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Abstract

Identifying molecules in space to understand astrochemistry requires labora-
tory reference spectra. To obtain these, a chirped-pulse Fourier transform
(CPFT) spectrometer operating at millimetre waves (mmW) in the frequency
range around 100 GHz was used. To facilitate the acquisition of spectra, the in-
strument and data processing has been automatised using LabView™.
The automatised spectrometer was used in gas flow, supersonic jet and laser
ablation experiments with various test molecules. In gas flow experiments, the
properties of a spectrum of methanol (CH3OH) are analysed and the sensitivity
for naturally abundant isotopologues of acetonitrile (CH3CN) is demonstrated.
The temperature of molecules in supersonic jet experiments is estimated. In laser
ablation experiments with bismuth tribromide (BiBr3) optical excitation of the
jet correlated with line features in the mmW spectrum. However, further in-
vestigation and efforts are required to reliably combine laser ablation with the
CPFTmmW spectrometer.
It can be concluded that the automatisation of the CPFTmmW spectrometer with
LabView™ was successful. High-quality spectra were recorded automatically,
converted by fast Fourier transformation, frequency calibrated, and subspectra
were concatenated resulting in a broadband frequency domain mmW spectrum.
This can then further be analysed by the techniques of rotational spectroscopy.
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1. Introduction

For millennia humanity has gazed upon the night sky, wondering what is to be
found in those celestial spheres. Science has acquired a set of tools to investigate
the matter, enabling us to unravel the fabric of the universe. One such tool is
the Atacama Large Millimetre Array ALMA, a radio telescope interferometer
providing extensive spectra in the need to be interpreted. To shed light on the
origin of the signals, high-resolution spectroscopic experiments carried out at the
same frequencies in the laboratory can be used as a supporting reference. This
allows to identify molecules and evaluate their abundance in the investigated ar-
eas. With this approach millimetre and sub-millimetre investigations of molecular
lines using radio telescopes have helped to shape the concept of the interstellar
medium (ISM).1

Understanding a molecule means to determine its molecular parameters, which
requires spectroscopic methods. Different parts of the spectrum usually obtain
information on different properties, such as electronic, vibrational, or rotational
states. Millimetre wave (mmW) and microwave spectra usually show features of
rotational transitions and are therefore used for structure determination. Tak-
ing broadband spectra in these frequency regions with chirped pulse techniques
became feasible due to recent advances in fast digital electronics broadband
Fourier transform spectroscopy.2

Chirp technology is a powerful tool because it provides fast acquisition of broad-
band spectra with high sensitivity and high frequency resolution in the regime of
kHz.3 This allows to get an overview of the molecular features in the region of
investigation. Due to the fast acquisition many transitions can be investigated
simultaneously and the sample consumption is often reduced in comparison to

1Ziurys, “Millimeter and Submillimeter Wave Spectroscopy and Astrophysical Applications”,
2011, p. 939.

2Shipman and Pate, “New Techniques in Microwave Spectroscopy”, 2011.
3Park and Field, “Perspective: The first ten years of broadband chirped pulse Fourier trans-
form microwave spectroscopy”, 2016.
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1. Introduction

standard step-scan techniques. The chirped pulse technique also allows to sepa-
rately control bandwidth and pulse duration. Therefore, the frequency range of
the excitation and the energy delivered to the sample become decoupled.4

The efficient acquisition of mostly rotational spectra allows to advance in different
fields of spectroscopy.5 For example special techniques such as supersonic expan-
sion jets can be used to investigate gases at cold temperature with barely any
collisions between the gas particles. This resembles the conditions found in the
interstellar gas, which is cold and diffuse by terrestrial standards.6 But not only
thermodynamical conditions play an important role; also the synthesis of species
of astrophysical interest is relevant in this context. In space, because of the low
density, collisions seldomly occur and transient species may exist for comparably
long time. To detect new interstellar molecules, it is desirable to combine the
spectrometer with adequate production techniques required by these transient
molecules.7

This work provides insight into the automatisation of the chirped pulse Fourier
transform millimetre wave (CPFTmmW) spectrometer used at the Laboratory
Astrophysics group located in Kassel. The instrument is operated in different
setups to investigate various molecules. Gas flow experiments with methanol and
acetonitrile were conducted to demonstrate the spectrometer’s capabilities and
derive information on the sensitivity. In a next step, more elaborate molecule
production techniques have been tested. One approach involved heating of a
solid sample of glyceraldehyde (GA) to evaporate the material and investigate its
molecules in the gas phase. In another setup supersonic expansion jets allowed
to cool the molecular gas of propylene oxide (PO) far below the ambient temper-
ature. Finally, laser ablation experiments using bismuth tribromide (BiBr3) and
titanium were conducted in an effort to create transient molecules.
But first some insights are given into the principles and theory of rotational
molecular spectroscopy that is thus introduced in the next chapter.

4G. G. Brown et al., “A broadband Fourier transform microwave spectrometer based on
chirped pulse excitation”, 2008.

5Shipman and Pate, “New Techniques in Microwave Spectroscopy”, 2011.
6Ziurys, “Millimeter and Submillimeter Wave Spectroscopy and Astrophysical Applications”,
2011, p. 939.

7Ziurys, “Millimeter and Submillimeter Wave Spectroscopy and Astrophysical Applications”,
2011, p.946.
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2. Theory of Molecular
Spectroscopy

This chapter gives an overview on the physical principles and theory to facilitate
the understanding of the work done in the frame of this project.

2.1. Molecular Rotational Spectroscopy
At first the basic principles of molecular rotational spectroscopy are outlined.
This chapter is based on Spectra of Atoms and Molecules from P. Bernath,
especially chapter 6 Rotational Spectroscopy.8

Molecules are extended objects in space and therefore able to rotate. This ro-
tational movement can be described by classical mechanics. To start, it will be
described in the limit of the rigid rotor, before introducing centrifugal distortions.
Considerations on the light-matter interaction will be outlined.

2.1.1. Rigid Rotor9

A rigid body is an inelastic object. The origin of the coordinate system is placed
to coincide with the centre of mass. The angular velocity ω and the angular
momentum L are vectors related by the moment of inertia I. The latter can be
represented by a symmetric 3× 3 matrix.

L = Iω (1)

A molecule consists of multiple particles (identified by the subscript α) with mass
mα located at fixed positions rα relative to the origin in a Cartesian coordinate

8Bernath, Spectra of atoms and molecules, 2005, p. 161 et sqq.
9Based on section 6.1 Rotation of Rigid Bodies from Bernath, Spectra of atoms and molecules,
2005, pp. 161 - 169.
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2. Theory of Molecular Spectroscopy

system. To approximate the rigid body bond lengths are fixed and vibrations
ignored. The molecule rotates with angular velocity ω. The angular momentum
can then be given as

L =
∑
α

mαrα × (ω × rα)

=
∑
α

mα(ω(x2
α + y2

α + z2
α)− rα(xαωx + yαωy + zαωz)). (2)

The principal axis system (i.e., the moment of inertia tensor only has entries
along the main diagonal and is 0 otherwise) can be assumed to produce


Lx

Ly

Lz

 =


Ix 0 0
0 Iy 0
0 0 Iz



ωx

ωy

ωz

 (3)

with three principal moments of inertia Ix, Iy, Iz. The rotational kinetic Energy
Ek then takes the form

Ek = 1
2Ixω

2
x + 1

2Iyω
2
y + 1

2Izω
2
z

= L2
x

2Ix
+
L2
y

2Iy
+ L2

z

2Iz
(4)

While the origin of the coordinate system rests in the centre of mass of the
molecule, the direction of the axis is chosen by conventions. The z-axis always
points along the highest order axis of rotational symmetry, while the x-axis points
out of plane in case of a planar molecule. Furthermore, a scheme labelling axes
as a, b and c based on the magnitude of inertia, can be chosen to ensure that the
condition

IA ≤ IB ≤ IC (5)

holds. Based on the relations between the components of the moment of inertia
along each axis, molecules can be classified into one of the following five categories:

• Linear molecules, IA = 0; IB = IC

• Spherical tops, IA = IB = IC

• Prolate symmetric tops, IA < IB = IC

4



2.1. Molecular Rotational Spectroscopy

• Oblate symmetric tops, IA = IB < IC

• Asymmetric tops, IA < IB < IC

The classification eases the analysis of the spectra.

2.1.2. Diatomic and Linear Molecules10

For simplicity the unsophisticated case of a diatomic or rigid linear molecule with
no net orbital or spin angular momentum is investigated here.
When assuming atoms as point masses, in a linear molecule, such as a diatomic
one, the moment of inertia tensor can be reduced to a scalar since

Iz = 0 and Ix = Iy = I.

The scalar nature enables to calculate the moment of inertia for diatomic molecules
with the reduced mass constant µ, composed of the massesm1, m2 of the involved
atoms, and the equilibrium distance between the nuclei r.

µ = m1m2

m1 +m2

I = µr2 (6)

The rotational kinetic energy from equation (4) then becomes

Ek = 1
2Ixω

2
x + 1

2Iyω
2
y

= L2
x

2I +
L2
y

2I = L2

2I . (7)

L = Iω is then the total angular momentum of the diatomic or linear molecule ex-
clusive of nuclear spin. The rotational Hamiltonian operator for a linear molecule
in a field-free (isotropic) space can be given as

Ĥ = Ĵ2

2I (8)

10Based on section 6.2 Diatomic and Linear Molecules from Bernath, Spectra of atoms and
molecules, 2005, pp. 169 - 181.
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2. Theory of Molecular Spectroscopy

which can be solved using spherical harmonics (ΨLM = YJM) due to its isotropy.
The stationary Schrödinger equation for this case is

Ĵ2Ψ
2I = EΨ

= J(J + 1)~2Ψ
2I

= BJ(J + 1)Ψ. (9)

J = 0, 1, 2, ... is the rotational quantum number. The energy eigenvalue F (J)
becomes

F (J) = BJ(J + 1) (10)

with the rotational constant B. This can be expressed with the reduced mass
from equation (6).

B = ~2

2I

= ~2

2µr2 (11)

2.1.3. Selection Rules11

The transition dipole moment µ describes the displacement of a centre of mass
and the centre of charge within the molecule. It is a measure of the strength of
interaction between the molecule and the electromagnetic field. It therefore dom-
inates the formula for the intensity M (distinguished from the magnetic quantum
number M by plain, non-italic font) of a pure rotational transition.

M =
∫

ΨJ ′M ′µΨJMdτ (12)

The wavefunction ΨJM for a linear molecule can be given with the help of spher-
ical harmonics as:

ΨJM = YJM(θ, φ) = ΘJM(θ)e
iMφ

√
2π

(13)

11Based on Bernath, Spectra of atoms and molecules, 2005, p. 171 - 173.
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2.1. Molecular Rotational Spectroscopy

The electric dipole moment can only be oriented along the internuclear axis of
the molecule in the laboratory axis system. With ên being the respective unit
vector this results in

µ = µxê1 + µy ê2 + µz ê3

= µ0(sin(θ) cos(φ)ê1 + sin(θ) sin(φ)ê2 + cos(θ)ê3). (14)

Rewriting equation (12) creates

M = µ0

2π

(
ê1

2π∫
0

π∫
0

ΘJ ′M ′e
−iM ′φ sin(θ) cos(φ)ΘJMe

iMφ sin(θ)dθdφ

+ ê2

2π∫
0

π∫
0

ΘJ ′M ′e
−iM ′φ sin(θ) sin(φ)ΘJMe

iMφ sin(θ)dθdφ

+ ê3

2π∫
0

π∫
0

ΘJ ′M ′e
−iM ′φ cos(θ)ΘJMe

iMφ sin(θ)dθdφ
)
. (15)

A recursion relationship for the associated Legendre polynomials is employed
by

(2l + 1)zPm
l (z) = (l +m)Pm

l−1(z) + (l −m+ 1)Pm
l+1(z)

with z = cos θ.

Applying the equations

cosφ = (eiφ + e−iφ)/2
sinφ = (eiφ + e−iφ)/2i

ΘJM(θ) = NPm
l (cos θ)

yields the following selection rules:

∆M = 0,±1 and ∆J = ±1. (16)

Here, J is the angular momentum quantum number. The angular momentum
~J has 2J + 1 possible orientations. This is described by the magnetic quantum
number M , which is the projection of ~J onto Z in the laboratory frame.

7



2. Theory of Molecular Spectroscopy

The selection rules imply that transitions are only possible when they occur be-
tween two subsequent energy levels. They are furthermore only allowed if the
permanent dipole moment is not zero (µ0 6= 0). Considering solely one-photon
electric-dipole interactions, symmetric molecules may have no pure rotational
transitions. However, molecules without permanent dipole moment can still in-
teract with the electromagnetic field via magnetic-dipole interactions. Alterna-
tively they exhibit a displacement from the centre of mass in relation to the centre
of charge upon vibration, therefore inducing a dipole moment to allow for weak
rotational transitions.
When ∆J = +1, a transition is labelled to be in the P -Branch, while ∆J = −1
corresponds to the R-Branch. So far, no additional vibrational, orbital or spin
angular momenta are considered. Such an additional angular momentum also
allows Q-branch rotational transitions, i.e., ∆J = 0.

2.1.4. Light Matter Interaction12

Interaction between the electromagnetic field and the molecule mediated by the
dipole moment can be understood as an energy transfer. Absorption is the pro-
cess, when energy is transferred from the electromagnetic field to the rotation
of the molecule, i.e., the resulting state of the molecule is energetically higher.
Its reverse process is then labelled emission. By convention the process can be
indicated by arrows between two states, with the energy of a state indicated by
primes: J ′ corresponds to the upper state, while double primes J ′′ indicate the
lower state. Customarily upper states are written first. Therefore

J ′ ← J ′′ corresponds to absorption, while
J ′ → J ′′ is for emission. (17)

The intensity of the lines is determined by the transition dipole moment (as will
be discussed in chapter 2.1.9) and the population difference of the involved states,
which can be calculated from statistical thermodynamics for the case of thermal

12Based on Bernath, Spectra of atoms and molecules, 2005, p. 172, 173.
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2.1. Molecular Rotational Spectroscopy

equilibrium. The rotational partition function can be given as

qr =
∑
f

(2J + 1)e−BJ(J+1)/kBT ≈ kBT

σB
(18)

with the symmetry number σ = 2 for a symmetric or σ = 1 for a nonsymmetric
molecule, kB the Boltzmann constant and T the temperature. For simplicity
in this consideration only the ground vibrational and electronic states are pop-
ulated at temperature T . From a total concentration N of all molecules, the
concentration NJ of molecules in the rotational quantum number J becomes

NJ ≈ N(2J + 1)e
−BJ(J+1)/kBT

kBT/σB
. (19)

The population of a state therefore largely depends on the temperature.

2.1.5. Spectra of Diatomic and Linear Molecules13

Using the Schroedinger equation (9) and the selection rules from equation
(16) creates a set of states and possible transitions, which can be depicted in an
energy diagram as shown in figure 2.1.1.
In a spectroscopic experiment (a part of) the electromagnetic spectrum is scanned.
Either the absorption or the emission of the molecule is detected. For the former
the energy values needed for the transitions appear “missing” or as dips com-
pared to the reference spectrum, which is the (normalised) constant radiation
background. In case of emission the transitions appear as peaks respectively.
A transition in accordance with the selection rule ∆J = ±1 results in frequencies

νJ+1←J = F (J ′)− F (J ′′)
= B(J + 1)(J + 2)−BJ(J + 1)
= 2B(J + 1). (20)

From equation (20) and figure 2.1.1 a constant energy difference of 2B can be de-
rived. Lines in the respective absorption (or emission) spectrum therefore appear
evenly separated by the energy value 2B. An example of a hypothetical molecule
in the approximation of the rigid rotor is shown in figure 2.1.2.
13Based on Bernath, Spectra of atoms and molecules, 2005, p. 172 - 174.
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2. Theory of Molecular Spectroscopy

E J
12B 3

6B 2

2B 1

0B 0

6B

4B

2B

Figure 2.1.1.: Energy diagram showing the rotational transitions of a linear molecule.
The differences between the energy states, i.e., the energy of the cor-
responding transition are increments of 2B.14

2.1.6. Centrifugal Force15

When a molecule rotates, the particles are subject to centrifugal forces. The
approximation of the rigid rotor is no longer valid: The bonds between the atoms
distort to maintain an equilibrium between the centrifugal force and a restoring
force depending on the bond strength. For diatomic or linear molecules this
can be described by a Taylor series with an increasing amount of higher order
distortion corrections

F (J) = BJ(J + 1)−D[J(J + 1)]2 +H[J(J + 1)]3 + L[J(J + 1)]4 + ... (21)

The negative sign in the second term was chosen to make the centrifugal distortion
constant D a positive number. L and H are higher order correction terms.
In the case of a diatomic molecule the centrifugal distortion increases the space

14Inspired by Bernath, Spectra of atoms and molecules, 2005, p. 173, figure 6.13.
15Based on Centrifugal Distortion from Bernath, Spectra of atoms and molecules, 2005, pp.

