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There is a theory which states
that if ever anybody discovers exactly

what the Universe is for and why it is here,
it will instantly disappear

and be replaced by something
even more bizarre and inexplicable.
There is another theory which states

that this has already happened.

Douglas Adams (11.03.1952 - 11.05.2001)





Abstract

The purpose of this work is to perform high resolution spectroscopic mea-
surements in the terahertz region aiming at molecular parameters, derived
from quantum mechanical analysis of the spectra. These parameters are the
basic requirement for accurate frequency predictions and for the astronomi-
cal detections of undiscovered species. Two di�erent spectrometers have been
used for the spectral analysis in this work:

� The newly designed Supersonic Jet Spectrometer for Terahertz Appli-
cations (SuJeSTA) for the investigation of cold radicals and ions

� The Cologne Terahertz Spectrometer

The pure rotational spectra of �ve isotopomers of potassium chloride, i.e.
39K35Cl, 39K37Cl, 41K35Cl, 41K37Cl, and 40K35Cl have been recorded with the
well established Cologne Terahertz Spectrometer (see e.g. [1], [2]). A special
evaporation cell has been used to evaporate solid KCl. Within the scope of
this thesis, a total of 295 new rotational lines have been measured in the fre-
quency region between 170 and 930 GHz. For the isotopomers 39K35Cl and
39K37Cl 107 and 82, respectively, rotational transitions have been assigned
to transitions belonging to vibrational levels up to the seventh excited state
(v≤ 7) and to rotational quantum numbers as high as 127 and 129, respec-
tively. 104 lines were measured for the less abundant isotopomers of 41K35Cl
and 41K37Cl with J ≤ 128, v ≤ 6 and J ≤ 131, v ≤ 5, respectively.
Two lines have been assigned to 40K35Cl, which has a natural abundance of
0.01% relative to 39K35Cl. The measured lines have been �tted together with
previously published millimeter wave transitions to obtain an improved set
of molecular parameters for these isotopomers [3]. Besides this analysis, the
isotopically invariant Dunham parameters Ui j and the Born-Oppenheimer
corrections ∆01 have been determined. The re�ned and extended parameter
set allows precise predictions in the terahertz region. Structural parameters,
such as the bond length and the moment of inertia, have been derived from
the spectroscopic parameters.

A main task of this work was the construction and assembly of the new
Cologne Supersonic Jet Spectrometer for Terahertz Applications (SuJeSTA).



ii

It is employed to record the spectra of radicals and ions which are produced
in a pulsed discharge with a subsequent supersonic jet expansion to obtain
adiabatically cooled molecules.
The �rst application of SuJeSTA has been an intensive investigation of the
linear X2Π propynylidyne radical, l−C3H. It is supposed to play a decisive
role in the carbon chain growth in the interstellar medium and has been
subject of astronomical observations (e.g. [4], [5], [6]) and laboratory in-
vestigations (e.g. [7], [8], [9]). With SuJeSTA the ν4 (2Σµ) CCH bending
vibration of C3H has been recorded in the submillimeter region for the �rst
time. Due to a strong Renner-Teller e�ect the bending transitions lie in the
submillimeter wavelength region. Eight measured lines have been assigned to
ro-vibrational transitions between the vibrational ground state (2Π) and the
excited bending state v4 = 1 (2Σµ). In addition, the pure rotational spectrum
of C3H has been investigated up to 600 GHz to extend the number of mea-
sured transitions, published in earlier works ([7], [8], [9]). A total of 43 pure
rotational lines in the vibrational ground states (2Π1/2, 2Π3/2) and excited
state v4 = 1 (2Σµ) have been recorded. Reliable frequency predictions up to
1 T Hz are available due to a new set of spectroscopic parameters, obtained
from a least squares �t to a standard Hamiltonian.

Furthermore, the new spectrometer facilitates the production of ions. In
the course of this thesis, transitions of CO+ have been recorded to prove the
spectrometer's ability of ion production. An isotopically invariant �t of the
new data and data published previously [10] resulted in a mass independent
parameter set which describes the spectrum of the CO+ ion up to 1 T Hz
with high accuracy. Improved structural constants have been derived from
the spectroscopic parameters. Interstellar CO+ is of crucial importance for
tracing PDRs (Photon Dominated Region) and has been detected in space
([11], [12]).

All obtained data are reliable for frequency predictions up to 1 T Hz and
are available via the Cologne Database for Molecular Spectroscopy (CDMS)
[13].



Kurzzusammenfassung

Thema dieser Arbeit ist die hochau�ösende Spektroskopie im Terahertzbe-
reich, mit dem Ziel, durch eine quantenmechanische Analyse der Spektren
Molekülparameter abzuleiten. Diese sind die Grundvoraussetzung für exakte
Frequenzvorhersagen und damit für die astronomische Detektion noch nicht
entdeckter Moleküle. Bei den hier vorgestellten Spektralanalysen wurden zwei
verschiedene Spektrometer verwendet:

� Das neu entworfene Supersonic Jet Spectrometer for Terahertz Appli-
cations (SuJeSTA) zur Untersuchung von kalten Radikalen und Ionen

� Das Kölner Terahertz Spektrometer

Die reinen Rotationsspektren von fünf Isotopomeren des Kaliumchlorids,
39K35Cl, 39K37Cl, 41K35Cl, 41K37Cl und 40K35Cl, wurden mit dem etablier-
ten Kölner Terahertz Spektrometer aufgenommen (siehe z.B. [1], [2]). Dafür
wurde eine spezielle Verdampferzelle in das bereits vorhandene Spektrometer
integriert, um den Feststo� KCl in die Gasphase zu bringen. Im Rahmen die-
ser Arbeit wurden insgesamt 295 neue Rotationslinien im Frequenzbereich
von 170 bis 930 GHz gemessen. Für die Isotopomere 39K35Cl und 39K37Cl
wurden 107 bzw. 82 Rotationsübergänge, beginnend im Vibrationsgrundzu-
stand bis zum siebten angeregten Zustand, aufgenommen (v≤ 7). Dabei lag
die höchste J-Quantenzahl bei 127 bzw. 129. Von den selteneren Isotopome-
ren 41K35Cl und 41K37Cl wurden 104 Linien gemessen, bei denen J ≤ 128
und v ≤ 6 bzw. J ≤ 131 und v ≤ 5 waren. Zwei Linien konnten dem
40K35Cl zugeordnet werden, dessen natürliche Häu�gkeit nur 0,01% von der
des 39K35Cl beträgt. Die gemessenen Linien dieser Arbeit und die Ergebnisse
aus früheren Millimeter-Wellen-Untersuchungen wurden gemeinsam zu einem
verbesserten Parametersatz für die untersuchten Isotopomere angepasst. Eine
zusätzliche isotopeninvariante Analyse der Daten ergab die massenunabhän-
gigen Dunham-Parameter Ui j und die Born-Oppenheimer-Korrektur erster
Ordnung ∆01. Der verbesserte und ergänzte Parametersatz ermöglicht exakte
Frequenzvorhersagen im Terahertzbereich. Strukturparameter, wie der Bin-
dungsabstand und das Trägheitsmoment, konnten aus den spektroskopischen
Parametern abgeleitet werden.
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Einer der Schwerpunkte dieser Arbeit war die Konstruktion und der Zu-
sammenbau des neuen Kölner �Supersonic Jet Spectrometers for Terahertz
Applications� (SuJeSTA). Es dient zur Aufnahme der Spektren von Radi-
kalen und Ionen, die einer gepulsten Entaldungsquelle entstammen und in
einer anschlieÿenden Überschall-Expansion adiabatisch gekühlt werden.
In dieser Arbeit wurde SuJeSTA zu einer umfassenden Untersuchung des li-
nearen X2Π Propynylidyne Radikales (l−C3H) eingesetzt. Man vermutet,
dass es eine wichtige Rolle bei der Bildung von Kohlensto�ketten im ISM
spielt. Aus diesem Grund war und ist es Gegenstand astronomischer Beob-
achtungen (z.B. [4], [5], [6]) und Laboruntersuchungen (z.B. [7], [8], [9]). Mit
SuJeSTA wurden erstmals Übergänge der ν4 (2Σµ) CCH-Knickschwingung
gemessen. Aufgrund des starken Renner-Teller-E�ekts liegt die Knickschwin-
gung im Submillimeter-Wellenlängenbereich. Acht gemessene Linien konnten
Vibrationsübergängen zwischen dem Grundzustand (2Π) und dem ersten an-
geregten Zustand v4 = 1 (2Σµ) zugeordnet werden. Weiterhin wurde das reine
Rotationsspektrum von C3H bis 600 GHz untersucht und der Bereich der ge-
messenen Übergänge aus früheren Arbeiten damit erweitert ([7], [8], [9]). Ins-
gesamt konnten 43 reine Rotationsübergänge in den Vibrationsgrundzustän-
den (2Π1/2, 2Π3/2) und im ersten angeregten Zustand v4 = 1 (2Σµ) gemessen
werden. Der neue Parametersatz aus einem �Least Squares Fit� ermöglicht
verlässliche Frequenzvorhersagen bis zu 1 T Hz.

Mit dem neuen Spektrometer war es ebenfalls möglich, Ionen in der ge-
pulsten Entladungsquelle zu erzeugen. Im Rahmen dieser Arbeit wurden
Übergänge des CO+ verwendet, um die Ionenproduktion und Detektion des
Spektrometers unter Beweis zu stellen. Ein isotopeninvarianter Fit der neuen
und der früheren Daten [10] ergab einen Satz massenunabhängiger Parame-
ter, welcher das Spektrum des CO+-Ions bis zu 1 T Hz mit hoher Genauigkeit
beschreibt. Im interstellaren Medium spieltCO+ eine wichtige Rolle als PDR-
Tracer (PDR = Photon Dominated Region) und wurde bereits in mehreren
astronomischen Quellen entdeckt ([11], [12]).

Die erhaltenen Daten ermöglichen verlässliche Frequenzvorhersagen bis
zu 1 T Hz und stehen in der Kölner Datenbank für Molekülspektroskopie
(CDMS) zur Verfügung [13].
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1

Zusammenfassung

Das interstellare Medium (ISM) enthält eine Vielzahl unterschiedlicher Mo-
leküle. Davon sind bislang rund 130 zweifelsfrei identi�ziert. Der Nachweis
erfolgt mittels elektromagnetischer Strahlung, die von den gasförmigen Mo-
lekülen, Ionen oder Atomen absorbiert bzw. emittiert wird. Für die sichere
Identi�zierung einer Spezies ist die genaue Kenntnis ihres Spektrums un-
erlässlich. Diese gewinnt man aus Labormessungen der Übergangsfrequen-
zen und den daraus resultierenden Molekülparametern für Frequenzvorher-
sagen. Groÿe Temperaturskalen im interstellaren Raum ermöglichen eine Un-
tersuchung in weiten Bereichen des elektromagnetischen Spektrums. Den-
noch wurden die meisten Entdeckungen im Bereich der Zenti-meter- und
Millimeter-Wellen gemacht (10�300 GHz), da die Erdatmosphäre oberhalb
von 500 GHz - aufgrund des enthaltenen Wasserdampfes - zunehmend un-
durchsichtiger für astronomische Beobachtungen wird. Der Laborspektrosko-
pie stehen in diesem Wellenlängenbereich mit russischen Rückwärts-Wellen-
Oszillatoren (BWOs)leistungsstarke, abstimmbare Strahlungsquellen zur Ver-
fügung. Die in Köln verwendeten decken einen Frequenzbereich von etwa 50
bis 1200 GHz nahezu lückenlos ab.
In naher Zukunft werden Teleskope, die auf neuen Empfängertechniken beru-
hen, den Terahertz-Frequenzbereich erschlieÿen. Dazu zählen Observatorien
wie APEX1, das �ugzeugunterstützte SOFIA2 oder das HIFI3-Instrument
an Bord des Herschel-Satelliten. Im Labor stehen neue Entwicklungen, z. B.
Übergitter-Strukturen (superlattice) oder Laser-Seitenband-Erzeugung, als
Techniken für die Strahlungserzeugung oberhalb von 1 T Hz zur Verfügung.

Die zweiatomigen Verbindungen bilden eine wichtige und zahlenmäÿig
groÿe Gruppe von Molekülen. Dieser Gruppe gehören knapp ein Viertel der
bisher entdeckten Spezies an, die überwiegend anorganisch sind. 1987 wurden
vier Metall-Halogene (KCl, NaCl, AlF und AlCl) in der circumstellaren Hül-
le von IRC+10216 entdeckt (Cernicharo und Guélin [14]). Die relativ hohe

1Atacama Pathfinder Experiment, 200 µm−230 µm and 300 µm−1500 µm
2Stratospheric Observatory For Infrared Astronomy, 5 µm−300 µm
3Heterodyne Instrument for the Far Infrared, 156 µm−212 µm and 240 µm−624 µm
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interstellare Häu�gkeit der beteiligten Atome - alle sind unter den zwanzig
häu�gsten Elementen zu �nden - lässt vermuten, dass die Alkali-Halogene
auch in anderen kosmischen Quellen zu �nden sind. Jüngst wurde auf dem
Jupitermond Io NaCl nachgewiesen [15].
Da Alkali-Halogene einen sehr geringen Dampfdruck aufweisen, erweist sich
ihre spektroskopische Untersuchung im Labor als schwierig. Spezielle Techni-
ken sind nötig, um die Moleküle in die Gasphase zu bringen. Aufgrund ihres
hohen ionischen Charakters und des damit verbundenen groÿen Dipolmo-
mentes enthüllen sie jedoch ein Rotationsspektrum mit starken Intensitäten.
Erste verlässliche Mikrowellen-Daten stammen aus dem Jahr 1964 (Clouser
and Gordy [3]) und wurden 1997 durch Infrarot-Messungen ergänzt (Ram
et al. [16]).
Im Rahmen dieser Arbeit wurden die reinen Rotationsspektren von fünf Iso-
topomeren des Kaliumchlorids - 39K35Cl, 39K37Cl, 41K35Cl, 41K37Cl - mit
dem Kölner-Terahertz-Spektrometer aufgenommen. Dafür wurde eine spezi-
elle Verdampferzelle in das bereits vorhandene Spektrometer integriert, um
damit den Feststo� KCl in die Gasphase zu bringen. Es wurden insgesamt
295 neue Rotationslinien im Frequenzbereich von 170 bis 930 GHz gemessen.
Für die Isotopomere 39K35Cl und 39K37Cl wurden 107 bzw. 82 Rotations-
übergänge, beginnend im Vibrationsgrundzustand bis zum siebten angereg-
ten Zustand, aufgenommen (v≤ 7). Dabei lag die höchste J-Quantenzahl bei
127 bzw. 129. Von den selteneren Isotopomeren 41K35Cl und 41K37Cl wurden
insgesamt 104 Linien bis zu einem J von 128 bzw. 131 gemessen. Dabei ent-
stammten die Übergänge Vibrationszuständen mit v ≤ 6 bzw. v ≤ 5. Zwei
Linien konnten dem 40K35Cl zugeordnet werden, dessen natürliche Häu�g-
keit nur 0,01% von der des 39K35Cl beträgt. Die gemessenen Linien dieser
Arbeit und die Ergebnisse aus früheren Millimeter-Wellen-Untersuchungen
wurden gemeinsam zu einem verbesserten Parametersatz für die untersuch-
ten Isotopomere angepasst. Eine zusätzliche isotopeninvariante Analyse der
Daten ergab die massenunabhängigen Dunham-Parameter Ui j und die Born-
Oppenheimer-Korrektur erster Ordnung ∆01. Der verbesserte und ergänzte
Parametersatz ermöglicht exakte Frequenzvorhersagen im Terahertzbereich.
Strukturparameter, wie der Bindungsabstand und das Trägheitsmoment der
Moleküle, konnten aus den spektroskopischen Parametern abgeleitet werden.

75 % der interstellar entdeckten Materie sind kohlensto�haltige Verbin-
dungen. Sie bilden damit eine weitere wichtige Gruppe interstellarer Mole-
küle. Kohlensto� ist das vierthäu�gste Element im Kosmos und besitzt ein
Vielzahl möglicher Bindungszustände. Von groÿem Interesse sind hiebei be-
sonders die Kettenmoleküle. Von ihnen sind viele ungesättigt und reaktiv,
wie etwa Cn, CnH, CnN und HCnN (n = 1,2,3, ...). Letztere bilden nur mit ei-
ner geraden Anzahl von C-Atomen Radikale. Astronomische Beobachtungen
zeigten das Vorhandensein einiger Radikale, z. B in den kalten Molekülwol-
ken TMC-1 und L183 (l−C3H, C4H, C5H, C6H [5]). Anders als im Labor ist
das interstellare Medium, mit seinen speziellen Druck-, Dichte- und Tempe-
raturbedingungen, ein Depot für diese Gattung von Molekülen. Viele wurden
zuerst astronomisch entdeckt. Laboruntersuchungen hinkten lange Zeit hin-
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terher, da technisch ausgefeilte Produktionsmethoden für Radikale fehlten.
Heute existierende Spektrometer, die zur Untersuchung an Radikalen her-
angezogen werden, operieren überwiegend im Infrarotbereich, während der
Terahertzbereich weitgehend unerforscht ist.
Einer der Schwerpunkte dieser Arbeit war daher die Konstruktion und der
Zusammenbau des neuen Kölner �Supersonic Jet Spectrometers for Terahertz
Applications� (SuJeSTA). Es verbindet e�ektive Quellen zur Erzeugung von
Radikalen mit leistungsstarken Terahertz-Quellen. Die Moleküle werden in
einer gepulsten Entladung hergestellt und anschlieÿend in einer Überschall-
Expansion adiabatisch gekühlt.
In dieser Arbeit wurde SuJeSTA zu einer umfassenden Untersuchungen des
linearen X2Π Propynylidyne Radikales (l−C3H) eingesetzt, das vermutlich
eine wichtige Rolle bei der Bildung von interstellaren Kohlensto�ketten spielt.
Aus diesem Grund war und ist es Gegenstand astronomischer Beobachtun-
gen (z. B. Thaddeus et al. [4], Turner et al. [5], Kaifu et al. [6]).
C3H ist nicht nur von astrophysikalischem Interesse, sondern auch eine Her-
ausforderung für die Spektroskopie. Erste Informationen zum Molekül er-
gaben sich aus theoretischen ab initio Berechnungen (z.B. [17], [18], [19],
[20]), die die Gleichgewichtsstruktur sowie Fein- und Hyperfeinstruktur auf-
klärten. Ein sehr wichtiger E�ekt beim C3H ist die sehr starke Renner-
Teller-Kopplung [21]. Diese führt dazu, dass der untere Energiezustand 2Σµ

der ν4 CCH-Knickschwingung zu niedrigen Energien in den Submillimeter-
Wellenlängenbereich verschoben wird.
Mit SuJeSTA konnten erstmals Vibrationsübergänge zwischen dem Grund-
zustand (2Π) und dem ersten angeregten Zustand ν4 = 1 (2Σµ) gemessen
werden. Weiterhin wurde das reine Rotationsspektrum von C3H bis 600 GHz
untersucht und der Bereich der gemessenen Übergänge aus früheren Arbeiten
damit erweitert (Gottlieb et al. [7], [8], Yamamoto et al. [9]). Insgesamt konn-
ten 43 reine Rotationsübergänge in den Vibrationsgrundzuständen (2Π1/2,
2Π3/2) und im ersten angeregten Zustand v4 = 1 (2Σµ) gemessen werden. Der
neue Parametersatz aus einem �Least Squares Fit� ermöglicht verlässliche
Frequenzvorhersagen bis zu 1 T Hz.

Neben den ungeladenen sind auch die geladenen Spezies von astrophysi-
kalischer Relevanz. Viele (astro-)chemische Reaktionen basieren auf Ionen-
Molekül-Reaktionen. Auÿerdem sind Ionen wie CO+ und C+ wichtige PDR-
Tracer (PDR = Photon Dominated Region) und wurden bereits in mehreren
astronomischen Quellen entdeckt (Störzer et al. [11], Erickson et al. [12]).
Ähnlich wie die Radikale sind auch Ionen unter Laborbedingungen kurzle-
big und bedürfen daher eines gröÿeren Aufwandes bei der spektroskopischen
Analyse. SuJeSTA ermöglicht, im Gegensatz zur Ionenproduktion in einer
DC-Entladung, die Untersuchung von kalten Ionen. Zu Testzwecken wurden
mit SuJeSTA erste Messungen am CO+ vorgenommen und damit der Beweis
erbracht, dass das neue Instrument für diesen Zweck geeignet ist. Ein iso-
topeninvarianter Fit der neuen und der bislang verfügbaren Daten (Klapper
[10], Sastry et al. [22], Bogey et al. [23]) ergab einen Satz massenunabhängi-
ger Parameter, welcher das Spektrum des CO+-Ions bis zu 1 T Hz mit hoher
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Introduction

The interstellar medium (ISM) contains a rich variety of molecular species
of which more than 130 have been identi�ed beyond doubt by means of their
characteristic spectra. Organic and inorganic species with up to 13 atoms
have been found in interstellar molecular clouds, circumstellar regions, gas
out�ows, and planetary atmospheres (see Tab. 2.1). So far, the heaviest
element in any detected interstellar compound is iron which is the ninth
abundant atom. The elements with masses up to that of Fe are produced
in nuclear synthesis of active stars and amount almost 100 % of the cosmic
mass. The heavier, less abundant (0.0005 %) elements are generated in super
novae by proton- or neutron-accretion. The 22 most abundant elements are
listed in Tab. 2.2.

Figure 2.1: Schematic diagram of the electromagnetic spectrum and correspond-
ing interactions of radiation with molecules.

Information about interstellar objects is mainly obtained via detecting elec-
tromagnetic radiation which is either emitted or absorbed by gas phase
molecules, atoms, and ions. Due to the large temperature scale, ranging
from a few Kelvin, in dense molecular clouds and star forming regions, to
several hundred Kelvin, in circumstellar shells, a great part of the electro-
magnetic spectrum is appropriate for analyzing interstellar objects. It is the
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submillimeter and millimeter wavelength region (far-infrared), where molecu-
lar rotation transitions dominate, adjacent the near- and mid-infrared regime,
with vibrations, followed by the optical and ultraviolet part of the spectrum
which is caused by electronic transitions (see Fig. 2.1). The unambigu-
ous identi�cation of an interstellar molecular species strongly depends on
the precise knowledge of its spectrum which is obtained by measuring tran-
sition frequencies in the laboratory and by deriving molecular parameters
for further line predictions. Powerful tunable radiation sources, for instance
synthesizers and Backward Wave Oscillators (BWOs), are used in laboratory
spectrometers to generate radiation in the frequency region up to 1 T Hz.
Especially the spectra of the centimeter and millimeter wavelength region
are of great importance, since most of the molecules have been detected in
the frequency region between 10 and 300 GHz (see Tab. 2.1).
At frequencies above 500 GHz the earth's atmosphere starts getting opaque
for electromagnetic radiation and radioastronomic observations are hampered
mainly due to atmospheric water. In near future, telescopes based on new re-
ceiver techniques, such as APEX1, the airborne observatory SOFIA2, and the
HIFI3 instrument aboard the Herschel satellite, will extend the observable
spectral range towards shorter wavelengths, opening the terahertz domain
for radioastronomy. In return, new techniques, such as superlattice devices
combined with BWOs [24] or laser sideband generation [25], provide electro-
magnetic radiation sources above 1 T Hz for laboratory applications (see Fig.
2.2).

Figure 2.2: Schematic diagram of the frequency coverage of the Cologne ter-
ahertz radiation sources (two lower rows) compared to the frequency range of
some telescopes (top rows).

In general, molecules split into two groups: Molecules which have a per-
manent dipole moment and those which do have not. The nonpolar species,
for instance Cn, CO2, C2H2, or CH4, have no pure rotational spectrum. They

1Atacama Pathfinder Experiment, 200 µm−230 µm and 300 µm−1500 µm
2Stratospheric Observatory For Infrared Astronomy, 5 µm−300 µm
3Heterodyne Instrument for the Far Infrared, 156 µm−212 µm and 240 µm−624 µm



7

Table 2.1: List of interstellar molecules detected by means of their rotational spec-
tra in the radio to far-infrared frequency region.
2 atoms 3 atoms 4 atoms 5 atoms 6 atoms
H2 C3

∗ c−C3H C5
∗ C5H

AlF C2H l−C3H C4H l−C2H4
AlCl C2O C3N C4Si C2H4

∗

C2
∗∗ C2S C3O l−C3H2 CH3CN

CH CH2 C3S c−C3H2 CH3NC
CH+ HCN C2H2

∗ CH2CN CH3OH
CN HCO NH3 CH4

∗ CH3SH
CO HCO+ HCCN HC3N HC3NH+

CO+ HCS+ HCNH+ HC2NC HC2CHO
CP OHC+ HNCO HCOOH NH2CHO
SiC H2O HNCS H2CNH C5N
HCl H2S HOCO+ H2C2O l−HC4H∗ (?)
KCl HNC H2CO H2NCN l−HC4N
NH HNO H2CN HNC3
NO MgCN H2CS SiH4

∗

NS MgNC H3O+ H2COH+

NaCl N2H+ c−SiC3
OH N2O CH3

∗

PN NaCN
SO OCS
SO+ SO2
SiN c−SiC2
SiO CO2

∗

SiS NH2
CS H+

3
∗

HF H2D+

SH∗ HD+
2

HD SiCN
FeO (?) AlNC
O2 ? SiNC
7 atoms 8 atoms 9 atoms 10 atoms 11–13 atoms
C6H CH3C3N CH3C4H CH3C5N HC9N
CH2CHCN HCOOCH3 CH3CH2CN (CH3)2CO C6H6

∗ (?)
CH3C2H CH3COOH (CH3)2O (CH2OH)2 (?) CH3OC2H5
HC5N C7H CH3CH2OH H2NCH2COOH ? HC11N
CH3CHO H2C6 HC7N CH3CH2CHO
CH3NH2 CH2OHCHO C8H
c−C2H4O l−HC6H∗ (?)
H2CCHOH CH2CHCHO (?)
* indicates molecules that have been detected by ro-vibrational spectroscopy.
** indicates molecules that have been detected by electronic spectroscopy.
l indicates linear molecules.
c indicates cyclic molecules.
? indicates a questionable or (probable) tentative detection
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can be identi�ed by means of infrared active transitions in the near- and mid-
infrared belonging to ro-vibrational modes. The molecules with a permanent
dipole moment can be traced by means of pure rotational transitions in the
millimeter and submillimeter wavelength region. Additionally, many chain
molecules also have low energy bending vibrations in the terahertz region.

