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Abstract:

A novel chirped-pulse Fourier transform microwave (CP-FTMW) spectrometer has been constructed to cover
the Ka-band (26.5 GHz — 40 GHz) for use in the CRESUCHIRP project, which aims to study the branching
ratios of reactions at low temperatures using the chirped-pulse in uniform flow (CPUF) technique. The design
takes advantage of recent developments in radio-frequency components; notably high-frequency, high-
power solid-state amplifiers. The spectrometer had a flatness of 5.5 dB across the spectral range, produced
harmonic signals below -20 dBc, and the recorded signal scaled well to 6 million averages. The new
spectrometer was used to determine pressure broadening coefficients with a helium collider at room
temperature for three molecules relevant to astrochemistry, applying the Voigt function to fit the magnitude
of the Fourier-transformed data in the frequency domain. The pressure broadening coefficient for OCS was
determined to be (2.45 + 0.02) MHz mbar! at room temperature, which agreed well with previous
measurements. Pressure broadening coefficients were also determined for multiple transitions of vinyl
cyanide and benzonitrile. Additionally, the spectrometer was coupled with a cold, uniform flow from a Laval
nozzle. The spectrum of vinyl cyanide was recorded in the flow, and its rotational temperature was
determined to be (24 + 11) K. This temperature agreed with a prediction of the composite temperature of
the system through simulations of the experimental environment coupled with calculations of the solution
to the optical Bloch equations. These results pave the way for future quantitative studies in low-temperature
and high-pressure environments using CP-FTMW spectroscopy.
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I. INTRODUCTION

The interstellar medium, the material that forms stars and planets and exists between them, is chemically
rich with over 200 molecules so far identified in different areas of space. The interactions between these
molecules occur at very low temperatures and pressures, over long timescales, and occasionally with the
influence of high-energy radiation. To accurately model these environments, laboratory data are needed for
these interactions at similar conditions to those found in space. Amongst such data are the branching ratios
for chemical reactions that have more than one product channel. Few experiments exist that are capable of
determining branching ratios, especially at the low temperatures of the interstellar medium.! The aim of
the CRESUCHIRP project is to determine these ratios by coupling the well-established CRESU (Cinétique de
Réaction en Ecoulement Supersonique Uniforme, or reaction kinetics in uniform supersonic flow)
technique? for studies of cold chemical kinetics with chirped-pulse Fourier-transform microwave (CP-
FTMW) spectroscopy.® The combination of these techniques has been designated as chirped pulse in
uniform flow (CPUF).** To this end, a novel CP-FTMW spectrometer operating in the Ka-band (26.5 — 40.0
GHz) has been designed, built and tested. The Ka-band spectrometer complements an existing E-band

spectrometer, which was recently built for the CRESUCHIRP project.®

Rotational spectroscopy is a powerful tool for product identification: each molecule has a unique
rotational spectrum which is specific to a particular molecular isomer, conformer, isotopologue and
vibrational mode. Furthermore, the CP-FTMW method can cover a wide spectral range with a single scan
and can rapidly target specific transitions.? These traits, combined with the well-established response of
molecular dipoles to external stimulation,” make CP-FTMW spectroscopy an attractive tool for detecting
diverse species simultaneously in a quantitative manner. This has been demonstrated in earlier work, where
the CPUF technique was used to measure the product branching ratios of the reaction between CN and
propyne in a uniform CRESU flow,® and, in a quasi-uniform flow, the photodissociation of isoxazole® and the

I*°. However, there are a few challenges associated with CP-FTMW

photodissociation of the propargyl radica
spectroscopy. Firstly, a single CP-FTMW scan is not very sensitive, so spectra must be compiled from
averages of up to millions of scans. Therefore, maintaining phase-stability between the various components
involved is of utmost importance. Secondly, the power and duration of the excitation pulse needs to be
finely tuned to elicit the best response from the molecular dipoles.!! Thankfully, recent advances in
microwave technology have greatly benefitted the field of CP-FTMW spectroscopy. For example: faster
switches, lower-noise/higher-gain low-noise amplifiers (LNAs), faster data acquisition devices, and more

powerful, faster-switching broadband power amplifiers have all made CP-FTMW spectroscopy a competitive

tool for quantitative analysis.
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In order for CP-FTMW spectroscopy to be effective for quantitative studies, it is essential to know
some spectroscopic information about the system to be studied. Primarily, the transitions to be probed need
to be well documented, with data on their frequencies, quantum numbers and intensities. Additionally, for
experiments that maintain a thermodynamic equilibrium through collisions with a buffer gas, such as those
to be performed in CRESU flows, data on the collisional broadening of the rotational transitions is vital for
determining the feasibility of a study. The shape of the free induction decay (FID) can be described by the
well-known Voigt profile; this includes two decay parameters which describe the half-width at half-
maximum (HWHM) of the Gaussian component of the decay; Avpgpp, and the Lorentzian component of the
decay; AVpres. The Avpop, cOmponent is an inhomogenous parameter directly related to Doppler broadening.
On the other hand, Avprs is a homogenous parameter directly related to collisional or pressure broadening.
In CP-FTMW experiments, collisions degrade the polarization of the molecular sample induced by the
chirped pulse. Collisional broadening affects the spectra of all molecules in high-pressure environments, and
as such these parameters are important in the fields of atmospheric chemistry, and exoplanet chemistry, as

well as in astrochemistry.

