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Abstract

Astrochemists seek to understand the rich chemical presence contained in the observable

universe through detection and quantification of astronomical molecules and experimen-

tal and theoretical molecular physics. To date, around 270 unique molecules have been

detected in the interstellar medium or in circumstellar shells. Chemical models are a tool

used to understand the evolution of astronomical environments and they are improved

with detections and laboratory studies. Thousands of molecular species and tens of

thousands of reactions as well as molecular abundances, reaction rates and physical con-

ditions form a network which models the composition of space over time. The accuracy of

a model is dependent on the quality of data and the completeness of the network; impre-

cise and inaccurate data leads to significant uncertainty in the models. Understanding of

the formation of complex organic molecules (COMs, defined as carbon containing species

with 6 or more atoms) in cold, dense molecular clouds and prestellar cores has been chal-

lenged by recent detections, which highlights some deficiencies of chemical models. This

work describes experimental and theoretical work increasing astrochemical knowledge

through the study of chemical kinetics at low temperatures and through spectroscopic

studies of molecules to facilitate their detection in space. A new instrument combining

the CRESU method for producing cold, uniform environments with chirped-pulse Fourier

transform microwave spectroscopy and laser induced fluorescence has been constructed

to measure rate coefficients and branching ratios of neutral-radical reactions. Addition-

ally, the pure rotational spectra of phenylpropiolonitrile (PhC3N), 1-cyanoadamantane

(CNAda), 1-isocyanoadamantane (NCAda), o-dibenzonitrile and m-dibenzonitrile were
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measured in the 75–110 and 120–220 GHz ranges, and the vibrational spectra of PhC3N,

CNAda and NCAda measured between 50–3200 cm−1. Finally, a new instrument has

been constructed to measure broadband (5 GHz), high resolution (<100 kHz) spectra in

the THz region using heterodyne detection of synchrotron radiation mixed with a newly

developed molecular laser. The instruments described here expand the tools available to

laboratory astrochemists for producing data useful for chemical modeling and facilitating

high resolution spectroscopic studies of molecules in support of astronomical detection.

The spectroscopic measurements of 5 new molecules demonstrated here also provides

high quality data useful for their detection by radio or IR telescopes.
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Chapter 1

Introduction

Astrochemistry lies in the interface of chemistry, astronomy, and molecular physics. The

observable universe contains a rich chemical presence which is still being catalogued as

astronomers identify molecules based on their spectroscopic features observed by tele-

scopes. Since the advent of radio telescopes, almost all of the detections of new molecules

in space have been performed through the measurement of pure rotational transitions.1,2

Around 270 unique molecules have been detected in the interstellar medium and circum-

stellar shells.3 The complicated nature of rotational energy levels results in astronomers

relying on precisely measured rotational transition frequencies to identify new molecules

from radio observations. Molecules like benzene, which have no permanent dipole, have

instead been detected through vibrational transitions,4 which must be first measured in

a laboratory. As more detections are made, astrochemists continue to refine chemical

models of the universe which can be used to infer its past and future.

Chemical models are networks of thousands of species and tens of thousands of re-

actions that use molecular abundances, reaction rates, and physical conditions to model
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the composition of space and how it changes over time. They typically target a specific

phase of stellar evolution, such as photon dominated regions,5 interstellar clouds,6 or cold

dense clouds.7 Chemical models are an essential tool towards addressing one of the key

goals of astrochemistry, understanding the chemical evolution in various environments

in the universe. However, models are inherently limited by the available knowledge and

biases of the modelers. They tend to have a bias towards molecules that have already

been detected in space, and species that are similar in structure.8

Progress towards understanding the origin of complex organic molecules (COMs) re-

quires 1) development of chemical models, 2) detection and quantification of astronomical

molecules, and 3) experimental and theoretical molecular physics.9 This dissertation de-

scribes experimental and theoretical work aimed to push the boundary of knowledge in

astrochemistry by experimentally studying chemical kinetics at low temperatures and by

characterizing molecules to facilitate their detection in space through established and new

techniques. Three projects are presented here:

1. Construction of an instrument to measure rate constants and branching ratios for

radical-neutral reactions to inform chemical models.

2. Measurement of IR and mm-wave transition frequencies and spectroscopic constants

to facilitate astronomical searches.

3. Construction of a new instrument to perform measurements in the THz gap with

unprecedented broadband/resolution for studying molecules between 0.3-6 THz.

As dust and gas from exploded stars begin to coalesce into diffuse clouds, they expe-
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rience typical temperatures of 30–100 K and densities of 10-102 cm−3. Molecules in diffuse

clouds are bombarded with UV radiation, destroying COMs that might form.10 Diffuse

clouds collapse into dense molecular clouds and dust causes shielding in the outer layers

which cause them to become more opaque to UV and visible radiation creating a colder

environment where molecules can survive. Temperatures in dense clouds typically are

10–30 K, with a density of > 104 cm−3. Regions in clouds with higher mass continue to

gravitationally collapse and become prestellar cores, cold (≈ 10 K) regions that are con-

sidered the embryos of new stars. As these regions continue to collapse, they form hot

molecular cores, which increase in temperature to greater than 100 K, with densities of

greater than 106 cm−3. Many complex species have been detected in hot cores11 and are

thought to form at this stage of stellar evolution. Eventually, these hot cores ignite, and

proto-stars surrounded by circumstellar disks are formed.

It has been long thought that at the low temperatures in prestellar cores heavier atoms

and molecules (like CO and H2O), freeze onto icy grains, which results in little complex

chemistry in either the gas or solid phase.6,12 Below 30 K, only atomic hydrogen is mobile

on the ice and so the only feasible reactions that can occur are simple hydrogen additions

and subtractions. As the prestellar core evolves into a hot core, the surfaces of the icy grains

are heated thermally and irradiated with UV light. Heavier radicals become more mobile,

react, and form more complicated molecules. Heat generated from exothermic reactions13

or the warmer environment cause the newly formed complex molecules to desorb. This

mechanism requires temperatures exceeding 30 K to proceed,14 and it implies that the

presence of COMs, carbon containing species of 6 or more heavy atoms, in dark clouds
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and prestellar cores is unlikely.

However the detection of COMs in colder environments challenges the assumption

that COMs are not formed prior to hot core formation. Examples of these detections in-

clude vinyl alcohol toward Sagittarius B2N,15 methyl formate, dimethyl ether,16 formalde-

hyde and ethylene oxide toward L1689B,12,17 methanol and acetaldehyde towards 31 dif-

ferent starless and prestellar cores in TMC-1.18 The variety of molecules and environments

of these detections raise several important questions. What are the origins of COMs in

prestellar cores, and what is their fate? To what extent do COMs from prestellar cores

continue to play a role in chemistry as the cloud continues its collapse into stars?

Chemical models have struggled to explain the formation of COMs19 and to accurately

predict the abundance of newly detected molecules (i.e. benzonitrile20). The accuracy of

models relies on the completeness of the network, as well as accurate reaction rate co-

efficients. Imprecise and inaccurate data leads to significant uncertainty in models,5 for

instance, a factor of 2 error in some rate coefficients significantly impacts predicted abun-

dances. New models are continually under development to better represent measured

observations of space. A recent chemical model developed by Balucani et al.21 suggests

that the formation of COMs in dark clouds/prestellar cores happens both on the surfaces

of icy grains and in the gas phase. To fully understand the reaction mechanics of such

environments, more data on rate coefficients and branching ratios is needed.

One goal of experimental molecular physics is to identify and measure reactions under

astronomical conditions to improve models. An early class of targeted reactions were
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ion-neutral reactions, as it was assumed that neutral-neutral gas phase reactions in cold

environments were unlikely to occur. It is proposed that the ionization of H2 to H +
2 initiates

a chain of ion-neutral reactions22,23 which result in the various unsaturated carbon chains

found in the interstellar medium. To probe reactions at low temperatures and densities

either ion traps or cold expansions/flows with ion injection were used.24 However, many

of these techniques (particularly the optical detection methods) provide no information

on the products of the reactions, which limits their utility, as does the tendency of neutral

reactants to freeze on reactor walls. CRESU was later developed to address the freezing

issue at low temperatures.

CRESU, a French acronym that translates to reaction kinetics in a uniform flow,25 is a

technique that uses supersonic flow through a de Laval (or just Laval) nozzle to produce a

cold, uniform molecular beam, free from shocks. The temperature, pressure and density

are all well defined in a properly behaving flow.26 The wall-less nature of these cold beams

prevents condensation and enables measurement of cold gas phase reaction rates down

to 6 K.27 The CRESU method has been successfully applied over the last 40 years for

studying reaction kinetics at low temperatures.7,8,19,25,28–39

As of 2019,24 65 ion-neutral and 160 neutral-neutral bi-molecular reactions had been

studied using the CRESU technique at temperatures ranging from 11–200 K. The first

neutral-neutral reaction to be measured below 100 K was between CN and O2.40 This study

found an increased rate of reaction at lower temperatures and provided evidence that

radical chemisty, like ion-neutral chemistry, can be feasible under interstellar conditions.
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Recent experimental measurements have even shown that certain neutral-neutral reac-

tions with barriers proceed much faster at low temperatures than predicted by Arrhenius

theory.7,19,29,30,32–34 The cause of this deviation is still under investigation. Some examples

include OH + HCOOCH3,19 OH + CH3OH,29,30,32 OH + CH3CH2OH,33 OH· + CH3OCH3.31

This data provides evidence of gas-phase reaction pathways under the conditions found

in dark clouds and prestellar cores. The full list of bimolecular reactions involving OH

that have been studied (as of 201924) can be found in Table 1.1. Reaction rates have been

measured through observing the loss of OH radical, with products not observed. The

mechanism for this reaction has been proposed to be hydrogen abstraction by the radical,

accelerated by tunneling through the activation energy barrier. If these reactions do have

enhanced rate constants at low temperature they have the potential to play an important

role in astrochemical models. To verify these findings, it is important to perform simi-

lar measurements using a detection method that is capable of simultaneously observing

reactants and product concentrations.

Many instruments employing a CRESU apparatus use LIF detection schemes, though

it has also successfully been coupled with mass spectrometry.41 The primary advantage of

LIF is its high sensitivity (down to ≈10 ppm) and a high spatial resolution (limited by the

linewidth of the laser). Recently,36,42 development is underway on CRESU instruments

using chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy as the de-

tection method. Chapters 2 and 3 cover the work performed in the construction of a new

instrument that couples the wall-less reactor of CRESU25 with laser induced fluorescence

(LIF) and chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy.43 The
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Table 1.1: List of bimolecular reactions with OH· that have been studied below
100 K, and their minimum temperatures.

Minimum temperature / K Reactant

12 CH3OH
12 CH3COCH3
21 CH3CH2OH
22 HC(O)OCH3
22 H2CO
23 HBr
23 C4H8
39 O
58 CH3CHO
58 CH3CH(NH2)COOC2H5
58 C2H5CHO
63 CH3OCH3
86 (CH3)3COOH
88 CH3CH(OH)CH3
93 CH3C(O)CH2CH3
96 H2O2

goal of project 1 is to measure rate coefficients and branching ratios between 10–200 K for

two- and three-body reactions, so as to improve chemical models. CP-FTMW has the ad-

vantage of measuring the entirety of its available spectrum (≈10.5 GHz) simultaneously. It

is capable of spectroscopically resolving a complex mixture of gases, enabling monitoring

of all molecules in the reaction at once. This includes detecting unanticipated molecules

in the mixture, such as clusters, complexes, or secondary chemical reaction products.

The development of CP-FTMW as a detection method for CRESU type instruments

creates a more robust instrument that can measure reactants, products, and unintended

species. CP-FTMW provides the means to measure branching ratios, something that

CRESU-LIF instruments lack. By coupling LIF and CP-FTMW together, rate constants can

be measured for molecules accessible to both techniques, giving more confidence than
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the results measured only by CP-FTMW. LIF can also detect molecules that cannot be

observed by the microwave spectrometer.

Chapter 3 describes the process for designing and profiling new Laval nozzles. It

covers the relevant derivations from fluid dynamics for the method of characteristics, and

describes the algorithm used in a home built python script to design nozzles with the

desired final temperature, pressure and density. A series of uniform molecular beams

have been produced at temperatures ranging between 19–65 K, with a goal of extending

the range to 10–200 K. Included are the results of several beam profiles for these nozzles.

The expected outcomes of the work described in these two chapters is a database of low

temperature kinetics data, including rate constants and branching ratios, for a series of

reactions involving OH· with various COMs.

In addition to improving chemical models by measuring reaction rates, identification

and quantification of new molecules is important for expanding the catalog of known

astronomical molecules. The work presented in chapter 4 was heavily influenced by

the recent detection of benzonitrile towards TMC-1.4 Benzonitrile is the first interstel-

lar detection of an aromatic molecule by rotational spectroscopy. Since the detection

of benzonitrile, several other nitrile substituted carbon rings – cyanocyclopentadiene,44

2-cyanocyclopentadiene,45 1- and 2-cyanonapththaline20 – have been detected in space.

The detection of each new molecule relies on high accuracy experimental rotational mea-

surements. Carbon rings are thought to be precursors of larger polycyclic aromatic hy-

drocarbons (PAHs), which are suspected of containing a large portion of the carbon in

the universe.46 The so-called unidentified infrared bands prevalent throughout the ISM
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are attributed to the vibrational fluorescence of PAHs,34 but the similarity in IR spectra

makes it difficult to assign specific bands to a particular PAH. Nevertheless, they remain

of strong interest for astrochemistry and inspire the search for precursor molecules to their

formation.

Diamondoids, like PAHs, are mostly non-polar or only weakly polar and therefore can-

not be directly measured by rotational spectroscopy. Diamondoids have been proposed

as potential constituents of the dust and gas in space47 and have been extracted from

meteorites, providing evidence of their presence in some astronomical conditions.48,49

Recently new synthetic diamondoid production techniques50 have been developed mak-

ing studies of the vibrational bands of this class of molecule possible.51–54 Remarkably

little work has been performed on adamantane and its derivatives; only adamantane and

hexamethylenetetramine have been studied in the mid- and far-IR.51–53

The detection of benzonitrile has renewed interest in benzene and its derivatives, and

opened the possibility of using other nitrile substituted hydrocarbons as tracers for their

parent species,55,56 as the nitrile group typically induces a large dipole when functionalized

onto non-polar molecules like aromatic rings or diamondoids. Nitriles comprise roughly

30% of the molecules detected in space, motivating accurate spectroscopic studies of new

nitriles to facilitate future detection.

In light of this, chapter 4 covers rotational and vibrational spectroscopy for five nitrile-

labeled ring molecules. The pure rotational spectra of phenylpropiolonitrile (PhC3N), 1-

cyanoadamantane (CNAda), 1-isocyanoadamantane (NCAda), o-dibenzonitrile (o-DCB)
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and m-dibenzonitrile (m-DCB) were measured using mm-wave absorption spectroscopy

in the 75–110 and 120–220 GHz ranges. The vibrational spectra of PhC3N, CNAda and

NCAda were also measured between 50–3200 cm−1.

Between the mm-wave and IR lies the THz region (0.3–7 THz)57 where many rotational

transitions of small molecules and vibrational transitions of large molecules lie. Chapter

5 focuses on improving technology for performing experimental work in the THz regime.

It is often referred to as the THz gap, as the technology for detection in this region has

lagged behind that of other regions. However, due to recent advances in telecommu-

nications and astronomical observatories, this region has become increasingly accessible

for astrochemistry. As telescopes like the Atacama large millimeter array (ALMA; 40–

950 GHz), the Stratospheric Observatory for Infrared Astronomy (SOFIA; 3-1884 GHz),

and the high elevation Antarctic terahertz (HEAT; 500-2000 GHz) telescope measure new

data, laboratory studies are falling behind in providing high resolution spectra to assist

in interpretation.58

The FTIR spectrometer described in Chapter 4 reaches as low as 3 THz, with a minimum

resolution of 30 MHz, which is typically insufficient to resolve the rotational structure of

large molecules at room temperature. On the lower-frequency side, absorption spectrome-

ters employing multiplication chains are capable of performing absorption measurements

up to 2.7 THz59 with a sufficiently narrow linewidth to resolve rotations (order of 50 kHz),

but their limited instantaneous bandwidth necessitates hours to days of scanning to mea-

sure their full range. To address the limitations of existing instruments, significant effort

is underway to push the boundaries of THz technology.60 New stable, high power sources
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are being developed to produce THz light,59 while improvements in photoconductive

antenna have expanded broadband detection of THz light up to measured frequencies of

2.759 THz.61

Chapter 5 describes construction of a new THz instrument capable of <100 kHz res-

olution spectra with 5 GHz of instantaneous bandwidth in the 0.3–6 THz range. This

instrument takes advantage of synchrotron radiation and uses a heterodyne receiver to

mix a single frequency source (produced by a molecular laser) to down-convert the THz

synchrotron radiation into radio frequencies which can be measured quickly with high

precision.62,63 A database of suitable molecular laser frequencies and proof of concept

measurements of methanol (CH3OH) and hydrogen sulfide (H2S) are reported.

11



Chapter 2

Development of a new instrument for
study of reaction kinetics, rate
coefficients and branching ratios

The instrument described in this chapter is intended to address the growing need of high

quality laboratory data to inform reaction kinetics for astronomical models. The lack of this

data is a cause for dissonance between astronomical observation and chemical models.27

Data obtained by measuring branching ratios and reaction rates between species detected

in the ISM can be used to improve existing models.4

Since the 1980s,28 Laval nozzles have been used to produce wall-less reactors to study

gas phase kinetics at low (<20 K) temperatures in a uniform environment. CRESU, a french

acronym that translates to reaction kinetics in uniform supersonic flow, takes advantage

of this technique which cools gas rotationally and vibrationally through supersonic ex-

pansion to perform kinetics experiments. Coupled with laser induced fluorescence (LIF)

spectroscopy27,30,35,40 or mass spectrometry,64 researchers have probed low temperature

reactions to extract rate coefficients and branching ratios. Many target reactions have
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products that are poor fluorophores however which precludes measurement of branching

ratios with LIF..

Broadband chirped pulse Fourier transform microwave (CP-FTMW) spectroscopy has

inspired the design of a new instrument for performing reaction kinetics. By combining

the CRESU method with CP-FTMW spectroscopy and LIF spectroscopy, this instrument

benefits from the low temperature wall-less reactor, the specificity of CP-FTMW to simul-

taneously measure all polar molecules in the flow by means of their rotational spectra,

and the proven method of LIF to augment and verify findings from rotational measure-

ments. Care must be taken designing the LIF part of the experiment to probe single species

participating in the reaction, and that the target species is a good fluorophore. Similar

instruments are being developed in other laboratories.36,39

This new instrument uses the CRESU method to probe a class of reactions involving

OH·, with the goal to produce a comprehensive data set of rate constants and branching

ratios for each reaction under a variety of temperatures ranging from 10–200 K. This

chapter will outline the theory for extracting rate coefficients and branching ratios relevant

to astrochemical models, describe the details of the instrument and give an overview of

its operation.

2.1 CRESU kinetics

The majority of reactions involving OH· have never been measured at temperatures be-

low 200 K.19 Chemical models instead use the Arrhenius behavior of these reactions
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extrapolated down to the temperatures relevant to the ISM. This class of reactions have

barriers, and upon extrapolation, it is expected that the rate coefficient, k, will decrease

exponentially with temperature. Recent studies7,29,30,32 have shown the reaction of OH·

with methanol to proceed much faster at low temperatures than predicted. Reactions with

OH· with other hydrogen bonding hydrocarbons have also been measured with increased

rates of reaction at low temperatures.19,31,33 If these enhanced rates of reaction are due to

the formation of products and not another, non-astronomically relevant, mechanism for

OH· loss, they would greatly impact current chemical models.

Relevant reactions to astrochemistry involving OH· are second order reactions. For

example, the abstraction of methanol (CH3OH) by OH· is:

CH3OH + OH· k1
−−−→ H2O + CH3O·

CH3OH + OH· k2
−−−→ H2O + CH2OH·

(2.1)

where the differential rate law can be written as:

−d[OH·]
dt

= k[OH·][CH3OH] (2.2)

where k is the 2nd order rate constant, and [X] are in units of number density (cm−3).

Equation 2.2 can be integrated from t = 0 to t = t̄, to obtain an equation relating time and

the rate equation to [OH·], [CH3OH], [OH·]0, [CH3OH]0, where the 0 subscript indicates

initial number densities.

However, if the experimental conditions are such that [CH3OH] >> [OH·], the ap-

proximation [CH3OH] ≡ [CH3OH]0 can be made. Equation 2.2 can be rewritten and
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integrated:
[OH·]∫

[OH·]0

−d[OH·]
[OH·]

=

t̄∫
0

kp dt (2.3)

where:

kp = k2nd[CH3OH]0 (2.4)

Integrating results in the equation describing [OH·] over time, where [OH·]0 is the

concentration of OH· at t = 0:

[OH·] = [OH·]0e−kp t̄ (2.5)

Equations 2.4 and 2.5 provide everything needed to measure the total rate constant of

loss of reactants in a bimolecular reaction. However, in the case of methanol with OH·, two

parallel reactions contribute to the loss of OH· (see Equation 2.1). The set of differential

equations that describe the rates for these parallel reactions are:

d[OH·]
dt

= −k1[OH·][CH3OH] − k2[OH·][CH3OH] (2.6a)

d[CH3O·]
dt

= k1[OH·][CH3OH] (2.6b)

d[CH2OH·]
dt

= k2[OH·][CH3OH] (2.6c)

Equation 2.6a simplified to pseudo first-order conditions and rearranged becomes:

[OH·]∫
[OH·]0

d[OH·]
[OH·]

=

t̄∫
0

−(kp1 + kp2) dt (2.7)

Comparing Equation 2.7 to Equation 2.3, it is seen that kpt̄ = (kp1 + kp2)t̄.
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Solving for the Equation 2.6b, and 2.6c gives the system of equations:

[OH·] = [OH·]0e−(kp1+kp2)t̄ (2.8a)

[CH3O·] =
kp1

kp1 + kp2
[OH·]0

(
1 − e−(kp1+kp2)t̄

)
(2.8b)

[CH2OH·] =
kp2

kp1 + kp2
[OH·]0

(
1 − e−(kp1+kp2)t̄

)
(2.8c)

Equation 2.8 implies that both [CH3O·] and [CH2OH·] have the same exponential

rise rate, 1 − e−(kp1+kp2)t̄, but reach different concentrations at t̄. The ratio between the

different products is equal to the ratio between the pseudo first-order rate coefficients:

[CH3O·]/[CH2OH·] = kp1/kp2. The fit of the concentration of the products or reactants vs

time for a particular temperature and density to Equation 2.8 results in the rate coefficients

(and thus branching ratios) for those conditions. This concept can be extended to bigger

systems with n product channels (Pn) by the following:

[OH·] = [OH·]0e
−

∑
n

kpn t̄
(2.9a)

[Pn] =
kpn∑

n
kpn

[OH·]0

(
1 − e

−
∑
n

kpn t̄
)

(2.9b)

The intensity of the LIF signal is proportional to [OH·], so by plotting the intensity of

the LIF vs time, it is expected that the intensity will follow Equation 2.5, which can be

seen in the simulated data in the left panel of Figure 2.1.

The results from this fit give a value of the pseudo first-order rate coefficient for the

specific concentration of the excess reactant. Repeating these measurements for multiple

concentrations of the excess reactant, the plot in the right panel of Figure 2.1 is constructed
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Figure 2.1: Simulated data for an expected LIF decay. Panel a shows a decay of
OH· observed by LIF for a constant value of [CH3CH2OH]. These data are fit
to Equation 2.5 to find a value of kp. This data point is shown in red in panel
b. Panel b shows a series of kp measurements. By fitting these measurements
linearly, k2nd is extracted for a single temperature.

and the slope related through Equation 2.4 is the 2nd order rate coefficient for that temper-

ature. These measurements are then repeated for multiple temperatures and densities. In

the case there are three-body involved in reaction, the pseudo first-order rate coefficient

will be dependent on density, or have a non-linear dependence on the concentration of

the excess reagent. When this arises, the density dependence can be extrapolated to zero

density to extract the bimolecular rate coefficients.

2.2 Instrument overview

A block diagram of this instrument is shown in Figure 2.2. Section 2.2.1 describes the pro-

cess for creating the desired reaction conditions, and section 2.2.2 describes the detection

methods.

17



Figure 2.2: Schematic of CRESU/PLP CP-FTMW LIF instrument constructed in
the Crabtree lab.

2.2.1 Reaction setup

To achieve meaningful results from kinetics experiments, some care must be taken when

preparing the reaction to produce a uniform environment with well known temperature,

pressure and density. Laval nozzles designed using a home built python script are used

to produce a wall-less reactor. Several nozzles have been designed to produce flows at

specific temperatures that fall into the 10–200 K range. More details about the nozzle

design and performance are discussed in chapter 3.

This instrument employs a 250 L, 16 inch diameter, 2 meter long aluminum vacuum

chamber, typically operating at pressures between 200–1600 mTorr. The pressure in the

chamber is maintained by a dry compressing vacuum (Leybold DV 650) and roots booster

(Leybold RUVAC WHU2500) capable of a maximum pumping speed of 675 L/s. The
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effective pumping speed at the chamber is approximately 511 L/s when accounting for the

conductance of the connection between the chamber and pumps, which has proven effec-

tive for pulsed beam experiments in this instrument. The chamber pressure is controlled

through choking the flow with a Nor-Cal Intellisys pendulum valve (TPV-QPA-ISO160)

coupled with a capacitance diaphragm gauge (CDG025) which act to match the pumping

speed with the gas flowing in through the nozzle.

A Physik Instrumente piezo actuator (212.80) is used to drive a t-valve which produces

a pulsed beam with short rise and fall times. The PI piezo actuator has a push force of

500 N and a pull force of 10N, a stroke of 120 µm and a minimum response time of

approximately 10 ns. Due to dynamic forces placed on the piezo during operation by the

valve, to prevent damage to the crystal, it must be operated slower with rise and fall times

of approximately 100–200 µs. The driver for this instrument is set to produce rise and falls

times of approximately to 4 ms (see Figure 2.3).
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Figure 2.3: Voltage over time for the piezo actuator. 10/90% rise and fall times
are 3.9791/3.9891 ms for a pulse of 928V.

When the valve is open, gas at a pressure between 5–50 Torr flows from a reservoir of

0.01 L to a stagnation region of 0.02 L. The source reservoir is fed by a gas flow manifold
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equipped with 2 MKS GE50A series mass flow controllers (MFCs) with ranges adjustable

up to 500 sccm and 1000 sccm controlled by a MKS 946 vacuum system controller. Gas can

be introduced into the manifold through pure gas tanks, small premix tanks, or by flowing

a carrier gas through a bubbler of liquid reactant. The bubbler can be equipped with a

cooling reservoir to reduce vapor pressure of solvents and decrease the concentration. The

manifold uses the MFCs to dynamically mix the input gases into the main line leading

to the source, and can control both the total pressure of the flow to the source, and the

ratio of gases. This control is crucial for accurately controlling the concentration of the

excess reactant, facilitating rate constant measurement under pseudo first-order reaction

conditions.

To study reactions involving radical reactants, a stable precursor molecule is chosen

and introduced into the gas flow. Radicals are produced in the flow through pulsed laser

photolysis, which is often coupled with CRESU flows27,64,65 (CRESU/PLP). OH· for target

reactions on this instrument are produced from a H2O2 precursor. The beam is irradiated

with a 193 nm Lambda-Physik excimer laser with pulse width of 20 ns, a pulse energy of

400 mJ operating at 10 Hz (synced to the piezo valve). Time 0 for a reaction in the beam

corresponds to the excimer laser pulse.

2.2.2 Reaction measurement

This instrument combines laser induced fluorescence (LIF) with chirped-pulse Fourier

transform microwave (CP-FTMW) spectroscopy for monitoring reaction progress.

CP-FTMW spectroscopy has a much higher instantaneous bandwidth compared with
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previous microwave techniques (10+ GHz bandwidth vs 0.5 MHz). Cavity enhanced

Fourier transform microwave spectroscopy is a narrow-band technique with greater sen-

sitivity, but when scanning a broad frequency range only measures rotational transitions

half of the time.66 The CP-FTMW spectrometer developed for the kinetics experiments

was designed using the same principles originally described by the Pate group,43 but for

the Ka band: 26.5–40 GHz.

A short, high-power, frequency-ramped signal (“chirp”) is generated and broadcast to-

wards molecules of interest. Any polar molecules with rotational transitions in the chirp’s

frequency are coherently excited. As they dephase, they emit a free induction decay (FID)

which is a superposition of the FIDs for each excited transition. By Fourier transforming

this FID the individual transition frequencies are extracted, resulting in the pure rotational

spectrum. This is broadband ( <10 GHz) and is typically sufficient to resolve complex gas

mixtures spectroscopically. The FIDs are coherently averaged to improve the signal to

noise ratio (SNR) for the transformed spectrum. The flat intensity of the chirp facilitates

the calculation of partition functions, relative concentrations in a mixture, and rotational

temperatures, especially compared to cavity-FT MW measurements where the relative

intensity of the transitions can vary with frequency.

The Ka band was chosen for this instrument as most molecules with 3 or more heavy

atoms have at least one transition between 26.5–40 GHz. OH· also has a several well

characterized transitions in this range67,68 which can be used to calculate relative concen-

trations for determining rate constants. However, these transitions are for high J states,

which may not be sufficiently populated at the temperatures measured. LIF detection
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is retained partly to ensure the capabilities to measure concentrations if the rotational

spectrum is insufficient.

The CP-FTMW detection scheme begins with a chirp produced with a Tektronix

AWG70002A arbitrary waveform generator (AWG) from 1.52–4.895 GHz. The chirp is

then filtered and mixed with a 11.52 GHz waveform (ValonTech synthesizer) to produce

a chirp ranging from 6.625-10 GHz, which is quadrupled to produce a chirp spanning the

26.5–40 GHz (Ka) frequency band. This is amplified by an Applied Systems Engineering

187Ka-H 170W traveling wave tube amplifier. The chirp is then broadcast through a

microwave antenna horn inside the vacuum chamber.

Opposite to the transmit horn is a matching receiving horn to collect the FID and

convert it back into an electronic signal. The receiver electronics are protected from the

high power chirp by a diode limiter and switch, which nevertheless pass enough of

the chirp signal through the open switch to permit observation of the chirp. The FID

signal is amplified using a low noise amplifier and mixed with 40.96 GHz to produce an

output signal from 0.96–14.46 GHz. This signal is recorded using a Tektronix DPO72004

oscilloscope which records 16 GHz of analog bandwidth and digitizes at 50 GSa/s, which

then transmits to a computer.

The second method for measuring the reaction is an LIF spectrometer with a tunable

excitation laser and photo multiplier tube (PMT) detector. LIF is widely used as an ana-

lytical technique in large part owing to the strong linear dependence of signal intensity

on density. For analytical purposes, deriving an absolute concentration typically requires
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calibration; however, measuring the exponential decay rate requires only relative con-

centrations, which are measured by LIF spectroscopy without need for calibration. This

makes it an ideal measurement tool for kinetics studies, and it has been used successfully

for many years coupled with CRESU/PLP experiments.27,28,35,69

LIF is initiated by irradiating a molecule of interest with a laser tuned to a frequency

resonant with an electronic, vibronic or rovibronic transition. For OH· the A 2Σ +-X 2Πi

(1-0) vibronic transition at 281 nm is chosen. This absorption is represented in Figure 2.4

as a blue arrow. The molecule then undergoes a spontaneous radiative emission from the

excited state to a lower energy state. This is shown in the figure by a red arrow, dropping

in energy from the A 2Σ+ ν = 1 state to X 2Πi ν = 1 state, which has a transition frequency

of 314 nm.

Care must be taken when targeting a specific LIF measurement in a mixture. Of-

ten, molecules have overlapping absorption features, which complicate extraction of rate

coefficients if both concentrations are changing. Ideally, the desired fluorescence is ac-

quired through selective excitation. For OH·, we pump the 1-0 transition, and measure

the fluorescence signal primarily from the 1-1 transition.

The LIF system for this instrument was designed to initially observe OH·, but is easily

reconfigurable. The excitation laser is a OPOTek Opolette HE 355, with UV modules 1

and 2, extending the tuneable range to 210–2400 nm. The laser light is introduced to

the chamber at a maximum repetition rate of 20 Hz though a fiber optic cable (200 µm

diameter, NA: 0.22) and collimator mounted on a kinematic mount . This beam intersects
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Figure 2.4: Jablonski diagram for the X 2Πi and A 2Σ+ vibronic transitions of OH·.
Vibrational levels are drawn to scale, electronic energies are not. Fluorescence
is shown as a red arrow and absorption is shown with a blue arrow. The 1-1
transition is the target fluorescence frequency for this instrument. λF is calculated
from the fundamental vibrational frequencies and electronic energies for both
states.
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the molecular beam, and terminates in a beam dump to minimize interference from

reflections inside of the chamber. Emitted fluorescent light is collected via a telescope and

filtered to remove light with wavelengths below 304 nm. Filtering minimizes detector

response from Rayleigh scattering or reflections from chamber walls. Fluorescence is

focused onto a Hamamatsu PMT (H9305-01), with a spectral response of 185–750 nm,

which is powered by a Hamamatsu C7169 power supply. The signal is passed through a

pre-amplifier (Hamamatsu C11184) which has a bandwidth of 300 MHz and a rise time of

1.2 ns, and the signal is recorded using a Spectrum Instruments M4i2211-x8 PCI express

digital oscilloscope which has a max sampling rate of 1.25 GS/s and a bandwidth of 500

MHz. A Thorlabs silicon photodiode (Thorlabs DET10A2; rise time of 1 ns, 200–1100 nm

detection range) measures the power and normalizes the fluorescence signal of each pulse.

The signal is averaged and gate integrated to produce a final intensity measurement of

the fluorescence.

2.3 Kinetics measurement

A complete kinetics measurement consists of a series of temperature dependent second-

order rate coefficient determinations. Figure 2.5 is a graphical representation for the

process of acquiring the raw data for a kinetics experiment. Reactions are set up to proceed

under pseudo first-order conditions, with H2O2 seeded into the flow of a carrier gas with

an excess of the other reactant. This gas mixture flows into the reservoir of the piezo source

from the MFC manifold, then through the nozzle as the piezo valve pulses, expanding

supersonically into the chamber to the final temperature, pressure and density determined
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Figure 2.5: Timing diagram example of a pulse train for a kinetics experiment.
Green: Reaction time. Only gas that was in the uniform flow at the time of the
excimer firing will give meaningful results. Its length is dependent on the Mach
number of the flow and the length of its stability. For a 55 K Ar nozzle the duration
is about 313 µs long. Purple: Excimer laser pulse, which initiates the start of
chemistry through dissociation of the precursor. Black: CP-FTMW measurement,
which is about 5 µs in length, and is taking multiple measurements per gas pulse,
starting prior to the exicmer pulse to measure the beam composition before the
reaction. Blue: LIF excitation pulse, which is set at a delay from the excimer laser.
This delay is adjusted as the experiment proceeds to sample the entirety of the
gas pulse.

by the nozzle. At some point after uniform flow has been established, an excimer pulse

is fired to initiate the reaction. Prior to the excimer pulse, CP-FTMW measurements

begin in a sequence, which provides a series of snapshots before and during the reaction,

monitoring concentrations throughout. Each CP-FTMW measurement takes between 5-

10 µs, so for a typical gas pulse, 10-15 snapshots are performed. LIF measurements are

performed by varying the timing compared to the excimer, probing the entirety of reaction

time. This is shown in the left panel of Figure 2.1, where each data point represents a

different delay of the LIF laser from the excimer laser.
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LIF and CP-FTMW are both integrated into this instrument due to their complemen-

tary natures. LIF has high sensitivity and selectivity, and has been proven to work for

measuring rates of reaction by many groups. CP-FTMW spectroscopy has the ability to

resolve complex mixtures of gases spectroscopically, which gives it the advantage of be-

ing able to measure reactants and products simultaneously. Running these two detection

measurements simultaneously allows the derivation of low temperature rate coefficients

accurately, using two techniques in the same reaction. In addition to these advantages

of using both measurement techniques, CP-FTMW probes the entirety of its bandwidth

for each measurement and will detect unexpected molecules in the flow including cluster

complexes, unpredicted products, or secondary products formed using initial products as

reactants.

Each reaction studied with this instrument will undergo a series of measurements.

First, the reactants will be measured in the flow with no photolysis laser, to detect any

clusters that form between reactant molecules. Second, only the excess reactant will be

seeded into the beam with the excimer. Third, the radical precursor with the excimer will

be measured. Both the second and third measurements will look for any contaminants,

secondary products, or clusters that form in the beam. Fourth, both reactants with the

excimer will be studied for set densities of reactants. Next, steps 1–4 will be repeated,

varying the density of the excess reactant, then varying the total number density. Finally,

all of these steps will be repeated using multiple nozzles to vary the temperature of

the flow, which will be used to extract the temperature dependent rate coefficients and

branching ratios.
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Chapter 3

Laval nozzle design and testing

Central to the reaction environment established for the instrument described in chapter

2 is the production of a cold molecular beam with the desired temperature, pressure and

density. The objective of studies using this instrument is to probe the kinetics of reactions

at temperatures between 20–200 K where OH· has been shown to exhibit non-Arrhenius

behavior when reacting with hydrogen-bonding species.31

To achieve these lower temperatures, a supersonic expansion of a high pressure gas

into a low pressure environment converts rotational and vibrational energy into kinetic

energy, leaving the molecules much colder in their relative frame of reference. Supersonic

expansion is a well known technique for molecular cooling28 and has been used to produce

cold molecular environments in many experiments.35,39–42,70–79 The production of a uniform

beam of known parameters is achieved through the use of a Laval nozzle.

Named after the Swedish engineer who pioneered them,71 a Laval nozzle is a type

of converging/diverging nozzle used to supersonically expand gas into a uniform beam.