An important class of interstellar species are diatomic compounds. The
list of diatomic molecules detected currently comprises of 30 entries two third
of which are inorganic species. In 1987, Cernicharo and Guélin reported the
detection of four metal halides, i.e. KCl, NaCl, AlF , and AlCl, towards the
circumstellar envelope of late type star IRC+10216 [14]. The relative high
cosmic abundance of aluminium, sodium, potassium, and chlorine, i.e. the
13th, 14th, 20th, and 19th most abundant element (see Tab. 2.2), lend en-
couraging motivation to continue searching for metal halides towards hotter
and even denser core regions. The recently detected rotational lines of NaCl
on Jupiter's moon Io at frequencies of 143 and 234 GHz [15] demonstrate
how special conditions, for instance continuous volcanic output, can produce
spectroscopical measurable amounts of KCl, NaCl, etc.
Experimental studies on diatomic gas phase alkali halides in the laboratory
are complicated due to the low vapor pressure of these molecules. Special
vaporization conditions are necessary to provide them for gas phase spec-
troscopy. On the other hand, these species possess a very large dipole mo-
ment because of their highly ionic character. This means, they reveal a pure
rotational spectrum with mainly large intensities. Reliable data on the al-
kali halides is rare. First spectroscopic data of NaCl, RbCl, and CsCl in the
millimeter wavelength range was published already in 1964 [3]. In 1997, the
infrared emission spectra of KCl and NaCl were published [16]. First high
resolution measurements on sodium chloride in the T Hz region were per-
formed with the Cologne terahertz spectrometer in 2001 (Caris et al. [26],
[2]).

In the course of this work, high resolution measurements on �ve iso-
topomers of potassium chloride, i.e. 39K35Cl, 39K37Cl, 41K35Cl, 41K37Cl and
40K35Cl, have been performed up to 930 GHz with the Cologne terahertz
spectrometer. A special evaporation cell has been used. The obtained data
has been analyzed in an isotopically invariant form and a new set of invari-
ant Dunham parameters has been derived including the �rst order Born-
Oppenheimer breakdown corrections. With these molecular constants, reli-
able frequency predictions for the spectra of all six isotopomers are available
which open the �eld for further astronomical detections.

A plethora of detected interstellar molecules contains one or more car-
bon atoms (75 %). Carbon is the fourth abundant element, after hydrogen,
helium, and oxygen, and reveals a wealth of possible chemical bondings.
One characteristic feature of the carbon atom is the tendency to build chain
molecules, such as the stable cyano-polyynes, HCnN (with n = 1,3,5, ...).
This type of molecules has been detected in many astronomical sources, for
instance towards the circumstellar envelope IRC+10216 (e.g. HCN [28], [29];
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Table 2.2: Cosmic abundance of the elements normalized to Si = 106. Values
taken from the publication of A. G. W. Cameron [27].

Element Symbol Abundance

Hydrogen H 3.18 ·1010

Helium He 2.21 ·109

Oxygen O 2.15 ·107

Carbon C 1.18 ·107

Nitrogen N 3.74 ·106

Neon Ne 3.44 ·106

Magnesium Mg 1.061 ·106

Silicon Si 1.00 ·106

Iron Fe 8.3 ·105

Sulfur S 5.0 ·105

Argon Ar 1.172 ·105

Calcium Ca 7.21 ·104

Aluminium Al 8.5 ·104

Sodium Na 6.0 ·104

Nickel Ni 4.80 ·104

Chromium Cr 1.27 ·104

Phosphorus P 9600
Manganese Mn 9300
Chlorine Cl 5700
Potassium K 4200
Titanium Ti 2775
Fluorine F 2450
All other elements 5069
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HC3N [30]; HC5N, HC7N [31]).
Besides the persistent carbon chains, there are numerous unsaturated and
reactive molecules, for instance CnH, CnN, pure carbon chains Cn (with
n = 1,2,3, ...), and those cyano-polyynes with even numbers of carbon atoms.
They are of signi�cant astrophysical relevance and have been observed, for in-
stance towards cold molecular clouds, such as TMC-1 and L183 (e.g. l−C3H,
C4H, C5H, C6H [5]). Unlike the laboratory, the interstellar medium with ul-
tralow pressure, density, and temperature conditions is a repository for this
class of molecules. Thus, many radicals have been detected �rst by radio
astronomers rather than in the laboratories, for example C3N [32] and C4H
([33], [34], and [35]) which were �rst observed in 1977 and 1978, respectively.
The frequency predictions for theses detections had to be taken from ab inito
calculations, since laboratory spectroscopy could not catch up with the in-
terstellar detections for a long time until sophisticated production methods
were developed. Nowadays, laboratory spectrometers for the investigation of
radicals are available mainly in the infrared region, while the terahertz range
is barely involved in the investigation of reactive species.

The Cologne Supersonic Jet Spectrometer for Terahertz Applications (Su-
JeSTA) has been developed within the scope of this thesis to overcome this
lack of terahertz data for radicals. The new instrument combines an e�cient
source for radicals and a powerful terahertz radiation source to obtain high
resolution spectra of the instable species and to provide the necessary labora-
tory data for future search for reactive, interstellar species. The molecules are
formed by means of a pulsed discharge in the throat of a slit nozzle. The sub-
sequent adiabatic, supersonic expansion into the vacuum chamber is almost
collision-free and cools the rotational degree of freedom of the gas molecules
to a few Kelvin. SuJeSTA is embedded in the international network of the
Laboratoire Europeén Associé (LEA HiRes) which aims at developing a re-
gional structure promoting the applications of high resolution spectroscopy
in the �eld of molecular physics. Applications concern planetary science, at-
mospheric studies, astrophysics of the interstellar medium, time dependent
chemistry, analytical chemistry, and process analysis.

The �rst application of SuJeSTA has been an investigation of the linear
X2Π propynylidyne radical, l−C3H. This chain molecule has been subject of
many astronomical observations, since it is supposed to play a major role in
the carbon chain growth in the interstellar medium. The linear C3H radical
in its vibrational ground state was �rst detected by Thaddeus et al. [4] to-
wards IRC+10216 and the cold dark cloud TMC-1 in 1985. In 2000, Turner
et al. [5] reported cyclic and linear C3H in three small translucent molecular
clouds (CB 17, CB 24, and CB 228), in TMC-1, and L183. The most recent
detection of C3H stems from an extensive spectral line survey towards TMC-
1 (Kaifu et al. in 2004 [6]).
The C3H radical is not only of astrophysical interest, but also a challenging
molecule for spectroscopists. First information on C3H came from theoreti-
cal studies. Ab initio calculations revealed the equilibrium geometric struc-
ture and provided vibrational frequencies ([17], [18], [19]). E�ects, such as
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spin-orbit coupling due to the 2Π electronic ground state, and the hyper-
�ne structure due to the nuclear spin of the hydrogen, were treated in many
publications (e.g. [36], [37], [20]). Recently Peri¢ et al. [21] investigated the
Renner-Teller e�ect of C3H, resulting from a coupling of the electronic an-
gular momentum and the bending vibrational motion. Due to this strong
coupling, the lower 2Σµ -state of the ν4 CCH bending mode is shifted towards
lower energies and into the submillimeter region. This e�ect is typical for
carbon chains and the understanding of its nature will support ab initio cal-
culations of other chain molecules.
SuJeSTA has facilitated the �rst experimental study of this Renner-Teller
shift due to the precise data of ro-vibrational transitions of the 2Σµ -2Π3/2
band system, which is described in this work. A reasonable value for the
Renner-Teller constant ε of C3H has been evaluated, based on these mea-
surements. Furthermore, the value of the excitation energy Eν4 of the ν4
(2Σµ) state has been strongly improved.
Another interesting feature of C3H is a Coriolis coupling which causes per-
turbations of the rotational levels in the ground and the vibrationally excited
states. First accurate values for the Coriolis interaction constant will be pre-
sented in this work. The pure rotational transitions in both 2Π ground states
and in the �rst excited vibrational state v4 = 1 (2Σµ) have been recorded up
to 600 GHz and the earlier measurements by Gottlieb et al. (1985 [7] and
1986 [8]) and Yamamoto et al. (1990 [9]) below 360 GHz have been substan-
tially extended. From a least squares �t to a standard Hamiltonian a new set
of molecular parameters has been obtained which is most reliable to predict
transition frequencies up to 1 T Hz.

Besides uncharged molecules, ions represent another class of astrophysi-
cally important species. Like radicals, these molecules are usually instable
under laboratory conditions and di�cult to analyze by spectroscopical meth-
ods. However, they are abundant in the interstellar medium and play a major
role in astrochemistry, since many chemical reactions involve ions.
Furthermore, ions, such as CO+ and C+, play a decisive role as PDR tracer
(Photon Dominated Region). In the interstellar medium, the CO+ ion is
rare and normally optically thin due to its reactivity, for instance with H2
to HCO+. With knowledge of the column density of CO+ chemical models
of PDRs are veri�ed [11]. The �rst detection of CO+ towards OMC-1, a
molecular cloud in the Orion nebula, was reported by Erickson et al. [12] in
1981. Twelve years later, Latter et al. [38] observed CO+ in the planetary
nebula NGC7027 and in the interstellar medium (M17SW).

SuJeSTA facilitates the analysis of adiabatically cooled ions in the tera-
hertz region - in contrast to the production of ions in a DC glow discharge,
where the ions usually have high rotational temperatures [10]. In this work,
the carbon monoxide ion, CO+, has been used as a test molecule. It turned
out, that SuJeSTA is an expedient instrument for the spectroscopy of cold
ions in the terahertz region and pure rotational transitions of CO+ in the
vibrational ground state have been observed.
CO+, generated in glow discharges, was investigated in many laboratory mi-
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crowave studies in the 1970s and 1980s ([39], [22], [40], and [23]). The latest
set of isotopically invariant Dunham parameters was determined in the early
1980s. A very recent extensive investigation of the isotopomers 12CO+ and
13CO+ in the terahertz domain was carried out by Klapper [10] employing
the Cologne Terahertz Spectrometer.
An updated isotopically invariant analysis ofCO+ including the Born-Oppen-
heimer breakdown corrections was not available, yet. Thus, the observed
lines together with earlier data have been �tted in a mass independent least
squares �t. The isotopically invariant mass-reduced Dunham parameters and
the �rst order Born-Oppenheimer breakdown corrections for C and O have
been determined. The resultant invariant parameter set of this work provides
reliable frequency predictions for all isotopomers of CO+ and encourages the
astronomical search for those with low abundances.

Although the species which have been analyzed in this thesis require
certain experimental setups and belong to di�erent categories of molecules,
they have all been investigated in the terahertz regime by means of laboratory
spectroscopy. The rotational and, in case ofC3H, bending vibrational spectra
have been analyzed with quantum mechanical methods to derive appropriate
molecular parameters for their description. Upon these results the spectra
are predictable in a wide range and the transition frequencies are available
via the Cologne Database for Molecular Spectroscopy (CDMS) [41], [13].



3

Experimental Setup

The main aim of the present work is to combine a terahertz radiation source
with a supersonic jet, to perform high resolution terahertz spectroscopy on
molecular radicals and ions. For this purpose, the new Cologne Supersonic
Jet Spectrometer for Terahertz Applications (SuJeSTA) has been setup which
is described in Section 3.1. For the measurements on KCl the Cologne Tera-
hertz Spectrometer has been used which has been described by Winnewisser
et al. [1] in detail and in Section 3.2 of this work only brie�y. Further details
on the radiation sources are given in Section 3.3.

3.1 Supersonic Jet Spectrometer for Terahertz Ap-
plications

A main task in the course of this work was the construction and assembly
of the new Cologne Supersonic Jet Spectrometer for Terahertz Applications
(SuJeSTA). Extensive tests were performed to derive technical parameters,
such as the amount of produced molecular transient species and lower limits
for their detection. In a �rst scienti�c application SuJeSTA has been used
to study pure rotational and ro-vibrational transitions of the linear C3H
radical (see Chapter 6). The new spectrometer has also been used to perform
measurements on adiabatically cooled CO+ ions (see Chapter 7).

The short absorption pathes and the low column densities of a jet spec-
trometer require a strong and stable radiation source besides a very sensitive
detecting system. Backward wave oscillators provide enough power in the
submillimeter and millimeter wavelength region to operate a terahertz jet
spectrometer. SuJeSTA can be used in two di�erent operational modes (see
Section 3.3.2), either in a frequency stabilized mode or in a free-running
mode: A highly precise mode for scans over small intervals, usually of 10�
20 MHz width (see Fig. 3.1) and a fast scanning mode which covers a large
frequency range of several hundred MHz (see Fig. 3.2). The less accurate
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Figure 3.1: Experimental setup of the Cologne Supersonic Jet Spectrometer for
Terahertz Applications (SuJeSTA). Frequency stabilized Backward Wave Oscilla-
tors (BWOs) are used as radiation sources. The signal is detected on a liquid
helium cooled InSb Hot Electron Bolometer. A pulsed discharge slit nozzle pro-
duces radicals, e.g. C3H from a C2H2 / CO gas mixture diluted in He or Ar at
1–6 bar backing pressure. In a subsequent supersonic expansion the molecules
are adiabatically cooled. The probing microwave beam intersects the molecular
jet six times in a multipath optics which leads to an overall absorption path length
of approximately 30 cm. This operational mode of SuJeSTA is used to record
spectra of 10–20 MHz band width.

fast mode using a free-running BWO is applied when searching for absorp-
tion lines of less known, or completely unknown species. In this work the
frequency stabilized mode with high spectral resolution and 10 kHz of accu-
racy is presented. In this context also superlattice devices have been used
as radiation source. In addition, a 16 path Herriott-type cell particular con-
structed for the use with terahertz applications increases the sensitivity of
the spectrometer signi�cantly (see Fig. 3.3 and Section 3.1.2).

All optical devices (see Figs. 3.1�3.3), such as lenses, windows, and mir-
rors, are made of aluminium or brass with smoothly polished surfaces for
high re�ectivity. Lenses with di�erent focal lengths and all windows were
made of Te�on or HDPE, both o�ering high transmittance for millimeter
and submillimeter waves. The absorption coe�cient α of HDPE at room
temperature is equal to ∼ 0.077 cm−1 at frequencies around 600 GHz ([42],
[43], [44], [45]). The thickness of lenses and windows is in the order of 0.5�
3 cm which gives su�cient transmission.
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Figure 3.2: Experimental setup of the Supersonic Jet Spectrometer for Terahertz
Applications in the free-running operational mode. In this setup of SuJeSTA, the
Backward Wave Oscillators (BWOs) are not frequency stabilized by a phase lock
loop (free-running mode). The frequency is tuned by a function generator which
applies a voltage ramp to the BWO. In the fast scanning mode, a spectrum of
several hundred MHz is taken during a single pulse of the discharge source. The
frequency accuracy is lower than it is with frequency stabilization.

3.1.1 Discharge and Supersonic Jet

Several methods, such as laser ablation, glow discharge, and pulsed discharge
with subsequent supersonic expansion, are applicable for the production of
cold radicals and ions [46]. The supersonic jet spectrometer, SuJeSTA, has
been used with two di�erent types of discharge nozzles:

� pulsed discharge pinhole nozzle

� pulsed discharge slit nozzle

In the present work both nozzles have been fed with a mixture of the ap-
propriate precursor gasses at a backing pressure of 1�10 bar, whereas the
constant �ow of the gas has been controlled by �ow regulators. To achieve a
certain type of product molecules particular mixtures had to be used which
are listed in Tab. 3.1. The precursors have been diluted in inert gases, such
as He and Ar, to advance the cooling process. The C3H radical, the CO+ ion,
as well as the stable molecules, HCN and HNC, have been produced by means
of this technique. Furthermore, energetically low lying rotational transitions
of stable molecules, for instance CO and its isotopomers, have been analyzed,
taking advantage of low rotational temperatures due to adiabatic expansion
of the gas.
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Figure 3.3: Experimental setup of the Supersonic Jet Spectrometer for Terahertz
Applications with a superlattice device (SLED) pumped by a synthesizer. The
power emitted by the SLED at higher harmonics is much lower than that of a
BWO. The Herriott type multi pass optics was installed to increase the sensitivity
due to 16 passes.

Radical and ions are produced in the plasma of an electrical discharge.
This can be done either in a static glow discharge or in a pulsed mode, where
a short gas pulse of up to a few hundred microseconds goes along with a
discharge pulse of several hundred Volts and similar duration. The timing of
the pulses is very decisive and has to be adjusted in each individual case.

Adiabatic Expansion

All gases cool when they expand adiabatically. The rapid expansion of a
system in a supersonic jet with high pressure di�erences prevents the transfer
of energy. In this work, the factor between high and low pressure was usually
larger than 105. A gas expansion from a region with pressure p0 into a
vacuum chamber with background pressure pb is regarded as supersonic if
the following equation is satis�ed:

p0

pb
> G =

(
γ +1

2

) γ

γ−1

with γ =
cp

cV
=

f +2
f

(3.1)

Here γ is the adiabatic exponent and f is the degree of freedom of the
molecules. G is always smaller than 2.1 for all gases. In an idealized adia-
batic process the temperature and pressure of the molecules are correlated
by the following expression:

T
T0

=
(

pb

p0

) γ−1
γ

(3.2)
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Table 3.1: Precursor gas mixture for production of particular molecule.

Product Precursor Nozzle Back. press. Dis. voltage Rep. rate
1–2 % C2H2

HCN 15 % N2 pinhole 5–10 bar 800–1200 V 50 Hz
He
1–2 % C2H2

HNC 15 % N2 pinhole 5–10 bar 800–1200 V 50 Hz
He
1.5–2.3 % C2H2

C3H 63–44 % CO slit 2–6 bar 800–1100 V 50 Hz
He

CO+ 30–50 % CO slit 1–4 bar 800–1100 V 50 Hz
Ar

Here T0 and p0 are the stagnation temperature and pressure, respectively,
and pb is the background pressure in the vacuum chamber during the expan-
sion. A temperature of THe = 2.3 K is calculated from this expression for the
adiabatic expansion of helium atoms (with γatoms = 5

3 , T0 = 300 K, p0 = 4 bar,
pb = 2 ·10−5 bar).

A gauge for the velocity of a �ow is its Mach number, which is de�ned as
M = v

vs
where vs is the speed of sound in the medium. The molecular beam

is supersonic if M ≥ 1. The expansion accelerates the particles to large Mach
numbers. Thus, for a certain area of the jet, called Zone Of Silence (ZOS),
the molecules in the �ow are not in�uenced, for instance by the background
pressure. The following expression for the isentropic temperature is derived
for the ZOS from further assumptions (see e.g. Scoles [47] for more details):

Tisentropic =
T0

1+ γ−1
2 M2

(3.3)

The low rotational temperature of molecules in an adiabatically expanded
molecular beam allows spectroscopical investigation of their lowest energy
states. A way to calculate the rotational temperature of the molecular jet is
the comparison of the intensity of two adjacent rotational transitions ((Ji +
1)← Ji and (J j +1)← J j) by means of the formula:

Trot =
−2 ·106 ·B ·h · (Ji +1)

kB · ln
(

Ni·(2Ji+3)
N j·(2Ji+1)

) with J j = Ji +1 (3.4)

where B is the rotational constant in MHz, Ni and N j are the intensities of
the lower and upper transition, respectively. From the intensities of the two
transitions of 13C16O, 3← 2 and 4← 3 at 330587.9 MHz and 440765.1 MHz,
respectively, a temperature of approximately 40 K was derived. From Eq.



18 Experimental Setup

3.3 the Mach number for helium at 40 K (vs(He) ' 370m
s ) is calculated to

M ' 4. This is in full agreement with the experimental results (see Fig. 3.6
in the next Section), since the transitions probed parallel to the direction of
jet propagation show a Doppler-shift of approximately 1400 m

s .

The adiabatic expansion of particles has been discussed in detail else-
where, e.g. in the textbook of Scoles [47]. The process in connection with
spectroscopical applications is treated for example in the works of Balle et al.
[48] and Fuchs [49].

Discharge Pinhole Nozzle

Figure 3.4: Discharge nozzle consisting of solenoid valve (orifice d0 = 1 mm) and
the subsequent discharge tube with teflon spacers (5–10 mm), copper electrodes
(thickness 1 mm), and reaction channel (20 mm, d1 = 5 mm). A voltage of 800–
1200 V is applied to the electrodes. The discharge tube was designed by Thad-
deus and co-workers at the Harvard University.

Figure 3.5: Discharge of C2H2, N2, and He at a backing pressure of 4 bar for HCN
production in a discharge pinhole nozzle.
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One kind of discharge nozzle (Harvard source) is schematically shown in
Fig. 3.4. The discharge tube was designed by Thaddeus and co-workers at
the Harvard University. Nozzles similar to the ones used in this thesis were
�rst described by Schlachta et al. [50]. Another comprehensive study on the
source was performed by Fuchs [49].
The sample gas enters the nozzle via a solenoid valve (General Valve pulsed
9 series) which is mounted on a Te�on casing. The casing contains a Te�on
spacer with 5�10 mm of length and two oxygen-free high conductivity copper
electrodes with 1 mm of thickness which are separated by a second Te�on
spacer (5�10 mm). A short discharge pulse is applied to the electrodes where
the pressure of the �ow gas is still high. Downstream a third spacer of up
to 20 mm of length acts as reaction channel, where the transient species
are formed. The transient species are formed in the downstream reaction
channel. In the generated plasma the molecules of the carrier gas are elec-
tronically excited. The emission of light from the adiabatically expanding
gas into the vacuum chamber can be seen by the naked eye (see Fig. 3.5).
Subsequently the gas is adiabatically cooled in a supersonic jet expansion.
The jet is intersected by the probing radiation beam in the zone of silence.

Figure 3.6: Absorption signal of HCN, produced in a pulsed discharge in the
throat of a pinhole nozzle. The two lines are Doppler components of the J = 5←
4 transition in the vibrational ground state at originally 443116.1493 MHz. The
line shift from the center position is approximately 2 MHz in each direction which
corresponds to vrel ∼=±1350 m

s . It arises from the parallel alignment of the jet and
the probing microwave beam.
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The discharge pinhole nozzle was very e�cient in producing HCN and
HNC. These molecules have been used as test molecules to derive timing
values for this molecular source. A constant gas mixture (1�2 % C2H2, 15 %
N2, and He) at a backing pressure of 5�10 bar was applied to the nozzle.
A 150�200 µs discharge pulse of 800�1200 V was synchronized with a 300�
350 µs gas pulse. The discharge current was typically between 400 and
800 mA. The �rst electrode (the one next to the valve) was always grounded
while the second electrode served as cathode. In the �rst setup, the optical
path of SuJeSTA was aligned in a way that the direction of propagation of
the molecular jet and the probing microwave beam were parallel (see Section
3.1.2), which resulted in two Doppler-shifted absorption lines. Fig. 3.6 shows
a spectrum of the two Doppler components of the J = 5← 4 transition of
HCN in the vibrationally ground state. Each is shifted about 2 MHz from
the center position which is originally located at 443116.1493 MHz. This
shift corresponds to a relative velocity of approximately ±1350 m

s . From the
intensity weighted mean frequency of the two Doppler lines the transition
frequency is determined. The width of each line is about 500 kHz.

This type of molecular source was also used in the perpendicular setup of
SuJeSTA together with a multipath optics (see Section 3.1.2). Unfortunately,
this source proved not to be appropriate to produce measurable amounts of
C3H.

Discharge Slit Nozzle

Figure 3.7: Discharge slit nozzle consisting of the valve, the slit pre-expansion
(width = 1–2 mm, length = 3 cm), and the discharge unit with two electrodes sep-
arated 1 mm by ceramic spacers and mounted in front of the valve. [51].

Another e�ective source for radical and ion production is a discharge slit
nozzle (Basel source). The setup of this source is shown in Fig. 3.7. A
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detailed description of this source is given by Linnartz et al. [51] who was
signi�cantly involved in its development.

Figure 3.8: Spectrum of HNC, produced in a pulsed discharge in the throat of
a slit nozzle. The J = 3← 2 transition belongs to the vibrational ground state
and is located at 271981.142 MHz. In this case, the radiation was provided by a
superlattice device pumped by a synthesizer at a frequency of 90660.3807 MHz.

A pinhole nozzle injects the gas mixture into a slit of 3 cm length and
1�2 mm width, where a pre-expansion takes place. Two metal blades are
used as electrodes separated 1 mm by ceramic spacers and mounted in front
of the valve. A discharge voltage of 500 to 1200 V was typically applied
to the electrodes. The microwave radiation probes the jet approximately
5 cm downstream and perpendicular to the direction of jet propagation (see
Section 3.1.2).

The discharge slit source facilitated the formation of C3H (discharge of
C2H2 and CO diluted in He), CO+ (discharge of CO diluted in Ar), and
several stabile molecules, such as HCN and HNC (discharge of C2H2 and N2
diluted in He). Fig. 3.8 shows an HNC transition at 271981.142 MHz in
the vibrational ground state. Due to the perpendicular alignment of jet and
probing beam (see Section 3.1.2) no Doppler shifts occur. In this case the
radiation was provided by a superlattice device pumped by a synthesizer at
a frequency of 90660.3807 MHz.

The production details for C3H and CO+ will follow in the Chapters 6 and
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Figure 3.9: Exemplary Timing with the pulsed discharge slit nozzle: In black the
detected signal is displayed; the blue and red curve show the discharge and gas
pulse, respectively; the turquoise curve represents the system-trigger.