Collisional broadening data are not readily available for many species of astrochemical interest, as
these types of experiments at relatively high pressures and low temperatures are a recent development in
the application of CP-FTMW spectroscopy. Carbonyl sulfide (OCS), besides its relevance as a species detected
in interstellar space,'? and planetary atmospheres,®® is a useful molecule for benchmarking CP-FTMW
spectrometers, and has a well-defined transition (J=3-2) within the Ka-band. This transition has been studied
in the context of pressure broadening with a helium buffer gas by Story et al. who observed pressure
broadening in a microwave absorption experiment.!* Numerous other transitions of OCS have also had their
broadening coefficients with helium determined.?>®176 Vinyl cyanide (acrylonitrile, CH,CHCN)*® and
benzonitrile (c-CsHsCN)*® are both molecules that have been detected in interstellar space, but little is known
about their pressure broadening behavior. Cyanide-containing molecules are ideal for rotational
spectroscopy as they often have a strong dipole moment, examples that have had their collisions with

),%*' cyanoacetylene (HCsN),**"** and hydrogen cyanide

helium studied include: methyl cyanide (CHsCN
(HCN)*-28_ With the goal in mind of providing data useful to CPUF experiments, the important transitions
within the Ka-band for the species OCS, vinyl cyanide, and benzonitrile have been identified and
characterized in order to determine their pressure broadening coefficients. Vinyl cyanide was also studied in
a cold, high-pressure CRESU flow, with its rotational temperature determined through CP-FTMW

spectroscopy.
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Il. EXPERIMENTAL
A. Ka-band spectrometer

In designing the spectrometer, priority was given to phase-stability and the signal-to-noise ratio (SNR),
utilizing the latest technology available. The design drew inspiration from the Ka-band spectrometer detailed
by Zaleski et al,*® and the lower frequency (8.7 — 18.3 GHz) spectrometer detailed by Reinhold et al.3° Two
different configurations of the spectrometer have been tested: one with a wide-band oscilloscope for data
capture and a second featuring a fast digitizer card for data capture, which provides a speed improvement at

the cost of bandwidth. The schematics of the two configurations are shown in figure 1.
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Figure 1. Part (a) shows the testing configuration of the spectrometer using an oscilloscope as the data capture device.
On the right in part (b) is the configuration used in the pressure broadening experiments with the digitizer in use as the

data capture device.

The first configuration (configuration 1), which is primarily used for testing purposes, begins with chirped
pulses generated by a Keysight arbitrary waveform generator (AWG — M8195A) from 1-16 GHz. The chirped
pulses are up-converted to the Ka band through a Marki double-balanced mixer (MM1-1850H), using a
phase-locked dielectric resonant oscillator (PDRO — Microwave Dynamics PLO-2000) providing a 41.1 GHz
single frequency as the local oscillator (LO) which is filtered by a bandpass filter (Reactel — 4W8-41G-x200
K11) with a nominal bandwidth of 400 MHz. The upconverted pulse passes through an RF-Lambda
preamplifer (R24G40GSC) and a variable attenuator (RLC AV-26540) for careful level matching to the power
amplifier. The power amplifier is a 50 W solid state amplifier manufactured by Meuro (MPH260400G4547R),
which represents the cutting-edge in high-frequency, high-power solid state amplification. To the authors’

knowledge, this study presents the first example of a high-power, Ka-band solid state amplifier used for
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molecular spectroscopy. The amplifier is fast switching (around 30 ns) and able to operate at a specified
powered output duty cycle of up to 30%. The output of the amplifier is coupled to a 25 dBi gain horn
antenna (Sage SAR-2507-28-S2), which directs radiation through a Teflon window into a 1.5 m long by 0.15
m diameter vacuum chamber, containing the species of interest.® The interior of the vacuum chamber is
lined with microwave-absorbent material (Laird Eccosorb HR-10) in order to dampen reflections of the

excitation pulse within the cell.

At the opposite end of the flow chamber, radiation exits through another Teflon window, before it is
received by a second 25 dBi rectangular horn. The signal then passes through a waveguide variable
attenuator (Sage STA-30-28-M2) which is used to protect the receiver circuit when testing the switch
timings. The switch itself (Millitech PSP-28-SIAHF) is immediately behind the attenuator; it has a rise time (to
95% transmission) of 70 ns, a fall time of around 20 ns, and isolates from 40-50 dB across the Ka-band. The
switch is precisely timed to absorb signal when the high-power excitation pulse is active, and to pass signal
immediately after the end of the pulse, to allow the FID to proceed to the LNA stage. After the switch, the
signal is amplified by two cascaded, coaxial Ka-band LNAs (RF-Lambda R24G40GSB, Miteq LNA-40-26004000-
35-15P) with a combined gain of 64 dB. The amplified signal is downconverted through an identical Marki
mixer to the upconversion stage, using the same PDRO LO source. By using the same LO source on the
upconversion and the downconversion stage, phase-noise introduced by the LO effectively cancels itself out.
The intermediate frequency (IF) from the mixer is finally passed directly into the oscilloscope for

measurement.

The master clock for the spectrometer is provided by a GPS-disciplined rubidium clock (SRS FS740)
which outputs a 10 MHz timing signal. This signal is converted to a 100 MHz timing signal by an oven-
controlled crystal oscillator (OCXO) coupled with a distributing amplifier from Precision Test Systems
(Precision Test Systems GPS10-eR-50). The 100 MHz signal will provide better stability when scaled up to the
clock frequencies of the AWG, oscilloscope, and PDRO, which are all locked to this signal. The AWG has 2
marker channels available which are used to trigger the spectrometer. The first channel is sent directly to
the recording device (oscilloscope or ADC card) to trigger the acquisition. The second channel is fed to a
digital delay generator (DDG — BNC 575), timed by the 10 MHz clock signal, which triggers the non-phase-

critical parts of the experiment, namely the power amplifier and the receiver-side switch.

A second configuration of the spectrometer (configuration 2), which was used to record all the
spectral data presented here, employs a fast digitizer card for data acquisition synchronized to the 100 MHz
signal. This card from SP-Devices (ADQ7DC-PCIE-FWATD) operates at 10 GS/s, using dual interleaved ADC
chips, with a nominal bandwidth of 2.5 GHz. The card can record a frame of up to 200 ps, with a fast

repetition rate of up to 30 kHz. The onboard field-programmable gate array (FPGA) can sum up to 262,144
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repetitions, at which point the data is transferred to the host computer and the card re-arms itself. This
allows for a substantial improvement in recording speed over the oscilloscope, which can record typically at
a rate of 30 acquisitions per second in these conditions. However, as the ADC card can only record up to 2.5
GHz of bandwidth at the 3 dB level, it is necessary to set the LO frequency in the downconversion stage to
within 2.5 GHz of the transition to be probed in order for the FID to be detectable by the card. For this
purpose, the output from a 0.5-21 GHz Signal Core synthesizer (SC5511A) was used, after doubling in a Marki
frequency doubler (ADA-1020), to provide an LO tunable within the range of 26-41 GHz. For the phase-
benefit of using the same LO source on both sides of the frequency conversion, the doubled synthesizer is
used for both up- and down-conversion. The use of a movable LO results in the acquisition of dual-sideband
spectra. Care was taken to ensure that different transitions do not overlap in the acquired spectra. A second
drawback of the ADC card is that it introduces a strong spurious signal at 2.5 GHz due to the interleaving of
its dual ADC processors. This spur, and other electrically-induced spurs, are efficiently removed from the
resulting spectrum by using a correlation filter, built from the final part of the acquisition, well after any FIDs

