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ABSTRACT
We present the development of a new astrochemical research tool, HILTRAC, the Highly Instrumented Low Temperature ReAction Chamber.
The instrument is based on a pulsed form of the CRESU (Cinétique de Réaction en Écoulement Supersonique Uniforme, meaning reaction
kinetics in a uniform supersonic flow) apparatus, with the aim of collecting kinetics and spectroscopic information on gas phase chemical
reactions important in interstellar space or planetary atmospheres. We discuss the apparatus design and its flexibility, the implementation of
pulsed laser photolysis followed by laser induced fluorescence, and the first implementation of direct infrared frequency comb spectroscopy
(DFCS) coupled to the uniform supersonic flow. Achievable flow temperatures range from 32(3) to 111(9) K, characterizing a total of five
Laval nozzles for use with N2 and Ar buffer gases by impact pressure measurements. These results were further validated using LIF and
direct frequency comb spectroscopy measurements of the CH radical and OCS, respectively. Spectroscopic constants and linelists for OCS
are reported for the 1001 band near 2890–2940 cm−1 for both OC32S and OC34S, measured using DFCS. Additional peaks in the spectrum are
tentatively assigned to the OCS-Ar complex. The first reaction rate coefficients for the CH +OCS reaction measured between 32(3) and 58(5)
K are reported. The reaction rate coefficient at 32(3) K was measured to be 3.9(4) × 10−10 cm3 molecule−1 s−1 and the reaction was found to
exhibit no observable temperature dependence over this low temperature range.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220774

I. INTRODUCTION

For many decades, molecules, even those complex in nature,1
have been known to exist in interstellar gas clouds despite the harsh
conditions of the interstellar medium (ISM). Around 300 molecules
have now been identified since the methylidyne radical, CH, was first
observed in space in 1937.2,3 Among the ever-increasing number of
molecules observed, there are ∼28 sulfur containing molecules,4 with
recent detection of trans-HC(O)SH and HNSO toward the Galactic
Center quiescent cloud G+0.693–0.027.5,6 Identification of such a
diverse range of molecules in the ISM has been made possible due
to the development of advanced astronomical instruments such

as the IRAM 30 m and NRAO 36 ft telescopes.2 However, the
formation and destruction pathways of such molecules, particu-
larly for reactions of organosulfur species, at temperatures and gas
densities ranging from 10 to 100 K and 102–108 molecule cm−3,
respectively, remain largely unknown. Large chemical reaction net-
works have been established to accurately account for the observed
abundances of interstellar molecules, yet current astrochemical
models cannot always accurately reproduce the observed molecular
abundances.7

These discrepancies between models and observation are often
caused by a lack of experimental data pertaining to the chemistry of
the ISM, particularly parameters such as reaction rate coefficients
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and product branching fractions. Regarding S-bearing species,
chemical networks are relatively incomplete when considering the
formation and loss of such molecules. Cernicharo et al. evaluated
the current knowledge for six S-bearing species using the UMIST
RATE12 database with additional improvements based on the work
of Vidal et al.8–10 However, even this model underpredicted the
abundances of some S-bearing species relative to the abundance
of H2 by 1-2 orders of magnitude compared to observations, pri-
marily due to the uncertain reaction rate coefficients in elementary
reactions of atomic radicals with various S-bearing species. Many
models of S-bearing species rely on the assumption that the chem-
istry of sulfur-containing and oxygen-containing species is similar
due to the valence isoelectronic nature of sulfur and oxygen. This
is evident in the recent release of the UMIST RATE22 database for
astrochemistry, where the photodissociation rate of HCS included
in the database is the same as for HCO, and data pertaining to HSC
is omitted from the database due to its gas-phase synthesis being
unknown.7 Astrochemical models currently estimate a depleted gas-
phase atomic sulfur abundance that is up to ∼2 orders of magnitude
smaller than the observed value of ∼10−5 relative to the abundance
of atomic hydrogen.9,11–18 Several theories exist as to where the bulk
of the abundance of sulfur resides, one of those being solid OCS. A
recent review on the reservoirs of sulfur suggests that the reaction
of CH + OCS could be an important sink of gas-phase OCS.19 The
reaction also has the potential to form the recently observed thio-
formyl HCS and iso-thioformyl HSC radical isomers.20 However,
no experimental data for the CH + OCS reaction exist at tempera-
tures below 297 K, with Loison et al. suggesting using an upper limit
to the reaction rate coefficient of 4.0 × 10−10 cm3 molecule−1 s−1

in astrochemical models between 10 and 300 K.19 Hence, mea-
suring reliable kinetic and spectroscopic parameters could greatly
enhance the reliability of astrochemical models when attempting to
understand the observed abundances of sulfur-bearing species in
the ISM. There is clearly an increasing need for experimentalists to
develop state-of-the-art laboratory tools to drive the understanding
and interpretation of observations through spectroscopic and kinetic
measurements, as well as suggesting chemistry that could be missing
from current models (networks) or new molecules to search for via
observations.

When developing new experimental methods to study gas-
phase chemical reactions important for the ISM, the first consider-
ation is that the apparatus must be capable of generating a suitable
medium at low temperatures (10–200 K). Methods such as cryogenic
cooling of a flow cell reactor and supersonic adiabatic expansion
(free-jet expansion) can generate cold gas flows satisfying the first
criteria but have major drawbacks for kinetic studies. Cryogenic
cooling or heating of a flow cell reactor is capable of measuring
temperature and pressure dependent reaction rate coefficients down
to 200 K;21–23 however, at lower temperatures, many molecules of
astronomical interest can condense at the cell walls when the partial
pressure of the reagent species is greater than their saturated vapor
pressure. This impacts the ability to accurately measure reactant
concentrations and, therefore, limits the types of radical precursors
and co-reagents that can be used in kinetics experiments. In contrast,
the free-jet expansion of a high-pressure gas through a small orifice
can generate temperatures on the order of 10 K or less and is widely
used in spectroscopic studies.24 While the expanding gas is cooled
in the free-jet expansion, the gas is not uniform in temperature

or density, making it very challenging to determine a reaction rate
coefficient with this method. These limitations were addressed
with the development of the CRESU technique (French acronym
for Cinétique de Réaction en Écoulement Supersonique Uniforme,
meaning reaction kinetics in a uniform supersonic flow) in the
1980s.25,26 The technique and its development have been extensively
reviewed in articles and a recent book, and so only a brief description
of the method follows.27–29

In the CRESU method, the supersonic, adiabatic expansion
of a gas from a high-pressure reservoir into a low-pressure vac-
uum chamber is guided through a Laval nozzle that has a smooth,
axisymmetric convergent–divergent internal profile. The result is a
supersonic flow that is uniform in velocity, temperature, and gas
density that persists for several tens of centimeters from the nozzle
exit, which is a major advantage over other low temperature exper-
imental techniques. This is essentially a wall-less reactor and ideally
suited to the study of cold temperature chemical kinetics.28–30 The
original CRESU design requires a continuous flow of gas into the
reservoir and through the expansion, which necessitates large gas
flow rates (∼30 to 90 SLM) and very high pumping capacities
(∼30 000 m3 h−1) in order to reach the lowest temperatures,
down to 6 K with precooling of the reservoir and 10 K without
precooling.25,31–38 This prompted the development of a pulsed
CRESU system,39 which is currently or has been utilized by several
groups around the world.40–43

A typical pulsed CRESU utilizes pulsed solenoid or piezostack
valves to periodically fill a smaller reservoir (∼1 to 20 cm3) with
gas, which enters through a small orifice (on the order of a few
millimeters) and is emptied by expansion through the Laval noz-
zle. During the pulse, the pressure reaches a steady-state value inside
the reservoir. An advantage of the pulsed CRESU technique is that
the reduced gas flow rates (<20 SLM) and hence gas consumption
reduce the required pumping capacity to <2000 m3 h−1. A more
recent hybrid of the pulsed and continuous CRESU apparatuses has
been developed that essentially pulses the gas through the nozzle
into the chamber by using an aerodynamic chopper wheel.44–47 The
main motivation of this development was to keep the smaller gas
consumption and pumping capacity compared to the continuous
CRESU but to also reduce the turbulence in the expansion com-
pared to the valve-driven pulsed CRESU by keeping the reservoir
pressure and flow rate more stable. However, these systems are dif-
ficult to build and maintain compared to the use of pulsed solenoid
or piezostack valves.