7. Fig. 3.9 exemplarily shows the timing of the pulsed discharge slit nozzle
for C3H formation. The black curve is the online signal from the detector.
Its trend is proportional to the absorbed radiation. In red the gas pulse with
a length of about 200 µs is shown followed by a 280 µs discharge pulse in
blue. The turquoise curve is the system-trigger which was synchronized to
the AC-line frequency which resulted in a repetition rate of 50 Hz. In this
example the maximum of the absorption signal (black curve) occurs within
a 160 µs time window, 930 µs after the trigger.
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3.1.2 Vacuum Chamber and Multipath Optics

The environment, where the molecules expand adiabatically, plays a decisive
role for the production of radicals and ions. Besides a steady �ow of gas
and de�ned discharge parameters, stable pressure conditions are necessary,
either with the jet on or o�. These surroundings are provided by the vac-
uum chamber which also holds some of the optical arrangements to guide the
probing beam. The one designed for the Supersonic Jet Spectrometer has
been built in shape of a cube with dimension of 60 cm × 60 cm × 50 cm
(length × width × height). It has been constructed of six aluminum plates,
mounted on an aluminum frame. Each plate is detachable, so that the setup
within the chamber is accessible from all sides. The chamber is attached to
a vibration-free supported table which also carries the radiation source, mi-
crowave mirrors, lenses, and detector. The chamber's top plate is connected
to the pumping system, consisting of a two stage roots blower and a booster
pump with a total pumping speed of ∼ 4600 m3/h. The chamber pressure has
not exceeded 5 · 10−2 mbar during the measurements, where the molecular
jet has been pulsed with a repetition rate of usually 50 Hz. Without jet the
pressure is below 10−3 mbar. The front plate is equipped with a Te�on mi-
crowave window which serves as entrance and as exit for the radiation beam.
Its dimension is 125 mm × 75 mm (width × height) and a thickness of 8 mm.
The angle between the window's plane and the direction of propagation of
the microwave beam is less than 90° to minimize standing wave etalon e�ects.

Figure 3.10: Optical pathes for probing the molecular jet: a) 2 passes parallel to
the direction of jet propagation b) 6 passes perpendicular to the direction of jet
propagation c) 16 passes through a Herriott type optics.

Three di�erent geometrical setups are possible to probe the molecular jet
with the radiation of a BWO or a SLED (see Fig. 3.10):

a) 2 passes parallel to the direction of jet propagation

b) 6 passes perpendicular to the direction of jet propagation

c) 16 passes through a Herriott type optics
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In the parallel setup (a) the microwave radiation beam has an almost parallel
alignment with the molecular beam. Thus, the incident (opposite to the di-
rection of jet propagation) and the re�ected beam (parallel to the direction of
jet propagation) lead to two Doppler-shifted components of the transitions.
The total absorption of the transition is distributed to two peaks in the spec-
trum which neither necessarily have the same intensity nor the same shift
relative to the center frequency. The frequency positions of the two compo-
nents strongly depend on the relative alignment and frequency calibration is
always required. The absorption path length is approximately 15 cm for each
pass due to the length of the cone-shaped jet produced by a pinhole nozzle.
The molecules HCN and HNC have been observed with SuJeSTA using this
optical setup. A typical spectrum is shown in Fig. 3.6. Unfortunately, this
layout has proven not to be applicable for the investigation of C3H. An ex-
planation for this might be the short absorption path of only 15 cm which
has been improved in the course of this work. But it seems more likely that
the pinhole discharge nozzle is not an e�ective source for the production of
C3H (see Section 3.1.1).

In setup (b) the microwave beam probes the molecular jet approximately
5 cm downstream and almost perpendicular to the direction of jet propa-
gation. By this means, line shifts due to the Doppler e�ect are minimized.
Nevertheless, periodical frequency calibrations are useful. The absorption
path length of this setup is given by the width of the molecular beam (slit
nozzle: ∼5 cm, pinhole nozzle: ∼3 cm each pass) times the number of passes.
Employing a 6 passes optics, the absorption path is enlarged to 30 cm with
the slit nozzle and to 18 cm with the pinhole nozzle. The optics (see Fig.
3.10) consist of a concave mirror (focal length 7.5 cm) and of a plain mirror
at a distance of 7.5 cm. This enhancement leads to a signi�cant improvement
of the signal to noise ratio compared to two passes. Setup (b) in combination
with a slit discharge nozzle has been used for the detection of C3H and CO+,
using high power BWOs as radiation source.

Using a low power superlattice device as source for the probing radiation,
the number of passes has to be increased. This is realized by a Herriott type
multipath optics [52] (setup (c)) consisting of two concave mirrors of which
one has a recess for the incoming and outgoing beam (see Fig. 3.10). An
elliptical pattern of n spots arises on each mirror. The number of re�ections
n depends on the distance d between the mirrors and the their focal lengths
f :

d
f

= 2
[
1− cos

(
ϕ

2

)]
(3.5)

where ϕ is the angle between two consecutive re�ections on each mirror with
the following relation [53]:

nϕ = 2πk with k = 1,2, ...,n (3.6)

Here k is equal to the number of circulations on the mirrors. An important
feature of a Herriott type optics is that the re�ected beam has the same
Gausian and geometric parameters as the incident beam.
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The two concave mirrors with a focal length of 15 cm at a distance of
less than 30 cm were aligned to produce 8 re�ections on each mirror which
results in a total of 16 passes. Thus, the absorption path length is increased
to approximately 80 cm with the slit nozzle and 48 cm with the pinhole nozzle.
The mirrors are polished to optical quality to allow He-Ne-laser adjustment
of the optical system. The microwave beam waist is focused to the center
between the two mirrors where it coincides with the zone of silence of the
supersonic molecular jet.

In the con�gurations (b) and (c) the horizontal position of the super-
sonic jet is adjustable by means of a motor to optimize the alignment of
the molecular jet relative to that of the microwave beam from outside the
vacuum chamber.

3.1.3 Detector

Figure 3.11: Schematic diagram of the InSb Hot Electron Bolometer (HEB): The
InSb-chip is cooled by liquid helium to a temperature of 4.2 K. The 4 K stage
is protected by a helium gas-cooled shield and a liquid nitrogen cooled shield
(77 K) against thermal radiation. High vacuum of less than 10−5 mbar is needed
for thermal isolation of the system.

A broadband helium cooled InSb Hot Electron Bolometer (HEB), with a
maximum of sensitivity at a frequency around 600 GHz, has been used to
record all spectra in the course of this work. A schematic drawing of the
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detector system is shown in Fig. 3.11. The key part is the InSb-chip where
the incedent microwave radiation is absorbed by electrons, at which their
average temperature is increased compared to that of the chip. The resulting
change in conductivity is commensurate to the intensity of the radiation. The
relaxation time is approximately 1 µs which is su�ciently short to allow a
frequency modulation of the radiation source with up to 500 kHz (see Section
3.1.4). The signal is processed in a pre-ampli�er for data acquisition. The
incident radiation enters the detector via a Te�on window.

To keep the noise level low it is necessary to hold the InSb-chip on a
temperature of 4 K. Therefore, the chip is connected to a liquid helium
cooled plate. The 4 K stage is protected by a helium gas-cooled shield and a
liquid nitrogen cooled shield (77 K) against thermal radiation. High vacuum
of less than 10−5 mbar is needed for thermal isolation of the system.

3.1.4 Signal Processing

Measurements at the Supersonic Jet Spectrometer for Terahertz Applications
as well as at the Cologne Terahertz Spectrometer (see Section 3.2) are per-
formed in a 2 f -modulation mode which increases the signal to noise ratio
signi�cantly at cost of the line width. The radiation source of SuJeSTA is
usually operated with a modulation frequency between 35 and 45 kHz to
achieve an e�ective modulation during the short gas pulse of approximately
200 µs. Thus, 8 cycles per gas pulse are obtained. The total amplitude of the
modulation ranges between 400 and 2000 kHz, depending on the expected
intensity and line width of a transition. The optimal value of the modulation
amplitude is in the range of the half width at half maximum of a transition
line. Subsequently, a digital lock-in ampli�er (DLI) demodulates the signal
and relays it to a computer. The recorded line shows the second derivative
of the original signal due to the 2 f -modulation.

In case of SuJeSTA, a second on-o� modulation is possible due to the
pulsed molecular jet. In fact, microwave radiation is absorbed only for short
time by the molecules contained in the 200�250 µs gas pulse. Since the
repetition rate is 50 Hz there remains a time span of almost 20 ms where
the radiation passes the absorption cell unimpeded. This time or part of it
can be used to integrate the background signal to be subtracted from the
�on�-signal. SuJeSTA is principally baseline limited due to standing wave
etalon e�ects which are eliminated by the on-o� modulation.

In the course of this thesis a special software was developed for the re-
quirements of a pulsed experiment. It enables the recording of the spectra
and allows full control of the external devices, i.e. synthesizer and digital
lock-in ampli�er. By means of the program �SuJeSTA-Control� the most
important parameters of the spectrometer are accessible via a graphical user
interface:

� center frequency
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� frequency span and increment

� modulation amplitude and frequency

� time frame for signal integration and background subtraction

� number of scans and averages

Additional settings are accessible in submenus. A screen shot of the graphical
user interface of the �SuJeSTA-Control� program is shown at the top part of
Fig. 3.12.

The external devices are controlled via GPIB-bus. For data acquisition a
fast eight channel AD-converter card with a sampling rate of up to 100 kHz
is used. In the following the method of recording a spectrum is described:

Starting a measurement the modulation parameters are sent to the lock-in
ampli�er and the synthesizer is set to the start frequency which is calculated
by:

fsynthesizer =
fcenter−

fspan
2 ±350 MHz

Nharmonic

⇒ fstart = fcenter−
fspan

2

(3.7)

Here Nharmonic is the appropriate integer harmonic for the frequency of the
synthesizer to be mixed with the BWO radiation to an intermediate frequency
of 350 MHz, where ± stands for the upper or lower sideband (see Section
3.3.2). fcenter is the desired center frequency and fspan is the width of a scan.
An external pulse generator, synchronized to the AC-line frequency, generates
a trigger to start the data acquisition. With the same trigger the valve is
forced to open. An optional second trigger some hundred microseconds later
lights the discharge (see Section 3.1.1). The data acquisition stops when both
intervals, i.e. signal integration and background subtraction, are completed.
The mean background level is subtracted from the mean signal level. This
procedure is repeated m times as speci�ed by the user in the �Averages each
frequency�-�eld and the m values are averaged. Subsequently, the synthesizer
is set to the next frequency by adding or subtracting:

fstep =
fincrement

Nharmonic
(3.8)

After a time of 100 ms to allow the synthesizer to lock on the new frequency,
the data acquisition starts afresh. When the frequency span is completely
covered a subsequent scan in the opposite direction follows until the maxi-
mum number of scans is reached or the user aborts the process. During the
scanning process, an online visualization of the spectrum shows the recorded
signal. This facilitates the decision wether the experimental parameters have
to be changed in order to yield optimal results. An exemplary spectrum of the
�rst of four scans of a C3H transition is shown at the lower part of Fig. 3.12.
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The additional scans result in an averaged spectrum which is saved in ASCII
code as a list of intensities versus frequencies. In addition, a parameter �le
provides all information on the measurement, consisting of center frequency,
span, modulation parameters, time windows, and user de�ned comments.
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Figure 3.12: Top: Screen shot of the graphical user interface of the software,
controlling the SuJeSTA spectrometer. The spectra are recorded by means of
a fast eight channel AD-converter card. The synthesizer and lock-in amplifier
are controlled via GPIB-bus. All parameters necessary for measurements are
accessible at the graphical user interface. Additional settings are accessible in
submenus. Lower: Screen shot of a C3H measurement with SuJeSTA-Control.
The first of four scans is shown which is going to be improved by further scans.
The current frequency position and the number of scans are displayed at the top
of the window.
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3.1.5 Sensitivity of SuJeSTA

The sensitivity of the new spectrometer has been analyzed in this work by
means of the J = 3← 2 pure rotational transitions of 13C16O and 12C18O at
approximately 330 GHz. The signal to noise ratio (SNR) of the lines shown
in Fig. 3.13 has been estimated to be 175 for 13C16O and 35 for 12C18O. The
ratio of both SNRs is 5 which is about the same as the ratio of the relative
abundances of the two isotopomers (1.07 % and 0.205 %). A superlattice
device, pumped by a 3 mm KVARZ-synthesizer and operated at the third
harmonic, served as radiation source.

Figure 3.13: J = 3← 2 pure rotational transitions of 13C16O (black) and 12C18O
(red). The maximum intensity of both lines is scaled to 1. The center posi-
tion of 13C16O line is located at 330587.9 MHz and shows signal-to-noise ratio
(SNR) of 175. The 12C18O line is located at 329330.6 MHz and has a SNR of
35. The ratio of both SNRs is approximately 5 which is equivalent to the ratio of
the relative abundances of the two isotopomers. Both lines have been recorded
with the following parameters: 100 averages each frequency-position, 30 kHz fre-
quency steps, 2 f -modulation with a frequency of 36.13371 kHz and amplitude
of 1350 kHz, 1.7·10−2 mbar background pressure, 1:5 CO-Ar-mixture at 1.5 bar,
50 Hz repetition rate. The spectra have been recorded with the Herriott type setup
using a superlattice device operated at the third harmonic as radiation source.

Assuming approximately 7 · 1018 particles per gas pulse [49] of a 1 : 5
CO�Ar mixture the total amount of 13C16O and 12C18O molecules can be
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estimated to be ∼ 1.5 ·1016 and ∼ 2.9 · 1015, respectively. De�ning 3 as the
lower limit of the SNR for a detectable line one calculates a minimum of
∼ 2.5 · 1014 molecules in the whole volume probed by the radiation beam.
The above mentioned transitions have been recorded with the Herriott type
optics and the slit nozzle which results in a total absorption path length
of 80 cm. Thus, one derives a total absorption volume of approximately
250 cm3, assuming that the radiation beam has a mean diameter of 2 cm
in the observed region. From this a lower limit for the column density of
CO molecules (µ = 0.1105 D) of 1012 molecules

cm2 is determined to detect the
J = 3← 2 transition.

These results can be compared to a common �cell-experiment�: The
Cologne terahertz spectrometer (see next Section) has been used with an ab-
sorption cell of 3 m in length containingCO at partial pressure of 2 ·10−2 mbar
to record the above mentioned transition. As with SuJeSTA a 2 f -modulated
superlattice device has been used as radiation source. To compare the signal
to noise ratio of this setup with the supersonic expansion setup, one has to
take into account that the CO gas in the cell is at ambient temperature.
Thus, the J = 3← 2 transition is 36 times weaker compared to the 40 K gas
(value taken from the CDMS [13]). Under this assumption a lower limit for
the column density of approximately 4 ·1012 molecules

cm2 has been determined to
achieve a signal to noise ratio of 3. This result is of the same order of mag-
nitude as the column density obtained for SuJeSTA and both spectrometers
have comparable sensitivities.
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Figure 3.14: Pictures of the SuJeSTA-Experiment: Top (from the left to the right):
The vacuum chamber, the detector, the magnets with BWO, the KVARZ syn-
thesizer, and further electronic devices. Lower: Heriott type optics with pinhole
discharge nozzle; the radiation beam enters from the right hand side - through
the HDPE-window.
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3.2 Cologne Terahertz Spectrometer with Evapo-
ration Cell

Figure 3.15: Experimental setup of the Cologne Terahertz Spectrometer. Back-
ward Wave Oscillators (BWOs) are used as radiation sources. The signal is de-
tected on a liquid helium cooled InSb-Hot Electron Bolometer. The KCl molecules
are evaporated inside the absorption cell.

The Cologne Terahertz Spectrometer has been thoroughly described in
many publications, for example Winnewisser et al. [1], Caris et al. [2], [26],
and Klapper [10]. Fig. 3.15 shows a schematic diagram of the Cologne
Terahertz Spectrometer with evaporation cell. The key elements are the
BWO, the Phase Lock Loop (PLL), the absorption cell, and the detector.
The phase stabilized radiation from the BWO intersects the KCl-vapor very
close to the ceramic vessel inside the absorption cell (see Section 3.2.1). The
InSb Hot Electron Bolometer detects the signal. A Digital Lock-In ampli�er
(DLI) demodulates the 2 f -modulated signal (see Section 3.1.4) and relays it
to a PC for recording. Typical values for the 2 f -modulation are 10�20 kHz
of modulation frequency and 600�1000 kHz of modulation amplitude.

3.2.1 Evaporation Cell

It is a challenging problem to evaporate a solid substance, which has a low
a�nity to change to the gas phase, and to provide it for spectroscopy. It has
to be guaranteed that a consistent �ow of molecules within the absorption
path is produced, while the amount of particles is essential for reasonable
spectroscopic results. Therefore, a special cell [26] was designed, used for
measurements on KCl in the course of this thesis and on NaCl in a previous
work [2]. A schematic diagram is shown in Fig. 3.16.
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Figure 3.16: Schematic diagram of the Evaporation Cell.

The boiling temperature of the substances analyzed with this setup ranges
between 1407 ◦C (KCl) and 1465 ◦C (NaCl). Thus, a special heating system
had to be applied to the absorption cell. It consists of a �lament encircling
a ceramic vessel, an approximately 5 cm long, hollow container used to hold
the substance. By this means, the vessel could be heated up to the required
temperature. In addition, a radiation shield, consisting of a steel plate, was
installed which surrounds the �lament to protect the glass cell against the
thermal radiation and to re�ect it back into the vessel. A small slit at the
upper side of this cylindrical shield allowed the evaporated substance to enter
the region of the probing microwave beam. This construction was positioned
in the center of a spherical cell which o�ered the advantage of easily position-
ing the heater very tightly beneath the microwave beam but with su�cient
distance to the walls of the glass sphere.

The operational conditions of the sample cell were provided by applying
helium as bu�er gas, in order to reduce the deposition of KCl molecules on
the cell walls. The partial pressure of He in the cell was held at 100 µbar
to maintain a maximum of absorption signal and to keep the line shape as
narrow as possible. The substance content of a few gram in the vessel allowed
3�4 hours of continuous measurements.
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3.3 Terahertz Radiation Sources

The measurements within the scope of this thesis have been carried out in
the terahertz domain. This part of the electromagnetic spectrum still is a
technically challenging area and sources for terahertz radiation are not very
prevalent (see Fig 3.17). This has to be ascertained particularly with regard
to the region between 1 and 5 T Hz (terahertz-gap). Existing commercial
devices, such as microwave synthesizers or Gunn oscillators are limited to
approximately 0.15 T Hz. The e�ciency of frequency multiplying decreases
rapidly with higher harmonics and frequencies, respectively. Cascading mul-
tiplier chains are not suited to provide su�cient output power for spectro-
scopic applications. Therefore, monochromatic radiation with frequencies
beyond 1 T Hz was obtained rarely until very recently.

Figure 3.17: Terahertz sources and their output power [54].

In the following a backward wave oscillator and a superlattice device
which have been employed in this work are described. For both types of
radiation sources the technique of phase stabilization has been applied to
achieve highest frequency accuracy.
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3.3.1 Backward Wave Oscillator (BWO) and Superlattice Elec-
tronic Device (SLED)

The terahertz regime has disclosed some of its secrets due to Russian Back-
ward Wave Oscillators (BWOs), fabricated by the ISTOK company. They
are a well established monochromatic source for millimeter and submillimeter
radiation at the Cologne laboratories. The available BWOs cover in bands a
frequency range of 53 to 1250 GHz nearly without interruption. Its output
power ranges between several tens of mW and a few mW at highest frequencies
which is su�cient for absorption spectroscopy. In combination with phase
stabilization BWOs are a sophisticated terahertz source with high frequency
accuracy and large tunability. The measurements in this work have been car-
ried out with a single BWO-tube in the region from 430 to 625 GHz (C3H,
CO+) and with several tubes ranging from 170 to 930 GHz (KCl). The prin-
ciple of BWOs is brie�y explained in the following; detailed information is
given elsewhere (e.g. in the textbook of Gewartowski and Watson [55] or in
[56], [57], [58]).

A bundled electron beam is guided along a slow wave structure (see �g.
3.18). Thereby, the electrons are accelerated and decelerated periodically.
Thus, an electromagnetic beam is produced, which travels in opposite direc-
tion to the propagation of the electrons (⇒ Backward Wave Oscillator). The
radiation exits the tube by a waveguide and can be used for spectroscopic
applications.

Figure 3.18: Schematic diagram of Backward Wave Oscillator: Electrons with a
speed up to 3 · 107 m

s are accelerated and decelerated by a slow wave structure.
The generated electromagnetic radiation (53 to 1250 GHz) travels in the opposite
direction and is coupled out into a waveguide. The electron beam is bundled by a
magnetic field of 1.2 T .

The frequency of the produced radiation depends on the parameters of
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the slow wave structure, which is predetermined by the design of the BWO -
each is constructed for a special center frequency. By varying the the speed
of the electrons via the accelerating voltage the frequency of the output
radiation is tuned. An adjustment of approximately ± 20 % of the center
frequency is typical for BWO tubes. The cathode voltage ranges between 1.5
and 6 kV leading to an electron current of 10�20 mA. The �lament current
equals values of 1.2�1.5 A. Electromagnets surrounding the BWO generate
a magnetic �eld of up to 1.2 T , to bundle the electron beam. The output
power usually ranges between 0.5 and 10 mW and can equal up to 100 mW
at special high power tubes.

While common frequency multipliers, such as Schottky diodes, have been
used in the past to generate terahertz radiation, the Superlattice Electronic
Devices (SLEDs) are a very recent Russian development. Pumped by an ap-
propriate frequency stabilized radiation in the millimeter and submillimeter
domain, they emit odd harmonics of the input frequency. In combination
with BWOs or synthesizers, it has successfully been introduced as radiation
source for spectroscopical applications beyond 1 T Hz (see e.g. Endres [24]).
The superlattice electronic devices consist of a periodic sequence of semi-
conductor layers of a few monolayers. The crucial factor for frequency mul-
tiplication is the high non-linearity in their current-voltage characteristic.
The superlattice produces only the odd harmonics of the input frequency
νe = (2n+1)νi with n = 1, 2, ... due to the antisymmetry of the IV-curve.
Further details on superlattice devices are given in the works of Scheuerer
etal. [59], Wacker etal. [60], Tsu etal. [61], and Kazarino etal. [62].

3.3.2 Phase Stabilizing System

The frequency of a free-running BWO can deviate from the desired frequency
by several MHz on a timescale of minutes. This is by far more than the
precision of a high resolution spectrometer can cope with. Thus, a phase sta-
bilization has to be applied to all BWO-based experiments if high resolution
is required. The free running mode is reasonable if precision plays a minor
role, for instance in large overview scans (see Fig. 3.2).

For phase stabilization, one part of the microwave radiation, usually 10�
20 %, is coupled onto a harmonic mixer device via a beamsplitter (see Fig.
3.1). The BWO radiation is mixed with the signal of a Local Oscillator (LO)
on a Schottky diode. The LO-signal emanates from a synthesizer (KVARZ,
Russia) which is available in a 2 mm (118�178 GHz), a 3 mm (78�118 GHz),
and a 4 mm (58�78 GHz) version. The harmonic mixer generates the fre-
quency harmonics of the two input frequencies, resulting in several Interme-
diate Frequencies (IFs):

fIF =±m · fBWO±n · fSynth (3.9)

If n is chosen properly an intermediate frequency of 350 MHz is generated
which is subsequently relayed to the Phase Lock Loop (PLL). The PLL pro-
vides a control voltage which is proportional to the phase di�erence between
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the IF and the frequency multiplied signal of a Rb-reference (10 MHz). The
synthesizer is also connected to the same frequency standard. The control
voltage is applied to the BWO which is thereby stabilized in frequency to
approximately 1 Hz for a su�cient time.



4

Theoretical Considerations

In the experimental part of this work the spectra of three classes of linear
molecules have been investigated: diatomic neutrals, ions, and polyatomic
radicals. The spectroscopic data is used to derive molecular parameters in
the framework of a quantum mechanical model. In this chapter the theo-
retical fundamentals for the analysis of rotational and ro-vibrational spectra
will be presented. Furthermore, Dunham's isotopically invariant approach
for diatomic molecules will be introduced [63], [64]. Concerning radicals,
the ro-vibrational motion of a molecule is not the only interaction but also
electronic and magnetic e�ects appear, such as �ne and hyper�ne structure.
Other interesting features, such as Renner-Teller and Coriolis coupling, can
also a�ect the energy levels. The aim is to derive an e�ective Hamiltonian
which describes the spectra of the molecules investigated in this work. The
Hamiltonian provides the energy in form of the eigenvalues by solving the
time independent Schrödinger equation.
The Hamiltonian presented in Equation 4.1 consists of seven terms: Ĥrot
(rotational motion), Ĥvib (vibrational motion), ĤFS (�ne structure), ĤHFS
(hyper�ne structure), Ĥl−doub (l-type doubling), ĤΛ−doub (Λ-type doubling),
and ĤRT (Renner-Teller e�ect). The e�ects leading to these terms are de-
scribed in detail in the following sections.

Ĥe f f = Ĥvib + Ĥrot + ĤFS + ĤHFS + Ĥl−doub + ĤΛ−doub + ĤRT (4.1)

Continuative literature concerning the spectra of molecules are the stan-
dard text books of G. Herzberg [65], [66], C. H. Townes and A. L. Schawlow [67],
W. Gordy and R. L. Cook [68], and P. F. Bernath [69].

4.1 Pure Rotational Spectra of Linear Molecules

The rigid rotor is the simplest approach to describe the pure rotational mo-
tion of a linear molecule. In this connection �rigid� means that the distance



40 Theoretical Considerations

of the nuclei is independent of the molecule's motion. The spectrum of such
rigid rotors consist of several equidistant lines with characteristic tempera-
ture dependent intensity distribution. The Hamiltonian for this motion is
provided by quantum mechanics as follows:

Ĥrot =
Ĵ2

2Θ
=

h̄2

2Θ
J(J +1) (4.2)

Where Ĵ is the operator of the angular momentum, J is the rotational quan-
tum number, and Θ is the moment of inertia. The energy of a rotational
state with quantum number J in units of Joule can be expressed by means
of the rotational constant B:

EJ =
h̄c
2π

B · J(J +1) [Joule] (4.3)

Where B in units of wavenumbers is de�ned as:

B =
h̄

4πcΘ
·10−2 [cm−1] (4.4)

It is also customary to express the energy and B in units of MHz. In this
case, B can be written as:

B =
h̄

4πΘ
·10−6 [MHz] (4.5)

and the energy is simply:

EJ = B · J(J +1) [MHz] (4.6)

In the following, all parameters and energies will be given in MHz, if not
denoted otherwise.

The energy of a rotational transition from the level designated by J + 1
to the next lower level J (ν(J+1)←J) is calculated by subtracting EJ from
EJ+1 and results in 2B(J + 1). Since the selection rules for linear molecules
(disregarding the e�ects of nuclear spin) only allow transitions with ∆J = ±1,
lines of a linear rigid rotor are equally spaced with 2B.