have decayed away.
B. Gas-phase studies

For the determination of pressure broadening parameters, mixtures of the species of interest and
helium (Air Liquide —99.995% purity) were made up in a large mixing vessel, before being introduced into
the flow cell via a flow controller (Brooks GFO80CXXC). Mixtures of 13 mbar of OCS (Sigma Aldrich —97.5%
purity) with 1.41 bar of He (0.92 % by pressure), 14 mbar of vinyl cyanide (Sigma Aldrich — 99% purity) with
1.48 bar of He (0.95 % by pressure) and 1.3 mbar of benzonitrile (Acros Organics —99% purity) with 0.15 bar
of He (0.87 % by pressure) were used for these experiments. The liquid species, vinyl cyanide and
benzonitrile, were subjected to multiple freeze-pump-thaw cycles before each use. Additional helium was
flowed into the cell via another flow controller (Brooks GFO80CXXC) to vary the pressure within the cell. For
self-broadening measurements, benzonitrile vapor was introduced into the cell via a dosing valve which
allowed fine control of the total cell pressure of benzonitrile. The cell was pumped by a turbomolecular
pump, backed by a scroll pump, and the pressure determined by a capacitance manometer (Brooks XacTorr

CMX0). All flow cell experiments were performed at room temperature, which was regulated at 21°C.

For the CRESU experiments a flow of liquid vinyl cyanide set by a Coriolis flow meter (Bronkhorst
mini CORI-FLOW ML120 V00) to 5 g h'* was vaporized through a controlled evaporative mixer (CEM —
Bronkhorst W-202A-222-K) with the vapor transported by a flow of 5 SLM (standard liters per minute) of a
helium carrier gas supplied by a separate mass flow controller (Bronkhorst EL-FLOW Prestige).3! The
evaporated mixture was injected along with an additional supply of helium buffer gas, which was

continuously adjusted to maintain a constant pressure of 97.73 mbar, as measured by a capacitance
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manometer (Brooks XacTorr CMX0), within a reservoir mounted in the experimental chamber. The gas in the
reservoir continuously expanded into the chamber through a Laval nozzle. The experimental chamber was
maintained at a pressure of 0.113 mbar by a series of roots pumps. The nozzle was characterized by 2-D
impact pressure measurements using a pitot tube, displayed in Figure 2, showing a uniform flow core with
an average temperature of (18.7 £ 0.5) K and pressure of (0.113 £ 0.002) mbar. Computational fluid
dynamics (CFD) calculations were performed using the rhoCentralFoam solver3? in the openFOAM package>?
to further characterize the nozzle flow and in particular the properties of the boundary layers. A comparison
to the Pitot tube measurements is shown in Figure 2. The periodic variation in the parameters of the flow is
due to small, stationary expansion/compression waves due to a difference between the core pressure and
the ambient pressure in the chamber. Two 17 dBi Ka-band horns were mounted in the chamber around 20
cm apart, defining a transverse axis that intersected the center of the uniform flow at 18 cm from the nozzle
exit. A Kapton waveguide vacuum window was placed behind each horn, and the interior of the chamber
was well-covered with microwave absorbent foam (Laird Eccosorb HR-10). The CRESU flow was probed with
the Ka-band spectrometer using 10 ns single-frequency pulses targeting particular transitions of vinyl
cyanide, with each FID averaged 500,000 times. The peak response of the strong vinyl cyanide transitions
was for a pulse length of around 15 ns. A shorter pulse length benefitted from fewer reflections from the
excitation pulse being present in the recorded data. A blank performed without vinyl cyanide flow but

otherwise under identical conditions was subtracted from the recorded signals.
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Figure 2. Characterization of the flow through the Laval nozzle used in the CRESU experiments. Part (a) shows the flow

density as determined by a CFD simulation using the rhoCentralFoam solver included in the openFOAM software. Part
(b) shows the flow density as determined by Pitot tube measurements of impact pressure at various distances. Part (c)
shows the temperature profile of the flow along its axis from the exit of the nozzle, comparing the simulated and the

Pitot tube results.

The recorded FIDs were analyzed in the manner previously detailed for a time-domain Voigt profile.®
However, transitions occurring in crowded spectral regions were difficult to fit in the time domain. In these
cases, recorded FIDs were converted to frequency-domain spectra by taking the absolute value of a fast
Fourier transform (FFT). The FFT was performed with a square window gated over the FID, avoiding the parts
of the FID interfering with reflected light resulting from the excitation pulse. The magnitude of the FFT was
used as it is considered to be complicated to correct for the phase of the individual time-domain signal
components in CP-FTMW spectroscopy, which can be done to produce absorption-only spectra.?*3> In the
case where the magnitude of the FFT is used to produce frequency-domain spectra, both the absorption line
profile and the dispersion line profile must be considered. The frequency-domain lines from these
experiments were fit to the equation of the magnitude of the complex Voigt function, which includes the
absolute value of the real component of the Faddeeva function with the imaginary component of the

Faddeeva function:
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|w (x -6+ Avpresi)|
a2
oV2n

Where x is the frequency, 0 = Avpos/V(2In(2)), w() is the Faddeeva function, § is a frequency offset, a; is a

(1)

f(x, a, AVpres, 6, a) =q

scaling constant corresponding to the integrated intensity, and Avpres and Avp,,p are the half width at half
max (HWHM) values of the Lorentzian decay component of the FID and the Gaussian decay component of
the FID respectively. This form of the Voigt function includes both the absorption component and the
dispersion component of the complex line-shape, the real value giving the absorption Voigt profile, and the

imaginary value giving the dispersion contribution.