With the CRESU method able to create a suitable medium
at low temperatures in which to study a range of chemical
reactions,27,28,30 a further consideration is that the apparatus must be
coupled to a detection method, or even several detection methods,
to measure reaction rate coefficients and product branching
fractions for the reaction of interest. Pulsed laser photolysis fol-
lowed by laser induced fluorescence (PLP-LIF) is one method that
is ubiquitous in the field of gas-phase chemical kinetics.48–54 The
PLP-LIF method allows one to initiate a reaction, then probe a
specific rovibronic transition of the molecule of interest (typically a
radical reactant) and collect its fluorescence as a function of reaction
time to obtain the relative concentration of the species of interest.27

While LIF is highly selective for the molecule of interest, quanti-
tative product branching fractions, although possible, are difficult
to obtain from this method.55–57 LIF is also fairly limited in its
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applications, with LIF schemes most often available only for small
radicals. Other chemical kinetics detection methods coupled to a
USF include chemiluminescence,58 mass spectrometry,40 and cavity
ring-down spectroscopy.59

More recently, a chirped-pulse Fourier transform microwave
spectrometer has been coupled to the USF.38,43,60,61 Microwave
spectroscopy employed in this manner allows for a wide frequency
range to be detected, collecting detailed spectroscopic and struc-
tural information about the molecules present in the USF. More
than one species can potentially be monitored simultaneously, such
as by observing reaction products. This method of detection has
the potential to allow for accurate product branching ratios from
the relative spectral line intensities. The spectral bandwidth and
frequency range could introduce limitations in these measurements,
however, particularly if vibrationally excited species are produced in
the reaction. The high collision rate within the USF also dampens
and reduces the amplitude of the free-induction decay signal for
these experiments, reducing the achievable signal-to-noise. Sec-
ondary expansion into a lower pressure environment has helped
overcome the signal-to-noise limitation and is still being further
developed.62

An alternative detection method coupled to the USF, and
potentially quite promising, is that of direct frequency comb spec-
troscopy (DFCS).63 It is still a broadband spectroscopic method
and able to potentially monitor more than one species simultane-
ously, but now simply uses direct absorption spectroscopy via the
Beer–Lambert law without having the same issues as chirped-pulse
microwave spectroscopy with the high gas density. DFCS has been
used successfully in a variety of gas-phase reaction kinetics studies,
primarily in cavity-enhanced configurations surrounding flow cells
or high temperature environments.64–66 Its use in a USF has not
yet been published to the best of our knowledge, although it is in
development elsewhere in addition to the work presented here.67

Translating this technology to USF studies has its challenges, such
as mitigating against vibration induced by the high throughput
vacuum pumps used in these studies. Infrared spectroscopy using
single frequency lasers59,68 or broadband light sources69 has already
been demonstrated in a USF using multipass, cavity ringdown, or
cavity enhanced designs (see Chap. 9 of Ref. 27 and references
therein). Multipass configurations are less susceptible to vibrations,
but at the expense of reducing the pathlength through the USF,
limiting the sensitivity of the measurement.

In this paper, we present the development of a new instrument
for astrochemical research, the Highly Instrumented Low Tempera-
ture ReAction Chamber (HILTRAC). The major goal of HILTRAC
is to develop a versatile and sensitive instrument with multiple
detection techniques capable of measuring kinetic and spectro-
scopic parameters, particularly at low temperatures. In this article,
we present the design and experimental setup of the newly com-
missioned HILTRAC apparatus (Sec. II), and we report the very
first results from the newly commissioned astrochemical research
tool (Sec. III). We discuss in detail the chamber design (Sec. II A),
the coupling of LIF to USF (Sec. II B), the first implementation
of DFCS coupled to the USF (Sec. II C), and the methods used
to perform kinetic studies on the CH + OCS reaction (Sec. II D).
We then present the characterization of the uniform supersonic
flow (Sec. III A), the infrared spectroscopy measurements result-
ing from coupling DFCS with the USF (Sec. III C), and the first

measurements of the CH + OCS reaction rate coefficients below
297 K (Sec. III D).

II. EXPERIMENTAL METHODS
The HILTRAC apparatus is detailed in this section, with

specifics given for the apparatus itself, specifics for the optical
components for laser-induced fluorescence and frequency comb
spectroscopy, and the experimental methodology for the kinet-
ics experiment of CH + OCS. All manufacturer product codes
for commercial instrumentation can be found in Table S1 of the
supplementary material.

A. Vacuum chamber apparatus
The HILTRAC experimental apparatus (Fig. 1) consists of two

custom vacuum chambers (Kurt J. Lesker) mounted on an alu-
minum extrusion frame topped with a breadboard. The first vacuum
chamber is movable relative to the second chamber, making it
straightforward to access the inside of the apparatus to, for example,
change the Laval nozzle. The two chambers are 40 cm in diameter,
with the first chamber being 0.5 m long and the second chamber
being 1 m long. The first chamber has ports with vacuum flanges
(Lewvac) that allow for numerous electronics feedthroughs, optical
access by the excimer laser (see below), gas feedthroughs to the
reservoir, optional slip gas leak valves, and 2 and 1000 Torr
Baratron capacitance manometer gauges (MKS) for measuring
chamber pressure and calibrating other pressure transducers. The
stationary second chamber has ports and custom flanges to allow
optical access to the supersonic flow. These optical arrangements are
described further in Secs. II B and II C, but briefly consist of opti-
cal access and detection for laser-induced fluorescence studies and
infrared laser access for frequency comb spectroscopy. The last port
on the top of the second chamber is used for the high throughput
vacuum pump (Edwards GXS 250/2600, max. 1900 m3 h−1). Since
the apparatus is purposefully designed to be highly flexible, addi-
tional blank flanges are currently on the apparatus as well, allowing
for future modifications to house alternative instrument access to the
supersonic flow.

A 1.4 × 0.2 m2 breadboard is welded to the inside of the second
chamber, spanning the full length of the two chambers but not
moving when the first vacuum chamber slides backwards on its
track. Mounted on the breadboard are vacuum-compatible transla-
tion stages (Zaber), which translate the reservoir along the length of
the chamber (X axis) and translate a Pitot tube in the YZ-plane. Posi-
tioning of the reservoir and Pitot tube is achieved via an electronic
interface, with the recirculating ball bearings and precision lead
screw drive system of the stages achieving micrometer resolution
and absolute distance. The reservoir and nozzle can move up to
60 cm in the X-dimension. The Pitot tube is mounted on the
stacked pair of vertical and horizontal translation stages using an
L-shaped bracket, as seen in Fig. 1. The manufacturer’s accuracy and
resolution specifications are given in Table S2 of the supplementary
material. All three stages are controlled via a LabVIEW program,
and the “zero” position of the Pitot tube relative to the central axis of
the reservoir and nozzle is determined via laser alignment and can
be confirmed by collecting 2D contour plots of the uniform flow.

The reservoir (Fig. 1) is based on a custom DN40CF flange
(Lewvac), with a demountable viewport on one side to allow excimer
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FIG. 1. HILTRAC apparatus schematic and inset photos. The apparatus schematic highlights the movable Chamber 1, the path of the UV photolysis laser (light blue), the
reservoir with gas inlets (purple arrows), the USF produced from the nozzle, and the intersection of the flow with the DFCS (red) and LIF (green) optical axes. The top inset
photos show the reservoir with the Laval nozzle (left) and the Pitot tube mounted on the YZ translation stages (right). The bottom inset photo shows an interior picture of the
chamber, with the X translation stage for the reservoir visible on the internal breadboard, the two optical axes for LIF and DFCS overlapping with the UV photolysis laser, and
the cage-mounted LIF collection optics. A red diode laser shows the approximate path of the infrared frequency comb laser beam as it reflects off the gold mirrors for the
Herriott multipass configuration. Further detail is in the text.