A closer look at the spectra shows that the lines are not equidistant but
rather the spacing decreases with increasing J. This is due to an e�ect called
centrifugal distortion. That means, with the molecule rotating faster, the
distance of the nuclei is enlarged and so is the moment of inertia. This
results in higher order terms for the rotational energy of a level J (see e.g.
[65], [69]):

EJ = B · J(J +1)−D · J2(J +1)2 +H · J3(J +1)3 + ... (4.7)

For determination of the centrifugal distortion constants D and H it might
be necessary to observe transitions with very high J values. The spacing of
the lines of the non-rigid rotor are calculated to be:

∆ν(J+1)←J = 2B(J +1)−4D(J +1)3 + ... (4.8)



4.2 Rotational-Vibrational Spectra of Diatomic Molecules 41

The Hamiltonian for the rotational motion can be expressed as:

Ĥrot = BĴ2−DĴ2 · Ĵ2 (4.9)

where Ĵ is the operator of the angular momentum with eigenvalues J. From
this follows: Ĵ2 ∝ J(J +1).

4.2 Rotational-Vibrational Spectra of Diatomic Molecules

The low resolution vibrational spectrum of a diatomic molecule consists only
of one line at the frequency ν and its overtones at 2ν , 3ν , etc., since a
diatomic molecule has only one degree of freedom for vibrational motion
along the axis of symmetry. A characteristic substructure due to rotational-
vibrational coupling becomes visible with su�cient spectral resolution.

4.2.1 Classical Approach

The pure vibrational spectral lines of a diatomic molecule arise from the
energy levels of an inharmonic oscillator. The potential of such oscillator is
called Morse potential and is given by the equation:

V = Edis

(
1− e−a(R−Re)

)2
with a = ω̂e

√
mr

2Edis
(4.10)

where Edis is the dissociation energy, mr is the reduced mass of the molecule
and ω̂e is the frequency of the harmonic oscillator. The quantum mechanical
treatment results in the following expression for the vibrational energy levels
depending on the vibrational quantum number v:

Eν = h̄ω̂e

(
v+

1
2

)
− h̄xeω̂e

(
v+

1
2

)2

+ ... [Joule] (4.11)

Also the vibrational energy can be expressed in MHz:

Eν = ωe

(
v+

1
2

)
− xeωe

(
v+

1
2

)2

+ ... with ωe =
ω̂e

h̄
·10−6 (4.12)

xe = h̄ωe
4Ediss

is the inharmonic parameter which is usually of the order 10−2.

Since the vibrational motion is about a factor of thousand faster than the
rotational one, the average distance of the nuclei is su�cient for determina-
tion of the moment of inertia Θ. Within an inharmonic oscillator model, the
averaged distance and consequently Θ increase with the vibrational quan-
tum number v. The result is a change of the rotational energy levels and the
rotational parameters (B, D, etc.), respectively. Thus the coupling between
rotational and vibrational motion has to be included by vibrational distortion
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terms. The vibrational dependent rotational parameters Bv and Dv usually
decrease with increasing v. The following equations allow for this fact:

Bv = Be−α

(
v+

1
2

)
+ γ

(
v+

1
2

)2

− ... (4.13)

Dv = De +β

(
v+

1
2

)
−δ

(
v+

1
2

)2

+ ... (4.14)

with Be and De being the rotational constants in a hypothetical vibration-free
state. α , γ , β , and δ are the vibrational distortion parameters. Typically the
aforementioned constants are ordered as follows: |δ | � |β | � |De| � |γ| �
|α| � |Be|

The rotational vibrational energy levels of a diatomic molecule are calcu-
lated with the following expression:

Ev,J =ωe

(
v+

1
2

)
− xeωe

(
v+

1
2

)2

+

[
Be−α

(
v+

1
2

)
+ γ

(
v+

1
2

)2
]

J(J +1)

−

[
De−β

(
v+

1
2

)
+δ

(
v+

1
2

)2
]

J2(J +1)2

(4.15)

The rovibrational spectrum generally consist of three branches (P, Q, R).
The P-branch contains the lines of transitions with ∆v = 1 and ∆J =−1, the
R-branch designates the lines with ∆v = 1 and ∆J = +1, and the lines of the
Q-branch stem from transitions with ∆J = 0. The spacing of the lines in
the P-branch increases with J and the lines of the R-branch converge with
increasing J due to the correction terms of eq. 4.15.
For pure rotational transition from a level J to (J + 1) one derives from eq.
4.15 the energy:

ν(J+1)←J =

[
2Be−2α

(
v+

1
2

)
+2γ

(
v+

1
2

)2
]

(J +1)

−

[
4De−4β

(
v+

1
2

)
+4δ

(
v+

1
2

)2
]

(J +1)3

(4.16)

4.2.2 Dunham’s Approach

Within the scope of this work the diatomic species (KCl, CO+) have been
analyzed in an isotopically invariant way. The derived set of mass indepen-
dent molecular parameters is valid for all isotopomers of a molecule. Two
points simplify the analysis of a diatomic molecule: The potential is a sim-
ple function of the bond length and only one vibrational mode (stretching
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vibration) occurs. The best approach to this problem is a theoretical model
which was introduced by Dunham in 1932 [63], [64]. He made use of the
Born-Oppenheimer approximation which was �rst introduced by M. Born
and R. Oppenheimer in 1927 [70]. In this assumption, the electronic motion
and the nuclear motion in molecules can be separated:

Ψmol

(
~ri, ~R j

)
= Ψel

(
~ri, ~R j

)
·Ψnuc

(
~R j

)
(4.17)

The electronic wavefunction depends only on the nuclear positions rather
than on their velocities, because nuclear motion is much slower than electron
motion. Thus, the electrons move in a quasi static nuclear potential. Con-
trariwise, the nuclei move in an average electronic potential. In particular,
the electronic potential is assumed to be independent of the nuclei's masses
and their motion and thus is the same for each isotopomer [71]. The strict
validity of the Born-Oppenheimer approximation reveals an independency of
bond length and isotopomeric composition for diatomic molecules. Thus the
moment of inertia changes for di�erent isotopomers, while electronic poten-
tial and bond length are not a�ected.

Dunham calculated the energy levels of a vibrating rotor by expanding
the potential V in a power series, under the assumption of the validity of the
Born-Oppenheimer approximation:

V (ρ) =a0ρ
2 (

1+a1ρ +a2ρ
2 +a3ρ

3 + ...
)

+BeJ(J +1)
(
1−2ρ +3ρ

2−4ρ
3 + ...

) (4.18)

where ρ = r−re
re

and re is the distance of the two nuclei in the minimum of
the potential. The second summand mentions the rotational in�uence on
the e�ective potential. The constants ai are potential coe�cients, Be is the
rotational constant, and J the rotational quantum number. For the energy
levels one derives the following expression:

Ev,J =
∑
i, j

Yi j

(
v+

1
2

)i

J j(J +1) j (4.19)

Yi j are the Dunham-Coe�cients, v and J are the quantum numbers of vibra-
tion and rotation, respectively. The Dunham constants can be approximated
by the conventional rovibrational quantum numbers as follows:

Y10 ∼= ωe Y20 ∼=−xeωe Y30 ∼= yeωe
Y01 ∼= Be Y11 ∼=−αe Y21 ∼= γe
Y02 ∼=−De Y12 ∼=−βe
Y03 ∼= He

With a set of Yi j the ro-vibrational spectrum of one isotopomer can be de-
rived, since the Dunham parameters still depend on the reduced mass µ of
the nuclei A and B:

Yi j ∝ µ
−( i

2 + j) with µ =
MA ·MB

MA +MB
(4.20)
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With expression 4.20 it is possible to de�ne a set of isotopically invariant
parameters Ui j which describe all isotopomers of a molecule:

Ui j = µ( i
2 + j)Yi j (4.21)

In most cases the strict validity of then Born-Oppenheimer approximation
is an idealization of the real conditions in a diatomic molecule. Therefore
equation 4.21 has to be modi�ed to a more general expression:

Yi j = µ
−( i

2 + j)UBO
i j

[
1+

me∆A
i j

MA
+

me∆B
i j

MB
+O

(
m2

e

M2
k

)]
(4.22)

where me is the mass of an electron and UBO
i j the isotopically invariant pa-

rameter in case of the Born-Oppenheimer approximation. ∆A
i j and ∆B

i j are the
Born-Oppenheimer breakdown corrections for the nuclei A and B, respec-
tively. Higher order terms (O

(
m2

e
M2

k

)
) can usually be neglected. In most cases,

the deviations from the Born-Oppenheimer approximation for higher order
mass independent Dunham parameters UBO

i j are very small. Thus, only the
breakdown corrections for UBO

01 = h̄
4πr2

e
are signi�cant.

4.3 Spectra of Radicals and Ions

Radicals and ions reveal much more complicated spectra, because of the not
vanishing electronic orbital angular momentum and/or electronic spin. This
is caused by one or more unpaired electrons. In this section the Hamiltonian
for rotational spectra of linear radicals in a 2Σ (CO+) or 2Π (C3H) ground
electronic state will be derived. An energy level diagram of a radical in a 2Π

ground state is given in Fig. 4.1 to illustrate the occurring e�ects.
Radicals are classi�ed in the following way:

2S+1|Λ|Ω (4.23)

Here (2S+1) is the electronic multiplicity, S is the total electron spin, and Λ

is the total electronic orbital angular momentum. It is common to designate
states with Λ = 0, 1, 2, ... with capital Greek letters Σ, Π, ∆, etc. In case S 6= 0
and/or Λ 6= 0, the electronic spin and/or the electronic orbital momentum
couple to the rotational motion of the molecule to a total angular momentum
J. Hund [72] described �ve possibilities for this coupling two of which will
be discussed in the following. The occurring angular momenta and their
projections are summarized in Tab. 4.1.

4.3.1 Hund’s Case a) and b)

In Hund's case a) (Λ 6= 0) the resultant electronic angular momentum L is
strongly coupled to the molecular axis. The electronic spin S couples to L
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Figure 4.1: Schematic energy level diagram of a 2Π radical with a total nuclear
spin of I = 1

2 . The magnitudes of the effects usually decrease from the left to the
right side (rotation, fine structure, Λ-doubling, and hyperfine structure).

and thus to the molecular axis as well. (L + S) are weakly coupled to the
rotational motion R. Here Ω is a good quantum number (see Fig. 4.2 a)):

Ω = Λ+Σ (4.24)

Ω and R result in the total angular momentum J. A characteristic for
molecules within Hund's case a) approximation is the expression [68]:

2JB� |ΛASO| (4.25)

In Hund's case b) the orbital angular momentum L couples with the rotation
R to the total angular momentum N without spin of the rotational motion
R. Here Ω is not a good quantum number (see Fig. 4.2 b)).

N = R+L (4.26)

The electronic spin S then couples to N and thus to the end-over-end rotation
of the molecule.

J = N +S (4.27)

4.3.2 Fine Structure

The e�ects assigned to the �ne structure are mainly the electronic spin-
rotational, spin-orbital, and spin-spin interaction which appear due to un-
paired electrons. They outcrop as substructure of the rotational spectrum
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Table 4.1: Angular momenta and their projections.

R angular momentum of the end-over-end rotation of the molecule
L resultant electronic orbital angular momentum
Λ projection of L along the molecular axis
S resultant electronic spin
Σ projection of S along the molecular axis
N angular momentum ignoring the electronic spin
J total angular momentum ignoring nuclear spin
Ω resultant angular momentum along the molecular axis

Figure 4.2: Vector diagram of the coupling according to Hund’s case a) and b),
taken from the textbook of Gordy and Cook [68].

and sometimes appear to be the dominating e�ect for low rotational tran-
sitions. Thus, the Hamiltonian describing the �ne structure is the sum of
three terms:

ĤFS = ĤNS + ĤSO + ĤSS (4.28)

The �rst term in the sum of equation 4.28 considers the electronic spin-
rotational interaction. The electrons of a rotating radical generate a weak
magnetic �eld which interacts with the electronic spin. The Hamiltonian of
the spin-rotational interaction can be written as:

ĤNS = γN̂ · Ŝ + γD
(
N̂ · Ŝ

)
· N̂2 (4.29)

This e�ect always appears for radicals with a multiplicity of 2S +1≥ 2 and
is the only �ne structure component of a molecule in the 2Σ state. γ is the
associated parameter and γD its distortion constant.



4.3 Spectra of Radicals and Ions 47

There is an isotopically invariant notation for the spin-rotational interaction
parameter γ analog to the rotational motion (see Chapter 4.2.2):

γv,N =
∞∑

i, j=0

µ
−( i

2 + j+1)Gi j

(
v+

1
2

)i

N j(N +1) j (4.30)

Gi j is the isotopically invariant parameter of the spin-rotational interaction.

In case a molecule has an electronic orbital angular momentum, this can
interact with a non-vanishing electronic spin to generate a strong e�ect. The
Hamiltonian of the spin-orbital interaction is given by:

ĤSO = ASOŜ · L̂ (4.31)

ASO is the spin-orbital parameter. It is common to introduce Ae f f = ASO + γ

due to a strong correlation between ASO and γ in a strong Hund's case a).

The third �ne structure component of equation 4.28 occurs in case a
molecule has more than one unpaired electron, e.g. O2 and C4. The spin-
spin interaction is expressed by:

ĤSS =
2
3

λ
(
3Ŝ2

z − Ŝ2) (4.32)

4.3.3 Hyperfine Structure

Any atomic nucleus, which possesses either an odd mass number, an odd
atomic number, or both, has a spin angular momentum and a magnetic
moment. The spectra of molecules, which have at least one atom with a
nuclear spin, display hyper�ne structure. Due to interaction of the nuclear
spin(s) with the angular momenta of the molecule the energy levels are split
into further levels with usually smaller spacings than those of the �ne struc-
ture. However, there are exceptions from this rule, for example the molecule
13CCCN has a large Fermi-contact interaction which exceeds that of the spin-
rotation interaction. The rotational angular momentum Ĵ and the nuclear
spin Î couple to the resultant angular momentum F̂ = Ĵ + Î. Thus, for ex-
ample the rotational levels of molecules containing a nucleus with I = 1

2 , like
C3H, are split into doublets according to F = J− 1

2 , J + 1
2 . Tab. 4.2 speci�es

the nuclear spins of some elements which are mentioned in this work.

The hyper�ne structure consists of several e�ects summarized in the fol-
lowing expression for the Hamiltonian:

ĤHFS = ĤIL + ĤF + ĤIS + ĤIN + Ĥd + ĤQ (4.33)

The �rst term in equation 4.33, ĤIL, describes the nuclear spin - electronic or-
bital interaction. It is the analog to the electronic spin-rotational interaction
of the �ne structure. The operator can be written as:

ĤIL = aÎ · L̂ with a =
2µBµI

I

(
1
r3

)
(4.34)
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Table 4.2: Atomic weights, relative abundances, and nuclear spins of some ele-
ments, mentioned in this work. The values are taken from [73], [74], [75], [76], and
[77]. The number in parentheses following the mass and the abundance value are
the uncertainties in the last digit(s) given.

Element Relative abundance Atomic weight [amu] Nuclear spin
1H 99.98850(70) 1.0078250321(4) 1/2
2H 0.0115(70) 2.014101778(4) 1
3H 0.0 3.0160492675(11) 1/2
6Li 7.59(4) 6.0151223(5) 1
7Li 92.41(4) 7.0160040(5) 3/2
12C 98.93(8) 12.0(0) 0
13C 1.07(8) 13.0033548378(10) 1/2
14C 0.0 14.003241988(10) 0
14N 99.632(7) 14.0030740052(9) 1
15N 0.368(7) 15.0001088984(9) 1/2
16O 99.757(16) 15.9949146221(15) 0
17O 0.038(1) 16.99913150(22) 5/2
18O 0.205(14) 17.9991604(9) 0
23Na 100.0 22.98976967(23) 3/2
32S 94.93(31) 31.97207069(12) 0
33S 0.76(2) 32.9714585(12) 3/2
34S 4.29(28) 33.96786683(11) 0
36S 0.02(1) 35.96708088(25) 0
35Cl 75.78(4) 34.96885271(4) 3/2
37Cl 24.22(4) 36.96590260(5) 3/2
39K 93.2581(44) 38.9637069(3) 3/2
40K 0.0117(1) 39.96399867(29) 4
41K 6.7302(44) 40.96182597(28) 3/2
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where µB is the Bohr magneton, µI is the nuclear magneton, and I is the
nuclear spin.

The Fermi contact term ĤF arises from the non vanishing probability
density of the electron at the nucleus' location. It is given by:

ĤF = bÎ · Ŝ with b =
gµBµI

I

(
8π

3
Ψ

2(0)− 3cos2(Θ)−1
2r3

)
(4.35)

where g is the Landé-Factor, Θ designates the angle between the molecular
axis and the radius r from the nucleus to the electron. Ψ(0) is the wave-
function of the electron at the location of the interacting nucleus. ĤIS is the
nuclear spin - electronic spin interaction term (dipole-dipole interaction). It
can be expressed by:

ĤIS = c
(
Î · k̂

)(
Ŝ · k̂

)
with c =

3gµBµI

I

(
3cos2(Θ)−1

r3

)
(4.36)

where k̂ is the unit vector along the molecular axis. c is also available in an
isotopically invariant form:

c =
µI

µN

ge2h̄
16πmempc2I

∞∑
i, j=0

µ
−( i

2 + j)ci j

(
v+

1
2

)i

N j(N +1) j (4.37)

where µI
µN

is the magnetic momentum of the nucleus in units of the nuclear

magneton µN = eh̄
2mp

, me is the electron mass, and mp the proton mass.

It is common to use the Fermi contact parameter bF :

bF = b+
c
3

=
gµBµI

I

(
8π

3
Ψ

2(0)
)

(4.38)

which can be written in an isotopically invariant way:

bF =
µI

µN

ge2h̄
3mempc2I

∞∑
i, j=0

µ
−( i

2 + j)bF,i j

(
v+

1
2

)i

N j(N +1) j (4.39)

The operator ĤIN is assigned to the interaction between the rotation of the
molecule and the nuclear spin. This weak e�ect arises from a non spherical
distribution of valence electrons rotating with the molecule which generate
a magnetic �eld at the nucleus' location. The associated constant is CI and
the Hamiltonian can be written as:

ĤIN = CI Î · N̂ (4.40)

The constant CI can be expressed in an isotopically invariant way:

CI =
µI

µNI

∞∑
i, j=0

µ
−( i

2 + j+1)CI,i j

(
v+

1
2

)i

J j(J +1) j (4.41)
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Ĥd is the Hamiltonian considering the hyper�ne Λ-doubling term. For a
2Π1/2 state in Hund's case a) the splitting due to this e�ect is:

∆Ed =±
d
(
J + 1

2

)
2J(J +1)

Î · Ĵ with d =
3gµBµI

I

(
sin2(Θ)

r3

)
(4.42)

For the 2Π3/2 state ∆E is equal to zero. The Hamiltonian for the hyper�ne
Λ-doubling can be deduced to:

Ĥd =
1
2

d
(

I+S+e−2iφ + I−S−e+2iφ
)

(4.43)

The de�nition of the constants a, b, c and d follows the notation of Frosch
and Foley [78] and Steimle et al. [79].

The electric quadrupole hyper�ne interaction (last term of Eq. 4.33)
appears with nuclei having nuclear spin I ≥ 1 and consequently a nuclear
quadrupole momentum Q. This interacts with the electric �eld of the elec-
trons. The corresponding Hamiltonian can be written as:

ĤQ =
eQqJ

2J(2J−1)I(2I−1)

[
3
(
Î · Ĵ

)2 +
3
2

Î · Ĵ− Î2 · Ĵ2
]

(4.44)

where eQ is the electric quadrupole moment of the nucleus and qJ is the
expectation value of the component of the electric �eld gradient along the
space-�xed z-axis. qJ depends on the molecular structure and is for linear
molecules deduced to:

qJ =−q
J

2J +3
(4.45)

The energy can be expressed by:

EQ =−eQq ·
3
4C(C +1)− I(I +1)J(J +1)
2(2J−1)(2J +3)I(2I−1)

(4.46)

where C = F(F + 1)− J(J + 1)− I(I + 1) is the Casimir function. The pa-
rameter eQq is the electric nuclear quadrupole coupling constant. It can be
expressed in an isotopically invariant form:

eQq = Q
∞∑

i, j=0

µ
−( i

2 + j)eQqi j

(
v+

1
2

)i

J j(J +1) j (4.47)

4.3.4 Vibronic Angular Momentum: l- and Λ-type Doubling

Linear molecules with more than two atoms have doubly degenerated vi-
brational bending modes in addition to their symmetric and antisymmetric
stretching vibrations. If a bending mode is excited an additional vibrational
angular momentum (pz = lh̄) about the internuclear axis appears, where
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l = vi, vi− 2, vi− 4, ..., −vi is the quantum number of vibrational angu-
lar momentum and vi is the vibrational quantum number of the ith bending
mode. This e�ect is called l-type doubling. The rotational energy can be
written as:

Erot = B
[
J(J +1)− l2] (4.48)

where J is the total angular momentum including l (J = |l|, |l|+1, |l|+2, ...).
The rotational levels of equation 4.48 are doubly degenerated due to l =±|l|
which is lifted by Coriolis force interaction. For |l|= 1 (vibrational Π-state)
the energy of the l-type splitting is calculated by:

∆ν|l|=1 =
1
2

q(vi +1)J(J +1) (4.49)

where q is the l-type doubling (vibrational-rotational coupling) constant. The
expression 4.49 simpli�es in the �rst excited state to:

∆ν|l|=1 = qJ(J +1) (4.50)

For radicals with a non vanishing orbital angular momentum Λ 6= 0 (|Λ|=
0, 1, 2, ... corresponding to Σ, Π, ∆,... electronic states) the energy levels
of a rotating molecule are split in doublets which are labeled with e and
f related to the parity of the wave function Ψ. The e�ect, called Λ-type
doubling, is completely analogous to the above-mentioned l-type doubling.
The splitting arises from the two possible values for Λ = ±|Λ|. In the non
rotating system these levels are degenerated, but as the molecule begins
to rotate, the electronic orbital angular momentum decouples cumulative
from the internuclear axis towards a stronger coupling of L to the rotation
R. A shift from Hund's case a) to case d) with strong L-R coupling is to
be ascertained. The Λ-type doubling is signi�cantly smaller than the �ne
structure e�ects and is described by the parameter p.

The vibrational angular momentum is coupled with the electronic angular
momentum to a resultant vibronic angular momentum:

pev = Kh̄ with K = Λ+ l (4.51)

Here |K|= 0, 1, 2, ... corresponds to Σ, Π, ∆,... vibronic states. K as well as
Λ and l can be either negative or positive.

In case the electron spin is strongly coupled to the orbital angular mo-
mentum the total electronic angular momentum ptot = Ωh̄ appears where
Ω = Λ + Σ and Σh̄ is the component of the spin along the internuclear axis.
The quantum number of the resultant vibronic angular momentum including
spin is called P:

P = Ω+ l (4.52)

It is common to de�ne an e�ective Λ-type doubling constant which in-
cludes the l-type doubling constant as:

pe f f = p+2q (4.53)
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4.3.5 Vibronic interaction: Renner-Teller Effect

Renner was the �rst to study the e�ect of the electronic motion on the
bending vibrational wave function. In a �rst approximation the vibronic wave
function, describing the electronic and vibrational motions of a molecule, can
be written as a product of the electronic and the vibrational wave functions.

Ψev(q,Q) = Ψe(q)Ψv(Q) (4.54)

where q and Q stand for all electronic and nuclear coordinates, respectively.
In this approximation, there is a doubly degenerated electronic state ±Λ

with energy Eel
|Λ| as well as v+1 degenerated bending vibrational states with

l = −v, −v + 2, ..., v− 2, v and energy h̄ν(v + 1). The eigenvalues of the
product in Eq. 4.54 are the resultant vibronic angular momenta pev = Kh̄. In
zeroth-order these levels are degenerate with a total energy Eel

|Λ|+ h̄ν(v+1).
The bending of the molecule generates a coupling between the electronic
and vibrational motion which acts as a perturbation, the so called vibronic
coupling. Most vibronic angular momenta occur as pairs except those with
K = (v + Λ), (v + Λ− 2), ..., (v−Λ + 2). For a Π state, for instance, the
only unique level is the one with |K| = v + 1. The repulsion of those pairs
dominates the splitting in an energy level diagram (see Fig. 4.3). To get a
quantitative relation for the splittings, one has to consider the variation of
the potential energy with the bending coordinate. The potential function of
a degenerated electronic state V 0 is split into an upper component V + and
a lower one V−, in case the molecule is bent. This was �rst mentioned by
Teller and Pöschl [80] (1933) and later worked out by Renner [81] in 1934. In
Fig. 4.4 the potential energies of a Σ, Π, and ∆ state, respectively, are shown
schematically as functions of the bending coordinate r. Barring the Σ state,
the potential curves are split into two components. The diagrams at the top
correspond to a small vibronic interaction, while for those at the bottom a
large interaction is assumed.
Due to symmetry reasons, the potential functions have to depend on even
powers of r, and V 0 can be written as:

V 0 = ar2 +br4 + ... (4.55)

The splittings of the potential functions in Π, ∆,... states have to be of the
same form:

V +−V− = αr2 +β r4 + ... (4.56)

For a strong vibronic interaction where 1
2α > a the potential function has a

maximum at r = 0, while the minimum is shifted to a non-zero value of |r|.
This is shown in the lower diagrams of Fig. 4.4.

The �rst experimental evidence for Renner-Teller splitting occurred for
molecules in 2Π electronic state. Even though there are examples of 1Π

molecules revealing Renner-Teller splitting, it is obvious that the e�ect de-
pends on a non-vanishing electronic spin interacting with vibronic motion.
This approach was �rst used by Pople [83], whose results are illustrated in
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Figure 4.3: Vibrational levels of the bending vibration in a 2Π electronic state of a
linear molecule. Shown are the quantum numbers P for the resultant vibronic an-
gular momentum including spin and K for the vibronic angular momentum ignoring
spin as well as for the rotational angular momentum (l) and for the degenerated
bending vibration (v).

Fig. 4.5. In the diagram the actual energy levels of a 2Π electronic state are
shown compared to those with vanishing Renner-Teller interaction (left) and
those with vanishing spin-orbit interaction (right) for the bending vibrational
ground state and the �rst two excited states (v = 0, 1, 2). The levels are
designated by K (indicated by the symbols Σ, Π, ∆,...) which is not a good
quantum number. The good quantum number P is written as subscript of K.
In a �rst approximation the levels with K = v + 1 split into two levels upon
introduction of the spin-orbit coupling with energies of:

E(v,K,Σ) = ω(v+1)+ASOΣ− 1
8

ε
2
ωK(K +1) (4.57)

In Eq. 4.57, Σ is the spin quantum number, representing the component
of S along the internuclear axis which takes values of ±1

2 . ε is the Renner
parameter with:

ε =
α

2a
(4.58)
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Figure 4.4: Potential functions for bending vibration Σ, Π, and ∆ electronic states
of linear molecules (taken from [82]). r is the bending coordinate. The diagrams
at the top correspond to small vibronic interaction, those at the bottom to large
vibronic interaction.