These nozzles have been used for a variety of purposes, such as producing useful condi-
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tions in wind tunnels for aeronautic research, the expansion of rocket fuel for spaceships,

depositing charged nano-particles onto a surface,80 and others. In general, the design

for converging/diverging nozzles results from the application of the partial differential

equations for continuity, momentum and energy, discussed below (Equations 3.3, 3.6, and

3.9).81

This chapter first describes the mathematical background to calculate nozzles capable

of creating molecular beams of desired temperature, pressure and density. These nozzles

are designed in two parts: An “ideal” isentropic core and a boundary layer correction.

The ideal core ignores any interaction with the wall of the nozzle and produces a shock

free uniform flow. The boundary layer correction adjusts the physical wall to account for

friction and heat transfer propagating into the flow from the nozzle so that an isentropic

core is still produced. Next, the calculation of the isentropic core is presented, using the

method of characteristics, followed by the calculation for the boundary layer. Finally,

data gathered on 2 argon and 1 helium nozzles produced using the code described in

this chapter are presented. Section 3.3 describes the procedure for measuring the Mach

number in this flow and shows the results of these measurements.

3.1 Isentropic expansion

The continuity equation is a result of applying the law of conservation of mass to a fluid

system.

∂
∂t

∰
V

ρdV +

∯
S

ρ~v ··· dS = 0 (3.1)
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where dV is the elemental volume, ~v is the flow velocity, ρ is the density, dS is the

vector elemental surface area. Reducing to a partial differential equation by applying the

divergence theorem describes the relationship of the flow field variables at a point rather

than in an arbitrary area, assuming that the flow is continuous:

∂ρ

∂t
+ ∇ ··· (ρ~v) = 0 (3.2)

Assuming a steady, inviscid flow, this equation becomes

∇ ··· (ρ~v) = 0 (3.3)

The momentum equation is a result of applying Newton’s second law to a flow,

expressed in integral form as:

∂
∂t

∰
V

ρ~v dV +

∯
S

(ρ~v ··· dS)~v = −

∯
S

P dS +

∰
V

ρ ~f dV + ~Fviscous (3.4)

where ~f is the net body force per unit mass exerted on the fluid inside of V, ~Fviscous is the

total viscous force on the surface and P is the pressure. A body force is defined as a force

which acts at a distance (such as gravity, electromagnetic forces, etc) on the fluid. Using

the gradient theorem, this can be broken into x, y, and z components of the equation, and

expressed as a set of partial differential equations.
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∂(ρvx)
∂t

+ ∇ ··· (ρvx ~v ) = −
∂P
∂x

+ ρ fx + (Fx)viscous (3.5a)

∂(ρvy)
∂t

+ ∇ ··· (ρvy ~v ) = −
∂P
∂y

+ ρ fy + (Fy)viscous (3.5b)

∂(ρvz)
∂t

+ ∇ ··· (ρvz ~v ) = −
∂P
∂z

+ ρ fz + (Fz)viscous (3.5c)

where vx, vy and vz are the velocity of the flow in the x, y and z dimensions. These

equations are known as the Navier-Stokes equations, and are important for solving the

boundary layer, discussed later in the chapter. They apply to unsteady, three dimensional

flows of fluids.

For the ideal core calculation of the nozzle, these equations can be simplified by

assuming a steady flow (d/dt = 0) and by assuming that ~Fviscous = 0 and ~f = 0.

∇ ··· (ρvx ~v) =
∂P
∂x

(3.6a)

∇ ··· (ρvy ~v) =
∂P
∂y

(3.6b)

∇ ··· (ρvz ~v) =
∂P
∂z

(3.6c)

These equations are known as the Euler equations, and are used for the isentropic core

calculations.

The energy equation becomes important for compressible flows, as ρ is no longer a

constant, and another equation is needed to solve for the unknowns in this system: P, ~v

and ρ. This equation is an application of the first law of thermodynamics to a fluid. The
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integral form is:

∰
V

q̇ρdV + Q̇viscous −

∯
S

PV ··· dS +

∰
V

ρ( ~f ··· V) dV + Ẇviscous

=
∂
∂t

∰
V

ρ

(
e +

V2

2
dV

)
+

∯
S

ρ

(
e +

V2

2
dV

)
V ··· dS (3.7)

where e is the internal energy, T is the temperature, q̇ is the volumetric rate of heat

addition per unit mass in J ··· kg/s, Q̇viscous is the rate of volumetric heating from viscous

effects, Ẇviscous is the shear stress on the surface.

Using the divergence theorem, the differential equation form of the energy equation is

written:

∂
∂t

[
ρ

(
e +

V2

2

)]
+ ∇ ···

[
ρ

(
e +

V2

2

)
~v
]

= ρq̇ − ∇ ··· (P~v) + ρ( ~f ··· V) + Q̇viscous + Ẇviscous (3.8)

This can be simplified by assuming a steady, inviscid, adiabatic flow without external

forces, which reduces the differential form to:

∇ ···
[
ρ

(
e +

V2

2

)
~v
]

= −∇ ··· (P~v) (3.9)

Applying the differential forms of the momentum, continuity and enegry equations to

a cylindrically symmetric nozzle, the area-velocity relation can be derived for a quasi-one

dimensional flow through a variable area three dimensional nozzle, which shows how the

velocity of the flow in a direction changes with the change of the area of the cross section

of the duct (see Chapter 10 of Anderson):81

dA
A

=
(
M2
− 1

) d~v
~v

(3.10)
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where A is the area of the cross section of the nozzle, M is the Mach number, and d~v is the

change in velocity of the flow. M is a unifying variable for many flow properties and it is

defined as the ratio between the velocity of the gas and the velocity of the local speed of

sound:

M =
|~vgas|

|~vsound|
(3.11)

When M is less than 1, decreasing the area of the cross-section (dA < 0) requires the

change in velocity be positive, resulting in acceleration of the flow. Likewise, when M is

greater than 1, increasing A (dA > 0) leads to an acceleration of the flow. Flow begins in

the stagnation region before being accelerated subsonically through a converging region

of the nozzle. At the throat of the nozzle (narrowest point) the flow is sonic (M=1), and

then the nozzle diverges to continue to accelerate the flow supersonically.

Laminar flow is achieved by controlling the shape of the walls which rapidly accelerate

and expand the flow, creating parallel streamlines after the nozzle exit.82 Following the

measurement of M after the nozzle exit, the temperature, pressure and density of the beam

can be calculated using the relations in Equation 3.1272,83:

T
T0

=

(
1 +

γ − 1
2

M2

)−1

(3.12a)

P
P0

=

(
1 +

γ − 1
2

M2

)−γ/(γ−1)

(3.12b)

ρ

ρ0
=

(
1 +

γ − 1
2

M2

)−1/(γ−1)

(3.12c)

In these equations, the subscript 0 indicates the conditions in the stagnation region, T
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is the temperature in Kelvin, P is the pressure, ρ is the density, and the heat capacity ratio

is defined as γ =
Cp

Cv
.

Figure 3.1: Calculated contour (black) for a Laval nozzle designed for argon at
54K. To the left of the nozzle is the stagnation region, where the properties of
the gas are at their initial values of T0, P0 and ρ0. After exiting the nozzle on the
right, the flow is shock free and uniform with known values of T, P, and ρ.

3.2 Axisymmetric nozzle design

Laval nozzles require a contour similar to that shown above in Fig 3.1, and typically come

in one of two configurations: 2 dimensional (2D: 4 wall rectangle with 2 walls that are the

Laval contour and 2 that are parallel) or axisymmetric. Axisymmetric nozzles are simpler

to design, and agnostic with regard to orientation of the nozzle, which is most suitable

for the design considerations of the instrument. They also don’t suffer from the same

boundary layer issues that are caused by the corners with the parallel walls in 2D nozzles.

For axisymmetric nozzles, the wall contour is first calculated in terms of radius, r and the

distance along the flow-axis, z. The resulting contour is then rotated around the z-axis

to produce a 3 dimensional nozzle that can be produced through 3D printing78 or with a
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CNC lathe.

The nozzle designs were calculated using a custom python script which is available

on GitHub.† Designing a nozzle that produces a flow with desirable conditions is a

difficult problem to solve analytically, but is much simpler to do numerically. This is

accomplished through the method of characteristics (MoC), an approach to solve the

momentum, continuity and energy equations by transforming the partial differential

equations into ordinary differential equations. The MoC is used to produce a core contour

for the ideal isentropic flow, and will be discussed in detail in section 3.2.1. This contour is

then corrected for the effect of heat transfer and friction with the nozzle wall by iteratively

solving the Navier-Stokes equations, creating the real world nozzle contour. The following

sections describe how the basic equations of fluid dynamics are leveraged to numerically

calculate these contours with the desired flow parameters.

3.2.1 The Isentropic Core

Characteristics

The discussion in this section follows derivations in Refs 72, 81, and 84.

The method of characteristics uses a bottom up approach to producing nozzles with

an exit flow of the desired parameters, beginning with a target flow, and finding the wall

contour that will produce it. A streamline is defined as a curve whose tangent at any

point along the curve corresponds to the direction of the flow velocity at that point. The

equations in this section are for axisymmetric nozzles in cylindrical coordinates. The

†https://github.com/zsb1010/LavalProject
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streamlines for a supersonic, steady, inviscid flow such as in a Laval nozzle are described

by the following equation:

(
1 −

u2

a2

)
∂2φ

∂z2 +

(
1 −

v2

a2

)
∂2φ

∂r2 −
2uv
a2

∂2φ

∂z∂r
= 0 (3.13)

where a is the acceleration, u =
∂φ
∂z , and v =

∂φ
∂r , φ is the full velocity potential defined

by: ∇φ = ~v, and is a function of z and r such that ∂φ
∂z = f (z, r). This relationship and the

definition of an exact differential produces the following equations:

d
(
∂φ

∂z

)
= du =

∂2φ

∂z2 dz +
∂2φ

∂z∂r
dr (3.14a)

d
(
∂φ

∂r

)
= dv =

∂2φ

∂z∂r
dz +

∂2φ

∂r2 dr (3.14b)

Equations 3.13 and 3.14 form a system of equations with 3 unknowns: the second

derivatives ∂2φ
∂r2 , ∂

2φ
∂z2 and ∂2φ

∂z∂r . This system can be solved using Cramer’s rule, shown below

for ∂2φ
∂z∂r :

∂2φ

∂z∂r
=

∣∣∣∣∣∣∣∣
1 − u2

a2 0 1 − v2

a2

dz du 0
0 dv dr

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
1 − u2

a2 −
2uv
a2 1 − v2

a2

dz dr 0
0 dz dr

∣∣∣∣∣∣∣∣
(3.15)

Given the value of ∂2φ
∂z∂r , this equation can be solved for any arbitrary choice of dz and dr

with corresponding values of du and dv constrained by that choice. There is an exception

however that leads to the denominator of Equation 3.15 being 0. In order for the value of

∂2φ
∂z∂r to be finite, the the numerator must also be zero, which leads to an indeterminate form

of the equation. The line coming off an arbitrary point on the streamline is a characteristic

line along which the derivatives of the flow field variables (ρ, T, P) are indeterminate,
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and the slope is dr/dz. Along these lines, the partial differential equations that describe

the flow become ordinary differential equations (ODEs), which can be readily solved by

numerical integration.

The slope of the characteristic can can be determined by setting the denominator in

Equation 3.15 to 0 and solving for dr/dz using the quadratic formula.

(
dr
dz

)
= tan(θ ∓ µ) (3.16)

where µ = arcsin(1/M) and θ is the angle of the flow velocity with respect to the z axis.

Equation 3.16 indicates that any given point on a streamline lies at the intersection of

2 characteristics as shown in Figure 3.2.

Figure 3.2: Characteristic lines from points 1 and 2 intersecting at point 3. The
red line represents the positively sloped characteristic running through point 1,
and green line the negatively sloped characteristic running through point 2.

Setting the numerator of Equation 3.15 to 0, which is necessary for the characteristic
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lines to be indeterminate and finite, and rearranging gives the following relationship:

1
v

dv
dθ

= ∓tanµ +
sinµ tanµ sinθ

sin(θ ∓ µ)
1
r

dr
dθ

(3.17)

Equation 3.17 is a set of ODEs called the compatibility relations, which describe the Mach

number and the flow angle for a point on the characteristic. They will be used with

Equation 3.16 to calculate the mesh of characteristics used for designing an axisymmetric

nozzle.

Method of characteristics

Beginning with point 1 (P1) and point 2 (P2) where the coordinates, flow angle and Mach

angle are all known, it is possible to calculate those same properties for point 3 (P3) using

Equations 3.16 and 3.17. P3 occurs at the intersection of a positive characteristic from P1,

and the negative characteristic from P2, demonstrated in Figure 3.2.

For the characteristic with a positive slope originating from P1, Equation 3.16 is solved

by finite differences.

r3 − r1

z3 − z1
= tan(θ1 − µ1) =

sin(θ1 − µ1)
cos(θ1 − µ1)

(3.18)

which can be rearranged to:

r3 cos(θ1 − µ1) − z3 sin(θ1 − µ1) = r1 cos(θ1 − µ1) − z1 sin(θ1 − µ1) (3.19)

dividing both sides by cos(θ1 − µ1) results in:

r3 − z3 tan(θ1 − µ1) = r1 − z1 tan(θ1 − µ1) (3.20)
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Through the same steps, the negatively slopped line from P2 can be written:

r3 − z3 tan(θ2 + µ2) = r2 − z2 tan(θ2 + µ2) (3.21)

because the values of z, r, θ and µ are known for both P1 and P2, the system of two

equations created by Equations 3.19 and 3.21 can be solved for z3 and r3.

Solving for θ3 and µ3 requires solving a similar system of equations derived from

equation 3.17. Rewriting it:

dθ ±
dv

v tan(µ)
∓

sin(θ) sin(µ)
sin(θ ∓ µ)

dr
r

= 0 (3.22)

The finite difference form for the positive characteristic originating at P1 becomes:

θ3 +
v3

v1 tan(µ1)
= θ1 +

1
tan(µ1)

+
sin(θ1) sin(µ1)

sin(θ1 − µ1)
(r3 − r1)

r1
(3.23)

For the negatively sloped characteristic, the finite difference form of Equation 3.17 is:

θ3 −
~v3

v2 tan(µ2)
= θ2 −

1
tan(µ2)

−
sin(θ2) sin(µ2)

sin(θ2 + µ2)
(r3 − r2)

r2
(3.24)

Equations 3.23 and 3.24 form a system of equations that can be solved for θ3 and v3

using known values (v can be converted to M and µ as previously noted).

If P1 and P2 are on the axis (r = 0, θ = 0) then a modified version of the system of

equations should be used, as sin(θ1) sin(µ1)
sin(θ1−µ1)r1

becomes indeterminate. In the limit that r and

θ go to zero, this term becomes approximately equal to θ
r , and the following system of

equations is used instead:

θ3 −
r3 − r1

r3
θ3 +

v3

tan(v1µ1)
= θ1 +

1
tan(µ1)

(3.25a)

θ3 +
r3 − r2

r3
θ3 −

v3

tan(v2µ2)
= θ2 −

1
tan(µ2)

(3.25b)
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Calculating the properties of P3 then allows calculation of two new characteristics

originating from that point that can be used in subsequent calculations. From an initial

set of data points on the axis of the flow (which will be described later), an entire mesh of

character points can be built to describe the entirety of the flow at discrete points in the

nozzle. An example is shown in Figure 3.3, where points are calculated on the mesh at

every intersection of characteristics. The black wall contour will be discussed in the next

section.

Figure 3.3: Mesh for a 54 K Argon nozzle with positively sloped characteristic
lines shown in red and negatively sloped characteristic lines shown in green.
Less than 5 percent of the lines calculated for the mesh are shown as the true
mesh is too fine to be shown as distinct lines.

Calculating the core boundary

Once the mesh describing the flow is calculated, the last step is determining the isentropic

core’s “wall”. Crucial to this step is the concept of mass flux, defined as the mass flow

per unit area, which plays an important role in the continuity equation (Eq 3.3). Mass

flux is conserved throughout the nozzle and is used to identify the points in the flow
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representing the wall, as the mass flux through each characteristic is equal.

To find the wall points, the dimensionless mass flux is calculated for one characteristic,

using the following equation:

dm = rW(1 −W)1/(γ−1) sin(µ) d` (3.26)

where m is the mass flux, l is the length along the characteristic, and W is defined by:

W =

√
γ − 1

2
M2

(
1 +

γ − 1
2

M2

)−1

(3.27)

The characteristic used to calibrate the wall is the right running characteristic originating

on the axis, and ending at the inflection point in the wall. To find the edge of the isentropic

core, each characteristic is then integrated using Equation 3.26 point by point until the

mass flux matches that of the first characteristic.

3.2.2 Algorithms for calculating nozzle contours

The code performs the following calculations in order to design a new nozzle.

1. The input parameters are the identity of the carrier gas, the desired temperature,

and the wall inflection angle (∠COB). Directly related to the choice of temperature

are the final pressure and density, which are related through the Mach number by

Equation 3.12. The angle of inflection choice is important. If a poor angle is chosen,

the calculation for the nozzle will not converge and the characteristic curves will

cross. In general, this angle is selected to be as large as possible to minimize the

overall length of the nozzle.
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2. The calculation for the nozzle is divided into 3 regions, designated I, II, and III. See

Fig 3.4. Region I is the initial acceleration into a supersonic flow. Region II is called

the “source flow” region,72,85 and it is assumed that the streamlines all originate at

some point O. No characteristics are calculated for this region, except between BC

and CD. In region III the flow reaches its final Mach number along line EF, and the

shock waves are removed from the flow.

Figure 3.4: Regions of nozzle design. Region I represents the region where the
flow is quickly accelerated to 2/5 of the terminal Mach number. In region II flow
is assumed to originate from the origin O, and in region III the flow is accelerated
to the final Mach number. Region IV is the converging section of the nozzle, with
point A the axial location of the throat of the nozzle where the Mach number
of the flow is equal to 1. Line BC is the first characteristic calculated, and the
characteristic used to calibrate the mass flux through all characteristics. Line EF
represents the last characteristic, after which the flow is uniform with the desired
Mach number in region V.

3. The equations described in Section 3.2.1 are used to calculate points in the charac-

teristic mesh from an initial set of points with known properties. The initial set of

points for the isentropic core are located along lines AB, BC, CD, DE and EF.
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4. For the line AB, the flow is accelerated from M = 1 at point A to 2/5 of the terminal

Mach number at point B using M = z3 from 1 ≤M ≤ 0.4M f .

5. The points on the characteristic BC are calculated by picking a point P that is dθ

above the axis so that ∠COP= n ∗dθ ≡ θP where n is incremented for each successive

point. A streamline of the expansion fan that originates at point O (the origin) and

passes though point P is described using the Prandtl-Meyer angle (ψ),86 related to

θP by:

ψP = ψB + 2θP =

√
γ + 1
γ − 1

arctan


√
γ − 1
γ + 1

(M2
P − 1)

 − arctan
(√

(M2
P − 1)

)
(3.28)

Solving this equation for M provides the Mach number, which can be used to calcu-

late the distance d from O using:

d =

√√
1
M

2
(γ + 1)

(
1 +

(
γ − 1

2
M2

)) γ+1
2(γ−1)

(3.29)

which is used to calculate the values for z and r of point P.

z = d sinθ (3.30a)

y = d cosθ (3.30b)

A new angle θP is calculated, and process is repeated until θP reaches the value of

the inflection angle.

6. Characteristic CD is calculated similarly to BC, starting with θP = θC − n ∗ dθ with a

slight change to Equation 3.28:

ψP = ψC + 2(θC − θP) (3.31)
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7. The flow along line DE is accelerated from MD at point D (found when calculating

CD) to the final Mach number at point E. The acceleration along the axis from D to

E is defined as M = z4 from MD ≤M ≤M f .

8. EF is defined as the right running characteristic for which the flow properties (in-

cluding M) for every point in the flow are uniform. Additionally, the streamlines

through EF are parallel to each other (θ = 0) reducing Equation 3.16 to:(
dr
dz

)
= tan(µ) (3.32)

The mass flux through EF needs to match the mass flux through BC, which is

accomplished by using the slope in Equations 3.26 and 3.32 to find point F. The line

is then divided into the same number of points as BC and CD.

9. The mesh for Region I and Region III are calculated separately using the same

method based on Section 3.2.1. The characteristic points on the axis from A to B

are used with Equations 3.19, 3.21, 3.23 and 3.24 to calculate a row of characteristic

points just above the axis, which includes the second point on the BC characteristic.

This is illustrated in Figure 3.5. This process is continued for as many rows as there

are points in the BC characteristic.

The mesh in Region III is calculated similarly, including the characteristic points

from both CD and EF on either side of each row as the mesh is calculated. At this

point, the mesh extends beyond the location of the wall of the isentropic core.

10. The total mass flux through each characteristic for the nozzle is calculated by inte-

grating Equation 3.26 for the BC characteristic line.
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Figure 3.5: After a single iteration of the Method of Characteristics, the charac-
teristic points along the flow axis, and a row above the axis are both known.

11. The wall of the nozzle is located using Equation 3.26. Each characteristic is in-

tegrated until the mass flux matches the value for BC. To achieve this match, the

wall coordinate is found by interpolating between calculated characteristic points,

assuming the characteristics are linear between points. The final wall points for the

isentropic core are recorded as a set of (z, r) coordinates.

12. The nozzles have been scaled preserving the dA relationship of the nozzle so the

value of r (radius) at the throat for argon nozzles is equal to 0.5 cm, and for the

helium nozzles so that the throat radius is 0.25 cm.

3.2.3 Boundary Layer

The calculations in the previous sections assume that the flow does not interact with the

wall of the nozzle. For a real flow, it is assumed that the effects of interacting with the

45



wall only penetrates a finite distance from the wall. These wall effects are represented as

a “momentum thickness” Θ. The boundary of the isentropic core is corrected to account

for the momentum thickness, resulting in a nozzle which produces a flow consisting of

the calculated isentropic core surrounded by a boundary layer.28

The calculation for the boundary layer is based on the momentum equation (Equation

3.6) the solution of which in cylindrical coordinates is:

n = −
1

r2ue

due

ds
A

MB−1
e

(T0

Te

)K+1
s∫
0

(Te

T0

)K

r2MB−1
e ds (3.33)

where s is the distance along the wall from the throat, the subscript 0 refers to the stagnation

region before the nozzle, the subscript e refers to the edge of the isentropic core and A and

B are constants from the work by Cohen and Reshotko.87 They are measured parameters

related to the momentum equation (N) by:

N = A + Bn (3.34)

A and B for the calculation of nozzles using this code are set to A = 0.44 and B = 5.1.72

An estimate for the momentum thickeness (Θ1) can be calculated for the isentropic

core using:

Θ1 =
Te

Tw

(
−

1
Rew

Te

T0

n s ue

due/ds

)1/2

(3.35)

where the subscript w refers to the value at the wall, and the Reynolds number Rew =

ρwues/µw where ρ is density and µ is the dynamic viscosity of the fluid.

This momentum thickness is related to displacement thickness δ∗(z, r), which will

be applied to the wall points to correct them for the momentum thickeness. δ∗(z, r) is
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calculated:

δ∗

Θ
= Htr +

γ − 1
2

M2
e (Htr + 1) (3.36)

where Htr is a physical form factor taken from a table in Cohen and Reshotko.88

The corrected wall points are calculated using the displacement thickenss:

zw = ze (3.37a)

rw = re + δ∗ cos β (3.37b)

where β is the angle of the wall with respect to the nozzle axis.

The true value for the momentum thickness of this new wall can then be calculated

using:

Θ =
1 −

√
1 − 2

(
Θ1
rw

)
cos β

cos
(
β
rw

) (3.38)

where β is the angle with respect to the nozzle axis, and Θ1 is the value of the momentum

thickness estimated using Equation 3.35.

Algorithm for boundary layer

In practice, calculating the boundary layer works best as an iterative process. Starting

with the coordinates and Mach numbers calculated for the isentropic core, the following

process is performed.

1. The solution for the momentum equation (n) is calculated for each point along the

isentropic core using Equation 3.33.
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2. The values of n are used to calculate an estimate for the momentum thickness (Θ1)

using Equation 3.35.

3. Θ1 is used in Equation 3.36 to find a value for the displacement thickness δ∗, which

is used in Equation 3.37 with the core nozzle radius to predict a new radius for the

wall that will produce the desired isentropic core surrounded by a boundary layer.

4. The wall coordinates are used with the estimate for momentum thickness in Equation

3.38 to calculate the true momentum thickness.

5. The true momentum thickness is then used with Equation 3.36 to calculate δ∗. This

value is then used with Equation 3.37 to find a new set of wall coordinates.

6. These steps are iterated until the value of n converges.

7. After n converges, steps 2–5 are repeated until Θ converges. zw and rw following this

process are output from the code as a .csv file for nozzle production.

3.3 Beam Profiles

Following the design of a nozzle it is produced on a computer numeric controlled (CNC)

lathe from aluminum with a resolution of 0.004 inches. In the design of nozzles, assump-

tions in derivations as well as machining imperfections can cause the physical nozzle to

deviate from theory. To correct for this, each nozzle is profiled to experimentally deter-

mine the final Mach number available for that nozzle. For the three nozzles designed

and tested, the measured temperature is within 21 K of the design temperature. This pro-
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cess includes optimizing the conditions (backing pressure, chamber pressure) for nozzle

operation for each nozzle produced.

Figure 3.6: Simple schematic of a Pitot tube. The Pitot tube is inserted in the
flow to collect a sample. The output from the pressure transducer is recorded by
an oscilloscope. The entire assembly is mounted on to a 3D stage controlled by
stepper motors to probe the entirety of the beam.

The testing apparatus to perform beam profiling experiments relies on a Pitot tube

equiped with a pressure transducer. Pitot tubes were invented in 1732 to measure the

velocity of fluids, and have remained an important tool for aerodynamics.81 By placing a

Pitot tube in the path of the uniform beam from the nozzle, a shock wave forms inside the

tube. This impact pressure is measured by a Kulite XCL-093-50A pressure transducer, see

Figure 3.6. This process is illustrated by Figure 3.7 which is a 3D representation of a beam

profile for a 54 K argon nozzle.

The measured impact pressure (Pi) can be related to the Mach number, and therefore

the free stream pressure in the flow, by using the initial pressure from the reservoir (P0)

and the Rayleigh-Pitot formula:76

Pi

P0
=

[
(γ + 1)M2

(γ − 1)M2 + 2

]γ/(γ−1) [
γ + 1

2γM2 − (γ − 1)

]1/(γ−1)

(3.39)

The stagnation region of the nozzle includes a second pressure transducer that is used to

measure P0. Solving this formula for M provides all relevant parameters for the nozzle

using Equation 3.12.
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Figure 3.7: An example of how a beam profile is constructed. Each point repre-
sents a x, y, and z position that the Pitot tube is placed, with the color representing
the static flow pressure of the beam at those coordinates. The exit diameter of the
nozzles is typically less than 5 cm, so a 10x10 cm grid is sufficient to measure the
XY plane of the beam. The beam length is dependent on the nozzle and backing
pressures, typically on order of 10-30 cm.

It is also of note that the beam profiles measured are for a pulsed valve system. An

example of the time evolution of a pressure trace is shown in Figure 3.8, where the impact

pressure was measured for approximately 40 ms. The pressure for t=0 to t≈10000 µs is the

baseline chamber pressure. Around t=10000, the piezo valve opens, and stays open for

9990 µs, with a target rise time of about 3200 µs. Steady state is achieved at about 16 ms

(see inset panel). The stability over time and the length of beam determines the timescale

for kinetics experiments. The goal during beam profiling is to maximize the distance

from the nozzle, with a uniform/shock free flow in the beam through adjustments to the
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Figure 3.8: The averaged measurement of impact pressure vs time for a point in
the uniform flow. This figure shows the base pressure of the chamber, a rise after
the valve is open, about 6 ms of uniform flow, followed by a decrease in pressure
after the valve closes.

backing pressure behind the valve, the chamber pressure and the open time for the valve.

When performing experiments to profile the beams, an iterative approach is taken to

find the chamber pressure that works with each nozzle at different backing pressures until

a uniform beam is achieved. Figures 3.9 and 3.10 show two measurements of non-ideal

conditions for an argon nozzle designed for 55 K. For a nozzle to produce a uniform flow,

the pressure of the chamber must match the pressure of the beam at the nozzle exit.81

When the chamber pressure is higher than the flow pressure, a shock wave is formed at

the nozzle exit that compresses the flow to a pressure that is equal to the chamber pressure.

An example of a collapsing beam is shown in Figure 3.9, with an initial collapse of the

beam, followed by a more diffuse and lower pressure beam. Profiles like this one indicate

51



that a lower chamber pressure/backing pressure ratio (Pc/P0) is needed for uniform flow.

Figure 3.9: Experimental measurement of a collapsing beam. Chamber pressure
is too high in this experiment, resulting in flow collapse after the nozzle exit.

When the chamber pressure is lower than the exit pressure of the nozzle, the flow

must expand after exiting the nozzle. This results in shock waves that cause the flow to

expand, decreasing pressure on the edge of the expansion to match the chamber pressure.

This expansion results in further shock waves that continue to impact the flow, creating

non-uniform conditions. This can be clearly seen in Figure 3.10, which has a much larger

beam diameter compared to Figure 3.11. There is also evidence of shock waves in the

disks and the side view of the profile, which exhibit a donut shaped low pressure region

surrounding a barrel of higher pressure. Profiles like this one indicate that a higher Pc/P0

ratio is needed for uniform flow.

Figures 3.11, 3.13, and 3.14 show the best impact pressure profiles for the three nozzles

that have been produced and tested: An argon nozzle designed for 55 K, an argon nozzle

designed for 30K, and a helium nozzle designed for 55 K.
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Figure 3.10: Experimental measurement of a diverging beam. The chamber
pressure was too low in this experiment, leading to continued expansion of the
flow outside of the nozzle.

Figure 3.11: Experimental measurement of an uniform argon beam from a nozzle
designed for 55 K. The measured temperature is 61.3 ± 0.8 K.

Figure 3.11 shows an example of uniform flow through a nozzle designed for argon.

The throat of the nozzle is 1 cm in diameter and the exit is approximately 2.5 cm, of

which about 2 cm represents the isentropic core. This matches well to the diameter

measured using impact pressures. There are some slight pressure fluctuations in the
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flow axis, which can be seen as Mach diamonds in Figure 3.11. While these lead to

some variation in the uniformity of the flow, they are comparable to nozzles used in prior

kinetics studies.76,89 This nozzle was able to achieve uniform flow for at least 10 cm. This is

further demonstrated in Figure 3.12, which shows close to identical diameters and impact

pressure profiles through the whole beam.

Figure 3.12: Uniform argon beam from a nozzle designed for 55 K. The ideal
nozzle each slice would be identical as z increases.

Using Equation 3.39, the final temperature for this beam is measured as 61.3 ± 0.8 K.

While this is 6 K warmer than originally designed, it is more important for the kinetics

measurements to have a variety of nozzles at different well defined temperatures, so this

departure from design is not critical.

Figure 3.13 shows the profile for another argon nozzle, designed to be 30 K. The stable
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region for this nozzle is shorter than the 55 K nozzle, only extending about 3.5 cm from

the nozzle exit. The pressure and density for this test however were much lower than for

the other nozzle (1.3 Torr vs 14 Torr). Experiments with the 55 K nozzle showed a similar

shortening of the stable region of the beam when decreasing P0 while maintaining the

same Pc/P0 ratio. The converted temperature in the flow was measured as 19.8 ± 0.4 K,

which is significantly different than the design temperature, but still a useful operating

temperature for kinetics experiments.

Figure 3.13: Example of a uniform beam for an argon nozzle designed for 30 K.
The actual temperature measured here is 19.8 K

The helium nozzle profile was the most sensitive to Pc/P0 when producing a uniform

flow. To prevent the nozzle from becoming prohibitively long, the helium design was

scaled to a throat diameter of 0.5 cm with an exit diameter of 0.95 cm, which translates to

an isentropic core diameter of order 0.5 cm at the nozzle exit. It was also desirable to find

a beam profile that was low density for the spectroscopy part of the experiment, which

lead to very short stable regions from the helium nozzle.

55



Figure 3.14: Example of a uniform beam for an helium nozzle designed for 55 K.
The actual temperature measured here is 34.6 K.

Figure 3.14 shows an example of a uniform flow through a helium nozzle designed for

55 K. The actual temperature measured for this flow is 34.6 ± 1.5 K. Shocks are apparent in

the flow just after the nozzle exit, and it can be seen that the beam is much higher pressure

at the nozzle exit (-25.6 mm) than further in the flow (0 mm), but the relative stability of

the flow in the first 1.5 cm indicates that with a higher P0, the Pc/P0 ratio could produce

an uniform beam.

The nozzles produced and characterized here are a start towards the planned full

coverage of 10–200 K. The next steps with these nozzles is to use spectroscopy to verify

the flow temperature for a gas seeded into the uniform flow. Additional nozzles will also

need to be produced and profiled to adequately cover the desired temperature range.
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Chapter 4

Rotational and vibrational spectroscopy
of CN-labeled ring molecules: Potential
tracers of nonpolar carbon rings in space

The contents of this chapter are adapted, focusing on the contributions of the author, from

the following publications:

Buchanan, Z., Lee, K. L. K., Chitarra, O., McCarthy, M. C., Pirali, O., Martin-Drumel, M. A.

A rotational and vibrational investigation of phenylpropiolonitrile (C6H5C3N), Journal

of Molecular Spectroscopy, 377, (2021), 111425.

Chitarra, O., Martin-Drumel, M.-A., Buchanan, Z. S., Pirali, O. Rotational and vibrational

spectroscopy of 1-cyanoadamantane and 1-isocyanoadamantane. Journal of Molecular

Spectroscopy, 378, (2021), 111468

Chitarra, O., Lee, K. L. K., Buchanan, Z., Melosso, M., McGuire, B. A., Goubet, M., Pirali,

O., Martin-Drumel, M. A. Hunting the relatives of benzonitrile: Rotational spectroscopy

of dicyanobenzenes. Astronomy and Astrophysics, 652 (2021) A163

57



In the last 100 years, about 270 molecules have been detected in the interstellar medium

(ISM) or circumstellar shells.3 Of those detections, roughly 30% contain nitrile groups. The

identification of these molecules has been facilitated by high quality laboratory spectro-

scopic characterization. As the amount of data from astronomical observations continues

to grow, there is a pressing need for more molecules to be studied through rotational and

vibrational spectroscopy.90

Due to their high prevalence in the ISM, nitrile containing molecules have been

proposed as a potential tracer20 for astronomical detection of nonpolar carbon rings.

Molecules like benzene and adamantane have no permanent dipole, which makes them

difficult to detect in space. The presence of a nitrile group on the molecule often cre-

ates a large dipole moment and a strong rotational spectrum. For example, adding a

nitrile group to benzene makes benzonitrile with a dipole of 4.5 D,91 making detection

much more feasible. This chapter reports the work performed to characterize five nitrile

substituted carbon rings: phenylpropiolonitrile (PhC3N), 1-cyanoadamantane (CNAda),

1-isocyanoadamantane (NCAda), m-dicyanobenzene (m-DCB) and o-dicyanobenzene (o-

DCB). These spectra have been measured and assigned in the cm-, mm-, far- and mid-IR

bands of the electromagnetic spectrum with accuracy sufficient to facilitate astronomical

searches. The structures for these compounds are shown in Figure 4.1.

PhC3N is a benzonitrile derivative with an additional C2 inserted between the ring

and the nitrile group. It has been identified as a potential product in the reaction of

phenylacetylene with cyano radical,92 and its vibronic structure has been measured93

but its pure rotational spectrum has not been previously studied. Also unreported is its
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Figure 4.1: Molecular structure of m-dicyanobenzene, o-dicyanobenzene, 1-
cyanoadamantane, 1-isocyanoadamantane, and Phenylpropiolonitrile.

infrared spectrum, which is relevant for comparison to other benzene derivatives, which

often have perturbations and resonances that are problematic for assigning frequencies..

Dicyanobenzene has three isomers, p-dicyanobenzene (p-DCB), o-dicyanobenzene (o-

DCB), m-dicyanobenzene (m-DCB). These DCBs have been of interest to researchers as they

are relatively simple and facilitate research on the affect of nitrile substitution on aromatic

rings.94–97 The low vapor pressure and low solubility of DCBs make them difficult to
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study. Of the three, only the p-DCB isomer has had rotationally resolved spectra reported

(as part of robribronic measurements).98 A single vibrational transition for each of o-DCB

and m-DCB was recorded for a solid99 sample in the 1950s, and more recently IR spectra

were recorded at low resolution in the 1–5 THz band.100,101

Diamondoids are a class of molecules that have long been suspected to be present in

the ISM.47–49 Bands observed at 3.43 µm and 3.53 µm bear a strong resemblance to the ab-

sorption features of thin-film nanodiamonds.102,103 Recent developments in the synthesis

of nanodiamonds and their derivatives50 have provided the means for a more thorough

characterization of these molecules. 1-cyanoadamantane and 1-isocyanoadamantane are

nitrile substituted derivatives of adamantane. Previously104 3 transitions between 30–33

GHz have been measured for each, and rough rotational constants reported, which proved

insufficient to assign the full spectrum.

The instruments used for mm-wave and IR measurements are described in Section 4.1.

Section 4.3.1 shows the results for pure rotational and vibrational measurements of PhC3N,

Section 4.3.2 shows the results for the pure rotational and vibrational measurements of

1-cyanoadamantane and 1-isocyanoadamantane and Section 4.3.3 shows the results from

the pure rotational measuresments of o-DCB and m-DCB.

4.1 Instrumentation

The measurements for this work were taken in two different labs: Infrared measurements

were performed at the AILES beamline at the synchrotron SOLEIL in Saclay France,
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and the mm-wave spectroscopy was performed at the Institut des Sciences Moléculaires

d’Orsay (ISMO).

4.1.1 ISMO mm-wave absorption spectrometer

Two experimental setups have been constructed at ISMO for mm-wave spectroscopy: a

microwave plasma flow cell used for studies involving ions and radicals, and a gas flow

cell used for studies of stable molecules. Figure 4.2 shows the schematic for the plasma

cell, which is the same as the stable setup with the addition of a radio frequency plasma

generator.