(photolysis) laser access and a blank flange on the front to mount the
Laval nozzle. The blank flange allows for Laval nozzles to be attached
to the reservoir with an o-ring seal, either using a clamping mecha-
nism around the exterior of the nozzle or by screwing the nozzle into
the threaded tapped hole on the flange. Two gas feedthroughs (6 mm
outer diameter tube) and two monitoring ports (KF16, for pressure
gauge and optional thermocouple) are arranged at 60○ spacing
around the exterior of the central DN40CF flange. The total internal
volume, including the feedthrough ports, is 35.1 cm3. This is larger
than the previous pulsed valve reservoirs of the Heard and Suits
groups42,43 and uses two pulsed solenoid valves (Parker) with large
orifice sizes (2.95 mm) to achieve a steady state flow into and out
of the reservoir, resulting in a constant pressure in the reservoir.
An example of the reservoir pressure as a function of time before,
during, and after the pulsed valve fire is given in the supplementary
material (Fig. S5). The reservoir pressure is measured by a fast
pressure transducer (Omega), which is regularly calibrated against
the capacitance manometers mentioned earlier. The pulse width
and relative timing of the two pulsed valves are controlled by a
custom-built pulsed valve driver. Gas is handled by a mixing man-
ifold with Tylan and MKS flow controllers and a custom flow
controller electronic interface to set and read out the flow rates with
computer control. For a typical kinetic experiment, separate flow
controllers are used to control the amounts of an excess reagent,
a precursor molecule (often a liquid whose vapor is entrained in a
buffer gas via a bubbler), and a further buffer gas flow to balance the
total density. The gases enter a pre-expansion reservoir (known as
the “ballast”) to allow for sufficient mixing and maintain a constant
pressure behind the pulsed valves. It is assumed that the molecules
have a uniform distribution in the flow after passing through the
reservoir and Laval nozzle.

The Pitot tube (Honeywell) measures the impact pressure of
the supersonic flow achieved with the Laval nozzle, allowing for the
performance characterization of each Laval nozzle, which is dis-
cussed further in Sec. III. The Pitot tube is regularly calibrated using
the capacitance manometers mentioned earlier. The 3D translation
of the Pitot tube relative to the Laval nozzle allows for 1D, 2D, or
3D maps of the achievable flow conditions, as discussed further in
Sec. III. To control the reservoir and chamber pressures to achieve
optimal flow conditions, alterations can be made in the relative
timing of the two pulsed valves, gas flow rates, the addition of a slip
gas flow into the chamber, and vacuum pumping speed. An optimal
flow is one in which there are minimal variations in the temperature
and number density as a function of the distance from the nozzle exit
and where the longest distance maintaining uniformity of the flow is
observed. Measurements of the length of uniform flow help to set the
maximum distance between the nozzle exit and the laser interaction
region during kinetics studies and will vary depending on the nozzle.
Information on operating conditions for various nozzles is given in
Sec. III.

B. Laser-induced fluorescence
Three ports on the second chamber are dedicated to LIF studies,

with two ports for laser access and a third, perpendicular port con-
taining flange-mounted LIF collection optics and a photomultiplier
tube (PMT) detector. The “probe” laser used for CH LIF studies is
the frequency doubled output from a dye laser (Sirah, LDS722 dye)
pumped by the 532 nm output of an Nd:YAG (Continuum 8000)
laser. A laser spot size of 2 mm and pulse energy of 2 mJ is typically
used. The UV probe laser is oriented perpendicular to the flow
direction and is spatially overlapped with the uniform flow and
excimer laser. It is used to excite the CH B 2Σ− ← X 2Π (1,0)70 Q2(1)
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transition at ∼363.432 nm, and fluorescence is detected around
400 nm on the B 2Σ− → X 2Π (1, 1) transition. The fluorescence
detection axis is perpendicular to the plane made by the excimer
photolysis laser and UV probe laser. A concave rear reflector and
biconvex lens surround the interaction region, and a further lens
focuses the light past a bandpass filter (Semrock, 405 nm, 10 nm
bandwidth) and into a PMT (ET Enterprises). The LIF collection
optics are cage mounted (Thorlabs) to the PMT flange to allow for
the distances between the optics and the interaction region to be
optimized for the largest fluorescence signal, as well as ensuring
the mechanical alignment with the flange center and chamber axis.
The LIF signal is processed with an oscilloscope (LeCroy WaveRun-
ner 6100) and transferred to a laboratory computer for further
analysis. A single exponential decay function is fit to the LIF decay
data and integrated to obtain a value proportional to the relative
amount of CH in the flow. The CH fluorescence lifetime is
unchanged during the experiments described here, measured to be
∼450 ns. The primary collision partner in the expansion is argon,
which has a very small electronic quenching cross section for the
B 2Σ− state of CH,71,72 and so it is unsurprising that the measured
lifetime is comparable to the natural lifetime of CH B 2Σ− (v = 1).

C. Direct frequency comb spectroscopy
Two sets of optical ports on the HILTRAC apparatus are

available for the frequency comb laser to intersect the uniform flow
perpendicular to the flow direction, one allowing for a Herriott
multi-pass configuration and one in a cavity-enhanced configura-
tion. The cavity-enhanced configuration is part of ongoing work
and will be discussed in a future publication. The Herriott multi-
pass configuration is presented in this work instead. The frequency
comb laser (Menlo Systems, Mid-IR Comb 3–5) operates over ∼3000
to 5000 nm (2000–3300 cm−1) with a tuneable 200 nm bandwidth.
For the experiments discussed here, the comb was primarily used in
the 3200–3400 nm range. The femtosecond frequency comb laser
has nominally a 250 MHz pulse repetition rate and is frequency
referenced to a rubidium oscillator (SRS FS725). The repetition rate
is tuneable, allowing for the frequencies of the comb to be scanned,
resulting in an interleaved dataset with a finer grid of the frequency
data point spacing than otherwise possible with a single repetition
rate. This is particularly useful at low temperatures or in other
instances where the line shape function of the molecular transition,
attributed mainly to Doppler broadening in these experiments, is
narrower than the nominal spacing between comb teeth (250 MHz
or 0.008 cm−1).

The laser is fiber coupled to and from the HILTRAC apparatus.
Herriott mirrors (Thorlabs) are mounted interior to the chamber
using flange-mounted Thorlabs cage components, and wedged
calcium fluoride windows (Crystran) allow for light to enter and
exit the chamber. The Herriott multipass configuration with off-axis
entrance and exit holes allows for 23 passes through the uniform
flow. A reverse-propagating red diode laser assists in the alignment
of the mirrors, and the number of passes of the visible alignment
laser is assumed to be the same as the number of passes of the
infrared light. This assumption is further validated by the derived
pathlength based on molecular absorption and Pitot measurements
of the uniform flow core size, as discussed in Sec. III.

After traversing the uniform flow, the laser is fiber coupled to
the spatially dispersive spectrometer. The comb spectrometer in our

research group has previously been discussed,73 and so only a brief
description follows and highlights the changes made. Following fiber
coupling, the collimated laser is focused using a cylindrical lens into
a virtually imaged phased array (VIPA, LightMachinery). The new
VIPA has a prism-based coupling design, which allows for higher
coupling efficiency at shallower tilt angles of the optic with respect
to the incoming laser beam. The VIPA has an FSR of ∼9 GHz, as
opposed to the 13 GHz VIPA used by Roberts et al.73 The vertically
dispersed light is then cross-dispersed using a diffraction grating
and then imaged on a position sensitive InSb array camera (Infratec,
640 × 514 pixels). Given the fluctuations in laboratory temperature
and the sensitivity of the VIPA to any changes in temperature, a
thermoelectric cooler with a PID temperature controller holds the
VIPA at 19.0 ○C.

For the pulsed experiments performed here, the frequency
comb data collection is operated in an active background subtraction
mode where the camera is synchronized to the gas pulses in the same
manner as the LIF probe laser above, but the camera is triggered at
20 Hz while the experiment is triggered at 10 Hz. This means that
every other camera image has either the gas sample present (signal,
I) or not present (background, I0) in the interaction region between
the gas flow and the laser beam. A similar scheme has been utilized
and characterized for a pulsed molecular beam in our group, the
details of which can be found elsewhere.74 The camera integration
time (frame exposure time) is 10 μs, and a total of 4000 images (2000
signal, 2000 background) are recorded for each comb repetition
rate. The resulting signal and background images are transformed
into infrared absorption spectra using the Beer–Lambert Law, where
A = log(I0/I). The repetition rate of the comb is stepped by
50 Hz, from 249.999 700 to 250.000 350 MHz. The absorption spec-
tra recorded at each repetition rate are interleaved, resulting in a
data point spacing of ∼0.0006 cm−1 in the final infrared spectrum
reported here. A second experiment is performed at a single repe-
tition rate (250.000 000 MHz) with only argon in the uniform flow,
allowing for the achievable noise level of the new apparatus to be
tested at both 10 and 2 μs of camera integration time, which is
discussed in the supplementary material.