According to Eq. 4.57 the spin splitting for the component with K = v + 1
is:

∆νK=v+1 = ASO (4.59)

In this approximation the splitting is independent of the vibronic interaction.
In a higher approximation the splitting slightly depends on K, as mentioned
by Hougen [84]:

∆νK=v+1 = ASO

[
1− 1

8
ε

2K(K +1)
]

(4.60)

Herzberg [82] determined the following energy levels for vibronic states
where K < v+1:

E+(v,K,±1
2
) = ω

(
1− 1

8
ε

2
)

(v+1)+
1
2

A∗SO(v,K)∓ ε2ASOωK(v+1)
8A∗SO(v,K)

E−(v,K,±1
2
) = ω

(
1− 1

8
ε

2
)

(v+1)− 1
2

A∗SO(v,K)± ε2ASOωK(v+1)
8A∗SO(v,K)

(4.61)

where A∗SO(v,K) is an e�ective spin splitting constant with inclusion of vi-
bronic interaction terms:

A∗SO(v,K) =
√

A2
SO + ε2ω2 [(v+1)2−K2] (4.62)

Introducing a non-vanishing Rener-Teller interaction the doublet splitting
of states with 0 < K < v+1 (see Fig. 4.5) is increased from ASO to:

∆ν0<K<v+1 = A∗SO(v,K) (4.63)
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This e�ect is caused by the mutual repulsion of levels with the same P and
decreases with increasing P. Therefore, the two center levels are not repulsed,
since their P quantum numbers are di�erent. The doublet levels are shifted
up and down, respectively, by the last terms of Eqs. 4.61:

∆νRT =±ε2ASOωK(v+1)
8A∗SO(v,K)

(4.64)

where one doublet is normal and the other one is inverted.
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Figure 4.5: Correlation of the vibronic levels of a 2Π electronic state with vanishing
vibronic (left; ε = 0) and vanishing spin-orbit interaction (right; ASO = 0) with those
levels where both interactions are non-zero (taken from [82]). Here K (indicated
by the symbols Σ, Π, ∆,...) is not a good quantum number. Therefore, the good
quantum number P is given as subscript to K. The C3H radical, which has been
investigated in this work, is a prime example for the intermediate case where both
effects occur. It has a large Renner-Teller coupling constant of about 0.9.
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4.3.6 Coriolis-Type Interaction

The Coriolis force is a type of �ctitious force which can appear in an accel-
erated coordinate system. A particle forced to move at a constant angular
velocity ω will proceed to move in a straight line with constant velocity v,
if released. The motion of the una�ected particle in the laboratory frame is
linear. In the frame rotating with an angular velocity ω the particle moves
both radially at a constant velocity and laterally, contrariwise to the rotation,
due to Coriolis force. It has a value of:

FC = 2−→v ×−→ω (4.65)

Coriolis forces are also important in the case of a rotating and vibrating
molecule. As the rotating molecule stretches, its rotation is slowed down by
Coriolis forces whereas its contraction leads to an acceleration. These changes
in the rotational velocity may be ascribed to the conservation of angular
momentum, but part of this e�ect must be attributed to Coriolis forces. The
impact of Coriolis forces on a triatomic linear molecule in di�erent vibrational
modes is shown in Fig. 4.6. It is obvious that the vibration ν2 excites a
vibration ν3 and vice versa due to Coriolis interactions. These perturbations
only occur between levels of the same J and with similar symmetry.

Figure 4.6: Coriolis forces in a linear triatomic molecule. The solid arrows indicate
the normal motion of the vibrational modes. The dashed arrows give the direction
of the Coriolis forces to a given rotation, indicated by the curved arrows.
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For a triatomic molecule with four modes of vibration, two of which are
degenerated, one derives from Eq. 4.13:

Bv = Be−α1

(
v1 +

1
2

)
−α2 (v2 +1)−α3

(
v3 +

1
2

)
(4.66)

The α-coe�cients are evaluated from the molecular potential. Nielsen [85]
obtained for the α-coe�cients:

α1 =
2B2

e
cω1
·
(

1−4ξ
2
21

ω2
1

ω2
1 −ω2

2
−4ξ

2
23 +6Θ
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e

ξ23k111

4π2c2ω2
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+2Θ
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e
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4π2c2ω2
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)
(4.67)
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]
(4.68)

where kxyz are the anharmonic potential coe�cients of:

Vanharm. = k111q3
1 + k113q2

1q3 + k133q1q2
3 + k322q1q2

2 + k333q3
3 (4.69)

with qi being the normal coordinates. α3 is similar to α1 with the indices
1 and 3 interchanged throughout. Coriolis forces are generally ascribed to
resonant terms of expressions 4.67 and 4.68, for example:

−
B2

e
(
3ω2

2 +ω2
3
)

cω2
(
ω2

2 −ω2
3
)ξ

2
23 (4.70)

The term 4.70 would become very large if ω2 were very close to ω3 which is
called coupling of the vibrational modes ω2 and ω3.

Tab. 4.3 summarizes some important interactions, with their associated
parameters and quantum numbers. Additionally, the molecules for which a
certain parameter has been determined in this work are given.
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Table 4.3: Important interactions, associated parameters, quantum numbers, and
molecules for which a certain parameter has been determined in this work.

Type Parameter Interaction Quantum Molecule
(invariant) Number this work
γ (Gi j) electr. spin - rotation N, S C3H, CO+

fine γD distortion parameter of γ N, S C3H
structure ASO electr. spin - orbital S, L C3H

Ae f f effective electr. spin - orbital S, L
λ electr. spin - spin S
q bending vibration doubling vi, l C3H

l- and qD distortion parameter of q vi, l C3H
Λ-type p, qΛ rotational - electr. orbital R, L C3H
doubling pD distortion parameter of p R, L C3H

pe f f effective Λ-type doubling R, L, vi, l
a nuclear spin - electr. orbital I, L C3H
b, bF (bF,i j) Fermi-contact I, S C3H, CO+

hyperfine c, t (ci j) electr. dipole - nuclear dipole I, S C3H, CO+

structure d hyperfine Λ-doubling I, S C3H
CI nuclear spin - rotational I, N
eQq electr. quadrupole I
GC Coriolis-type C3H
ε Renner-Teller C3H
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KCl: An Alkali Halide of
Astrophysical Relevance

Cernicharo and Guélin [14] reported the detection of the four metal halides
KCl, NaCl, AlCl, and AlF in the warm, inner and dense circumstellar enve-
lope of the late type star IRC+10216 in 1987. The rotational lines were ob-
served in the frequency-region between 90 and 170 GHz with the IRAM 30 m
telescope. Among the large number of rotational transitions found in this
survey work, six lines were assigned to the ground vibrational states of both
K35Cl, Na35Cl and one transition to Na37Cl. Seven lines were ascribed to
aluminum bearing molecules, i.e. Al35Cl, Al37Cl, and AlF . The relative
high interstellar abundances of aluminum, sodium, potassium, and chlorine,
i.e. 12th, 13th, 20th, and 19th most abundant, lend encouraging motivation
to continue searching towards hotter and even denser core regions as well
as in other sources with the aim to �nd these alkali halides. Very recently,
rotational lines of NaCl have been detected on Jupiter's moon Io, the small-
est of the 4 Galilean satellites, at frequencies of 143 and 234 GHz [15]. This
demonstrates how special conditions, such as continuous volcanic output, can
produce spectroscopic measurable amounts of metal halides.

Experimental studies on diatomic gas phase alkali halides in the labo-
ratory are complicated due to the low vapor pressure of these molecules.
Therefore special vaporization conditions are necessary. On the other hand,
these species possess a very large dipole moment because of their highly ionic
character. Reliable work on the alkali halides has been performed by Clouser
and Gordy [3] in 1964. They investigated the pure rotational spectra of four
alkali chlorides, i.e. KCl, NaCl, RbCl, and CsCl, in the 0.96 mm to 3 mm
wavelength range. Concerning potassium chloride, Clouser and Gordy in-
vestigated the frequency from 99 to 268 GHz with J ≤ 36. The predictions
of line positions for high J transitions, which are based on these medium J
measurements, are reliable only to the millimeter wavelength range.
Another extensive research of infrared emission spectra of KCl and NaCl,
was performed by R. S. Ram et al. [16]. Using a Fourier transform spec-
trometer at a resolution of 0.01 cm−1 they recorded 355 lines belonging to
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Table 5.1: Physical parameters of potassium chloride, KCl.

Melting point (1 atm) 1045 K
Boiling point (1 atm) 1680 K
Isotope abundance 35Cl 75.78
Isotope abundance 37Cl 24.22
Isotope abundance 39K 93.26
Isotope abundance 40K 0.01
Isotope abundance 41K 6.73
Dipole moment, µ0

(39K35Cl
)

10.2690(10) D
Dipole moment, µe

(39K35Cl
)

10.2391(10) D
Dipole moment, µ0

(39K37Cl
)

10.2687(10) D
Mass 39K 38.9637069 amu
Mass 40K 39.96399867 amu
Mass 41K 40.96182597 amu
Mass 35Cl 34.968852721 amu
Mass 37Cl 36.96590262 amu

the 1-0, 2-1, 3-2 and 4-3 bands of the main isotopomer of potassium chloride
(39K35Cl). Their data analysis provided 13 Dunham-Parameters 10 of which
are rotational ones.

KCl is a white solid with extremely low vapor pressure under normal tem-
perature and pressure conditions. In Tab. 5.1 the most important physical
parameters of potassium chloride necessary for this work are summarized. A
high temperature (1407 ◦C) and low total pressures are required to obtain
KCl in measurable amounts in the gas phase. The temperature range needed
to evaporate KCl or any other alkali halide, requires special experimental
arrangements. The special heater system, mentioned in Section 3.2.1, has
been constructed and applied to the spectrometer for this purpose.

In the course of this thesis, the pure rotational transitions of KCl have
been recorded with very high resolution and frequency accuracy. The spec-
tral range of 170 to 930 GHz has been covered using the Cologne Terahertz
Spectrometer. These measurements are the extension of the work on NaCl
described in previous publications [2], [26] under similar experimental con-
ditions. All data have been analyzed and �tted using Pickett's program
[86]. Dunham �ts have been performed for each isotopomer, and isotopically
invariant mass-reduced Dunham constants Ui j have been obtained in an iso-
topically invariant �t. Due to this new parameter set predictions with high
accuracy of the pure rotational spectrum of potassium chloride far into the
terahertz region are available in the Cologne Database for Molecular Spec-
troscopy, CDMS [41], [13].
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5.1 Experimental

Besides positioning of detector, radiation source, and absorption cell, suc-
cessful spectroscopy on KCl depends on two further parameters:

� heating voltage and current

� partial pressure of bu�er gas (He)

A voltage of 120 V (∼2.5 A) heats the substance to a su�cient temperature,
of estimated 1000 ◦C, for vaporization at 100 µbar. The KCl-exhalation
becomes visible which leads to a white deposit on the glass cell. Higher
voltages predominantly increase the evaporation rate which decreases the
time for measurements. The line intensities are hardly in�uenced, whereas
the line width increases signi�cantly due to higher kinetic energies of the
evaporated particles. The KCl content of the vessel usually allows 3�4 hours
of continuous measurements.

The partial pressure of helium, added to reduce the decay of KCl on the
cell walls, has a strong impact on line intensities. However, the in�uence on
the line width is very small. A partial pressure of 100 µbar proved to be best
and was, therefore, applied in all measurements.

5.2 Measurements

Five isotopomers of potassium chloride, i.e. 39K35Cl, 39K37Cl, 41K35Cl, 41K37Cl,
and 40K35Cl, have been investigated in natural abundance. A total of 295
new rotational lines were observed in the frequency region of 170 to 930 GHz.
For the isotopomers 39K35Cl and 39K37Cl 107 and 82, respectively, rotational
transitions were assigned from the vibrational ground state up to the 7th

excited vibrational (v ≤ 7) state while the highest J quantum number was
127 (129). 104 lines were measured for the less abundant isotopomers of
41K35Cl and 41K37Cl with J ≤ 128, v ≤ 6 and J ≤ 131, v ≤ 5, respectively.
Two lines were assigned to 40K35Cl, which has an abundance of 0.01 % rel-
ative to 39K35Cl and a half-life time of 1.2 · 109 years. The complete list of
the experimental data is available in Appendix A.

As a demonstration of transition lines in high excited states, four spec-
tra, each belonging to an isotopomer of potassium chloride, are shown in
Figs. 5.1-5.4. The line indicates the second derivative of the Gaussian func-
tion which has been �tted to the measured spectrum represented by dots.
Four the less abundant 40K35Cl only transitions of the vibrational ground
state have been recorded. Fig. 5.5 shows the spectrum of a transition at
333236 MHz. The spectrum of this weak transition is very asymmetric due
to baseline e�ects. For the �tted spectrum (line) the baseline was subtracted.
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Figure 5.1: Spectrum of a pure rotational transition of 39K35Cl (J = 100 ← 99)
in vibrationally excited state (v = 5). The total excitation energy of this level is
2608.54 cm−1. The the measured spectrum is represented by dots; the line indi-
cates the fitted function.

The signal-to-noise ratio decreases with the abundance of the particular iso-
topomer, but is still su�cient for the determination of the center frequency
with reasonable uncertainties even for transitions of 40K35Cl.

The positional accuracy of the center frequency of the lines ranges be-
tween 10 and 70 kHz and in some few cases exceeds 100 kHz. The accuracy
essentially depends on four factors:

(i) the line width

(ii) signal-to-noise ratio

(iii) baseline variations

(iv) instabilities in the line intensity

The line width is basically caused by Doppler-broadening due to the high
temperature of the gas which was estimated to be around 1000 ◦C. A typical
value is 1.5 MHz at a center frequency of approximately 700 GHz which
is partially caused by the 2 f -modulation. The narrower an absorption line
appears in the spectrum, the more precise the center frequency can be �tted.
A good signal-to-noise ratio is also essential for an accurate determination of
the line position. Thus, the experimental error is directly correlated to this
ratio.
Baseline variations due to standing-wave-e�ects can shift line positions by
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Figure 5.2: Spectrum of a pure rotational transition of 39K37Cl (J = 102← 101)
in vibrationally excited state (v = 4). The total excitation energy of this level is
2344.35 cm−1.

several kHz. For very weak lines, for instance in case of 40K35Cl, the baseline
e�ects can outreach the absorption line (see Fig. 5.5), as a result the errors
of those transition frequencies are larger. These e�ects are minimized by
installing beveled microwave windows and careful adjustment of the radiation
beam.
According to (iv) the line position accuracy is a�ected by non stationary salt
vapor generation. Experimental line shifts are possible if the concentration
of evaporated KCl varies during the scanning of a particular spectrum.

All spectra were recorded twice, once with ascending frequency and a
subsequent scan descending in frequency. The total integration time was typ-
ically 30�40 seconds for each scan direction, �nally both scans were added.
The lines were recorded in second derivative to improve the signal-to-noise ra-
tio. This is realized by 2 f -modulation of the BWO's frequency, as mentioned
in Section 3.1.4.

5.3 Analysis

The lines recorded in the course of this thesis together with the previous
microwave measurements of Clouser and Gordy [3] (14 lines, 9 of 39K35Cl
and 5 of 39K37Cl) were subjected to a least squares �t. The experimental
frequencies of each isotopomer of KCl were �tted by means of the program
of Herb Pickett [86] to the customary Dunham expression (Eq. 4.19) which
was treated in Section 4.2.2. The infrared data of Ram et al. [16] was not
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Figure 5.3: Spectrum of a pure rotational transition of 41K35Cl (J = 96 ← 95)
in vibrationally excited state (v = 4). The total excitation energy of this level is
2211.10 cm−1.

included in the �ts, as will be explained in the next Section 5.4.
The rotational parameter Y01, equivalent to the common rotational constant
Be, and the centrifugal distortion parameters Y02, Y03, and Y04 corresponding
to De, He, and Ge, respectively, have been obtained. Y11 ∼= α , Y21 ∼= γ , Y31,
Y12 ∼= β , Y22 ∼= δ , Y32, and Y13 are the vibrational distortion parameters. All
obtained Dunham parameters Yi j are listed in Tab. 5.2 for the four most
abundant isotopomers of potassium chloride and are compared to the data
of Clouser et al. and Ram et al. [16].

The mass invariant parameters Ui j and the �rst order Born-Oppenheimer
breakdown corrections ∆01 have been determined for KCl from an additional
�t. The results of these isotopically invariant studies are listed in Tab. 5.4,
where the obtained RMS-error of the �t was 0.9. The 10 rotational param-
eters for KCl are completed by the isotopical corrections to U01, which are
of the order of magnitude of U02 and are very well de�ned especially for
chloride.
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Figure 5.4: Spectrum of a pure rotational transition of 41K37Cl (J = 98 ← 97)
in vibrationally excited state (v = 2). The total excitation energy of this level is
1691.40 cm−1.

Figure 5.5: Spectrum of a pure rotational transition of 40K35Cl (J = 44 ← 43)
in vibrational ground state (v = 0). The total excitation energy of this level is
249.67 cm−1. The measured spectrum (dots) of this weak transition is very asym-
metric due to baseline effects. For the fitted spectrum (line) the baseline was
subtracted.
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Table 5.4: Isotopically independent parameters for potassium chloride and the
first order corrections to the Born-Oppenheimer approximation for U01.

Parameter Value Unit
U01 71070.74627(848) MHz ·amu
∆K

01 0.3628(626)
∆Cl

01 −1.28012(448)
U11 −1872.9837(399) MHz ·amu3/2

U21 16.25029(435) MHz ·amu2

U31 0.1894(166) MHz ·amu5/2

U02 −1.10661287(526) MHz ·amu2

U12 ·102 −0.051859(432) MHz ·amu5/2

U22 ·104 7.2279(215) MHz ·amu3

U03 ·106 −3.92795(833) MHz ·amu3

U13 ·107 3.1363(226) MHz ·amu7/2

U04 ·1010 −1.4407(438) MHz ·amu4

In Tab. 5.3 the derived values are presented: The Dunham parameters
Y10 and Y20, the equilibrium moment of inertia Ie and the equilibrium nuclear
distance re, calculated from the measured Y01 (see Eq. 4.5) for each iso-
topomer separately as well as from the U01 including the Born-Oppenheimer
corrections (Iinv

e , rinv
e ). The parameters IBO

e and rBO
e have been derived in

terms of the Born-Oppenheimer approximation. In this model, the nuclear
distance is not a�ected by the isotopic con�guration of the molecule. For the
vibrational parameters the following expressions have been used:

Y10 = ωe = 2
(

B3
e

Y02

)1/2

with Be ∼= Y01 (5.1)

Y20 =−ωexe =−1.5B3
e
(
a2−1.25a2

1
)

(5.2)

ak are coe�cients of the Dunham potential (see Eq. 4.18). These calculations
have been discussed in detail, e.g. in [3].

5.4 Discussion and Conclusion

The observed rotational constants of Clouser's analysis agree with those of
this work within the experimental errors (see Tab. 5.2). The values measured
by Ram show large deviations, which do not agree within the errors. In
particular, their higher order constants (Y21, Y31, Y12, Y22, Y03, and Y13) and
the vibrational parameters Y10 and Y20 (Tab. 5.3) deviate signi�cantly from
the derived parameters of this thesis. These inconsistencies are the reason,
why the infrared data was not used in the least squares �ts of this work.
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An explanation might be the overlap of lines of vibrationally excited 39K35Cl
with those of 39K37Cl in lower excited states (v = 2), which have similar
intensities and rotational spacings. Hence, the 39K37Cl lines may interfere
signi�cantly with those of 39K35Cl. Therefore, our analysis is based on pure
rotational transitions, mostly recorded in the high resolution mode and with
an estimated line accuracy of 5 - 10 kHz. Thus, the rotational parameters
of this work are well determined and they reproduce the spectrum with high
accuracy.

The invariant analysis of the data of potassium chloride results in non-
vanishing Born-Oppenheimer breakdown corrections ∆01 (see Tab. 5.4).
That means the bond length of KCl varies for each isotopomer which is
underlined in Tab. 5.3. The deviation of rinv

e from rBO
e (∼ 2 ·10−6 Å) results

in an increase of approximately 2 · 10−3 amu·Å2 of the angular momentum
Iinv
e compared to IBO

e .
The Born-Oppenheimer breakdown corrections are of the order of magni-
tude of U02. The sign of the correction for chlorine, ∆Cl

01, is negative and its
absolute value about four times larger in magnitude than the similar con-
stant for potassium, ∆K

01. In a previous work on NaCl [87], ∆Cl
01 has been

found to be of the same order of magnitude and with the same sign (see
Tab. 5.5). For comparison's purpose, 69 transitions of four isotopomers of
LiCl (see [88] and [89]) were subjected to an isotopically independent �t.
Among the Ui j's the Born-Oppenheimer breakdown corrections ∆Cl

01 and ∆Li
01

were determined. The values con�rm the trend that the absolute value of
the Born-Oppenheimer correction for chlorine becomes smaller with increas-
ing mass of the alkali atom. In contrast, the correction for the metal part
increases with decreasing mass as one would expect. The ratio between the
two parameters is about -2. Due to the inadequate amount of rotational data
for RbCl [3], the corrections ∆Cl

01 and ∆Rb
01 could not be well determined.

The Y10 and Y20 values for KCl from Ram et al. (see Tab. 5.3) are rather
di�erent from those derived in this work or those by Clouser and Gordy.
Correlation between less well-determined higher order spectroscopic param-
eters with those of lower order or the above mentioned overlap of lines may
explain the di�erences partially.

On the basis of the data presented for potassium chloride in this work, the
rotational spectrum of all isotopomers of potassium chloride can be predicted
far into the terahertz regime with a high level of con�dence for astrophysical
investigations. It might be pointed out that it will be not an easy require-
ment, to �nd in circumstellar sources or in star forming regions, excitation
conditions based on collisional pumping excite transitions as high as J ≥ 60
for a molecule with a permanent electric dipole moment of ∼ 10 Debye. It
seems more likely that very speci�c excitation conditions, for instance line
pumping, can selectively pump certain energy levels to produce an increase
in higher level populations. These �unusual� excitation conditions will cer-
tainly be con�ned to the hot-inner cores in star formation regions. They can
also be found in the central ring-regions, where the molecules are in �status
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Table 5.5: Comparison of first order corrections ∆
M/X
01 to the Born-Oppenheimer

approximation.

Parameter Value

∆K
01 0.3628(626)

∆Cl
01 −1.28012(448)

∆Na
01 -

∆Cl
01 −0.84547(926)

∆Li
01 0.7355(144)

∆Cl
01 −0.389(38)

nascendi� and presumably very hot, i.e. around 1500 K.
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C3H: A case of Coriolis and strong
Renner-Teller Coupling

In space, carbon atoms have a strong bias to build highly unsaturated chain
molecules like Cn, CnH, CnN, CnS, and HCnN which is unsaturated for even
values of n. Many examples of these molecules have been found towards
IRC+10216, the circumstellar envelope of a red supergiant, for instance CN,
CS (Wilson et al. [90]), CCH (Kahane et al. [29]), and HC5N, HC7N (Win-
newisser et al. [31]). Turner et al. [5] reported the detection of CnH (with
n = 2,3,4,5,6) and l−C3H2 in the cold molecular clouds TMC-1 and L183.

Carbon chain molecules show low-energy bending vibrational modes and,
thus, are likely to be found in vibrationally excited states in some regions of
space. In 1987, Cernicharo and Guélin [35] detected a number of unidenti-
�ed lines towards IRC+10216 which may be assigned to vibrationally excited
carbon chain molecules. Since the spectrum of a free radical in vibrationally
excited states can become very complicated due to vibronic interactions be-
tween the motion of unpaired electrons and the vibrational motion of the
nuclei (see Section 4.3), the assignment of interstellar lines of molecules in
vibrationally excited states sometimes is di�cult. The accurate knowledge
of the transition frequencies from laboratory investigations is essential.
However, vibrationally excited carbon bearing species have been clearly iden-
ti�ed by their emission spectra towards IRC+10216. In 1987 Yamamoto et al.
[34] reported the detection of vibrationally excited C4H. In particular, the
spectral lines of the ν7 (2Π) bending mode of C4H were very intense. Other
examples for vibrational excitation in IRC+10216 are HCN (Ziurys et al.
[28]) and CS (Turner et al. [91], [92]). Very recently, vibrationally excited
cyanopolyynes have been found in the proto-planetary nebula CRL618, for
instance HNC (Schilke et al. [93]), HC3N (Wyrowski et al. [94]), and HC5N
(Pardo et al. [95]).
Astronomical observations of vibrationally excited molecules lead to an un-
derstanding of the excitation mechanisms which are supposed to be rather
complex [96]. Thus, it is an important task for astronomers to search for
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vibrationally excited states of molecules which have already been found in
the ground vibrational state - especially towards sources where vibrational
excitation is likely. Vibrational excitation of molecules is an indicator of high
density regions and/or intense radiation �eld due to high excitation energies.

The formation mechanism plays a signi�cant role for the interstellar ob-
servability of molecules. Chemical reactions with a potential energy barrier
cannot take place in the interstellar medium due to the low-temperature and
low-pressure conditions. Ion-neutral reactions are considered to be the most
e�ective processes to build complex molecules from simpler ones, because
there are usually no energy barriers. However, recent abinitio quantum chem-
ical calculations reveal, that for many neutral-neutral reactions of radicals
there are no potential barriers, either. A calculation on the neutral-neutral
reaction

C(3P) + C2H2 → C3H + H (6.1)

by Takahashi and Yamashita [19] con�rmed that this reaction can proceed
in the interstellar medium due to the absence of a potential energy barrier.
This is shown in Fig. 6.1 where the energy paths towards l−C3H (exit 1)
and c−C3H (exit 2) are illustrated. The abundance of C, C2H2, and C3H in
dense molecular clouds cannot completely be ascribed to ion-neutral reaction
paths, since neutral-neutral reactions contribute to their formation as well
[97].