Figure 4.2: Schematic of the microwave plasma flow cell at ISMO. The vapor
pressure of the sample is introduced into the Pyrex cell through a needle valve
and is removed from the cell through another needle valve connecting to pumps
to create a constant, low pressure flow through the cell. A 1000 W radio frequency
generator is wrapped around the cell, which produces a plasma discharge ap-
proximately 1 m long. Detection is performed with one of two multiplication
chain mm-wave absorption spectrometers, which can be easily swapped and a
lock-in amplifier. The stable molecule experimental setup is similar, omitting the
RF plasma generator.

The analyte is placed in a reservoir attached at one end of a 2 m long Pyrex cell

connected by a needle valve set to provide a constant flow through the tube, with constant

pressure inside the tube of the order of 1 µbar. The flow is maintained through the use of
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a choked flow to a turbo pump system. The cell is sealed with Teflon windows on either

side placed at Brewster angles.

A radio frequency synthesizer (Rhodes & Schwarz, SMF100A) feeds one of two mul-

tiplication chains to produce mm-wave radiation: one ranging from 75-110 GHz, and

one from 120-220 GHz. The output from the multiplication chains is broadcast through

antenna horns and collimated through the cell using a 10 mm focal length Teflon lens,

then focused onto a Schottky diode detector with a matching lens. The radiation is fre-

quency modulated at 48.2 kHz, which produces a 2 f modulation in the detector output,

which is monitored with a lock-in amplifier. The frequency modulated light interacts with

the molecular line shape to produce a 2nd derivative line shape. The accuracy for these

measurements is in the 30-50 kHz range, limited by the linewidth of the transition and

the signal to noise ratio (SNR) of the transitions. The 120-220 GHz spectrometer tends to

have a lower SNR than the 75-110 GHz spectrometer.

4.1.2 Synchrotron SOLEIL AILES beamline Fourier-transform infrared
spectroscopy with White-type cell

The IR spectra for these studies were measured using the AILES A beamline at the

synchrotron SOLEIL (called AILES from here on).105 AILES (see Figure 4.3) is equipped

with a Bruker IFS125 Fourier transform interferometer and is capable of using as its

light source either synchrotron radiation or an internal silicon carbide globar, attenuated

with an adjustable entrance iris. For far-IR measurements, a mylar-silicon beamsplitter

and a helium cooled hot electron bolometer (HEB) are used, while for the mid-IR a KBr
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beamsplitter and a Mercury-Cadmium-Telluride detector (MCT) is used.

Figure 4.3: Schematic of the gas phase spectroscopy setup at the AILES A beam-
line. The light source for this instrument can be an internal globar, or radiation
from the synchrotron. The light goes through a Michelson interferometer (Bruker
IF125), then is passed into a White-type multipass cell. Vapor from the analyte is
held static in this chamber at a few µbar. The light is then collected on a detector
(HEB for far-IR, MCT for mid-IR).

The sample cell for this setup is a 3 m aluminum chamber equipped with a White-type

multipass cell,51,106 which extends the optical path length to approximately 150 m. The

long path achieves high signal-to-noise with a small amount of sample in a relatively

short amount of time. The far-IR spectra were recorded from 50-650 cm−1, and the mid-IR

spectra from 500-3200 cm−1 with a maximum resolution of <0.0009 cm−1, limited by the

mirror path of 5 meters.
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4.2 Methods

Samples were purchased from commercial sources and used without further purification

for mm-wave and IR measurements.

4.2.1 Computational predictions

For PhC3N Gaussian16107 was used with second order vibrational perturbation theory

(VPT2) using ωB97X-D108/cc-pVQZ109 to calculate: optimized geometry, harmonic and

anharmonic vibrational frequencies and relative intensities for each vibrational mode. For

CNAda, NCAda, o-DCB, and m-DCB, Gaussian09110 was used to calculate at a MP2/cc-

pVTZ109 level geometry optimizations and harmonic vibrational frequencies. Harmonic

frequency analysis was performed to predict distortion constants except for PhC3N, which

used the anharmonic calculations. The results of these calculations are reported with the

experimental results in the appropriate sections of this chapter.

4.2.2 Vibrational spectroscopy

PhC3N

Mid-IR and far-IR spectra were measured at AILES for PhC3N, CNAda, and NCAda from

50–3200 cm−1. The chamber was evacuated and 5 µbar of the sample introduced to the

chamber following several iterations of a freeze-pump-thaw cycle. The relevant light

source, resolution, and number of co-averages are given in Table 4.1.
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Table 4.1: Parameters for FTIR experiments.

PhC3N CNAda NCAda

Light source globar synchrotron synchrotron
Resolution / cm−1 0.5 1 1
# of co-averaged scans (FIR/MIR) 100/500 500/500 500/500

4.2.3 Rotational spectroscopy

The mm-wave spectra for all five molecules were measured using the stable molecule cell

as ISMO and a 2 f harmonic modulation scheme. The relevant experimental parameters

for each molecule are reported in Table 4.2.

Table 4.2: Parameters for mm-wave experiments.

PhC3N CNAda NCAda o-DCB m-DCB

Frequcy range / GHz 75-97 120-214 75-97 120-214 75-97 120-214 75-110 120-220 75-110 120-220

pressure / µbar 2. 2. 3.3 1.7 1.7 0.7 1-2 1-2 1-2 1-2
modulation frequency / kHz 48.2 48.2 48.2 48.2 48.2 48.2 48.2 48.2 48.2 48.2
frequency step / kHz 50 50 30 30 30 50 50 50 50 50
FM deviation / kHz 200 250 130 260 130 260 180 360 180 360
time constant / ms 50 100 100 20 100 50 100 100 100 100
Dwell time / ms 200 400 400 80 400 200 400 400 400 400
Line accuracy / kHz 50 50 30 50 50 50 50 50 50 50

The parameters for each molecule were optimized using a strong transition, balancing

linewidth with SNR.

4.3 Results

4.3.1 Phenylpropiolonitrile

Vibrational spectroscopy

Figure 4.4 shows the experimental spectrum for PhC3N and the simulated spectrum

produced using the ωB97X-D108/cc-pVQZ109 anharmonic frequencies.
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Figure 4.4: The top panel shows the experimental vibrational spectrum in black.
The bottom spectrum is a simulation produced with PGOPHER111 and the an-
harmonic vibrational frequencies. Three panels show zoomed in regions of the
spectrum, with the assignments from Table 4.3 shown as dashed lines, and pro-
posed assignments labeled, but not connected. Bands that have no assignment
are not labeled.

PhC3N belongs to the C2v point group and its vibrational modes have the following

symmetry: Γ = 14 A1 ⊕ 3 A2 ⊕ 9 B1 ⊕ 13 B2. IR active symmetries for C2v are A1, B1, B2.

These modes can be seen in Table 4.3 with their corresponding frequencies and intensities.

All predicted fundamental vibrational frequencies for PhC3N lie within the range of

frequencies covered by AILES, 50-3200 cm−1.

Predicted vibrational frequencies and measured rotational constants were used in

PGOPHER to produce a simulated spectrum. In the simulation, modes with A1 symmetry

tended to be narrower than B1 or B2 symmetries, and B1 modes were the only bands with

a strong Q branch. Of the 36 IR active bands in this molecule, 14 have been assigned

with confidence (indicated by Assign. in Table 4.3) with an additional 9 modes tentatively
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Table 4.3: Fundamental harmonic and anharmonic vibrational frequencies and
intensities for PhC3N calculated at a ωB97X-D108/cc-pVQZ109 level. The exper-
imental results were assigned using these calculations. Frequencies for unam-
biguous assignments are reported in the Assign. column, while more uncertain
assignments are reported in Tentative.112 The δ values for tentative assignments
are reported in italics.

Mode Harm. Calc. Anharm. Calc. Experimental

ν Sym. Frequency Int. Frequency Int. Assign. Tentative Relative δ a

[cm−1 ] [km/mol] [cm−1 ] [km/mol] [cm−1 ] [cm−1 ] intensity [%]

1 A1 3214 6.7 3055 13.5 3078 0.15 0.8
2 A1 3226 5.6 3026 0.0
3 A1 3197 0.0 2999 1.7 3047 0.06 1.6
4 A1 2431 242.3 2399 220.1 2284 0.77 -4.8
5 A1 2292 10.7 2265 7.5 2154/2198 0.10 -4.9/-3.0
6 A1 1675 1.0 1633 0.5
7 A1 1545 7.7 1510 4.9 1495 0.19 -1.0
8 A1 1306 1.6 1284 0.8
9 A1 1214 2.1 1193 2.0 1182 0.03 -0.9

10 A1 1064 4.6 1045 4.5 1029 0.07 -1.5
11 A1 1027 1.3 1012 1.0 1004/981 0.02 -0.8/-3.1
12 A1 981 0.1 960 0.0
13 A1 706 3.4 693 3.5
14 A1 371 0.8 362 0.5

15 A2 1019 0.0 1000 0.0
16 A2 876 0.0 862 0.0
17 A2 413 0.0 412 0.0

18 B1 1042 0.0 1023 0.0
19 B1 967 2.8 953 2.4 920 0.07 -3.5
20 B1 792 38.7 784 32.7 757 0.54 -3.4
21 B1 716 36.7 706 42.7 687 0.61 -2.6
22 B1 576 13.2 568 12.4 532 1.00 -6.3
23 B1 523 0.2 515 0.3
24 B1 384 2.8 377 2.8 359 0.19 -4.9
25 B1 195 2.6 192 2.5 185 0.13 -3.4
26 B1 74 0.6 71 0.7 69 0.44 -3.3

27 B2 3206 1.9 3030 9.5 3095 0.09 2.1
28 B2 3222 8.4 3012 2.6
29 B2 1646 0.7 1608 0.5
30 B2 1493 8.6 1475 4.5 1448 0.06 -1.8
31 B2 1364 1.2 1331 0.9 1336 0.02 0.4
32 B2 1320 1.3 1292 1.0 1280 0.02 -0.9
33 B2 1193 0.4 1183 0.5
34 B2 1117 4.4 1094 3.8 1069 0.04 -2.3
35 B2 644 0.0 635 0.0
36 B2 584 0.5 574 0.4
37 B2 511 5.3 504 5.6 482 0.63 -4.3
38 B2 226 2.3 221 2.4 209 0.16 -5.6
39 B2 71 1.1 71 1.2 69 0.44 -2.7

a δ = (Exp. −Anharm.Calc.)/Anharm.Calc. × 100
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proposed (indicated as Tentative in Table 4.3). Frequencies are within 5% of the calculated

values in each case, and for those assigned were enough removed from neighboring

transitions that there was no confusion in the assignment. Relative intensities were also

used to match predictions, though the difference in relative magnitudes for measurement

and simulation were > 10%. While the relative intensity patterns for the measured

spectrum mostly followed the simulation, a few exceptions are outlined below.

The tentative assignments for 9 of the vibrational modes were difficult to resolve

because the regions around the predicted frequencies were too congested (obvious band

overlap) or the signal was not strong enough to be distinguished from noise.

Either the frequency of the Q-branch or the frequency equidistant between the P and

R branches was used as the fundamental frequency, due to the inability to resolve the

rotational structure for a more accurate measurement. The estimated error for these

values is ±5 cm−1 for the transitions without a Q-branch and ±2 cm−1 for the transitions

containing a Q-branch.

There are a few irregularities with the assignments that merit mention. The ν26 band

is much stronger relative to other bands than the calculations would suggest it should be

(see Figure 4.4). One possibility is overlap with the ν39 band, which is unassigned and

predicted to be near the same frequency, increasing the overall absorption. The proposed

assignment for these bands is 69 cm−1. Similarly, ν25 and ν38 are predicted to overlap

around 200 cm−1, with a corresponding complex feature in the spectrum in that window.

The hardest region to assign is around 3000 cm−1, with many predicted transitions
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State 1 State 2 Type Coupling / cm−1

ν1 = 1 ν3 = 1 DD −6.6
ν2 = 1 ν3 = 1 DD 14.5
ν3 = 1 ν6 = 1 + ν7 = 1 FR −23.2
ν3 = 1 ν29 = 1 + ν30 = 1 FR −29.3
ν27 = 1 ν28 = 1 DD 9.4

Table 4.4: Anharmonic resonances and their corresponding off-diagonal matrix
elements in the 3000–3200 cm−1 region. Darling-Dennison (DD) and Fermi (FR)
resonances are indicated as Type.

seen in the combination structure of the rovibrational envelope. Anharmonic calculations

for PhC3N show resonances, which complicate the assignment. These complications

have also caused issues with the assignment of other other cyclic compounds such as

phenylacetylene113 and naphthalene.114 PhC3N contains 5 IR active modes within 15

cm−1 of each other, and we expect the complication of the spectrum here is both due to

competing bands absorbing, as well as a suspected mixing of the states. The values of the

coupling for these states is given in Table 4.4. It is possible that further studies at lower

temperatures or with isotopically substituted compounds could confirm and tighten the

proposed assignments.

Rotational spectroscopy

Low J measurements were performed in the cm-band by collaborators at the Harvard

Smithsonian Center for Astrophysics (CfA) from 8-18 GHz with a CP-FTMW spectrometer,

and from 6-40 GHz using a cavity-enhanced Fourier transform microwave (CE-FTMW)

spectrometer. CP-FTMW data is shown with the simulated data in Figure 4.5

PGOPHER software111 was used to assign the 65 strong transitions identified in the
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Figure 4.5: Comparison of CP-FTMW rotational spectrum with ωB97X-D/cc-
pVQZ theoretical spectrum.

cm-band and fit the A0, B0 and C0 constants. Initial estimates of these rotational constants

from the geometry optimization were within 1% of the measured values in the cm-band.

The fitted constants were used in conjunction with Pickett’s SPCAT program115 to predict

higher J transitions in the 75-220 GHz frequency range which were subsequently assigned

with the assistance of Lodyga’s LWWa software.116 A portion of the experimental and

theoretical spectra are shown in Figure 4.6

6151 a-type transitions were assigned from the mm-wave spectra up to values of

K′′a = 42 and J′′ = 199, corresponding to 3780 different frequencies. These assignments

were used with SPFIT115 to refine A, B and C, and to fit distortion constants to the octic

terms.

The difference in number of assignments vs frequencies is due to a-type transitions

appearing as doublets in the spectrum. The resolving power of the spectrometer, and

the relative magnitudes of A with B and C dictate the ability to distinguish individual
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Figure 4.6: Comparison of experimental and theoretical mm-wave rotational
spectra. The theoretical spectrum was calculated using the best fits for the ro-
tational constants. The line density of the experimental spectrum is much more
dense than the theoretical spectrum, likely due to lines from vibrational satellites.

transitions.117 These doublets collapse at higher values of Ka, becoming more difficult to

resolve.

The addition of hyperfine-resolved measurements from CE-FTMW spectroscopy per-

formed by collaborators at the CfA enabled the assignment of 57 transitions between 8-20

GHz, and the fit of nuclear hyperfine coupling terms. χaa and χbb were fit from these

assignments, with χcc reported as the calculated value, see Table 4.5. The hyperfine split-

ting is not resolvable in the mm-wave measurements, as it collapses as J increases. All

fitted constants can be found in Table 4.5, and the transitions and their assignments are

contained in the supplementary information for the paper.112
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Table 4.5: Spectroscopic constants (rotational, centrifugal distortion, and nuclear
quadruple constants) of PhC3N in its vibrational ground state (in MHz) and rel-
evant fit parameters using a Watson S-reduced effective Hamiltonian. Numbers
in parenthesis are 1σ uncertainties expressed in the unit of the last digit.112

Constant Calculateda Experimental δ b

A0 5656.9 5659.722 (15) 0.05
B0 567.0 569.582206 (39) 0.46
C0 515.4 517.404488 (37) 0.39
DJ × 106 3.6 3.85110 (77) 7.0
DJK × 103 0.78 0.827177 (85) 6.1
DK × 103 0.42 0.400 (68) -4.8
d1 × 106

−0.50 −0.55191 (24) 10
d2 × 106

−0.52 −0.57101 (79) 9.8
HJ × 1012

−0.957 (11)
HJK × 109 0.7916 (18)
HKJ × 106

−0.03051 (10)
h2 × 1012 0.575 (15)
h3 × 1012 0.10329 (55)
LJJK × 1015

−1.295 (20)
LJK × 1012 0.06954 (86)
LKKJ × 1012

−3.512 (36)

χaa −4.96 −4.219 (77) -14.9
χbb 2.39 2.114 (68) -11.5
χcc 2.57 [2.143] -16.6

# assigned transitions 6256
# assigned frequencies 3877
# hyperfine resolved transitions 57
J′′max, K′′a max 199, 42
rms /kHz 0.049
σ c 1.00

a ωB97XD/cc-pVQZ level of theory, Bayesian corrected 118 for A, B, and C, and centrifugal distortion constants derived from anharmonic
force constants.
bδ = (Bexp. − Bcalc.)/Bcalc. × 100
c Reduced standard deviation, unitless

Astronomical Considerations

The calculated dipole moment at ωB97XD/cc-pVQZ of PhC3N is 5.9 D, much higher than

the previous Stark-shift measurement of 4.5 D.119 Based on the typical performance of

ωB97XD/cc-pVQZ, it is expected the uncertainty of this calculation is ± 0.25 D.118 The
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temperatures of dark clouds such as TMC-1, near 10-20 K, the strongest transition for

PhC3N is near 23 GHz, and it is expected that hyperfine splitting would be resolvable in

observations of these regions. The linewidths in these clouds are comparable with those

measured by the CE-FTMW, so it is expected that the rotational constants presented here

are sufficient to enable detection in dark molecular clouds.

Collaborators searched the GOTHAM120 survey using this fit, but did not detect PhC3N

towards TMC-1. Despite the lack of detection, PhC3N remains strong candidate for

astronomical searches in dark molecular clouds similar to TMC-1, owing to PhC3N’s

strong dipole moment and its similarity to benzonitrile, which has been detected in these

environments.

4.3.2 1-cyanoadamantane and 1-isocyanoadamantane

Vibrational Spectroscopy

Figure 4.7 shows the experimental spectrum for CNAda, and Figure 4.8 shows the exper-

imental spectrum for NCAda. The far-IR regions of the spectra have been scaled so the

peaks measured in the overlap between mid- and far-IR (near 600 cm−1) are equivalent

intensities, so that relative intensity comparisons can be performed between mid- and

far-IR transitions.

1-cyanoadamantane and 1-isocyanoadamantane belong to the C3v point group and

their vibrational modes have the following symmetry: Γ = 17 A1 ⊕ 8 A2 ⊕ 25 E. IR active

symmetries for the C3v point group are A1 and E, and any vibrational modes sharing this
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Figure 4.7: IR spectrum of 1-cyanoadamantane

Figure 4.8: IR spectrum of 1-isocyanoadamantane

symmetry are expected to have have pure vibrational transitions. The IR active modes for

both 1-cyanoadamantane and 1-isocyanoadamantane are reported in Table 4.6 (8 inactive

A2 modes omitted).

The experimental IR spectra of CNAda and NCAda share several features with their

parent molecule adamantane. They each have strong transitions close to 3100 cm−1 asso-

ciated with the C-H stretching modes in their cages. Their other bands are much weaker,

with the exception of a scissoring motion that appears strongly near 1500 cm−1. The ν5

band of 1-isocyanoadamantane (CCN asymmetric stretch) is predicted to be much more

intense than the corresponding band for 1-cyanoadamantane. This has been assigned to

the band from the experimental spectrum at 2133 cm−1. There are also several weaker
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bands in the 800–1500 cm−1 range. The congestion in this region for both molecules and

the relatively low intensity of these bands make definitive assignments here difficult, but

they have been assigned or proposed based on the calculated frequencies.

The lowest frequency mode for both molecules, ν50, is at 137/134 cm−1. This mode is

related to the wagging motion of the CN group and is the most intense band in the far-IR.

ν50, ν17, ν48 and ν49 are all expected to be significantly populated at room temperature, and

the spectra show congested regions in the 250–800 cm−1 range from a mixture of hot and

combination bands which make assignment of vibrational bands here difficult.

Overall, 17 modes of CNAda and 24 modes of NCAda were definitively assigned to

the experimental spectrum. Additionally, 8 modes for CNAda and 4 modes of NCAda

are proposed as possible assignments. Further experiments are required to assign these

spectra with more confidence. The calculated and experimental data are summarized in

Table 4.6.

In the absence of anharmonic calculations, NIST recommends the frequencies calcu-

lated using MP2/cc-pVTZ be scaled by a factor of 0.95,121 which matches well with the

ratios of assigned frequencies compared to theory (0.94 for far-IR and 0.98 in the mid-IR).

Figure 4.8 shows contamination of the sample as an intense peak at 1718 cm−1 which does

not correspond to any calculated value for 1-cyanoadamantane, but likely is the result of

C-O stretching, which typically gives rise to an intense peak near 1700 cm−1. There are no

other unambiguous peaks however from which to deduce the identity of this contaminant.
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Table 4.6: Vibrational modes of 1-cyanoadamantane and 1-isocyanoadamantane
calculated at MP2/cc-pVTZ and comparison with experimental assignments. Ex-
perimental bands are separated into two columns: confident assignments are
presented in the column “Assigned” and tentative ones in the column “Pro-
posed”.

1-cyanoadamantane 1-isocyanoadamantane

Mode Calculated Experimental Calculated Experimental

ν Sym. Frequency Intensity a Assigned Proposed Rel Int δ b Frequency Intensitya Assigned Proposed Rel Int δ b

ν1 A1 3110 59.5 2927 1.00 −5.9 3113 58.7 2928 1.00 −5.9
ν2 A1 3088 17.3 2927 1.00 −5.2 3091 27.0 2928 1.00 −5.3
ν3 A1 3062 25.7 2866 1.00 −6.4 3067 21.4 2869 0.20 −6.5
ν4 A1 3054 21.2 2866 0.29 −6.2 3056 21.4 2869 0.20 −6.1
ν5 A1 2179 0.7 2254 0.29 3.4 2108 78.1 2133 0.35 1.2
ν6 A1 1517 0.1 1518 0.1
ν7 A1 1495 14.5 1458 0.56 −2.5 1496 11.4 1459 0.44 −2.5
ν8 A1 1391 1.0 1358 0.11 −2.4 1388 5.2 1361 0.24 −2.0
ν9 A1 1352 2.6 1320 0.12 −2.4 1345 10.1 1316 0.20 −2.1
ν10 A1 1157 0.2 1141 5.9 1111 0.16 −2.6
ν11 A1 1120 2.6 1099 0.10 −1.8 1110 17.8 1089 0.65 −1.9
ν12 A1 1003 2.8 979 0.14 −2.4 1001 0.1
ν13 A1 924 0.1 927 3.4 900 0.10 −2.9
ν14 A1 791 0.3 793 0.6
ν15 A1 712 1.2 700 0.06 −1.7 722 1.9 709 0.05 −1.8
ν16 A1 498 0.3 501 0.45 0.6 507 1.4 507 0.37 0.0
ν17 A1 384 0.01 393 0.2 400 0.22 1.6

ν26 E 3118 63.7 2927 1.00 −6.1 3125 57.5 2928 1.00 −6.3
ν27 E 3107 15.7 2927 1.00 −5.8 3109 17.0 2928 1.00 −5.8
ν28 E 3086 134.1 2927 1.00 −5.2 3089 126.1 2928 1.00 −5.2
ν29 E 3060 21.4 2866 0.29 −6.3 3064 18.3 2869 0.20 −6.4
ν30 E 3054 48.3 2866 0.29 −6.2 3056 48.6 2869 0.20 −6.1
ν31 E 1493 24.3 1458 0.56 −2.3 1493 24.5 1459 0.44 −2.3
ν32 E 1480 0.1 1481 0.04
ν33 E 1403 0.1 1404 0.5
ν34 E 1378 2.2 1358 0.11 −1.4 1378 1.8
ν35 E 1345 0.1 1345 0.9
ν36 E 1328 0.04 1328 0.2
ν37 E 1288 0.1 1298 0.3
ν38 E 1212 0.69 1215 2.3 1189 0.03 −2.1
ν39 E 1124 4.2 1104 0.10 −1.8 1124 6.0 1111 0.16 −1.2
ν40 E 1077 0.007 1078 0.5
ν41 E 1000 3.6 979 0.14 −2.1 1006 1.2
ν42 E 963 0.6 964 2.4 936 −3.0
ν43 E 898 0.03 899 0.003
ν44 E 834 1.6 835 3.1 793 0.05 −5.1
ν45 E 652 0.3 650 0.2 614 0.28 −5.5
ν46 E 541 0.003 486 2.5 478 −1.6
ν47 E 437 0.2 442 0.37 1.1 432 0.1
ν48 E 399 0.3 397 0.40 −0.6 399 0.3 400 0.22 0.3
ν49 E 307 0.5 309 0.44 0.5 300 0.1
ν50 E 134 9.1 137 0.70 2.4 135 11.2 134 −1.0

a For vibrational bands with an E symmetry, the reported intensity corresponds to the sum of the two equivalent band intensities
calculated by Gaussian
b δ = (ν̃exp. − ν̃calc.)/ν̃calc. × 100
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Rotational Spectroscopy

The full spectrum for 1-isocyanoadamantane can be seen in Figure 4.9. The density of

lines necessitated an iterative approach to assigning transitions and fitting constants for

1-cyanoadamantane and 1-isocyanoadamantane.

Figure 4.9: Full range rotational spectrum for 1-isocyanoadamantane.

(1) An initial assignment of several clusters of a-type transitions using PGOPHER pro-

vided a rough fit of the B0 rotational constant. This fit was used with the calculated values

for A0, DJ, DJK and DK and SPCAT115 to predict rotational energies for the adamantanes.

(2) These predictions were plotted with LWWs116 to assign branches of the same value of

K. (3) After making assignments, SPFIT/SPCAT were used to fit rotational constants and

predict new rotational energies. Steps 2 and 3 were repeated to continue to assign more

transitions from the spectra.

Following this general fitting procedure, 4929 transitions in the ground state (A1
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symmetry) for 1-cyanoadamantane and 3968 transitions of 1-isocyanoadamantane in the

ground state, were used to fit B, DJ, DJK, HJK, and HKJ. As only a-type transitions were

observed, it was not possible to calculate A or DK, and these are left fixed at the calculated

values. The reduced standard deviation for both fits was near 1 assuming experimen-

tal line accuracies reported in Table 4.2. All constants are reported in Table 4.7. Both

molecules exhibit strong rigid-rotor character as the distortion constants are 6 orders of

magnitude smaller than B, which is similar to other adamantane-like species.51,104

The energy of ν50 = 1 vibrational state is 67.5 cm−1, which has close to half the popula-

tion of the ground state at room temperature, which was sufficient to enable assignment of

pure rotational transitions within this state. To account for `-type doubling (E symmetry)

and the vibration-rotation interaction, q, ηJ and ζ terms were included in the fit. Many

lines in the spectra remain unassigned, and it is likely that more hotbands are present.

However, the energy of the ν50 = 2 band is similar to that of the ν49 = 1 band, and we had

no success fitting either.

4.3.3 m-DCB and o-DCB

Figure 4.10 shows the a portion of the pure rotational spectrum for o-DCB and the theo-

retical spectrum predicted by the calculated rotational constants prior to assignment.

To fit the mm-band spectra for the two DCB molecules, first hyperfine structure re-

solved CE-FTMW cm-band data obtained by collaborators at PhLAM122,123 were used for

an initial fit of the A, B, and C constants using PGOPHER software,111 initially ignoring

the hyperfine structure and focusing on the center of the clusters. The resulting constants

78



0.0

0.5

1.0

103775 103800
 

0.5

0.0

0.5

1.0

 

174000 176000 178000 180000 182000
Frequency / MHz

In
te

ns
ity

 / 
ar

b.
 u

.

Experiment

Simulation

Figure 4.10: Example of a portion of the mm-wave spectrum of o-DCB with the
simulated spectrum based on fitted rotational constants (see Table 4.8).

were then used with the SPCAT115 program to predict transitions in the mm-band. For

o-DCB/m-DCB, 5767/7561 transitions assigned to 4071/5695 frequencies were used to fit

the rotational constants to a reduced standard deviation of 0.84/0.92 assuming line accu-

racies of 50 kHz (see Table 4.2). The parameters from the fit can be found in Table 4.8.

The cm-band data were then revisited and the hyperfine structure assigned and nuclear

quadrupole coupling constants fit.

Astronomical Considerations

The constants resulting from these fits facilitated a search in the interstellar medium for

these molecules. Collaborators at MIT used the simulations resulting from these mea-

surements to search data from the GOTHAM project120 for o-DCB and m-DCB. Stacking

1522 lines from o-DCB and 2115 lines for m-DCB, they were not successful at detecting

either towards TMC-1. They were able to establish upper limits on the column densities:

< 5 × 1012 cm−2 for o-DCB and < 7 × 1011 cm−2 for m-DCB. Based on recent experimental

work,34 it is assumed that the efficiency of substituting 2 nitrile groups onto a benzene
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leads to an approximate 1:100 benzene:DCB ratio. This would result in an approximate

expected column density of 2×1010 cm2 , which is well below the calculated maximum

densities found.
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Table 4.7: Spectroscopic constants (rotational, centrifugal distortion and
l−doubling) for the ground state and first excited state (ν50 = 1) for 1-
cyanoadamantane and 1-isocyanoadamantane using a Watson S-reduced effec-
tive Hamiltonian. Calculations were performed using Gaussian09 at MP2/cc-
pVTZ. All frequencies are reported in MHz. Numbers in parenthesis are 1σ
uncertainties expressed in the unit of the last digit.

1-cyanoadamantane

Excited state
Equilibrium Ground State ν50 = 1

Constant Calculated Experimental δa Experimental

A0 1698.76 [1698.76]b [1698.76]b

B0 858.47 852.218045 (11) -0.73 852.771240 (13)
DJ × 105 1.22 1.231404 (47) 0.93 1.241490 (51)
DJK × 104 1.23 1.166870 (32) -5.13 1.157348 (63)
DK × 105 -9.01 [-9.01]b [-9.01]b

HJK × 1011 4.443 (13) 4.068 (23)
HKJ × 1011 -6.048 (18) -5.811 (64)

−2Aζ -2700.90 (35)
ηJ × 103 0.823705 (61)
qc 0.36 0.386501 (53)

# assigned transitions 4929 4375
J′′max/ K′′max 128/119 128/91

rms 0.033
σd 1.11

1-isocyanoadamantane

Excited state
Equilibrium Ground State ν50 = 1

Constant Calculated Experimental δa Experimental

A0 1701.93 [1701.93]b [1701.93]b

B0 889.95 882.475497 (16) -0.84 883.199299 (20)
DJ × 105 1.27 1.286431 (76) 1.29 1.301015 (92)
DJK × 104 1.10 1.099262 (81) -0.07 1.08068 (13)
DK × 105 -7.78 [-7.78]b [-7.78]b

HJK × 1011 4.698 (30) 3.763 (43)
HKJ × 1011 -6.834 (88) -6.39 (23)

−2Aζ -2850.2 (10)
ηJ × 103 1.11643 (12)
qc 0.39 0.41759 (14)

# assigned transitions 3968 3703
J′′max/ K′′max 123/91 123/77

rms 0.048
σd 1.01

a δ = (B0 exp. − Be calc.)/Be calc. × 100
b Fixed to the calculated value
c Calculated value of q in v50 = 1
d Reduced standard deviation, unitless
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Table 4.8: Spectroscopic constants for o- and m- dicyanobenzene. Included are
the calculated values from Gaussian09 at MP2/cc-pVTZ level of theory. All
frequencies are given in MHz. The two nitrogen atoms in each molecule are
equivalent to each other, and χaa(N), χbb(N), and χcc(N) are equal for both N
atoms while χab(N) takes opposite values.

o-DCB m-DCB

Calculated Experimental δ Calculated Experimental δ

A0 2012.43 2000.710452(98) -0.58 2723.66 2723.018609(46) -0.02
B0 1341.09 1346.325041(27) 0.39 905.57 906.419893(21) 0.09
C0 804.78 804.503123(25) -0.03 679.61 679.859840(15) 0.04

∆J×105 7.48 7.45641 (54) -0.28 4.14 4.10739 (15) −0.69
∆JK×104

−4.19 −4.02541 (27) −3.87 −4.32 −4.16931 (11) −3.45
∆K×103 1.82 1.718768 (75) −5.79 2.63 2.565775 (28) −2.56
δJ×105 3.14 3.132056 (31) −0.40 1.68 1.657443 (78) −1.40
δK×105

−7.20 −6.54041 (11) −9.15 5.85 6.12211 (64) 4.68
ΦJ×1011 5.523 (57) 2.1712 (50)
ΦJK×1010

−5.737 (20) −2.663 (10)
ΦKJ×109 1.1015 (59) 0.4702 (37)
ΦK×109 1.911 (18) 4.7834 (65)
φJ×1011 2.703 (29) 1.0707 (27)
φJK×1010

−1.645 (15)
φK×109 1.1220 (24) 2.0409 (88)

χaa(N) −2.36 −2.5243 (17) 6.69 −2.53 −26816(39) 6.60
χbb(N) 0.42 0.50
χcc(N) 1.94 2.03
χbb(N)−χcc(N) −1.52 −1.6256(52) 6.35 −1.54 −1.3408 (52) −12.06
χab(N) −2.70 [−2.70]a

−2.57 [−2.57]a

# assigned transitions 5767 7561
# assigned frequencies 4071 5695
J′′max/K′′amax 152/77 173/58
rms 0.041 0.045
σb 0.84 0.92

a Fixed to the calculated value. The removal of this parameter does not affect the present fit, however, considering its large value
for both isomers, it has been kept in the model.
b Reduced standard deviation, unitless
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Chapter 5

Development of new THz spectrometer
coupled to synchrotron radiation

The contents of this chapter are adapted, focusing on the contributions of the author, from

the following publications:

Lampin, J.-F., Pirali, O., Buchanan, Z. S., Eliet, S., Martin-Drumel, M.-A., Turut, J., Roy,

P., Hindle, F., Mouret, G. Broadband terahertz heterodyne spectrometer exploiting syn-

chrotron radiation at megahertz resolution. Optics Letters, 44(20), (2019). 4985.

Mammez, M.-H., Buchanan, Z., Pirali, O., Martin-Drumel, M.-A., Turut, J., Ducournau, G.,

Eliet, S., Hindle, F., Barbieri, S., Roy, P., Mouret, G., Lampin, J.-F. Optically pumped terahertz

molecular laser: Gain factor and validation up to 5.5 THz. Advanced Photonics Research,

3(4), (2022). 2100263.

The THz region of electromagnetic spectrum spans from approximately 0.3–7 THz

between microwave and infrared radiation.57 This region in spectroscopy is often referred

to as the THz gap, named because of the few components (sources, optics, detectors and

electronics) that were availiable for this region. As a result of this lagging technology,
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it has traditionally been difficult to have simultaneous broadband and high resolution

measurements in this region. The THz region is important to astrochemistry as most

molecules as well as interstellar dust emit radiation in this range. THz spectroscopy

can play an important role in searching for reaction intermediates and transient species

in the ISM. The launch of the Herschel telescope in 2009 provided high quality THz

measurements outside of the interference of Earth’s atmosphere, SOFIA/GREAT is capable

of measuring up to 4.59 THz, the Atacama large millimeter array (ALMA) from 0.04–0.95

THz and the High Elevation Antarctic THz (HEAT) telescope currently capable of probing

the lower (0.5-2 THz) portion of the spectrum.

Improvements in THz technology will open interesting opportunities for studying

rotational spectra of small molecules, and empower rotationally resolved rovibrational

spectroscopy in studies performed on heavy molecules (greater than 20 atoms) which

current technology struggles with. Multiplication chains have advanced sufficiently in

recent years to allow for inexpensive narrow band high resolution THz spectroscopy up

to 2.7 THz,59 while photoconductive antennae breakthroughs have expanded broadband

detection of THz light up to 2.759 THz.61 Instruments capable of broadband measurements

with resolution comparable to laser or multiplication chain measurements have not yet

materialized, particularly in the regions between 2.7-9 THz.124

The HEROES consortium (HEterodyne Receivers OptimizEd for Synchrotron sources)

is attempting to design and construct new instruments operating in the THz region. The

work in this chapter will describe the construction of a new instrument, called THzSOLEIL,

capable of 5 GHz of instantaneous bandwidth with a resolution of<100 kHz between 0.3–6
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THz. The high spectral resolution is achieved through heterodyne mixing of light from

SOLEIL with a local oscillator centered on the targeted frequency window. Conventional

Fourier transform far-IR instruments operating in the 3 THz range at best can achieve

around 30 MHz resolution.

Heterodyne detection in this case involves multiplying a local oscillator (fLO) frequency

with the synchrotron frequencies (fs) to produce an intermediate frequency (fIF).

fIF = |fLO − fs| (5.1)

The hot electron bolometer (HEB) used as a heterodyne mixer and detector records the

absolute values of the difference intermediate frequencies, overlapping the regions where

fLO > fs and fLO < fs into a single measurement between 0.1-2.5 GHz.124 An example of a

simulated spectrum recorded by the HEB is shown in Figure 5.1.

The light source for THzSOLEIL is the AILES beamline at the synchrotron SOLEIL, a

bright, broadband continuum ideal for these measurements. The synchrotron provides

3.4 mW mean-power at a repetition rate of 353 MHz. Prior to irradiating the sample cell,

the light is optically filtered to attenuate its power to about 1.6 µW.