D. Kinetics experiment methodology
An overview of the experimental methodology for mea-

suring temperature dependent reaction rate coefficients for the
CH + OCS reaction is as follows: a gas mixture containing
CHBr3 (Sigma Aldrich 99%), OCS (BOC 20.00% calibrated mix
in argon), and an argon buffer gas are pulsed into the reservoir
and through a Laval nozzle, generating a uniform supersonic flow
with typical densities of CHBr3 ∼4.1 × 1012 molecule cm−3, OCS
0.3–12.9 × 1013 molecule cm−3, and the buffer gas balancing to a
total density of 4.3 × 1016 molecule cm−3 at 32(3) K. A KrF excimer
laser (Coherent COMPex 102) is directed coaxially with the uniform
flow, photolyzing CHBr3 at 248 nm (4 mm diameter spot size,
70 mJ per pulse after the Laval nozzle) to generate CH radicals.52,75

It is assumed that the radicals are generated uniformly in the photol-
ysis beam path through the region of the uniform flow used during
the kinetics experiments.

The OCS concentration is held in excess, with the CH + OCS
reaction progressing under pseudo-first-order conditions. Approxi-
mately 10–20 cm downstream from the exit of the nozzle, the probe
laser (UV LIF excitation laser) intersects the uniform flow, and
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the resulting laser-induced fluorescence signal is used to monitor
the relative amount of CH in the flow. By changing the time
delay between the excimer (pump) and UV LIF probe lasers, a
kinetic time trace of [CH]relative vs time can be made for a specific
OCS excess concentration. The OCS concentration is then changed,
with the argon buffer gas concentration being reduced or increased
to compensate and maintain the uniform flow conditions, and the
experiment is repeated. As discussed in detail in Sec. III D, a line
is fit to a plot of the pseudo-first-order reaction rate coefficient vs
OCS concentration, where the slope is the second order reaction
rate coefficient. This second order reaction rate coefficient is for
the specific temperature generated by the Laval nozzle used for
the uniform supersonic flow, as derived from Pitot tube impact
pressure measurements. The Laval nozzle is then changed to a
different nozzle profile yielding a different temperature, and the
experiment is repeated to derive the reaction rate coefficient at this
new temperature.

The experimental timings of the pulsed valves, excimer laser,
and UV LIF probe laser are controlled by a digital delay gener-
ator (DDG, Berkeley Nucleonics Corporation, Model 565), which
triggers the experiment at 10 Hz. The PMT gate is triggered using
the DDG, with the gate width being 4 μs and relative timing set
such that any excimer laser scattered light observed by the PMT is
minimized. The DDG, reservoir translation stage position, pressure
readings, gas flow controllers, and LIF signal collection and process-
ing are all controlled and automated in LabVIEW. The frequency
comb spectrometer is also triggered by the DDG, with the data
collection of the comb spectrometer separated from the main
kinetics program and detailed earlier. Two photodiodes can be used
to monitor the power of the photolysis and probe laser beams to
account for fluctuations in the laser power.

III. RESULTS AND DISCUSSION
A. Characterization of the uniform flow

A total of five Laval nozzles were designed for this work,
summarized in Table I, with four of the nozzles being replicas of

those used by the Heard research group.42 The naming convention
for the nozzles in our group is based on the order they were printed
or machined. Nozzle 9 is a machined nozzle in stainless steel, a
replica of the M4 nozzle in use by the Heard group.42 Printed nozzles
2–4 are 3D printed Laval nozzles in GreyPro resin (FormLabs) and
are replicas of the M3.3, M2.5, and M2.25 nozzles in use by the Heard
group. The fifth nozzle is also a 3D printed nozzle in black resin
that was newly designed for this work. Before characterizing the
USF, both the reservoir pressure transducer and the Pitot tube were
calibrated against the 2 and 1000 Torr capacitance manometers.
Here, vacuum is taken as the base pressure, and the sensors are
calibrated up to the full range of the reservoir pressure transducer
of 350 mbar. Representative calibration curves can be found in
Fig. S1 of Sec. SII of the supplementary material.

Following these calibrations, the USF properties generated by
each of the nozzles were characterized by impact pressure measure-
ments using a Pitot tube. The Pitot tube (mounted as discussed in
Sec. II A) is placed at the center of the flow axis to measure the
impact pressure (Pi) of the USF as a function of displacement in the
three dimensions, defined as axial (X), radial (Y), and vertical (Z), as
shown in Fig. 1. The nozzle and Pitot tube are positioned along the
vertical and radial centers of the chamber using laser alignment. The
nozzle position within the chamber was set such that the exit plane
of the Laval nozzle is at the face of the Pitot tube at X = 0 cm. The
Pitot tube was set to be in the center of the USF and at the height of
the LIF axis at Y = 0 cm and Z = 0 cm, respectively. An uncertainty
in the “zero” position of the Pitot tube would conservatively be on
the order of 0.5 mm. Finally, an uncertainty analysis was performed
to determine the error that contributes to the overall uncertainty in
the flow properties.

To determine the flow properties from impact pressure mea-
surements, the experimental Mach number must first be determined
by iteratively solving the Rayleigh–Pitot equation [Eq. (1)],29

Pi

P0
= ( (γ + 1)M2

(γ − 1)M2 + 2
)

γ
γ−1

( γ + 1
2γM2 − γ + 1

)
1

γ−1

, (1)

TABLE I. Parameters of the USF for each Laval nozzle used in this work in Ar and N2, characterized by impact pressure measurements. The experimental values are the
reservoir pressure (Pres) and chamber pressure (Pch). The calculated USF properties include the maximum flow length (L), corresponding maximum kinetic time, Mach number,
flow pressure (P), flow temperature (T), and flow number density (D).

Experimental parameters Calculated USF properties

Buffer gas Nozzle Pres (mbar) Pch (mbar) L (cm) Kinetic timea (μs) Mach P (mbar) T (K) D (1016 molecule cm−3)

Ar 9 48.3 0.23 26.0 498 4.9(2) 0.2(1) 32(3) 4(1)
P2 95.1 1.27 23.0 448 4.2(4) 0.9(4) 44(7) 14(3)
P3 56.0 1.16 16.0 320 3.7(2) 0.8(2) 54(5) 11(2)
P4 54.0 1.40 14.0 282 3.5(2) 0.9(2) 58(5) 12(1)
P5 50.1 1.05 15.0 296 3.9(2) 0.5(1) 48(5) 8(1)

N2 9 55.8 0.38 33.0 483 4.1(1) 0.3(1) 68(2) 4(1)
P2 92.6 1.69 23.0 353 3.4(2) 1.5(5) 89(7) 12(3)
P3 53.3 1.28 18.0 286 3.1(1) 1.3(4) 102(6) 9(1)
P4 52.2 1.62 15.0 239 2.9(1) 1.8(5) 111(9) 11(2)

aAn example calculation is given in Sec. III D of the main text.
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where the Mach number (M) is optimized to match the observed
ratio of the impact pressure to reservoir pressure (Pi/P0) at each
displacement value. The heat capacity ratio (γ = Cp/Cv) is known
for common buffer gasses (γ = 1.6667 for Ar or γ = 1.4 for N2).

Once the Mach number has been calculated, the temperature
(T1), pressure (P1), and gas density (n1) can all be calculated using
the thermodynamic relationships given in the following equations:

T0

T1
= 1 + γ − 1

2
M2, (2)

P0

P1
= (T0

T1
)

γ
γ−1

, (3)

n0

n1
= (T0

T1
)

1
γ−1

. (4)

The 2D temperature and gas density profile for the USF gener-
ated by Nozzle 9 is shown in Fig. 2 for an argon buffer gas. Here, the
two solenoid valves were pulsed at 10 Hz, with 10 ms pulse widths,
and the relative timings adjusted to give a stable reservoir pulse for

∼10 ms. The reservoir and chamber pressures were set to 48.3 and
0.23 mbar, respectively. The reservoir was moved away from the
Pitot tube in 0.2 cm increments along the axis of the flow to increase
the distance between the Laval nozzle exit and the Pitot tube, while
the Pitot tube was displaced horizontally across the USF from−1.8 to
1.8 cm in 0.2 cm intervals at the height of the center of the flow axis.
Therefore, resulting in a 2D image of the XY-plane of the USF. At
each displacement, the reservoir pressure and impact pressure val-
ues across the central 2 ms of the pulses were averaged 20 times,
which is discussed further in the supplementary material (Sec. SIV).
The average temperature and gas density over the maximum dis-
tance that the flow maintained uniformity were measured to be 32(3)
K and 4(1) × 1016 molecule cm−3, respectively. The uncertainty rep-
resents the variation in the flow temperature or density profile of the
maximum distance of uniformity, with further discussion on error
propagation given in Sec. SIV of the supplementary material. The
maximum distance of uniformity was conservatively quantified by
finding the distance where the temperature of the USF fell below
one standard deviation of the mean value over the first 10 cm of
the USF. Additional 2D cross-sections of the USF using Nozzle 9
can be found in the supplementary material. In addition, included

FIG. 2. Contour map (bottom left) of the USF in an Ar buffer gas for Nozzle 9 from 1 to 50 cm in X and −1.8 to 1.8 cm in Y in 0.2 cm intervals in both cases, interpolated to
help with visualization. In addition, shown is a 1D profile in the X plane at Y = 0 cm (top) and a 1D profile in the Y plane at X = 15 cm (bottom right).
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in the supplementary material is the characterization of the N2 flow
for the same nozzles. All other nozzles have been validated in one
dimension using both N2 and Ar as buffer gases, and these profiles
can be found in the supplementary material.