The fitting for both the time-domain and the frequency-domain data was tested using the
Levenberg-Marquardt method, with the global minimum verified using the AMPGO (adaptive memory
programming for constrained global optimization) method,*® implemented in the Lmfit Python package.’’
Transitions which consisted of several unresolved hyperfine components were fit to a summation of multiple
Voigt profiles. The variation in transition frequency for different hyperfine components is considered to be
negligible considering the scale of the change compared to the size of Doppler broadening in these
experiments, therefore Doppler broadening was constrained to a single value for each hyperfine transition.
Furthermore, the pressure broadening parameters of the different hyperfine components were assumed to
be equal, for this analysis. The total uncertainty for each point takes into account the 95% confidence
interval of the Voigt fit and the uncertainty in the pressure measurement. After plotting the pressure
broadening rates, Av,res, against the system pressure, the slope of the (non-weighted) linear fit of the
different points gives the pressure broadening coefficient yres(T), which is a physical constant proportional

to the collisional cross-section of the two colliding species at a certain temperature.

lll. RESULTS
A. System performance

A spectrogram, shown in Figure 3, was recorded to examine the spectral purity of the excitation

pulse, and the frequency response of the system, using configuration 1.
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Figure 3. A spectrogram of a chirped pulse from 40.6 GHz to 25.4 GHz over a time of 1 ps. The most intense point is set
arbitrarily to 0 dB. The signal is recorded after having been upconverted, broadcast from the power amplifier, and then
downconverted, but without the use of the two LNAs shown in Figure 1. The time-domain spectrum was recorded by

the oscilloscope, and is shown at the bottom of the figure.

The LNAs were removed from the circuit for the recording of the spectrogram, which shows a
relatively flat response across the range of the instrument, the difference in power between the most
intense frequency (34.85 GHz) and the weakest frequency (26.5 GHz) is 5.5 dB. This figure can be improved
by tuning the preamplifier stage of the spectrometer to better suit the lower frequencies, but at the expense
of power in the upper frequencies. Harmonics of the carrier frequencies begin to appear at around -25 dB,

but for most frequencies the strength of the harmonics and any spurs is below this level.

10
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Figure 4. Square of the signal-to-noise ratio (SNR) of an arbitrary single frequency pulse emitted by the broadcast side
of the Ka-band chirped pulse Fourier transform spectrometer plot against the time taken to record, at a repetition rate

of 1 kHz. The black line shows ideal theoretical performance.

Extensive averaging tests were also performed with a range of different instrument configurations to
ensure the expected SNR gain with increasing number of averages, extending up to 6 million averages over a
100 minute timescale, as shown in Figure 4. At this limit, the response of the system is 90.6% of the value
expected for a perfectly phase-stable system. Most of the experiments presented here were performed with
between 250,000 to 4,000,000 averages with up to 10 minutes in acquisition time. After 250,000 averages,

over a time of around 2 minutes, the SNR for the J=3-2 transition of 1% OCS in 9.5 pbar of He was 5400:1.

The strength of the electrical field generated by the spectrometer was determined via measuring the
change in intensity of the FFT of the FID of a transition against the duration of the excitation pulse.® This
produces an oscillating plot known as the Rabi cycle, defined by the following formula:

—t,
SxeT |sin(wt,)| (2)
Where wy is the Rabi frequency, t, is the length of the pulse, and T is the decay time of the FID. The
frequency of the cycle depends only on the transition dipole moment and the electric field strength in the
relation:

_ .Uijé'(w)
W == 3)

Where pj is the transition dipole moment, # is the reduced Planck’s constant, and g(w) is the electric field
strength at the transition frequency. The transition dipole moments were extracted from the CDMS by
dividing the square-root of the line strength factor (*S;) by the square-root of the lower state degeneracy

(g”’) and multiplying this value by the dipole moment along the molecular axis (p).>°

11
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Table | shows the field strength determined via this method for a range of different transitions, along
with the average value over the length of cell using the formula for field intensity at a certain distance given

amplifier power and antenna gain:

1 X24/30 P 106G/10
Ave = f dx (4)
Xy = X1 )y, X

Where x; is the distance of the start of the flow cell from the antenna, x; is the distance of the end of the
flow cell from the antenna, P is the power of the broadcast amplifier in Watts, and G is the gain of the
broadcast antenna. There is a distance of 0.25 m from the output of the amplifier to the start of the
molecular sample; the calculation neglects any loss from the cell window. An example Rabi cycle is shown in
Figure 5, which shows the intensity of the J=3-2 transition of 5.5 pbar of OCS within the flow cell for a range
of different excitation pulse lengths. The output power of the amplifier, and the gain of the horn antenna,
vary across the Ka-band, thus it is important to measure the field strength for a range of frequencies in order

to accurately determine relative abundance of different molecules.

Table I. The electrical field strength within the flow cell as determined using a range of different methods. The

uncertainty given is the 95% confidence interval for the fit of the Rabi frequency to the experimental data.

Method of determination Frequency Electric Field Strength
(GHz) (V/m)
OCS Rabi cycle 36.5 869 + 32
Vinyl cyanide Rabi cycle 37.9 778 + 86
Benzonitrile Rabi cycle 36.3 826 +49
Theoretical 37.0 893

T =123.7+13.7ns
s ] w, = 15.22 + 0.56 MHz
s
< 10
=y
w)
c
2
< 5
0 —
| | | | |
0 50 100 150 200
t, (ns)
12



AlP

Publishing

Figure 5. The intensity of the J/=3-2 transition of OCS plot as a function of excitation duration. Excitation pulses are a
single-frequency resonant with the transition energy. The fitting parameters t and wr are determined by a least-squares

fit of the Rabi cycle formula to the experimental data. The uncertainties given are the 95% confidence intervals for the
fit.

B. Pressure broadening - OCS

Pressure broadening values for the J=3-2 transition of OCS were recorded between 1 pbar and 32 pbar. This
transition is relatively strong and is the only transition within the range of the spectrometer. This enabled
the use of the time-domain Voigt profile for fitting the recorded FIDs. Additionally, the values were
reproduced using the frequency-domain Voigt profile fit. Figure 6 shows the plot of pressure broadening

against pressure for the two different methods.
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Figure 6. Plot of Avp.s for the fit of the Voigt profile to FIDs of the J=3-2 transition of OCS at different pressure. The data

resulting from a fit in the time domain are in blue, data resulting from a fit in the frequency domain are in red. The

equations of the linear fits to the two data sets are presented, along with the 95% confidence interval.