Figure 6.1: Potential energy paths of the neutral-neutral reaction
C(3P) + C2H2 → C3H + H calculated by Takahashi and Yamashita [19].
The entrance energy level is set to zero. The energies of the intermediate and
exit levels are given relative to the entrance level. The numbers in parentheses
indicate the relative energies with zero-point energy corrections.

The propynylidyne radical, C3H, is supposed to play a major role in the
carbon chain growth in the interstellar medium and has been subject of
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many astronomical investigations. Thaddeus et al. [4] reported the detection
of linear l−C3H towards IRC+10216 and the cold dark cloud TMC-1 in its
vibrational ground state in 1985. Fifteen years later, Turner et al. [5] detected
cyclic and linear C3H in three small translucent molecular clouds (CB 17, CB
24, and CB 228), in TMC-1, and L183. In 2004, an extensive spectral line
survey towards TMC-1 was performed by Kaifu et al. [6]. They reported
414 lines of 27 already detected species, among them l−C3H. Eleven �rst
detections, including cyclic c−C3H, have been reported by the authors.

The linear X2Π l−C3H radical is not only of astrophysical interest, but
also a challenging molecule for spectroscopists. C3H reveals a strong Renner-
Teller coupling which shifts the ν4(2Σµ) bending mode towards low energies
close to the 2Π vibrational ground state. This e�ect is displayed in the
schematic energy level diagram in Fig. 6.2. Another interesting feature of
C3H is a Coriolis-type interaction which causes perturbations of the rotational
levels in the ground and the vibrationally excited states. The ν4(2Σµ) band
origin has been determined due to this e�ect.

Figure 6.2: Schematic energy level diagram of C3H. Each energy level is split
into two substates due to the spin-orbit interaction. The degeneracy of the ν4 and
the ν5 vibrational state (2Σ- and 2∆-component) is lifted by a strong Renner-Teller
effect which takes into account the interaction between the vibrational motion and
the electronic orbital angular momentum. The 2Σµ -component is shifted towards
lower energies and close to the 2Π3/2 vibrational state (< 13 cm−1).
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After its discovery in the interstellar medium, the �rst laboratory analysis
of the linear C3H radical was published by Gottlieb et al. [7], [8] in 1985
and 1986 for the ground vibrational 2Π1/2-state (< 362 GHz) and 2Π3/2-
state (< 377 GHz). Yamamoto et al. [9] observed the vibrationally excited
rotational spectral lines of C3H and C3D in the ν4(2Σµ) state up to 359 GHz
and considered the Coriolis-type interaction between the 2Π and the 2Σ state.
They also carried out a search for vibrationally excited rotational transitions
towards IRC+10216 which was unfortunately negative.

Theoretical studies on C3H by Kanada et al. [17], Ding et al. [18], and
Takahashi et al. [19], [98] revealed its equilibrium geometric structure and
provided vibrational frequencies. The spin-orbit coupling constant (Cooper [36])
and the hyper�ne parameters (Green [37] and Pauzat et al. [20]) have also
been determined from ab initio calculations. The recent publication by
Peri¢ et al. [21] tries �to solve the controversies concerning the vibronic spec-
trum of CCCH�. Inter alia the handling of the Renner-Teller e�ect with a
variational method and its application for the X2Π state of C3H is presented
in their work.
The dipole moment for the linear C3H in both the 2Π and 2Σ state was ob-
tained by Takahashi [98] in an ab initio quantum chemical calculation. He
determined a value of 3.29 D. The vibrational transition dipole moment is
assumed to be 0.5 D [13]. Thus, rotational and vibrational transitions are
observable with adequate intensities in laboratory investigations.

In the course of this thesis, the ν4(2Σµ) CCH bending vibration of the
C3H radical has been observed for the �rst time. Due to a strong Renner-
Teller e�ect the bending transitions occur in the submillimeter wavelength
region. The v4 = 1 state, originally located at about 600cm−1, is split into
four substates 2∆5/2, 2∆3/2, 2Σκ , and 2Σµ of which the latter is only 610 GHz
(20.35 cm−1) above the average 2Π-ground state (see Fig. 6.2). In partic-
ular, the ν4-bending transitions with J = 25.5← 24.5, which are strongly
perturbed by Coriolis interaction, have been accurately measured. The fre-
quency range of pure rotational transitions, which have been investigated
in the two vibrational ground states (2Π1/2, 2Π3/2) and in the vibrationally
excited state (v4 = 1, 2Σµ), has been extended up to 600 GHz.
From a least squares �t to a standard Hamiltonian the set molecular pa-
rameters for C3H has been re�ned and extended by three constants. These
parameters allow most reliable frequency predictions in the terahertz region.
All data is accessible in the Cologne Database for Molecular Spectroscopy,
CDMS (via http://www.cdms.de) [41], [13].

6.1 Experimental

The linear C3H radical is produced in the 50 Hz pulsed electrical discharge
of a gas mixture of 1.5�2.3 % C2H2, 63�44 % CO diluted in He at a backing
pressure of 1�6 bar. The discharge takes place in the throat of the slit nozzle.
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C3H detection takes place in the zone of silence of the adiabatically expanding
gas. The pressure within the vacuum chamber is kept below 3 ·10−2 mbar. A
200�250 µs gas pulse, followed by a 250�350 µs discharge pulse of 800�1100 V
is found to deliver highest yields of C3H. The discharge current is typically
between 600 and 900 mA. The data acquisition is taken within a 100 µs time
frame at the end of the discharge pulse. The integration time for background
subtraction is 400 to 500 µs long and starts about 100 µs after the trigger.
The on-o� modulation in combination with a 2 f -modulation has substantial
impact on the signal-to-noise ratio and at the same time suppresses standing
wave etalon e�ects.
The microwave beam probes the molecular jet approximately 5 cm down-
stream and perpendicular to the direction of jet propagation to avoid line
shifts caused by the Doppler e�ect. A multipath optics, consisting of a con-
cave mirror (focal length 7.5 cm) and of a plain mirror at a distance of 7.5 cm,
enables 6 passes with an overall absorption path length of approximately
30 cm.

6.2 Measurements

Figure 6.3: The N = 23, J = 23.5 ← N = 22, J = 22.5 pure rotational transition of
C3H in the 2Π1/2-band. The the measured spectrum is represented by dots; the
line indicates the fitted function.

In this work, eight transitions of the 2Σµ -2Π3/2 band system have been
measured with high accuracy. Furthermore, 14 pure rotational transitions of
the 2Π1/2-band, 16 transitions of the 2Π3/2-band in the vibrational ground
state, and 13 lines in the vibrational excited 2Σµ state have been recorded,
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Figure 6.4: The N = 20, J = 19.5 ← N = 19, J = 18.5 pure rotational transition of
C3H in the 2Π3/2-band.

in continuation to earlier works (e.g. Yamamoto etal. [9]). The hyper�ne
splitting has been resolved for ten lines, in particular for the transitions
near the v4 = 1 / v = 0 crossing, due to Coriolis interaction (see Fig. 6.7).
A frequency range from 370 to 600 GHz has been covered. Typical line
pro�les are shown in Figs. 6.3-6.6. The line indicates the second derivative
of the Gaussian function which has been �tted to the measured spectrum
represented by dots. The spectra of transitions of the 2Σµ -2Π3/2 band system
show smaller signal to noise ratios than the pure rotational spectra, since
their intensities are weaker. The v4 = 0, J = 25.5, F = 26 ← v4 = 1, J =
24.5, F = 25 transition of Fig. 6.6 was located on the rising edge of a strong
absorption line and, thus, shows a large asymmetry. The complete list of the
experimental data and the associated uncertainty is given in Appendix B.

The accuracy of the center frequency of the lines ranges between 20 and
80 kHz and in some cases exceeds 100 kHz. The accuracy essentially depends
on three factors:

(i) line width

(ii) signal to noise ratio

(iii) baseline variations

(iv) Doppler-shifts

The line width is basically caused by Doppler-broadening and partially by
the 2 f -modulation of the probing radiation. A typical value is 900 kHz at a
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Figure 6.5: ∆F = 0 component of the v4 = 1, J = 15.5, F = 15 ← v4 = 0, J =
15.5, F = 15 bending vibrational transition of C3H of the 2Π3/2-2Σµ band system.

center frequency of 500 GHz.
A high signal-to-noise ratio is also of crucial importance for accurate deter-
mination of the line position and the experimental error is directly correlated
to this ratio.
Baseline e�ects are basically suppressed by the on-o� modulation due to the
pulsed molecular source.
Doppler-shifts may occur if the probing microwave beam intersects the jet
not perpendicular to the direction of propagation. Small deviations from a
90◦ angle in the used setup result in a slight blue shift of the center fre-
quency. Thus, frequency calibrations are necessary, for instance with well
known transitions of CO.

All spectra were recorded twice or four times, �rst with ascending fre-
quency and subsequently with descending frequency. The signal was averaged
100�150 times at each frequency step of 20�40 kHz. The total integration
time was typically 0.5 to 1 minute for each scan direction, �nally the spectra
were added. The lines were recorded in the 2 f -modulation mode (see Section
3.1.4).

6.3 Analysis

A least squares �t has been applied to the set of measured lines including the
data from Gottlieb et al. [8] and Yamamoto et al. [9]. The astronomically
detected transition frequencies in the 32 GHz region reported by Kaifu et
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Figure 6.6: ∆F = 1 component of the v4 = 0, J = 25.5, F = 26 ← v4 = 1, J =
24.5, F = 25 bending vibrational transition of C3H of the 2Σµ -2Π3/2 band system.

al. [6] have been used to extend the pure rotational data. The rotational
constant B, the centrifugal distortion term D, the electronic spin rotation
interaction constant γ , the Fermi-contact interaction parameter bF , and the
dipole-dipole coupling constant c have been determined for both the vibra-
tional ground and excited state from a �t using the Pickett program [86].
The Λ-type and l-type doubling constants p, pD, and q, the nuclear spin-
orbit interaction parameter a, the hyper�ne Λ-type doubling constant d, and
the electronic spin-orbit interaction term ASO have also been derived from
the �t for the 2Π vibrational ground state. The distortion parameter of γ

was only determinable in case of the vibrationally excited state. Compared
to Yamamoto's parameter set, three further constants had to be included
in the �t, i.e. the centrifugal distortion constant H for the ground vibra-
tional state, the distortion parameter of the l-type doubling constant q for
the vibrationally excited state, and the distortion constant of the Coriolis in-
teraction term (GCD). The centrifugal distortion constant H for the 2Σ state
and γD for the 2Π state were insigni�cantly determined with the present data
set and were omitted from the �nal �ts.

All lines listed in Appendix B were included into the �t, if not indicated
otherwise. The uncertainties of the lines of Gottlieb and Yamamoto were set
to 50 kHz. Two lines observed by Yamamoto, belonging to the quantum num-
ber J = 15.5← 14.5 and frequencies 339263.251 MHz and 339688.210 MHz,
were omitted from the �nal �t because their observed minus calculated value
exceeded 3σ . The RMS-value of our �t was ∼0.9. The molecular parameters
are given in Table 6.1 and have been compared to the data of Yamamoto
et al. [9].
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Table 6.1: Spectroscopical parameters of C3H.

Parameters [MHz] This work Yamamoto et al. [9]
Ground state (2Π)

B 11189.0979(86) 11189.052(48)
D ·103 5.2263(130) 5.1365(50)
H ·106 0.02274(196) −
ASO 432795.6(85) 432834.0(310)
γ −48.163(119) −48.57(126)
p −7.00685(252) −7.0842(97)
pD ·103 0.596(142) 1.41(74)
q −13.0046(106) −13.057(67)
qD ·103 0.1284(228) −
a 12.323(155) 12.33(23)
bF −13.682(98) −13.38(70)
c 28.09(32) 27.49(97)
d 16.25776(284) 16.241(27)

Vibrationally excited state ν4 (2Σµ )
Eν4 609977.1(42) 610197.0(12300)
B 11212.6808(165) 11212.764(96)
D ·103 4.8813(232) 5.0066(85)
γ −35.5173(247) −35.454(96)
γD ·103 0.640(157) 1.45(79)
bF 1.456(137) 1.4(28)
c 27.21(49) 28.5(26)

Coriolis interaction
GC = 2 ·β −2466.0(37) −2448.0(2460)
GCD 0.0345(59) −
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The representation for C3H distinguishes between the folowing two cases:

1) 2B
(

J− 1
2

)(
J +

1
2

)
< ASO (6.2)

2) 2B
(

J− 1
2

)(
J +

1
2

)
> ASO (6.3)

States belonging to the �rst case where J + 1
2 = N belong to a 2Π1/2 state,

while the states where Eq. 6.3 is valid belong to a 2Π3/2 state. For the
values presented here for the spin-orbit coupling constant and for the rota-
tional constant, one derives a J of approximately 4.5 for this turning point.
Therefore, all lines in this work with J + 1

2 = N belong to a 2Π3/2-state, and
vice versa.

6.4 Discussion and Conclusion

The present work extends the previous investigations of pure rotational tran-
sitions ([8], [9]) by 44 lines up to 600 GHz within the 2Π1/2-band, 2Π3/2-band,
and in the vibrational excited 2Σµ state. Due to these measurements the ac-
curacy of the rotational constant B has been improved by a factor of �ve.
The observed high J transitions required the inclusion of the well determined
centrifugal distortion constant H in the �t.

Eight lines have been assigned to ro-vibrational transitions of the ν4 (2Σµ)
CCH bending mode which has been observed for the �rst time. From these
measurements, the accuracy of the excitation energy Eν4 has been strongly
improved by a factor of almost 300. This is the �rst accurate value for Eν4
compared to uncertainties of more than 1 GHz in the work published by Ya-
mamoto etal. [9].
Furthermore, the accuracy of the spin-orbit interaction constant ASO has been
improved by a factor of four due to the observed ro-vibrational transitions.
Another great progress has been made concerning the Coriolis interaction.
The uncertainty of the associated constant has been reduced by factor of 65
and a value of -2466.0(37) MHz for GC = 2 · β has been determined. Ya-
mamoto derived an interaction term of β =−1224(123) MHz which is half of
GC. The sign of GC is not relevant for the �t and therefore not well de�ned.
However, in combination with the signs and magnitudes of the transition
and permanent dipole moments, it is important for the intensities of some
strongly perturbed lines. The negative sign of GC in this work follows the
notation of Yamamoto et al. [9]. The strongest Coriolis interaction occurs at
energies around 261.5 cm−1 at J = 24.5 and 25.5, as can be seen in Fig. 6.7.
The Coriolis interaction only e�ects levels with the same J quantum number,
J± 1

2 = N. Fig. 6.8 displays the Fortrat diagram of the v4 = 1 (2Σµ) and the
v4 = 0 (2Π3/2) states. Here the J quantum numbers are plotted against an
e�ective rotational constant Be f f = B

2J . As can be seen easily, the strongest
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perturbation of B occurs at J = 25.5.
The Renner-Teller coupling constant is estimated to be about 0.9. To ob-
tain this value in a �t, infrared measurements of the 2Σκ -2Π3/2 or 2Σκ -2Π1/2
band system would be necessary which will be performed with the modi�ed
Cologne Carbon Cluster experiment [99].

All parameters obtained in this work, except the centrifugal distortion
constant D, have lower uncertainties than those published in earlier works,
for instance in the publication by Yamamoto et al. [9]. They are very reliable
for frequency predictions up to 1 T Hz. In particular the uncertainties of tran-
sitions near the v4 = 1 / v = 0 crossing (see Fig. 6.7) decreased from several
10 MHz to a few 10 kHz compared to the predictions based on the parameter
set of Yamamoto et al. The precise knowledge of the excitation energy Eν4
encourages further searching for ro-vibrational bending transitions of C3H in
the interstellar and circumstellar medium. C3H is a prime example of how
astrophysical observations can trigger laboratory investigations and new lab-
oratory detections can facilitate a new �eld of astronomical investigation, in
return.
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Figure 6.7: C3H transitions near the v4 = 1 / v = 0 crossing. The total energies E in
wavenumbers are given above the line, indicating the level’s position; the mixing
coefficients c2 are given beneath this line. The Coriolis interaction only affects
levels with the same J quantum number, J = N± 1

2 . The pure rotational transi-
tions observed within the states are indicated by dashed arrows while transitions
between the states are indicated by solid arrows. Two arrows denote those tran-
sitions where hyperfine structure has been resolved. The dotted line marks the
position of the crossing at approximately 261.5 cm−1.
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Figure 6.8: Fortrat diagram of v4 = 1 (2Σµ ) (squares) and v4 = 0 (2Π3/2) (circles)
states. Solid squares and circles indicate observed transitions. The strongest
perturbation of the effective B values occurs at J = 25.5.
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CO+: Ion Production with SuJeSTA

Molecular ions are supposed to play a signi�cant role in the interstellar chem-
istry through ion-neutral reactions. There is general agreement that these
reactions produce a wide variety of molecules and many examples were inves-
tigated (e.g. Langer and Graedel [100]). Although CO is the most abundant
heavy interstellar molecule, for a long time only the carbon bearing ions
CH+ (Hobbs [101] [102]), HCO+ (Huggins et al. [103]), HOCO+, and HCS+

(Thaddeus et al. [104]) had been detected. The interstellar abundance of
CO+ compared to other ions is low due to its high reactivity (e.g. with H2
to HCO+). Therefore, it is usually optically thin. The �rst detection of
CO+ towards OMC-1, a molecular cloud in the Orion nebula, was reported
by Erickson et al. [12] in 1981. They derived a column density for CO+

of 2 · 1012 cm−2. Latter et al. [38] observed CO+ in the planetary nebula
NGC7027 and in the interstellar medium (M17SW) twelve years later.

Due to its low optical depth CO+, together with C and C+, are important
tracers for PDRs (Photon Dominated Region). The knowledge of the CO+

column density provides information about the structure of PDRs. Recent
observations show that interstellar molecular clouds and star forming regions
are inhomogeneous. The dense regions of molecular clouds, illuminated by
far-ultraviolet radiation, can be investigated by the emission spectra of ions.
This was done by Störzer et al. [11] in star forming regions of the Orion
Bar. The CO+ emission spectra origin at the exterior surfaces of photon
dominated dense molecular clouds.

CO+ has to be classi�ed as a 2Σ radical from the spectroscopist's point
of view . The dipole moment of CO+ is 2.77 D, about 30 times larger than
that of CO. The 13C16O+ and 12C17O+ reveal a hyper�ne splitting due to
the nuclear spins of 13C (I = 1/2) and 17O (I = 5/2).
Many laboratory studies in the microwave region were dedicated to CO+ in
the 1970s and 1980s, for example Dixon and Woods [39], Sastry et al. [22],
van den Heuvel et al. [105], Piltch et al. [40], and Bogey et al. [23]. The
two latter observed the transitions of four isotopomers of CO+, i.e. 12C16O+,
13C16O+, 12C18O+, and 13C18O+, which were �tted to a set of mass reduced
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Dunham parameters. Bogey et al. were also able to resolve the hyper�ne
structure for 13C16O+ and 13C18O+. A very recent extensive research in the
�eld of the isotopomers 12C16O+ and 13C16O+ in the terahertz domain was
carried out by Klapper [10] employing the Cologne Terahertz Spectrometer.
The vibrationally ground states of both isotopomers were investigated up to
1 T Hz.

One goal of the present work is to facilitate the analysis of adiabatically
cooled ions in the terahertz region. The new Supersonic Jet Spectrometer
for Terahertz Applications (SuJeSTA) has been developed for this purpose,
besides the investigation of radicals. First test measurements on CO+ have
been performed to probe the ability of the new spectrometer to produce ions
in a pulsed discharge with subsequent supersonic expansion.
In addition, a revised mass independent least squares �t has been performed.
The isotopically invariant mass-reduced Dunham parameters and the �rst
order Born-Oppenheimer breakdown corrections for C and O have been de-
termined, resulting in a consistent set of constants for CO+.

7.1 Experimental

CO+ ions are produced in the pulsed electrical discharge of a gas mixture of
30�50 % CO, diluted in Ar at a backing pressure of 1�6 bar. The discharge is
placed in the throat of the nozzle. Either the slit nozzle or the pinhole nozzle
are used for ion production. The detection of the CO+ takes place in the
zone of silence of the adiabatically expanding gas. Argon seems to act as a
catalyst for the ionization of carbon monoxide, since both ionization energies
are very similar (EAr

ion = 15.76 eV and ECO
ion = 14.09 eV ). Dilution with He does

not yield in a measurable amount of CO+. A 200�250 µs gas pulse, followed
by a 250�350 µs discharge pulse of 800�1100 V is found to produce CO+

in su�cient amounts. The discharge current is typically between 600 and
900 mA. The data acquisition is taken within a 100 µs time window at the
end of the discharge pulse. The integration time for background subtraction
is 400 to 500 µs long and starts about 100 µs after the trigger. These values
are very similar to the production conditions for C3H (see Section 6.1). The
microwave radiation is provided by BWOs. The measurements have been
carried out with the 6 pathes and the 16 pathes setup described in Section
3.1.2.

7.2 Measurements

Two transitions of CO+ have been measured with the SuJeSTA within the
scope of this work. The spectral line at 471679 MHz has been recorded
with a BWO and the 6 pathes optics. A synthesizer at its fundamental
frequency and the 16 pathes setup have been used to detect the transition at
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Figure 7.1: Spectrum of a pure rotational transition of CO+ in the ground vibra-
tional state with quantum numbers: N = 4, J = 3.5 ← N = 3, J = 2.5. The the
measured spectrum is represented by dots; the line indicates the fitted function.

117692 MHz. These two lines have basically been used for test purposes to
verify the ion production and detection of SuJeSTA. The spectra are shown
in Figs. 7.1 and 7.2. The line shape is the second derivative of the Gaussian
function which has been �tted to the measured spectrum represented by dots.
The complete list of the experimental data including former submillimeter
and millimeter data is given in Appendix C.

7.3 Analysis

The newly recorded lines together with the previously measured microwave
spectra of Klapper [10], Bogey et al. [23], Sastry et al. [22], and Heuvel et al.
[105] were subjected to a least squares �t with an RMS-error of approxi-
mately 0.74. The mass invariant Dunham parameters Ui j and the Born-
Oppenheimer breakdown corrections ∆01 have been determined, according to
the formalism described in Section 4.2.2. In this �t the parameter U03 has
been constrained with respect to U02. Therefore, no error is given for the
value of U03. Additionally, the isotopically invariant electronic spin rotation
interaction constants G00, G10, and G20, the mass independent Fermi-contact
interaction parameter bF00, and the invariant dipole-dipole coupling constant
c00 have been determined forCO+ from the �t. The results of this isotopically
invariant study for CO+ are listed in Tab. 7.1.

In Tab. 7.2 the derived values of the Dunham parameters Y10, Y01, Y11,
Y21, Y02, and Y03 are presented. Furthermore the equilibrium moment of
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Figure 7.2: Spectrum of a pure rotational transition of CO+ in the ground vibra-
tional state with quantum numbers: N = 1, J = 0.5 ← N = 0, J = 0.5.

inertia Iinv
e and the equilibrium nuclear distance rinv

e have been calculated
from the U01 including the Born-Oppenheimer corrections. The parameters
IBO
e and rBO

e have been derived under the assumption of the correctness of
the Born-Oppenheimer approximation.
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Table 7.1: Isotopically independent parameters for the carbon monoxide ion and
the first order corrections to the Born-Oppenheimer approximation for U01.

Parameter Value Unit
U01 406377.160(638) MHz ·amu
∆C

01 −2.794(126)
∆O

01 −7.413(212)
U11 −2551.470(107) MHz ·amu3/2

U21 −2.7182(270) MHz ·amu2

U02 −8.90235(197) MHz ·amu2

U03 ·104 8.821147 MHz ·amu3

G00 1875.098(391) MHz ·amu
G10 −3.815(557) MHz ·amu3/2

G20 −1.131(125) MHz ·amu2

c00 150.26(239) MHz
bF00 1526.47(99) MHz
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7.4 Discussion and Conclusion

Primarily, the measurements of CO+ proved the successful ion production
with SuJeSTA and further investigations on CO+ and other ions are now
conceivable.
An updated isotopically invariant analysis ofCO+ including the Born-Oppen-
heimer breakdown corrections has been performed. This analysis of CO+

reveals that the strict validity of the Born-Oppenheimer approximation is
not an appropriate description for carbon monoxide ions. The di�erences
in the nuclear distances rinv

e for di�erent isotopomers are larger than the
uncertainties and therefore are not negligible. The deviation of rinv

e from rBO
e

(∼ 2 · 10−6 Å) results in an increase of approximately 2 · 10−3 amu·Å of the
angular momentum Iinv

e compared to IBO
e .

The ∆C
01 and ∆O

01 are of the same order of magnitude as U02 and are very
well de�ned. The absolute value of the ∆C

01 is about three times larger in
magnitude than ∆O

01.
The isotopically invariant parameters G00, G10, G20, bF00, and c00 are well
determined.

On the basis of the new parameter set presented in this work, the rota-
tional spectra of four isotopomers of CO+ are predictable with high accuracy.
The transition frequency predictions for the isotopomers 12C16O+, 13C16O+,
12C18O+, and 13C18O+ in the vibrational ground state are presented in Tabs.
7.3�7.6. The transition intensities are given for a temperature of 300 K. The
reliable data, which is also available via the Cologne database CDMS [13],
encourages further observations of the rotational transitions of less abundant
isotopomers of CO+ in the interstellar and circumstellar medium.

Table 7.3: Transition frequency predictions for 12C16O+ up to
1 T Hz in the vibrational ground state.

N′ J′ N′′ J′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

1 0.5 0 0.5 117692.349 0.018 −3.543 0.000
1 1.5 0 0.5 118101.800 0.010 −3.239 0.000
2 1.5 1 1.5 235380.152 0.036 −3.351 3.940
2 1.5 1 0.5 235789.604 0.015 −2.651 3.926
2 2.5 1 1.5 236062.572 0.014 −2.395 3.940
3 2.5 2 2.5 353058.869 0.053 −3.212 11.814
3 2.5 2 1.5 353741.289 0.019 −2.064 11.791
3 3.5 2 2.5 354014.257 0.018 −1.908 11.814
4 3.5 3 3.5 470723.960 0.070 −3.121 23.622
4 3.5 3 2.5 471679.347 0.022 −1.688 23.590
4 4.5 3 3.5 471952.315 0.021 −1.574 23.622
5 4.5 4 4.5 588370.891 0.087 −3.063 39.365
5 4.5 4 3.5 589599.247 0.025 −1.418 39.324
5 5.5 4 4.5 589872.215 0.025 −1.329 39.365
6 5.5 5 5.5 705995.140 0.104 −3.030 59.041
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Table 7.3: Transition frequency predictions for 12C16O+ - con-
tinued.