Figure 2 shows two features: oscillations in the flow tem-
perature and gas density, and a decrease in the flow temperature
and gas density along the axis of the flow. The uniformity of the
supersonic flow was optimized by systematically changing the cham-
ber pressure to reduce oscillations in the properties of the flow
while maximizing the length of uniformity. In general, the cham-
ber pressure should match the flow pressure calculated in Eq. (3) to
achieve the longest and least oscillatory USF. Oscillations in the USF
flow, which are indicative of shock waves, are typical observations
in all CRESU systems and are reproduced by computational fluid
dynamics simulations.27 Experimental variables such as reservoir
pressure, chamber pressure, and nozzle shape all contribute to
reduce the magnitude and frequency of the oscillations. In this
apparatus, chamber pressure and reservoir pressure, which are
influenced by valve pulse widths, valve delays, and flow rate, were
finely controlled to achieve the most stable USF. Complementary
computational fluid dynamics simulations are currently under-
way to fully characterize and optimize the flow conditions and
nozzle design.76 Eventually, the uniformity of the flow breaks down,
invalidating the Rayleigh–Pitot equations. For kinetics purposes, it
is necessary to know when the uniform temperature and density
conditions are no longer maintained. The breakdown of the USF has
been conservatively quantified as the distance at which the temper-
ature falls below one standard deviation of the average temperature
across the first 10 cm of the USF. The range of temperatures and
gas densities present in the USF impact the kinetic measurements
and are, therefore, considered when calculating the uncertainty in
the reaction rate coefficients measured in this work.

B. Rotational temperature using laser-induced
fluorescence spectroscopy

While Sec. III A used impact pressure measurements to derive
the flow temperature, this section uses the rotational temperature
measured using laser spectroscopy. The temperature measured in
this way assumes that a Boltzmann distribution of the rotational
population is a direct reflection of the overall flow temperature.
This is an oversimplification since rotational and vibrational degrees
of freedom will be collisionally cooled at different rates, especially
by different collision partners. However, past work in the CRESU
community has shown that the rotational temperature and the
Pitot impact pressure measurements (which give translational
temperature) are generally consistent with one another.42,77–79 In
this section, we discuss the measurement of rotational temperature
using laser-induced fluorescence spectroscopy, while Sec. III C
shows results using infrared DFCS.

At a fixed distance downstream of the nozzle exit, the laser
excitation wavelength was scanned and the integrated fluorescence
signal recorded, averaging five fluorescence decay profiles per
data point. Figure 3 shows an example laser excitation spectrum.
The LIF regime (saturated, partially saturated, or linear) plays an
important role in determining relative peak intensities and widths.80

The spectrum shown here was taken under the linear regime. The
UV laser power was monitored using a photodiode during all LIF
spectra scans, changing by less than 10% during a scan. A PGOPHER

FIG. 3. Experimental (red) LIF spectrum of CH B 2Σ−–X 2Π (1, 0), with fluores-
cence detected around 400 nm on the (1, 1) transition. A PGOPHER simulation
is overlaid (black) and used to fit the observed rotational temperature to a tem-
perature of 40(2) K. Note that the Q2(1) transition is primarily used in the reported
kinetics studies.

simulation of the LIF spectrum was made with known CH rovi-
brational constants.81,82 Using contour fitting in PGOPHER, the
LIF spectrum was fit to a rotational temperature. A contour fit
in PGOPHER is a least-square fitting algorithm used to capture
the overall shape of a spectrum, where a calculated spectrum is
fit to the observed spectrum, usually changing parameters such as
linewidth and temperature. The resulting temperature of the coldest
nozzle, Nozzle 9 (Ar buffer gas), measured 15 cm downstream of the
nozzle exit was 40(2) K, with the reported error coming from the
PGOPHER contour fit. The warmest nozzle (Print 4 in N2 buffer
gas) was also fit using PGOPHER, resulting in a rotational tempera-
ture of 128(5) K measured 15 cm downstream of the nozzle exit. The
impact pressure measurements for these two nozzle and buffer gas
combinations showed 32 and 111 K at 15 cm downstream, which
is coincidentally also the USF average temperatures of 32(3) and
111(9) K. The measured temperatures are similar to the rotational
temperature, although the LIF temperatures are generally higher
than impact pressure measurements.

C. Direct frequency comb spectroscopy
in a uniform supersonic flow

This section will first discuss the frequency comb spectrometer
performance when operating in an active background subtraction
mode with a Herriott multipass configuration and then discuss the
interpretation of the observed infrared spectrum of OCS. A further
discussion of the imaging conversion to spectra, noise analysis, and
tabulated results from OCS spectral analysis is presented in the
supplementary material.

To illustrate the capabilities of the frequency comb spectrom-
eter, the OCS spectrum was measured using Nozzle 9 in an argon
buffer gas without any CHBr3 added to the USF. The concentration
of OCS in the flow was 5.49 × 1013 molecule cm−3. Although the
frequency comb laser covers a wide (>200 cm−1) region of the
infrared near 3000 cm−1, the spectrometer used here only collects
∼45 cm−1 in a single image due to the field of view and size of the
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camera array. The angle of the diffraction grating can be changed
and several images captured, as showcased previously,83,84 but this
procedure was not necessary for the current study. The spectral data
presented here cover from 2896.97 to 2940.13 cm−1, which is the
majority of the camera image. An example camera image is shown
in Fig. S8 of the supplementary material. The full spectrum is also
shown in Fig. S10 of the supplementary material compared to a
HITRAN simulation.85 Figure 4, panel A, shows a slightly trun-
cated experimental spectrum (black) compared to the PGOPHER
simulation (red, see details below),81 with panel C showing the spec-
trum when using a single repetition rate (blue). It is immediately
striking that the data collected at a single repetition rate are too
sparse to accurately capture the full spectral profile. For example, the
peak near 2918.9 cm−1 is entirely missing from the single repetition
rate spectrum, while the absorbance near 2919.3 cm−1 is observed.
It is necessary to take repeat measurements at different repetition
rates and then interleave the data to obtain the final OCS absorption
spectrum.

The standard deviation of the baseline of a single repetition rate
spectrum (see Sec. SV of the supplementary material for details),
representative of the noise level, is 1.0 × 10−4 when using 4000
images (2000 signal, 2000 background) as in the spectrum shown

in Fig. 4. The interleaved spectrum has a slightly higher noise level
(1.25 × 10−4) and obviously takes longer to collect in the lab. For
a 20 Hz data collection rate and 14 different frequency comb rep-
etition rates with 4000 images, it took ∼50 minutes to collect the
data for the final spectrum consisting of 72 450 data points spaced
by ∼0.0006 cm−1. While scanning the repetition rate was necessary
to collect an accurate OCS infrared spectrum due to its narrow spec-
tral lines, using this spectrometer for kinetic purposes only (not
for detailed spectral fitting or interpretation) would not necessarily
require multiple repetition rates to be used. If a single repetition rate
were used with 4000 images using active background subtraction,
then 5175 data points at 0.008 cm−1 spacing and 1.0 × 10−4 noise
levels could be collected in under 4 minutes.