The local oscillator used by THzSOLEIL is a quantum cascade laser (QCL)-pumped

ammonia molecular laser developed by collaborators at the IEMN institute.125 Molecular

lasers have been used since the 1970s.126 These original THz molecular lasers used a CO2

laser to excite a molecular gas (such as NH3), producing lasing. The CO2 laser near 988

cm−1 excite a vibrational transition in the molecular gas, which then emits radiation from

pure rotational transitions in the excited vibrational state. A cavity tuned to the frequency
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Figure 5.1: Example of heterodyne mixing. The upper plot shows a simulated
experimental spectrum in blue. The black line indicates the frequency of the local
oscillator. The red box is the instantaneous bandwidth of 5 GHz. The bottom
plot shows the folded spectrum detected by heterodyne mixing. The red trace is
the lower frequency side band, the blue trace is the higher frequency side band,
and the black is the sum of the two, as seen on the detector. The IF is the absolute
distance of the peak from the LO frequency.

difference of the excited rotational states amplifies the light to produce lasing.

Molecular lasers pumped using CO2 lasers were bulky and were limited to relatively

few lasing lines.127 Advances128 in quantum cascade lasers (QCLs) have opened possible

avenues for easy to operate, portable, laser-pumped molecular lasers with a wider range

of tuneable frequencies.125 The continuous tuneability of the QCL lasers creates flexibility

in the pumping frequency making THz lasers using a broader selection of gain media

possible.

This work involves the development of a database of pump/lasing frequencies which

can be used with a THz laser previously developed by the consortium.125 Figure 5.2
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demonstrates the 3-level system typical for these lasers. The pump frequency is shown

by the blue ν02 transition, and the lasing frequency is the red ν12 transition.

State 0

State 1

State 2
ν12

ν02

Figure 5.2: Diagram of a 3 level molecular laser system.

This database has been developed in two phases.129 First spectroscopic line databases,

such as HITRAN130 and ExoMol,131 were used to calculate a list of molecules and tran-

sitions that would produce lasing frequencies in the target 0.3–6 THz range, with corre-

sponding pump transitions arising from the ground vibrational state to build a database of

pump/lasing frequencies. Second, using the instrument located at Lille, these pairs were

tested, and the frequencies converged to experimental values which provided maximum

lasing.

To facilitate finding new lasing lines for all sorts of molecules, the consortium devel-

oped a figure of merit called the “Gain Factor” to predict the relative expected lasing for
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each transition. It is calculated in the following equation:

Gm =
IaS02A12

ν2
02ν

3
12

10−15M
16π2hNAkBT

(5.2)

where Gm is the molecular gain factor, S02 is the spectral line intensity as defined by

HITRAN (shown in Equation 5.3) of the 0-2 pump transition (units of cm2 molecule−1), ν02

is the frequency of the pump transition (in Hz), ν12 is the frequency of the lasing transition

(in Hz), Ia is the isotopic abundance, A21 is the Einstein A coefficient for the 1-2 transition

in s−1 and M is molecular weight of the gain medium in g/mol.

Si j is defined as the spectral line intensity given by:

Si j = Ia
Ai j

8πcν2
i j

g jehcEi/kBT(1 − ehcνi j/kBT)
Q(T)

(5.3)

where g j is degeneracy of state j, and Ei is the energy of state i.

The pump frequency, lasing frequency, gain factor, and the quantum numbers for

participating states have been compiled into a database.† The measured frequencies for

14NH3 and 15NH3 are found in Appendix A.

5.1 Optically pumped THz laser using a molecular gain
medium

5.1.1 Compiling a database using HITRAN and ExoMol

Both HITRAN and ExoMol are databases of line parameters designed to provide detailed

information about the atmosphere of Earth (HITRAN) and exoplanet and cool-star atmo-

spheres (ExoMol). They store information about the quantum states involved in these
†Available by request from the author: zsbuchanan@ucdavis.edu
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transitions, but they have no network of linked transitions that share a common quantum

state. To compile pump/lasing pairs for the molecular laser database, ExoMol and HI-

TRAN were queried to find pairs of transitions that had a common excited state. These

pairs were then filtered for pump frequencies accessible by the QCL and lasing frequencies

in the 0.3–6 THz range.

ExoMol identifies the upper and lower states of the molecules by their energies, while

HITRAN also stores the quantum numbers for each energy level, so the queries to produce

the database for each were slightly different. The algorithm for producing the database is

as follows:

1. The range of the QCL laser and the desired range for the THz lasing frequencies are

required inputs for building the database.

2. The HITRAN and ExoMol are queried to produce lists of all transitions in the desired

pumping and lasing frequency ranges.

3. To find potential pump/lasing pairs, for each molecule, each pump frequency is

compared to each lasing frequency.

• For HITRAN, the quantum numbers from the excited states of the pump and

the lasing frequency transitions are compared. If there is a match, those lines

are added to a list of pump/lasing pairs.

• For ExoMol, the energies of the upper states are compared. Transitions for the

ExoMol database are all from quantum chemical calculations and the upper

state energies match each other in transitions that share an upper quantum
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state. Matching transitions are added to the list of pump/lasing pairs.

4. Once all potential pump/lasing pairs are identified, the script then goes though each

pair and calculates a gain factor, using Equation 5.2.

5. This list of pump/lasing pairs is output from the script as a .csv text file with all rele-

vant information (eg. molecule, lasing frequency, pump frequency, lasing quantum

numbers for both states, pump quantum numbers for both states, all relevant state’s

energies, which database the value originated from).

Figure 5.3: Example of the lasing lines from ammonia in a 30 GHz frequency
range. The blue lines denote the frequency and relative strength (using our Gain
factor, see Equation 5.2) of the line, while the red represents the frequency range
accessible using this line as the local oscillator with the THzSOLEIL. The gain
factors have been normalized in this figure so that the most intense transition for
each molecule has a value of 1.

Figure 5.3 shows a portion of the predicted lasing lines produced by the database

described above for 14NH3, and an example of the expected spectral coverage available

using them as the local oscillator (LO) for THzSOLEIL.
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5.1.2 Experimental Setup

Ammonia was studied first for several reasons: it has a high vapor pressure at room tem-

perature, it is available commercially, it is safe to work with, and it has a large permanent

dipole moment (approximately 1.5 D). Inversion tunneling splittings in the ν2 band gave

rise to many transitions in the THz range.

Pairs of pump/lasing transitions have been tested at the IEMN institute in Lille,

France.129 Fig 5.4 shows a schematic of the instrument. A vacuum chamber with a

ZnSe window on the input side and a TOPAS (cyclic olegin copolymer) window on the

output side is filled with 10–30 µbar of ammonia. In future experiments, ammonia will be

replaced by other molecular gases. A continuous wave QCL (Daylight Solutions MIRcat)

that operates between 920–1330 cm−1 with a power of about 100 mW provides the pump

radiation with a linewidth of < 1 cm−1. The QCL light is focused into the chamber using a

ZnSe lens. The laser cavity consists of a 10 mm diameter copper tube that is housed inside

the larger vacuum chamber. On either end of the cavity are flat input and output couplers

composed of gold-coated flat mirrors, and its length can be adjusted using a piezoelectric

crystal. The THz output is focused with a Zeonex lens onto a pyroelectric detector (PD,

Sensor und Lasertechnik GmbH, THZ 10 HS) coupled with a lock-in amplifier to improve

the SNR of the PD output. The QCL beam passes through a beam splitter before being

coupled into the cavity, and a Bristol wavemeter is used to measure the stability and

frequency of the QCL.
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Figure 5.4: Schematic of the molecular laser setup. Tuneable QCL produces pump
radiation, which is calibrated using a beamsplitter and a wavemeter. The light is
expanded through L1: A ZnSe lens, then passed through the input coupler (IC).
The black box is a vacuum chamber filled with vapor pressure of the molecular
gain medium. Lasing occurs in the waveguide, and is passed through the output
coupler (OC) and focused onto a pyroelectric detector (PD) by L2: Zeonex lens.

5.1.3 Results

Using the molecular lasing database calculated in Section 5.1.1 for 14NH3 and 15NH3, 37

pump/lasing pairs were measured. Of these, 30 lines were measured for 14NH3 and 5 for

15NH3. The pump and lasing frequencies for these measured transitions are in Tables 5.1

and 5.2.

For the lines measured, there is poor agreement between Gm and the measured intensity

of the lines (see Figure 5.5). While the gain factor developed by collaborators was a poor

predictor of overall line intensity, it was useful as a threshold. Of the lines tested, only

those with a gain factor > 1×10−19 produced detectable laser light. For the purposes of

searching for new pump/lasing pairs, the gain factor informs the search for a new lasing

frequency.
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Table 5.1: Observed laser transitions of 14NH3 in the ν2 = 1 vibrational state and
associated QCL pump frequencies, molecular gain factors (Gm) and observed
lasing intensities.

THz laser QCL pump Gm Measured Signal Intensity
[GHz] [cm−1] [µGm] [mV]

Rotation-Inversion

741.7881 991.6905 9.0×10−19 3.1
762.8525 992.4503 2.2×10−18 5.2
769.7102 992.6987 5.2×10−18 7.5

1338.6790 1011.2036 1.2×10−18 9.0
1978.1120 1032.1310 2.2×10−18 8.5
2010.3707 1033.3158 1.8×10−18 12.5
2029.2006 1034.0127 2.2×10−18 20.0
2035.4532 1034.2448 4.6×10−18 21.4
2244.4659 1007.5471 3.6×10−18 4.7
2622.0015 1053.1304 2.3×10−18 12.5
2669.4110 1054.9126 1.6×10−18 14.0
2822.2564 1027.0470 1.9×10−18 10.7
3101.5415 1067.9744 3.0×10−19 0.6
3373.6128 1046.4055 4.6×10−18 16.0
3915.0670 1095.1293 1.1×10−18 9.4
3928.6856 1065.5943 1.9×10−18 12.0
4458.8750 1084.6290 3.0×10−18 3.8
5048.5821 1103.4412 1.5×10−18 5.4
5505.9143 1122.1853 1.1×10−18 4.0

Pure Inversion

945.6048 966.4736 1.3×10−19 0.3
979.6498 966.3799 1.4×10−18 6.4
979.6498 1065.5654 2.0×10−18 10.0

1032.3214 965.4994 2.4×10−18 7.7
1035.8161 967.4067 1.2×10−18 5.8
1045.3191 967.7747 2.7×10−19 1.7
1050.5203 963.5585 1.5×10−18 6.0
1067.6770 967.7384 4.6×10−18 5.8
1073.0499 967.3463 1.3×10−17 8.9
1082.5928 966.8147 7.5×10−18 9.3
1096.5904 966.1511 7.2×10−18 4.0
1115.0810 965.3539 1.2×10−17 11.6
1138.2110 964.4240 4.7×10−18 8.3
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Table 5.2: Observed laser transitions of 15NH3 in the ν2 = 1 vibrational state and
associated QCL pump frequencies, molecular gain factors (Gm) and observed
lasing intensities.

THz laser QCL pump Gm Measured Signal Intensity
[GHz] [cm−1] [µGm] [mV]

Rotation-Inversion

2064.9399 1030.1412 4.9×10−18 –
3332.3527 1041.0901 5.2×10−18 3.5
5463.2430 1116.9334 1.2×10−18 3.2

Pure Inversion

1035.2013 962.1285 1.5×10−17 5.0
1044.4973 961.6018 8.3×10−18 7.4

Figure 5.5: Measured intensities vs the calculated gain factor. The left panel
shows the rotation-inversion transitions, while the right panel shows the pure
rotation transitions.

5.2 Sub-MHz Broadband THz heterodyne spectrometer

5.2.1 Experimental setup

Figure 5.6 shows a schematic of THzSOLEIL. Light from 900–1100 GHz is picked off

from the AILES beamline of the Synchrotron SOLEIL using a bandpass filter and at-

tenuated to approximately 1.6 µW. This light is collimated by a plano-convex aspheric

polymethylpentene lens through a 55 cm pyrex tube sealed by two polytetrafluoroethy-
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lene (PTFE) windows. The tube contains a few µbar of the gas to be studied, in this

case CH3OH and H2S. The light exiting the sample cell is then focused using a PTFE

lens through a wire grid polarizer onto a Hot Electron Bolometer (HEB, Scontel) which

is cooled by liquid helium. The HEB is the mixer for this experiment, and is sensitive to

frequencies between 0.3 and 4 THz.

Figure 5.6: Instrument Schematic for broadband THz heterodyne spectrometer at
the AILES beamline at SOLEIL.63) Synchrotron radiation on the AILES beamline
is filtered and collimated through a sample cell, then mixed with a THz laser on
the HEB. The output from the HEB is amplified and Fourier transformed to yield
the final signal.

The 14NH3 transition resulting from Q(3,3) a ← s pure inversion in the ν2 = 1 vi-

brationally excited state was selected as the LO for the THzSOLEIL proof of concept

measurements using methanol (CH3OH) and hydrogen sulfide (H2S). It has an output

frequency of 1.0730496 THz and a pump frequency of 967.346 cm−1. The THz laser is

focused with a TPX lens through the wire grid polarizer and onto the HEB mixer. The

output from the HEB is then amplified and transmitted to a Fast-Fourier Transform Spec-
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trometer (FFTS) from RPG-Radiometer Physics GmbH. The instantaneous bandwidth of

this spectrometer is 0.1-2.5 GHz with a best resolution of 88.5 kHz at the full bandwidth.

The 2.4 GHz wide side bands are overlapped on top of each other in the spectrum, lead-

ing to 4.8 GHz of effective bandwidth. As this is a prototype the data output from the

spectrometer is not yet ideal for studying previously unknown lines, as this initial design

did not include a way to discern sidebands in the final output.

5.2.2 Data processing and results

Figure 5.7: Raw data output. Large spikes originate from the repetition rate of
the electron bunches spaced 2.8 ns apart.

Figure 5.7 shows the full 2.5 GHz output from the detector as a transmission spectrum.

The large frequency comb like spikes in the data are a result of the discontinuous nature of

the synchrotron radiation. The coherent synchrotron radiation (CSR) mode at SOLEIL is
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produced by discrete packets of electrons in the storage ring passing through undulators,

and releasing a burst of radiation. The gap between these packets of electrons is about

2.8 ns, which corresponds to a frequency of 353 MHz.62 The frequency comb character of

the synchrotron radiation in this prototype experiment required extra processing of the

data to extract the spectra. In addition, the storage ring is not completely full; about 1/4

of the ring is empty, and these missing packets of energy lead to the small, closely spaced

frequency spikes that appear in the spectrum. Fortunately, the smaller spikes are easily

smoothed away using a Savitzky–Golay filter, as they are only a data point or two wide.

After processing a cleaner spectrum is obtained and the molecular peaks are extracted,

see Figure 5.8.

Figure 5.8: Proof of concept measurements of lines for both methanol (left) and
H2S (right). The black lines indicate the expected line centers from literature.

Fig 5.8 shows example spectra of single scans performed for CH3OH and H2S with a

sample length of 1 second for both background and measurement scans. The 94,+,0 − 83,+,0

transition and the 94,−,083,−,0 transitions for CH3OH were measured, and the 86,3 − 85,4 for

H2S.

In addition to the artifacts caused by the synchrotron, artifacts in the data made pro-
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cessing the output from this spectrometer difficult. While measuring data for methanol

and hydrogen sulfide, the local oscillator was fluctuating in both power and frequency.

The fluctuations in the power output from the laser resulted in 0.4 dB shifts in the base-

line power recorded by the HEB. In addition, jittering in the LO frequency resulted in

broadened lines in the 1 second averaged measurements, which was amplified if multiple

measurements were averaged together (see Figure 5.9).

Figure 5.9: Series of measurements for H2S. The measurements on the left
have all been normalized so the peaks for each match, demonstrating jitter from
the LO affecting the measured line center for the peak. The plot on the right
shows obvious shifts in baseline between measurements due to fluctuating power
output in the molecular laser.

Future work is needed to improve the stability of the LO. Improvements that can be

made to the cavity include changing the copper cavity for a more thermally stable material,

using spherical mirrors rather than flat, and adding active locking for the cavity modes.

Methods also need to be developed to deconvolute the mixed sidebands from the HEB.

This could potentially be accomplished by intentionally creating laser jitter, which would

move the negative sidebands in the opposite direction as it does the positive sidebands.
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The work shown here demonstrates the potential for a synchrotron/molecular THz

instrument capable of instantaneous 5 GHz bandwidth with sub 100 kHz resolution,

complimentary to experimental setups already existing in synchrotron facilities.
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Chapter 6

Conclusion

Successful astrochemistry requires the cooperation of experimentalists, chemical model-

ers, and astronomical observers. This dissertation has described work performed exper-

imentally to provide support to both chemical models, and astronomical observations

aimed specifically to accomplish:

1. Construction of an instrument to measure rate constants and branching ratios for

radical-neutral reactions to inform chemical models.

2. Measurement of high quality IR and mm-wave transition frequencies and spectro-

scopic constants to facilitate astronomical searches.

3. Construction of a new instrument to perform measurements in the THz gap with

unprecedented broadband/resolution for studying molecules between 0.3–6 THz.

The main results of each project are summarized here, along with a brief discussion of

potential future directions.
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6.1 Low temperature rate coefficients and branching ratios

The instrument described in Chapters 2 and 3 has been developed with the ultimate goal of

providing high quality rate coefficient and branching ratio data for reactions of hydrogen-

bonding hydrocarbons with OH radicals between 10–200 K, which have previously been

measured to occur much faster than assumed. Chapter 3 describes the production of three

Laval nozzles whose flows range from 19-55 K with argon and helium as carrier gases, and

describes the procedure for calculating more nozzles. A dual LIF/CP-FTMW spectroscopy

detection scheme has been constructed to pair with the CRESU reaction environment.

CP-FTMW also enables detection of molecules that are not good fluorophores, and can

simultaneously detect multiple reactants and products in the flow. Due to the ability of

CP-FTMW to spectroscopically resolve complex gas mixtures, it also detects unexpected

species in the reaction, such as clusters, other products, and secondary chemistry.

Future directions

The next steps for the kinetics instrument are follow-up tests with LIF and CP-FTMW. The

LIF has been tested and verified through the detection of acetone in a static cell, but has not

been verified with the flow, as acetone seeded through the molecular beam persists in the

chamber between gas pulses, which makes it difficult to determine if the fluorescent signal

is from the ambient gas in the chamber, or from the flow. OH radical will be produced

in the flow through pulsed laser photolysis, and detected using LIF in the beam. Because

OH radical is highly reactive, it is expected to have a short lifetime outside of the beam

and any light detected will be a result of fluorescence in the flow. OH radical should be
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measured using CP-FTMW. However, the rotational transitions in the Ka band are high J

(between J = 11/2–15/2, E = 2544.91–3074.39 cm−1), and may not be sufficiently populated

to be detectable in the temperatures of the flow. CP-FTMW will also be used to verify

the impact pressure temperatures measured in the beam profile experiments described in

Chapter 3 using molecules produced in the beam by photolysis.

Similar instruments employing CP-FTMW36 require of order of 6×106 averaged scans

to get adequate signal to noise ratios for their measurements in the uniform flow. At a

repetition rate of 10 reaction pulses per second, it requires approximately 166 hours of

signal averaging to extract rate coefficients and branching ratios for a single temperature

and density. This is due to the high collision rate inside the uniform beam, which causes

the coherence times to shorten, making FIDs difficult to detect. To circumvent this issue, a

proposed change to the instrument adds a skimmer and a secondary expansion chamber

operating at much lower pressures than the uniform beam (See Figure 6.1).

The secondary expansion should be adiabatic, and the rapid drop in density should

dramatically slow the reaction, leaving the relative abundances almost identical to their

values at the end of the uniform flow. Work has begun on construction of this new

chamber, and computational fluid dynamics calculations are being performed to ensure

the flow will continue to be uniform through the reaction region.

Section 3.3 showed results of nozzles operating at 61.3 K, 19.8 K and 34.6 K. A larger set

of nozzles will need to be produced to adequately cover the desired 10–200 K temperature

range. Additionally, the 20 K argon and 35 K helium nozzles were only measured for low
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Figure 6.1: Proposed new chamber setup CRESU-CHIRP experiment. A skim-
mer will sample the center of the uniform beam, and adiabatically expand it
into a polycarbonate secondary expansion chamber, pausing the chemistry. The
secondary chamber is transparent to microwave radiation, and antenna horns
can be aligned outside the chamber. LIF measurements still take place inside the
uniform beam, where the density of reactants is high.

density/pressure conditions, which lead to short beams and short reaction lengths. The

planned redesign of the kinetics experiment eliminates the need to minimize the density

in the uniform beam, so it is logical to revisit these nozzles with higher backing pressures

to produce longer, more stable beams.

6.2 Rotational and vibrational spectroscopy of nitrile la-
beled ring molecules

Chapter 4 shows the spectroscopic characterization in the mm-wave for phenylpropi-

olonitrile (PhC3N), 1-cyanoadamantane (CNAda), 1-isocyanoadamantane (NCAda), o-

dicyanobenzene (o-DCB) and m-dicyanobenzene (m-DCB). The mid- and far-IR regions of
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the electromagnetic spectrum were also explored for PhC3N, CNAda, and NCAda.

Work performed to measure the spectra of five molecules at resolutions useful for

astronomical detection ( f/δ f > 106) was described. These measurements were moti-

vated by the increasing detection of nitrile containing species and aromatic molecules

in space.4,20,44,45,132 Astronomical observers require high resolution rotational spectra to

identify new molecules in space.

The rotational spectra for each species are reported between 8–220 GHz with a resolu-

tion of 25 kHz in the cm-band and 50 kHz in the mm-band. Infrared measurements were

performed for PhC3N, CNAda and NCAda between 100–3600 cm−1 with a resolution of

0.5 cm−1. The geometries for each molecule were optimized and density functional theory

(DFT) harmonic calculation were performed for each molecule to aid in assignment of the

spectra using Gaussian09,110 and anharmonic calculations were performed for PhC3N.

The rovibrational structure of PhC3N could not be resolved with the instrument at

SOLEIL, which had a maximum resolution of 0.0009 cm−1, and only the fundamental

vibrational bands were reported. Quantum numbers were assigned to 6256 pure rotational

transitions, and the spectrum was fit to a rms value of 0.049 kHz. Spectroscopic constants

are reported in Table 4.5. A total of 14 vibrational bands were assigned and are reported

in Table 4.3. Follow up measurements for the vibrational spectrum at a higher pressure

are needed to further assign vibrational bands with inadequate signal to noise ratios.

Collaborators searched the GOTHAM survey120 for PhC3N, but it was not detected.

For CNAda, 17 vibrational bands, 24 vibrational bands of NCAda, 4929 rotational tran-
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sitions for the ground state of CNAda, and 3968 rotational transitions for the ground state

of NCAda were assigned. Additionally, 4375 rotational transitions for CNAda and 3703

transitions of NCAda were assigned for the ν50 = 1 hot bands. The uncertainty in the vi-

brational assignments is several cm−1, while the RMS values for the fits of CNAda/NCAda

were 0.033/0.048 kHz. Rotational constants for these molecules can be found in Table 4.7.

For o-DCB, 5767 transitions were assigned to 4071 frequencies in the spectrum, and fit

to rotational constants with a rms value of 0.041 kHz. Included in the fit were hyperfine

splitting constants, which will aid in astronomical searches for this molecule, as o-DCB

has its strongest frequencies in the cm-band under the conditions of the ISM. m-DCB had

7561 transitions assigned to 5695 frequencies, with a rms of 0.045 kHz. Collaborators at

MIT searched the GOTHAM survey for both o-DCB and m-DCB; neither was detected

towards TMC-1.

6.3 Broadband high resolution THz heterodyne spectrom-
eter

Chapter 5 describes a new instrument that is capable of performing 5 GHz bandwidth,

<100 kHz resolution measurements at frequencies between 0.3-6 THz.

Chapter 5 outlines work performed constructing a broadband high resolution THz

heterodyne spectrometer at the synchrotron SOLEIL. A prototype instrument called THz-

SOLEIL has been constructed by mixing synchrotron radiation from the AILES beamline

at SOLEIL with radiation from a THz molecular laser that was built for the instrument.

These two light sources were mixed using a hot electron bolometer heterodyne receiver,
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which measured a 5 GHz window of the synchrotron radiation centered at the laser output

frequency. THzSOLEIL was used to measure 4 known transitions for CH3OH and H2S to

a resolution of 88.5 kHz.

Also described in this chapter is the work building and testing a database of pump and

lasing frequencies for a THz laser using molecular gas as a gain medium. The goal of this

database is to provide coverage across the whole THz gap to couple with THzSOLEIL.

Relative lasing intensities were predicted using a figure of merit dubbed the “gain factor”

with some success. 39 of the 610 predicted lasing lines from the database built using the

HITRAN130 database were measured for NH3.

6.3.1 Future directions

THzSOLEIL has proven to be capable of measuring high resolution THz spectra in 5 GHz

windows. Chapter 5 shows evidence of jittering, most likely a result of instabilities in the

molecular laser, which will need to be addressed before this spectrometer can be used for

molecular characterization. A future project for this spectrometer is to design an active

stabilization scheme to lock the laser cavity to a specific wavelength. By shifting the

frequency of the molecular laser with this device, it will also be possible to separate the

positive and negative side bands from the mixer. Monitoring the output from the THz

laser to normalize the power output will also aid in reducing baseline shift due to the

fluctuating laser power.

The next steps for the molecular laser are to continue to measure more lines from the

database, and extend the laser into molecules other than NH3, such as H2O. The figure of
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merit for the laser database needs further refinement. Currently, Figure 5.2 shows Gm to

be a poor predictor of the strongest laser lines. One area to investigate further is how the

relaxation of the molecules from the excited state post excitation can affect this gain factor.
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Appendix A

THz molecular laser lines

Table A.1: List of 14NH3 lines reported in the literature that were resonantly
pumped by CW gas lasers (CO2 or N2O)133. The THz lines occur inside the υ2 = 1
vibrational band. The MIR pumping lines occur between the ground state and
the υ2 = 1 band. Lines having a possible competing laser line are labelled with
an asterisk. Assuming that the pump laser is perfectly tuned to the centre of the
ammonia line, the associated molecular gain factor is reported. Seq. stands for
sequence bands.

HITRAN THz frequency THz QN Gm Pump laser line MIR QN Ref.
/ GHz / µg

1030.5299 sQ(4,3)* 2.4E-18 CO2, Seq. 9P(17) sR(3,3) 134

2669.4110 aR(5,1) 1.6E-18 CO2, Seq. 9P(7) aR(5,1) 135

3442.2588 sR(3,3)* 1.1E-18 CO2, Seq. 9P(17) sR(3,3) 134

3679.5915 aR(7,7)* 2.9E-19 N2O, P(13) aQ(8,7) 136

7036.9995 aR(13,13) 3.9E-21 N2O, P(29) aQ(14,13) 137
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Table A.2: List of 15NH3 lines reported in the literature that were resonantly
pumped by a CO2 CW laser or a QCL133,138. The THz lines occur within the
υ2 = 1 vibrational band. The MIR pumping lines occur between the ground and
the υ2 = 1 states. Lines having a possible competing laser line are labelled with
an asterisk. We have added our Gm factor. Calculations are performed assuming
that the pump laser is perfectly tuned to the centre of the ammonia line. Seq.
stands for sequence bands.

HITRAN THz frequency THz QN Gm Pump laser line MIR QN Ref.
/ GHz / µg

571.1 sQ(13,7) 2.1E-21 a) CO2, Seq. 10P(5) sQ(13,7) 135

802.9860 aR(2,0) 5.7E-18 CO2, 10R(42) aR(2,0) 135,139

1096.5 sQ(12,11) 1.8E-19 a) CO2, Seq. 10P(7) sQ(12,11) 135

1371.4 aR(3,3) 2.2E-18 a) CO2, Seq. 10P(35) aQ(4,3) 135,139

1962.7496 aR(4,4) 9.4E-19 13CO2, 10R(18) aQ(5,4) 140

2679.8574 aR(5,2) 2.2E-19 CO2, Seq. 10P(31) aQ(6,2) 135,139

3201.8854 aR(6,5) 4.4E-19 CO2, Seq. 9R(7) aR(6,5) 135

4416.6765 sR(5,0) 3.3E-18 QCL sR(5,0) 138

4423.6044 sR(5,1)* 1.6E-18 QCL sR(5,1) 138

4444.5206 sR(5,2)* 1.4E-18 QCL sR(5,2) 138

4480.2496 sR(5,3)* 2.2E-18 QCL sR(5,3) 138

4532.1389 sR(5,4)* 6.7E-19 QCL sR(5,4) 138

a) (Lines absent from our catalogues because they are not reported in HITRAN database.
For these lines, the THz frequencies correspond to the conversion of the wavelengths
reported in the corresponding reference. The Gm value was calculated by scaling the Gm
value of the corresponding pair of pump/probe transitions of 14NH3 by the ratio of molar
masses of the two species.)
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Table A.3: Table of possible THz laser lines within the υ2 = 1 vibrational band of
14NH3. An asterisk indicates a competition between possible emissions.

THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

140.1419 aR(1,1) 872.5671 aP(3,1) ‖ 1.5e-18 932.1362 aQ(2,1) ⊥ 5.7e-19 971.8820 aR(1,1) ‖ 1.2e-18
446.5256 sQ(13,3)* - - - - - - - - 1212.8633 sR(12,3) ⊥ 1.6e-21
466.2458 sP(1,0) 948.2320 sP(1,0) ‖ 4.8e-18 - - - - - - - -
472.7172 sQ(13,4)* - - - - - - - - 1212.8300 sR(12,4) ⊥ 1.6e-21
473.3056 sQ(14,6)* - - - - - - - - 1230.2321 sR(13,6) ⊥ 2.4e-21
496.3563 sQ(12,2)* - - - - - - - - 1195.1930 sR(11,2) ⊥ 1.2e-21
504.8735 sQ(13,5)* - - - - - - - - 1212.7480 sR(12,5) ⊥ 2.7e-21
515.3808 sQ(12,3)* - - - - - - - - 1195.1336 sR(11,3) ⊥ 5.6e-21
520.2789 sQ(14,7)* - - - - - - - - 1230.1397 sR(13,7) ⊥ 1.9e-21
540.7765 sQ(12,4)* - - - - - - - - 1195.0464 sR(11,4) ⊥ 5.3e-21
546.9373 sQ(13,6)* 688.4970 sP(14,6) ⊥ 1.4e-21 959.7394 sQ(13,6) ‖ 1.7e-21 1212.6649 sR(12,6) ⊥ 8.6e-21
561.4592 sQ(11,2)* - - - - - - - - 1177.1978 sR(10,2) ⊥ 3.6e-21
561.9381 sQ(15,9)* - - - - - - - - 1247.3303 sR(14,9) ⊥ 2.2e-21
577.3480 sQ(12,5)* 708.4153 sP(13,5) ⊥ 1.6e-21 960.9520 sQ(12,5) ‖ 1.5e-21 1194.9762 sR(11,5) ⊥ 8.9e-21
579.8942 sQ(14,8)* - - - - - - - - 1230.0694 sR(13,8) ⊥ 2.8e-21
580.4775 sQ(11,3)* 728.8132 sP(12,3) ⊥ 3.6e-21 962.2798 sQ(11,3) ‖ 1.2e-21 1177.1108 sR(10,3) ⊥ 1.7e-20
600.8666 sQ(13,7)* 687.4722 sP(14,7) ⊥ 1.1e-21 959.2030 sQ(13,7) ‖ 2.0e-21 1212.5951 sR(12,7) ⊥ 6.6e-21
611.9772 sQ(11,4)* 728.3232 sP(12,4) ⊥ 3.4e-21 962.0497 sQ(11,4) ‖ 2.1e-21 1177.0776 sR(10,4) ⊥ 1.6e-20
615.0456 sQ(10,1)* - - - - - - - - 1159.0473 sR(9,1) ⊥ 2.6e-21
625.1605 sQ(12,6)* 707.5927 sP(13,6) ⊥ 5.2e-21 960.5182 sQ(12,6) ‖ 7.3e-21 1194.9111 sR(11,6) ⊥ 2.8e-20
628.5864 sQ(10,2)* 748.5698 sP(11,2) ⊥ 2.5e-21 - - - - 1159.0258 sR(9,2) ⊥ 1.0e-20
643.9029 sQ(15,10)* - - - - - - - - 1247.3221 sR(14,10) ⊥ 1.7e-21
651.9892 sQ(10,3)* 748.2265 sP(11,3) ⊥ 1.2e-20 963.0575 sQ(10,3) ‖ 4.3e-21 1158.9850 sR(9,3) ⊥ 4.9e-20
653.1278 sQ(11,5)* 727.6892 sP(12,5) ⊥ 5.7e-21 961.7134 sQ(11,5) ‖ 5.9e-21 1177.0212 sR(10,5) ⊥ 2.7e-20
655.1437 sQ(14,9)* 665.9482 sP(15,9) ⊥ 1.2e-21 957.0761 sQ(14,9) ‖ 4.0e-21 1230.0439 sR(13,9) ⊥ 8.4e-21
669.2437 sQ(13,8)* 686.3134 sP(14,8) ⊥ 1.6e-21 958.6177 sQ(13,8) ‖ 4.3e-21 1212.5581 sR(12,8) ⊥ 9.8e-21
681.5026 sQ(9,1)* 768.3114 sP(10,1) ⊥ 1.9e-21 - - - - 1140.6997 sR(8,1) ⊥ 6.8e-21
685.1681 sQ(10,4)* 747.7627 sP(11,4) ⊥ 1.1e-20 962.7907 sQ(10,4) ‖ 7.7e-21 1158.9289 sR(9,4) ⊥ 4.5e-20
686.4131 sQ(12,7)* 706.6404 sP(13,7) ⊥ 4.0e-21 960.0325 sQ(12,7) ‖ 8.5e-21 1194.8679 sR(11,7) ⊥ 2.1e-20

Continued on next page
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Table A.3 – continued from previous page

THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

696.4339 sQ(9,2)* 768.1283 sP(10,2) ⊥ 7.6e-21 963.9242 sQ(9,2) ‖ 1.4e-21 1140.6792 sR(8,2) ⊥ 2.7e-20
706.8979 sQ(11,6)* 726.9295 sP(12,6) ⊥ 1.8e-20 961.3224 sQ(11,6) ‖ 3.6e-20 1176.9767 sR(10,6) ⊥ 8.4e-20
721.2642 sQ(9,3)* 767.8090 sP(10,3) ⊥ 3.5e-20 963.7365 sQ(9,3) ‖ 1.5e-20 1140.6274 sR(8,3) ⊥ 1.3e-19
730.9841 sQ(10,5)* 747.1812 sP(11,5) ⊥ 1.8e-20 962.4890 sQ(10,5) ‖ 2.2e-20 1158.8875 sR(9,5) ⊥ 7.3e-20
741.7881 aR(2,2) 852.7247 aP(4,2) ‖ 9.6e-19 932.0940 aQ(3,2) ⊥ 1.0e-18 991.6905 aR(2,2) ‖ 9.0e-19
747.2868 sQ(8,1)* 788.0214 sP(9,1) ⊥ 5.0e-21 - - - - 1122.1784 sR(7,1) ⊥ 1.6e-20
747.3440 sQ(15,11)* - - - - 954.5983 sQ(15,11) ‖ 1.7e-21 1247.4088 sR(14,11) ⊥ 2.4e-21
747.5883 sQ(16,12)* - - - - 952.6967 sQ(16,12) ‖ 1.3e-21 1264.5198 sR(15,12) ⊥ 1.8e-21
749.9338 sQ(14,10)* - - - - 956.3676 sQ(14,10) ‖ 4.2e-21 1230.0949 sR(13,10) ⊥ 6.0e-21
755.4456 sQ(13,9)* 685.0379 sP(14,9) ⊥ 4.8e-21 958.0058 sQ(13,9) ‖ 1.9e-20 1212.5810 sR(12,9) ⊥ 2.8e-20
759.0008 sQ(9,4)* 767.3960 sP(10,4) ⊥ 3.3e-20 963.5342 sQ(9,4) ‖ 2.7e-20 1140.6037 sR(8,4) ⊥ 1.1e-19
762.8525 aR(2,1) 853.5482 aP(4,1) ‖ 1.8e-18 932.8812 aQ(3,1) ⊥ 3.8e-19 992.4503 aR(2,1) ‖ 2.2e-18
763.5831 sQ(8,2)* 787.8547 sP(9,2) ⊥ 2.2e-20 964.6096 sQ(8,2) ‖ 4.5e-21 1122.1600 sR(7,2) ⊥ 6.6e-20
763.9947 sQ(12,8)* 705.5734 sP(13,8) ⊥ 5.9e-21 959.5139 sQ(12,8) ‖ 1.9e-20 1194.8697 sR(11,8) ⊥ 3.0e-20
769.7102 aR(2,0) 853.8178 aP(4,0) ‖ 4.1e-18 - - - - 992.6987 aR(2,0) ‖ 5.2e-18
775.7261 sQ(11,7)* 726.0576 sP(12,7) ⊥ 1.4e-20 960.8930 sQ(11,7) ‖ 3.6e-20 1176.9636 sR(10,7) ⊥ 6.0e-20
790.8172 sQ(10,6)* 746.4900 sP(11,6) ⊥ 5.7e-20 962.1444 sQ(10,6) ‖ 1.1e-19 1158.8655 sR(9,6) ⊥ 2.2e-19
791.5310 sQ(8,3)* 787.5761 sP(9,3) ⊥ 9.6e-20 964.4670 sQ(8,3) ‖ 5.0e-20 1122.1329 sR(7,3) ⊥ 3.0e-19
809.4812 sQ(9,5)* 766.8705 sP(10,5) ⊥ 5.4e-20 963.2691 sQ(9,5) ‖ 7.7e-20 1140.5780 sR(8,5) ⊥ 1.8e-19
810.9190 sQ(7,1)* 807.8716 sP(8,1) ⊥ 1.3e-20 - - - - 1103.4858 sR(6,1) ⊥ 3.7e-20
828.5256 sQ(7,2)* 807.7223 sP(8,2) ⊥ 5.3e-20 965.2727 sQ(7,2) ‖ 1.4e-20 1103.4698 sR(6,2) ⊥ 1.4e-19
831.9689 sQ(8,4)* 787.1989 sP(9,4) ⊥ 8.8e-20 964.2685 sQ(8,4) ‖ 8.9e-20 1122.1040 sR(7,4) ⊥ 2.6e-19
858.3951 sQ(7,3)* 807.4718 sP(8,3) ⊥ 2.4e-19 965.1377 sQ(7,3) ‖ 1.6e-19 1103.4412 sR(6,3) ⊥ 6.3e-19
861.6717 sQ(12,9)* 704.4141 sP(13,9) ⊥ 1.7e-20 958.9893 sQ(12,9) ‖ 7.7e-20 1194.9479 sR(11,9) ⊥ 8.1e-20
862.8099 sQ(11,8)* 725.0925 sP(12,8) ⊥ 1.9e-20 960.4482 sQ(11,8) ‖ 7.0e-20 1177.0084 sR(10,8) ⊥ 8.1e-20
863.8601 sQ(13,10)* 683.6716 sP(14,10) ⊥ 3.4e-21 957.3989 sQ(13,10) ‖ 2.0e-20 1212.7013 sR(12,10) ⊥ 1.9e-20
867.3425 sQ(10,7)* 745.7056 sP(11,7) ⊥ 4.1e-20 961.7762 sQ(10,7) ‖ 1.3e-19 1158.8848 sR(9,7) ⊥ 1.5e-19
869.3362 sQ(14,11)* 662.8663 sP(15,11) ⊥ 1.3e-21 955.6767 sQ(14,11) ‖ 8.8e-21 1230.2667 sR(13,11) ⊥ 8.2e-21
870.8782 sQ(6,1)* 827.8334 sP(7,1) ⊥ 3.4e-20 965.9677 sQ(6,1) ‖ 2.5e-21 1084.6237 sR(5,1) ⊥ 7.5e-20
875.3682 sQ(9,6)* 766.2525 sP(10,6) ⊥ 1.6e-19 962.9736 sQ(9,6) ‖ 3.9e-19 1140.5792 sR(8,6) ⊥ 5.0e-19
878.0883 sQ(15,12)* - - - - 953.8223 sQ(15,12) ‖ 7.3e-21 1247.6422 sR(14,12) ⊥ 6.6e-21
887.0183 sQ(8,5)* 786.7323 sP(9,5) ⊥ 1.4e-19 964.0412 sQ(8,5) ‖ 2.6e-19 1122.0937 sR(7,5) ⊥ 3.9e-19
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889.7112 sQ(6,2)* 827.7021 sP(7,2) ⊥ 1.3e-19 965.8991 sQ(6,2) ‖ 4.3e-20 1084.6098 sR(5,2) ⊥ 2.9e-19
890.1306 sQ(16,13)* - - - - 951.8355 sQ(16,13) ‖ 1.4e-21 1264.8260 sR(15,13) ⊥ 1.3e-21
902.4589 sQ(7,4)* 807.1441 sP(8,4) ⊥ 2.2e-19 964.9796 sQ(7,4) ‖ 2.8e-19 1103.4305 sR(6,4) ⊥ 5.2e-19
921.9405 sQ(6,3)* 827.4878 sP(7,3) ⊥ 5.8e-19 965.7913 sQ(6,3) ‖ 4.7e-19 1084.5931 sR(5,3) ⊥ 1.2e-18
925.6582 sQ(5,1)* 847.8763 sP(6,1) ⊥ 7.7e-20 966.5324 sQ(5,1) ‖ 7.5e-21 1065.5943 sR(4,1) ⊥ 1.4e-19
945.6048 sQ(5,2)* 847.7629 sP(6,2) ⊥ 3.0e-19 966.4736 sQ(5,2) ‖ 1.3e-19 1065.5817 sR(4,2) ⊥ 5.3e-19
958.8279 sQ(8,6)* 786.1906 sP(9,6) ⊥ 4.0e-19 963.7962 sQ(8,6) ‖ 1.3e-18 1122.1177 sR(7,6) ⊥ 9.7e-19
959.5663 sQ(9,7)* 765.5612 sP(10,7) ⊥ 1.1e-19 962.6698 sQ(9,7) ‖ 4.5e-19 1140.6320 sR(8,7) ⊥ 3.1e-19
961.8846 sQ(7,5)* 806.7377 sP(8,5) ⊥ 1.3e-19 964.7902 sQ(7,5) ‖ 8.0e-19 1103.4343 sR(6,5) ⊥ 7.0e-19
964.0600 sQ(10,8)* 744.8509 sP(11,8) ⊥ 5.5e-20 961.4110 sQ(10,8) ‖ 2.8e-19 1158.9758 sR(9,8) ⊥ 1.8e-19
968.8093 sQ(6,4)* 827.2011 sP(7,4) ⊥ 4.7e-19 965.6520 sQ(6,4) ‖ 8.5e-19 1084.5836 sR(5,4) ⊥ 9.0e-19
972.3013 sQ(11,9)* 724.0613 sP(12,9) ⊥ 5.2e-20 960.0199 sQ(11,9) ‖ 3.3e-19 1177.1477 sR(10,9) ⊥ 1.9e-19
973.8268 sQ(4,1)* 867.9689 sP(5,1) ⊥ 1.7e-19 967.0308 sQ(4,1) ‖ 2.2e-20 1046.4006 sR(3,1) ⊥ 2.5e-19
979.6498 sQ(5,3)* 847.5781 sP(6,3) ⊥ 1.2e-18 966.3799 sQ(5,3) ‖ 1.4e-18 1065.5654 sR(4,3) ⊥ 2.0e-18
984.3138 sQ(12,10)* 703.1943 sP(13,10) ⊥ 1.1e-20 958.4967 sQ(12,10) ‖ 7.9e-20 1195.1464 sR(11,10) ⊥ 4.9e-20
994.7477 sQ(4,2)* 867.8729 sP(5,2) ⊥ 6.1e-19 966.9810 sQ(4,2) ‖ 3.8e-19 1046.3880 sR(3,2) ⊥ 8.5e-19

1000.1505 sQ(13,11)* 682.2518 sP(14,11) ⊥ 4.6e-21 956.8418 sQ(13,11) ‖ 4.2e-20 1212.9709 sR(12,11) ⊥ 2.3e-20
1014.0847 sQ(3,1)* 888.0794 sP(4,1) ⊥ 3.4e-19 967.4491 sQ(3,1) ‖ 7.1e-20 1027.0470 sR(2,1) ⊥ 4.1e-19
1019.8937 sQ(14,12)* 661.2358 sP(15,12) ⊥ 3.6e-21 955.0557 sQ(14,12) ‖ 3.7e-20 1230.6204 sR(13,12) ⊥ 2.0e-20
1029.3749 sQ(5,4)* 847.3376 sP(6,4) ⊥ 9.1e-19 966.2692 sQ(5,4) ‖ 2.5e-18 1065.5638 sR(4,4) ⊥ 1.1e-18
1030.5299 sQ(4,3)* 867.7196 sP(5,3) ⊥ 2.3e-18 966.9051 sQ(4,3) ‖ 4.2e-18 1046.3746 sR(3,3) ⊥ 2.4e-18
1032.3214 sQ(6,5)* 826.8553 sP(7,5) ⊥ 6.5e-19 965.4994 sQ(6,5) ‖ 2.4e-18 1084.5992 sR(5,5) ⊥ 9.1e-19
1035.8161 sQ(3,2)* 887.9998 sP(4,2) ⊥ 1.1e-18 967.4068 sQ(3,2) ‖ 1.2e-18 1027.0329 sR(2,2) ⊥ 1.1e-18
1039.3598 sQ(7,6)* 806.2742 sP(8,6) ⊥ 8.0e-19 964.5957 sQ(7,6) ‖ 4.0e-18 1103.4795 sR(6,6) ⊥ 1.3e-18
1043.6537 sQ(15,13)* - - - - 953.1392 sQ(15,13) ‖ 7.8e-21 1248.0943 sR(14,13) ⊥ 4.2e-21
1045.3191 sQ(2,1)* 908.1768 sP(3,1) ⊥ 6.9e-19 967.7747 sQ(2,1) ‖ 2.7e-19 1007.5405 sR(1,1) ⊥ 5.7e-19
1050.5203 sQ(8,7)* 785.5963 sP(9,7) ⊥ 2.4e-19 963.5585 sQ(8,7) ‖ 1.5e-18 1122.2036 sR(7,7) ⊥ 4.5e-19
1065.8671 sQ(9,8)* 764.8236 sP(10,8) ⊥ 1.3e-19 962.3884 sQ(9,8) ‖ 1.0e-18 1140.7706 sR(8,8) ⊥ 2.8e-19
1066.6510 sQ(1,1) 928.2320 sP(2,1) ⊥ 1.5e-18 967.9978 sQ(1,1) ‖ 1.8e-18 - - - -
1067.6770 sQ(2,2) 908.1123 sP(3,2) ⊥ 1.8e-18 967.7384 sQ(2,2) ‖ 4.6e-18 - - - -
1071.5686 sQ(16,14)* - - - - 951.0932 sQ(16,14) ‖ 3.0e-21 1265.3922 sR(15,14) ⊥ 1.6e-21
1073.0499 sQ(3,3) 887.8768 sP(4,3) ⊥ 3.2e-18 967.3463 sQ(3,3) ‖ 1.3e-17 - - - -
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1082.5928 sQ(4,4) 867.5201 sP(5,4) ⊥ 1.3e-18 966.8147 sQ(4,4) ‖ 7.5e-18 - - - -
1085.4985 sQ(10,9)* 743.9582 sP(11,9) ⊥ 1.3e-19 961.0860 sQ(10,9) ‖ 1.2e-18 1159.1800 sR(9,9) ⊥ 3.2e-19
1096.5904 sQ(5,5) 847.0513 sP(6,5) ⊥ 9.4e-19 966.1511 sQ(5,5) ‖ 7.2e-18 - - - -
1103.8040 sQ(17,15)* - - - - 948.9188 sQ(17,15) ‖ 2.2e-21 1282.5140 sR(16,15) ⊥ 1.2e-21
1109.5454 sQ(11,10)* 723.0027 sP(12,10) ⊥ 3.1e-20 959.6524 sQ(11,10) ‖ 3.3e-19 1177.4315 sR(10,10) ⊥ 8.7e-20
1115.0810 sQ(6,6) 826.4701 sP(7,6) ⊥ 1.2e-18 965.3539 sQ(6,6) ‖ 1.2e-17 - - - -
1138.1722 sQ(12,11)* 701.9597 sP(13,11) ⊥ 1.4e-20 958.0888 sQ(12,11) ‖ 1.7e-19 1195.5251 sR(11,11) ⊥ 4.5e-20
1138.2110 sQ(7,7) 805.7790 sP(8,7) ⊥ 3.9e-19 964.4240 sQ(7,7) ‖ 4.7e-18 - - - -
1166.1643 sQ(8,8) 784.9805 sP(9,8) ⊥ 2.2e-19 963.3627 sQ(8,8) ‖ 3.3e-18 - - - -
1171.5755 sQ(13,12)* 680.8321 sP(14,12) ⊥ 1.1e-20 956.3968 sQ(13,12) ‖ 1.7e-19 1213.4613 sR(12,12) ⊥ 4.3e-20
1199.1625 sQ(9,9) 764.0774 sP(10,9) ⊥ 2.4e-19 962.1714 sQ(9,9) ‖ 4.4e-18 - - - -
1209.9839 sQ(14,13)* 659.6231 sP(15,13) ⊥ 2.2e-21 954.5783 sQ(14,13) ‖ 4.4e-20 1231.2408 sR(13,13) ⊥ 9.6e-21
1237.4652 sQ(10,10) 743.0731 sP(11,10) ⊥ 6.0e-20 960.8522 sQ(10,10) ‖ 1.3e-18 - - - -
1253.6581 sQ(15,14)* - - - - 952.6354 sQ(15,14) ‖ 1.7e-20 1248.8648 sR(14,14) ⊥ 4.0e-21
1281.3702 sQ(11,11) 721.9708 sP(12,11) ⊥ 2.8e-20 959.4071 sQ(11,11) ‖ 7.2e-19 - - - -
1302.8895 sQ(16,15)* - - - - 950.5708 sQ(16,15) ‖ 1.3e-20 1266.3350 sR(15,15) ⊥ 3.2e-21
1331.2132 sQ(12,12) 700.7745 sP(13,12) ⊥ 2.6e-20 957.8390 sQ(12,12) ‖ 7.5e-19 - - - -
1338.6790 aR(3,3) 832.6348 aP(5,3) ‖ 1.1e-18 931.7736 aQ(4,3) ⊥ 2.1e-18 1011.2036 aR(3,3) ‖ 1.2e-18
1358.0002 sQ(17,16)* - - - - 948.3876 sQ(17,16) ‖ 2.5e-21 - - - -
1373.0488 aR(3,2) 834.0122 aP(5,2) ‖ 1.2e-18 933.0758 aQ(4,2) ⊥ 7.3e-19 1012.4451 aR(3,2) ‖ 1.7e-18
1387.3677 sQ(13,13) 679.4885 sP(14,13) ⊥ 5.4e-21 956.1510 sQ(13,13) ‖ 1.8e-19 - - - -
1393.0785 aR(3,1) 834.8238 aP(5,1) ‖ 1.6e-18 933.8425 aQ(4,1) ⊥ 2.1e-19 1013.1755 aR(3,1) ‖ 2.4e-18
1450.2437 sQ(14,14) 658.1175 sP(15,14) ⊥ 2.2e-21 954.3469 sQ(14,14) ‖ 8.4e-20 - - - -
1520.2868 sQ(15,15) 636.6669 sP(16,15) ⊥ 1.6e-21 952.4311 sQ(15,15) ‖ 7.2e-20 - - - -
1597.9758 sQ(16,16) - - - - 950.4086 sQ(16,16) ‖ 1.5e-20 - - - -
1683.8197 sQ(17,17) - - - - 948.2853 sQ(17,17) ‖ 5.6e-21 - - - -
1778.3533 sQ(18,18) - - - - 946.0679 sQ(18,18) ‖ 4.0e-21 - - - -
1931.0487 aR(4,4) 812.3011 aP(6,4) ‖ 3.3e-19 931.1773 aQ(5,4) ⊥ 9.0e-19 1030.4224 aR(4,4) ‖ 4.0e-19
1978.1120 aR(4,3) 814.2415 aP(6,3) ‖ 1.4e-18 932.9923 aQ(5,3) ⊥ 1.6e-18 1032.1310 aR(4,3) ‖ 2.2e-18
2010.3707 aR(4,2) 815.5910 aP(6,2) ‖ 9.9e-19 934.2521 aQ(5,2) ⊥ 4.4e-19 1033.3158 aR(4,2) ‖ 1.8e-18
2029.2006 aR(4,1) 816.3862 aP(6,1) ‖ 1.2e-18 934.9940 aQ(5,1) ⊥ 1.2e-19 1034.0127 aR(4,1) ‖ 2.2e-18
2035.4532 aR(4,0) 816.6510 aP(6,0) ‖ 2.5e-18 - - - - 1034.2448 aR(4,0) ‖ 4.6e-18
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2244.4659 sR(1,0) 908.1991 sP(3,0) ‖ 3.7e-18 - - - - 1007.5471 sR(1,0) ‖ 3.6e-18
2252.1120 sR(1,1)* 908.1768 sP(3,1) ‖ 1.3e-18 967.7747 sQ(2,1) ⊥ 4.9e-19 1007.5405 sR(1,1) ‖ 1.0e-18
2518.6637 aR(5,5) 791.7268 aP(7,5) ‖ 1.7e-19 930.3066 aQ(6,5) ⊥ 6.7e-19 1049.3464 aR(5,5) ‖ 2.5e-19
2578.1665 aR(5,4) 794.2441 aP(7,4) ‖ 3.7e-19 932.6357 aQ(6,4) ⊥ 6.6e-19 1051.5120 aR(5,4) ‖ 7.0e-19
2622.0015 aR(5,3) 796.1341 aP(7,3) ‖ 1.1e-18 934.3796 aQ(6,3) ⊥ 8.9e-19 1053.1305 aR(5,3) ‖ 2.3e-18
2651.9227 aR(5,2) 797.4477 aP(7,2) ‖ 6.1e-19 935.5916 aQ(6,2) ⊥ 2.2e-19 1054.2527 aR(5,2) ‖ 1.4e-18
2669.4110 aR(5,1) 798.2222 aP(7,1) ‖ 7.4e-19 936.3048 aQ(6,1) ⊥ 5.6e-20 1054.9126 aR(5,1) ‖ 1.6e-18
2822.2564 sR(2,1)* 888.0794 sP(4,1) ‖ 1.6e-18 967.4491 sQ(3,1) ⊥ 3.3e-19 1027.0470 sR(2,1) ‖ 1.9e-18
2845.2812 sR(2,2)* 887.9998 sP(4,2) ‖ 8.2e-19 967.4068 sQ(3,2) ⊥ 8.6e-19 1027.0329 sR(2,2) ‖ 7.7e-19
3101.5415 aR(6,6) 770.9138 aP(8,6) ‖ 1.8e-19 929.1617 aQ(7,6) ⊥ 9.1e-19 1067.9744 aR(6,6) ‖ 3.0e-19
3173.2998 aR(6,5) 774.0253 aP(8,5) ‖ 1.9e-19 932.0112 aQ(7,5) ⊥ 4.8e-19 1070.5910 aR(6,5) ‖ 4.1e-19
3228.0358 aR(6,4) 776.4616 aP(8,4) ‖ 2.6e-19 934.2357 aQ(7,4) ⊥ 3.4e-19 1072.6274 aR(6,4) ‖ 6.6e-19
3268.2465 aR(6,3) 778.2899 aP(8,3) ‖ 6.2e-19 935.9037 aQ(7,3) ⊥ 4.2e-19 1074.1492 aR(6,3) ‖ 1.7e-18
3295.7384 aR(6,2) 779.5640 aP(8,2) ‖ 3.5e-19 937.0593 aQ(7,2) ⊥ 9.9e-20 1075.2032 aR(6,2) ‖ 9.8e-19
3311.7699 aR(6,1) 780.3141 aP(8,1) ‖ 3.9e-19 937.7404 aQ(7,1) ⊥ 2.5e-20 1075.8229 aR(6,1) ‖ 1.1e-18
3317.2050 aR(6,0) 780.5677 aP(8,0) ‖ 7.2e-19 - - - - 1076.0331 aR(6,0) ‖ 2.2e-18
3373.6128 sR(3,0) 868.0015 sP(5,0) ‖ 2.9e-18 - - - - 1046.4055 sR(3,0) ‖ 4.6e-18
3380.9901 sR(3,1)* 867.9689 sP(5,1) ‖ 1.4e-18 967.0308 sQ(4,1) ⊥ 1.9e-19 1046.4006 sR(3,1) ‖ 2.1e-18
3403.6125 sR(3,2)* 867.8729 sP(5,2) ‖ 1.0e-18 966.9810 sQ(4,2) ⊥ 6.3e-19 1046.3880 sR(3,2) ‖ 1.4e-18
3442.2588 sR(3,3)* 867.7196 sP(5,3) ‖ 9.9e-19 966.9051 sQ(4,3) ⊥ 1.8e-18 1046.3746 sR(3,3) ‖ 1.1e-18
3679.5915 aR(7,7) 749.8631 aP(9,7) ‖ 4.6e-20 927.7420 aQ(8,7) ⊥ 2.9e-19 1086.3042 aR(7,7) ‖ 8.5e-20
3763.5615 aR(7,6) 753.5905 aP(9,6) ‖ 1.9e-19 931.1220 aQ(8,6) ⊥ 6.2e-19 1089.3699 aR(7,6) ‖ 4.7e-19
3828.8208 aR(7,5) 756.5842 aP(9,5) ‖ 1.3e-19 933.8260 aQ(8,5) ⊥ 2.4e-19 1091.8119 aR(7,5) ‖ 3.6e-19
3878.5013 aR(7,4) 758.9296 aP(9,4) ‖ 1.6e-19 935.9373 aQ(8,4) ⊥ 1.6e-19 1093.7114 aR(7,4) ‖ 4.7e-19
3915.0670 aR(7,3) 760.6939 aP(9,3) ‖ 3.7e-19 937.5155 aQ(8,3) ⊥ 1.8e-19 1095.1293 aR(7,3) ‖ 1.1e-18
3928.6856 sR(4,1)* 847.8763 sP(6,1) ‖ 1.0e-18 966.5324 sQ(5,1) ⊥ 9.8e-20 1065.5943 sR(4,1) ‖ 1.9e-18
3939.7792 aR(7,2) 761.9181 aP(9,2) ‖ 2.0e-19 938.6175 aQ(8,2) ⊥ 4.1e-20 1096.1128 aR(7,2) ‖ 5.9e-19
3950.7233 sR(4,2)* 847.7629 sP(6,2) ‖ 8.5e-19 966.4736 sQ(5,2) ⊥ 3.6e-19 1065.5817 sR(4,2) ‖ 1.5e-18
3954.2658 aR(7,1) 762.6406 aP(9,1) ‖ 2.0e-19 939.2636 aQ(8,1) ⊥ 1.0e-20 1096.6898 aR(7,1) ‖ 6.0e-19
3988.2917 sR(4,3)* 847.5781 sP(6,3) ‖ 1.2e-18 966.3799 sQ(5,3) ⊥ 1.4e-18 1065.5654 sR(4,3) ‖ 1.9e-18
4043.0164 sR(4,4)* 847.3376 sP(6,4) ‖ 2.8e-19 966.2692 sQ(5,4) ⊥ 7.7e-19 1065.5638 sR(4,4) ‖ 3.5e-19
4252.6877 aR(8,8) 728.5745 aP(10,8) ‖ 2.2e-20 926.0457 aQ(9,8) ⊥ 1.6e-19 1104.3325 aR(8,8) ‖ 4.6e-20
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4348.9638 aR(8,7) 732.9436 aP(10,7) ‖ 4.4e-20 929.9705 aQ(9,7) ⊥ 1.8e-19 1107.8494 aR(8,7) ‖ 1.2e-19
4424.4522 aR(8,6) 736.5090 aP(10,6) ‖ 1.2e-19 933.1574 aQ(9,6) ⊥ 2.9e-19 1110.6889 aR(8,6) ‖ 3.9e-19
4458.8750 sR(5,0) 827.8777 sP(7,0) ‖ 1.3e-18 - - - - 1084.6290 sR(5,0) ‖ 3.0e-18
4465.9475 sR(5,1)* 827.8334 sP(7,1) ‖ 6.4e-19 965.9677 sQ(6,1) ⊥ 4.8e-20 1084.6237 sR(5,1) ‖ 1.4e-18
4482.9601 aR(8,5) 739.3747 aP(10,5) ‖ 7.3e-20 935.7074 aQ(9,5) ⊥ 1.0e-19 1112.9492 aR(8,5) ‖ 2.4e-19
4487.2388 sR(5,2)* 827.7021 sP(7,2) ‖ 5.6e-19 965.8991 sQ(6,2) ⊥ 1.9e-19 1084.6098 sR(5,2) ‖ 1.3e-18
4523.5918 sR(5,3)* 827.4878 sP(7,3) ‖ 9.5e-19 965.7913 sQ(6,3) ⊥ 7.7e-19 1084.5931 sR(5,3) ‖ 2.0e-18
4527.3979 aR(8,4) 741.6214 aP(10,4) ‖ 8.1e-20 937.6988 aQ(9,4) ⊥ 6.4e-20 1114.7065 aR(8,4) ‖ 2.7e-19
4559.8907 aR(8,3) 743.3067 aP(10,3) ‖ 1.7e-19 939.1981 aQ(9,3) ⊥ 7.2e-20 1116.0197 aR(8,3) ‖ 6.1e-19
4576.3508 sR(5,4)* 827.2011 sP(7,4) ‖ 3.2e-19 965.6520 sQ(6,4) ⊥ 5.7e-19 1084.5836 sR(5,4) ‖ 6.1e-19
4581.9994 aR(8,2) 744.4863 aP(10,2) ‖ 8.8e-20 940.2276 aQ(9,2) ⊥ 1.6e-20 1116.9269 aR(8,2) ‖ 3.0e-19
4594.8800 aR(8,1) 745.1781 aP(10,1) ‖ 8.9e-20 940.8361 aQ(9,1) ⊥ 3.9e-21 1117.4591 aR(8,1) ‖ 3.0e-19
4599.4936 aR(8,0) 745.4199 aP(10,0) ‖ 1.8e-19 - - - - 1117.6478 aR(8,0) ‖ 6.4e-19
4647.5756 sR(5,5)* 826.8553 sP(7,5) ‖ 1.5e-19 965.4994 sQ(6,5) ⊥ 5.8e-19 1084.5992 sR(5,5) ‖ 2.2e-19
4820.6691 aR(9,9) 707.0470 aP(11,9) ‖ 1.9e-20 924.0703 aQ(10,9) ⊥ 1.7e-19 1122.0551 aR(9,9) ‖ 4.7e-20
4929.4840 aR(9,8) 712.0875 aP(11,8) ‖ 1.9e-20 928.5579 aQ(10,8) ⊥ 9.3e-20 1126.0291 aR(9,8) ‖ 6.0e-20
4993.5672 sR(6,1)* 807.8716 sP(8,1) ‖ 3.4e-19 965.3515 sQ(7,1) ⊥ 2.2e-20 1103.4858 sR(6,1) ‖ 9.4e-19
5013.9753 sR(6,2)* 807.7223 sP(8,2) ‖ 3.2e-19 965.2727 sQ(7,2) ⊥ 8.6e-20 1103.4698 sR(6,2) ‖ 8.7e-19
5015.0349 aR(9,7) 716.2427 aP(11,7) ‖ 2.6e-20 932.2348 aQ(10,7) ⊥ 8.0e-20 1129.2617 aR(9,7) ‖ 9.2e-20
5048.5821 sR(6,3)* 807.4718 sP(8,3) ‖ 5.6e-19 965.1377 sQ(7,3) ⊥ 3.7e-19 1103.4412 sR(6,3) ‖ 1.5e-18
5081.8731 aR(9,6) 719.6367 aP(11,6) ‖ 6.1e-20 935.2212 aQ(10,6) ⊥ 1.2e-19 1131.8696 aR(9,6) ‖ 2.2e-19
5099.3040 sR(6,4)* 807.1441 sP(8,4) ‖ 2.5e-19 964.9796 sQ(7,4) ⊥ 3.1e-19 1103.4305 sR(6,4) ‖ 5.8e-19
5133.5090 aR(9,5) 722.3671 aP(11,5) ‖ 3.3e-20 937.6115 aQ(10,5) ⊥ 3.9e-20 1133.9442 aR(9,5) ‖ 1.3e-19
5167.5058 sR(6,5)* 806.7377 sP(8,5) ‖ 6.9e-20 964.7902 sQ(7,5) ⊥ 4.1e-19 1103.4343 sR(6,5) ‖ 3.6e-19
5172.6190 aR(9,4) 724.5095 aP(11,4) ‖ 3.4e-20 939.4790 aQ(10,4) ⊥ 2.4e-20 1135.5564 aR(9,4) ‖ 1.4e-19
5201.4139 aR(9,3) 726.1270 aP(11,3) ‖ 7.0e-20 940.8659 aQ(10,3) ⊥ 2.6e-20 1136.7574 aR(9,3) ‖ 2.7e-19
5220.4105 aR(9,2) 727.2435 aP(11,2) ‖ 3.6e-20 941.8509 aQ(10,2) ⊥ 5.5e-21 1137.5922 aR(9,2) ‖ 1.4e-19
5231.6477 aR(9,1) 727.9019 aP(11,1) ‖ 3.6e-20 942.4195 aQ(10,1) ⊥ 1.3e-21 1138.0776 aR(9,1) ‖ 1.4e-19
5255.9823 sR(6,6)* 806.2742 sP(8,6) ‖ 1.6e-19 964.5957 sQ(7,6) ⊥ 7.8e-19 1103.4795 sR(6,6) ‖ 2.6e-19
5383.3395 aR(10,10) 685.2787 aP(12,10) ‖ 4.1e-21 921.8120 aQ(11,10) ⊥ 4.5e-20 1139.4669 aR(10,10) ‖ 1.2e-20
5505.0656 aR(10,9) 691.0242 aP(12,9) ‖ 1.6e-20 926.8846 aQ(11,9) ⊥ 9.4e-20 1143.9078 aR(10,9) ‖ 5.7e-20
5505.9143 sR(7,0) 788.0777 sP(9,0) ‖ 3.3e-19 - - - - 1122.1853 sR(7,0) ‖ 1.1e-18
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5512.4717 sR(7,1)* 788.0214 sP(9,1) ‖ 1.7e-19 964.6985 sQ(8,1) ⊥ 9.0e-21 1122.1784 sR(7,1) ‖ 5.5e-19
5531.8880 sR(7,2)* 787.8547 sP(9,2) ‖ 1.7e-19 964.6096 sQ(8,2) ⊥ 3.6e-20 1122.1600 sR(7,2) ‖ 5.2e-19
5564.9930 sR(7,3)* 787.5761 sP(9,3) ‖ 3.1e-19 964.4670 sQ(8,3) ⊥ 1.6e-19 1122.1329 sR(7,3) ‖ 9.6e-19
5600.6372 aR(10,8) 695.7908 aP(12,8) ‖ 1.0e-20 931.0622 aQ(11,8) ⊥ 4.1e-20 1147.5326 aR(10,8) ‖ 4.3e-20
5612.9291 sR(7,4)* 787.1989 sP(9,4) ‖ 1.4e-19 964.2685 sQ(8,4) ⊥ 1.4e-19 1122.1040 sR(7,4) ‖ 4.1e-19
5675.4304 aR(10,7) 699.7245 aP(12,7) ‖ 1.2e-20 934.4861 aQ(11,7) ⊥ 2.9e-20 1150.4782 aR(10,7) ‖ 5.2e-20
5677.7236 sR(7,5)* 786.7323 sP(9,5) ‖ 1.1e-19 964.0412 sQ(8,5) ⊥ 2.1e-19 1122.0937 sR(7,5) ‖ 3.2e-19
5733.6126 aR(10,6) 702.9413 aP(12,6) ‖ 2.5e-20 937.2683 aQ(11,6) ⊥ 3.9e-20 1152.8527 aR(10,6) ‖ 1.1e-19
5761.7491 sR(7,6)* 786.1906 sP(9,6) ‖ 1.6e-19 963.7962 sQ(8,6) ⊥ 5.3e-19 1122.1177 sR(7,6) ‖ 4.0e-19
5778.3853 aR(10,5) 705.5318 aP(12,5) ‖ 1.3e-20 939.4963 aQ(11,5) ⊥ 1.3e-20 1154.7407 aR(10,5) ‖ 6.0e-20
5812.1831 aR(10,4) 707.5665 aP(12,4) ‖ 1.3e-20 941.2378 aQ(11,4) ⊥ 7.9e-21 1156.2073 aR(10,4) ‖ 6.0e-20
5836.6795 aR(10,3) 709.0891 aP(12,3) ‖ 2.6e-20 942.5657 aQ(11,3) ⊥ 8.4e-21 1157.3046 aR(10,3) ‖ 1.2e-19
5853.1391 aR(10,2) 710.1655 aP(12,2) ‖ 1.3e-20 943.4506 aQ(11,2) ⊥ 1.8e-21 1158.0580 aR(10,2) ‖ 6.0e-20
5862.7103 aR(10,1) 710.7871 aP(12,1) ‖ 1.3e-20 - - - - 1158.4942 aR(10,1) ‖ 6.1e-20
5866.6796 aR(10,0) 711.0215 aP(12,0) ‖ 2.6e-20 - - - - 1158.6670 aR(10,0) ‖ 1.2e-19
5868.3228 sR(7,7)* 785.5963 sP(9,7) ‖ 3.8e-20 963.5585 sQ(8,7) ⊥ 2.4e-19 1122.2036 sR(7,7) ‖ 7.3e-20
5940.4679 aR(11,11) 663.2666 aP(13,11) ‖ 1.6e-21 919.2664 aQ(12,11) ⊥ 2.1e-20 1156.5620 aR(11,11) ‖ 5.2e-21
6023.6695 sR(8,1)* 768.3114 sP(10,1) ‖ 7.9e-20 964.0226 sQ(9,1) ⊥ 3.4e-21 1140.6997 sR(8,1) ‖ 2.9e-19
6042.0165 sR(8,2)* 768.1283 sP(10,2) ‖ 7.8e-20 963.9242 sQ(9,2) ⊥ 1.4e-20 1140.6792 sR(8,2) ‖ 2.8e-19
6072.6859 sR(8,3)* 767.8090 sP(10,3) ‖ 1.5e-19 963.7365 sQ(9,3) ⊥ 6.4e-20 1140.6274 sR(8,3) ‖ 5.3e-19
6075.6190 aR(11,10) 669.7548 aP(13,10) ‖ 3.0e-21 924.9500 aQ(12,10) ⊥ 2.2e-20 1161.4833 aR(11,10) ‖ 1.3e-20
6118.3675 sR(8,4)* 767.3960 sP(10,4) ‖ 7.1e-20 963.5342 sQ(9,4) ⊥ 5.8e-20 1140.6037 sR(8,4) ‖ 2.4e-19
6179.4596 sR(8,5)* 766.8705 sP(10,5) ‖ 6.4e-20 963.2691 sQ(9,5) ⊥ 9.1e-20 1140.5780 sR(8,5) ‖ 2.1e-19
6181.2928 aR(11,9) 675.1577 aP(13,9) ‖ 7.9e-21 929.6424 aQ(12,9) ⊥ 3.8e-20 1165.5028 aR(11,9) ‖ 3.7e-20
6258.6483 sR(8,6)* 766.2525 sP(10,6) ‖ 1.1e-19 962.9736 sQ(9,6) ⊥ 2.6e-19 1140.5792 sR(8,6) ‖ 3.3e-19
6263.7823 aR(11,8) 679.6458 aP(13,8) ‖ 4.4e-21 933.5083 aQ(12,8) ⊥ 1.4e-20 1168.7797 aR(11,8) ‖ 2.1e-20
6327.9786 aR(11,7) 683.3547 aP(13,7) ‖ 4.6e-21 936.6786 aQ(12,7) ⊥ 9.7e-21 1171.4402 aR(11,7) ‖ 2.3e-20
6359.0503 sR(8,7)* 765.5612 sP(10,7) ‖ 3.8e-20 962.6698 sQ(9,7) ⊥ 1.6e-19 1140.6320 sR(8,7) ‖ 1.1e-19
6377.6542 aR(11,6) 686.3918 aP(13,6) ‖ 9.2e-21 939.2565 aQ(12,6) ⊥ 1.3e-20 1173.5835 aR(11,6) ‖ 4.7e-20
6415.6953 aR(11,5) 688.8409 aP(13,5) ‖ 4.5e-21 941.3224 aQ(12,5) ⊥ 4.1e-21 1175.2869 aR(11,5) ‖ 2.4e-20
6444.2900 aR(11,4) 690.7667 aP(13,4) ‖ 4.4e-21 942.9382 aQ(12,4) ⊥ 2.4e-21 1176.6095 aR(11,4) ‖ 2.4e-20
6465.3995 aR(11,3) 692.2313 aP(13,3) ‖ 8.7e-21 944.1142 aQ(12,3) ⊥ 2.5e-21 1177.5909 aR(11,3) ‖ 4.6e-20
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6478.4720 aR(11,2) 693.2290 aP(13,2) ‖ 4.3e-21 - - - - 1178.2775 aR(11,2) ‖ 2.2e-20
6484.7191 sR(8,8)* 764.8236 sP(10,8) ‖ 1.8e-20 962.3884 sQ(9,8) ⊥ 1.4e-19 1140.7706 sR(8,8) ‖ 3.9e-20
6486.3456 aR(11,1) 693.8091 aP(13,1) ‖ 4.2e-21 - - - - 1178.6606 aR(11,1) ‖ 2.2e-20
6491.7883 aR(12,12) 641.0069 aP(14,12) ‖ 1.2e-21 916.4282 aQ(13,12) ⊥ 1.8e-20 1173.3335 aR(12,12) ‖ 4.5e-21
6522.1586 sR(9,0) 748.8344 sP(11,0) ‖ 6.4e-20 - - - - 1159.0561 sR(9,0) ‖ 2.7e-19
6528.1959 sR(9,1)* 748.7672 sP(11,1) ‖ 3.2e-20 963.3361 sQ(10,1) ⊥ 1.2e-21 1159.0473 sR(9,1) ‖ 1.3e-19
6545.4309 sR(9,2)* 748.5698 sP(11,2) ‖ 3.2e-20 963.2298 sQ(10,2) ⊥ 4.9e-21 1159.0258 sR(9,2) ‖ 1.3e-19
6574.6673 sR(9,3)* 748.2265 sP(11,3) ‖ 6.3e-20 963.0575 sQ(10,3) ⊥ 2.3e-20 1158.9850 sR(9,3) ‖ 2.6e-19
6616.7879 sR(9,4)* 747.7627 sP(11,4) ‖ 3.1e-20 962.7907 sQ(10,4) ⊥ 2.1e-20 1158.9289 sR(9,4) ‖ 1.2e-19
6641.0229 aR(12,11) 648.2795 aP(14,11) ‖ 1.1e-21 922.7526 aQ(13,11) ⊥ 1.0e-20 1178.7524 aR(12,11) ‖ 5.4e-21
6673.9742 sR(9,5)* 747.1812 sP(11,5) ‖ 2.9e-20 962.4890 sQ(10,5) ⊥ 3.5e-20 1158.8875 sR(9,5) ‖ 1.2e-19
6748.0585 sR(9,6)* 746.4900 sP(11,6) ‖ 5.3e-20 962.1444 sQ(10,6) ⊥ 1.0e-19 1158.8655 sR(9,6) ‖ 2.0e-19
6757.0027 aR(12,10) 654.3471 aP(14,10) ‖ 1.4e-21 927.9773 aQ(13,10) ⊥ 8.1e-21 1183.1725 aR(12,10) ‖ 7.8e-21
6841.9437 sR(9,7)* 745.7056 sP(11,7) ‖ 2.2e-20 961.7762 sQ(10,7) ⊥ 6.9e-20 1158.8848 sR(9,7) ‖ 8.2e-20
6847.0416 aR(12,9) 659.4070 aP(14,9) ‖ 3.1e-21 932.2927 aQ(13,9) ⊥ 1.2e-20 1186.7774 aR(12,9) ‖ 1.8e-20
6916.8315 aR(12,8) 663.6170 aP(14,8) ‖ 1.6e-21 935.8505 aQ(13,8) ⊥ 4.2e-21 1189.7131 aR(12,8) ‖ 9.3e-21
6959.4111 sR(9,8)* 744.8509 sP(11,8) ‖ 1.6e-20 961.4110 sQ(10,8) ⊥ 8.2e-20 1158.9758 sR(9,8) ‖ 5.3e-20
6970.7699 aR(12,7) 667.1021 aP(14,7) ‖ 1.5e-21 938.7708 aQ(13,7) ⊥ 2.8e-21 1192.0947 aR(12,7) ‖ 9.5e-21
7012.2303 aR(12,6) 669.9607 aP(14,6) ‖ 3.0e-21 941.1477 aQ(13,6) ⊥ 3.6e-21 1194.0124 aR(12,6) ‖ 1.8e-20
7027.0623 sR(10,1)* 729.4113 sP(12,1) ‖ 1.2e-20 - - - - 1177.2180 sR(10,1) ‖ 5.5e-20
7036.9995 aR(13,13) - - - - 913.2912 aQ(14,13) ⊥ 3.9e-21 - - - -
7043.1848 sR(10,2)* 729.2030 sP(12,2) ‖ 1.2e-20 962.5378 sQ(11,2) ⊥ 1.6e-21 1177.1978 sR(10,2) ‖ 5.5e-20
7043.7816 aR(12,5) 672.2694 aP(14,5) ‖ 1.4e-21 943.0544 aQ(13,5) ⊥ 1.1e-21 1195.5359 aR(12,5) ‖ 9.0e-21
7067.3660 aR(12,4) 674.0872 aP(14,4) ‖ 1.4e-21 - - - - 1196.7185 aR(12,4) ‖ 8.3e-21
7069.1462 sR(10,3)* 728.8132 sP(12,3) ‖ 2.3e-20 962.2798 sQ(11,3) ⊥ 7.6e-21 1177.1108 sR(10,3) ‖ 1.1e-19
7084.1507 aR(12,3) 675.4389 aP(14,3) ‖ 2.6e-21 - - - - 1197.6073 aR(12,3) ‖ 1.6e-20
7094.8740 aR(12,2) 676.4138 aP(14,2) ‖ 1.3e-21 - - - - 1198.2085 aR(12,2) ‖ 7.7e-21
7100.9245 aR(12,1) 676.9419 aP(14,1) ‖ 1.2e-21 - - - - 1198.5292 aR(12,1) ‖ 7.3e-21
7104.9681 aR(12,0) 677.1906 aP(14,0) ‖ 2.5e-21 - - - - 1198.7089 aR(12,0) ‖ 1.4e-20
7105.3300 sR(9,9)* 743.9582 sP(11,9) ‖ 1.6e-20 961.0860 sQ(10,9) ⊥ 1.5e-19 1159.1800 sR(9,9) ‖ 4.0e-20
7109.3284 sR(10,4)* 728.3232 sP(12,4) ‖ 1.2e-20 962.0497 sQ(11,4) ⊥ 7.1e-21 1177.0776 sR(10,4) ‖ 5.6e-20
7162.4972 sR(10,5)* 727.6892 sP(12,5) ‖ 1.2e-20 961.7134 sQ(11,5) ⊥ 1.2e-20 1177.0212 sR(10,5) ‖ 5.4e-20
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P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