The recorded FIDs were filtered using a correlation filter® and a digital bandpass filter to remove any DC
offset and out-of-band noise before a window was selected over the range of the FID for fitting to the time-

domain Voigt profile. If the Doppler broadening rate was allowed to float, it returned a value, on average, of
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(2.834 + 0.003) x 10* Hz with the uncertainty taken as the 95% confidence interval. The predicted Doppler
broadening for OCS at this frequency is 2.881 x 10* Hz, which is a difference of around 2%. This would equate
to a temperature difference of around 10 K at room temperature. A similar difference was observed for the
transitions in the E-band.® For the pressure broadening values presented here, Doppler broadening was
constrained to the theoretical HWHM value for a certain molecule and transition at room temperature,

which is given by the formula:

2kTIn2
mc?

(5)

Ye = w

Where cis the speed of light, w is the transition frequency, k is the Boltzmann constant, T is the temperature
and m is the mass of the species. Constraining Doppler broadening was necessary to improve the fit of FIDs

with low SNR. Examples of the two different methods used to fit the FIDs are given in Figure 7.
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Figure 7. Different displays of fitting results for the J=3-2 transition of OCS in a helium buffer gas. Part (a) shows the
time-domain fit, with residuals, of a Voigt profile to the recorded FID. Part (b) shows the FFT of the time-domain

experimental data, along with a fit in the frequency domain to this data with the accompanying residuals.

The pressure broadening coefficient at 293 K for the J=3-2 transition of OCS was found to be (2.47 + 0.01)

MHz mbar?! with the time-domain fitting, and (2.43 + 0.02) MHz mbar! with the frequency-domain fitting.
C. Pressure broadening - vinyl cyanide

The Ka-band covers two sets of strong transitions of vinyl cyanide. A fixed amount of the vinyl cyanide/He
mixture was introduced into the flow cell, and FIDs recorded for a range of pressures corresponding to
increasing flow rates of pure helium. A transition from each set was chosen based on its isolation within the
spectrum: Jia kc=313-21,2 and Jxg k=41,4-31,3, and the FIDs from the excitation of these transitions were fit using

the time-domain Voigt profile and the frequency-domain Voigt profile. Doppler broadening was constrained
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to the theoretical value at room temperature. The plot of the pressure broadening rates against pressure is

shown in Figure 8.
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Figure 8. Plots of the HWHM of the Lorentzian component of the Voigt profile fit to FIDs of two different transitions of
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vinyl cyanide at different pressures, using both the time fitting technique and the frequency fitting technique. Part (a)

shows the pressure broadening of the Jxg kc=41,4-31,3 transition, part (b) shows the broadening of the Jkgkc=31,2-21,1

transition. The equations for the linear fits to each data set are also displayed.

The pressure broadening coefficients that were determined through each method for the two transitions

shown in Figure 8 are displayed in Table Il, along with the pressure broadening constants for a number of

other transitions of vinyl cyanide determined through the frequency fitting method.

Table Il. Pressure broadening coefficients for collisions with He of different transitions of vinyl cyanide as determined

through different methods. Uncertainties are taken as the 95% confidence interval for the linear fit to pressure

broadening data. Separate vibrational levels are highlighted.

Vibrational Transition Frequency Vores(293 K) Vores(293 K) from
level quantum (MHz)? fromtime fit  frequency fit
numbers (Jka k) (MHz mbar?)  (MHz mbar?)
v=0 31,3-21, 27767.4 3.03+0.19
=0 30,3-20,2 28441.0 3.30+0.34
v=0 322221 28456.9 3.37+0.21
=0 321-22,0 28470.8 2.87+0.27
v=0 312-211 29139.1 2.86+0.28 2.81+0.17
vi=1 313-21, 27833.2 2.76 £ 0.41
vi=1 312-211 29239.2 3.13+0.31
v=0 414-313 37018.9 2.70+£0.29 2.99+0.20
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v=0 40,4-30,3 37904.8 2.94+0.10

v=0 P 37939.6 3.10 + 0.06
v=0 457351 37974.4 3.22+0.06
v=0 41331, 38847.7 3.05+0.15
vii=1 R 37106.4 2.59 +0.27
vii=1 i 38087.2 3.11+0.27
vi=2 I 37192.0° 3.08+0.37

3Frequencies taken from the CDMS3® unless otherwise stated.

bFrequency determined from work by Kisiel et al.*®
D. Pressure broadening - benzonitrile

Benzonitrile has many transitions within the range of the Ka-band, which complicates the determination of
pressure-broadening parameters. The lack of intensity and the presence of many lines within a single record,
even for single-frequency pulses, meant that time-domain fitting was infeasible. However, since most
transitions are well separated in frequency, adequate fitting was able to be achieved in the frequency
domain. Firstly, self-broadening coefficients were determined for 3 different J-levels; knowing the self-
broadening coefficient helps determine the extent of self-broadening occurring in the helium buffer
experiments. Even though the concentration of benzonitrile is below 1% of He for those experiments, the
interactions at this level could still be significant compared to benzonitrile-He collisions. For the Jig k=152 14-
14,13 transition, the self-pressure broadening coefficient was determined to be (57.5 + 0.8 MHz) mbar™.
Given a partial pressure of 4.1 x 10” mbar of benzonitrile, the estimated contribution of self-collisions to
broadening is 0.0024 MHz, which is up to 65% of the recorded value in these experiments. Knowing the
partial pressure of benzonitrile and the self-broadening coefficients, the pressure broadening rates obtained
with a helium buffer gas at a certain total pressure can be corrected for the contribution of benzonitrile self-
collisions. The self-broadening rate should not affect the value of the pressure broadening coefficient, but
will influence the y-intercept of the linear fit of pressure broadening rates to pressure. The pressure
broadening rates measured at each pressure are plotted for the Jk,kc=152,14-14,13 transition in Figure 9. Table
[ll shows the a number of different pressure broadening coefficients determined through the linear fit of

pressure broadening rates to pressures with their uncertainty as the 95% confidence interval.
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Figure 9. Plot of the HWHM of the Lorentzian component of the Voigt profile fit to the Fourier transform of the FID of

the Jka,kc=152,14-14, 13 transition of benzonitrile. The equation of the linear fit to the data is shown.

Table IlIl. Pressure broadening coefficients for various transitions of benzonitrile with two different collisional systems.

Uncertainties are taken as the 95% confidence interval for the linear fit to pressure broadening data.