The noise level can be further interpreted once the sample
pathlength is determined. Using the known OCS line strength
(HITRAN), the integrated absorption of 42 observed experimental
peaks in the spectrum, and the concentration of OCS in the flow
(5.49 × 1013 molecule cm−3), the pathlength through the sample
was found to be 31(2) cm. Given 23 passes determined by the
overlapping visible laser beam, the pathlength corresponds to a
1.36(9) cm diameter USF. This is in excellent agreement with the
core of the USF identified in Fig. 2, where the flat-topped part

FIG. 4. Infrared spectrum of OCS from 2897 to 2932 cm−1 (black, panel A) compared against a PGOPHER simulation (red, panel A) using a temperature of 49.5 K and a
Gaussian broadening FWHM of 0.002 23 cm−1. A few asterisks mark out some anomalous data points, which are not considered real signals as each only appears at a single
repetition rate and not any other repetition rate data point directly adjacent. The inset in panel B shows a narrow wavenumber region near 2900 cm−1, highlighting absorption
features due to OC34S and potentially OCS-Ar, discussed further in the text. While the experimental data in black in all three panels are the final interleaved spectrum, the
spectrum collected at a single repetition rate (249.999 800 MHz) is shown in panel C, with the blue symbols showing the discrete measured absorbances at each comb
tooth. In addition, shown in panel C are the residuals between the experiment and the PGOPHER simulation. Note that all red traces (PGOPHER simulation) are inverted for
clarity.
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TABLE II. Spectroscopic constants for OC32S found in this work for the 1001 combination band and reported previously for both the ground state and the 1001 combination
band.

Ground state (Fayt et al.)a (This work) Fayt et al.a,b Bogey and Bauer90 Yamada and Klebsch91

Origin ⋅ ⋅ ⋅ 2918.105 10(2) 2918.1055(2) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
B 0.202 856 741 7(5) 0.201 103 1(2) 0.201 103 3(2) 0.201 103 4(5) 0.201 103 07(5)
D 4.341 2(2) × 10−8 5.09(6) × 10−8 5.150 9(7) × 10−8 5.4(8) × 10−8 4.989(6) × 10−8

H −2.6(3) × 10−15 3(4) × 10−13 9.822(6) × 10−13 ⋅ ⋅ ⋅ 3.2(1) × 10−13

aThe error bars were reported to a larger number of digits,87 which has been reduced to the last significant digit in the table.
bFayt et al. include even higher order centrifugal distortion constants (L though P) but were vanishingly small and not included in the fit here.87

of the density profile indicates a core of ∼1.4 cm, also indicating
consistency of the OCS concentration between this infrared mea-
surement and that determined by the mass flow rate. Using the
Beer–Lamber Law, the noise-equivalent value of σN (absorption
cross section multiplied by the number density), which is the
absorbance divided by the pathlength, is 3.2 × 10−6 cm−1. A
discussion in terms of a 1-s noise-equivalent absorption is given
in the supplementary material. In the kinetics experiments carried
out in a USF, typical concentrations of excess reactants are on the
order of 1013–1014, while concentrations of non-excess reactants are
potentially 2 orders of magnitude less. It would be highly unlikely
to study non-excess reactants or products in the flow using a simple
multipass design with only a moderate number of passes through
the flow. For example, the largest peak observed in the experimental
OCS spectrum corresponds to an integrated line intensity (S, in
HITRAN) of 4.57 × 10−20 cm molecule−1, while some of the smallest
peaks observed are on the order of 1 × 10−21 cm molecule−1. A reac-
tant with a concentration of 1011 molecule cm−3 would need a peak
with an absorption cross section of at least 9 × 10−17 cm2 molecule−1

for a signal-to-noise ratio of three, which is unlikely. At low
temperatures, particularly strong absorbers in this region of the
infrared, like methane, hydrogen cyanide, acetylene, and so on,
would be able to be observed with this simple optical arrangement. A
cavity-enhanced implementation is currently underway to help
increase the pathlength through the flow, with the goal of being able
to observe radical species and reaction products.64,65 In the chirped
pulse CRESU experiments, capabilities in observing OCS, CN rad-
ical species, and products from reactions have been demonstrated,
which shows significant promise in using this alternative detection
method.60,61,86 However, a minimum detectable absorbance has not
been reported to the best of our knowledge, making it difficult
to directly compare to our results here, and the achievable noise
level is highly dependent on the pressure within the apparatus.
However, if kinetics are not the goal of the DFCS experiment
and instead only spectroscopy of molecules under temperature-
controlled conditions, the multipass design would be sufficient in
most cases and offers benefits in its robust (relatively vibration-
insensitive) design and a higher light intensity, which is useful for the
spatially dispersive spectrometer. For the frequency comb laser used
here, the 3000–5000 nm (2000–3300 cm−1) spectral coverage offers
the capability of spectrally analyzing a range of astrochemically
relevant molecules under a temperature-controlled environment,
for example, molecules containing functional groups such as
alkanes, alkenes, aromatics, aldehydes, nitriles, and potentially
alkynes.

Apart from characterizing the spectrometer sensitivity, our aim
is to measure and spectroscopically characterize high resolution
infrared spectra collected with DFCS when coupled to a USF. In this
region of the infrared, the OCS spectrum primarily shows the transi-
tion from the ground vibrational state to the combination band 1001,
with contributions from the OC32S and OC34S isotopes (93.74% and
4.16% natural abundance, respectively). The OC33S isotope is also
expected to be present, but its natural abundance is ∼0.74%, and
so the spectrum does not show clear evidence of this isotope. The
combination band transition from the ground vibrational state to
1400 is also accessible in the infrared window near 2935–2940 cm−1

but has a significantly smaller absorption cross section, and so the
experimental spectrum does not show clear evidence of this com-
bination band either. The line fitting algorithm in PGOPHER was
used to fit the 1001 spectroscopic constants for OC32S (Table II)
and OC34S. Linelists and further information are included in the
supplementary material. Fayt and co-workers performed global
fitting to derive spectroscopic parameters, the results of which are
used in the HITRAN database.85,87,88 As can be seen in Table II, the
1001 combination band constants derived in this work agree very
well with the global fitting results from Fayt and co-workers, as well
as the previous microwave spectroscopy results recorded under high
temperatures. In addition, the observed line positions agree fairly
well with a previously reported experimental linelist,89 although less
agreement was found at higher wavenumbers.

Summarized in Table III are the flow temperatures obtained
from the many different experimental and analytical techniques
explored in this work. Using contour fitting within PGOPHER, the
rotational temperature was fit to 49.5(1) K, which is ∼17 K higher
than the temperature derived from Pitot impact pressure measure-
ments at 32(3) K. An alternative way of measuring the temperature
is using a standard Boltzmann plot, shown in the supplementary
material, which resulted in a temperature of 48.9 K, agreeing very

TABLE III. A summary of the flow temperatures obtained from impact pressure
measurements and spectroscopic analysis.

Method Derived flow temperature/K

Impact pressure 32(3)
CH LIF spectrum fitting 40(2)
OCS spectrum fitting 49.5(1)
Boltzmann analysis 48.9(6)
Doppler temperature ∼46
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well with the PGOPHER contour fit. Yet another way of estimating
the temperature is through the analysis of the linewidth. The average
Gaussian full-width-at-half-maximum (FWHM) for the OC32S
peaks was found to be 0.002 23(1) cm−1. The expected Doppler
broadening at 49.5 K is 0.002 28 cm−1 for OC32S at the band origin,
which is higher than what is observed. However, Doppler broaden-
ing at 32 K, the temperature measured by Pitot impact pressure stud-
ies, would result in linewidths of only 0.001 83 cm−1. An additional
influence on the observed linewidth could be from collisional broad-
ening. Previously reported collisional broadening coefficients are on
the order of 6 MHz Torr−1 (0.000 15 cm−1 mbar−1).92 Although this
value is for other collision partners (N2, O2, and self-broadening)
and for a different vibrational band, it serves as a good estima-
tion of an expected contribution of 0.000 03 cm−1 at the 0.2 mbar
pressure within the USF. Even taking collisional broadening into
account, the resulting Doppler temperature is still 46 K, which is
14 K warmer than the Pitot impact pressure measurements. The
boundary layer of the USF is likely to have some influence on the
slightly warmer derived temperature. However, there was no sys-
tematic trend in the contour fitting residuals indicating that multiple
temperatures (for the core and boundary layer) would be neces-
sary to fit the data. In addition, the Boltzmann plot (Fig. S11 in the
supplementary material) is linear when plotting the natural log of
the population vs energy level, again agreeing well with the spectrum
being well-characterized by a single temperature. It is, therefore,
unclear why there is a discrepancy between the molecular rotational
temperature of a stable species within the USF and the Pitot impact
pressure measurements, and a further detailed investigation would
be desirable. It should be noted that this same nozzle is used in
a second CRESU apparatus,52 and an independent measurement
of the flow temperature indicates a very similar temperature of
31(2) K measured by Pitot impact pressure measurements with a
different Pitot tube. Insight into some of the underlying assumptions
in Pitot measurements and potential causes for discrepancies is part
of a recent collaborative investigation.76