174 - 177.
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2.1. Molecular Rotational Spectroscopy

between the nuclei. This in turn influences the effective rotational constant:

Beff = B −DJ(J + 1). (22)

When aborting the Taylor series from equation (21) after the second term, the
equation (20) can be modified to comprise centrifugal distortion and becomes:

νJ+1←J = F (J + 1)− F (J)
= 2B(J + 1)− 4D(J + 1)3

= 2
[
B − 2D(J + 1)2

]
(J + 1). (23)

The negative sign indicates that the centrifugal distortion term reduces the energy
separation for the transition. The spacing between the lines will consequently
always be smaller than 2B. With increasing J , lines will therefore appear closer
together. This effect is shown in figure 2.1.2 alongside the rotational spectrum of
a hypothetical rigid rotor.

2.1.7. Influence of Vibrational and Electronic States on the
Rotational Constants16

The rotational constant also depends on vibrational and electronic states: When
a molecule vibrates, the positions of the nuclei can be described by the Morse
potential. This means, that nuclei in a higher excited vibrational state will spend
more time at larger distances 〈r〉 (angle brackets indicate time average). Increas-
ing the vibrational quantum number v leads to an increase of 〈r〉, which creates
in turn a decreasing rotational constant compared to the rotational constant at
equilibrium Be as

Bv = h2

8π2µ

〈 1
r2

〉
. (24)

Parametrisation yields the following set of equations for the rotational constantB,
the centrifugal distortion coefficient D and the rotational energy level expressions
F in dependence of the vibrational quantum number v. Dots indicate higher order

16Based on Bernath, Spectra of atoms and molecules, 2005, pp. 175 - 177.
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2 4 6 8 10 12
Energy in units of B [kg m2

s2 ]

In
te

ns
ity

 [a
.u

.]

2B

excluding centrifugal distortion
including centrifugal distortion

Figure 2.1.2.: Spectrum predicted for a hypothetical molecule with B = 1 kg·m2

s2 and
D = 5·10−4 kg·m2

s2 . Orange lines indicate prediction not considering cen-
trifugal distortion while blue lines include centrifugal distortion effects.
Lines for the rigid rotor are evenly spaced at 2B, while according to
equation (23) the deviation from the rigid rotor caused by centrifugal
distortion increases for large J at higher frequencies. This Spectrum is
based on hypothetical molecular parameters for a diatomic molecule.

terms, which are neglected in this consideration.

Bv = Be − αe(v + 1
2) + γe(v + 1

2)2 + ...

Dv = De + βe(v + 1
2) + ...

Fv(J) = Bv(J + 1)−Dv(J(J + 1))2 + ... (25)

The expression for the transition frequency including the effects of centrifugal
distortion and the influence of the vibration onto rotational constants then be-
comes:

νJ+1←J = 2Bv(J + 1)− 4Dv(J + 1)3. (26)

12



2.1. Molecular Rotational Spectroscopy

2.1.8. Vibrational angular momentum17

When looking classically at a linear molecule, vibrations of nuclei in x− and y−
direction can be phased such that they execute circular motions about the z-axis.
Thus, degenerate vibrations can contribute to the angular momentum.18 These
motions become quantised, so only multiples of ~ can be realized. Therefore
a contribution to the total angular momentum Ĵ in a linear molecule is the
vibrational angular momentum l̂. It can be described by a new quantum number
l and takes the magnitude of ±|l|~. The double degeneracy of l is associated with
either clockwise or counterclockwise vibrational angular momentum.
The rotational R̂ and vibrational l̂ angular momenta couple to give the total
angular momentum

Ĵ = R̂ + l̂. (27)

Hence, the total angular momentum J can only take values of or larger than |l|.

2.1.9. Line Intensities19

Estimating the intensity of a line is essential for spectroscopy. Only when relative
intensities match between prediction and sample, a spectroscopist may assign
lines properly.
The transition dipole moment from equation (12) for a transition between two
quantum states |J ′M ′〉 ↔ |J ′′M ′′〉 with the dipole operator µ is

M = 〈J ′M ′|µ|J ′′M ′′〉. (28)

The integrals in equation (15) are evaluated separately. Considering suitable sets
of selection rules, spherical harmonics and associated Legendre polynomials

17Based on Vibrational Angular Momentum from Bernath, Spectra of atoms and molecules,
2005, pp. 177 - 181.

18See also Townes and Schawlow, Microwave spectroscopy, 2012, p.79-82.
19Based on Line Intensities for Diatomic and Linear Molecules from Bernath, Spectra of atoms

and molecules, 2005, pp. 182 - 184.
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2. Theory of Molecular Spectroscopy

leads the squared transition dipole moment magnitude to become

|M|2J+1←J,M = µ2
0(J + 1)

|M|2J+1→J,M = µ2
0(J + 1) (29)

for absorption and emission respectively. Including a lineshape function g(ν−ν10)
the Einstein A coefficient becomes

(AJ+1→J)ν = 16π3ν3µ2
0(J + 1)

3ε0hc3(2J + 3) g(ν − ν10) (30)

The absorption cross section σ can be given as

σJ+1←J = 2π2νµ2
0(J + 1)

3ε0hc(2J + 1) g(ν − ν10). (31)

With the help of the absorption cross section, the absorption coefficient α can be
calculated with

α = σ
(
N0 −N1

2J + 1
2J + 3

)
. (32)

For convenience N0 and N1 can be replaced with a total concentration N . Ex-
cluding vibrational or electronical degeneracy, a purely (2J + 1)-fold rotational
degeneracy of state J is assumed to give

N0 = PJN = N(2J + 1)e−EJ/kBT
q

. (33)

Inserting the partition function q = qel + qvib + qrot this yields

α = 2π2νµ2
0(J + 1)Ne−EJ/kBT

3ε0hcq
(
1− e−hν/kBT

)
g(ν − ν10). (34)

With this, Beer’s law including a stimulated emission correction can be given
as

I = I0e
−σ(N0−N1

2J+1
2J+3 )l = I0e

−αl. (35)

14



2.1. Molecular Rotational Spectroscopy

2.1.10. Describing Extended Molecules20

Molecules, that are neither diatomic nor linear can extend into all three space
dimensions. The classical energy for the rigid rotor is then given by

E = J2
a

2IA
+ J2

b

2IB
+ J2

c

2IC
, (36)

which results in the rigid asymmetric Hamiltonian operator

Ĥ = Ĵ2
a

2IA
+ Ĵ2

b

2IB
+ Ĵ2

c

2IC
. (37)

This can now be used to obtain energy level expressions for any molecule in
the boundaries of the rigid body approximation. Because symmetry eases the
analysis, symmetric tops are investigated before analysing the more general case
of asymmetric tops.

2.1.11. Symmetric Tops21

Symmetry facilitates the analysis of extended rotating bodies. Symmetric tops
can be classified into two groups depending on the distribution of moments of
inertia. Prolate tops with IB = IC and oblate tops with IA = IB. In the case of
a rigid body the classical energy-level expression, equation (36), becomes

Ep = J2
a

2IA
+ J2

b + J2
c

2IB
(prolate top) (38)

Eo = J2
a + J2

b

2IB
+ J2

c

2IC
(oblate top) (39)

In the following only the prolate symmetric top will be considered, as the deriva-
tion is analogous to the oblate top by interchanging the labels a and c. With

J2 = J2
a + J2

b + J2
c ⇔ J2 − J2

a = J2
b + J2

c

20Based on Bernath, Spectra of atoms and molecules, 2005, pp. 193 - 195.
21Based on section 6.4 Symmetric Tops from Bernath, Spectra of atoms and molecules, 2005,

pp. 185 - 193.
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2. Theory of Molecular Spectroscopy

equation (38) can be given as

E = 1
2IB

J2 +
( 1

2IA
1

2IB

)
J2
a , (40)

which enables to give the quantum mechanical Hamiltonian operator to equation
(40) as

Ĥ = 1
2IB

Ĵ2 +
( 1

2IA
1

2IB

)
Ĵ2
a . (41)

Two coordinate systems are used to describe rotation of molecules in space. The
space-fixed laboratory system is indicated by capital letters for the directional
axis: X, Y , Z; the molecular coordinate system by lower case letters: x, y, z
(a, b, c). Both have the centre of mass of the molecule as their origin. Their
orientation is described by Euler angles. θ and φ are the polar and azimuthal
angles of the molecular z-axis in the space-fixed system. χ corresponds to the
internal orientation of the molecule in relation to the molecular z-axis. Space-
fixed and molecular coordinate system relate via a transformation matrix S.

x

y

z

 =


ΦxX ΦxY ΦxZ

ΦyX ΦyY ΦyZ

ΦzX ΦzY ΦzZ



X

Y

Z

 = S


X

Y

Z

 (42)

S =


cos θ cosφ cosχ− sinφ sinχ cos θ sinφ cosχ+ cosφ sinχ − sin θ cosχ
− cos θ cosφ sinχ− sinφ sinχ − cos θ sinφ sinχ+ cosφ cosχ − sin θ sinχ

sin θ cosφ sin θ sinφ cos θ


(43)

Angular momenta measured in the molecular frame can be expressed as

Ĵx = ΦxX ĴX + ΦxY ĴY + ΦxZ ĴZ (44)
Ĵy = ΦyX ĴX + ΦyY ĴY + ΦyZ ĴZ (45)
Ĵz = ΦzX ĴX + ΦzY ĴY + ΦzZ ĴZ . (46)
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2.1. Molecular Rotational Spectroscopy

Combining the above equations and the elements of the transformation matrix
S, yields the following expressions:

Ĵx = −i~
(
− cosχ

sin θ
∂

∂φ
+ cosχ cos θ

sin θ
∂

∂χ
+ sinχ ∂

∂θ

)
(47)

Ĵy = −i~
(

sinχ
sin θ

∂

∂φ
− sinχ cos θ

sin θ
∂

∂χ
+ cosχ ∂

∂θ

)
(48)

Ĵz = −i~ ∂

∂χ
(49)

Written in the laboratory frame this results in:

Ĵx = −i~
(
− cosφ cos θ

sin θ
∂

∂φ
+ cosφ

sin θ
∂

∂χ
− sinφ ∂

∂θ

)
(50)

Ĵy = −i~
(

sinφ cos θ
sin θ

∂

∂φ
− sinφ

sin θ
∂

∂χ
+ cosφ ∂

∂θ

)
(51)

Ĵz = −i~ ∂

∂χ
(52)

With the symmetric top Hamiltonian operator from equation (41) a set of simul-
taneous eigenfunctions results from the commutation of Ĵ2, ĴZ and Ĵz.

Ĥ | JKM〉 = E | JKM〉 (53)
Ĵ2 | JKM〉 = J(J + 1)~2 | JKM〉 (54)
ĴZ | JKM〉 = MJ~ | JKM〉 (55)
Ĵz | JKM〉 = K~ | JKM〉 (56)

When Ĵ is projected along the molecular z-axis, the resulting vector is K~.
Raising operators (indicated by a negative sign (-)) and lowering operators (pos-
itive sign (+)) can be defined as Ĵ+ = Ĵx + iĴy and Ĵ− = Ĵx − iĴy. The sign
in the superscript designates the molecular frame, while a subscript represents
the laboratory frame. Raising and lowering operators affect the symmetric top

17



2. Theory of Molecular Spectroscopy

eigenfunctions as following:

Ĵ+ = ~
√
J(J + 1)−M(M + 1) | JKM + 1〉 (57)

Ĵ− = ~
√
J(J + 1)−M(M − 1) | JKM − 1〉 (58)

Ĵ+ = ~
√
J(J + 1)−K(K − 1) | JK − 1M〉 (59)

Ĵ− = ~
√
J(J + 1)−K(K + 1) | JK + 1M〉 (60)

With the symmetric top Hamiltonian operator, equation ( 41), the Schrödinger
equation can be solved using the symmetric top wavefunction.

ĤψJKM =
( 1

2IB
Ĵ2 +

( 1
2IA

1
2IB

)
Ĵ2
a

)
| JKM〉

=
(

~2

2IB
J(J + 1) +

(
~2

2IA
~2

2IB

)
K2
)
| JKM〉 (prolate top) (61)

ĤψJKM =
( 1

2IB
Ĵ2 +

( 1
2IC

1
2IB

)
Ĵ2
c

)
| JKM〉

=
(

~2

2IB
J(J + 1) +

(
~2

2IC
~2

2IB

)
K2
)
| JKM〉 (oblate top) (62)

This leads to the energy expressions:

EJKa = BJ(J + 1) + (A−B)K2
a (prolate top) (63)

EJKc = BJ(J + 1) + (C −B)K2
c (oblate top) (64)

with the rotational constants

A = ~2

2IA
, B = ~2

2IB
, C = ~2

2IC
. (65)

M does not appear in the formulae for the energy-level expression. The 2J + 1
degeneracy therefore remains. With 2J+1 possible values forK the degeneracy is
lifted, but states in ±K still have the same energy due to the square. The twofold
degeneracy can be understood as the equal amount of energy in clockwise and
counterclockwise rotation.
Applying selection rules allows to determine spectra. The selection rules are

∆J = ±1, ∆M = 0,±1 and ∆K = 0. (66)
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2.1. Molecular Rotational Spectroscopy

In consequence, all transitions are confined to a respective K-ladder. This is
indicated by grey arrows in figure 2.1.3.

νJ+1,K←J,K = 2B(J + 1) (67)

Including the centrifugal distortion effects the energy levels can be described as

F (J,K) = BJ(J + 1)−DJ(J(J + 1))2 + (A−B)K2 −DKK
4 −DJKJ(J + 1)K2

(68)

with the centrifugal distortion constants DJ , DK , and DJK . The transition fre-
quencies can be calculated with

νJ+1,K←J,K = F (J + 1, K)− F (J,K)
= 2B(J + 1)− 4DJ(J + 1)3 − 2DJK(J + 1)K2 (69)

The corresponding energy-level diagram for a prolate and an oblate symmetric top
molecule and their allowed electric dipole transitions is shown in figure 2.1.3. Note
that the shift in the energy levels with increasing K is caused by the centrifugal
distortion.
The line intensity can be estimated with the dipole moment µ0 and the selection
rules ∆J = ±1, ∆K = 0 with the expressions:

SJ+1,K←J,K = µ2
0
(J + 1)2 −K2

J + 1 and SJ−1,K←J,K = µ2
0
J2 −K2

J
. (70)

These factors are further complicated by various effects including nuclear spin
statistics and are usually given as Hönl-London factors in tabularly form, e.g.
table 9.4 in Bernaths Spectra of atoms and molecules22.