Transition Frequency Self ypres(293 K) He Vpres(293 K)
(Jka,ke) (MHz)? (MHz mbar?) (MHz mbar?)
13;12-12; 11 34864.9 3.29+0.71
123101150 34898.8 4.02 +0.70
140,14-130,13 35249.2 61.2+2.2 3.23+0.98
15;,14-14; 13 39897.9 575+0.8 3.65+0.18
160,16-150,15 40090.9 5.25+0.21

Frequencies taken from the CDMS3°

E. CRESU flow

The rotational spectrum of vinyl cyanide over the Ka-band was recorded in a cold CRESU flow at 18 K and is

shown in Figure 10. It is possible to determine the temperature of the probed sample using intensity of these

transitions.
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Figure 10. Rotational spectrum of vinyl cyanide in a cold CRESU flow of 18.7 K recorded using a Ka-band CP-FTMW
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spectrometer. Each section of the spectrum was probed individually with a single frequency pulse of 10 ns. The
spectrum displayed is the magnitude of the Fourier transform of the recorded signals, normalized to the most intense
peak. The experimental spectrum is compared to theoretical transition frequencies and intensities at 18.75 K taken

from the CDMS3%41,

The recorded transitions were fit to the Voigt function, in the same way as for the frequency-domain
pressure broadening data, in order to give an integrated intensity for each transition. For the CRESU data,
the Gaussian broadening was expected to be around 2 orders of magnitude less than the Lorentzian
broadening, thus the Gaussian width does not have much influence on the quality of the fit, and was fixed to
the values for a vinyl cyanide molecule at 20 K and the particular frequency of each transition. The hyperfine
contributions were neglected in this fit as the widths of the peaks were much larger than the splittings for
each transition. The integrated intensity from these measurements is proportional to the intensity of a

molecular emission resulting from a single-frequency excitation pulse’%:

AS = —nf(w)wl
c

. .8 w
Hije(w)AN, sin <'“U_h() tl) et/ Tcos [Awy (¢ — )] (6)

Where AS is the integrated intensity, w is the transition frequency, Awyis the detuning of the excitation pulse
from the transition frequency, / is the sample path length, 8(w) is a scaling factor for the response of the
receiver at the transition frequency, t; is the pulse duration, t is time the signal is recorded, ANyis the initial
population difference and T,=1/(2*1n*Av,r.s) is the decay time of the FID. Since all of the factors contributing
to the signal intensity are known for the experiment, save for the population difference (ANy) between the
lower state and upper state levels, AS can be adjusted to give an intensity value solely dependent on

temperature: I(T). The temperature dependence of /(T) is given by the equation:

—E" —E'
I(T) =a, (eW — eW> (7)
where /(T) is the integrated intensity after adjusting for the extra terms in Eq. 6 besides the population

difference, a; is a scaling constant, and E” and E’ are the energies of the lower and upper states respectively.

The differential evolution method* was used through the Lmfit Python package®” to find the global
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minimum for the sum of the squares of the differences between Eq. 6 and the adjusted integrated intensities
from the experiment, weighted by the inverse variance. The results of this method were then used as the
first guess for a least squares optimization of the same function, to confirm the values at the minimum.
Through this method, the fitting parameters were determined to be: T=(24 + 11) K, and a2 = 15 £ 5 with the
uncertainties as the 95% confidence interval. The plot of the adjusted intensities along with the fit values is

show in Figure 11.

O Experimental
10— X Fitvalues
0.9 —
a _
| S
<
0.8
0}
0.7 —
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0 2 4 6

Lower state energy (cm™)
Figure 11. Plot of the intensities of 6 transitions of vinyl cyanide measured in a flow from a Laval nozzle. Also shown are

the values determined through fitting the experimental values to the equation for the population difference. The fitting
procedure determined a temperature of (24 £ 11) K for the experiment, with the uncertainty the 95% confidence

interval.

In order to determine if this rotational temperature is reasonable, a composite temperature due to the
contribution of the cold flow, the boundary layer, and the ambient gas to final recorded signal can be
estimated given the conditions of the experiment. The boundary layer, which is the region between the cold
core and room-temperature gas, and the ambient gas between the broadcast and receiver antennae, can be
modelled using the CFD simulation of the flow through the Laval nozzle. The variation of temperature and
pressure over the axial distance from the center of the flow core to the position of the spectrometer horns is
shown in Figure 12. The low-temperature cold core extends for around 0.3 cm before rising in temperature
through the boundary layer to reach ambient conditions. An important consideration is that pressure
broadening coefficients are temperature dependent, and can be roughly modelled by an empirical scaling

equation:

-n

T
Ypres (M = Ypres (293K) - (m) (8)
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Where Vpres(293 K) is the pressure broadening rate at 293 K, T is the temperature and n is a dimensionless
value, normally between 0.8 and 0.5, but yet to be determined for vinyl cyanide. Some typical values for n
for collisions with He are 0.634 + 0.025 for CH3CN,?! and two values for HC3N of 0.49 + 0.04 for J=11-10,% and
0.717 +0.027 for J=24-23.22 Based on these results, it was assumed that n lies between 0.5 and 0.7 for vinyl
cyanide, and that pressure broadening follows the given equation down to 18 K. The distance of 7.5 cm
between the center of the flow and the antenna was divided into 900 points. In order to determine the
relative contribution of each point, a volume was determined. For the first point, the volume was a cylinder
with radius = 7.5/900 cm and a length equal to the length of the spectrometer horns (2.74 cm). For each
subsequent point, the volume was calculated to be a hollow cylindrical shell enveloping the earlier points.
For the points which generated a shell larger than the height of the spectrometer horns (2.19 cm), the top
and bottom of the cylinder was disregarded. For each point, with a given volume, temperature and pressure,
the relative intensity of the Jig k=40,4-30,3 transition of vinyl cyanide was calculated by solving the optical
Bloch equations as defined by McGurk et al. for the given conditions.” The optical Bloch equations have been
well-examined in previous CP-FTMW spectroscopy papers, and the calculation for signal intensity follows
previously establish formalism, so it will not be further discussed here.’'® The calculated intensities are plot
as a function of radial distance from the flow core in Figure 12. For each point, the calculated relative
intensity of the transition was used as a weighting factor in the determination of the weighted-average