There are additional peaks at lower wavenumbers in the exper-
imental spectrum, ∼10 to 15 peaks in total, an example of which
is shown in panel B of Fig. 4. The peaks did not match peak
positions for any OCS isotopologue and did not overlap with any
hot bands or other combination bands expected to be present at this
cold USF temperature, according to HITRAN simulations. It is most
likely that these peaks are due to the OCS-Ar van der Waals complex
or perhaps the OCS dimer. The OCS-Ar complex has been studied
previously and was calculated to be bound by ∼190 cm−1.93–98 The
OCS dimer is also bound by similar energies but is dependent on the
orientation of the two OCS moieties.99–103 These are both reasonable
candidates for formation at the cold temperatures achieved in the
USF. The observed progression has peak spacings of 0.44 cm−1,
which is very similar to the OC32S peak progression. The peaks also
have a noticeably wider FWHM than the main progression: ∼0.0035
instead of 0.002 23 cm−1. These attributes, particularly the similarity
in rotational constant and, therefore, peak spacing, point toward the
unassigned peaks arising from the OCS-Ar complex. However, the
peaks extended past the wavenumber region collected during this
experiment. A detailed study of these peaks and characterization of
the full spectrum is beyond the scope of this work. It should be noted
that the concentration of OCS in the USF for this spectroscopic study
was below the observed curvature in the second order plot discussed

in Sec. III D, which usually indicates excess reagent cluster formation
that can interfere with derived second order reaction rate coeffi-
cients. The ability to observe these spectroscopic peaks showcases
multiple advantages of using DFCS with the USF: first, that com-
plexes that could potentially interfere with kinetic measurements
can be observed and perhaps quantified, and second, that thermal-
ized complexes under controlled temperature conditions have the
potential to be spectroscopically characterized.

D. CH + OCS temperature-dependent reaction
rate coefficients

In order to measure reaction rate coefficients for any reaction, it
is important to know the limit on the minimum value of the reaction
rate coefficient that can be measured, determined by the maximum
kinetic time for each Laval nozzle. In our system, the maximum
kinetic time for the decay in CH concentration with respect to the
delay time between the photolysis and probe laser is defined by the
distance from the exit of the Laval nozzle to the fluorescence detec-
tion axis. For Nozzle 9, with a measured Mach number of 4.9(2)
using an argon buffer gas at a nozzle distance of 26 cm, the gas flow
velocity is 523 m s−1, corresponding to a maximum reaction time
of ∼498 μs. Depending on the quality (signal-to-noise ratio) of the
data, approximately one half-life of the exponential decay should be
measured in order to determine an accurate rate coefficient. In our
system, one half-life within the maximum reaction time corresponds
to a pseudo-first-order rate coefficient of ∼1390 s−1. The maxi-
mum density of OCS that can be used for the nozzle in question is
∼4.3 × 1014 molecule cm−3, which keeps the maximum mixing ratio
of OCS contained within the flow at or below ∼1% of the Ar density.
Combining these gives a minimum reaction rate coefficient of
∼3.2 × 10−12 cm3 molecule−1 s−1 that can be measured in the avail-
able kinetic time for Nozzle 9. Experimentally, the sensitivity limit
is controlled by the ability to discriminate the loss of CH due to
reaction with OCS from other loss processes discussed later in this
section, which is related to the signal-to-noise ratio of the CH signal
with no OCS present in the flow.

To measure the temperature-dependent reaction rate coeffi-
cients for the loss of CH due to reaction with OCS, the pseudo-
first-order loss rates were first measured with varying densities of
OCS for a given temperature. The methodology for determining the
concentrations of CH, CHBr3, and OCS in the USF can be found
in Sec. SVIII of the supplementary material. The relative CH
concentration was monitored by integrating the CH LIF signal over
an acquisition window set on the oscilloscope to 1.5 μs and re-
analyzed in post-processing while randomly varying the time delay
between the photolysis and probe laser pulses for each gas pulse
from −20 to 300 μs. Negative time delays represent a pre-photolysis
regime where no fluorescence is expected to be observed as no CH
should be present in the USF. At 0 μs, the photolysis and probe laser
pulses are overlapped, and so the CH signal is that resulting from CH
generated on the fluorescence detection axis. The nozzle position for
the experiments was such that the fluorescence signal observed at the
longest time delay of 300 μs is that of nascent CH generated at the
exit of the Laval nozzle and represents the time taken for the CH
radical to reach the fluorescence detection axis. Each kinetic decay
consists of 160 data points, giving a 2 μs spacing between the laser
delay times. A total of five successive scans were taken and averaged
together in order to increase the signal-to-noise on the kinetic decay
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trace while also not requiring a significant amount of time for data
acquisition. No significant difference was observed in the kinetic
decay profiles by using a higher number of averages. For each laser
delay time, the averaged fluorescence trace was saved and post-
processed using an in-house Python analysis script to retrieve the
integrated LIF signal at each laser delay time. Further details on this
can be found in Sec. SVIII of the supplementary material.

Following analysis of the individual fluorescence traces, the
integrated fluorescence signal as a function of the laser delay time
was plotted to calculate the pseudo-first-order rate coefficients for
each OCS density. The kinetic decay profiles were baseline corrected
by averaging the first 14 μs at negative laser delay times and subtract-
ing the value from the rest of the kinetic decay trace. There is a sharp
rise in the integrated fluorescence signal on short timescales (≤10 μs)
relating to the fast relaxation of rotationally and/or vibrationally
excited CH radicals to the rovibrational level of the X 2Π ground
state probed via LIF. In addition, the PMT gate can interfere with
the early times of the fluorescence signal. Data were fit several times
between 20 and 36 μs, and the CH loss rates due to reaction with
OCS were found to be independent of the fitting window, sug-
gesting the single exponential decay fitting parameter is free from
CH rovibrational relaxation or PMT gate interference after 20 μs.
Therefore, a single exponential decay function given by Eq. (5) was
fit to the integrated fluorescence signal for timescales longer than
30 μs,

ILIF(t) = Ae−k′t. (5)

Examples of the temporal evolution of the integrated fluorescence
signal for four OCS densities are displayed in Fig. 5. As expected, an
exponential decay in the integrated fluorescence signal is observed
in the presence of OCS, in which the pseudo-first-order rate coef-
ficient increases from 3071 to 46 101 s−1 for OCS densities of 0.00
and 1.54 × 1014 molecule cm−3, respectively. Further discussion

FIG. 5. Representative normalized transient CH integrated fluorescence sig-
nal as a function of laser delay time taken at 32(3) K and a total density of
4(1) × 1016 molecule cm−3, together with single exponential decay fits for [OCS]
= 0.00 (black), 7.73 × 1012 (blue), 4.50 × 1013 (red), and 1.54 × 1014 (green)
molecule cm−3, respectively.

on this is given later in this section when discussing the retrieval of
the reaction rate coefficient.

The pseudo-first-order rate coefficients, k′, are derived at
known OCS densities by fitting Eq. (5) to the kinetic decay pro-
files shown in Fig. 5. For each temperature, reaction rate coefficients
were then obtained from the variation of the pseudo-first-order rate
coefficient with OCS density using Eq. (6),

k′ = kCH+OCS[OCS] + k0. (6)

Here, kCH+OCS represents the bimolecular reaction rate coefficient
for reaction with OCS, and k0 represents a loss rate of CH due to dif-
fusion out of the detection zone, reaction with the precursor, and
reaction with other impurities (such as photolytic products or 2-
methyl-2-butene present in the CHBr3 sample at 60–120 ppm as a
stabilizer).

A representative plot of the pseudo-first-order rate coefficient,
k′, as a function of OCS number density is presented in Fig. 6 for
Nozzle 9 using Ar as the buffer gas. As highlighted in Fig. 6(a), the
pseudo-first-order rate coefficient for a given temperature increased
linearly with respect to the OCS density until OCS densities were
greater than 1 × 1014 molecule cm−3. Above this OCS density,
curvature was observed in the plot where the pseudo-first-order rate
coefficient appeared to remain approximately constant with increas-
ing OCS density. This curvature is likely due to a loss of OCS
in which OCS dimers, higher order oligomers, or perhaps clusters
with Ar or the photolytic precursor are formed, reducing the OCS
monomer density from that which was expected. There is further
evidence for OCS clusters in the infrared spectrum shown in Fig. 4
and discussed earlier. Hence only the linear portion of the plot is
used to derive the reaction rate coefficient using a linear least squares
regression fit where the reaction rate coefficient is retrieved from the
slope of the fit at a given temperature. The average reaction rate coef-
ficient was then derived to be 3.9(4) × 10−10 cm3 molecule−1 s−1,
with an intercept value of 4700(900) s−1 at 32(3) K and an average
total density of 4(1) × 1016 molecule cm−3. A non-zero intercept
value was observed and is common in kinetic measurements made
using the CRESU technique.46,52,104–106 Propagation of error is dis-
cussed extensively in Sec. SIX of the supplementary material. Mea-
surements of the reaction rate coefficient were repeated at 32(3) K
a total of 12 times to verify the experimental reproducibility. In
addition, the reaction rate coefficient was found to be independent
of the precursor concentration and the rovibronic transition being
probed, as shown in Fig. 6(b) below. The non-zero intercept (k0
value) showed no obvious trend when changing the CHBr3 concen-
tration from 1.9 × 1016 molecule cm−3 to 8.7 × 1016 molecule cm−3.
This indicates that although photolysis byproducts or reactions with
the precursor might be reasonable possibilities for the origin of the
non-zero intercept, it is likely that diffusion out of the interaction
region also plays a non-negligible role.