22Bernath, Spectra of atoms and molecules, 2005, p. 335.
23Inspired by Bernath, Spectra of atoms and molecules, 2005, p. 191, figures 6.29 and 6.30.
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Figure 2.1.3.: Energy diagram showing the rotational transitions of prolate and oblate
symmetric top molecules. Allowed electric dipole transitions are indi-
cated by grey arrows. The numbers to the left of the energy levels
indicate the rotational quantum number J .23

2.1.12. Asymmetric Tops24

For asymmetric tops, because IA 6= IB 6= IC , symmetry does not ease the analysis.
Numerical solving is needed as general analytical solutions are not available. But
the results from the symmetric top can be used, because the asymmetric top can
be viewed as the blend between the limits of an oblate and a prolate symmetric
top. That property is quantified by Ray’s asymmetry parameter κ.

κ = 2B − A− C
A− C

(71)

κ = −1 represents a prolate symmetric top and κ = +1 an oblate symmetric top.
In figure 2.1.4 the energy levels for both extremes and their blend in the form of
the asymmetric top is shown. This allows to label the individual energy states,
depending on the good quantum number J and the labels Ka and Kc. The latter

24Based on section 6.5 Asymmetric Tops from Bernath, Spectra of atoms and molecules, 2005,
pp. 193 - 198.
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qualify as good quantum numbers in the prolate or oblate symmetric top limits
and enable labelling a specific energy level for the asymmetric top.
In an approximation, the wavefunction of an asymmetric top is given by26

prolate top
κ = +1

oblate top
κ = −1

JKaKc

E

J = 0 Ka = 0
000

Kc = 0 J = 0

J = 1
Ka = 1
Ka = 0

110

111

101

Kc = 0
Kc = 1 J = 1

J = 2
Ka = 2
Ka = 1
Ka = 0 220

221

211

212

202

Kc = 2
Kc = 1
Kc = 0

J = 2

Figure 2.1.4.: Correlation diagram for labelling asymmetric top energy levels. Levels
are not to scale. Lines connecting the energy levels are hypothetical
distortions of the molecule.25

ΨJKaKcM =
∑
K

aJKΨJKM (72)

with the wavefunction ΨJK of an prolate or oblate symmetric top (depending on
what describes the molecule the best) and a numerical parameter aJK , describing
the probability of rotation with angular momenta J and K.
Selection rules can be derived from symmetry and parity considerations as done in
Townes and Schawlow, Microwave spectroscopy, 2012, pp. 18 - 24. The selection

25Inspired by Bernath, Spectra of atoms and molecules, 2005, p. 195, figure 6.33.
26Townes and Schawlow, Microwave spectroscopy, 2012, p. 95, 96.
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rules are27

∆J = 0,±1 and ∆M = 0,±1. (73)

The asymmetric top allows three types of transitions depending on the direction
of nonvanishing dipole transition moments µa, µb or µc. The selection rules for
each type are depicted in table 2.1. For low symmetry molecules transitions of
all three types can occur together.28

Table 2.1.: Selection rules for a, b and c type asymmetric tops. In brackets weak
allowed transitions are shown.

Type of transition ∆Ka ∆Kc

a (µa 6= 0) 0 (±2, ±4, ...) ±1 (±3, ±5, ...)
b (µb 6= 0) ±1 (±3, ±5, ...) ±1 (±3, ±5, ...)
c (µc 6= 0) ±1 (±3, ±5, ...) 0 (±2, ±4, ...)

2.1.13. Internal rotation

The structure of some molecules allows interactions between subgroups enabling
movements called internal rotations. As the system can tunnel between the states,
tunnel-splitting of states is observed. Therefore, hindered internal rotation or tor-
sion significantly increase the complexity of the rotational spectrum as additional
energy levels are generated and density of states can be high, due to generation
of avoided crossings and mixing between ground and low lying excited torsional
states.29 Internal rotation is therefore only mentioned here for completeness.

2.2. Line Shapes and Broadening
Features in a spectrum created by interaction of radiation with matter are called
lines. In the following sections a selection of effects are discussed, which influence
the shape of these lines. The whole section is based on Bernath, Spectra of atoms
and molecules, 2005, pp. 21 - 34.
27Bernath, Spectra of atoms and molecules, 2005, p. 195.
28Bernath, Spectra of atoms and molecules, 2005, p. 196, 197.
29Ziurys, “Millimeter and Submillimeter Wave Spectroscopy and Astrophysical Applications”,

2011, p. 949.
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2.2. Line Shapes and Broadening

2.2.1. Lorentzian Line Shape30

Assuming instantaneous emission, the lines would have the shape of a Dirac
delta function δ(ν − ν10). Due to the finite lifetime of an excited state, this line
gets naturally broadened.
Given a two level system to be excited into a superposition, e.g. by interaction
with electromagnetic radiation, the dipole moment M of the system oscillates
with the Bohr angular frequency ω10 as M(t) = 2aµ10 cos(ω10t), with a real
number a to represent the amplitude, the pulsatance ω and time t. When the
population of the excited state decays, the amplitude of this oscillation is damped
by an enveloping exponential function with the parameter γ.

M(t) = M0e
−γt/2 cos(ω10t) (74)

This time-domain consideration can be analysed with help of Fourier transfor-
mations.

F (ω) =
∞∫
−∞

f(t)e−iωtdt (75)

The inverse Fourier transform can be given as

f(t) = 1
2π

∞∫
−∞

F (ω)eiωtdω, (76)

which implies that the sum or integral over plane waves eiωt with amplitude F (ω)
produces any arbitrary waveform f(t).
For a decay beginning at t = 0 and approximating the non-resonant term to be
negligible, the Fourier transform of the time dependent part of equation (74)
becomes

F (ω) =
∞∫
−∞

e−γt/2 cos(ω10t)e−iωtdt

≈ 1
2

1
γ/2 + i(ω − ω10) . (77)

30Based on the subsections Lineshape Functions and Natural Lifetime Broadening from
Bernath, Spectra of atoms and molecules, 2005, pp. 21 - 27.
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Semiclassically, radiation of power of an oscillating dipole moment occurs at a rate
proportional to |µ10|2. The lineshape function therefore becomes an unnormalized
Lorentzian.

|F (ω)|2 = 1
4

1
(γ/2)2 + (ω − ω10)2 (78)

With the requirement for normalization
∫∞
−∞ g(ω − ω10)dω = 1 equation (78) is

transformed into a normalized Lorentzian of finite width.

g(ω − ω0) = γ

(γ/2)2 + (ω − ω10)2 . (79)

The parameter γ can be interpreted as the full width at half maximum (FWHM)
of the line feature, as γ = 1

τsp
(index sp represents spontaneous).

2.2.2. Pressure Broadening31

Pressure broadening depends on the intermolecular potential of the involved col-
liding particles. It therefore is an elaborate topic, that shall not be discussed in
detail here. Instead, only a simplified model explains the general concept.
The pressure p inside a closed volume is a measure for frequency at which parti-
cles collide, as its reciprocal is proportional to the average time T between two
collisions.

p ∝ 1
T

(80)

Collisions between particles can alter or interrupt the oscillation of the dipole
moment discussed above. The oscillation cosine is then broken into several pieces
with an average length T . Applying a Fourier transformation results in a
Lorentzian with a width given by

∆ν1/2 = 1
πT

,

= bp (81)

31Based on subsection Pressure Broadening from Bernath, Spectra of atoms and molecules,
2005, pp. 27, 28.
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with the pressure broadening coefficient b. Pressure broadening is a homogeneous
broadening, as all molecules within the sample volume experience the same pres-
sure (the same amount of collisions) and hence have identical lineshape functions.

2.2.3. Doppler Effect32

The influence of the Doppler effect causes lines to appear shifted in frequency,
depending on the molecules’ relative velocity towards or away from the radiation.
Many particles with a Maxwell-Boltzmann distribution of velocity compo-
nents contribute to a broadening of the originally homogeneously broadened line
as can be seen in figure 2.2.1.

g( 0) = gI( ′
0 0)gH( ′

0)d ′
0

gH( ′
0) = ( /2)2 + 4 2( 10)2

0′
0

Figure 2.2.1.: The emission of a molecule with a certain velocity component results
in a homogenous Lorentzian lineshape (blue). Molecules of multiple
velocity components in the gas then convolve with an inhomogeneous
Gaussian lineshape to a Voigt profile (orange). This is due to the
Doppler effect and therefore called Doppler broadening.33

32Based on subsection Doppler broadening from Bernath, Spectra of atoms and molecules,
2005, pp. 28 - 31.

33Inspired by Bernath, Spectra of atoms and molecules, 2005, p. 29. Figure reproduced with
Python.
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Therefore, Doppler broadening is the result of a convolution of homogeneously
broadened lines gH discussed in the previous chapters with an inhomogeneous
function gI . The total lineshape function is described by the expression

g(ν − ν0) =
∞∫
−∞

gI(ν ′0 − ν0)gH(ν − ν ′0)dν ′0. (82)

As gH is commonly a Lorentzian while gI is composed of a Gaussian function,
the convolution is referred to as a Voigt profile. The resulting lineshape can
be thought of as a superposition of Lorentzian responses due to each velocity
group of a Gaussian velocity distribution.34 As the result is an inhomogeneous
lineshape again, Doppler broadening is considered an inhomogeneous broaden-
ing effect.
The electromagnetic wave vector in the particle-fixed coordinate system gets elon-
gated or compressed due to the movement of the particle. The movement creates
either a blue shift, i.e., an increase of frequency in the case of a movement towards
the detector; or a red shift, i.e., a decrease of frequency in case of a movement
away from the detector. Considering a wave vector component k of electromag-
netic radiation parallel to the velocity component v of the moving particle, the
frequency shift can be expressed as

ν ′ = ν

(
1− vk

c|k|

)
, (83)

neglecting relativistic second order effects. This causes spectra of particles at
different velocities to differ slightly in frequency position. The distribution of
velocity components in a gaseous system at equilibrium with no net flux is given
by the Maxwell-Boltzmann distribution function

pvdv =
(

m

2πkBT

) 1
2
e−mv

2/2kBTdv (84)

with particle mass m, the Boltzmann constant kB and temperature T . By
taking the differential of equation (83) dν = (c/ν0)dν ′0 is obtained. This inserted
to equation (84) results in the normalized inhomogeneous lineshape function for

34Grabow, “Fourier Transform Microwave Spectroscopy Measurement and Instrumentation”,
2011.
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2.2. Line Shapes and Broadening

Doppler broadening.

gD(ν − ν0) = 1
ν0

(
mc2

2πkBT
e−mc

2(ν−ν0)2/2kBTν2
0

)
(85)

The FWHM ∆νD is accordingly

∆ν = 2ν0

√
2kBT ln(2)

mc2 . (86)

Doppler broadening can usually be neglected when considering low frequen-
cies. In a reasonable approximation considering the ”antiresonant“ term, lines
can be described with the Van Vleck-Weisskopf function in good agreement
with experimental observations of rotational transitions in the microwave spectral
region:35

g(ν − ν10) = ν

πν10

(
∆ν/2

(∆ν/2)2 + (ν − ν10)2 + ∆ν/2
(∆ν/2)2 + (ν + ν10)2

)
(87)

35Bernath, Spectra of atoms and molecules, 2005, p. 184.
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3. Automatisation of a CPFTmmW
spectrometer

This chapter provides an overview on the used devices and their interaction creat-
ing a chirped pulse Fourier transform spectrometer operating in the millimetre
wave regime. The automatisation is the main part of this work. To facilitate the
understanding of the functionality the spectrometer and its parts are presented
in short. More details can be found in the PhD thesis of Pascal Stahl36. Em-
phasis is then put on the aspect of automatisation of the measurement process
using a LabView™ program.

3.1. Experimental Setup

This section introduces the components. It gives insight to the setup automatised
and used in the frame of this work. Although various arrangements were realised,
the general configuration of the spectrometer was the same. A schematic overview
of the spectrometer setup is shown in figure 3.1.1.

Figure 3.1.1.: Schematic setup of the spectrometer.

36Stahl, “PhD thesis: in preparation; Title pending”, 2022.
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3.1. Experimental Setup

The spectrometer is composed of four main parts:

• The generation arm is responsible for the emission of the excitation pulse
(chirp).

• The interaction volume produces or holds sample molecules and therefore
allows for light-matter interactions.

• The receiver arm detects the signal emitted by the sample molecules in the
interaction volume.

• The control devices are the human interface devices and provide the infras-
tructure for controlling and synchronising the setup as well as data handling
and storage.

An overview on the specific devices and their specifications is given in Appendix B
Setup Components.

3.1.1. Control Devices

The control devices consist of a personal computer (PC) as the main human in-
teraction interface; a trigger box (9520 Digital Delay Pulse Generator
from Quantum Composers Inc.) to set devices into action with the proper
timing, also subject to human interaction; and a 10 MHz Rubidium reference
clock (Streamline 501-04609A from Wenzel Associates Inc.) to achieve
high precision phase stable synchronisation of the setup. The PC runs a Lab-
View™ program for measurement automatisation. More details can be found in
section 3.2 LabView Programming.

3.1.2. Generation Arm

The generation arm is placed in front of the interaction volume and handles the
generation of the excitation pulse. It consists of the arbitrary waveform generator
(AWG) and the amplifier multiplier chain (AMC) with an attached horn antenna.

3.1.2.1. Arbitrary Waveform Generator

The AWG is able to convert received input data to sample an analogue signal of
arbitrary waveforms via digital-to-analog-converters (DACs). The setup uses the
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3. Automatisation of a CPFTmmW spectrometer

Keysight M8190A. The AWG produces output in two channels with a peak-to-
peak power between 200 and 2000 mV. The maximum sampling rate is 12 GHz.37

According to the Nyquist-Shannon38 theorem, signals up to a frequency of
6 GHz can be generated. The signal of one channel is used for the excitation
pulse generation (chirp); the other one is used for signal retrieval by heterodyne
mixing in the receiver arm.

3.1.2.2. Amplifier Multiplier Chain

The AMC is able to further up-convert the frequency and simultaneously amplify
the signal amplitude to the desired output power. It is equipped with a WR10.0
horn antenna to emit the radiation as an electro-magnetic (EM) wave into the
interaction volume. In the frame of this work, two different AMCs were used.
Their properties and abilities are shortly outlined here.

Standard AMC
The AMC467 from Virginia Diodes was used mainly for testing of the setup.
It is specified to operate in the range 75 - 110 GHz.39

High Power AMC
The AMC672 from Virginia Diodes is referred to as the High Power AMC
(HPAMC), due to its ability to emit radiation with a peak power of 1 W. It is
specified to operate in the range of 100 - 110 GHz40, but was used up to 112.5 GHz.
As long as not stated otherwise, the HPAMC was used.

3.1.3. Receiver Arm

The receiver arm deals with the reception of the molecular emission signal. This
is referred to as the free induction decay (FID). The receiver arm is placed behind
37Keysight Technologies, M8190A Arbitrary Waveform Generator: 12 GSa/s Arbitrary Wave-

form Generator: Data Sheet, 2021.
38See National Instruments Corp., Erfassen von Analogsignalen: Bandbreite, Nyquist-

Abtasttheorem und Alias-Effekt, 2019;
for original publications see Shannon, “Communication in the Presence of Noise”, 1949
and Nyquist, “Certain topics in telegraph transmission theory”, 2002

39Virginia Diodes, Inc., WR8.0AMC-I Specifications: Data Sheet.
40Virginia Diodes, Inc., AMC672 105 GHz: User Guide.
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3.1. Experimental Setup

the sample interaction volume and consists of a WR10.0 horn antenna, a switch,
low noise amplifiers (LNA), a heterodyne mixAMC, a bandpass filter and the
oscilloscope.
The horn antenna collects and guides the radiation towards the detector. The
switch blocks the strong radiation from the excitation chirp to protect the sen-
sitive detector electronics. It opens as soon as this has passed to allow for the
molecular emission signal to propagate.
The LNAs enhance the signal for easier detectability. The heterodyne mixAMC
allows to convert frequencies to a detectable range, while harmonics of this pro-
cess need to be filtered out by a bandpass filter. This process is described in the
following.