N′ J′ N′′ J′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

6 5.5 5 4.5 707496.463 0.031 −1.216 58.991
6 6.5 5 5.5 707769.431 0.031 −1.142 59.041
7 6.5 6 6.5 823592.189 0.124 −3.017 82.650
7 6.5 6 5.5 825366.480 0.044 −1.061 82.590
7 7.5 6 6.5 825639.448 0.043 −0.998 82.650
8 7.5 7 7.5 941157.536 0.147 −3.021 110.190
8 7.5 7 6.5 943204.796 0.064 −0.944 110.122
8 8.5 7 7.5 943477.764 0.064 −0.889 110.190

Table 7.4: Transition frequency predictions for 13C16O+ up to
1 T Hz in the vibrational ground state.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

1 1.5 1 0 0.5 1 111226.972 0.974 −5.211 0.013
1 0.5 0 0 0.5 1 112465.976 0.083 −3.883 0.013
1 0.5 1 0 0.5 1 112695.147 0.042 −3.412 0.013
1 1.5 1 0 0.5 0 112753.437 0.016 −3.411 −0.038
1 1.5 2 0 0.5 1 112902.472 0.013 −3.181 0.013
1 0.5 1 0 0.5 0 114221.612 0.977 −5.187 −0.038
2 1.5 2 1 1.5 2 223829.359 0.949 −4.478 3.779
2 1.5 2 1 0.5 1 224036.683 0.938 −5.017 3.772
2 1.5 1 1 1.5 2 225007.936 0.049 −4.293 3.779
2 1.5 1 1 0.5 1 225215.260 0.082 −3.123 3.772
2 2.5 2 1 1.5 2 225387.534 0.063 −3.135 3.779
2 1.5 1 1 0.5 0 225444.432 0.043 −2.990 3.764
2 1.5 2 1 1.5 1 225504.858 0.029 −2.519 3.723
2 2.5 2 1 0.5 1 225594.859 0.033 −2.637 3.772
2 2.5 3 1 1.5 2 225678.186 0.017 −2.366 3.779
2 1.5 1 1 1.5 1 226683.435 0.962 −4.905 3.723
2 2.5 2 1 1.5 1 227063.033 0.934 −4.500 3.723
3 2.5 3 2 2.5 3 336402.577 0.919 −4.070 11.307
3 2.5 3 2 2.5 2 336693.228 0.880 −4.508 11.297
3 2.5 2 2 2.5 3 337518.691 0.058 −4.505 11.307
3 2.5 2 2 2.5 2 337809.343 0.083 −2.979 11.297
3 3.5 3 2 2.5 3 338086.759 0.091 −2.994 11.307
3 2.5 2 2 1.5 1 338188.941 0.023 −2.226 11.284
3 2.5 3 2 1.5 2 338251.404 0.037 −2.009 11.245
3 3.5 3 2 2.5 2 338377.411 0.041 −2.054 11.297
3 3.5 4 2 2.5 3 338443.689 0.022 −1.895 11.307
3 2.5 2 2 1.5 2 339367.518 0.934 −4.312 11.245
3 3.5 3 2 1.5 2 339935.586 0.874 −4.158 11.245
4 3.5 4 3 3.5 4 448948.080 0.888 −3.809 22.596
4 3.5 4 3 3.5 3 449305.009 0.815 −4.259 22.584
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Table 7.4: Transition frequency predictions for 13C16O+ - con-
tinued.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

4 3.5 3 3 3.5 4 450013.180 0.072 −4.662 22.596
4 3.5 3 3 3.5 3 450370.109 0.101 −2.897 22.584
4 4.5 4 3 3.5 4 450786.888 0.123 −2.914 22.596
4 3.5 3 3 2.5 2 450938.177 0.026 −1.803 22.565
4 3.5 4 3 2.5 3 450989.192 0.040 −1.661 22.528
4 4.5 4 3 3.5 3 451143.818 0.045 −1.683 22.584
4 4.5 5 3 3.5 4 451196.220 0.026 −1.569 22.596
4 3.5 3 3 2.5 3 452054.292 0.900 −3.966 22.528
4 4.5 4 3 2.5 3 452828.000 0.809 −3.978 22.528
5 4.5 5 4 4.5 5 561465.534 0.858 −3.634 37.646
5 4.5 5 4 4.5 4 561874.865 0.750 −4.136 37.633
5 4.5 4 4 4.5 5 562489.687 0.087 −4.797 37.646
5 4.5 4 4 4.5 4 562899.019 0.128 −2.853 37.633
5 5.5 5 4 4.5 5 563481.012 0.153 −2.869 37.646
5 4.5 4 4 3.5 3 563672.727 0.029 −1.510 37.607
5 4.5 5 4 3.5 4 563713.674 0.041 −1.405 37.571
5 5.5 5 4 4.5 4 563890.343 0.045 −1.418 37.633
5 5.5 6 4 4.5 5 563931.957 0.028 −1.328 37.646
5 4.5 4 4 3.5 4 564737.827 0.866 −3.742 37.571
5 5.5 5 4 3.5 4 565729.152 0.744 −3.892 37.571
6 5.5 6 5 5.5 6 673953.645 0.831 −3.515 56.457
6 5.5 6 5 5.5 5 674404.591 0.689 −4.088 56.442
6 5.5 5 5 5.5 6 674944.799 0.102 −4.921 56.457
6 5.5 5 5 5.5 5 675395.744 0.159 −2.834 56.442
6 6.5 6 5 5.5 6 676162.552 0.181 −2.849 56.457
6 5.5 5 5 4.5 4 676387.068 0.031 −1.294 56.409
6 5.5 6 5 4.5 5 676420.068 0.042 −1.209 56.375
6 6.5 6 5 5.5 5 676613.497 0.044 −1.218 56.442
6 6.5 7 5 5.5 6 676646.871 0.031 −1.144 56.457
6 5.5 5 5 4.5 5 677411.221 0.833 −3.593 56.375
6 6.5 6 5 4.5 5 678628.975 0.686 −3.865 56.375
7 6.5 7 6 6.5 7 786410.392 0.808 −3.437 79.027
7 6.5 7 6 6.5 6 786894.711 0.636 −4.086 79.011
7 6.5 6 6 6.5 7 787374.680 0.119 −5.039 79.027
7 6.5 6 6 6.5 6 787858.999 0.190 −2.834 79.011
7 7.5 7 6 6.5 7 788825.465 0.206 −2.848 79.027
7 6.5 6 6 5.5 5 789076.752 0.038 −1.129 78.971
7 6.5 7 6 5.5 6 789103.618 0.046 −1.059 78.938
7 7.5 7 6 6.5 6 789309.783 0.045 −1.064 79.011
7 7.5 8 6 6.5 7 789336.880 0.037 −1.002 79.027
7 6.5 6 6 5.5 6 790067.905 0.805 −3.495 78.938
7 7.5 7 6 5.5 6 791518.690 0.637 −3.878 78.938
8 7.5 8 7 7.5 8 898833.203 0.787 −3.389 105.357
8 7.5 8 7 7.5 7 899344.618 0.589 −4.117 105.340
8 7.5 7 7 7.5 8 899775.358 0.138 −5.157 105.357
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Table 7.4: Transition frequency predictions for 13C16O+ - con-
tinued.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

8 7.5 7 7 7.5 7 900286.772 0.223 −2.849 105.340
8 8.5 8 7 7.5 8 901464.186 0.228 −2.862 105.357
8 7.5 7 7 6.5 6 901737.557 0.051 −1.004 105.291
8 7.5 8 7 6.5 7 901759.691 0.057 −0.943 105.259
8 8.5 8 7 7.5 7 901975.600 0.054 −0.947 105.340
8 8.5 9 7 7.5 8 901997.886 0.051 −0.893 105.357
8 7.5 7 7 6.5 7 902701.845 0.782 −3.433 105.259
8 8.5 8 7 6.5 7 904390.673 0.596 −3.919 105.259

Table 7.5: Transition frequency predictions for 12C18O+ up to
1 T Hz in the vibrational ground state.

N′ J′ N′′ J′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

1 0.5 0 0.5 112088.491 0.020 −3.585 0.000
1 1.5 0 0.5 112478.420 0.019 −3.281 0.000
2 1.5 1 1.5 224172.860 0.041 −3.393 3.752
2 1.5 1 0.5 224562.789 0.032 −2.693 3.739
2 2.5 1 1.5 224822.743 0.035 −2.436 3.752
3 2.5 2 2.5 336248.989 0.061 −3.252 11.251
3 2.5 2 1.5 336898.871 0.048 −2.104 11.230
3 3.5 2 2.5 337158.824 0.051 −1.949 11.251
4 3.5 3 3.5 448312.761 0.082 −3.160 22.498
4 3.5 3 2.5 449222.596 0.064 −1.727 22.467
4 4.5 3 3.5 449482.549 0.067 −1.614 22.498
5 4.5 4 4.5 560360.065 0.103 −3.101 37.491
5 4.5 4 3.5 561529.854 0.081 −1.455 37.452
5 5.5 4 4.5 561789.807 0.084 −1.366 37.491
6 5.5 5 5.5 672386.798 0.125 −3.066 56.230
6 5.5 5 4.5 673816.540 0.100 −1.251 56.182
6 6.5 5 5.5 674076.493 0.103 −1.177 56.230
7 6.5 6 6.5 784388.863 0.150 −3.050 78.715
7 6.5 6 5.5 786078.558 0.122 −1.094 78.658
7 7.5 6 6.5 786338.511 0.125 −1.031 78.715
8 7.5 7 7.5 896362.176 0.178 −3.051 104.944
8 7.5 7 6.5 898311.823 0.147 −0.974 104.879
8 8.5 7 7.5 898571.776 0.150 −0.919 104.944
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Table 7.6: Transition frequency predictions for 13C18O+ up to
1 T Hz in the vibrational ground state.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

1 1.5 1 0 0.5 1 105611.494 0.975 −5.302 0.013
1 0.5 0 0 0.5 1 106861.160 0.084 −3.928 0.013
1 0.5 1 0 0.5 1 107081.470 0.042 −3.455 0.013
1 1.5 1 0 0.5 0 107137.959 0.021 −3.455 −0.038
1 1.5 2 0 0.5 1 107278.131 0.021 −3.225 0.013
1 0.5 1 0 0.5 0 108607.934 0.980 −5.277 −0.038
2 1.5 2 1 1.5 2 212607.270 0.952 −4.564 3.591
2 1.5 2 1 0.5 1 212803.932 0.943 −5.097 3.585
2 1.5 1 1 1.5 2 213798.708 0.054 −4.337 3.591
2 1.5 1 1 0.5 1 213995.370 0.088 −3.166 3.585
2 2.5 2 1 1.5 2 214158.627 0.064 −3.177 3.591
2 1.5 1 1 0.5 0 214215.680 0.049 −3.034 3.577
2 1.5 2 1 1.5 1 214273.908 0.040 −2.562 3.536
2 2.5 2 1 0.5 1 214355.289 0.042 −2.681 3.585
2 2.5 3 1 1.5 2 214436.418 0.035 −2.410 3.591
2 1.5 1 1 1.5 1 215465.346 0.965 −4.994 3.536
2 2.5 2 1 1.5 1 215825.264 0.942 −4.582 3.536
3 2.5 3 2 2.5 3 319576.063 0.924 −4.151 10.744
3 2.5 3 2 2.5 2 319853.854 0.889 −4.576 10.735
3 2.5 2 2 2.5 3 320705.860 0.066 −4.547 10.744
3 2.5 2 2 2.5 2 320983.651 0.093 −3.020 10.735
3 3.5 3 2 2.5 3 321242.054 0.093 −3.034 10.744
3 2.5 2 2 1.5 1 321343.569 0.048 −2.269 10.723
3 2.5 3 2 1.5 2 321405.210 0.056 −2.051 10.683
3 3.5 3 2 2.5 2 321519.845 0.059 −2.097 10.735
3 3.5 4 2 2.5 3 321585.301 0.051 −1.937 10.744
3 2.5 2 2 1.5 2 322535.007 0.941 −4.397 10.683
3 3.5 3 2 1.5 2 323071.201 0.888 −4.229 10.683
4 3.5 4 3 3.5 4 426519.193 0.894 −3.885 21.471
4 3.5 4 3 3.5 3 426862.440 0.828 −4.314 21.460
4 3.5 3 3 3.5 4 427597.957 0.083 −4.704 21.471
4 3.5 3 3 3.5 3 427941.204 0.112 −2.936 21.460
4 4.5 4 3 3.5 4 428326.756 0.125 −2.951 21.471
4 3.5 3 3 2.5 2 428477.398 0.064 −1.844 21.442
4 3.5 4 3 2.5 3 428528.431 0.071 −1.702 21.404
4 4.5 4 3 3.5 3 428670.003 0.074 −1.725 21.460
4 4.5 5 3 3.5 4 428722.424 0.067 −1.611 21.471
4 3.5 3 3 2.5 3 429607.195 0.911 −4.045 21.404
4 4.5 4 3 2.5 3 430335.995 0.828 −4.037 21.404
5 4.5 5 4 4.5 5 533436.342 0.865 −3.703 35.772
5 4.5 5 4 4.5 4 533832.010 0.766 −4.179 35.758
5 4.5 4 4 4.5 5 534473.688 0.102 −4.837 35.772
5 4.5 4 4 4.5 4 534869.356 0.141 −2.888 35.758
5 5.5 5 4 4.5 5 535406.616 0.158 −2.904 35.772
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Table 7.6: Transition frequency predictions for 13C18O+ - con-
tinued.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

5 4.5 4 4 3.5 3 535598.155 0.080 −1.550 35.734
5 4.5 5 4 3.5 4 535639.573 0.086 −1.444 35.698
5 5.5 5 4 4.5 4 535802.284 0.088 −1.457 35.758
5 5.5 6 4 4.5 5 535844.369 0.083 −1.368 35.772
5 4.5 4 4 3.5 4 536676.919 0.881 −3.815 35.698
5 5.5 5 4 3.5 4 537609.847 0.770 −3.940 35.698
6 5.5 6 5 5.5 6 640326.372 0.840 −3.579 53.645
6 5.5 6 5 5.5 5 640764.125 0.709 −4.119 53.631
6 5.5 5 5 5.5 6 641330.039 0.123 −4.958 53.645
6 5.5 5 5 5.5 5 641767.791 0.174 −2.866 53.631
6 6.5 6 5 5.5 6 642475.702 0.190 −2.881 53.645
6 5.5 5 5 4.5 4 642700.720 0.097 −1.331 53.600
6 5.5 6 5 4.5 5 642734.399 0.102 −1.247 53.565
6 6.5 6 5 5.5 5 642913.455 0.103 −1.255 53.631
6 6.5 7 5 5.5 6 642947.507 0.100 −1.182 53.645
6 5.5 5 5 4.5 5 643738.066 0.852 −3.660 53.565
6 6.5 6 5 4.5 5 644883.729 0.717 −3.902 53.565
7 6.5 7 6 6.5 7 747187.526 0.817 −3.495 75.092
7 6.5 7 6 6.5 6 747659.331 0.657 −4.107 75.076
7 6.5 6 6 6.5 7 748163.578 0.144 −5.074 75.092
7 6.5 6 6 6.5 6 748635.383 0.208 −2.863 75.076
7 7.5 7 6 6.5 7 749528.507 0.219 −2.877 75.092
7 6.5 6 6 5.5 5 749781.046 0.116 −1.164 75.038
7 6.5 7 6 5.5 6 749808.661 0.120 −1.094 75.004
7 7.5 7 6 6.5 6 750000.312 0.121 −1.099 75.076
7 7.5 8 6 6.5 7 750028.157 0.119 −1.037 75.092
7 6.5 6 6 5.5 6 750784.713 0.828 −3.556 75.004
7 7.5 7 6 5.5 6 752149.642 0.672 −3.906 75.004
8 7.5 8 7 7.5 8 854017.557 0.797 −3.442 100.110
8 7.5 8 7 7.5 7 854517.207 0.613 −4.129 100.093
8 7.5 7 7 7.5 8 854970.730 0.169 −5.188 100.110
8 7.5 7 7 7.5 7 855470.380 0.244 −2.875 100.093
8 8.5 8 7 7.5 8 856559.940 0.248 −2.888 100.110
8 7.5 7 7 6.5 6 856835.309 0.138 −1.036 100.048
8 7.5 8 7 6.5 7 856858.189 0.141 −0.975 100.015
8 8.5 8 7 7.5 7 857059.590 0.141 −0.979 100.093
8 8.5 9 7 7.5 8 857082.623 0.141 −0.925 100.110
8 7.5 7 7 6.5 7 857811.362 0.808 −3.488 100.015
8 8.5 8 7 6.5 7 859400.572 0.637 −3.937 100.015
9 8.5 9 8 8.5 9 960813.859 0.782 −3.413 128.699
9 8.5 9 8 8.5 8 961336.541 0.577 −4.175 128.682
9 8.5 8 8 8.5 9 961747.866 0.197 −5.303 128.699
9 8.5 8 8 8.5 8 962270.548 0.281 −2.901 128.682
9 9.5 9 8 8.5 9 963565.252 0.276 −2.912 128.699
9 8.5 8 8 7.5 7 963859.759 0.164 −0.938 128.629
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Table 7.6: Transition frequency predictions for 13C18O+ - con-
tinued.

N′ J′ F ′ N′′ J′′ F ′′ Frequency ∆ν log(I) Elower
[MHz] [MHz] [nm2MHz] [cm−1]

9 8.5 9 8 7.5 8 963878.924 0.167 −0.885 128.597
9 9.5 9 8 8.5 8 964087.935 0.167 −0.888 128.682
9 8.5 8 8 7.5 8 964812.931 0.794 −3.450 128.597
9 9.5 9 8 7.5 8 966630.318 0.612 −3.990 128.597
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Conclusion

As often in the past, astronomical observations have triggered a more elabo-
rate and re�ned molecular analysis. The molecules investigated in the course
of this thesis are examples of the synergy between molecular spectroscopy
and radio astronomy. On the basis of the data presented in this work, their
rotational and ro-vibrational spectra can be predicted in the terahertz do-
main. The reliable data are available for astronomers around the world via
the Cologne Database for Molecular Spectroscopy (CDMS) [13].

The detection of radicals and ions in the terahertz domain has been facil-
itated by the new Cologne Supersonic Jet Spectrometer for Terahertz Appli-
cations (SuJeSTA), which has been designed and assembled for the performed
investigations in this work. SuJeSTA is a tool for major research projects
in the Cologne spectroscopy group embedded in the international network
of the Laboratoire Europeén Associé (LEA HiRes). The spectrometer is of
comparable sensitivity as common �cell-experiments� with the advantage of
detecting cold radicals and ions. The spectroscopical results, obtained with
this instrument, will be key to future interstellar observations, since preva-
lent species are a main target of astronomers' activities.
Besides the astrophysical relevance of the presented results, this work has
also yielded useful information for spectroscopists. The Renner-Teller cou-
pling and the Coriolis interaction of C3H have been investigated for the �rst
time with SuJeSTA. Further measurements on other carbon chain molecules
with similar e�ects are now possible and of high priority.
In continuation to the work started, the measurements on CO+ will proceed
to optimize the process of ion production and to improve the mass invari-
ant parameter set. Other important ions, for instance HCO+, can now be
analyzed by means of laboratory terahertz spectroscopy.

The evaporation cell of the Cologne terahertz spectrometer facilitates the
gas phase analysis of solid species. The investigations of KCl and NaCl are
the beginning of a series of measurements of interstellar abundant metal
halides, such as KF , NaF , AlF , and AlCl.





A

Experimental Data: Potassium
Chloride

The experimental data on all isotopomers of potassium chloride investigated
in this thesis are summarized in the following tables. All transitions have
been recorded with the Cologne Terahertz Spectrometer in the frequency
region between 170 and 930 GHz, if not indicated otherwise. Lines taken
from the work of Clouser and Gordy [3], which were included in the �t, are
marked with a. IR measurements are not included in these tables.

All transition frequencies and the values for observed minus calculated
are given in MHz. For each measured transition the estimated experimental
error, written in brackets, is in units of the least signi�cant digits.
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A.1 39K35Cl

Table A.1: Rotational spectrum of the main isotopomer of
potassium chloride, 39K35Cl, in the vibrational states v≤ 7.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
0 13 12 99929.540(100)a 0.063
0 20 19 153677.480(100)a 0.048
0 23 22 176690.335(20) −0.031
0 25 24 192023.490(100)a 0.036
0 26 25 199687.101(10) −0.003
0 29 28 222665.524(20) −0.006
0 30 29 230320.560(100)a −0.011
0 31 30 237973.267(20) 0.003
0 35 34 268558.980(150)a −0.006
0 40 39 306728.915(20) 0.023
0 41 40 314353.776(20) −0.013
0 46 45 352428.521(10) −0.009
0 57 56 435861.881(20) −0.007
0 59 58 450976.530(10) −0.006
0 60 59 458526.955(50) 0.000
0 65 64 496206.835(30) −0.006
0 87 86 660348.816(20) −0.011
0 91 90 689861.260(10) −0.008
0 92 91 697221.636(10) −0.005
0 93 92 704574.744(10) −0.014
0 94 93 711920.535(10) −0.005
0 97 96 733913.075(20) 0.009
0 98 97 741228.710(10) 0.008
0 116 115 871508.702(20) 0.009
0 117 116 878663.515(20) 0.035
0 121 120 907189.061(20) 0.035
0 124 123 928482.637(20) 0.022

1 13 12 99316.440(100)a −0.006
1 23 22 175605.726(20) −0.043
1 25 24 190844.490(100)a −0.054
1 29 28 221297.978(20) −0.014
1 30 29 228905.950(100)a 0.075
1 40 39 304842.629(10) 0.008
1 41 40 312420.326(10) −0.034
1 46 45 350259.321(10) 0.008
1 59 58 448194.266(10) −0.005
1 60 59 455697.527(20) −0.006
1 65 64 493141.637(10) 0.002
1 88 87 663587.704(20) −0.004
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Rotational transitions of 39K35Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
1 92 91 692883.351(10) 0.004
1 93 92 700189.335(20) 0.013
1 94 93 707487.962(20) 0.001
1 98 97 736607.573(20) 0.011

2 23 22 174525.616(20) −0.023
2 25 24 189670.520(100)a 0.030
2 29 28 219936.081(10) −0.011
2 44 43 333067.691(20) −0.005
2 45 44 340585.168(20) 0.009
2 46 45 348099.143(30) 0.047
2 58 57 437962.695(20) 0.008
2 60 59 452879.939(20) 0.005
2 89 88 666743.254(20) 0.001
2 92 91 688563.594(10) −0.002
2 93 92 695822.645(10) 0.000
2 118 117 874706.086(10) 0.007
2 122 121 902817.797(20) 0.009
2 125 124 923800.200(20) 0.008

3 23 22 173450.015(30) 0.004
3 29 28 218579.864(10) −0.015
3 41 40 308577.564(10) −0.023
3 44 43 331010.083(30) 0.015
3 57 56 427831.754(20) −0.010
3 58 57 435250.483(20) −0.019
3 60 59 450074.244(20) −0.006
3 66 65 494429.990(20) −0.004
3 89 88 662582.322(20) 0.002
3 90 89 669816.172(30) −0.003
3 94 93 698679.866(20) −0.016
3 99 98 734592.154(20) 0.006
3 123 122 904073.859(30) 0.022
3 126 125 924886.826(20) −0.014

4 24 23 179858.951(10) −0.005
4 29 28 217229.378(40) −0.020
4 32 31 239625.029(40) −0.034
4 41 40 306668.331(30) −0.037
4 42 41 314102.609(10) −0.012
4 43 42 321533.548(20) −0.036
4 58 57 432549.907(30) −0.007
4 59 58 439917.551(30) −0.008
4 60 59 447280.577(20) −0.001
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Rotational transitions of 39K35Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
4 66 65 491357.106(30) 0.010
4 90 89 665626.919(30) 0.001
4 94 93 694304.665(20) −0.010
4 95 94 701455.765(20) −0.027
4 100 99 737097.444(20) 0.020
4 120 119 877590.229(30) 0.009
4 127 126 925897.165(40) 0.021

5 24 23 178746.054(50) −0.021
5 41 40 304767.367(20) 0.018
5 42 41 312155.248(20) 0.001
5 45 44 334298.854(30) −0.044
5 59 58 437182.327(40) 0.003
5 60 59 444499.017(30) 0.008
5 67 66 495579.669(40) 0.018
5 90 89 661456.192(20) 0.002
5 94 93 689948.881(40) −0.004
5 95 94 697053.841(20) 0.098
5 96 95 704151.084(40) −0.030
5 100 99 732464.136(10) 0.006
5 120 119 872032.888(20) 0.030

6 24 23 177637.991(50) −0.015
6 42 41 310216.388(70) 0.048
6 45 44 332221.583(20) 0.034
6 46 45 339549.682(40) 0.002
6 60 59 441729.643(50) 0.006
6 67 66 492487.524(80) 0.060
6 91 90 664392.093(40) 0.004
6 95 94 692671.411(40) −0.072
6 96 95 699722.876(40) 0.052
6 101 100 734864.469(50) −0.012

7 59 58 431747.969(100) 0.062
7 95 94 688309.128(30) −0.032
7 96 95 695314.670(20) −0.027
7 101 100 730227.407(40) 0.007
7 102 101 737186.342(40) −0.041
7 122 121 874570.357(40) −0.006



A.2 39K37Cl 107

A.2 39K37Cl

Table A.2: Rotational spectrum of potassium chloride,
39K37Cl, in the vibrational states v≤ 7.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
0 22 21 164220.000(100)a −0.039
0 23 22 171671.828(30) −0.022
0 24 23 179121.980(100)a 0.017
0 27 26 201461.384(10) 0.013
0 36 35 268363.840(150)a −0.071
0 41 40 305442.324(20) −0.004
0 42 41 312849.217(10) 0.002
0 43 42 320252.992(20) −0.004
0 47 46 349835.604(10) 0.017
0 59 58 438230.604(10) 0.009
0 60 59 445570.230(10) 0.009
0 90 89 663356.435(10) −0.001
0 94 93 691983.702(10) −0.001
0 95 94 699123.218(10) 0.002
0 96 95 706255.644(20) −0.009
0 97 96 713380.951(30) 0.009
0 100 99 734713.156(10) 0.006
0 101 100 741809.092(20) 0.011
0 120 119 875114.143(10) −0.003
0 124 123 902782.733(20) −0.006
0 125 124 909676.847(30) 0.002
0 127 126 923436.882(30) 0.016

