both types of data helps
with interpretation and simplifies detection of problems due to
interferences or impurities, and the measurements are insensi-
tive to fluctuations in photolysis flash intensity. The capability
of the new apparatus was demonstrated for the chemically
interesting phenyl radical + propene system.

SUPPLEMENTARY MATERIAL

See supplementary material for a schematic and picture of
the Herriott multiple-pass cell, and a schematic of the KORE
TOF-MS.
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