Heterodyne Mixing
The FID signal emitted by the molecules is about 100 GHz in the experiments in
the frame of this work. This is too fast for most electronics to detect. Heterodyne
mixing can be used to shift the frequency of the molecular signal to a detectable
range. The principle of heterodyne mixing is therefore explained here on basis of
“Technische Grundlagen der Radioastonomie”41.
Upon mixing, two frequencies are superimposed. This can happen in any device
with a non-linear current-voltage characteristic. Small modulations δU around a
constant bias voltage U0 can be described by a Taylor series:

I(U0 + δU) = I(U0) + dI

dU
δU + 1

2
d2I

dU2 (δU)2 + 1
6
d3I

dU3 (δU)3 + . . . (88)

which can be equivalently written as

I(U0 + δU) = k0 + k1δU + k2δU
2 + k3δU

3 + . . . (89)

For mixing, the quadratic term is important. The modulation δU is caused by
the signal frequency fS = ωS

2π and the frequency of the local oscillator fLO = ωLO
2π :

δU = A sin(ωLOt) +B sin(ωSt) (90)

41Hachenberg and Vowinkel, Technische Grundlagen der Radioastronomie, 1982, p. 167, 168.
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3. Automatisation of a CPFTmmW spectrometer

The trigonometric identity42 sin θ1 · sin θ2 = 1
2 cos(θ1− θ2)− 1

2 cos(θ1 + θ2) can be
used to insert equation (90) into (89) to produce:

I =k0 +

original
frequencies︷ ︸︸ ︷

k1(A sin(ωLOt) +B sin(ωSt)) +

rectified
current︷ ︸︸ ︷

k2

(
A2

2 + B2

2

)

− k2

(
A2

2 cos(2ωLOt) + B2

2 cos(2ωSt)
)

→ higher
harmonicals

+ k2(AB cos[(ωLO − ωS)t]︸ ︷︷ ︸
difference
frequency

− k2(AB cos[(ωLO + ωS)t]︸ ︷︷ ︸
sum

frequency

+ . . . (91)

The main contributions, apart from the original frequencies, lie at two positions
with the frequencies |fLO ± fS|. With a bandpass filter the lower (|fLO − fS|)
frequency can then be selected to yield a signal that is detectable by the oscil-
loscope, which acquires a single or multiple instances of the FID signal. This is
then either stored as a dataset to be used later for data processing on a PC or
processed onboard to display a Fourier transformed spectrum directly.

3.1.4. Interaction Volume

The interaction volume provides space for molecules of interest to interact with ra-
diation. Usually it is a vacuum chamber designed to enable (transient) molecules
to exist or be created locally and to allow for interaction with the excitation pulse
as well as collimation of the molecular signal.
Adjusting the pressure inside a vacuum chamber correctly is crucial for a success-
ful emission measurement. Two physical effects have to be balanced. When the
pressure is high, intermolecular collisions will result in pressure broadening of the
molecular lines as stated in section 2.2.2 Pressure Broadening. For an even higher
pressure the collisions will destroy any coherence due to the fast relaxation pro-
cesses. The signal of the molecules of interest will then eventually vanish. When
the pressure is too low on the other hand, too few molecules may be available in
the sample volume for an effective light-matter interaction. The signal then may
become too weak to detect. A balance has to be found between these extrema.
Therefore adjusting the pressure properly is already a delicate task assuming
42See Bronstein et al., Teubner-Taschenbuch der Mathematik, 2009, p. 61.
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that only the desired species is present in the sample volume. However, vacuum
systems are prone to a number of sources of undesired molecules. These can be
caused by leakage, as every part of the system may allow molecules from the en-
vironment to diffuse into the chamber, or evaporation of residual gases stuck on
the wall after opening the system, or due to contamination with sample molecules
from previous measurements. It is crucial to reduce the risk of leakage, working
cleanly especially when exposing the interior of the chamber to the atmosphere
and thoroughly pump residual gases from previous measurements. However, con-
tamination cannot always be fully avoided.
The pressure therefore is a delicate parameter in gas flow experiments, but even
more so in jet-spectroscopy measurements, as it may compromise the stability
of the jet formation. When the pressure varies during the acquisition, different
parts of the spectrum may be taken at different conditions in the interaction
volume. Therefore, they are not comparable as line-widths or intensities may be
altered. It is therefore the aim of the experimenter to keep constant pressure
settings during the whole measurement.
In the frame of this work two distinctively different interaction volumes were
used. The first is a simple vacuum chamber (or gas flow cell) designed to hold
in-stock molecules evaporating from either a liquid or solid source. The second
is a chamber holding a laser ablation source for direct creation of molecules from
solid samples and nozzle gases. The latter will be referred to by the acronym
SuJeSTA (Supersonic Jet Spectrometer for Terahertz Applications). Both
systems will be discussed in the following sections.

3.1.5. Vacuum Chamber

A vacuum chamber was constructed from a 1.36 m long pipe vacuum piece con-
nected to a T-piece on one side and a double-cross on the other side. The sides of
these pieces opposite to the connection to the pipe were closed with polytetraflu-
orethylene pipe windows to allow propagation of radiation. The T-piece allowed
to attach a turbo-molecular pump preceded by a rotary vane pump to enable
evacuation of the cell. A manometer was placed at the connection between turbo
and rotary pump. The double-cross section was closed with a blind flange on two
sides and contained a viewing glass on top for visual support of the measurement.
The flange mounted at the bottom hosted the molecular sources. A valve allowed
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3. Automatisation of a CPFTmmW spectrometer

to let in gases of interest by evaporating from a liquid source in a flask through
a needle valve. Additionally, a heatable stainless steel crucible holder containing
a low round zirconia crucible (product LR52Z from Almath crucibles Ltd)
was mounted to the flange. This allowed to heat up solid samples placed into
the crucible to ≈ 620 K and eventually evaporate them. The system therefore
enabled gas phase spectroscopy of a broad range of materials initially in the solid
or liquid phase.
However, the system is limited to stable molecules in laboratory conditions. They
are mostly well investigated. Transient molecules or exotic conditions need to be
created artificially, which was done in SuJeSTA.

3.1.6. Setup of SuJeSTA

SuJeSTA is an experimental set up, combining a vacuum chamber as the interac-
tion volume with a molecular source and a multipass reflection cell. The molecular
source allows to measure supersonically expanding jets and furthermore allows to
combine these with laser ablation of solid samples to create transient molecules.
The aspects of SuJeSTA will be outlined in this section.43

3.1.6.1. Supersonic Jet Source44

Supersonic jets are able to produce cold gas samples using the cooling effect of
adiabatic expansion. Rotational spectroscopy benefits from this due to the strong
temperature dependence of the transition intensity in the microwave region.45.
A jet can be created from the expansion of a high-pressure gas inlet to the low-
pressure ambient background of the continuously pumped vacuum chamber. The
expansion becomes supersonic, when the relation of the pressure at the nozzle p0

to the vacuum chamber background pb becomes larger than G =
(
γ+1

2

) γ
γ−1 with

the isentropic exponent of the used gas γ. In the supersonic case, the exit pressure
becomes independent from pb and is instead proportional to p0

G
. The expansion

then occurs isentropically. Upon expansion, different regions can be observed. In
43For further information see Breier, “High-Resolution Microwave Spectroscopy of Radioactive

Molecules: Mass-independent studies fo AlF, AlH, AlO, AlS, TiO and FeO”, 2019
for the multireflection cell: Waßmuth, “Entwicklung einer THz-Multireflexionsoptik und
hochauflösende Rotationsspektroskopie von Eisenmonoxid”, 2021

44Based on Scoles et al., Atomic and Molecular Beam Methods, 1992, pp. 14 - 32 and 54 - 63.
45Shipman and Pate, “New Techniques in Microwave Spectroscopy”, 2011.
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the so-called freezing region, the transition from continuum flow to molecular flow
occurs. Properties are “frozen” at this point due to the lack of intramolecular
collisions. The area considered to contain molecules in the collision-free molecular
flow only is called the “zone of silence”. It is framed by shock-waves: thin non-
isentropic regions, where molecules suddenly meet boundary conditions when
interacting with background gases. The zones of a typical jet are shown in figure
3.1.2.

Figure 3.1.2.: Continuum free-jet expansion and labels of the typically characteristic
zones.46

The zone of silence is the ideal environment to observe a FID. Due to the lack
of collisions, non-emissive relaxation mechanisms are strongly suppressed in the
zone of silence. The drastically decreased collision rate also reduces the linewidth
originating from pressure broadening (see section 2.2.2 Pressure Broadening). In
addition, this also creates a pleasant environment for transient species (see sec-
tion 3.1.6.2 Laser Ablation), where chemical reactions are suppressed, providing
a lifetime long enough for spectroscopic investigation. It is therefore desirable to
solely probe the zone of silence with the excitation beam.
The isentropic expansion also allows to rapidly cool the expanding gas to a tem-
perature T , while accelerating it to a one-dimensional terminal flow velocity v∞.
For an ideal gas with constant molar heat capacity in continuous flow these values

46Scoles et al., Atomic and Molecular Beam Methods, 1992, p. 15, Figure 2.1.
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become:

T = T0

1 + γ−1
2 M2 (92)

with M = A
(
x− x0

d

)γ−1
−

1
2
γ+1
γ−1

A
(
x−x0
d

)γ−1 , (93)

v∞ =
√

2R
W

γ

γ − 1T0, (94)

with the initial gas temperature T0 (usually T0 ≈ 298 K), the cross-sectioned area
A of the nozzle, the distance along the centreline x, the source position x0, the
diameter of the source exit d and the average molecular weight W . The Mach
numberM = v̄/vsound is the relation of the mean ensemble speed v̄ to the speed of
sound vsound. Equation (93) is best suited for positions far away from the source
nozzle,

(
x
d

)
>
(
x
d

)
min
≈ 10, i.e., usually 10 times the nozzle diameter.

Instead of continuous flow, also pulsed gas nozzles can be used, creating a discrete
molecular beam with spatial length ∆x and temporal length ∆t. The average
background pressure when using a pulsed jet pbp (index bp for background pulsed)
depends on the source pressure psp (index sp for source pulsed), the nozzle con-
ductance (volume flow rate) cp and the pumping speed z as pbp = fpsp

cp
z
. The

duty factor is given by f = ρ∆t with the pulse repetition rate ρ. As in real
applications the flow intensity is usually not an ideal square function and rather
time dependent on conductance and gas flow dynamics, the pulse duration ∆t is
approximated by the FWHM of the actual width. For real applications therefore
usually freal < f .
In pulsed jets the Mach disk centre is usually further away from the nozzle
compared to continuous flow experiments. Shocks caused by compression of the
background gas are created in pulsed beam systems mainly by reflections from
the vacuum chamber walls. Before this happens, the gas first has to traverse
the chamber. This poses fewer requirements on pumping speeds. Another ad-
vantage is that a specific gas source can be provided for longer due to reduced
gas throughput rates. This allows to maintain stable measurement conditions for
extended periods of time.
However, non-continuum flow of pulsed jet systems is more complicated. The
opening nozzle acts as a biased oscillator, which makes the valve subject to re-
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opening. Secondary maxima of the gas flow are usually observed. In addition,
the valve as a mechanical structure is subject to wear so gas flow dynamics may
change over long measurement intervals.

3.1.6.2. Laser Ablation

Laser ablation is a technique to create sample molecules in the gas phase by evap-
orating a solid sample. This is done with a pulsed Nd:YAG-laser operating at
30 Hz and a wavelength of 355 nm. The molecular cloud is forced into the interac-
tion volume by actuating a nozzle, which releases a pulse of carrier gas. This can
further react with the evaporated source material and creates a supersonic jet
(see section 3.1.6.1 Supersonic Jet Source), which allows for investigations under
low temperature conditions.
The creation of the desired molecules requires a set of proper conditions, i.e., tim-
ing of laser ablation and nozzle actuation, laser intensity, gas mixture and source
pressure, background pressure, and length of the reaction channel. When chosen
and set up correctly, this creates the right chemical environment for the desired
molecules to form. The proper adjustment of these parameters is, however, a
delicate task.

3.1.6.3. Multipass Reflection Cell

Another key element to SuJeSTA is a multipass reflection cell, which is used to
probe the sample volume perpendicularly to the jet. Two sphere-planar mirrors
provide an elongated beam path through the interaction volume by reflecting
both, the excitation pulse and the molecular signal back and forth several times.
By adjustment of the mirror position the number of cycles in the cell can be
varied. In the frame of this work 60 reflections were chosen, creating a total beam
path of 30 m. The increased beam length provides additional interaction volume
and therefore a higher intensity in the measured signal. When performing jet
spectroscopy measurements the alignment can be chosen to allow for a maximum
of passes in the jets zone of silence (see section 3.1.6.1 Supersonic Jet Source).
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3. Automatisation of a CPFTmmW spectrometer

3.2. LabView Programming

LabView™ was used to enable synchronous communication between certain hard-
ware components described above while enabling the user to set up, control
and read-out the measurement. After initialization the system works mostly
autonomously, easing the otherwise laborious procedure of taking a broadband
spectrum. The key aspects and main functionalities of the software are outlined
here. A schematic overview is given in figure 3.2.1. General remarks on the
software package LabView™ can be found in Appendix A Used software and
programs.

Figure 3.2.1.: Schematic function of the LabView™ program. Input parameters en-
tered by the user are read in and converted (orange). They are passed
to the spectrometer devices, the AWG (blue) and the oscilloscope (light
blue), to prepare their status for the measurement. The spectrum is
divided into segments of a given bandwidth. In a loop (grey), the chirp
(cyan) for each segment is iteratively calculated, passed to the AWG its
the output is activated. The oscilloscope then acquires multiple FIDs.
When the entered number of acquisitions is reached, the oscilloscope
sends the averaged time domain signal to the PC, where the data is
processed (pink). The Fourier transformed signal is saved. The raw
averaged FID signal can be saved optionally. In each loop, the remain-
ing measurement time is estimated.
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3.2. LabView Programming

3.2.1. Front Panel - Human User Interface

The front panel serves as the human user interface. Input values can be entered
here to adjust properties of the measurement. For most parameters standard
values are predefined, which may remain constant for most measurements. How-
ever, most values are adjustable. This is useful to set up special measurement
conditions or to test the experiment after modifications. Figure 3.2.2 shows the
front panel superimposed with an assignment of each subpanel to its function.

Figure 3.2.2.: Frontpanel of the automatised LabView™ program used to take
broadband spectra. The screenshot is superimposed with an assign-
ment of each subpanel to its function.

In the following, the areas on the front panel for each device, their respective
parameters and the feedback to the user are presented.
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3. Automatisation of a CPFTmmW spectrometer

3.2.1.1. General Settings

General parameters for the spectrum are set in this subpanel. The borders of the
spectrum to be taken are defined by the start and the end frequency. The spectral
width of each individual chirp is given by the bandwidth per segment. The
intermediate frequency (IF) is used in the heterodyne mixing process performed
by the mix-AMC. For convenience the unit of all frequencies can be adjusted in a
drop-down menu, with MHz being the predefined unit. As the frequency produced
by the AWG for both, heterodyne mixing and excitation pulse, is increased by
frequency multiplier devices, the multiplication factor of the multiplication chain
for each path has to be entered. The output frequency of the AWG is calculated
from this so the desired frequency is achieved at the end of the multiplication
chain. The shape and parameters of the chirp are mainly defined by the AWG.