temperature for the 900 points, this gave an estimated composite temperature of (41 + 10) K.
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Figure 12. Part (a) shows the isometric representation of the probed space for the CRESU measurements. The
rectangular dimensions (2.74 cm x 2.19 cm) of the two antennae are considered to form a rectangular prism between
them, at the center of which is the cold core of the CRESU flow. The electric field is assumed to be uniform throughout
this volume. In order to determine the composite rotational temperature that could be expected to be observed from
probing this region, the relative intensity of the Jkakc=40,4-30,3 transition of vinyl cyanide was calculated by solving the
optical Bloch equations for a series of cylindrical shells of inner, hollow radius r and outer, solid radius r + 6r. The
pressure and temperature conditions for each shell were taken from a simulation performed with the OpenFOAM
software and the RhoCentralFoam solver. These conditions are shown in part (b) as they vary from the cold core to the
ambient conditions near the output of the antennae, along with the resulting intensity calculation. Cylindrical shells
which extend beyond the bounds of the rectangular prism were truncated. Part (b) shows that the greatest
contribution to the measured signal is expected to originate from the cold core region, which extends to around 0.3 cm

in this experiment.

IV. DISCUSSION

A. System performance

Despite the use of an absorbent material within the flow cell, reflections from the excitation pulse lasted up

to 400 ns after the end of the pulse. These signals could originate from reflections between the broadcast
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and receiver horns, or come from the electrical path of the receiver, due to standing waves arising from
slight mismatches in impedance between the different components. Given the fast disappearance of the FID,
a large gain in SNR can be made by reducing the length of any unwanted transient signals in the
spectrometer. The electric field strength as determined by the Rabi cycle plots is slightly less than that
predicted simply using the output power of the amplifier and the gain of the broadcast horn. This is likely
due to losses from the Teflon window, and absorbance of the beam by the Eccosorb within the flow cell.

Park et al. observe a similar reduction in power from basic estimations.3®

The effective range of the spectrometer can be extended slightly outside of the Ka-band, down to
26.0 GHz and up to 42 GHz, with less than 3 dB loss in power. The response at different frequencies varies
across the spectral range, and the addition of the LNAs creates extra fluctuations on top of those shown in
the spectrogram in Figure 1. Due to this, careful tuning of the spectrometer is required to obtain optimal
response at each frequency. The performance of the spectrometer with high levels of averaging depends
upon the phase-stability of the various components involved. At 6 million averages, there is a loss of about
6% of the expected signal given perfect phase-coherence. This is acceptable for these experiments, but does
show that there can be further improvements in SNR with more stable components. The spectrometer was
designed so that the same LO source is used for both the upconversion and downconversion stages, this
eliminates phase-noise introduced by the LO source. Consequently, no change in performance was observed
when different LO sources, such as a PDRO or a synthesizer, were used. Another arrangement of the
spectrometer has been tested using a direct-digital synthesis (DDS) card as the pulse source.* This requires
adjustments in the timing of the system compared to the configurations shown in figure 1. Despite this,
averaging performance is still decent to 6 million averages; in this case the measured loss in SNR is about

10% compared to a perfectly phase-stable system.
B. Pressure broadening

Pressure broadening values are not precisely determined for many molecules, but OCS is a chief exception,
with measurements performed using a range of different methods including Stark switching experiments,
klystron absorption experiments, and maser experiments. The results of the studies that determined
pressure broadening coefficients for the OCS-He collisional system at room temperature are shown in Table

V.

Table IV. Pressure broadening coefficients at room temperature for a range of different transitions of OCS in a helium
buffer environment. Uncertainty for the value reported from this work is taken to be the 95% confidence interval of the

linear fit to pressure broadening data.

OCS transition Ypres at room temperature
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(MHz mbar)

J=1-0° 2.45 £ 0.04
J=3-2° 25+0.1
J=3-2¢ 2.43+0.03
J=5-4¢ 2.39+0.01
J =5-6 (P branch, v3)¢ 2.6+0.2
J=6-5¢ 2.37+0.01
J=7-6° 2.38+0.01
J =11-10 (R branch, vs)¢ 2.2+0.2

2From Ref. 15
®From Ref. 14

¢ From this work
4 From Ref. 6

¢ From Ref. 17

The value determined for J=3-2 via frequency-domain Voigt fitting of FIDs fits within the uncertainty of the
study by Story et al. on the same transition.}* Pressure broadening coefficients, in general when perturbed
by a rare-gas, tend to fall from J=1-0 as the J-level increases, as observed here for OCS-He. The time-domain
pressure broadening rates for OCS-He are consistently slightly higher than the frequency-domain data. This
could be due to the effect of resonant reflections within the system, which also decay over time and are
non-pressure dependent but would be separated from the FID in the frequency space whereas they could
overlap with the FID in the time domain. For cases with good SNR, both methods produce accurate results,
however at high pressures with a low SNR the time-domain fitting method was still able to give reasonable
results in cases where frequency-domain fitting failed. Frequency-domain fitting was required for cases
where multiple transitions were present within the same recorded FID yet were separated in the frequency

domain.

Measurements of pressure broadening coefficients have not been performed before for vinyl
cyanide for any collisional partner, despite recent interest in relation to its detection in the atmosphere of
Titan.” There is no evidence of any dependence of pressure broadening on the different K, and K. levels of
these transitions at the precision attained in this experiment. K-levels should not have an observable effect
for the case of He as the perturbing collider, although K-dependence in the case of larger colliders such as N;
has been observed.? The different vibrational levels were also found to have little impact on pressure
broadening coefficients beyond the uncertainty of these measurements, however, previous studies have

found small differences between vibrational levels.*® Despite rapid rotational cooling in CRESU experiments,
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the vibrational temperature remains relatively constant, thus knowledge of pressure broadening parameters

of different vibrational states could be important for future studies.

A comparison can be made of the pressure broadening coefficients of a few cyanide-containing molecules,

which is shown in Table V.

Table V. Pressure broadening coefficients for related molecules for a range of different transitions with He as the

collider.
Species (transition) Vores at room temperature
(MHz mbar?)