7201.1238 aR(13,12) - - - - 920.2901 aQ(14,12) ⊥ 8.2e-21 1195.7113 aR(13,12) ‖ 4.4e-21
7231.3277 sR(10,6)* 726.9295 sP(12,6) ‖ 2.2e-20 961.3224 sQ(11,6) ⊥ 4.5e-20 1176.9767 sR(10,6) ‖ 1.0e-19
7318.4990 sR(10,7)* 726.0576 sP(12,7) ‖ 1.0e-20 960.8930 sQ(11,7) ⊥ 2.7e-20 1176.9636 sR(10,7) ‖ 4.6e-20
7327.7365 aR(13,11) - - - - 926.0679 aQ(14,11) ⊥ 3.3e-21 1200.5410 aR(13,11) ‖ 3.0e-21
7425.2864 aR(13,10) - - - - 930.8432 aQ(14,10) ⊥ 2.4e-21 1204.4735 aR(13,10) ‖ 3.4e-21
7427.5070 sR(10,8)* 725.0925 sP(12,8) ‖ 9.0e-21 960.4482 sQ(11,8) ⊥ 3.3e-20 1177.0084 sR(10,8) ‖ 3.8e-20
7500.3542 aR(13,9) 643.7362 aP(15,9) ‖ 1.0e-21 934.7908 aQ(14,9) ⊥ 3.3e-21 1207.6766 aR(13,9) ‖ 7.0e-21
7515.5306 sR(11,0) 710.3386 sP(13,0) ‖ 7.6e-21 - - - - 1195.2169 sR(11,0) ‖ 4.2e-20
7521.2162 sR(11,1)* 710.2623 sP(13,1) ‖ 3.8e-21 - - - - 1195.2069 sR(11,1) ‖ 2.1e-20
7536.2875 sR(11,2)* 710.0490 sP(13,2) ‖ 3.8e-21 - - - - 1195.1930 sR(11,2) ‖ 2.1e-20
7558.0250 aR(13,8) - - - - 938.0491 aQ(14,8) ⊥ 1.1e-21 1210.2827 aR(13,8) ‖ 3.4e-21
7561.2578 sR(11,3)* 709.6374 sP(13,3) ‖ 7.8e-21 961.6669 sQ(12,3) ⊥ 2.3e-21 1195.1336 sR(11,3) ‖ 4.4e-20
7562.8654 sR(10,9)* 724.0613 sP(12,9) ‖ 1.3e-20 960.0199 sQ(11,9) ⊥ 8.4e-20 1177.1477 sR(10,9) ‖ 5.0e-20
7575.7651 aR(14,14) - - - - 909.8484 aQ(15,14) ⊥ 1.5e-21 - - - -
7597.0436 sR(11,4)* 709.0973 sP(13,4) ‖ 4.0e-21 961.3199 sQ(12,4) ⊥ 2.2e-21 1195.0464 sR(11,4) ‖ 2.2e-20
7602.2015 aR(13,7) - - - - - - - - 1212.3957 aR(13,7) ‖ 3.2e-21
7635.8598 aR(13,6) - - - - - - - - 1214.0965 aR(13,6) ‖ 6.2e-21
7646.1710 sR(11,5)* 708.4153 sP(13,5) ‖ 4.1e-21 960.9520 sQ(12,5) ⊥ 3.6e-21 1194.9762 sR(11,5) ‖ 2.2e-20
7661.2562 aR(13,5) - - - - - - - - 1215.4472 aR(13,5) ‖ 2.9e-21
7680.0916 aR(13,4) - - - - - - - - 1216.4954 aR(13,4) ‖ 2.8e-21
7694.0989 aR(13,3) - - - - - - - - 1217.2664 aR(13,3) ‖ 5.3e-21
7700.9284 aR(13,2) - - - - - - - - 1217.8144 aR(13,2) ‖ 2.5e-21
7704.4656 aR(13,1) - - - - - - - - 1218.0381 aR(13,1) ‖ 2.3e-21
7709.7126 sR(11,6)* 707.5927 sP(13,6) ‖ 8.2e-21 960.5182 sQ(12,6) ⊥ 1.1e-20 1194.9111 sR(11,6) ‖ 4.4e-20
7730.3501 sR(10,10)* 723.0027 sP(12,10) ‖ 3.4e-21 959.6524 sQ(11,10) ⊥ 3.7e-20 1177.4315 sR(10,10) ‖ 9.6e-21
7755.7370 aR(14,13) - - - - 917.5593 aQ(15,13) ⊥ 1.6e-21 - - - -
7790.1177 sR(11,7)* 706.6404 sP(13,7) ‖ 4.1e-21 960.0325 sQ(12,7) ⊥ 8.6e-21 1194.8679 sR(11,7) ‖ 2.1e-20
7890.5869 sR(11,8)* 705.5734 sP(13,8) ‖ 3.9e-21 959.5139 sQ(12,8) ⊥ 1.2e-20 1194.8697 sR(11,8) ‖ 2.0e-20
7893.4338 aR(14,12) - - - - 923.9142 aQ(15,12) ⊥ 2.5e-21 1217.6067 aR(14,12) ‖ 2.2e-21
7998.5631 aR(14,11) - - - - - - - - 1221.8692 aR(14,11) ‖ 1.2e-21
8011.5226 sR(12,1)* 691.3353 sP(14,1) ‖ 1.1e-21 - - - - 1213.0081 sR(12,1) ‖ 7.3e-21
8015.2658 sR(11,9)* 704.4141 sP(13,9) ‖ 6.8e-21 958.9893 sQ(12,9) ⊥ 3.1e-20 1194.9479 sR(11,9) ‖ 3.3e-20

Continued on next page

118



Table A.3 – continued from previous page

THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

8025.7455 sR(12,2)* 691.1292 sP(14,2) ‖ 1.1e-21 - - - - 1213.0116 sR(12,2) ‖ 7.3e-21
8046.0571 sR(12,3)* 690.6559 sP(14,3) ‖ 2.4e-21 - - - - 1212.8633 sR(12,3) ‖ 1.5e-20
8078.6916 aR(14,10) - - - - - - - - 1225.3345 aR(14,10) ‖ 1.2e-21
8080.8596 sR(12,4)* 690.1011 sP(14,4) ‖ 1.2e-21 - - - - 1212.8300 sR(12,4) ‖ 7.8e-21
8107.7133 aR(15,15) - - - - 906.0924 aQ(16,15) ⊥ 1.1e-21 - - - -
8126.0032 sR(12,5)* 689.3760 sP(14,5) ‖ 1.3e-21 960.2113 sQ(13,5) ⊥ 1.0e-21 1212.7480 sR(12,5) ‖ 8.1e-21
8139.6645 aR(14,9) - - - - - - - - 1228.1541 aR(14,9) ‖ 2.3e-21
8169.4783 sR(11,10)* 703.1943 sP(13,10) ‖ 2.6e-21 958.4967 sQ(12,10) ⊥ 1.8e-20 1195.1464 sR(11,10) ‖ 1.1e-20
8184.3282 sR(12,6)* 688.4970 sP(14,6) ‖ 2.7e-21 959.7394 sQ(13,6) ⊥ 3.3e-21 1212.6649 sR(12,6) ‖ 1.7e-20
8185.9627 aR(14,8) - - - - - - - - 1230.4466 aR(14,8) ‖ 1.1e-21
8247.3648 aR(14,6) - - - - - - - - 1233.7997 aR(14,6) ‖ 1.8e-21
8258.0496 sR(12,7)* 687.4722 sP(14,7) ‖ 1.4e-21 959.2030 sQ(13,7) ⊥ 2.5e-21 1212.5951 sR(12,7) ‖ 8.5e-21
8291.2086 aR(14,3) - - - - - - - - 1236.6066 aR(14,3) ‖ 1.5e-21
8303.7559 aR(14,0) - - - - - - - - 1237.4630 aR(14,0) ‖ 1.4e-21
8350.0699 sR(12,8)* 686.3134 sP(14,8) ‖ 1.4e-21 958.6177 sQ(13,8) ⊥ 3.7e-21 1212.5581 sR(12,8) ‖ 8.4e-21
8360.0103 sR(11,11)* 701.9597 sP(13,11) ‖ 1.4e-21 958.0888 sQ(12,11) ⊥ 1.7e-20 1195.5251 sR(11,11) ‖ 4.4e-21
8464.1588 sR(12,9)* 685.0379 sP(14,9) ‖ 2.7e-21 958.0058 sQ(13,9) ⊥ 1.1e-20 1212.5810 sR(12,9) ‖ 1.6e-20
8492.7876 sR(13,0) - - - - - - - - 1230.6237 sR(13,0) ‖ 4.6e-21
8498.8176 sR(13,1)* - - - - - - - - 1230.6137 sR(13,1) ‖ 2.3e-21
8512.9978 sR(13,2)* - - - - - - - - 1230.6716 sR(13,2) ‖ 2.1e-21
8532.1772 sR(13,3)* - - - - - - - - 1230.5420 sR(13,3) ‖ 4.8e-21
8561.5401 sR(13,4)* - - - - - - - - 1230.4215 sR(13,4) ‖ 2.5e-21
8602.8291 sR(13,5)* - - - - - - - - 1230.3300 sR(13,5) ‖ 2.6e-21
8605.1766 sR(12,10)* 683.6716 sP(14,10) ‖ 1.2e-21 957.3989 sQ(13,10) ⊥ 7.1e-21 1212.7013 sR(12,10) ‖ 6.8e-21
8656.1027 sR(13,6)* - - - - - - - - 1230.2321 sR(13,6) ‖ 5.6e-21
8723.3469 sR(13,7)* - - - - - - - - 1230.1397 sR(13,7) ‖ 2.9e-21
8779.3456 sR(12,11)* - - - - 956.8418 sQ(13,11) ⊥ 8.6e-21 1212.9709 sR(12,11) ‖ 4.7e-21
8807.1629 sR(13,8)* - - - - - - - - 1230.0694 sR(13,8) ‖ 3.0e-21
8910.9435 sR(13,9)* - - - - 957.0761 sQ(14,9) ⊥ 2.9e-21 1230.0439 sR(13,9) ‖ 6.2e-21
8994.5770 sR(12,12)* 680.8321 sP(14,12) ‖ 1.0e-21 956.3968 sQ(13,12) ⊥ 1.6e-20 1213.4613 sR(12,12) ‖ 3.9e-21
9009.6303 sR(14,3)* - - - - - - - - 1247.8324 sR(14,3) ‖ 1.4e-21
9039.0803 sR(13,10)* - - - - 956.3676 sQ(14,10) ⊥ 2.1e-21 1230.0949 sR(13,10) ‖ 3.0e-21
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THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

9125.7588 sR(14,6)* - - - - - - - - 1247.6044 sR(14,6) ‖ 1.7e-21
9197.2232 sR(13,11)* - - - - 955.6767 sQ(14,11) ⊥ 2.8e-21 1230.2667 sR(13,11) ‖ 2.6e-21
9356.7463 sR(14,9)* - - - - - - - - 1247.3303 sR(14,9) ‖ 2.1e-21
9392.5929 sR(13,12)* - - - - 955.0557 sQ(14,12) ⊥ 7.0e-21 1230.6204 sR(13,12) ‖ 3.8e-21
9472.5283 sR(14,10)* - - - - - - - - 1247.3221 sR(14,10) ‖ 1.1e-21
9615.2434 sR(14,11)* - - - - - - - - 1247.4088 sR(14,11) ‖ 1.1e-21
9634.3511 sR(13,13)* - - - - 954.5783 sQ(14,13) ⊥ 3.6e-21 - - - -
9791.4158 sR(14,12)* - - - - 953.8223 sQ(15,12) ⊥ 2.1e-21 1247.6422 sR(14,12) ‖ 1.9e-21

10009.3750 sR(14,13)* - - - - 953.1392 sQ(15,13) ⊥ 1.3e-21 - - - -
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Table A.4: Table of possible THz laser lines within the υ2 vibrational band of
15NH3. An asterisk indicates a competition between possible emissions.

THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

175.0545 aR(1,1) 868.7867 aP(3,1) ‖ 1.5e-18 928.2105 aQ(2,1) ⊥ 6.0e-19 967.8597 aR(1,1) ‖ 1.3e-18
430.0409 sP(1,0) 943.0531 sP(1,0) ‖ 5.3e-18 - - - - - - - -
548.7980 sQ(12,5)* 704.4714 sP(13,5) ⊥ 1.8e-21 956.3615 sQ(12,5) ‖ 1.6e-21 1189.7912 sR(11,5) ⊥ 1.0e-20
550.6156 sQ(14,8)* - - - - 953.2363 sQ(14,8) ‖ 1.0e-21 1224.8482 sR(13,8) ⊥ 3.2e-21
552.1314 sQ(11,3)* 724.7878 sP(12,3) ⊥ 4.0e-21 957.6577 sQ(11,3) ‖ 1.3e-21 1171.9433 sR(10,3) ⊥ 1.9e-20
582.6811 sQ(11,4)* 724.2631 sP(12,4) ⊥ 3.8e-21 957.3935 sQ(11,4) ‖ 2.3e-21 1171.8773 sR(10,4) ⊥ 1.8e-20
585.9483 sQ(10,1)* - - - - - - - - 1153.8665 sR(9,1) ⊥ 2.9e-21
595.1696 sQ(12,6)* 703.5964 sP(13,6) ⊥ 5.8e-21 955.8772 sQ(12,6) ‖ 8.2e-21 1189.6771 sR(11,6) ⊥ 3.2e-20
599.0989 sQ(10,2)* 744.4163 sP(11,2) ⊥ 2.8e-21 - - - - 1153.8316 sR(9,2) ⊥ 1.2e-20
621.8448 sQ(10,3)* 744.0483 sP(11,3) ⊥ 1.3e-20 958.3339 sQ(10,3) ‖ 4.9e-21 1153.7675 sR(9,3) ⊥ 5.5e-20
622.6471 sQ(11,5)* 723.5852 sP(12,5) ⊥ 6.4e-21 957.0148 sQ(11,5) ‖ 6.6e-21 1171.7796 sR(10,5) ⊥ 3.0e-20
623.5677 sQ(14,9)* 662.0831 sP(15,9) ⊥ 1.3e-21 952.4689 sQ(14,9) ‖ 4.5e-21 1224.7474 sR(13,9) ⊥ 9.5e-21
637.6352 sQ(13,8)* 682.3510 sP(14,8) ⊥ 1.8e-21 953.9629 sQ(13,8) ‖ 4.9e-21 1207.2632 sR(12,8) ⊥ 1.1e-20
650.8201 sQ(9,1)* 764.0287 sP(10,1) ⊥ 2.1e-21 - - - - 1135.4778 sR(8,1) ⊥ 7.6e-21
654.1073 sQ(10,4)* 743.5499 sP(11,4) ⊥ 1.2e-20 958.0336 sQ(10,4) ‖ 8.6e-21 1153.6788 sR(9,4) ⊥ 5.1e-20
654.6790 sQ(12,7)* 702.5800 sP(13,7) ⊥ 4.5e-21 955.3295 sQ(12,7) ‖ 9.5e-21 1189.5741 sR(11,7) ⊥ 2.4e-20
665.3558 sQ(9,2)* 763.8306 sP(10,2) ⊥ 8.5e-21 959.1319 sQ(9,2) ‖ 1.5e-21 1135.4431 sR(8,2) ⊥ 3.1e-20
674.9452 sQ(11,6)* 722.7704 sP(12,6) ⊥ 2.0e-20 956.5704 sQ(11,6) ‖ 3.3e-20 1171.6833 sR(10,6) ⊥ 9.4e-20
689.5634 sQ(9,3)* 763.4871 sP(10,3) ⊥ 4.0e-20 958.9207 sQ(9,3) ‖ 1.7e-20 1135.3684 sR(8,3) ⊥ 1.4e-19
698.7197 sQ(10,5)* 742.9225 sP(11,5) ⊥ 2.0e-20 957.6872 sQ(10,5) ‖ 2.5e-20 1153.5940 sR(9,5) ⊥ 8.3e-20
712.5116 sQ(16,12)* - - - - 948.0738 sQ(16,12) ‖ 1.5e-21 1259.1141 sR(15,12) ⊥ 2.1e-21
715.1759 sQ(8,1)* 783.6022 sP(9,1) ⊥ 5.9e-21 - - - - 1116.9215 sR(7,1) ⊥ 1.8e-20
715.7032 sQ(14,10)* 660.4908 sP(15,10) ⊥ 1.0e-21 951.6684 sQ(14,10) ‖ 4.7e-21 1224.7097 sR(13,10) ⊥ 6.8e-21
721.4841 sQ(13,9)* 680.9893 sP(14,9) ⊥ 5.3e-21 953.2677 sQ(13,9) ‖ 2.1e-20 1207.2057 sR(12,9) ⊥ 3.2e-20
726.3306 sQ(9,4)* 763.0366 sP(10,4) ⊥ 3.6e-20 958.6817 sQ(9,4) ‖ 3.0e-20 1135.3090 sR(8,4) ⊥ 1.3e-19
730.2018 sQ(12,8)* 701.4363 sP(13,8) ⊥ 6.6e-21 954.7365 sQ(12,8) ‖ 2.1e-20 1189.5039 sR(11,8) ⊥ 3.4e-20
731.0736 sQ(8,2)* 783.4198 sP(9,2) ⊥ 2.4e-20 959.7310 sQ(8,2) ‖ 5.0e-21 1116.8881 sR(7,2) ⊥ 7.4e-20
742.0019 sQ(11,7)* 721.8312 sP(12,7) ⊥ 1.5e-20 956.0758 sQ(11,7) ‖ 3.8e-20 1171.6070 sR(10,7) ⊥ 6.8e-20
757.0629 sQ(10,6)* 742.1737 sP(11,6) ⊥ 6.3e-20 957.2866 sQ(10,6) ‖ 1.2e-19 1153.5174 sR(9,6) ⊥ 2.5e-19
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THz laser IR pump

P Q R
Freq. QN Freq. QN Pola. Gm Freq. QN Pola. Gm Freq. QN Pola. Gm
/ GHz / cm−1 / µg / cm−1 / µg / cm−1 / µg

758.3559 sQ(8,3)* 783.1148 sP(9,3) ⊥ 1.1e-19 959.5625 sQ(8,3) ‖ 5.6e-20 1116.8358 sR(7,3) ⊥ 3.3e-19
775.5175 aR(2,2) 849.0059 aP(4,2) ‖ 1.0e-18 928.1815 aQ(3,2) ⊥ 1.0e-18 987.6329 aR(2,2) ‖ 9.4e-19
775.5979 sQ(9,5)* 762.4634 sP(10,5) ⊥ 6.0e-20 958.3701 sQ(9,5) ‖ 8.6e-20 1135.2379 sR(8,5) ⊥ 2.0e-19
777.5447 sQ(7,1)* 803.3234 sP(8,1) ⊥ 1.5e-20 - - - - 1098.2006 sR(6,1) ⊥ 4.1e-20
794.7519 sQ(7,2)* 803.1579 sP(8,2) ⊥ 6.2e-20 960.3151 sQ(7,2) ‖ 1.6e-20 1098.1691 sR(6,2) ⊥ 1.6e-19
796.1837 aR(2,1) 849.8334 aP(4,1) ‖ 1.9e-18 928.9725 aQ(3,1) ⊥ 4.0e-19 988.3964 aR(2,1) ‖ 2.3e-18
797.8583 sQ(8,4)* 782.7001 sP(9,4) ⊥ 9.9e-20 959.3273 sQ(8,4) ‖ 1.0e-19 1116.7710 sR(7,4) ⊥ 2.9e-19
802.9860 aR(2,0) 850.1069 aP(4,0) ‖ 4.5e-18 - - - - 988.6486 aR(2,0) ‖ 5.7e-18
823.9835 sQ(7,3)* 802.8811 sP(8,3) ⊥ 2.8e-19 960.1544 sQ(7,3) ‖ 1.7e-19 1098.1154 sR(6,3) ⊥ 7.0e-19
825.4977 sQ(12,9)* 700.1859 sP(13,9) ⊥ 1.9e-20 954.1239 sQ(12,9) ‖ 9.0e-20 1189.4969 sR(11,9) ⊥ 9.1e-20
827.0081 sQ(11,8)* 720.7853 sP(12,8) ⊥ 2.1e-20 955.5527 sQ(11,8) ‖ 8.5e-20 1171.5758 sR(10,8) ⊥ 9.1e-20
827.2044 sQ(13,10)* 679.5216 sP(14,10) ⊥ 3.8e-21 952.5630 sQ(13,10) ‖ 2.2e-20 1207.2315 sR(12,10) ⊥ 2.1e-20
831.8057 sQ(10,7)* 741.3189 sP(11,7) ⊥ 4.5e-20 956.8500 sQ(10,7) ‖ 1.4e-19 1153.4702 sR(9,7) ⊥ 1.7e-19
832.0875 sQ(14,11)* 658.7938 sP(15,11) ⊥ 1.4e-21 950.8697 sQ(14,11) ‖ 9.9e-21 1224.7778 sR(13,11) ⊥ 9.3e-21
836.4102 sQ(6,1)* 823.1646 sP(7,1) ⊥ 3.7e-20 960.9555 sQ(6,1) ‖ 2.8e-21 1079.3180 sR(5,1) ⊥ 8.4e-20
839.9900 sQ(9,6)* 761.7853 sP(10,6) ⊥ 1.8e-19 958.0161 sQ(9,6) ‖ 4.3e-19 1135.1821 sR(8,6) ⊥ 5.7e-19
851.3500 sQ(16,13)* - - - - 947.0851 sQ(16,13) ‖ 1.6e-21 1259.2981 sR(15,13) ⊥ 1.4e-21
851.6939 sQ(8,5)* 782.1839 sP(9,5) ⊥ 1.6e-19 959.0517 sQ(8,5) ‖ 2.8e-19 1116.7134 sR(7,5) ⊥ 4.3e-19
854.8450 sQ(6,2)* 823.0167 sP(7,2) ⊥ 1.5e-19 960.8707 sQ(6,2) ‖ 4.8e-20 1079.2881 sR(5,2) ⊥ 3.2e-19
867.0846 sQ(7,4)* 802.5137 sP(8,4) ⊥ 2.4e-19 959.9574 sQ(7,4) ‖ 3.1e-19 1098.0664 sR(6,4) ⊥ 5.9e-19
886.4111 sQ(6,3)* 822.7744 sP(7,3) ⊥ 6.5e-19 960.7353 sQ(6,3) ‖ 5.3e-19 1079.2443 sR(5,3) ⊥ 1.3e-18
890.2670 sQ(5,1)* 843.0961 sP(6,1) ⊥ 8.5e-20 961.4586 sQ(5,1) ‖ 8.3e-21 1060.2765 sR(4,1) ⊥ 1.6e-19
909.8183 sQ(5,2)* 842.9657 sP(6,2) ⊥ 3.3e-19 961.3831 sQ(5,2) ‖ 1.4e-19 1060.2474 sR(4,2) ⊥ 5.9e-19
922.0162 sQ(8,6)* 781.5802 sP(9,6) ⊥ 4.4e-19 958.7461 sQ(8,6) ‖ 1.4e-18 1116.6781 sR(7,6) ⊥ 1.1e-18
922.4116 sQ(9,7)* 761.0208 sP(10,7) ⊥ 1.2e-19 957.6410 sQ(9,7) ‖ 5.0e-19 1135.1653 sR(8,7) ⊥ 3.4e-19
925.3043 sQ(7,5)* 802.0563 sP(8,5) ⊥ 3.6e-19 959.7180 sQ(7,5) ‖ 8.9e-19 1098.0212 sR(6,5) ⊥ 7.8e-19
926.4495 sQ(10,8)* 740.3798 sP(11,8) ⊥ 6.1e-20 956.4029 sQ(10,8) ‖ 3.2e-19 1153.4815 sR(9,8) ⊥ 2.0e-19
932.3515 sQ(6,4)* 822.4479 sP(7,4) ⊥ 5.4e-19 960.5570 sQ(6,4) ‖ 9.4e-19 1079.1963 sR(5,4) ⊥ 1.0e-18
934.1200 sQ(11,9)* 719.6587 sP(12,9) ⊥ 5.7e-20 955.0317 sQ(11,9) ‖ 3.6e-19 1171.6251 sR(10,9) ⊥ 2.2e-19
937.6801 sQ(4,1)* 863.0868 sP(5,1) ⊥ 1.8e-19 961.9047 sQ(4,1) ‖ 2.5e-20 1041.0795 sR(3,1) ⊥ 2.8e-19
943.2247 sQ(5,3)* 842.7529 sP(6,3) ⊥ 1.4e-18 961.2619 sQ(5,3) ‖ 1.6e-18 1060.2039 sR(4,3) ⊥ 2.2e-18
945.4435 sQ(12,10)* 698.8593 sP(13,10) ⊥ 1.3e-20 953.5278 sQ(12,10) ‖ 9.6e-20 1189.5952 sR(11,10) ⊥ 5.5e-20
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958.2089 sQ(4,2)* 862.9735 sP(5,2) ⊥ 6.7e-19 961.8378 sQ(4,2) ‖ 4.2e-19 1041.0501 sR(3,2) ⊥ 9.4e-19
960.4703 sQ(13,11)* 677.9835 sP(14,11) ⊥ 5.2e-21 951.8915 sQ(13,11) ‖ 4.7e-20 1207.3906 sR(12,11) ⊥ 2.6e-20
977.3450 sQ(3,1)* 883.1056 sP(4,1) ⊥ 3.8e-19 962.2805 sQ(3,1) ‖ 7.9e-20 1021.7324 sR(2,1) ⊥ 4.5e-19
992.0120 sQ(5,4)* 842.4710 sP(6,4) ⊥ 1.0e-18 961.1104 sQ(5,4) ‖ 2.8e-18 1060.1621 sR(4,4) ⊥ 1.2e-18
993.3404 sQ(4,3)* 862.7911 sP(5,3) ⊥ 2.5e-18 961.7332 sQ(4,3) ‖ 4.6e-18 1041.0083 sR(3,3) ⊥ 2.7e-18
994.6724 sQ(6,5)* 822.0498 sP(7,5) ⊥ 7.1e-19 960.3530 sQ(6,5) ‖ 2.7e-18 1079.1614 sR(5,5) ⊥ 1.0e-18
998.6884 sQ(3,2)* 883.0085 sP(4,2) ⊥ 1.3e-18 962.2208 sQ(3,2) ‖ 1.3e-18 1021.7011 sR(2,2) ⊥ 1.2e-18