3.2.1.2. Arbitrary Waveform Generator Settings

For the AWG important parameters to be set are the sampling rate, pulse dura-
tion and amplitude of the signal. These define the properties of the chirp and the
local oscillator (LO) signal used for the heterodyne mixing of the molecule sig-
nal. A drop-down menu allows to select either increasing (up-chirp) or decreasing
(down-chirp) frequency sweeps. The trigger rate defines the frequency at which
individual chirps are produced by the AWG.
The generation of the signal for the heterodyne mixing in the receiver arm is
delayed in respect to the excitation pulse chirp by a value called “idle duration”.
The signal has a length defined by the parameter “pulse duration”. These pa-
rameters allow to shift the output of the signal to be mixed in the region, where
the detection of the FID is expected.
The other controls of the AWG are designed to mimic the functionalities of the
manufacturer-provided control software accompanying the Keysight M8190A.
Standard parameters allow for the generation of chirps with linear increase or
decrease in frequency and detection of molecular signals with the given setup.
Boolean lights and numeric outputs are displayed to provide the user with con-
firmation on access and functionality of the device and sanity checks.
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3.2. LabView Programming

3.2.1.3. Oscilloscope Settings

The oscilloscope has a multitude of parameters to adjust. This includes activa-
tion and assignment of individual channels to the corresponding signal as well as
the respective adjustment of the vertical range (which also influences amplitude
resolution), input impedance and bandwidth for each channel. Also, definition
of acquisition type, reference oscillator source, sampling rate and record dura-
tion for a single chirp is necessary. Feedback on the record length is given as a
sanity check. Additionally a “math mode” is activated and defined on the ac-
quisition channel, allowing for on-board averaging (integration) of multiple single
shot measurements. This is faster and more data efficient compared to later cal-
culations on a PC. The number of averages taken can be set from 1 (single-shot
measurement) to 2.1475 · 109. The effect of averaging is discussed in section 3.3
Averaging Measurements. Data-fetching of the averaged signal from the corre-
sponding channel can be tailored by defining the starting and ending point. The
former is usually chosen to ignore remnants or reflections of the excitation chirp
pulse. The latter is adjusted to include the relevant part of the molecular FID
signal while decreasing the amount of unnecessary information or noise after the
signal has decayed. Finally a trigger needs to be defined to start the data acqui-
sition with the right timing. This is done by adjusting the trigger source channel,
its coupling, position, threshold level and whether it is activated on a rising or
falling slope.

3.2.1.4. Fast Fourier Transform and Window Function

A further adjustment can be made on the post-measurement data processing.
The time-domain data (FID signal) fetched from the oscilloscope is converted
to a frequency domain signal by a (fast) Fourier transform ((F)FT). In this
conversion a window-function is commonly applied. The user may choose from a
variety of window functions such as Hamming, Hanning, Blackman-Harris
or Kaiser-Bessel. For the latter the adjustable parameter β, which influences
the width of the function, can be specified. The standard parameter is a Han-
ning window function. Alternatively, the absence of a window function (a.k.a. a
rectangular window, i.e., weighting all measurement points equally) can be cho-
sen.
In this context also a desired signal time can be specified. When it is longer
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than the data obtained from the oscilloscope during the measurement, it will
be elongated by a process called “zero-padding”. This process appends zeros to
the measurement data until the desired signal time is reached. It does not add
information, but artificially increases the resolution of the spectrum. As more
datapoints in the time domain spectrum become available to be processed by
the FFT, also the frequency spectrum obtains more points, hence the higher
resolution.

3.2.1.5. Measurement Feedback

After initiation, several output subpanels provide the user with feedback on the
ongoing measurement. This is refreshed for each segment after the number of
averages is reached and the data is fetched from the oscilloscope. Displayed to
the user is the time domain signal (FID) from the previously completed segment,
the respective FFT and the combined FFT of the spectrum as far as it is already
taken. The real-time feedback provides the user with the ability to judge the
quality of the ongoing measurement and intervene if necessary.
From the specified limits of the spectrum to be taken and the bandwidth of the
individual chirp the needed number of segments is calculated and displayed. At
the end of the acquisition for each segment, the user is provided with feedback
on the progress of the measurement. This information includes the amount of
time needed for the acquisition of the respective segment, which largely depends
on the number of averages to be taken and the trigger frequency. A termination
time is estimated by extrapolating onto the number of remaining segments.

3.2.1.6. Saving Parameters

For saving the spectrum after acquisition, several parameters can be supplied.
This includes the destination to a storage folder. The filename is constructed
from several parameters, which allow to identify individual measurements reliably
and provide a consistent naming schematic. These parameters include

• date and time of the measurement
• a prefix entered by the user; may include information on probed molecule

or special circumstances of the measurement
• the name or acronym of the experimenter as entered by the user
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• the number of acquisitions of each segment for averaging

• the start and end frequency

• the number of segments

• the duration of the chirp in nanoseconds

• the pressure in the interaction volume as entered by the user

• information on whether the high-power AMC is used.

The FFT performed by the programme is saved. Storage of the time domain
signal is deactivated by default, because it is costly in terms of available disk
space, but is available optionally. The saving is done automatically after the
measurement of each segment is complete. If the measurement is aborted the
frequency domain spectrum will be stored as far as taken except for the segment
that is in the process of being averaged. The same applies to the time domain
FID signal, if it was chosen to be saved. This is because the interruption of the
measurement causes the termination of the loop. The data is therefore neither
fetched from the oscilloscope nor processed.

3.2.1.7. Calibration

In the calibration panel the user has the option to perform or apply a calibration
measurement to extract the background from the measurement. Without any
sample in the vacuum chamber the signal obtained originates from background
noise only. Averages over the bandwidth of a chirp provide a baseline to be
subtracted from measurements with the same chirp settings. This corrects the
baseline and facilitates the comparison between different frequency ranges of the
spectrum. However, line intensities proved to be orders of magnitude larger than
any baseline calibration, so this was omitted for all spectra shown in this work.
If a calibration measurement is done or needs to be applied, the path of the
corresponding calibration file to be saved or to be read can be specified in this
panel.

3.2.2. Back Panel - Programming Code

The back panel serves as the graphical “program code”. The programme takes
values entered on the front panel, calculates new parameters if necessary and
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passes them to the respective devices to prepare the measurement. When a
measurement of a segment is complete (i.e., the number of averages to be taken
is reached) data is collected from the oscilloscope, the progress is displayed and
automatically the measurement of the next segment in the spectrum is prepared.
An overview of the back panel with an assignment on the function of each part
is shown in Appendix C LabView Backpanel. The main features of the program
are outlined in more detail hereafter.

3.2.2.1. Device Settings

When the program is started by clicking “Run” in the LabView™ toolbar, it
will attempt to establish a connection with the respective devices, i.e., the AWG
and the oscilloscope. Further, the parameters entered on the front panel will be
passed to the instruments. Some are modified computationally; e.g. each fre-
quency will be multiplied with the selected prefactor to resemble a plain number
in Hz and is adjusted to the specified multiplication factors of the AMCs before
being passed to the AWG. Further values are calculated from the parameters set
on the front panel, such as the number of segments or the sample count (num-
ber of datapoints in a single chirp). For the communication with the devices
the manufacturer provided LabView™ code libraries were used (i.e., Agilent
M8190.lvlib for the AWG and Tektronix MSO5X Series.lvlib for the os-
cilloscope). When either connection with a device is not possible or invalid values
were attempted to be set, an error message will be displayed interrupting the pro-
cedure.

AWG
Each channel on the AWG is activated and set up with a value for the sampling
rate and a specification of the source reference clock. To trigger the data acqui-
sition and the switch, the marker output is attempted to be set in the program.
Unfortunately, the manufacturer provided module library does not support this
setting on the used AWG model. Instead, the signal of the trigger box is used
for this task.
The AWG uses an array of numbers resembling the waveform to be produced
as input. The math behind calculating the chirp in this format is described in
section 3.2.2.2 Chirp Generation. The array is required to have a length of a
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3.2. LabView Programming

multiple of 64, which is ensured by a process called granularity check. Granu-
larity describes, that the sample count (number of datapoints in a single chirp)
is matched to this requirement. If the total sample count (duration of pulse,
idle and local oscillator in nanoseconds) is not a multiple of 64, the duration will
be increased to fulfil the requirement of being divisible without remainder. The
additional datapoints are set to zero.

Oscilloscope
After a connection to the oscilloscope is established, certain parameters need to
be set. These values include:

• source reference clock

• trigger properties (trigger threshold level, rising/falling slope)

• the channel averaging is performed on

• the number of records to be acquired for averaging

• activation of automatised horizontal positioning

• channels to activate; for each one:

– impedance

– bandwidth

– vertical range

Once the devices are set, they are waiting for numerical input, which is produced
inside a loop. This is further explained in section 3.2.2.3 Iterative Acquisition of
the Spectrum.

3.2.2.2. Chirp Generation

A chirped pulse is used to excite the molecules in the interaction volume. Chirping
means that the momentary frequency is dependent on time, as it is swept over
a given range in the duration of the pulse. In general, the electric component of
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3. Automatisation of a CPFTmmW spectrometer

the EM wave of a linear chirp has the form47

E(t) = Emax · sin
2π

te∫
ts

f(τ)dτ
 |f(τ) = fs + αt

E(t) = Emax · sin
(

2π
(
fs + α

2 t
)
t
)
, (95)

with a maximum amplitude Emax, time t with the indices s for start and e for end,
the start frequency fs and the chirp constant α. For α > 0 1

s2 , the chirp is referred
to as an up-chirp, while for α < 0 1

s2 refers to a down-chirp. A visualisation is
given in figure 3.2.3.

Figure 3.2.3.: Visualisation of chirped pulses with a length of 1 s. Shown is only the
electric field component. The top graph shows an up-chirp starting at
fs = 0 Hz with α = 100 1

s2 . The bottom graph depicts a down-chirp
starting at fs = 100 Hz with α = −100 1

s2 .

3.2.2.3. Iterative Acquisition of the Spectrum

As a single chirp usually only probes a small part of a broader spectrum of inter-
est, multiple chirps are needed to sample a significant part of a molecular spec-
trum. One such chirp with certain frequency limits is referred to as a segment.
When the devices are properly set, a loop sequentially calculates waveforms of
the chirp for the AWG, activates its output, lets the desired number of averages

47 This formula is the real part of the complex function E(t) = Emax · ei(f0t+0.5αt2) given by
equations (1) and (2) in G. G. Brown et al., “A broadband Fourier transform microwave
spectrometer based on chirped pulse excitation”, 2008. The imaginary part can be inter-
preted as the magnetic field. For visualisation of the chirp, only the electric field is regarded.
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3.2. LabView Programming

of the FID signal be acquired on the oscilloscope, fetches the data of the segment,
processes it in a FT and pieces together the spectrum. This process is explained
in more detail in the following.

Chirp Generation
Before a new waveform is sent to the AWG, the channel’s waveform generation
is aborted and its memory is cleared. Then a new wavefunction can be passed
to the AWG. For each of the two channels, one wavefunction is generated using
equation (95). One channel produces the output as the local oscillator for the
heterodyne mixing. It represents a sine wave, which is effectively a chirp with
α = 0 1

s2 , covering a bandwidth of zero. The other wavefunction is the excitation
pulse (chirp) itself. The parameters

• phase offset (defined on the front panel)
• bandwidth (chirp bandwidth; defined on the front panel)
• sweep rate α (calculated as chirp bandwidth times the sampling rate divided

by sample count after granularity check; α = BW · SR
SC

)
• start frequency (given by the iteration through the spectrum)

are used to produce the values of the chirps wave function in an array. This
array is passed to the AWG as the waveform. After activation it produces it
repetitively at the given trigger rate provided by the pulse box.

Data processing
The oscilloscope averages the set amounts of individual FID signals. Once enough
acquisitions are reached, the data is fetched from the oscilloscope and processed.
The FID is weighted with a specified window function from the built-in method
NI_AALPro.lvlib and is displayed on the front panel. To artificially en-
hance the signal resolution, the data array is zeropadded to the desired length
(see section 3.2.1.4 Fast Fourier Transform and Window Function). The signal
is then processed by the built-in method NI_MAPro.lvlib:FFT Spectrum
(Real-Im).vi (as described in section 3.2.1.4 Fast Fourier Transform and Win-
dow Function) to produce the FFT. The absolute value of the Fourier trans-
formed spectrum is used for further analysis. The relevant part of the spectrum,
i.e., the frequency range that has been probed with the excitation chirp, is ex-
tracted. This is then displayed on the front panel. If multiple chirps have yet
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3. Automatisation of a CPFTmmW spectrometer

been obtained, a stitched spectrum is shown as well. The raw FID data is saved
only, if this is specified by the user.

Iteration
For each segment, new wavefunctions are calculated and passed to the AWG.
The data acquisition on the oscilloscope is restarted. Within a loop function the
segments are scanned through in succession until the whole desired spectrum is
taken. For an up-chirp the starting frequency of the first segment is the lowest
frequency in the whole broadband spectrum, while its end frequency is the start
frequency plus the bandwidth of the chirp. The end frequency of a segment is
the start frequency of the subsequent one. For a down-chirp the start frequency
of the chirp is the upper and the end frequency is the lower limit of the segment
respectively. For both, up and down chirps, the spectrum is taken starting with
the segment with the lowest frequency, iterating to higher frequencies.
The whole spectrum of the frequency domain signal is then stored with clear iden-
tifiers, some of them provided by the user, coded into the filename as described
in section 3.2.1.6 Saving Parameters. The optional storage of the time-domain
spectrum (FID) is done sequentially in a separate file. It is deactivated by de-
fault due to the rather intensive memory demands. To recalculate a Fourier
transformed spectrum with any particular window function from this, a Python
script FID_to_FFT.ipynb is provided.

3.3. Averaging Measurements

As gas phase spectroscopy deals with comparably weak signals, a single measure-
ment (or ‘shot’) will be prone to a rather high level of noise. To increase the
signal to noise ratio (SNR) averaging of multiple shots can be used. This reduces
the influence of random events or “white noise”. Taking n averages increases the
SNR by

√
n.48 In the case of FT spectrometry this means, that multiple instances

of FIDs will be averaged. More averages mean that the white noise components
will be “averaged out”, i.e., the amplitude of these components will tend towards
zero, while the actual FID or molecular signal stays prominent. This facilitates
the post-measurement processing of the data, as especially weak lines are more
48Tkachenko, Optical spectroscopy: Methods and instrumentations, 2006, p. 142.
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3.3. Averaging Measurements

easily identifiable in a spectrum with a good SNR compared to a spectrum with
noisy background.
Averaging is therefore beneficial for spectroscopy. It also poses new challenges to
overcome: As the FID signal is averaged directly, phase stability is critical for the
electrical setup devices, while sample stability in the course of the measurement
is a crucial requirement for the vacuum system and the molecular source.

Phase Stability
Phase stability is a problem that appears between individual shots. Phase jitter
of the trigger may lead to a mismatch or shift between the time domain signal
of separate shots, which are to be averaged. Lines in the FT-frequency domain
will then appear much weaker or disappear entirely as their signal pattern is av-
eraged out. The phase-stable triggering of data acquisition by the oscilloscope
is provided by the AWG signal used for the heterodyne mixing. It is split off
before the frequency multiplication and the first rising (or falling) slope triggers
the acquisition. The phase is prevented from drifting by locking all devices to
a 10 MHz rubidium-disciplined crystal oscillator reference clock. A high-quality
phase stability enables to harness the benefits of multiple shot averaging.

Sample Stability
Sample stability is problematic, when averaging occurs over time periods in the
order of minutes or hours. The challenge is to provide stable conditions of the
sample for the measurement to be successful. If not taken care of, parameters
may be prone to change, such as temperature, pressure or even chemical compo-
sition of the sample itself. The situation differs for gas flow measurements, where
molecules are introduced to the interaction chamber directly and jet-spectroscopy
measurements, where molecules are freshly produced.
In the case of gas flow measurements, temperature can usually be assumed as
rather constant with ambient temperature (usually ≈ 298 K), because the sam-
ple molecules are in thermal equilibrium with the wall of the vacuum system.
The chemical composition of molecules should be considered, as chemical reac-
tions may deteriorate the purity of the original sample. However, the molecules
investigated in gas flow experiments in the frame of this work are stable under
standard conditions and barely provide opportunities to interact with residual
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3. Automatisation of a CPFTmmW spectrometer

gases. However, keeping a constant pressure is both crucial but also a delicate
task as described in section 3.1.4 Interaction Volume. Evaporation of residual
gases can influence the pressure severely, which affects the intensity of line fea-
tures. Therefore, the turbomolecular pump was used to pump out residual gases
each time the sample molecule was changed. Under measurement conditions a
stable pressure was achieved by the use of a needle valve (type EVN116 from
Pfeiffer Vacuum AG), which was adjusted to provide a constant pressure in
equilibrium with the rotary vane backing vacuum pump.
Jet-spectroscopy measurements provide further challenges to stabilize the param-
eters. Temperature; background and nozzle pressure; pulse rate, width and shape;
and molecular composition influence each other in a complex manner as outlined
in section 3.1.6.1 Supersonic Jet Source. This complicates the stabilisation and
therefore, the averaging of the signal. For laser jet ablation spectroscopy even
more parameters need to be considered, as the timing of the laser pulse becomes
influential. In this case also the measurement is limited by the depletion of the
source material.
In any case, the number of averages therefore has to be adjusted accordingly, so
that conditions can be kept approximately constant in the timeframe needed to
take a full spectrum.