HCN (J=1-0)° 1.51+0.02

CH3CN (J=0-1 k=0, J=1-2 K=+1)° 2.57+£0.03,2.70 £ 0.02
HC3N (J=3-2)° 3.1+0.1

CH,CHCN (Jka,ke=31,3-21,2, Jkakc=41,4-31,3)° 3.03+£0.19,3.05+0.15
¢-CeHsCN (Jka,xc=152,14-147,13)° 3.65+0.18

2From Ref. 27

® From Ref. 20

¢ From Ref. 23

4 From this work

The results fit a general trend of increasing pressure broadening coefficients with increasing molecular size.
The coefficients for the transitions of vinyl cyanide are similar to cyanoacetylene (HCsN), which would be
expected given the similarity in size and composition of the two molecules. Looking towards heavier
molecules, which are of interest to the CRESUCHIRP project using the Ka-band spectrometer, a significant
increase in pressure broadening for benzonitrile compared to the smaller molecules in observed. The
concern for studying such a molecule in an environment such as a CRESU flow is the increase in pressure
broadening at lower temperatures. For the related molecule fluorobenzene, Patterson and Doyle
determined the collisional cross-section with helium to be 2.8 x 10™** cm? at 8 K for the Jigx=21,1-31.
transition, which corresponds to a pressure broadening coefficient of 86 MHz mbar™.#’ This value is at least 3
times greater than the pressure broadening coefficient for vinyl cyanide at 8 K, implying that benzonitrile

would be extremely difficult to detect in a high-pressure CRESU flow.

In the line-shape fitting performed here, different hyperfine levels were assumed to have the same pressure
broadening rates within the same transition. Theoretical work by Green has suggested that nuclear spin
plays a role in collision dynamics and thus the resulting line-shape will differ from the summed Voigt
approach, however, Green suggests that the deviation would be small compared to experimental

uncertainties.”® Nonetheless, a change in pressure broadening rates for different hyperfine transitions has
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been previously observed, with the effect shown to cause a difference in up to 10% of the pressure
broadening rate.?#%9°° Green asserts that the hyperfine spectrum will tend towards the expected shape
neglecting hyperfine contributions as the pressure rises, and the pressure broadening rate becomes large
compared to the hyperfine splitting. The difference in frequency of hyperfine split transitions in many
nitrogen containing molecules is much less than the HWHM at the high pressures used in CRESU
experiments, thus, the pressure broadening coefficients reported here can be considered to be associated

with a molecule without any hyperfine contribution to its rotational spectrum.

A small non-zero intercept for the linear fit in the pressure broadening data was observed for all
molecules. This suggests that there is some other source of broadening for the species besides collisions
with helium and Doppler broadening. For example, self-collisions between species of interest would
contribute a fixed amount to pressure broadening, as would any other background species within the flow
cell. The background pressure in the cell is normally around 107 pbar, so collisions with background species
such as H,0 or N; are likely to be negligible. Also, wall collisions may give a small contribution to the
broadening of the transitions, although in this case this effect is most likely negligible. Since these effects are
relatively small compared to helium collisions or are fixed for experiments across varying helium pressures,
they should not influence the pressure broadening coefficient. Furthermore, misalignments and
inhomogeneous fields could have a fixed, small effect on line broadening. Finally, non-Voigt effects such as
Dicke-narrowing and the speed-dependence of collisions are likely to be small in the case of a collision
between a heavy species and helium, and are not considered in the treatment of the data obtained from this
experiment. Figure 7(b) shows that the residuals for a Voigt fit to the experimental line-shape do not miss

any contribution to the line-shape above the noise level.
C. CRESU flow

The results presented here show preliminary spectra originating from a CPUF experiment. A rudimentary
analysis of the spectra through signal intensity and pressure broadening indicate that the spectrometer is
probing cold gas. The rotational temperature was determined to be (24 + 11) K by fitting experimental line
intensities to their initial population differences, compared to an estimated composite temperature of (41 +
10) K from calculations of signal intensity using certain conditions given through CFD simulations. The
calculated approach assumes a value of 0.6 for the pressure broadening temperature dependence power-
factor n, and that the rough relation between room-temperature pressure broadening coefficients and
lower-temperatures coefficients shown in Eq. 7 holds down to 18 K. At low temperatures (generally below
10 K), experimental work shows that pressure broadening rates will deviate from this rough relationship to
room temperature rates, reaching a steady value whilst Eq. 7 implies an accelerating rise down to 0 K.2%%! |t

is unfortunately not feasible to calculate low-temperature pressure broadening coefficients within the scope
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of CRESU experiments; however, given the decent agreement between the different temperatures, it is
evidently not essential to know these coefficients to high accuracy in order to give a good estimate of the

composite temperature of the experimental environment.

The CRESU core is cold and dense, while the warmer boundary layers are sparser. This, combined
with the change of the partition function over temperature, means that signal from the CRESU core will be
stronger than any signal coming from the ambient gas by a factor of around 30 for low energy transitions. In
experiments on reaction dynamics, the reaction will be initiated by a laser fired down the length of the
CRESU core. This has the advantage that any species generated by this laser pulse will reside within the cold
CRESU core, and there will be no contribution from the warmer regions. The main concern for kinetics
experiments in CRESU flows is that the high level of pressure broadening will have a severe impact on the
detection limit for CP-FTMW spectrometers. This work shows that it is possible to obtain quantitative data
on a relatively large molecule (vinyl cyanide) in a continuous CRESU flow; however, larger molecules such as
benzonitrile will require experimental adjustments to the traditional CRESU experiment in order to reach an

acceptable limit of detection.

V. CONCLUSION

A novel Ka-band spectrometer has been built and successfully tested on a number of different molecular
species and experimental configurations. Pressure broadening data with a helium collider were determined
for OCS, vinyl cyanide and benzonitrile for a range of different transitions in the Ka-band. The data did not
show much variation between the different transitions of the molecules studied over this frequency range,
but higher precision experiments may show the expected inverse dependence on J-level. The pressure
broadening data recorded at room temperature can be extrapolated to determine the feasibility of studies
at low temperatures and high pressures within CRESU flows. Vinyl cyanide was introduced into a cold CRESU
flow determined to have a cold core of around 18 K by Pitot tube measurements. The intensities of the vinyl
cyanide transitions in cold flow conditions showed that the recorded spectrum is dominated by molecules at
the cold conditions. The relative intensities of the transitions agreed well will those determined through
calculation. These experiments lay out the basis for performing quantitative, precision experiments in the

high-pressure environments common in studies of molecular kinetics.
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