The temperature dependence of the reaction rate coefficient
was then examined by changing the Laval nozzle and, there-
fore, the USF temperature. The measured reaction rate coefficients
and experimental conditions can be found in Table S8 of the
supplementary material. The average values of the reaction rate coef-
ficient are shown as a function of temperature in purple in Fig. 7.
Shown in Fig. 7(a) is an enlarged plot showing the measured k(T)
values in this work, as well as those from previous experiments
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FIG. 6. Loss rate of CH as a function of OCS density at 32(3) K, a total density of 4(1) × 1016 molecule cm−3 and [CHBr3] = 4.5 × 1012 molecule cm−3 with linear fits to
determine k(32(3) K) and 95% confidence bands. A: Study to determine the [OCS] concentration at which curvature is observed. Data where [OCS] > 8× 1013 molecule cm−3

were excluded from the fit as indicated by the purple line. k(32(3) K) = 4.0(1) × 10−10 cm3 molecule−1 s−1. B: Data for [CHBr3] = 8.7 × 1012 molecule cm−3 (blue),
4.0 × 1012 molecule cm−3 (black), and 1.9 × 1012 molecule cm−3 (pink), using the Q2(1) transition at 363.432 nm. The second [CHBr3] was used to examine the CH
propensity using the Q1(1) transition at 363.668 nm (yellow). k(32(3) K) = 3.7(1) × 10−10, 4.0(2) × 10−10, 3.2(1) × 10−10, and 3.7(1) × 10−10 cm3 molecule−1 s−1 for the
blue, black, pink, and yellow data, respectively.

and theoretical calculations for temperatures less than 500 K.107,108

The experimental errors in this work are reported as one standard
deviation from the average value. These values of k(T) are then
compared to those calculated at the collision limit using collision
capture theory (CCT), discussed in a previous publication,108 for
temperatures less than 3000 K in Fig. 7(b).

As can be seen in Fig. 7(a), the rate coefficient showed
no significant temperature dependence over the range of 32(3)
< T < 58(5) K. The pressure dependence of this reaction was not
examined here, but the reaction is expected to be pressure indepen-
dent based on our prior theoretical work.108 In addition, shown in
Figs. 7(a) and 7(b) are the measurements made by Zabarnick et al.107

in the range of 297 < T < 667 K using a flow tube type experiment.
The authors reported a slight negative temperature dependence over

their temperature range, which is also supported by rate coefficients
calculated from statistical rate theory, with the value of the reaction
rate coefficient reaching 4.3 × 10−10 cm3 molecule−1 s−1 at 150 K.
This value is very similar to the average value of k(32(3) K) mea-
sured in our experiments to be 3.9(4) × 10−10 cm3 molecule−1 s−1.
Both these experiments and our prior theoretical work show the
value of the reaction rate coefficient to be very similar to the
4.0 × 10−10 cm3 molecule−1 s−1 upper limit suggested by Loison et al.
to be used in astrochemical models.19 Although no product branch-
ing fractions are measured here, our prior theoretical work suggests
that CO + HCS is the dominant product at low temperatures, with
H + CO + CS being a minor fraction. The inclusion of these data in
astrochemical models could affect the modeled abundance of OCS
and atomic sulfur in the ISM.

FIG. 7. Averaged values of k(T) for CH+OCS as a function of temperature measured in this work (black hollow triangles), compared to previous theoretical calculations (black
circles) and experimental values (black hollow squares). The errors represent 1 standard deviation of the average value. A: Zoom in to clearly show the measured values
of k(T) in this work. B: Comparison of all data with collision capture theory, with the overall rate coefficient shown in red and the individual contributions from dipole–dipole,
dipole–induced dipole, and dispersion forces shown in green, blue, and pink, respectively. For details of these calculations, see a previous publication.108
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It should be noted that using a nitrogen buffer gas to achieve
the higher USF temperatures when measuring the CH + OCS
reaction is difficult due to the competitive reaction of CH +N2 when
N2 is in large excess as the USF buffer gas and the temperature and
pressure dependence of the CH + N2 second order rate coefficient.
The expected second order rate coefficient can be determined using
the previously presented results from global fitting,109,110

k0(T, [M = Ar]) = (1.6 × 10−31) × ( T
298
)
−2.2

× [Ar] cm3 molecule−1 s−1. (7)

It was observed109,110 that the third body identity does not
impact the rate expression given by Eq. (7). For the nozzle Print
2, for example, operating at 89 K and a total density of 12(3)
× 1016 molecule cm−3, the CH + N2 reaction rate coefficient is
2.7 × 10−13 cm3 molecule−1 s−1, which corresponds to a k′ value
of ∼3.1 × 104 s−1 with no OCS present in the flow. This value is
already approximately the same as the k′ value expected for some
of the highest OCS concentrations reported here. We would then
be attempting to observe relatively small changes due to changing
OCS concentrations on top of an already fast kinetic decay. We are
currently working on designing additional nozzles that operate at
lower total densities while maintaining higher temperatures when
N2 is used as a buffer gas to continue studies of CH radical reactions
across a wider range of temperatures.

IV. CONCLUSION
We presented the development of an advanced research

tool, HILTRAC, designed to collect information on the reaction
kinetics and dynamics of important astrochemical reactions. A
well-established kinetic detection technique, PLP-LIF, has been
successfully coupled to the USF, and the first implementation
of DFCS coupled to a USF has been presented in this work.
The low temperature environment required to measure important
astrochemical reactions has been generated using the pulsed
CRESU technique, which has been characterized in this work by
impact pressure measurements, with the achievable temperature
and total gas density ranges being 32(3)–111(9) K and 4(1)–14(3)
× 1016 molecule cm−3, respectively, when utilizing both Ar and N2
as a buffer gas with five different Laval nozzles. With the current
machined or 3D printed Laval nozzles in use, we can achieve
between 239 and 498 μs of hydrodynamic time. In addition, pre-
sented in this work is the capability to fully examine the USF in three
dimensions with a fully automated collection of the impact pressure
as a function of the axial, radial, and vertical distances, allowing for
detailed visualization of the USF. Further investigation of the USF
flow temperature has been provided by fitting the LIF spectrum of
CH and the DFCS spectrum of OCS, where the USF temperature was
found to be ∼10 to 15 K greater than the temperature obtained from
impact pressure measurements. The DCFS technique was further
used to measure accurate spectroscopic constants and report linelists
for OC32S and OC34S for the 1001 combination band. Temperature
dependent reaction rate coefficients for the CH +OCS reaction have
been measured in the temperature range of 32(3)–58(5) K, measur-
ing k(T) at 32(3) K to be 3.9(4) × 10−10 cm3 molecule−1 s−1. No
observable temperature dependence was found over the temperature

range used in this work, with the reaction rate coefficients measured
showing no dependence on the radical precursor concentration or
the rovibronic transition used. An extensive uncertainty analysis for
all aspects of the work presented has also been performed to fully
characterize the HILTRAC apparatus. While product branching
fractions have not been measured in this work, the successful
implementation of DFCS offers real prospects of observing multiple
molecular species involved in a reaction in future studies. In addi-
tion, the HILTRAC apparatus has been designed to make future
modifications possible, such as coupling other detection methods
to the USF, making this a highly versatile tool for studying the
chemistry of planetary atmospheres or the interstellar medium.

SUPPLEMENTARY MATERIAL

Additional information on the HILTRAC apparatus char-
acterization, including uncertainty analysis, calibrations, and fre-
quency comb spectral analysis, can be found in the supplementary
material. In addition, included is further detail on the CH + OCS
kinetic measurements and OCS spectroscopic parameters and
linelists.
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