Systematic Errors
Not all components of noise are independent or “white” noise. Some contributions
are systematic, such as harmonical modes of certain frequencies, and can therefore
not be eradicated by increasing the number of averages. Systematic errors provide
an additional challenge to eliminate.
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The target of this work is the automatisation of a chirped pulse Fourier trans-
form millimetre wave spectrometer, which is described in section 3.1 Experimental
Setup with LabView™. The programming is extensively explained in section 3.2
LabView Programming. This chapter focuses on the investigation of molecules
and the analysis of the obtained spectra.
Features and properties of the taken spectra are elaborated in section 4.1 Gas
Flow Experiments. Experiments including the use of jets and laser ablation are
described in section 4.2 Measurements Using SuJeSTA. Introductory words to
each experiment are accompanied by an overview on the investigated molecules.
The structure is presented, and an introduction is given to its chemical and spec-
troscopic properties, earthly existence in addition to astrochemical abundance as
far as known. Information on the source of predictions used for each molecule
is summarised in Appendix D List of Molecular Databases. Concluding remarks
are given in section 4.3 General Discussion.

4.1. Gas Flow Experiments

Gas flow experiments were conducted using a vacuum flow chamber as described
in section 3.1.5 Vacuum Chamber. The obtained spectra are presented along
with predictions from molecular databases49 plotted mirror-inverted along the
frequency axis for better comparability. If necessary, special features of the spec-
tra are highlighted. This section also analyses exemplarily properties of the ac-
quired spectra such as line width, line position and signal to noise ratio (SNR).

49See Endres, Schlemmer, Schilke, et al., “The Cologne Database for Molecular Spectroscopy,
CDMS, in the Virtual Atomic and Molecular Data Centre, VAMDC”, 2016
and Pickett et al., “Submillimeter, millimeter, and microwave spectral line catalog”, 1998.
Detailed information on each database entry and the origin of the data is given in Ap-
pendix D List of Molecular Databases
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4. Results and Discussion

The SNR in this work is defined as the peak maximum height or intensity Isignal
of a line feature as obtained from a Lorentzian least squares fit divided by the
average noise Inoise (baseline height) in an area far away (usually > 3× FWHM)
from the signals.

SNR = Isignal/Inoise (96)

4.1.1. Methanol Spectrum in Gas Flow Experiments and
General Spectral Properties

C

O

H

HH
H

Figure 4.1.1.: Chemical structure of methanol.

Methanol is the simplest alcohol consisting of a methyl group (CH3) with a hy-
droxyl group (OH) substitute as shown in figure 4.1.1. Due to its simple structure
it is the most abundant organic gas in earth’s atmosphere after methane.50 As-
trochemically methanol has been identified as ice in protoplanetary discs and is
deemed a key component for more complex chemistry and therefore the support
of carbon-based life.51

When rotation is concerned, the methyl group can be considered a near-prolate52

symmetric top. The methyl group can rotate in relation to the hydroxyl group.
This internal rotation is hindered by the periodic potential due to the interaction
of the hydrogen atoms. The entire molecule can be viewed in the approximation
of the rigid rotor or as a hindered rotor.

50Jacob, “Global budget of methanol: Constraints from atmospheric observations”, 2005.
51See Walsh and Hook, First Detection of Methyl Alcohol in a Planet-forming Disc, 2016. and

Zasowski et al., “SPITZER infrared spectrograph observations of Class I/II objects in Tau-
rus: Composition and thermal history of the circumstellar ices”, 2009

52Nummelin et al., “A Three–Position Spectral Line Survey of Sagittarius B2 between 218 and
263 GHz. II. Data Analysis”, 2000.
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Figure 4.1.2.: Overview spectrum of methanol measured in a gas flow cell with a
prediction from the CDMS-database.53

Figure 4.1.2 shows the obtained methanol spectrum. The main features match the
prediction from the Cologne Database for Molecular Spectroscopy
(CDMS) database. Some disturbing signals are observable. They may originate
from vibrationally excited states, but some of them can be credited to remnants
of propylene oxide, which has previously been probed in the gas flow cell. For a
more detailed analysis the spectrum is zoomed at the area from 107.15 GHz to
107.17 GHz shown in figure 4.1.3.
The line feature is fitted to a Lorentzian profile, given in equation (79), de-
picted by the green line. The feature properties stated in the figure are calculated
from the fit parameters as FWHM = γ, the line position (ω0) and SNR as given
in equation (96). Additionally, the line width was estimated by taking the width
of the line at half its peak value (black dotted lines) resulting in a width of
707 kHz. This is in good agreement with the fit value of 786.7 kHz obtained
from the Lorentzian fit. The source of the deviation is due to the usage of a
Kaiser-Bessel window function, which does not resemble the line feature with

53L.-H. Xu, Endres, and H. Müller, CH3OH, vt=0-2 , 2016,
More information on the prediction and the origin is obtained in Appendix D List of Molec-
ular Databases.
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Figure 4.1.3.: Spectrum of methanol measured in a gas flow cell as shown as in figure
4.1.2, zoomed from 107.15 GHz to 107.17 GHz. The blue line repre-
sents the predicted line position according to the CDMS-database. A
Kaiser-Bessel window with the parameter β = 2.23 was used here
in the data processing.

a Lorentzian shape. Instead, the line appears with a broader base. The fit
therefore underestimates the peak height and eventually overestimates the line
width. This is an additional effect to the natural broadening due to various ef-
fects such as finite lifetime, pressure and Doppler broadening as considered in
section 2.2 Line Shapes and Broadening.
The fitted line position 107 159.802 MHz differs from the prediction (frequency
of 107 159.906 MHz) by ∆ ≈ 104 kHz. This can in part be explained by mea-
surement uncertainties (see section 4.3 General Discussion). The more likely
explanation is a deviation due to uncertainties in the prediction, as it is a re-
sult of a fitting process. In this, molecular parameters are adjusted in an effort
to resemble observations from multiple measurements. The analysis is compli-
cated due to the properties of the CH3-group as an internal rotor as described in
section 2.1.13 Internal rotation. Therefore, deviations are to be expected.
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4.1.2. Isotopologues of Acetonitrile
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Figure 4.1.4.: Chemical structure of acetonitrile.

Acetonitrile consists of a methyl and a cyanide (CN) group and can be considered
a prolate symmetric top that does not allow for internal rotation. The structure
is shown in figure 4.1.4. In a laboratory environment it is a common organic
solvent. With a dipole moment in the ground state of the main isotopologue of
µa = 3.922 D,54 line intensities are high, which makes it easily detectable. It has
been identified early on in the ISM.55

In the frame of this work acetonitrile was investigated in gas flow experiments.
This allowed to determine the spectrometers sensitivity for isotopologues in their
natural abundance and the detectability of vibrationally excited states. The
significant part of the spectrum with corresponding predictions is shown in figure
4.1.5. The intensity of the predictions of the isotopologues was scaled with their
natural abundance as 1.11% for 13C and 0.37% for 15N.56

To see line features of the less abundant isotopologues the spectrum is zoomed
at the regions around 107 - 107.3 GHz and 110.2 - 111.2 GHz in figure 4.1.6. The
inlet is yet another zoom at the region from 110.27 - 110.33 GHz showing line
features of the vibrational ground state of the isotopologue CH 13

3 CN. This and
the region just above 107 GHz shows that even for a low abundancy of 1.11%
for 13C and 0.37% for 15N respectively the line features of the isotopologues can
still be resolved. This allows for a more complete structure determination as
the availability of rotational spectra of isotopomers facilitates the estimation of
54Gadhi et al., “Moment dipolaire de CH3CN”, 1995.
55Ulich and Conklin, “Detection of methyl cyanide in Comet Kohoutek”, 1974

and Öberg et al., “The comet-like composition of a protoplanetary disk as revealed by
complex cyanides”, 2015

56Rosman and Taylor, “Isotopic Compositions of the Elements 1997”, 1998.
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molecular parameters.57

Figure 4.1.5.: Overview spectrum of the acetonitrile measurement. Conditions are
given in the textbox. Predictions are taken from CDMS.58 The inten-
sity of the isotopologues was scaled with their natural abundance as
described in the text.

The region around 111 GHz shows the vibrational ground, as well as the first
and second excited state. The first vibrationally excited state (v = 1) of the
main isotopologue CH3CN appears with a slightly higher intensity than expected
in comparison to the vibrational ground state. This can be attributed to the
instable intensity distribution across the spectrum. As devices show frequency-
dependent losses, the measured intensity at two different frequencies cannot be
assumed to be consistent. The intensity of a line feature is also strongly time
dependent: The FID signal of transitions excited early in the chirp have decayed
more in comparison to a transition excited towards the end of the chirp, when

57Shipman and Pate, “New Techniques in Microwave Spectroscopy”, 2011.
58H. S. P. Müller, L. R. Brown, et al., “Rotational spectroscopy as a tool to investigate inter-

actions between vibrational polyads in symmetric top molecules: Low-lying states v8 ≤ 2 of
methyl cyanide, CH3CN”, 2015,
More information on the prediction and the origin is obtained in Appendix D List of Molec-
ular Databases.
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4.1. Gas Flow Experiments

Figure 4.1.6.: Spectrum of acetonitrile zoomed at 107 - 107.3 GHz (top) and 110.0 -
111.1 GHz (bottom). Predictions originate from the CDMS database
as in the description of figure 4.1.5.

the signal acquisition is finally started. These effects make analyses involving the
intensity more complex.
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Figure 4.1.7.: Chemical structure of glyceraldehyde.

4.1.3. Solid Samples

Glyceraldehyde is a simple sugar with 3 carbon atoms. A chiral centre can be
identified at the central carbon. The structure is shown in figure 4.1.7. It is com-
monly found in the metabolism of earthbound living creatures.59 Although clues
of the presence of its precursors have been found in meteorites, Glyceraldehyde
has not yet been identified in the ISM.60

A heatable crucible holder was introduced into the vacuum chamber to liquify
and evaporate solid samples as described in section 3.1.5 Vacuum Chamber. Tem-
peratures of about 510 K (≈ 240 °C) are possible.
A granular powder of glyceraldehyde (GA) from Sigma-Aldrich (purity ≥
90%)61 was placed into the zirconia crucible62 from Almath Crucibles Ltd
and gradually heated up to 510 K (240 °C). Above 410 K (140 °C) grains of GA
started to violently move, suggesting explosive evaporation processes at the grain
surface, which accelerated at higher temperatures. Unfortunately, no line features
were obtainable from the spectra taken during this process, that would allow an
assignment to GA. This may indicate that disintegration processes instead of
evaporation were the main cause of the sample loss.

59See for example Hagopian, Ramsey, and Weindruch, “Enzymes of glycerol and glyceraldehyde
metabolism in mouse liver: effects of caloric restriction and age on activities”, 2008

60Layssac et al., “Detection of glyceraldehyde and glycerol in VUV processed interstellar ice
analogues containing formaldehyde: a general formation route for sugars and polyols”, 2020.

61CAS-number: 56-82-6, EC-number: 200-290-0
62Low round zirconia crucible, product code: LR52Z
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4.2. Measurements Using SuJeSTA

4.2. Measurements Using SuJeSTA
Experiments have been performed at the SuJeSTA vacuum chamber as described
in section 3.1.6 Setup of SuJeSTA. This allowed to investigate the spectrometers
performance in supersonic jet applications and laser ablation experiments.

4.2.1. Jet Measurements

Supersonic jet measurements have been executed at the SuJeSTA setup. The
theory of jet expansion experiments is described in section 3.1.6.1 Supersonic
Jet Source. Propylene oxide (PO) was chosen for these experiments because the
spectrum shows a high amount of transitions in the observable spectral range.
This allowed to observe a significant number of lines used for later analysis.

C

H
H

H
O

Figure 4.2.1.: Chemical structure of propylene oxide.

PO has a total of three carbon atoms, two of them bridged by an oxygen, called
the epoxide group. The third carbon atom forms a methyl group, which is able
to rotate internally in relation to the epoxide group. The structure is shown in
figure 4.2.1. Propylene oxide is synthesised industrially63 and has been detected
in the ISM.64

The liquid PO was supplied in a container connected to a pressurised carrier gas
supply of Argon. This allowed to create a background pressure in the nozzle
system of 5 bar to achieve a significant cooling effect. Higher carrier gas pres-
sures would make lower jet temperatures available, but this dilutes the sample
molecules (PO), as the partial pressure remains unchanged, leading to a weaker
signal.
Two different nozzle sizes have been used. The smaller orifice has a diameter of
1 mm, the larger one 3 mm. Their performance and their cooling effect are inves-
tigated in this section. A procedure to estimate temperatures of a molecular gas
63Kahlich, Wiechern, and Lindner, “Propylene Oxide”, 2000.
64McGuire et al., “Discovery of the interstellar chiral molecule propylene oxide

(CH3CHCH2O)”, 2016.
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is to perform a Boltzmann plot. From equation (33) the number of molecules
in a specific state m follows the proportionality65

Nm ∝ gme
−Em/kBT ⇔ ln

(
I

gm

)
∝ − Em

kBT
(97)

with gm as the degree of degeneracy and Em the energy of the state. The in-
tensity I is proportional to the number of molecules Nm in the lower state. The
right hand side version of equation (97) is used when creating a Boltzmann
plot: ln

(
I
gm

)
is plotted along the y-axis and Em along the x-axis of a diagram.

The slope of a fitted linear function then determines the temperature as it is
proportional to 1/T .66

Unfortunately, the intensity in chirped pulse experiments is not to scale as de-
scribed previously in section 4.1.2 Isotopologues of Acetonitrile. To minimise the
influence of this effect, lines have been manually selected to include only line
features that

• are confidently assignable to a certain transition with known energy states
• appear together in one ‘group’, depending on when they are probed by the

chirp.

For an up-chirp with a bandwidth of 100 MHz these groups were defined as the
beginning (line appears in the first 30 MHz of the chirp), the middle (30−70 MHz)
and at the end of the chirp (70−100 MHz). Lines within one group are considered
to have comparable intensities, because they were excited on a similar timescale
and therefore have decayed comparably long before detection. More groups with
a narrower frequency spread would increase comparability, but also reduce the
quantity of lines to be found in the region, making meaningful Boltzmann plots
difficult.
The intensity of each line was estimated as the maximum of the specific line in the
measured spectrum. The prediction used for the analysis is based on the param-
eters given by Mesko et al., “Millimeter and submillimeter spectrum of propylene
oxide”, 2017. They were entered into PGopher to produce a linelist with pre-
dicted line positions. This approach allows to predict intensities in dependence of
65This expression is explicitly derived in Herzberg, Molecular Spectra and Molecular Structure:

I. Spectra of Diatomic Molecules, 1950, p. 124
66Waßmuth, “Entwicklung einer THz-Multireflexionsoptik und hochauflösende Rotationsspek-

troskopie von Eisenmonoxid”, 2021.
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the temperature, which eases the assignment procedure. The energy of the lower
state of a corresponding transition was then used for the analysis. The resulting
Boltzmann plots are shown in figure 4.2.3. The lines from the measurement
with both nozzles used for the consideration are plotted colour coded to indicate
group assignment along with the prediction67 in figure 4.2.2. The intensity of
line features for the measurement with the large orifice is higher in comparison
to the smaller one. Due to the larger orifice, more material can pass during the
opening period, so more matter is present in the interaction volume leading to
higher intensities. A list with all considered transitions shown in figure 4.2.2 can
be found in table E.1 in Appendix E Jet Experiments - Considered Lines. The
results of the Boltzmann plots and the respective fits are summarised in table
4.1.