1 19 18 140997.100(100)a −0.024
1 24 23 178038.180(100)a 0.046
1 27 26 200242.068(20) 0.007
1 41 40 303590.774(20) 0.003
1 42 41 310952.497(10) −0.001
1 45 44 333018.759(20) 0.012
1 46 45 340367.639(10) 0.032
1 47 46 347713.112(30) 0.047
1 48 47 355055.065(40) 0.018
1 59 58 435566.160(20) 0.016
1 60 59 442860.629(20) 0.019
1 67 66 493793.289(10) 0.022
1 91 90 666414.030(20) 0.005
1 95 94 694833.172(10) 0.008
1 96 95 701920.451(20) −0.005
1 100 99 730197.395(20) 0.017
1 101 100 737248.188(30) 0.021
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Rotational transitions of 39K37Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
1 121 120 876581.475(10) −0.014
1 125 124 904032.927(40) −0.008
1 128 127 924523.385(20) −0.027

2 27 26 199027.709(20) 0.005
2 42 41 309063.520(30) −0.002
2 45 44 330994.895(20) 0.044
2 59 58 432912.654(20) 0.000
2 60 59 440162.154(20) 0.002
2 91 90 662321.839(20) −0.002
2 92 91 669392.023(20) −0.001
2 95 94 690561.191(20) −0.017
2 96 95 697603.551(10) −0.008
2 101 100 732706.597(20) 0.005
2 122 121 877973.386(40) −0.002
2 129 128 925535.493(40) −0.070

3 27 26 197818.327(40) −0.013
3 42 41 307182.344(30) −0.004
3 43 42 314451.203(20) −0.007
3 59 58 430270.210(20) 0.000
3 60 59 437474.933(30) 0.001
3 68 67 494946.506(30) −0.001
3 92 91 665272.473(40) −0.035
3 96 95 693305.084(10) −0.017
3 97 96 700295.563(30) −0.012
3 98 97 707278.780(50) −0.048
3 102 101 735138.139(40) 0.031
3 122 121 872512.619(20) −0.042

4 27 26 196614.010(50) 0.004
4 42 41 305309.053(30) 0.017
4 43 42 312533.311(20) 0.006
4 46 45 334186.722(30) −0.022
4 48 47 348605.506(120) 0.014
4 59 58 427638.909(50) 0.012
4 96 95 689025.199(20) −0.023
4 97 96 695971.152(20) −0.022
4 102 101 730591.125(20) −0.011
4 103 102 737492.702(40) 0.064

5 42 41 303443.681(30) 0.032
5 46 45 332143.775(20) 0.023
5 47 46 339310.479(40) 0.014
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Rotational transitions of 39K37Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
5 60 59 432134.565(30) 0.008
5 68 67 488894.534(50) 0.032
5 93 92 664016.561(40) −0.033
5 97 96 691665.640(50) −0.062
5 98 97 698560.108(50) −0.020
5 103 102 732921.322(40) −0.042
5 124 123 875033.403(50) 0.042

7 44 43 313917.113(150) 0.114
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A.3 41K35Cl

Table A.3: Rotational spectrum of potassium chloride,
41K35Cl, in the vibrational states v≤ 6.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
0 41 40 307132.108(40) −0.041
0 42 41 314579.757(20) −0.014
0 47 46 351769.280(30) −0.009
0 57 56 425875.283(20) −0.009
0 58 57 433263.649(20) −0.015
0 59 58 440647.671(20) −0.023
0 60 59 448027.290(10) −0.015
0 66 65 492207.960(20) −0.013
0 77 76 572731.595(20) 0.017
0 80 79 594575.441(20) 0.005
0 90 89 666986.231(20) −0.016
0 93 92 688580.933(10) −0.014
0 94 93 695765.266(20) −0.017
0 95 94 702942.549(30) 0.006
0 96 95 710112.600(30) −0.050
0 99 98 731579.283(20) −0.003
0 100 99 738720.019(20) 0.005
0 101 100 745853.210(20) 0.004
0 119 118 872873.885(10) 0.001
0 124 123 907658.805(40) −0.002

1 41 40 305265.147(20) −0.009
1 42 41 312667.242(30) 0.001
1 43 42 320066.170(20) −0.018
1 47 46 349629.093(70) 0.020
1 57 56 423279.704(30) 0.001
1 58 57 430622.540(20) 0.002
1 66 65 489202.556(30) 0.002
1 90 89 662888.069(20) 0.011
1 94 93 691485.029(30) 0.034
1 95 94 698616.732(30) 0.000
1 96 95 705741.345(40) 0.028
1 100 99 734166.609(10) 0.007
1 101 100 741254.294(20) 0.018
1 124 123 902013.323(40) −0.024

2 42 41 310762.545(20) 0.006
2 45 44 332813.615(20) −0.001
2 46 45 340157.353(200) 0.009
2 58 57 427992.315(30) 0.014
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Rotational transitions of 41K35Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
2 59 58 435285.453(20) 0.002
2 60 59 442574.189(30) 0.006
2 67 66 493465.282(30) 0.000
2 91 90 665921.387(40) −0.008
2 95 94 694309.229(40) 0.008
2 96 95 701388.497(50) 0.005
2 101 100 736674.948(30) 0.045
2 128 127 923688.742(40) −0.027

3 58 57 425373.037(70) −0.004
3 59 58 432621.038(50) −0.004
3 67 66 490439.700(30) −0.015
3 91 90 661812.751(40) −0.005
3 92 91 668875.124(40) 0.064
3 95 94 690020.181(30) 0.032
3 101 100 732115.246(20) 0.007

4 43 42 314240.342(40) −0.002
4 59 58 429967.895(50) 0.005
4 60 59 437166.579(50) 0.055
4 96 95 692738.938(20) 0.004
4 122 121 871699.993(40) 0.059

5 43 42 312314.759(50) 0.031
5 46 45 333951.281(150) 0.010
5 60 59 434480.004(150) 0.040
5 96 95 688442.479(30) −0.004

6 46 45 331900.295(30) 0.089



112 Experimental Data: Potassium Chloride

A.4 41K37Cl

Table A.4: Rotational spectrum of potassium chloride,
41K37Cl, in the vibrational states v≤ 5.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
0 43 42 312681.506(20) 0.001
0 44 43 319908.199(50) −0.040
0 48 47 348783.558(50) 0.095
0 59 58 427897.528(20) 0.006
0 60 59 435066.167(30) 0.021
0 68 67 492256.708(20) 0.002
0 92 91 661837.198(10) −0.006
0 93 92 668828.386(40) −0.011
0 96 95 689762.098(20) −0.014
0 97 96 696726.456(40) −0.032
0 98 97 703683.989(30) 0.009
0 102 101 731443.650(20) −0.002
0 103 102 738365.626(20) −0.009
0 104 103 745280.236(40) −0.062
0 123 122 875171.395(30) 0.010
0 127 126 902129.791(50) −0.037

1 42 41 303622.111(30) 0.013
1 43 42 310808.300(20) 0.002
1 46 45 332348.455(10) 0.017
1 47 46 339522.069(50) −0.025
1 59 58 425327.227(30) −0.068
1 60 59 432452.374(30) 0.019
1 68 67 489294.441(30) 0.030
1 93 92 664777.156(30) 0.016
1 97 96 692500.999(40) −0.029
1 98 97 699415.033(40) 0.063
1 99 98 706322.074(50) 0.117
1 103 102 733878.897(20) 0.005
1 131 130 923237.543(70) −0.070

2 60 59 429849.212(40) 0.026
2 69 68 493385.212(30) −0.008
2 97 96 688293.192(30) 0.007
2 98 97 695163.787(10) 0.011
2 99 98 702027.281(100) −0.130
2 104 103 736238.621(50) −0.110
2 125 124 877802.884(70) −0.084

3 44 43 314181.183(40) −0.003
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Rotational transitions of 41K37Cl - continued.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
3 104 103 731746.563(30) −0.033

4 44 43 312287.815(70) 0.022
4 99 98 693492.887(20) −0.008

5 47 46 331415.512(150) −0.074
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A.5 40K35Cl

Table A.5: Rotational spectrum of potassium chloride,
40K35Cl, in the vibrational ground state.

v J′ J′′ Frequency [MHz] o.-c. [MHz]
0 44 43 333235.809(70) −0.037
0 76 75 571866.904(70) 0.142



B

Experimental Data: Propynylidyne

The experimental data on propynylidyne, C3H, investigated in this thesis are
summarized in the following tables. All transitions have been recorded with
the Supersonic Jet Spectrometer for Terahertz Applications (SuJeSTA) in
the frequency region between 370 and 580 GHz, if not indicated otherwise.
Lines taken from the work of Gottlieb et al. [8], of Yamamoto et al. [9], and
of Kaifu et al. [6] are marked with a, b, and c, respectively. Lines indicated
with * have been omitted from the �nal �t because their observed minus
calculated value exceeded 3σ .

All transition frequencies and the values for observed minus calculated
are given in MHz. For each measured transition the estimated experimental
error, written in brackets, is in units of the least signi�cant digits.
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B.1 C3H in the 2Π-ground state

Table B.1: Observed transition frequencies for propynyli-
dyne, C3H, in the 2Π-ground state.

N′ K′ J′ F ′ N′′ K′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
2 -1 1.5 1 1 1 0.5 1 32617.016(2)c 0.000
2 -1 1.5 2 1 1 0.5 1 32627.297(2)c −0.001
2 -1 1.5 1 1 1 0.5 0 32634.389(2)c 0.000
2 1 1.5 2 1 -1 0.5 1 32660.645(2)c 0.000
2 1 1.5 1 1 -1 0.5 0 32663.361(2)c −0.001
2 1 1.5 1 1 -1 0.5 1 32667.668(2)c 0.000
3 -1 3.5 4 2 1 2.5 3 80388.107(50)a 0.017
3 -1 3.5 3 2 1 2.5 2 80389.442(50)a 0.035
3 1 3.5 4 2 -1 2.5 3 80420.646(50)a −0.065
3 1 3.5 3 2 -1 2.5 2 80422.052(50)a −0.049
4 -1 4.5 5 4 1 3.5 4 97995.166(50)a −0.025
4 -1 4.5 4 4 1 3.5 3 97995.913(50)a −0.029
4 1 4.5 5 4 -1 3.5 4 98011.611(50)a −0.036
4 1 4.5 4 4 -1 3.5 3 98012.524(50)a −0.061
5 1 4.5 5 3 -1 3.5 4 103319.276(50)a −0.042
5 1 4.5 4 3 -1 3.5 3 103319.786(50)a −0.054
5 -1 4.5 5 3 1 3.5 4 103372.483(50)a −0.063
5 -1 4.5 4 3 1 3.5 3 103373.094(50)a −0.066
5 1 5.5 6 4 -1 4.5 5 119804.682(50)a 0.018
5 1 5.5 5 4 -1 4.5 4 119805.322(50)a 0.012
5 -1 5.5 6 4 1 4.5 5 119847.476(50)a 0.017
5 -1 5.5 5 4 1 4.5 4 119848.259(50)a −0.006
6 -1 6.5 7 5 1 5.5 6 141635.793(50)a −0.011
6 -1 6.5 6 5 1 5.5 5 141636.431(50)a 0.057
6 1 6.5 7 5 -1 5.5 6 141708.728(50)a −0.001
6 1 6.5 6 5 -1 5.5 5 141709.494(50)a 0.041
7 1 6.5 6 -1 5.5 149106.972(50)a −0.015
7 -1 6.5 6 1 5.5 149212.667(50)a −0.022
7 1 7.5 8 6 -1 6.5 7 163491.035(50)a 0.022
7 1 7.5 7 6 -1 6.5 6 163491.557(50)a 0.036
7 -1 7.5 8 6 1 6.5 7 163597.232(50)a 0.007
7 -1 7.5 7 6 1 6.5 6 163597.900(50)a 0.011
8 -1 7.5 7 1 6.5 171958.650(50)a −0.007
8 1 7.5 7 -1 6.5 172094.778(50)a −0.021
8 -1 8.5 9 7 1 7.5 8 185371.952(50)a 0.047
8 -1 8.5 8 7 1 7.5 7 185372.417(50)a 0.056
8 1 8.5 9 7 -1 7.5 8 185513.968(50)a 0.020
8 1 8.5 8 7 -1 7.5 7 185514.589(50)a 0.025
9 1 8.5 8 -1 7.5 194780.373(50)a 0.009
9 -1 8.5 8 1 7.5 194948.795(50)a −0.019
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Observed transition frequencies for C3H in the 2Π-ground
state - continued.

N′ K′ J′ F ′ N′′ K′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
11 1 11.5 10 -1 10.5 251174.624(50)b 0.071
11 -1 11.5 12 10 1 10.5 11 251433.892(50)b 0.025
11 -1 11.5 11 10 1 10.5 10 251434.415(50)b 0.049
12 -1 11.5 11 1 10.5 263062.936(50)b 0.070
12 1 11.5 11 -1 10.5 263332.405(50)b 0.013
12 -1 12.5 11 1 11.5 273161.117(50)b 0.067
12 1 12.5 11 -1 11.5 273461.665(50)b 0.056
13 1 12.5 12 -1 11.5 285764.383(50)b 0.006
13 -1 12.5 12 1 11.5 286066.633(50)b 0.040
13 1 13.5 12 -1 12.5 295172.315(50)b 0.101
13 -1 13.5 12 1 12.5 295514.212(50)b 0.052
14 -1 13.5 13 1 12.5 308437.925(50)b 0.044
14 1 13.5 13 -1 12.5 308771.023(50)b 0.078
15 1 14.5 14 -1 13.5 331084.761(50)b 0.065
15 -1 14.5 14 1 13.5 331445.807(50)b 0.089
15 -1 15.5 14 1 14.5 339688.210(50)b∗ 0.157
15 1 15.5 14 -1 14.5 339263.251(50)b∗ 0.170
16 -1 15.5 15 1 14.5 353706.329(50)b 0.086
16 1 15.5 15 -1 14.5 354091.056(50)b 0.139
17 1 16.5 16 -1 15.5 376303.928(30) −0.062
17 -1 16.5 16 1 15.5 376705.892(20) −0.027
17 1 17.5 16 -1 16.5 383435.036(20) −0.006
17 -1 17.5 16 1 16.5 383942.379(20) −0.009
18 -1 17.5 17 1 16.5 398879.391(20) −0.022
18 1 17.5 17 -1 16.5 399288.848(20) −0.020
18 -1 18.5 17 1 17.5 405547.395(20) −0.028
18 1 18.5 17 -1 17.5 406095.489(20) 0.011
19 1 18.5 18 -1 17.5 421433.903(30) −0.036
19 1 19.5 18 -1 18.5 427675.333(30) 0.031
19 -1 19.5 18 1 18.5 428263.655(20) −0.025
20 -1 19.5 19 1 18.5 443968.986(30) 0.043
20 1 19.5 19 -1 18.5 444336.703(30) 0.054
20 -1 20.5 19 1 19.5 449817.164(30) −0.008
20 1 20.5 19 -1 19.5 450445.449(100) −0.010
21 1 20.5 20 -1 19.5 466485.740(30) 0.022
21 -1 20.5 20 1 19.5 466772.248(40) −0.042
21 1 21.5 20 -1 20.5 471971.592(20) −0.006
21 -1 21.5 20 1 20.5 472639.376(30) 0.010
22 -1 21.5 21 1 20.5 488985.510(80) 0.034
22 1 21.5 21 -1 20.5 489095.552(80) 0.066
22 -1 22.5 21 1 21.5 494137.204(30) −0.021
22 1 22.5 21 -1 21.5 494844.056(30) 0.012
23 -1 22.5 22 1 21.5 511182.614(30) 0.009
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Observed transition frequencies for C3H in the 2Π-ground
state - continued.

N′ K′ J′ F ′ N′′ K′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
23 1 22.5 22 -1 21.5 511469.331(50) −0.003
23 1 23.5 22 -1 22.5 516312.799(20) 0.014
24 1 23.5 24 23 -1 22.5 23 532658.301(100) 0.130
24 1 23.5 23 23 -1 22.5 22 532658.854(100) −0.239
24 1 24.5 23 -1 23.5 539280.745(20) 0.000
25 -1 24.5 25 24 1 23.5 24 552384.896(200) 0.175
25 -1 24.5 24 24 1 23.5 23 552387.014(200) −0.302
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B.2 C3H in the excited ν4 (2Σµ) bending state

Table B.2: Observed transition frequencies for propynyli-
dyne, C3H, in the excited ν4 (2Σµ ) bending state.

N′ J′ F ′ N′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
3 3.5 4 2 2.5 3 67293.837(50)b −0.021
3 3.5 3 2 2.5 2 67294.256(50)b −0.017
3 2.5 3 2 1.5 2 67323.949(50)b −0.046
3 2.5 2 2 1.5 1 67325.109(50)b 0.009
4 4.5 3 3.5 89730.570(50)b −0.022
4 3.5 4 3 2.5 3 89759.353(50)b −0.003
4 3.5 3 3 2.5 2 89759.894(50)b 0.039
5 5.5 4 4.5 112166.938(50)b −0.027
5 4.5 5 4 3.5 4 112194.054(50)b −0.007
7 7.5 6 6.5 157038.932(50)b −0.021
7 6.5 6 5.5 157061.150(50)b −0.042
8 8.5 7 7.5 179474.490(50)b −0.027
8 7.5 7 6.5 179493.278(50)b −0.043
9 9.5 8 8.5 201909.790(50)b −0.025
9 8.5 8 7.5 201924.343(50)b −0.029
11 11.5 10 10.5 246780.010(50)b 0.018
11 10.5 10 9.5 246782.751(50)b −0.003
12 11.5 11 10.5 269209.854(50)b 0.014
12 12.5 11 11.5 269215.264(50)b −0.020
13 12.5 12 11.5 291635.396(50)b 0.035
13 13.5 12 12.5 291651.235(50)b 0.009
14 13.5 13 12.5 314059.268(50)b 0.072
14 14.5 13 13.5 314088.552(50)b 0.041
15 14.5 14 13.5 336481.314(50)b 0.092
15 15.5 14 14.5 336528.310(50)b 0.058
16 15.5 15 14.5 358901.425(50)b 0.097
16 16.5 15 15.5 358972.316(50)b 0.045
17 16.5 17 16 15.5 16 381318.554(100) −0.134
17 16.5 16 16 15.5 15 381319.256(100) −0.091
17 17.5 18 16 16.5 17 381423.638(50) −0.084
17 17.5 17 16 16.5 16 381424.402(80) 0.037
18 17.5 17 16.5 403735.406(20) −0.034
18 18.5 17 17.5 403887.716(80) −0.091
19 18.5 18 17.5 426148.770(30) 0.004
19 19.5 18 18.5 426375.590(100) −0.048
20 19.5 19 18.5 448560.028(80) 0.139
20 20.5 19 19.5 448907.703(30) 0.012
21 21.5 20 20.5 471532.167(30) −0.021
23 23.5 23 22 22.5 22 517808.027(200) 0.167
23 23.5 24 22 22.5 23 517808.732(200) −0.078
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B.3 Transition frequencies of the v4 = 1 (2Σµ) bend-
ing vibration of C3H

Table B.3: Observed transition frequencies of the v4 = 1 (2Σµ )
bending vibration of C3H.

N′ K′ v′4 J′ F ′ N′′ K′′ v′′4 J′′ F ′′ Frequency [MHz] o.-c. [MHz]
16 0 1 15.5 16 16 1 0 15.5 16 535599.921(80) −0.027
16 0 1 15.5 15 16 1 0 15.5 15 535603.507(70) −0.030
17 0 1 16.5 17 17 -1 0 16.5 17 540212.658(90) −0.019
17 0 1 16.5 16 17 -1 0 16.5 16 540217.072(80) 0.067
18 0 1 17.5 18 18 1 0 17.5 18 544659.467(100) 0.013
25 0 1 25.5 26 25 -1 0 24.5 25 569212.491(60) −0.049
25 0 1 25.5 25 25 -1 0 24.5 24 569216.541(60) 0.082
26 1 0 25.5 26 24 0 1 24.5 25 571024.568(30) 0.000



C

Experimental Data: Carbon
Monoxide Ion

The experimental data on all isotopomers of the carbon monoxide ion ana-
lyzed in an isotopically invariant �t are summarized in the following tables.
Two transitions have been recorded with SuJeSTA. Lines taken from the
work of Bogey et al. [23], Sastry et al. [22], Klapper [10], and van de Heuvel
et al. [105] are marked with a, b, c, and d, respectively.

All transition frequencies and the values for observed minus calculated
are given in MHz. For each measured transition the estimated experimental
error, written in brackets, is in units of the least signi�cant digits.
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C.1 12C16O+

Table C.1: Rotational spectrum of the main isotopomer of
the carbon monoxide ion, 12C16O+, in the vibrational states
v≤ 4.

v N′ J′ N′′ J′′ Frequency [MHz] o.-c. [MHz]
0 1 0.5 0 0.5 117692.337(30) 0.012
0 1 1.5 0 0.5 118101.812(50)a 0.012
0 2 1.5 1 1.5 235380.046(150)b −0.106
0 2 1.5 1 0.5 235789.641(30)b 0.037
0 2 2.5 1 1.5 236062.553(20)b −0.019
0 3 2.5 2 1.5 353741.262(100)b −0.027
0 3 3.5 2 2.5 354014.247(60)b −0.010
0 4 3.5 3 2.5 471679.252(30) −0.095
0 4 4.5 3 3.5 471952.343(100)b 0.028
0 5 4.5 4 3.5 589599.239(100)c −0.008
0 5 5.5 4 4.5 589872.224(100)c 0.009
0 6 5.5 5 4.5 707496.506(100)c 0.043
0 6 6.5 5 5.5 707769.401(100)c −0.030
0 7 6.5 6 5.5 825366.363(200)c −0.117
0 7 7.5 6 6.5 825639.665(200)c 0.217
0 8 7.5 7 6.5 943204.603(250)c −0.193
0 8 8.5 7 7.5 943477.836(100)c 0.072
0 9 8.5 8 7.5 1061005.900(1000)d −1.019

1 1 0.5 0 0.5 116553.376(80)a 0.094
1 1 1.5 0 0.5 116960.305(80)a −0.001
1 2 1.5 1 0.5 233509.032(70)a −0.012
1 2 2.5 1 1.5 233780.342(80)a −0.051
1 6 6.5 5 5.5 700924.571(150)c 0.059

2 1 0.5 0 0.5 115411.284(80)a −0.001
2 1 1.5 0 0.5 115814.790(80)a 0.064
2 2 1.5 1 0.5 231221.423(180)a −0.044
2 2 2.5 1 1.5 231490.470(100)a 0.043

3 1 1.5 0 0.5 114665.212(120)a 0.151

4 1 1.5 0 0.5 113511.230(100)a −0.080
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C.2 13C16O+

Table C.2: Rotational spectrum of the carbon monoxide ion,
13C16O+, in the vibrational states v = 0, 1.

v N′ J′ F ′ N′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
0 1 0.5 0 0 0.5 1 112465.938(120)a −0.038
0 1 0.5 1 0 0.5 1 112695.175(80)a 0.028
0 1 1.5 1 0 0.5 0 112753.480(40)a 0.043
0 1 1.5 2 0 0.5 1 112902.557(40)a 0.086
0 2 1.5 1 1 0.5 0 225444.382(200)a −0.050
0 2 1.5 2 1 1.5 1 225504.854(70)a −0.004
0 2 2.5 3 1 1.5 2 225678.183(160)a −0.003
0 3 2.5 3 2 1.5 2 338251.384(150)c −0.020
0 3 3.5 3 2 2.5 2 338377.484(150)c 0.073
0 3 3.5 4 2 2.5 3 338443.693(150)c 0.005
0 4 3.5 3 3 2.5 2 450937.978(250)c −0.199
0 4 4.5 4 3 3.5 3 451143.635(250)c −0.183
0 4 4.5 5 3 3.5 4 451196.212(100)c −0.008
0 5 4.5 4 4 3.5 3 563672.549(100)c −0.178
0 5 4.5 5 4 3.5 4 563713.663(100)c −0.010
0 5 5.5 5 4 4.5 4 563890.319(100)c −0.024
0 5 5.5 6 4 4.5 5 563931.766(250)c −0.191
0 6 5.5 5 5 4.5 4 676387.165(200)c 0.097
0 6 5.5 6 5 4.5 5 676420.085(100)c 0.017
0 6 6.5 6 5 5.5 5 676613.565(100)c 0.068
0 7 6.5 6 6 5.5 5 789076.889(200)c 0.136
0 7 6.5 7 6 5.5 6 789103.863(200)c 0.245
0 7 7.5 8 6 6.5 7 789336.965(200)c 0.086
0 8 7.5 7 7 6.5 6 901737.536(100)c −0.021
0 8 8.5 8 7 7.5 7 901975.512(100)c −0.088

1 1 1.5 1 0 0.5 0 111687.554(70)a −0.148
1 1 1.5 2 0 0.5 1 111835.716(100)a 0.006
1 2 2.5 3 1 1.5 2 223545.426(80)a 0.014
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C.3 12C18O+

Table C.3: Rotational spectrum of the carbon monoxide ion,
12C18O+, in the vibrational states v = 0, 1.

v N′ J′ N′′ J′′ Frequency [MHz] o.-c. [MHz]
0 1 1.5 0 0.5 112478.502(400)a 0.082
0 1 0.5 0 0.5 112088.491(40)a 0.001
0 2 1.5 1 1.5 224172.862(180)a 0.002
0 2 1.5 1 0.5 224562.753(60)a −0.036
0 2 2.5 1 1.5 224822.772(90)a 0.030

1 1 1.5 0 0.5 111417.700(60)a −0.061
1 2 1.5 1 0.5 222443.650(140)a −0.053
1 2 2.5 1 1.5 222702.180(70)a 0.011
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C.4 13C18O+

Table C.4: Rotational spectrum of the carbon monoxide ion,
13C18O+, in the ground vibrational state.

v N′ J′ F ′ N′′ J′′ F ′′ Frequency [MHz] o.-c. [MHz]
0 1 0.5 1 0 0.5 1 107081.520(80)a 0.051
0 1 1.5 1 0 0.5 0 107137.965(60)a 0.006
0 1 1.5 2 0 0.5 1 107278.209(60)a 0.078
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