1001.3107 sQ(7,6)* 801.5289 sP(8,6) ⊥ 9.1e-19 959.4609 sQ(7,6) ‖ 4.5e-18 1098.0049 sR(6,6) ⊥ 1.5e-18
1008.1427 sQ(2,1)* 903.1219 sP(3,1) ⊥ 7.7e-19 962.5738 sQ(2,1) ‖ 3.0e-19 1002.2424 sR(1,1) ⊥ 6.3e-19
1011.9545 sQ(8,7)* 780.9101 sP(9,7) ⊥ 2.7e-19 958.4344 sQ(8,7) ‖ 1.7e-18 1116.6915 sR(7,7) ⊥ 5.0e-19
1026.6663 sQ(9,8)* 760.1956 sP(10,8) ⊥ 1.4e-19 957.2742 sQ(9,8) ‖ 1.1e-18 1135.2204 sR(8,8) ⊥ 3.1e-19
1029.1878 sQ(1,1) 923.1066 sP(2,1) ⊥ 1.7e-18 962.7752 sQ(1,1) ‖ 2.0e-18 - - - -
1030.1163 sQ(2,2) 903.0397 sP(3,2) ⊥ 2.0e-18 962.5199 sQ(2,2) ‖ 5.0e-18 - - - -
1035.2013 sQ(3,3) 882.8534 sP(4,3) ⊥ 3.6e-18 962.1285 sQ(3,3) ‖ 1.5e-17 - - - -
1044.4973 sQ(4,4) 862.5502 sP(5,4) ⊥ 1.4e-18 961.6018 sQ(4,4) ‖ 8.3e-18 - - - -
1058.0557 sQ(5,5) 842.1313 sP(6,5) ⊥ 1.0e-18 960.9397 sQ(5,5) ‖ 8.0e-18 - - - -
1962.7496 aR(4,4) 808.7145 aP(6,4) ‖ 3.4e-19 927.3000 aQ(5,4) ⊥ 9.4e-19 1026.3034 aR(4,4) ‖ 4.2e-19
2008.8550 aR(4,3) 810.6636 aP(6,3) ‖ 1.5e-18 929.1231 aQ(5,3) ⊥ 1.7e-18 1028.0196 aR(4,3) ‖ 2.4e-18
2040.4267 aR(4,2) 812.0189 aP(6,2) ‖ 1.0e-18 930.3882 aQ(5,2) ⊥ 4.4e-19 1029.2092 aR(4,2) ‖ 1.8e-18
2058.8442 aR(4,1) 812.8174 aP(6,1) ‖ 1.2e-18 931.1330 aQ(5,1) ⊥ 1.2e-19 1029.9089 aR(4,1) ‖ 2.3e-18
2064.9399 aR(4,0) 813.0825 aP(6,0) ‖ 2.6e-18 - - - - 1030.1412 aR(4,0) ‖ 4.9e-18
2204.8641 sR(1,0) 903.1500 sP(3,0) ‖ 4.1e-18 - - - - 1002.2548 sR(1,0) ‖ 3.9e-18
2212.3850 sR(1,1)* 903.1219 sP(3,1) ‖ 1.4e-18 962.5738 sQ(2,1) ⊥ 5.4e-19 1002.2424 sR(1,1) ‖ 1.1e-18
2549.5250 aR(5,5) 788.2108 aP(7,5) ‖ 1.9e-19 926.4515 aQ(6,5) ⊥ 7.1e-19 1045.2014 aR(5,5) ‖ 2.6e-19
2607.7753 aR(5,4) 790.7390 aP(7,4) ‖ 4.0e-19 928.7905 aQ(6,4) ⊥ 7.0e-19 1047.3760 aR(5,4) ‖ 7.4e-19
2650.6138 aR(5,3) 792.6366 aP(7,3) ‖ 1.1e-18 930.5412 aQ(6,3) ⊥ 9.3e-19 1049.0006 aR(5,3) ‖ 2.4e-18
2679.8574 aR(5,2) 793.9551 aP(7,2) ‖ 7.0e-19 931.7576 aQ(6,2) ⊥ 2.2e-19 1050.1269 aR(5,2) ‖ 1.5e-18
2696.9273 aR(5,1) 794.7325 aP(7,1) ‖ 7.7e-19 932.4733 aQ(6,1) ⊥ 5.8e-20 1050.7889 aR(5,1) ‖ 1.7e-18
2781.6717 sR(2,1)* 883.1056 sP(4,1) ‖ 1.7e-18 962.2805 sQ(3,1) ⊥ 3.6e-19 1021.7324 sR(2,1) ‖ 2.0e-18
2804.3225 sR(2,2)* 883.0085 sP(4,2) ‖ 9.0e-19 962.2208 sQ(3,2) ⊥ 9.4e-19 1021.7011 sR(2,2) ‖ 8.5e-19
3131.6836 aR(6,6) 767.4715 aP(8,6) ‖ 1.9e-19 925.3320 aQ(7,6) ⊥ 9.6e-19 1063.8068 aR(6,6) ‖ 3.2e-19
3201.8854 aR(6,5) 770.5959 aP(8,5) ‖ 2.0e-19 928.1929 aQ(7,5) ⊥ 5.0e-19 1066.4336 aR(6,5) ‖ 4.4e-19
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3255.3447 aR(6,4) 773.0413 aP(8,4) ‖ 2.9e-19 930.4255 aQ(7,4) ⊥ 3.8e-19 1068.4770 aR(6,4) ‖ 7.0e-19
3294.5656 aR(6,3) 774.8760 aP(8,3) ‖ 7.2e-19 932.0990 aQ(7,3) ⊥ 4.5e-19 1070.0035 aR(6,3) ‖ 1.8e-18
3321.3515 aR(6,2) 776.1542 aP(8,2) ‖ 4.0e-19 933.2581 aQ(7,2) ⊥ 1.0e-19 1071.0605 aR(6,2) ‖ 1.0e-18
3332.3527 sR(3,0) 863.1252 sP(5,0) ‖ 3.3e-18 - - - - 1041.0901 sR(3,0) ‖ 5.2e-18
3336.9599 aR(6,1) 776.9067 aP(8,1) ‖ 4.3e-19 933.9411 aQ(7,1) ⊥ 2.6e-20 1071.6819 aR(6,1) ‖ 1.1e-18
3339.6823 sR(3,1)* 863.0868 sP(5,1) ‖ 1.5e-18 961.9047 sQ(4,1) ⊥ 2.1e-19 1041.0795 sR(3,1) ‖ 2.3e-18
3342.2269 aR(6,0) 777.1601 aP(8,0) ‖ 8.7e-19 - - - - 1071.8917 aR(6,0) ‖ 2.3e-18
3361.9305 sR(3,2)* 862.9735 sP(5,2) ‖ 1.1e-18 961.8378 sQ(4,2) ⊥ 6.9e-19 1041.0501 sR(3,2) ‖ 1.6e-18
3399.9562 sR(3,3)* 862.7911 sP(5,3) ‖ 1.1e-18 961.7332 sQ(4,3) ⊥ 2.0e-18 1041.0083 sR(3,3) ‖ 1.2e-18
3709.1387 aR(7,7) 746.4976 aP(9,7) ‖ 4.8e-20 923.9409 aQ(8,7) ⊥ 3.0e-19 1082.1173 aR(7,7) ‖ 9.0e-20
3791.2375 aR(7,6) 750.2397 aP(9,6) ‖ 2.0e-19 927.3337 aQ(8,6) ⊥ 6.5e-19 1085.1942 aR(7,6) ‖ 4.9e-19
3854.9101 aR(7,5) 753.2438 aP(9,5) ‖ 1.4e-19 930.0467 aQ(8,5) ⊥ 2.6e-19 1087.6437 aR(7,5) ‖ 3.9e-19
3886.7909 sR(4,1)* 843.0961 sP(6,1) ‖ 1.1e-18 961.4586 sQ(5,1) ⊥ 1.1e-19 1060.2765 sR(4,1) ‖ 2.1e-18
3903.2969 aR(7,4) 755.5967 aP(9,4) ‖ 1.7e-19 932.1641 aQ(8,4) ⊥ 1.7e-19 1089.5483 aR(7,4) ‖ 5.0e-19
3908.4539 sR(4,2)* 842.9657 sP(6,2) ‖ 9.3e-19 961.3831 sQ(5,2) ⊥ 4.0e-19 1060.2474 sR(4,2) ‖ 1.7e-18
3938.8343 aR(7,3) 757.3661 aP(9,3) ‖ 3.8e-19 933.7465 aQ(8,3) ⊥ 1.9e-19 1090.9695 aR(7,3) ‖ 1.2e-18
3945.4198 sR(4,3)* 842.7529 sP(6,3) ‖ 1.3e-18 961.2619 sQ(5,3) ⊥ 1.5e-18 1060.2039 sR(4,3) ‖ 2.1e-18
3962.8672 aR(7,2) 758.5938 aP(9,2) ‖ 2.0e-19 934.8513 aQ(8,2) ⊥ 4.3e-20 1091.9552 aR(7,2) ‖ 6.3e-19
3976.9280 aR(7,1) 759.3181 aP(9,1) ‖ 2.1e-19 935.4988 aQ(8,1) ⊥ 1.1e-20 1092.5333 aR(7,1) ‖ 6.6e-19
3999.2593 sR(4,4)* 842.4710 sP(6,4) ‖ 3.1e-19 961.1104 sQ(5,4) ⊥ 8.4e-19 1060.1621 sR(4,4) ‖ 3.8e-19
4281.7687 aR(8,8) 725.2889 aP(10,8) ‖ 2.2e-20 922.2766 aQ(9,8) ⊥ 1.7e-19 1100.1298 aR(8,8) ‖ 4.8e-20
4375.8472 aR(8,7) 729.6743 aP(10,7) ‖ 4.5e-20 926.2153 aQ(9,7) ⊥ 1.9e-19 1103.6586 aR(8,7) ‖ 1.3e-19
4416.6765 sR(5,0) 823.2145 sP(7,0) ‖ 1.4e-18 - - - - 1079.3287 sR(5,0) ‖ 3.3e-18
4423.6044 sR(5,1)* 823.1646 sP(7,1) ‖ 7.0e-19 960.9555 sQ(6,1) ⊥ 5.3e-20 1079.3180 sR(5,1) ‖ 1.6e-18
4444.5206 sR(5,2)* 823.0167 sP(7,2) ‖ 6.3e-19 960.8707 sQ(6,2) ⊥ 2.0e-19 1079.2881 sR(5,2) ‖ 1.4e-18
4449.4279 aR(8,6) 733.2513 aP(10,6) ‖ 1.3e-19 929.4117 aQ(9,6) ⊥ 3.1e-19 1106.5058 aR(8,6) ‖ 4.0e-19
4480.2496 sR(5,3)* 822.7744 sP(7,3) ‖ 1.0e-18 960.7353 sQ(6,3) ⊥ 8.4e-19 1079.2443 sR(5,3) ‖ 2.2e-18
4506.3312 aR(8,5) 736.1253 aP(10,5) ‖ 7.6e-20 931.9683 aQ(9,5) ⊥ 1.1e-19 1108.7712 aR(8,5) ‖ 2.6e-19
4532.1389 sR(5,4)* 822.4479 sP(7,4) ‖ 3.6e-19 960.5570 sQ(6,4) ⊥ 6.3e-19 1079.1963 sR(5,4) ‖ 6.7e-19
4549.4675 aR(8,4) 738.3778 aP(10,4) ‖ 8.4e-20 933.9642 aQ(9,4) ⊥ 6.9e-20 1110.5317 aR(8,4) ‖ 2.9e-19
4580.9637 aR(8,3) 740.0670 aP(10,3) ‖ 1.8e-19 935.4667 aQ(9,3) ⊥ 7.6e-20 1111.8470 aR(8,3) ‖ 6.3e-19
4602.2531 sR(5,5)* 822.0498 sP(7,5) ‖ 1.7e-19 960.3530 sQ(6,5) ⊥ 6.3e-19 1079.1614 sR(5,5) ‖ 2.4e-19
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4602.3611 aR(8,2) 741.2493 aP(10,2) ‖ 9.2e-20 936.4980 aQ(9,2) ⊥ 1.7e-20 1112.7555 aR(8,2) ‖ 3.3e-19
4614.8150 aR(8,1) 741.9425 aP(10,1) ‖ 9.3e-20 937.1074 aQ(9,1) ⊥ 4.0e-21 1113.2882 aR(8,1) ‖ 3.4e-19
4619.2529 aR(8,0) 742.1836 aP(10,0) ‖ 1.9e-19 - - - - 1113.4759 aR(8,0) ‖ 6.9e-19
4849.4170 aR(9,9) 703.8446 aP(11,9) ‖ 2.0e-20 920.3364 aQ(10,9) ⊥ 1.9e-19 1117.8403 aR(9,9) ‖ 5.0e-20
4950.9148 sR(6,1)* 803.3234 sP(8,1) ‖ 3.9e-19 960.4097 sQ(7,1) ⊥ 2.4e-20 1098.2006 sR(6,1) ‖ 1.0e-18
4955.6958 aR(9,8) 708.9029 aP(11,8) ‖ 2.0e-20 924.8390 aQ(10,8) ⊥ 1.0e-19 1121.8267 aR(9,8) ‖ 6.5e-20
4970.9484 sR(6,2)* 803.1579 sP(8,2) ‖ 3.7e-19 960.3151 sQ(7,2) ⊥ 9.4e-20 1098.1691 sR(6,2) ‖ 9.6e-19
5004.9604 sR(6,3)* 802.8811 sP(8,3) ‖ 6.5e-19 960.1544 sQ(7,3) ⊥ 4.1e-19 1098.1154 sR(6,3) ‖ 1.7e-18
5039.0055 aR(9,7) 713.0715 aP(11,7) ‖ 2.7e-20 928.5258 aQ(10,7) ⊥ 8.5e-20 1125.0668 aR(9,7) ‖ 9.9e-20
5054.7805 sR(6,4)* 802.5137 sP(8,4) ‖ 2.7e-19 959.9574 sQ(7,4) ⊥ 3.4e-19 1098.0664 sR(6,4) ‖ 6.4e-19
5103.9180 aR(9,6) 716.4733 aP(11,6) ‖ 6.3e-20 931.5188 aQ(10,6) ⊥ 1.2e-19 1127.6792 aR(9,6) ‖ 2.5e-19
5121.8624 sR(6,5)* 802.0563 sP(8,5) ‖ 1.8e-19 959.7180 sQ(7,5) ⊥ 4.5e-19 1098.0212 sR(6,5) ‖ 3.9e-19
5153.9450 aR(9,5) 719.2098 aP(11,5) ‖ 3.4e-20 933.9135 aQ(10,5) ⊥ 4.1e-20 1129.7566 aR(9,5) ‖ 1.4e-19
5191.7560 aR(9,4) 721.3565 aP(11,4) ‖ 3.6e-20 935.7839 aQ(10,4) ⊥ 2.5e-20 1131.3704 aR(9,4) ‖ 1.5e-19
5208.9842 sR(6,6)* 801.5289 sP(8,6) ‖ 1.7e-19 959.4609 sQ(7,6) ⊥ 8.6e-19 1098.0049 sR(6,6) ‖ 2.8e-19
5219.5156 aR(9,3) 722.9772 aP(11,3) ‖ 7.3e-20 937.1727 aQ(10,3) ⊥ 2.7e-20 1132.5723 aR(9,3) ‖ 3.1e-19
5237.8509 aR(9,2) 724.0956 aP(11,2) ‖ 3.7e-20 938.1591 aQ(10,2) ⊥ 5.8e-21 1133.4078 aR(9,2) ‖ 1.6e-19
5248.6614 aR(9,1) 724.7547 aP(11,1) ‖ 3.7e-20 938.7280 aQ(10,1) ⊥ 1.4e-21 1133.8930 aR(9,1) ‖ 1.6e-19
5411.8921 aR(10,10) 682.1626 aP(12,10) ‖ 4.2e-21 918.1169 aQ(11,10) ⊥ 4.7e-20 1135.2437 aR(10,10) ‖ 1.2e-20
5463.2430 sR(7,0) 783.6637 sP(9,0) ‖ 3.9e-19 - - - - 1116.9334 sR(7,0) ‖ 1.2e-18
5469.6489 sR(7,1)* 783.6022 sP(9,1) ‖ 1.9e-19 959.8352 sQ(8,1) ⊥ 9.9e-21 1116.9215 sR(7,1) ‖ 6.1e-19
5488.6927 sR(7,2)* 783.4198 sP(9,2) ‖ 1.9e-19 959.7310 sQ(8,2) ⊥ 4.0e-20 1116.8881 sR(7,2) ‖ 5.8e-19
5521.1737 sR(7,3)* 783.1148 sP(9,3) ‖ 3.5e-19 959.5625 sQ(8,3) ⊥ 1.8e-19 1116.8358 sR(7,3) ‖ 1.1e-18
5530.7308 aR(10,9) 687.9275 aP(12,9) ‖ 1.6e-20 923.2054 aQ(11,9) ⊥ 1.0e-19 1139.6972 aR(10,9) ‖ 6.2e-20
5568.2399 sR(7,4)* 782.7001 sP(9,4) ‖ 1.6e-19 959.3273 sQ(8,4) ⊥ 1.6e-19 1116.7710 sR(7,4) ‖ 4.6e-19
5623.7144 aR(10,8) 692.7070 aP(12,8) ‖ 1.1e-20 927.3929 aQ(11,8) ⊥ 4.3e-20 1143.3290 aR(10,8) ‖ 4.6e-20
5631.9086 sR(7,5)* 782.1839 sP(9,5) ‖ 1.3e-19 959.0517 sQ(8,5) ⊥ 2.3e-19 1116.7134 sR(7,5) ‖ 3.5e-19
5696.2492 aR(10,7) 696.6496 aP(12,7) ‖ 1.2e-20 930.8230 aQ(11,7) ⊥ 3.1e-20 1146.2783 aR(10,7) ‖ 5.6e-20
5714.5641 sR(7,6)* 781.5802 sP(9,6) ‖ 1.8e-19 958.7461 sQ(8,6) ⊥ 5.8e-19 1116.6781 sR(7,6) ‖ 4.4e-19
5752.5067 aR(10,6) 699.8725 aP(12,6) ‖ 2.6e-20 933.6091 aQ(11,6) ⊥ 4.3e-20 1148.6546 aR(10,6) ‖ 1.2e-19
5795.6804 aR(10,5) 702.4674 aP(12,5) ‖ 1.4e-20 935.8397 aQ(11,5) ⊥ 1.4e-20 1150.5434 aR(10,5) ‖ 6.4e-20
5819.5382 sR(7,7)* 780.9101 sP(9,7) ‖ 4.3e-20 958.4344 sQ(8,7) ⊥ 2.7e-19 1116.6915 sR(7,7) ‖ 8.0e-20
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5828.1920 aR(10,4) 704.5051 aP(12,4) ‖ 1.4e-20 937.5827 aQ(11,4) ⊥ 8.3e-21 1152.0101 aR(10,4) ‖ 6.6e-20
5851.7164 aR(10,3) 706.0298 aP(12,3) ‖ 2.7e-20 938.9119 aQ(11,3) ⊥ 8.8e-21 1153.1075 aR(10,3) ‖ 1.3e-19
5867.4735 aR(10,2) 707.1077 aP(12,2) ‖ 1.3e-20 939.7973 aQ(11,2) ⊥ 1.9e-21 1153.8608 aR(10,2) ‖ 6.6e-20
5876.6166 aR(10,1) 707.7293 aP(12,1) ‖ 1.3e-20 - - - - 1154.2960 aR(10,1) ‖ 6.6e-20
5880.4210 aR(10,0) 707.9631 aP(12,0) ‖ 2.7e-20 - - - - 1154.4678 aR(10,0) ‖ 1.3e-19
5968.9680 aR(11,11) 660.2402 aP(13,11) ‖ 1.7e-21 915.6137 aQ(12,11) ⊥ 2.2e-20 1152.3342 aR(11,11) ‖ 5.6e-21
5980.8113 sR(8,1)* 764.0287 sP(10,1) ‖ 8.7e-20 959.2449 sQ(9,1) ⊥ 3.8e-21 1135.4778 sR(8,1) ‖ 3.2e-19
5998.7901 sR(8,2)* 763.8306 sP(10,2) ‖ 8.5e-20 959.1319 sQ(9,2) ⊥ 1.5e-20 1135.4431 sR(8,2) ‖ 3.1e-19
6028.8830 sR(8,3)* 763.4871 sP(10,3) ‖ 1.6e-19 958.9207 sQ(9,3) ⊥ 7.0e-20 1135.3684 sR(8,3) ‖ 5.9e-19
6073.6564 sR(8,4)* 763.0366 sP(10,4) ‖ 7.7e-20 958.6817 sQ(9,4) ⊥ 6.3e-20 1135.3090 sR(8,4) ‖ 2.7e-19
6100.8668 aR(11,10) 666.7491 aP(13,10) ‖ 3.2e-21 921.3138 aQ(12,10) ⊥ 2.4e-20 1157.2682 aR(11,10) ‖ 1.4e-20
6133.6230 sR(8,5)* 762.4634 sP(10,5) ‖ 6.9e-20 958.3701 sQ(9,5) ⊥ 1.0e-19 1135.2379 sR(8,5) ‖ 2.3e-19
6203.5918 aR(11,9) 672.1653 aP(13,9) ‖ 8.2e-21 926.0159 aQ(12,9) ⊥ 4.0e-20 1161.2938 aR(11,9) ‖ 4.0e-20
6211.4341 sR(8,6)* 761.7853 sP(10,6) ‖ 1.1e-19 958.0161 sQ(9,6) ⊥ 2.8e-19 1135.1821 sR(8,6) ‖ 3.7e-19
6283.4778 aR(11,8) 676.6621 aP(13,8) ‖ 4.6e-21 929.8873 aQ(12,8) ⊥ 1.5e-20 1164.5731 aR(11,8) ‖ 2.4e-20
6310.2136 sR(8,7)* 761.0208 sP(10,7) ‖ 4.1e-20 957.6410 sQ(9,7) ⊥ 1.7e-19 1135.1653 sR(8,7) ‖ 1.2e-19
6345.4240 aR(11,7) 680.3768 aP(13,7) ‖ 4.8e-21 933.0607 aQ(12,7) ⊥ 1.0e-20 1167.2341 aR(11,7) ‖ 2.5e-20
6393.1947 aR(11,6) 683.4179 aP(13,6) ‖ 9.6e-21 935.6403 aQ(12,6) ⊥ 1.3e-20 1169.3769 aR(11,6) ‖ 5.2e-20
6429.6608 aR(11,5) 685.8698 aP(13,5) ‖ 4.7e-21 937.7070 aQ(12,5) ⊥ 4.3e-21 1171.0793 aR(11,5) ‖ 2.6e-20
6434.0366 sR(8,8)* 760.1956 sP(10,8) ‖ 2.0e-20 957.2742 sQ(9,8) ⊥ 1.5e-19 1135.2204 sR(8,8) ‖ 4.3e-20
6456.9926 aR(11,4) 687.7976 aP(13,4) ‖ 4.6e-21 939.3234 aQ(12,4) ⊥ 2.5e-21 1172.4010 aR(11,4) ‖ 2.6e-20
6477.0889 aR(11,3) 689.2638 aP(13,3) ‖ 9.0e-21 940.4994 aQ(12,3) ⊥ 2.6e-21 1173.3815 aR(11,3) ‖ 5.1e-20
6479.5484 sR(9,0) 744.6999 sP(11,0) ‖ 6.9e-20 - - - - 1153.8798 sR(9,0) ‖ 2.9e-19
6485.4297 sR(9,1)* 744.6278 sP(11,1) ‖ 3.5e-20 958.6504 sQ(10,1) ⊥ 1.3e-21 1153.8665 sR(9,1) ‖ 1.5e-19
6489.5294 aR(11,2) 690.2625 aP(13,2) ‖ 4.4e-21 - - - - 1174.0674 aR(11,2) ‖ 2.5e-20
6496.9603 aR(11,1) 690.8410 aP(13,1) ‖ 4.3e-21 - - - - 1174.4480 aR(11,1) ‖ 2.5e-20
6502.3053 sR(9,2)* 744.4163 sP(11,2) ‖ 3.4e-20 958.5303 sQ(10,2) ⊥ 5.4e-21 1153.8316 sR(9,2) ‖ 1.5e-19
6520.3828 aR(12,12) 638.0736 aP(14,12) ‖ 1.3e-21 912.8215 aQ(13,12) ⊥ 2.0e-20 1169.1052 aR(12,12) ‖ 4.9e-21
6530.9238 sR(9,3)* 744.0483 sP(11,3) ‖ 6.8e-20 958.3339 sQ(10,3) ⊥ 2.5e-20 1153.7675 sR(9,3) ‖ 2.9e-19
6572.1939 sR(9,4)* 743.5499 sP(11,4) ‖ 3.3e-20 958.0336 sQ(10,4) ⊥ 2.3e-20 1153.6788 sR(9,4) ‖ 1.4e-19
6628.2622 sR(9,5)* 742.9225 sP(11,5) ‖ 3.2e-20 957.6872 sQ(10,5) ⊥ 3.8e-20 1153.5940 sR(9,5) ‖ 1.3e-19
6665.9869 aR(12,11) 645.3681 aP(14,11) ‖ 1.2e-21 919.1630 aQ(13,11) ⊥ 1.1e-20 1174.5366 aR(12,11) ‖ 5.9e-21
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6700.9706 sR(9,6)* 742.1737 sP(11,6) ‖ 5.8e-20 957.2866 sQ(10,6) ⊥ 1.1e-19 1153.5174 sR(9,6) ‖ 2.3e-19
6778.6414 aR(12,10) 651.4491 aP(14,10) ‖ 1.5e-21 924.3968 aQ(13,10) ⊥ 8.5e-21 1178.9616 aR(12,10) ‖ 8.2e-21
6793.2227 sR(9,7)* 741.3189 sP(11,7) ‖ 2.4e-20 956.8500 sQ(10,7) ⊥ 7.7e-20 1153.4702 sR(9,7) ‖ 9.0e-20
6865.7183 aR(12,9) 656.5173 aP(14,9) ‖ 3.2e-21 928.7167 aQ(13,9) ⊥ 1.3e-20 1182.5672 aR(12,9) ‖ 1.9e-20
6908.8116 sR(9,8)* 740.3798 sP(11,8) ‖ 1.8e-20 956.4029 sQ(10,8) ⊥ 9.2e-20 1153.4815 sR(9,8) ‖ 5.9e-20
6932.9227 aR(12,8) 660.7324 aP(14,8) ‖ 1.6e-21 932.2764 aQ(13,8) ⊥ 4.4e-21 1185.5016 aR(12,8) ‖ 1.0e-20
6984.5059 sR(10,1)* 725.4212 sP(12,1) ‖ 1.3e-20 - - - - 1172.0833 sR(10,1) ‖ 6.2e-20
6984.6435 aR(12,7) 664.2208 aP(14,7) ‖ 1.6e-21 935.1972 aQ(13,7) ⊥ 2.9e-21 1187.8811 aR(12,7) ‖ 1.0e-20
7000.2852 sR(10,2)* 725.1998 sP(12,2) ‖ 1.3e-20 957.9369 sQ(11,2) ⊥ 1.7e-21 1172.0509 sR(10,2) ‖ 6.2e-20
7024.2368 aR(12,6) 667.0816 aP(14,6) ‖ 3.1e-21 937.5739 aQ(13,6) ⊥ 3.8e-21 1189.7963 aR(12,6) ‖ 1.9e-20
7025.6923 sR(10,3)* 724.7878 sP(12,3) ‖ 2.5e-20 957.6577 sQ(11,3) ⊥ 8.3e-21 1171.9433 sR(10,3) ‖ 1.2e-19
7052.6371 sR(9,9)* 739.3875 sP(11,9) ‖ 1.8e-20 955.9809 sQ(10,9) ⊥ 1.7e-19 1153.5912 sR(9,9) ‖ 4.4e-20
7054.2505 aR(12,5) 669.3919 aP(14,5) ‖ 1.5e-21 939.4802 aQ(13,5) ⊥ 1.2e-21 1191.3175 aR(12,5) ‖ 9.5e-21
7064.9804 sR(10,4)* 724.2631 sP(12,4) ‖ 1.3e-20 957.3935 sQ(11,4) ⊥ 7.8e-21 1171.8773 sR(10,4) ‖ 6.1e-20
7065.8405 aR(13,13) - - - - 909.7343 aQ(14,13) ⊥ 4.1e-21 1185.5492 aR(13,13) ‖ 1.0e-21
7076.6067 aR(12,4) 671.2109 aP(14,4) ‖ 1.4e-21 - - - - 1192.4981 aR(12,4) ‖ 9.1e-21
7092.4858 aR(12,3) 672.5636 aP(14,3) ‖ 2.7e-21 - - - - 1193.3855 aR(12,3) ‖ 1.8e-20
7102.4913 aR(12,2) 673.5394 aP(14,2) ‖ 1.3e-21 - - - - 1193.9855 aR(12,2) ‖ 8.6e-21
7108.0129 aR(12,1) 674.0612 aP(14,1) ‖ 1.3e-21 - - - - 1194.2988 aR(12,1) ‖ 8.1e-21
7112.0577 aR(12,0) 674.3144 aP(14,0) ‖ 2.6e-21 - - - - 1194.4827 aR(12,0) ‖ 1.7e-20
7117.0472 sR(10,5)* 723.5852 sP(12,5) ‖ 1.3e-20 957.0148 sQ(11,5) ⊥ 1.3e-20 1171.7796 sR(10,5) ‖ 6.0e-20
7184.5146 sR(10,6)* 722.7704 sP(12,6) ‖ 2.4e-20 956.5704 sQ(11,6) ⊥ 4.0e-20 1171.6833 sR(10,6) ‖ 1.1e-19
7225.9432 aR(13,12) - - - - 916.7508 aQ(14,12) ⊥ 8.6e-21 1191.4987 aR(13,12) ‖ 4.7e-21
7270.0567 sR(10,7)* 721.8312 sP(12,7) ‖ 1.1e-20 956.0758 sQ(11,7) ⊥ 2.9e-20 1171.6070 sR(10,7) ‖ 5.1e-20
7348.8371 aR(13,11) - - - - 922.5368 aQ(14,11) ⊥ 3.4e-21 1196.3317 aR(13,11) ‖ 3.2e-21
7377.1723 sR(10,8)* 720.7853 sP(12,8) ‖ 9.8e-21 955.5527 sQ(11,8) ⊥ 3.9e-20 1171.5758 sR(10,8) ‖ 4.2e-20
7443.0517 aR(13,10) - - - - 927.3152 aQ(14,10) ⊥ 2.5e-21 1200.2629 aR(13,10) ‖ 3.6e-21
7473.4309 sR(11,0) 706.5071 sP(13,0) ‖ 8.2e-21 - - - - 1190.1364 sR(11,0) ‖ 4.7e-20
7478.9737 sR(11,1)* 706.4264 sP(13,1) ‖ 4.1e-21 - - - - 1190.1224 sR(11,1) ‖ 2.3e-20
7493.7373 sR(11,2)* 706.2020 sP(13,2) ‖ 4.1e-21 - - - - 1190.0983 sR(11,2) ‖ 2.3e-20
7510.3917 sR(10,9)* 719.6587 sP(12,9) ‖ 1.4e-20 955.0317 sQ(11,9) ⊥ 9.2e-20 1171.6251 sR(10,9) ‖ 5.5e-20
7515.1871 aR(13,9) 640.9475 aP(15,9) ‖ 1.0e-21 931.2631 aQ(14,9) ⊥ 3.5e-21 1203.4625 aR(13,9) ‖ 7.4e-21
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7518.0699 sR(11,3)* 705.7663 sP(13,3) ‖ 8.5e-21 957.1465 sQ(12,3) ⊥ 2.5e-21 1190.0164 sR(11,3) ‖ 4.8e-20
7553.0551 sR(11,4)* 705.1952 sP(13,4) ‖ 4.3e-21 956.7697 sQ(12,4) ⊥ 2.4e-21 1189.9003 sR(11,4) ‖ 2.4e-20
7570.3202 aR(13,8) - - - - 934.5203 aQ(14,8) ⊥ 1.2e-21 1206.0643 aR(13,8) ‖ 3.6e-21
7601.1059 sR(11,5)* 704.4714 sP(13,5) ‖ 4.4e-21 956.3615 sQ(12,5) ⊥ 4.0e-21 1189.7912 sR(11,5) ‖ 2.5e-20
7605.0104 aR(14,14) - - - - 906.3451 aQ(15,14) ⊥ 1.6e-21 - - - -
7612.3331 aR(13,7) - - - - - - - - 1208.1730 aR(13,7) ‖ 3.4e-21
7644.1785 aR(13,6) - - - - - - - - 1209.8698 aR(13,6) ‖ 6.5e-21
7663.3095 sR(11,6)* 703.5964 sP(13,6) ‖ 8.9e-21 955.8772 sQ(12,6) ⊥ 1.3e-20 1189.6771 sR(11,6) ‖ 4.9e-20
7668.0897 aR(13,5) - - - - - - - - 1211.2171 aR(13,5) ‖ 3.1e-21
7675.5329 sR(10,10)* 718.4882 sP(12,10) ‖ 3.7e-21 954.5556 sQ(11,10) ⊥ 4.2e-20 1171.8033 sR(10,10) ‖ 1.1e-20
7685.7436 aR(13,4) - - - - - - - - 1212.2627 aR(13,4) ‖ 2.9e-21
7698.7740 aR(13,3) - - - - - - - - 1213.0313 aR(13,3) ‖ 5.5e-21
7704.9018 aR(13,2) - - - - - - - - 1213.5786 aR(13,2) ‖ 2.6e-21
7707.1865 aR(13,1) - - - - - - - - 1213.7653 aR(13,1) ‖ 2.2e-21
7742.1049 sR(11,7)* 702.5800 sP(13,7) ‖ 4.4e-21 955.3295 sQ(12,7) ⊥ 9.4e-21 1189.5741 sR(11,7) ‖ 2.4e-20
7780.5556 aR(14,13) - - - - 914.0740 aQ(15,13) ⊥ 1.6e-21 - - - -
7840.6877 sR(11,8)* 701.4363 sP(13,8) ‖ 4.2e-21 954.7365 sQ(12,8) ⊥ 1.3e-20 1189.5039 sR(11,8) ‖ 2.2e-20
7914.1222 aR(14,12) - - - - 920.4360 aQ(15,12) ⊥ 2.6e-21 1213.4027 aR(14,12) ‖ 2.4e-21
7963.2093 sR(11,9)* 700.1859 sP(13,9) ‖ 7.4e-21 954.1239 sQ(12,9) ⊥ 3.6e-20 1189.4969 sR(11,9) ‖ 3.6e-20
7969.6902 sR(12,1)* 687.6576 sP(14,1) ‖ 1.2e-21 - - - - 1207.9767 sR(12,1) ‖ 8.0e-21
7983.7205 sR(12,2)* 687.4456 sP(14,2) ‖ 1.2e-21 - - - - 1207.9754 sR(12,2) ‖ 7.9e-21
8003.3788 sR(12,3)* 686.9478 sP(14,3) ‖ 2.6e-21 - - - - 1207.8042 sR(12,3) ‖ 1.7e-20
8015.5261 aR(14,11) - - - - - - - - 1217.6614 aR(14,11) ‖ 1.3e-21
8037.3234 sR(12,4)* 686.3611 sP(14,4) ‖ 1.3e-21 - - - - 1207.7414 sR(12,4) ‖ 8.6e-21
8081.4261 sR(12,5)* 685.5965 sP(14,5) ‖ 1.4e-21 955.7328 sQ(13,5) ⊥ 1.1e-21 1207.6229 sR(12,5) ‖ 8.9e-21
8092.3629 aR(14,10) - - - - - - - - 1221.1206 aR(14,10) ‖ 1.3e-21
8115.0170 sR(11,10)* 698.8593 sP(13,10) ‖ 2.8e-21 953.5278 sQ(12,10) ⊥ 2.2e-20 1189.5952 sR(11,10) ‖ 1.2e-20
8137.5257 aR(15,15) - - - - 902.6464 aQ(16,15) ⊥ 1.2e-21 - - - -
8138.4506 sR(12,6)* 684.6680 sP(14,6) ‖ 2.9e-21 955.2132 sQ(13,6) ⊥ 3.6e-21 1207.4939 sR(12,6) ‖ 1.8e-20
8150.4695 aR(14,9) - - - - - - - - 1223.9334 aR(14,9) ‖ 2.4e-21
8194.3034 aR(14,8) - - - - - - - - 1226.2194 aR(14,8) ‖ 1.1e-21
8210.5983 sR(12,7)* 683.5826 sP(14,7) ‖ 1.5e-21 954.6184 sQ(13,7) ⊥ 2.7e-21 1207.3679 sR(12,7) ‖ 9.4e-21
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8227.2521 aR(14,7) - - - - - - - - 1228.0715 aR(14,7) ‖ 1.0e-21
8251.8767 aR(14,6) - - - - - - - - 1229.5614 aR(14,6) ‖ 1.9e-21
8292.4468 aR(14,3) - - - - - - - - 1232.3611 aR(14,3) ‖ 1.6e-21
8300.7597 sR(12,8)* 682.3510 sP(14,8) ‖ 1.5e-21 953.9629 sQ(13,8) ⊥ 4.1e-21 1207.2632 sR(12,8) ‖ 9.3e-21
8302.9536 sR(11,11)* 697.5003 sP(13,11) ‖ 1.5e-21 952.9994 sQ(12,11) ⊥ 2.0e-20 1189.8570 sR(11,11) ‖ 4.9e-21
8303.8143 aR(14,0) - - - - - - - - 1233.2108 aR(14,0) ‖ 1.5e-21
8412.7001 sR(12,9)* 680.9893 sP(14,9) ‖ 2.9e-21 953.2677 sQ(13,9) ⊥ 1.2e-20 1207.2057 sR(12,9) ‖ 1.8e-20
8451.4789 sR(13,0) - - - - - - - - 1225.6508 sR(13,0) ‖ 5.0e-21
8457.5344 sR(13,1)* - - - - - - - - 1225.6372 sR(13,1) ‖ 2.5e-21
8472.2848 sR(13,2)* - - - - - - - - 1225.7206 sR(13,2) ‖ 2.1e-21
8489.8595 sR(13,3)* - - - - - - - - 1225.5374 sR(13,3) ‖ 5.3e-21
8518.5220 sR(13,4)* - - - - - - - - 1225.3927 sR(13,4) ‖ 2.8e-21
8551.2894 sR(12,10)* 679.5216 sP(14,10) ‖ 1.3e-21 952.5630 sQ(13,10) ⊥ 7.8e-21 1207.2315 sR(12,10) ‖ 7.5e-21
8558.8184 sR(13,5)* - - - - - - - - 1225.2673 sR(13,5) ‖ 2.9e-21
8610.8440 sR(13,6)* - - - - - - - - 1225.1266 sR(13,6) ‖ 6.1e-21
8676.5663 sR(13,7)* - - - - - - - - 1224.9818 sR(13,7) ‖ 3.2e-21
8722.7820 sR(12,11)* 677.9835 sP(14,11) ‖ 1.0e-21 951.8915 sQ(13,11) ⊥ 9.4e-21 1207.3906 sR(12,11) ‖ 5.2e-21
8758.5710 sR(13,8)* - - - - 953.2363 sQ(14,8) ⊥ 1.1e-21 1224.8482 sR(13,8) ‖ 3.4e-21
8860.2390 sR(13,9)* - - - - 952.4689 sQ(14,9) ⊥ 3.2e-21 1224.7474 sR(13,9) ‖ 6.9e-21
8935.1640 sR(12,12)* 676.4266 sP(14,12) ‖ 1.1e-21 951.3138 sQ(13,12) ⊥ 1.7e-20 1207.7525 sR(12,12) ‖ 4.2e-21
8967.9670 sR(14,3)* - - - - - - - - 1242.8904 sR(14,3) ‖ 1.5e-21
8985.9593 sR(13,10)* - - - - 951.6684 sQ(14,10) ⊥ 2.3e-21 1224.7097 sR(13,10) ‖ 3.3e-21
9081.1782 sR(14,6)* - - - - - - - - 1242.5658 sR(14,6) ‖ 1.8e-21
9141.3948 sR(13,11)* - - - - 950.8697 sQ(14,11) ⊥ 3.1e-21 1224.7778 sR(13,11) ‖ 2.9e-21
9215.0497 sR(14,8)* - - - - - - - - 1242.2507 sR(14,8) ‖ 1.1e-21
9306.9223 sR(14,9)* - - - - - - - - 1242.1145 sR(14,9) ‖ 2.3e-21
9333.8109 sR(13,12)* - - - - 950.1234 sQ(14,12) ⊥ 7.7e-21 1225.0106 sR(13,12) ‖ 4.2e-21
9420.3328 sR(14,10)* - - - - - - - - 1242.0236 sR(14,10) ‖ 1.2e-21
9560.3560 sR(14,11)* - - - - - - - - 1242.0134 sR(14,11) ‖ 1.2e-21
9572.4649 sR(13,13)* - - - - 949.5007 sQ(14,13) ⊥ 3.6e-21 - - - -
9733.5344 sR(14,12)* - - - - 949.0439 sQ(15,12) ⊥ 2.3e-21 1242.1339 sR(14,12) ‖ 2.1e-21
9948.2560 sR(14,13)* - - - - 948.2242 sQ(15,13) ⊥ 1.5e-21 - - - -
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Table A.5: Laser lines of 14NH3 in competition for a given MIR pumping of the
ν2 band. These lines are reported with asterisk in the rest of the article.

IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

680.8321 1171.5755 ⊥ 1.1e-20 8994.5770 ‖ 1.0e-21
683.6716 863.8601 ⊥ 3.4e-21 8605.1766 ‖ 1.2e-21
685.0379 755.4456 ⊥ 4.8e-21 8464.1588 ‖ 2.7e-21
686.3134 669.2437 ⊥ 1.6e-21 8350.0699 ‖ 1.4e-21
687.4722 600.8666 ⊥ 1.1e-21 8258.0496 ‖ 1.4e-21
688.4970 546.9373 ⊥ 1.4e-21 8184.3282 ‖ 2.7e-21
701.9597 1138.1722 ⊥ 1.4e-20 8360.0103 ‖ 1.4e-21
703.1943 984.3138 ⊥ 1.1e-20 8169.4783 ‖ 2.6e-21
704.4141 861.6717 ⊥ 1.7e-20 8015.2658 ‖ 6.8e-21
705.5734 763.9947 ⊥ 5.9e-21 7890.5869 ‖ 3.9e-21
706.6404 686.4131 ⊥ 4.0e-21 7790.1177 ‖ 4.1e-21
707.5927 625.1605 ⊥ 5.2e-21 7709.7126 ‖ 8.2e-21
708.4153 577.3480 ⊥ 1.6e-21 7646.1710 ‖ 4.1e-21
723.0027 1109.5454 ⊥ 3.1e-20 7730.3501 ‖ 3.4e-21
724.0613 972.3013 ⊥ 5.2e-20 7562.8654 ‖ 1.3e-20
725.0925 862.8099 ⊥ 1.9e-20 7427.5070 ‖ 9.0e-21
726.0576 775.7261 ⊥ 1.4e-20 7318.4990 ‖ 1.0e-20
726.9295 706.8979 ⊥ 1.8e-20 7231.3277 ‖ 2.2e-20
727.6892 653.1278 ⊥ 5.7e-21 7162.4972 ‖ 1.2e-20
728.3232 611.9772 ⊥ 3.4e-21 7109.3284 ‖ 1.2e-20
728.8132 580.4775 ⊥ 3.6e-21 7069.1462 ‖ 2.3e-20
743.9582 1085.4985 ⊥ 1.3e-19 7105.3300 ‖ 1.6e-20
744.8509 964.0600 ⊥ 5.5e-20 6959.4111 ‖ 1.6e-20
745.7056 867.3425 ⊥ 4.1e-20 6841.9437 ‖ 2.2e-20
746.4900 790.8172 ⊥ 5.7e-20 6748.0585 ‖ 5.3e-20
747.1812 730.9841 ⊥ 1.8e-20 6673.9742 ‖ 2.9e-20
747.7627 685.1681 ⊥ 1.1e-20 6616.7879 ‖ 3.1e-20
748.2265 651.9892 ⊥ 1.2e-20 6574.6673 ‖ 6.3e-20
748.5698 628.5864 ⊥ 2.5e-21 6545.4309 ‖ 3.2e-20
764.8236 1065.8671 ⊥ 1.3e-19 6484.7191 ‖ 1.8e-20
765.5612 959.5663 ⊥ 1.1e-19 6359.0503 ‖ 3.8e-20
766.2525 875.3682 ⊥ 1.6e-19 6258.6483 ‖ 1.1e-19
766.8705 809.4812 ⊥ 5.4e-20 6179.4596 ‖ 6.4e-20
767.3960 759.0008 ⊥ 3.3e-20 6118.3675 ‖ 7.1e-20
767.8090 721.2642 ⊥ 3.5e-20 6072.6859 ‖ 1.5e-19
768.1283 696.4339 ⊥ 7.6e-21 6042.0165 ‖ 7.8e-20
768.3114 681.5026 ⊥ 1.9e-21 6023.6695 ‖ 7.9e-20
785.5963 1050.5203 ⊥ 2.4e-19 5868.3228 ‖ 3.8e-20
786.1906 958.8279 ⊥ 4.0e-19 5761.7491 ‖ 1.6e-19
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

786.7323 887.0183 ⊥ 1.4e-19 5677.7236 ‖ 1.1e-19
787.1989 831.9689 ⊥ 8.8e-20 5612.9291 ‖ 1.4e-19
787.5761 791.5310 ⊥ 9.6e-20 5564.9930 ‖ 3.1e-19
787.8547 763.5831 ⊥ 2.2e-20 5531.8880 ‖ 1.7e-19
788.0214 747.2868 ⊥ 5.0e-21 5512.4717 ‖ 1.7e-19
806.2742 1039.3598 ⊥ 8.0e-19 5255.9823 ‖ 1.6e-19
806.7377 961.8846 ⊥ 1.3e-19 5167.5058 ‖ 6.9e-20
807.1441 902.4589 ⊥ 2.2e-19 5099.3040 ‖ 2.5e-19
807.4718 858.3951 ⊥ 2.4e-19 5048.5821 ‖ 5.6e-19
807.7223 828.5256 ⊥ 5.3e-20 5013.9753 ‖ 3.2e-19
807.8716 810.9190 ⊥ 1.3e-20 4993.5672 ‖ 3.4e-19
826.8553 1032.3214 ⊥ 6.5e-19 4647.5756 ‖ 1.5e-19
827.2011 968.8093 ⊥ 4.7e-19 4576.3508 ‖ 3.2e-19
827.4878 921.9405 ⊥ 5.8e-19 4523.5918 ‖ 9.5e-19
827.7021 889.7112 ⊥ 1.3e-19 4487.2388 ‖ 5.6e-19
827.8334 870.8782 ⊥ 3.4e-20 4465.9475 ‖ 6.4e-19
847.3376 1029.3749 ⊥ 9.1e-19 4043.0164 ‖ 2.8e-19
847.5781 979.6498 ⊥ 1.2e-18 3988.2917 ‖ 1.2e-18
847.7629 945.6048 ⊥ 3.0e-19 3950.7233 ‖ 8.5e-19
847.8763 925.6582 ⊥ 7.7e-20 3928.6856 ‖ 1.0e-18
867.7196 1030.5299 ⊥ 2.3e-18 3442.2588 ‖ 9.9e-19
867.8729 994.7477 ⊥ 6.1e-19 3403.6125 ‖ 1.0e-18
867.9689 973.8268 ⊥ 1.7e-19 3380.9901 ‖ 1.4e-18
887.9998 1035.8161 ⊥ 1.1e-18 2845.2812 ‖ 8.2e-19
888.0794 1014.0847 ⊥ 3.4e-19 2822.2564 ‖ 1.6e-18
908.1768 1045.3191 ⊥ 6.9e-19 2252.1120 ‖ 1.3e-18
953.1392 1043.6537 ‖ 7.8e-21 10009.3750 ⊥ 1.3e-21
953.8223 878.0883 ‖ 7.3e-21 9791.4158 ⊥ 2.1e-21
954.5783 1209.9839 ‖ 4.4e-20 9634.3511 ⊥ 3.6e-21
955.0557 1019.8937 ‖ 3.7e-20 9392.5929 ⊥ 7.0e-21
955.6767 869.3362 ‖ 8.8e-21 9197.2232 ⊥ 2.8e-21
956.3676 749.9338 ‖ 4.2e-21 9039.0803 ⊥ 2.1e-21
956.3968 1171.5755 ‖ 1.7e-19 8994.5770 ⊥ 1.6e-20
956.8418 1000.1505 ‖ 4.2e-20 8779.3456 ⊥ 8.6e-21
957.0761 655.1437 ‖ 4.0e-21 8910.9435 ⊥ 2.9e-21
957.3989 863.8601 ‖ 2.0e-20 8605.1766 ⊥ 7.1e-21
958.0058 755.4456 ‖ 1.9e-20 8464.1588 ⊥ 1.1e-20
958.0888 1138.1722 ‖ 1.7e-19 8360.0103 ⊥ 1.7e-20
958.4967 984.3138 ‖ 7.9e-20 8169.4783 ⊥ 1.8e-20
958.6177 669.2437 ‖ 4.3e-21 8350.0699 ⊥ 3.7e-21
958.9893 861.6717 ‖ 7.7e-20 8015.2658 ⊥ 3.1e-20
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

959.2030 600.8666 ‖ 2.0e-21 8258.0496 ⊥ 2.5e-21
959.5139 763.9947 ‖ 1.9e-20 7890.5869 ⊥ 1.2e-20
959.6524 1109.5454 ‖ 3.3e-19 7730.3501 ⊥ 3.7e-20
959.7394 546.9373 ‖ 1.7e-21 8184.3282 ⊥ 3.3e-21
960.0199 972.3013 ‖ 3.3e-19 7562.8654 ⊥ 8.4e-20
960.0325 686.4131 ‖ 8.5e-21 7790.1177 ⊥ 8.6e-21
960.4482 862.8099 ‖ 7.0e-20 7427.5070 ⊥ 3.3e-20
960.5182 625.1605 ‖ 7.3e-21 7709.7126 ⊥ 1.1e-20
960.8930 775.7261 ‖ 3.6e-20 7318.4990 ⊥ 2.7e-20
960.9520 577.3480 ‖ 1.5e-21 7646.1710 ⊥ 3.6e-21
961.0860 1085.4985 ‖ 1.2e-18 7105.3300 ⊥ 1.5e-19
961.3224 706.8979 ‖ 3.6e-20 7231.3277 ⊥ 4.5e-20
961.4110 964.0600 ‖ 2.8e-19 6959.4111 ⊥ 8.2e-20
961.7134 653.1278 ‖ 5.9e-21 7162.4972 ⊥ 1.2e-20
961.7762 867.3425 ‖ 1.3e-19 6841.9437 ⊥ 6.9e-20
962.0497 611.9772 ‖ 2.1e-21 7109.3284 ⊥ 7.1e-21
962.1444 790.8172 ‖ 1.1e-19 6748.0585 ⊥ 1.0e-19
962.2798 580.4775 ‖ 1.2e-21 7069.1462 ⊥ 7.6e-21
962.3884 1065.8671 ‖ 1.0e-18 6484.7191 ⊥ 1.4e-19
962.4890 730.9841 ‖ 2.2e-20 6673.9742 ⊥ 3.5e-20
962.6698 959.5663 ‖ 4.5e-19 6359.0503 ⊥ 1.6e-19
962.7907 685.1681 ‖ 7.7e-21 6616.7879 ⊥ 2.1e-20
962.9736 875.3682 ‖ 3.9e-19 6258.6483 ⊥ 2.6e-19
963.0575 651.9892 ‖ 4.3e-21 6574.6673 ⊥ 2.3e-20
963.2691 809.4812 ‖ 7.7e-20 6179.4596 ⊥ 9.1e-20
963.5342 759.0008 ‖ 2.7e-20 6118.3675 ⊥ 5.8e-20
963.5585 1050.5203 ‖ 1.5e-18 5868.3228 ⊥ 2.4e-19
963.7365 721.2642 ‖ 1.5e-20 6072.6859 ⊥ 6.4e-20
963.7962 958.8279 ‖ 1.3e-18 5761.7491 ⊥ 5.3e-19
963.9242 696.4339 ‖ 1.4e-21 6042.0165 ⊥ 1.4e-20
964.0412 887.0183 ‖ 2.6e-19 5677.7236 ⊥ 2.1e-19
964.2685 831.9689 ‖ 8.9e-20 5612.9291 ⊥ 1.4e-19
964.4670 791.5310 ‖ 5.0e-20 5564.9930 ⊥ 1.6e-19
964.5957 1039.3598 ‖ 4.0e-18 5255.9823 ⊥ 7.8e-19
964.6096 763.5831 ‖ 4.5e-21 5531.8880 ⊥ 3.6e-20
964.7902 961.8846 ‖ 8.0e-19 5167.5058 ⊥ 4.1e-19
964.9796 902.4589 ‖ 2.8e-19 5099.3040 ⊥ 3.1e-19
965.1377 858.3951 ‖ 1.6e-19 5048.5821 ⊥ 3.7e-19
965.2727 828.5256 ‖ 1.4e-20 5013.9753 ⊥ 8.6e-20
965.4994 1032.3214 ‖ 2.4e-18 4647.5756 ⊥ 5.8e-19
965.6520 968.8093 ‖ 8.5e-19 4576.3508 ⊥ 5.7e-19
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

965.7913 921.9405 ‖ 4.7e-19 4523.5918 ⊥ 7.7e-19
965.8991 889.7112 ‖ 4.3e-20 4487.2388 ⊥ 1.9e-19
965.9677 870.8782 ‖ 2.5e-21 4465.9475 ⊥ 4.8e-20
966.2692 1029.3749 ‖ 2.5e-18 4043.0164 ⊥ 7.7e-19
966.3799 979.6498 ‖ 1.4e-18 3988.2917 ⊥ 1.4e-18
966.4736 945.6048 ‖ 1.3e-19 3950.7233 ⊥ 3.6e-19
966.5324 925.6582 ‖ 7.5e-21 3928.6856 ⊥ 9.8e-20
966.9051 1030.5299 ‖ 4.2e-18 3442.2588 ⊥ 1.8e-18
966.9810 994.7477 ‖ 3.8e-19 3403.6125 ⊥ 6.3e-19
967.0308 973.8268 ‖ 2.2e-20 3380.9901 ⊥ 1.9e-19
967.4068 1035.8161 ‖ 1.2e-18 2845.2812 ⊥ 8.6e-19
967.4491 1014.0847 ‖ 7.1e-20 2822.2564 ⊥ 3.3e-19
967.7747 1045.3191 ‖ 2.7e-19 2252.1120 ⊥ 4.9e-19

1007.5405 1045.3191 ⊥ 5.7e-19 2252.1120 ‖ 1.0e-18
1027.0329 1035.8161 ⊥ 1.1e-18 2845.2812 ‖ 7.7e-19
1027.0470 1014.0847 ⊥ 4.1e-19 2822.2564 ‖ 1.9e-18
1046.3746 1030.5299 ⊥ 2.4e-18 3442.2588 ‖ 1.1e-18
1046.3880 994.7477 ⊥ 8.5e-19 3403.6125 ‖ 1.4e-18
1046.4006 973.8268 ⊥ 2.5e-19 3380.9901 ‖ 2.1e-18
1065.5638 1029.3749 ⊥ 1.1e-18 4043.0164 ‖ 3.5e-19
1065.5654 979.6498 ⊥ 2.0e-18 3988.2917 ‖ 1.9e-18
1065.5817 945.6048 ⊥ 5.3e-19 3950.7233 ‖ 1.5e-18
1065.5943 925.6582 ⊥ 1.4e-19 3928.6856 ‖ 1.9e-18
1084.5836 968.8093 ⊥ 9.0e-19 4576.3508 ‖ 6.1e-19
1084.5931 921.9405 ⊥ 1.2e-18 4523.5918 ‖ 2.0e-18
1084.5992 1032.3214 ⊥ 9.1e-19 4647.5756 ‖ 2.2e-19
1084.6098 889.7112 ⊥ 2.9e-19 4487.2388 ‖ 1.3e-18
1084.6237 870.8782 ⊥ 7.5e-20 4465.9475 ‖ 1.4e-18
1103.4305 902.4589 ⊥ 5.2e-19 5099.3040 ‖ 5.8e-19
1103.4343 961.8846 ⊥ 7.0e-19 5167.5058 ‖ 3.6e-19
1103.4412 858.3951 ⊥ 6.3e-19 5048.5821 ‖ 1.5e-18
1103.4698 828.5256 ⊥ 1.4e-19 5013.9753 ‖ 8.7e-19
1103.4795 1039.3598 ⊥ 1.3e-18 5255.9823 ‖ 2.6e-19
1103.4858 810.9190 ⊥ 3.7e-20 4993.5672 ‖ 9.4e-19
1122.0937 887.0183 ⊥ 3.9e-19 5677.7236 ‖ 3.2e-19
1122.1040 831.9689 ⊥ 2.6e-19 5612.9291 ‖ 4.1e-19
1122.1177 958.8279 ⊥ 9.7e-19 5761.7491 ‖ 4.0e-19
1122.1329 791.5310 ⊥ 3.0e-19 5564.9930 ‖ 9.6e-19
1122.1600 763.5831 ⊥ 6.6e-20 5531.8880 ‖ 5.2e-19
1122.1784 747.2868 ⊥ 1.6e-20 5512.4717 ‖ 5.5e-19
1122.2036 1050.5203 ⊥ 4.5e-19 5868.3228 ‖ 7.3e-20

Continued on next page

133



Table A.5 – continued from previous page

IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

1140.5780 809.4812 ⊥ 1.8e-19 6179.4596 ‖ 2.1e-19
1140.5792 875.3682 ⊥ 5.0e-19 6258.6483 ‖ 3.3e-19
1140.6037 759.0008 ⊥ 1.1e-19 6118.3675 ‖ 2.4e-19
1140.6274 721.2642 ⊥ 1.3e-19 6072.6859 ‖ 5.3e-19
1140.6320 959.5663 ⊥ 3.1e-19 6359.0503 ‖ 1.1e-19
1140.6792 696.4339 ⊥ 2.7e-20 6042.0165 ‖ 2.8e-19
1140.6997 681.5026 ⊥ 6.8e-21 6023.6695 ‖ 2.9e-19
1140.7706 1065.8671 ⊥ 2.8e-19 6484.7191 ‖ 3.9e-20
1158.8655 790.8172 ⊥ 2.2e-19 6748.0585 ‖ 2.0e-19
1158.8848 867.3425 ⊥ 1.5e-19 6841.9437 ‖ 8.2e-20
1158.8875 730.9841 ⊥ 7.3e-20 6673.9742 ‖ 1.2e-19
1158.9289 685.1681 ⊥ 4.5e-20 6616.7879 ‖ 1.2e-19
1158.9758 964.0600 ⊥ 1.8e-19 6959.4111 ‖ 5.3e-20
1158.9850 651.9892 ⊥ 4.9e-20 6574.6673 ‖ 2.6e-19
1159.0258 628.5864 ⊥ 1.0e-20 6545.4309 ‖ 1.3e-19
1159.0473 615.0456 ⊥ 2.6e-21 6528.1959 ‖ 1.3e-19
1159.1800 1085.4985 ⊥ 3.2e-19 7105.3300 ‖ 4.0e-20
1176.9636 775.7261 ⊥ 6.0e-20 7318.4990 ‖ 4.6e-20
1176.9767 706.8979 ⊥ 8.4e-20 7231.3277 ‖ 1.0e-19
1177.0084 862.8099 ⊥ 8.1e-20 7427.5070 ‖ 3.8e-20
1177.0212 653.1278 ⊥ 2.7e-20 7162.4972 ‖ 5.4e-20
1177.0776 611.9772 ⊥ 1.6e-20 7109.3284 ‖ 5.6e-20
1177.1108 580.4775 ⊥ 1.7e-20 7069.1462 ‖ 1.1e-19
1177.1477 972.3013 ⊥ 1.9e-19 7562.8654 ‖ 5.0e-20
1177.1978 561.4592 ⊥ 3.6e-21 7043.1848 ‖ 5.5e-20
1177.4315 1109.5454 ⊥ 8.7e-20 7730.3501 ‖ 9.6e-21
1194.8679 686.4131 ⊥ 2.1e-20 7790.1177 ‖ 2.1e-20
1194.8697 763.9947 ⊥ 3.0e-20 7890.5869 ‖ 2.0e-20
1194.9111 625.1605 ⊥ 2.8e-20 7709.7126 ‖ 4.4e-20
1194.9479 861.6717 ⊥ 8.1e-20 8015.2658 ‖ 3.3e-20
1194.9762 577.3480 ⊥ 8.9e-21 7646.1710 ‖ 2.2e-20
1195.0464 540.7765 ⊥ 5.3e-21 7597.0436 ‖ 2.2e-20
1195.1336 515.3808 ⊥ 5.6e-21 7561.2578 ‖ 4.4e-20
1195.1464 984.3138 ⊥ 4.9e-20 8169.4783 ‖ 1.1e-20
1195.1930 496.3563 ⊥ 1.2e-21 7536.2875 ‖ 2.1e-20
1195.5251 1138.1722 ⊥ 4.5e-20 8360.0103 ‖ 4.4e-21
1212.5581 669.2437 ⊥ 9.8e-21 8350.0699 ‖ 8.4e-21
1212.5810 755.4456 ⊥ 2.8e-20 8464.1588 ‖ 1.6e-20
1212.5951 600.8666 ⊥ 6.6e-21 8258.0496 ‖ 8.5e-21
1212.6649 546.9373 ⊥ 8.6e-21 8184.3282 ‖ 1.7e-20
1212.7013 863.8601 ⊥ 1.9e-20 8605.1766 ‖ 6.8e-21
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Freq. Freq. Pola. Gm Freq. Pola. Gm
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1212.7480 504.8735 ⊥ 2.7e-21 8126.0032 ‖ 8.1e-21
1212.8300 472.7172 ⊥ 1.6e-21 8080.8596 ‖ 7.8e-21
1212.8633 446.5256 ⊥ 1.6e-21 8046.0571 ‖ 1.5e-20
1212.9709 1000.1505 ⊥ 2.3e-20 8779.3456 ‖ 4.7e-21
1213.4613 1171.5755 ⊥ 4.3e-20 8994.5770 ‖ 3.9e-21
1230.0439 655.1437 ⊥ 8.4e-21 8910.9435 ‖ 6.2e-21
1230.0694 579.8942 ⊥ 2.8e-21 8807.1629 ‖ 3.0e-21
1230.0949 749.9338 ⊥ 6.0e-21 9039.0803 ‖ 3.0e-21
1230.1397 520.2789 ⊥ 1.9e-21 8723.3469 ‖ 2.9e-21
1230.2321 473.3056 ⊥ 2.4e-21 8656.1027 ‖ 5.6e-21
1230.2667 869.3362 ⊥ 8.2e-21 9197.2232 ‖ 2.6e-21
1230.6204 1019.8937 ⊥ 2.0e-20 9392.5929 ‖ 3.8e-21
1247.3221 643.9029 ⊥ 1.7e-21 9472.5283 ‖ 1.1e-21
1247.3303 561.9381 ⊥ 2.2e-21 9356.7463 ‖ 2.1e-21
1247.4088 747.3440 ⊥ 2.4e-21 9615.2434 ‖ 1.1e-21
1247.6422 878.0883 ⊥ 6.6e-21 9791.4158 ‖ 1.9e-21

Table A.6: Laser lines of 15NH3 in competition for a given MIR pumping in the
ν2 band. These lines are reported with asterisk in the rest of the article.

IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

677.9835 960.4703 ⊥ 5.2e-21 8722.7820 ‖ 1.0e-21
679.5216 827.2044 ⊥ 3.8e-21 8551.2894 ‖ 1.3e-21
680.9893 721.4841 ⊥ 5.3e-21 8412.7001 ‖ 2.9e-21
682.3510 637.6352 ⊥ 1.8e-21 8300.7597 ‖ 1.5e-21
698.8593 945.4435 ⊥ 1.3e-20 8115.0170 ‖ 2.8e-21
700.1859 825.4977 ⊥ 1.9e-20 7963.2093 ‖ 7.4e-21
701.4363 730.2018 ⊥ 6.6e-21 7840.6877 ‖ 4.2e-21
702.5800 654.6790 ⊥ 4.5e-21 7742.1049 ‖ 4.4e-21
703.5964 595.1696 ⊥ 5.8e-21 7663.3095 ‖ 8.9e-21
704.4714 548.7980 ⊥ 1.8e-21 7601.1059 ‖ 4.4e-21
719.6587 934.1200 ⊥ 5.7e-20 7510.3917 ‖ 1.4e-20
720.7853 827.0081 ⊥ 2.1e-20 7377.1723 ‖ 9.8e-21
721.8312 742.0019 ⊥ 1.5e-20 7270.0567 ‖ 1.1e-20
722.7704 674.9452 ⊥ 2.0e-20 7184.5146 ‖ 2.4e-20
723.5852 622.6471 ⊥ 6.4e-21 7117.0472 ‖ 1.3e-20
724.2631 582.6811 ⊥ 3.8e-21 7064.9804 ‖ 1.3e-20
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

724.7878 552.1314 ⊥ 4.0e-21 7025.6923 ‖ 2.5e-20
740.3798 926.4495 ⊥ 6.1e-20 6908.8116 ‖ 1.8e-20
741.3189 831.8057 ⊥ 4.5e-20 6793.2227 ‖ 2.4e-20
742.1737 757.0629 ⊥ 6.3e-20 6700.9706 ‖ 5.8e-20
742.9225 698.7197 ⊥ 2.0e-20 6628.2622 ‖ 3.2e-20
743.5499 654.1073 ⊥ 1.2e-20 6572.1939 ‖ 3.3e-20
744.0483 621.8448 ⊥ 1.3e-20 6530.9238 ‖ 6.8e-20
744.4163 599.0989 ⊥ 2.8e-21 6502.3053 ‖ 3.4e-20
760.1956 1026.6663 ⊥ 1.4e-19 6434.0366 ‖ 2.0e-20
761.0208 922.4116 ⊥ 1.2e-19 6310.2136 ‖ 4.1e-20
761.7853 839.9900 ⊥ 1.8e-19 6211.4341 ‖ 1.1e-19
762.4634 775.5979 ⊥ 6.0e-20 6133.6230 ‖ 6.9e-20
763.0366 726.3306 ⊥ 3.6e-20 6073.6564 ‖ 7.7e-20
763.4871 689.5634 ⊥ 4.0e-20 6028.8830 ‖ 1.6e-19
763.8306 665.3558 ⊥ 8.5e-21 5998.7901 ‖ 8.5e-20
764.0287 650.8201 ⊥ 2.1e-21 5980.8113 ‖ 8.7e-20
780.9101 1011.9545 ⊥ 2.7e-19 5819.5382 ‖ 4.3e-20
781.5802 922.0162 ⊥ 4.4e-19 5714.5641 ‖ 1.8e-19
782.1839 851.6939 ⊥ 1.6e-19 5631.9086 ‖ 1.3e-19
782.7001 797.8583 ⊥ 9.9e-20 5568.2399 ‖ 1.6e-19
783.1148 758.3559 ⊥ 1.1e-19 5521.1737 ‖ 3.5e-19
783.4198 731.0736 ⊥ 2.4e-20 5488.6927 ‖ 1.9e-19
783.6022 715.1759 ⊥ 5.9e-21 5469.6489 ‖ 1.9e-19
801.5289 1001.3107 ⊥ 9.1e-19 5208.9842 ‖ 1.7e-19
802.0563 925.3043 ⊥ 3.6e-19 5121.8624 ‖ 1.8e-19
802.5137 867.0846 ⊥ 2.4e-19 5054.7805 ‖ 2.7e-19
802.8811 823.9835 ⊥ 2.8e-19 5004.9604 ‖ 6.5e-19
803.1579 794.7519 ⊥ 6.2e-20 4970.9484 ‖ 3.7e-19
803.3234 777.5447 ⊥ 1.5e-20 4950.9148 ‖ 3.9e-19
822.0498 994.6724 ⊥ 7.1e-19 4602.2531 ‖ 1.7e-19
822.4479 932.3515 ⊥ 5.4e-19 4532.1389 ‖ 3.6e-19
822.7744 886.4111 ⊥ 6.5e-19 4480.2496 ‖ 1.0e-18
823.0167 854.8450 ⊥ 1.5e-19 4444.5206 ‖ 6.3e-19
823.1646 836.4102 ⊥ 3.7e-20 4423.6044 ‖ 7.0e-19
842.4710 992.0120 ⊥ 1.0e-18 3999.2593 ‖ 3.1e-19
842.7529 943.2247 ⊥ 1.4e-18 3945.4198 ‖ 1.3e-18
842.9657 909.8183 ⊥ 3.3e-19 3908.4539 ‖ 9.3e-19
843.0961 890.2670 ⊥ 8.5e-20 3886.7909 ‖ 1.1e-18
862.7911 993.3404 ⊥ 2.5e-18 3399.9562 ‖ 1.1e-18
862.9735 958.2089 ⊥ 6.7e-19 3361.9305 ‖ 1.1e-18
863.0868 937.6801 ⊥ 1.8e-19 3339.6823 ‖ 1.5e-18
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

883.0085 998.6884 ⊥ 1.3e-18 2804.3225 ‖ 9.0e-19
883.1056 977.3450 ⊥ 3.8e-19 2781.6717 ‖ 1.7e-18
903.1219 1008.1427 ⊥ 7.7e-19 2212.3850 ‖ 1.4e-18
950.8697 832.0875 ‖ 9.9e-21 9141.3948 ⊥ 3.1e-21
951.6684 715.7032 ‖ 4.7e-21 8985.9593 ⊥ 2.3e-21
951.8915 960.4703 ‖ 4.7e-20 8722.7820 ⊥ 9.4e-21
952.4689 623.5677 ‖ 4.5e-21 8860.2390 ⊥ 3.2e-21
952.5630 827.2044 ‖ 2.2e-20 8551.2894 ⊥ 7.8e-21
953.2363 550.6156 ‖ 1.0e-21 8758.5710 ⊥ 1.1e-21
953.2677 721.4841 ‖ 2.1e-20 8412.7001 ⊥ 1.2e-20
953.5278 945.4435 ‖ 9.6e-20 8115.0170 ⊥ 2.2e-20
953.9629 637.6352 ‖ 4.9e-21 8300.7597 ⊥ 4.1e-21
954.1239 825.4977 ‖ 9.0e-20 7963.2093 ⊥ 3.6e-20
954.7365 730.2018 ‖ 2.1e-20 7840.6877 ⊥ 1.3e-20
955.0317 934.1200 ‖ 3.6e-19 7510.3917 ⊥ 9.2e-20
955.3295 654.6790 ‖ 9.5e-21 7742.1049 ⊥ 9.4e-21
955.5527 827.0081 ‖ 8.5e-20 7377.1723 ⊥ 3.9e-20
955.8772 595.1696 ‖ 8.2e-21 7663.3095 ⊥ 1.3e-20
956.0758 742.0019 ‖ 3.8e-20 7270.0567 ⊥ 2.9e-20
956.3615 548.7980 ‖ 1.6e-21 7601.1059 ⊥ 4.0e-21
956.4029 926.4495 ‖ 3.2e-19 6908.8116 ⊥ 9.2e-20
956.5704 674.9452 ‖ 3.3e-20 7184.5146 ⊥ 4.0e-20
956.8500 831.8057 ‖ 1.4e-19 6793.2227 ⊥ 7.7e-20
957.0148 622.6471 ‖ 6.6e-21 7117.0472 ⊥ 1.3e-20
957.2742 1026.6663 ‖ 1.1e-18 6434.0366 ⊥ 1.5e-19
957.2866 757.0629 ‖ 1.2e-19 6700.9706 ⊥ 1.1e-19
957.3935 582.6811 ‖ 2.3e-21 7064.9804 ⊥ 7.8e-21
957.6410 922.4116 ‖ 5.0e-19 6310.2136 ⊥ 1.7e-19
957.6577 552.1314 ‖ 1.3e-21 7025.6923 ⊥ 8.3e-21
957.6872 698.7197 ‖ 2.5e-20 6628.2622 ⊥ 3.8e-20
958.0161 839.9900 ‖ 4.3e-19 6211.4341 ⊥ 2.8e-19
958.0336 654.1073 ‖ 8.6e-21 6572.1939 ⊥ 2.3e-20
958.3339 621.8448 ‖ 4.9e-21 6530.9238 ⊥ 2.5e-20
958.3701 775.5979 ‖ 8.6e-20 6133.6230 ⊥ 1.0e-19
958.4344 1011.9545 ‖ 1.7e-18 5819.5382 ⊥ 2.7e-19
958.6817 726.3306 ‖ 3.0e-20 6073.6564 ⊥ 6.3e-20
958.7461 922.0162 ‖ 1.4e-18 5714.5641 ⊥ 5.8e-19
958.9207 689.5634 ‖ 1.7e-20 6028.8830 ⊥ 7.0e-20
959.0517 851.6939 ‖ 2.8e-19 5631.9086 ⊥ 2.3e-19
959.1319 665.3558 ‖ 1.5e-21 5998.7901 ⊥ 1.5e-20
959.3273 797.8583 ‖ 1.0e-19 5568.2399 ⊥ 1.6e-19
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

959.4609 1001.3107 ‖ 4.5e-18 5208.9842 ⊥ 8.6e-19
959.5625 758.3559 ‖ 5.6e-20 5521.1737 ⊥ 1.8e-19
959.7180 925.3043 ‖ 8.9e-19 5121.8624 ⊥ 4.5e-19
959.7310 731.0736 ‖ 5.0e-21 5488.6927 ⊥ 4.0e-20
959.9574 867.0846 ‖ 3.1e-19 5054.7805 ⊥ 3.4e-19
960.1544 823.9835 ‖ 1.7e-19 5004.9604 ⊥ 4.1e-19
960.3151 794.7519 ‖ 1.6e-20 4970.9484 ⊥ 9.4e-20
960.3530 994.6724 ‖ 2.7e-18 4602.2531 ⊥ 6.3e-19
960.5570 932.3515 ‖ 9.4e-19 4532.1389 ⊥ 6.3e-19
960.7353 886.4111 ‖ 5.3e-19 4480.2496 ⊥ 8.4e-19
960.8707 854.8450 ‖ 4.8e-20 4444.5206 ⊥ 2.0e-19
960.9555 836.4102 ‖ 2.8e-21 4423.6044 ⊥ 5.3e-20
961.1104 992.0120 ‖ 2.8e-18 3999.2593 ⊥ 8.4e-19
961.2619 943.2247 ‖ 1.6e-18 3945.4198 ⊥ 1.5e-18
961.3831 909.8183 ‖ 1.4e-19 3908.4539 ⊥ 4.0e-19
961.4586 890.2670 ‖ 8.3e-21 3886.7909 ⊥ 1.1e-19
961.7332 993.3404 ‖ 4.6e-18 3399.9562 ⊥ 2.0e-18
961.8378 958.2089 ‖ 4.2e-19 3361.9305 ⊥ 6.9e-19
961.9047 937.6801 ‖ 2.5e-20 3339.6823 ⊥ 2.1e-19
962.2208 998.6884 ‖ 1.3e-18 2804.3225 ⊥ 9.4e-19
962.2805 977.3450 ‖ 7.9e-20 2781.6717 ⊥ 3.6e-19
962.5738 1008.1427 ‖ 3.0e-19 2212.3850 ⊥ 5.4e-19

1002.2424 1008.1427 ⊥ 6.3e-19 2212.3850 ‖ 1.1e-18
1021.7011 998.6884 ⊥ 1.2e-18 2804.3225 ‖ 8.5e-19
1021.7324 977.3450 ⊥ 4.5e-19 2781.6717 ‖ 2.0e-18
1041.0083 993.3404 ⊥ 2.7e-18 3399.9562 ‖ 1.2e-18
1041.0501 958.2089 ⊥ 9.4e-19 3361.9305 ‖ 1.6e-18
1041.0795 937.6801 ⊥ 2.8e-19 3339.6823 ‖ 2.3e-18
1060.1621 992.0120 ⊥ 1.2e-18 3999.2593 ‖ 3.8e-19
1060.2039 943.2247 ⊥ 2.2e-18 3945.4198 ‖ 2.1e-18
1060.2474 909.8183 ⊥ 5.9e-19 3908.4539 ‖ 1.7e-18
1060.2765 890.2670 ⊥ 1.6e-19 3886.7909 ‖ 2.1e-18
1079.1614 994.6724 ⊥ 1.0e-18 4602.2531 ‖ 2.4e-19
1079.1963 932.3515 ⊥ 1.0e-18 4532.1389 ‖ 6.7e-19
1079.2443 886.4111 ⊥ 1.3e-18 4480.2496 ‖ 2.2e-18
1079.2881 854.8450 ⊥ 3.2e-19 4444.5206 ‖ 1.4e-18
1079.3180 836.4102 ⊥ 8.4e-20 4423.6044 ‖ 1.6e-18
1098.0049 1001.3107 ⊥ 1.5e-18 5208.9842 ‖ 2.8e-19
1098.0212 925.3043 ⊥ 7.8e-19 5121.8624 ‖ 3.9e-19
1098.0664 867.0846 ⊥ 5.9e-19 5054.7805 ‖ 6.4e-19
1098.1154 823.9835 ⊥ 7.0e-19 5004.9604 ‖ 1.7e-18
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

1098.1691 794.7519 ⊥ 1.6e-19 4970.9484 ‖ 9.6e-19
1098.2006 777.5447 ⊥ 4.1e-20 4950.9148 ‖ 1.0e-18
1116.6781 922.0162 ⊥ 1.1e-18 5714.5641 ‖ 4.4e-19
1116.6915 1011.9545 ⊥ 5.0e-19 5819.5382 ‖ 8.0e-20
1116.7134 851.6939 ⊥ 4.3e-19 5631.9086 ‖ 3.5e-19
1116.7710 797.8583 ⊥ 2.9e-19 5568.2399 ‖ 4.6e-19
1116.8358 758.3559 ⊥ 3.3e-19 5521.1737 ‖ 1.1e-18
1116.8881 731.0736 ⊥ 7.4e-20 5488.6927 ‖ 5.8e-19
1116.9215 715.1759 ⊥ 1.8e-20 5469.6489 ‖ 6.1e-19
1135.1653 922.4116 ⊥ 3.4e-19 6310.2136 ‖ 1.2e-19
1135.1821 839.9900 ⊥ 5.7e-19 6211.4341 ‖ 3.7e-19
1135.2204 1026.6663 ⊥ 3.1e-19 6434.0366 ‖ 4.3e-20
1135.2379 775.5979 ⊥ 2.0e-19 6133.6230 ‖ 2.3e-19
1135.3090 726.3306 ⊥ 1.3e-19 6073.6564 ‖ 2.7e-19
1135.3684 689.5634 ⊥ 1.4e-19 6028.8830 ‖ 5.9e-19
1135.4431 665.3558 ⊥ 3.1e-20 5998.7901 ‖ 3.1e-19
1135.4778 650.8201 ⊥ 7.6e-21 5980.8113 ‖ 3.2e-19
1153.4702 831.8057 ⊥ 1.7e-19 6793.2227 ‖ 9.0e-20
1153.4815 926.4495 ⊥ 2.0e-19 6908.8116 ‖ 5.9e-20
1153.5174 757.0629 ⊥ 2.5e-19 6700.9706 ‖ 2.3e-19
1153.5940 698.7197 ⊥ 8.3e-20 6628.2622 ‖ 1.3e-19
1153.6788 654.1073 ⊥ 5.1e-20 6572.1939 ‖ 1.4e-19
1153.7675 621.8448 ⊥ 5.5e-20 6530.9238 ‖ 2.9e-19
1153.8316 599.0989 ⊥ 1.2e-20 6502.3053 ‖ 1.5e-19
1153.8665 585.9483 ⊥ 2.9e-21 6485.4297 ‖ 1.5e-19
1171.5758 827.0081 ⊥ 9.1e-20 7377.1723 ‖ 4.2e-20
1171.6070 742.0019 ⊥ 6.8e-20 7270.0567 ‖ 5.1e-20
1171.6251 934.1200 ⊥ 2.2e-19 7510.3917 ‖ 5.5e-20
1171.6833 674.9452 ⊥ 9.4e-20 7184.5146 ‖ 1.1e-19
1171.7796 622.6471 ⊥ 3.0e-20 7117.0472 ‖ 6.0e-20
1171.8773 582.6811 ⊥ 1.8e-20 7064.9804 ‖ 6.1e-20
1171.9433 552.1314 ⊥ 1.9e-20 7025.6923 ‖ 1.2e-19
1189.4969 825.4977 ⊥ 9.1e-20 7963.2093 ‖ 3.6e-20
1189.5039 730.2018 ⊥ 3.4e-20 7840.6877 ‖ 2.2e-20
1189.5741 654.6790 ⊥ 2.4e-20 7742.1049 ‖ 2.4e-20
1189.5952 945.4435 ⊥ 5.5e-20 8115.0170 ‖ 1.2e-20
1189.6771 595.1696 ⊥ 3.2e-20 7663.3095 ‖ 4.9e-20
1189.7912 548.7980 ⊥ 1.0e-20 7601.1059 ‖ 2.5e-20
1207.2057 721.4841 ⊥ 3.2e-20 8412.7001 ‖ 1.8e-20
1207.2315 827.2044 ⊥ 2.1e-20 8551.2894 ‖ 7.5e-21
1207.2632 637.6352 ⊥ 1.1e-20 8300.7597 ‖ 9.3e-21
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IR pump THz freq.

Freq. Freq. Pola. Gm Freq. Pola. Gm
/ cm−1 / GHz / µg / GHz / µg

1207.3906 960.4703 ⊥ 2.6e-20 8722.7820 ‖ 5.2e-21
1224.7097 715.7032 ⊥ 6.8e-21 8985.9593 ‖ 3.3e-21
1224.7474 623.5677 ⊥ 9.5e-21 8860.2390 ‖ 6.9e-21
1224.7778 832.0875 ⊥ 9.3e-21 9141.3948 ‖ 2.9e-21
1224.8482 550.6156 ⊥ 3.2e-21 8758.5710 ‖ 3.4e-21
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[1] Cabezas, C.; Bermúdez, C.; Endo, Y.; Tercero, B.; Cernicharo, J. Rotational spec-

troscopy and astronomical search for glutaronitrile. Astronomy and Astrophysics 2020,

636, 4–9.

[2] Van Dishoeck, E. F. Astrochemistry of dust, ice and gas: Introduction and overview.

Faraday Discussions 2014, 168, 9–47.

[3] Endres, C. P.; Schlemmer, S.; Schilke, P.; Stutzki, J.; Müller, H. S. The Cologne

Database for Molecular Spectroscopy, CDMS, in the Virtual Atomic and Molecular

Data Centre, VAMDC. Journal of Molecular Spectroscopy 2016, 327, 95–104.

[4] McGuire, B. A.; Burkhardt, A. M.; Kalenskii, S.; Shingledecker, C. N.; Remi-

jan, A. J.; Herbst, E.; McCarthy, M. C. Detection of the aromatic molecule benzonitrile

(c−C6H5CN) in the interstellar medium. Science 2018, 359, 202–205.

[5] Le Petit, F.; Nehme, C.; Le Bourlot, J.; Roueff, E. A Model for Atomic and Molecular

Interstellar Gas: The Meudon PDR Code. The Astrophysical Journal Supplement Series

2006, 164, 506–529.

[6] Hollenbach, D.; Kaufman, M. J.; Neufeld, D.; Wolfire, M.; Goicoechea, J. R. The

141



chemistry of interstellar OH+, H2O+, and H3O+: Inferring the cosmic-ray ionization

rates from observations of molecular ions. Astrophysical Journal 2012, 754.
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