Table 4.1.: Temperatures estimated from Boltzmann plots from supersonic jet mea-
surements of acetonitrile. The analysis is performed with selected lines
for three different groups depending on where the line is positioned in the
chirp. Two different nozzle orifices have been used giving Tsmall (diameter
1 mm) and Tlarge (diameter 3 mm).

part of 100 MHz
chirp considered

fit parameters Tlarge

0 - 30 MHz f(x) = (−1.20±1.05)·10−21x−(7.71±0.61) T = 60.2+428.6
−28.1 K

30 - 70 MHz f(x) = (−1.58±0.42)·10−21x−(7.20±0.24) T = 45.9+16.6
−9.6 K

70 - 100 MHz f(x) = (−1.45±0.43)·10−21x−(7.45±0.30) T = 50.1+21.5
−11.6K

whole chirp f(x) = (−1.49±0.28)·10−21x−(7.39±0.17) T = 48.7+11.1
−7.6 K

Tsmall
0 - 30 MHz f(x) = (−1.88±0.74)·10−21x−(7.72±0.43) T = 38.6+25.2

−10.9K
30 - 70 MHz f(x) = (−1.21±0.42)·10−21x−(7.93±0.25) T = 60.1+31.7

−15.4K
70 - 100 MHz f(x) = (−1.54±0.43)·10−21x−(7.67±0.29) T = 46.9+18.1

−10.2K
whole chirp f(x) = (−1.48±0.26)·10−21x−(7.79±0.17) T = 49.0+10.6

−7.4 K

The estimated temperatures differ only slightly between the groups of lines for
each given orifice and are mostly covered by the asymmetric error intervals. A
fit conducted across all frequency groups yields similar results. Both orifices only
differ slightly, suggesting no significant difference in the cooling effect of the su-
personic expansion jet. The large error can be attributed to the low number of
reliably assignable lines, especially for the 0 − 30 MHz line group. Additionally,
the inconsistent intensity distribution across different spectral regions introduces
67Mesko et al., “Millimeter and submillimeter spectrum of propylene oxide”, 2017.
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Figure 4.2.2.: Considered lines for the Boltzmann plots in figure 4.2.3. Details to
the prediction can be found in Appendix D List of Molecular Databases.

62



4.2. Measurements Using SuJeSTA

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
energy of lower state [10 21 J]

10.0

9.5

9.0

8.5

8.0

7.5

7.0

ln
(I g m

)

0 - 30 MHz of each chirp segment
30 - 70 MHz of each chirp segment
70 - 100 MHz of each chirp segment
whole chirp segment

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
energy of lower state [10 21 J]

10.0

9.5

9.0

8.5

8.0

7.5

7.0

ln
(I g m

)

0 - 30 MHz of each chirp segment
30 - 70 MHz of each chirp segment
70 - 100 MHz of each chirp segment
whole chirp segment

Figure 4.2.3.: Boltzmann plot for a selection of transitions of propylene oxide. Top
figure shows the results for the use of a large nozzle orifice (diameter of
3 mm), bottom for a small orifice (diameter of 1 mm) respectively. The
groups of transitions and their corresponding fit, including a general
fit over all frequency groups, are colour coded as stated in the legend.
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deviations from theory which are reflected by large uncertainties. However, a fit
across all frequency groups of the chirp surprisingly provides usable fit parame-
ters as well. This is due to the logarithmic conversion of the intensities, which
flattens intensity deviations.
The relative intensity could be corrected in future experiments. One option is to
perform both, up- and down- chirps as already described in section 3.2.2.2 Chirp
Generation. The option to perform down chirps has been implemented after
the measurement presented here. Another way is to take the full spectrum with
different initial offsets smaller than the bandwidth covered by the chirp. Both
strategies allow to regroup the lines or average their intensities to minimise the
effect of line intensity loss due to the chirp length. A different approach might
use shorter pulses (e.g. 100 ns instead of 500 ns). This reduces the influence of
the idle time but also significantly decreases the amount of energy introduced
to the system and therefore might worsen the SNR. A theoretical approach to
decrease the influence of the line position within the chirp by an extended data
analysis is described by Fontanari et al., “Molecules probed with a slow chirped-
pulse excitation: Analytical model of the free-induction-decay signal”, 2019.
Although, this only enhances the comparability of relative intensities. Absolute
intensities are barely obtainable by CPFT spectrometers. Nevertheless, this ex-
periment showed that a broadband spectrum taken with CPFTmmW technology
in combination with supersonic jet expansion allows to estimate the cooling effect
and the resulting temperature in the jet, despite the deficiencies of the multipass
reflection cell discussed in section 4.3 General Discussion.

4.2.2. Laser Ablation Measurements

The next step was the combination of the automatised spectrometer with laser
ablation experiments as described in section 3.1.6.2 Laser Ablation. Two solid
materials, bismuth tribromide (BiBr3) and titanium (Ti) have been probed with
various gas mixtures, showing limited success. This is probably due to instable
production conditions. The experiments are explained in the following.
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4.2. Measurements Using SuJeSTA

4.2.2.1. Bismuth Tribromide

Bismuth tribromide is a solid trihalide. Identification in the ISM is not yet re-
ported. In this work BiBr3 has been used in laser ablation experiments, trying
to create and investigate either BiBr3 or BiBr68 in the gas phase. The natural
abundance of 79Br (50.7%) and 81Br (49.3%)69 allows to investigate chiral species,
when one Bromide is replaced by another substituent.
The light-yellow powder of bismuth tribromide with a purity of ≥ 98%70 sup-
plied by Sigma-Aldrich was compressed to create a solid sample rod. This was
used as the target material for the laser ablation process. Upon laser interaction,
bismuth bromide species BiBrX are expected to be released from the solid frame-
work. It is then cooled and transferred to the interaction volume by a carrier
gas pulse of Argon. The measurement was performed with 2 bar of carrier gas
pressure, resulting in an average 3.7 Pa chamber background pressure. The laser
was used at a repetition frequency of 30 Hz at a power of 1250 V with a delay to
the gas nozzle of 80 µs. The AMC467 was used for this experiment as it covers
a broader frequency range. 10 averages were taken for each segment.
The jet glowed visibly when the laser was adjusted properly, which correlated
with the appearance of lines in the spectrum as depicted in figure 4.2.4. The
prediction shows that the spectrum of BiBr3 is dense, supplying a large number
of transitions even for a single segment of 100 MHz bandwidth. Unfortunately,
the lines were neither stable nor reproducible as they appeared to change position
and intensity between individual shots. An automatised acquisition of the spec-
trum was not achievable and only individual segments were evaluated. Averaging
for longer intervals was not possible for the same reasons, hence the low SNR.
When the measurement was conducted for a few minutes, both the glow effect
and line features vanished. After aborting the measurement, the sample rod
appeared deformed and charred with a metallic glare. This implies that upon
laser interaction mostly bromide species were evaporated, leaving behind a mix-
ture enriched in bismuth. This explains the deterioration of both the signal and
the optical excitation of the jet. It can also be interpreted as the origin for in-
stabilities during the measurement. As the surface of the sample rod becomes
68Molecular parameters for the diatomic BiBr, measured and assigned lines can be found in

Kuijpers and Dymanus, “Rotational spectrum of BiBr”, 1976
69Rosman and Taylor, “Isotopic Compositions of the Elements 1997”, 1998.
70CAS-number: 7787-58-8, EC-number: 232-121-1
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Figure 4.2.4.: Frequency domain spectrum for laser ablation experiments of bismuth
tribromide. A Hanning window function was used and an FFT applied
to the FID of two subsequent measurements indicated by (1) and (2),
averaged over 10 shots each. The prediction is a line list export from
PGopher based on ab initio calculations of BiBr3.

increasingly metallic and deformed, the laser is reflected, and the carrier gas
stream diverted into varying directions, destabilising molecule production and
jet formation. Doppler shifts due to diverted jets may then attribute for posi-
tional jumps of individual lines.
Due to the aforementioned conditions, it was not possible to measure specific
lines or even assign them to a certain transition or species. The lines measured
might originate from bismuth bromide species, bromide molecules or radicals.
The deficiencies regarding the SuJeSTA setup for the used spectrometer are
discussed in section 4.3 General Discussion.

4.2.2.2. Titanium Species

Due to the instability of the production with BiBrx, titanium oxide species were
chosen as the next investigation candidates, because they previously showed sta-
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ble production conditions at the same setup in various experiments.71. A solid
titanium rod was inserted to provide the source material. A gas mixture with
≈ 2% N2O, ≈ 7% O2 and ≈ 91% He as inert gas were used to create titanium
oxide species such as TiO or TiO2 during laser ablation. The fraction of N2O
provided a sample molecule to be probed with non-optimised setup parameters.
However, lines of the expected species were neither clearly identifiable nor dis-
tinctive from noise. The design of SuJeSTA provides various drawbacks when
being used with the provided spectrometer setup, which are discussed in sec-
tion 4.3 General Discussion. Nevertheless, the detectability of jet- signals (see
section 4.2.1 Jet Measurements) suggested that not only the detection method,
but insufficient molecule production is the cause of the absence of lines. The 2%
fraction of N2O signal was detectable above the noise floor but molecule produc-
tion in laser ablation is expected to have significantly lower yields. To optimise
molecule production a liquid helium bolometer detector (QFI/2BI from QMC
Instruments Ltd.) was used instead of the heterodyne mix detection arm.
This setup is similar to previous experiments that have been performed at other
frequencies with a step-scan method. Still, no molecular signal was obtained,
despite the systematic variation of all relevant experimental parameters such as
timing settings, laser powers, reaction channel lengths, nozzle sizes, nozzle trigger
rates, various chirp parameters etc. The combination of suboptimal design prop-
erties of SuJeSTA for the frequency domain around 100 GHz caused the inability
to detect a molecular signal. Lacking this, optimising for molecule production
became time consuming, so the experiment was abandoned.

4.3. General Discussion

The performance of a measurement depends on both, the specifications of the
spectrometer itself and the properties of the interaction volume. For the latter,
two setups have been used: a vacuum chamber, which provided reliable spectra
of stable molecules, and SuJeSTA, which yielded usable data more reluctantly.

71see for example Breier et al., “Mass-independent analysis of the stable isotopologues of gas-
phase titanium monoxide – TiO”, 2019,
Witsch et al., “The rotationally resolved infrared spectrum of TiO and its isotopologues”,
2021
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Multipass Optics of SuJeSTA
The multipass optics is originally designed for experiments at frequencies around
or above 300 GHz. It is therefore not optimised for the spectrometer at hand
operating in the range just above 100 GHz. The mirrors of the calibration optics
and the inlet hole are too small for the used radiation. A lot of the incoming
power is lost. Further losses are introduced with each reflection cycle due to the
unfavourable specifications. Also, the multipass design might not be able to probe
the jet efficiently with the extended beam widths at the used frequency range,
when the reflections pass largely on or beyond the shock fronts. The additional
reflections are then not beneficial for the measurement. These perturbations are
strongly frequency dependent. Relative intensities between lines are not reliable
and the sensitivity in certain frequency intervals is strongly reduced.
Additionally, excitation pulse back reflections from the mirror-setup force the
spectroscopist to open the switch later to protect the receiver arm electronics.
Unfortunately, during the added delay the FID decays rapidly, leading to a sig-
nificant loss of intensity. SuJeSTA and its multipass optics therefore have to
be deemed impractical for the sensitive detection of transient molecules with the
provided spectrometer.

Sensitivity and Noise
When focussing on the technical aspects of the CPFTmmW spectrometer, it is,
as every measurement method, prone to a variety of uncertainties. Each device in
the setup causes noise, that is usually amplified in the signal chain. It therefore
contaminates the desired molecular signal and reduces the sensitivity. A more
detailed analysis can be found in the PhD thesis of Pascal Stahl72.
Having a stable timing and synchronisation is crucial for a successful measure-
ment. Usually, the incoming FID-signal is averaged by the oscilloscope. Insta-
bilities or phase jitter causes a deterioration of the signal, because contributions
to the signal will be averaged out when the signal ‘jumps’ in time. Phase jitter
therefore has to be avoided. A significant contribution to this is the trigger of
the data acquisition on the first flank of the LO signal. This is notexpected to
always hit at the same position with each shot. Also, the reference clock is prone
to drift. Both effects are small enough to allow for a satisfactory and practical

72Stahl, “PhD thesis: in preparation; Title pending”, 2022.
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amount of averages (roughly a few thousand), but would eventually cause signal
deterioration at longer timescales, which are desirable for an increase in sensitiv-
ity.

Frequency Uncertainty
The uncertainty of the Fourier transformed signal is defined by its resolution.
As described in section 3.2.1.4 Fast Fourier Transform and Window Function,
zeropadding can be used to artificially increase the signal resolution. It is there-
fore not determined by the setup.

Limitations of the Provided Setup
In spectroscopy molecular parameters are adjusted to resemble reality with the-
oretical calculations. In order to get closer to the truth, a “fitting” procedure
is performed: Line positions of certain transitions are predicted by theoretical
considerations. With experimentally obtained spectra, empirically obtained line
positions can be assigned to well-known transitions. The difference between theo-
retical prediction and measurement is then minimised by adjusting the molecular
parameters, providing a better understanding of the molecule.
To reliably assign lines from an experimental spectrum, easily recognisable fea-
tures, such as P - or R- branches, are helpful. For the spectroscopist to identify
these features, the covered bandwidth has to be large enough to show distinc-
tive parts of these branches. Also, a significant number of lines are needed in
order to produce a stable, reproducible fit and to reliably improve the quality
of the molecular parameter set. Both considerations benefit from a large band-
width. The setup used in this work is limited to a bandwidth of 12.5 GHz for the
HPAMC. This is insufficient for the reliable assignment of lines. Fitting of molec-
ular parameters can be difficult due to the low number of molecular transitions
in this region, depending on the probed molecule. This limits the significance
especially when global predictions across multiple frequency regimes are desired.
To improve the spectrometer and gain information of scientific value, further
spectral regions need to be unlocked.
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This chapter summarises the achievements of this work. Furthermore, an outlook
is given into possible future projects regarding the spectrometer.

5.1. Conclusion

An existing setup of a CPFTmmW spectrometer has been developed further
with a specific focus on automatisation. Control and data processing has been
automatised using LabView™ to exploit the advantages the setup offers and
to provide a user-friendly, ready-to-use software. The investigation of a variety
of molecules in different setups of interaction volumes benefitted from the fast
acquisition speed.
Gas flow experiments were used to collect overview spectra and to characterise
the used setup.73 In this work, line widths and SNR have been estimated from a
spectrum of methanol (section 4.1.1Methanol Spectrum in Gas Flow Experiments
and General Spectral Properties). In the same setup acquisition of acetonitrile
showed that isotopologues in their natural abundance and vibrationally excited
states are detectable (see section 4.1.2 Isotopologues of Acetonitrile). A setup to
allow evaporation of solid samples by heating of a crucible sample holder was
established (see section 4.1.3 Solid Samples). As a first test, a sample powder of
glyceraldehyde was used and vaporised in the process, but no signal of the species
could be detected in the gas phase, indicating deterioration processes instead of
evaporation.
The use of the vacuum chamber SuJeSTA equipped with multipass optics, a
pulsed nozzle setup and a laser ablation source allowed to perform more so-
phisticated experiments at astrophysically relevant conditions and to probe for
73Further information and more details can be found in Stahl, “PhD thesis: in preparation;

Title pending”, 2022
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transient molecules. Pulsed supersonic jet experiments have been carried out
with propylene oxide (see section 4.2.1 Jet Measurements). Generally, intensity
distributions in CPFTmmW spectroscopy are not consistent due to frequency-
dependent losses of individual devices and the time-dependent decay of intensity
of emission lines during the chirp. Albeit these circumstances, a careful selection
of lines in different sections of individual chirp segments allowed to perform a
Boltzmann plot to estimate temperatures in the jet. Significant differences in
temperature when using nozzle orifices of different size were not detected.
Laser ablation jet experiments in combination with CPFTmmW spectroscopy are
not yet common, but offer a lot of potential acquiring data of transient species.
The presented setup promised to achieve this. Using bismuth tribromide as source
material showed instable molecule production and jet conditions, that were diffi-
cult to optimise. A likely reason for this is the change of surface properties of the
sample rod upon interaction with the laser, which leads to unequal plasma condi-
tions and probably changes the chemical composition of the material. As a result,
only narrow-bandwidth spectra were obtainable, showing only low-intensity and
time fluctuating lines. Under these circumstances it was difficult to assign a
carrier molecule to the observed transitions. Switching the source material to ti-
tanium and the carrier gas to an oxygen carrying mixture was expected to allow
investigation of titanium oxide species. Despite widescale efforts in optimisation
it was not possible to detect a signal. Possible reasons for this non-detection are
interfering back reflections of the multipass optics in the SuJeSTA setup, or in-
sufficient production conditions for the ablation source. Nevertheless, first signals
correlating laser ablation with spectral features promise that the combination of
CPFTmmW with laser ablation sources is possible.

5.2. Outlook

The spectrometer and its accompanying software is now ready for use for a vari-
ety of future tasks. One option is to combine the laser ablation technique with
CPFTmmW spectroscopy. For this a new vacuum chamber has to be designed
with optics specified to the frequency range around 100 GHz. To house a mul-
tipass optical system adjusted to this, its dimensions have to be approximately
a minimum of 80 x 80 x 60 cm3. This also yields enough space to implement
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various molecular sources such as jet expansion nozzles, laser ablation or dis-
charge sources. If intensity is a problem, even multiple nozzles may be installed
as argued by Brown et al.74 Once the new chamber is set up, the detection
and characterisation of a variety of molecules with transitions in this frequency
regime is likely.
Another option is to improve the performance of the spectrometer and overcome
its limitations. Exchanging the WR8.0 to a WR10.0 mixAMC in the receiver arm
and adjustment of a few components may open up the frequency range down to
80 GHz, enabling to probe most of the W-band (75 - 110 GHz). This allows to
investigate far more transitions and even molecules, that currently barely provide
any transitions in the available frequency range.
The software provided in LabView™ is extendable and new instrument parts
can easily be implemented. The programming only needs to be changed when
hardware alternations to the AWG or the oscilloscope are made. The spectrom-
eter is ready-to-use for future applications.
Extending the frequency range and thus enabling to investigate molecules that
are not yet within reach will largely benefit the work on molecular spectroscopy
and, therefore, also astrochemical and -physical fields. The CPFTmmW tech-
nique is especially promising for the gas-phase structure determination of large
molecules. Also, rotational spectroscopy of free radicals created with discharge
sources is feasible and may provide information on electronic properties.75

74G. G. Brown et al., “A broadband Fourier transform microwave spectrometer based on
chirped pulse excitation”, 2008.

75Shipman and Pate, “New Techniques in Microwave Spectroscopy”, 2011.
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Appendix A. Used software and
programs

Scientific work requires handling of a significant amount of data and information.
This becomes manageable with the help of the appropriate software. The use of
very helpful tools shall be outlined here.

A.1. LabView

LabView™ (Laboratory Virtual Instrumentation Engineering Workbench)76 is
a graphical programming interface provided by National Instruments. It was
used to centralise communication with independently operating devices of the
measurement set-up and therefore automatise the measurement process (see sec-
tion 3.2 LabView Programming for further information). This includes setting
various parameters to prepare and initialise the measurement, but also to re-
trieve measured data and save them for later analysis.

A.2. Python

Python is an open-source, community developed programming language, which
is in frame of this work mainly used for data analysis. The program package
ANACONDA along with its development environments Spyder and jupyter note-
book proved to be especially helpful. All plots in this work were created using
python’s libraries matplotlib, pandas, scipy, numpy and math.

76Mütterlein, Handbuch für die Programmierung mit LabVIEW: mit Studentenversion Lab-
VIEW 8.6 , 2011, p. VI.
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A.3. PGopher

A.3. PGopher
PGopher is a general program for simulation, analysis and fitting of rotational,
vibrational and electronic spectra provided by Dr. Colin Western.77 In the
frame of this work the program was used for the generation of predictions from
molecular parameters and the comparison of these with experimental spectra.

77Western, PGOPHER: version 10.1 , 2018.
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Appendix B. Setup Components

Table B.1.: List of setup components.
Manufacturer Component Function Comment Specifications source

Keysight
Technolo-
gies, Inc.

M8190A AWG 12 GS/s, Dual-channel
AWG, 12 bit, 2 GB

memory, 5 GHz analog
bandwidth, AC amplifier

Keysight Technologies,
M8190A Arbitrary Waveform

Generator: 12 GSa/s
Arbitrary Waveform

Generator: Data Sheet, 2021
Mini

Circuits,
Inc.

ZX90-2-36-
S+

Frequency
Multiplier

(2x; input: 1700 -
3600 MHz), 11 dB typ.

conversion loss

Mini-Circuits, ZX90-2-36-S+:
Data Sheet

Mini
Circuits,

Inc.

VHF-3500+ High-Pass
Filter

3900 - 3600 MHz, < 2 dB
insertion loss

Mini-Circuits, VHF-3500+:
Data Sheet

Quantum
Composers,

Inc.

9520
Digital

Delay Pulse
Generator

Trigger Box option TZ50 (50 Ω
compatible, high current),
250 ps resolution, > 50 ps

jitter

Quantum Composers, Inc.,
9520 Series Digital Delay

Pulse Generators: Data Sheet

Wenzel
Associates,

Inc.

Streamline
501-04609A

Reference
Clock

10 MHz reference signal,
13± 2dBm output power

Wenzel Associates, Inc.,
Premium 10 MHz-SC

Streamline Crystal Oscillator:
Data sheet

Mini
Circuits,

Inc.

ZX60-
123LN-S+

Low Noise
Amplifier

input range 0.5 - 12 GHz,
17 dB gain

Mini-Circuits,
ZX60-123LN-S+ Coaxial Low
Noise Amplifier: Data Sheet

National
Instruments

Corp.

SMA 100
SMA-SMA

Coaxial
Cable

Signal
transmission

50 Ω, 0.381 m

Mini
Circuits,

Inc.

ZX90-2-50-
S+

Frequency
Multiplier

2x; input: 3500 -
5000 MHz, 12.5 dB typ.

conversion loss

Mini-Circuits, ZX90-2-50-S+:
Data Sheet

Mini
Circuits,

Inc.

VHF-7150+ High-Pass
Filter

7900 - 11 000 MHz, < 2 dB
insertion loss

Mini-Circuits, VHF-7150+:
Data Sheet

Huber +
Suhner AG

Sucoform
141

SMA-SMA
Coaxial
Cable

Signal
transmission

50 Ω, 1 m Huber+Suhner AG,
SUCOFORM 141: Formable
microwave cable: Data Sheet

86



Manufacturer Component Function Comment Specifications source
Mini

Circuits,
Inc.

ZX90-2-24-
S+

Frequency
Multiplier

2x; input: 5000 -
10 000 MHz, 12 dB typ.

conversion loss

Mini-Circuits, ZX90-2-24+:
Data Sheet

QuinStar
Technology,

Inc.

QLJ-
06183014

Low Noise
Amplifier

input range 6 - 18 GHz,
14 dB gain

Virginia
Diodes, Inc.

AMC672 High Power
Radiation
Source

input range: 8.3 - 9.3 GHz,
output range: 100 -

112.5 GHz, multiplication
factor = 12, used with a
10.0WR horn antenna

Virginia Diodes, Inc., AMC672
105 GHz: User Guide

Virginia
Diodes, Inc.

AMC467 Radiation
Source

input range: 12.5 -
18.3 GHz, output range:

75 - 110 GHz,
multiplication factor = 6,
used with a 10.0WR horn

antenna

Virginia Diodes, Inc.,
WR8.0AMC-I Specifications:

Data Sheet

Mechanical
Workshop of

the
University
of Kassel

PTFE
lenses

Focussing of
Radiation

150 mm diameter, 150 mm
focal length

Mechanical
Workshop of

the
University
of Kassel

PTFE
windows

Seal of
Interaction
Volume

Pfeiffer
Vacuum AG

Vacuum
Chamber

Interaction
Volume

ISO-K 160; stainless steel;
1.6 m

Oerlikon
Leybold
Vacuum
GmbH

Turbovac
360V

Turbo-
molecular
Pump

ISO-K 160 inlet successor model described in
Oerlikon Leybold Vacuum

GmbH, High Vacuum Pumps:
Excerpt from the Oerlikon
Leybold Vacuum Full Line

Catalog 2015/2016: 240.00.02 ,
2015, p. 354+

Oerlikon
Leybold
Vacuum
GmbH

TRIVAC D
2,5 E

Rotary Vane
Backing
Pump

Oerlikon Leybold Vacuum
GmbH, PT Turbomolecular

Pump Systems 30 - 400 l · s–1:
178.01.02 , 2010

Eravant,
Inc.

SAR-2507-
08-S2

WR-08
Waveguide
Rectangular

Horn
Antenna

90 - 140 GHz Eravant, SAR-2507-08-S2:
Data Sheet

Eravant,
Inc.

SKD-
7531143530-
1010-R1-M

W-Band
Reflective
SPDT Pin
Diode
Switch

75 - 110 GHz, 100 ns
switching speed

Eravant,
SKD-7531143530-1010-R1-M:

Data Sheet
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Appendix B. Setup Components

Manufacturer Component Function Comment Specifications source
RPG

Radiometer
Physics
GmbH

W-LNA
75-110 20 3

Low Noise
Amplifier

19 dB gain RPG Radiometer Physics
GmbH, W-LNA 75-110 20 3:

Data Sheet

Virginia
Diodes, Inc.

WR8.0
MixAMC-I

Integrated
Mixer

(MixAMC)

RF frequency band 90 -
140 GHz; LO frequency
input 7.5 - 11.67 GHz

Virginia Diodes, Inc.,
WR8.0AMC-I Specifications:

Data Sheet
Mini

Circuits,
Inc.

ZX75BP-
1350-S+

Bandpass
Filter

1300 - 1400 MHz Mini-Circuits,
ZX75BP-1350-S+: Data Sheet

Pasternack
Enterprises,

Inc.

PE15A1007 Low Noise
Amplifier

32 dB gain, frequency
range 9 kHz - 3 GHz

Pasternack Enterprises,
PE15A1007: Technical Data

Sheet
Mini

Circuits,
Inc.

ZDPLX-
2150-S+

Coaxial
Diplexer

DC - 10 MHz / 50 -
2150 MHz; 0.5 dB / 0.9 dB

typ. insertion loss

Mini-Circuits, VHF-7150+:
Data Sheet

Tektronix,
Inc.

MSO64 Mixed Signal
Oscilloscope

25 Gsa/s, bandwidth:
6 GHz

Tektronix, 6 Series B MSO:
Mixed Signal Oscilloscope:

Datasheet
Pfeiffer

Vacuum AG
EVN116 Needle Valve Pfeiffer Vacuum AG, EVN116:

Datenblatt
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Appendix C. LabView Backpanel
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Appendix D. List of Molecular
Databases

Table D.1 holds information on where predictions for the investigated molecules
originate from. The column CDMS refers to an entry to the bibliography, which
includes a link to the respective molecule in the CDMS database. There extensive
information on the considered data is presented. The paper describing the fit itself
is cited in column Based On.

Table D.1.: List of molecular databases.
Molecule CDMS Based On
Methanol

(CH3OH) as
found in 4.1.1

L.-H. Xu, Endres,
and H. Müller,

CH3OH, vt=0-2 , 2016

fit described in Li-Hong Xu et al.,
“Torsion–rotation global analysis of

the first three torsional states
(vt=0, 1, 2) and terahertz database

for methanol”, 2008
Acetonitrile

main
isotopologue
(CH3CN,
v=0, 1, 2)

H. S. P. Müller,
CH3CN, v=0 , 2015,

H. S. P. Müller,
CH3CN, v=1 , 2015,

H. S. P. Müller,
CH3CN, v=2 , 2015

fit described in H. S. P. Müller,
L. R. Brown, et al., “Rotational

spectroscopy as a tool to investigate
interactions between vibrational

polyads in symmetric top
molecules: Low-lying states v8 ≤ 2
of methyl cyanide, CH3CN”, 2015
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Molecule CDMS Based On
Acetonitrile
isotopologues
(13CH3CN,
CH 13

3 CN,
CH3C15N,
each v=0)

H. S. P. Müller,
13CH3CN, v=0 , 2009,

H. S. P. Müller,
CH 13

3 CN, v=0 , 2009,
H. S. P. Müller,

CH3C15N, v=0 , 2009

fit described in H. S. P. Müller,
Drouin, and Pearson, “Rotational
spectra of isotopic species of methyl
cyanide, CH3CN, in their ground
vibrational states up to terahertz

frequencies”, 2009

The prediction for propylene oxide was created with PGopher by exporting
a linelist after adjusting the molecular parameters according to Mesko et al.,
“Millimeter and submillimeter spectrum of propylene oxide”, 2017.

Appendix E. Jet Experiments -
Considered Lines

The transitions of propylene oxide considered in the Boltzmann plot in sec-
tion 4.2.1 Jet Measurements are summarized in table E.1. The prediction for this
linelist was created with PGopher by exporting a linelist after adjusting the
molecular parameters according to Mesko et al., “Millimeter and submillimeter
spectrum of propylene oxide”, 2017.
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Appendix E. Jet Experiments - Considered Lines
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Units and Constants

Prefactors.

Name Symbol Value

Tera T 1012

Giga G 109

Mega M 106

kilo k 103

dezi d 10−1

centi c 10−2

milli m 10−3

micro µ 10−6

nano n 10−9

pico p 10−12

Units.

Quantity Symbol Unit Dimension

Frequency Hz hertz s−1

Length m meter
Mass kg kilogram
Time s second
Parts per million ppm 10−6

Temperature K Kelvin
Pressure p bar or Pascal
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Constants.78

Constant Symbol Value (Uncertainty) Dimension

Speed of light c 299 792 458(0) m s−1

Boltzmann constant kB 1.380 649(0) · 10−23 J K
Planck constant h 6.626 070 15(0) · 10−34 J s
reduced Planck constant ~

(
= h

2π

)
1.054 571 817(0) · 10−34 J s

Abbreviations

Abbreviations.

Abbreviation Meaning

(HP)AMC (High Power) Amplifier Multiplier Chain
a.k.a. also known as
AWG Arbitrary Waveform Generator
BW Bandwidth
CDMS Cologne Database for Molecular Spectroscopy
CP Chirped Pulse
DAC digital-to-analog-converter
e.g. exempli gratia (Latin: for example)
EM electro-magnetic
etc. et cetera (Latin: and so forth)
(F)FT (Fast) Fourier Transform
FID Free Induction Decay
FWHM Full Width at Half Maximum
GA Glyceraldehyde
i.e. id est (Latin: this means)

78Data taken from NIST, Standard Reference Database, 2019
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Abbreviations.

Abbreviation Meaning

IF Intermediate Frequency
ISM Interstellar Medium
JPL Jet Propulsion Laboratory
LO Local Oscillator
MMW Millimeter Wave
MW Micro Wave
p. [pp.] Page[s]
PC Personal Computer
PO Propylene Oxide
RF Radio Frequency
SC Sample Count
SNR Signal to Noise Ratio
SR Sample Rate
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