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CHAPTER 1
Introduction and Summary

Spectroscopy can be argued to start with Sir Isaac Newton in his optics ex-
periments describing the rainbow of colors that combine to form white light.
Since then, spectroscopy has played and continues to play a significant role
in astronomy, physics and chemistry. From such spectroscopic investigations
we understand the structure of atoms and molecules. The transition frequen-
cies, line intensities, and natural linewidths provide us with information on
the energy levels, transition probabilities, lifetimes of excited states, and so
on. However, how much information can be obtained from the spectrum de-
pends essentially on the attainable spectral or temporal resolution that can
be achieved. Over the course of history spectroscopic studies were performed
at progressively higher resolution. In this thesis, two di↵erent high-resolution
spectroscopic methods, laser-based Doppler-free spectroscopy and synchrotron-
based Fourier-transform absorption spectroscopy are employed. They were
used to investigate the EF 1⌃+

g � X 1⌃+

g system of the H
2

molecule and the
A1⇧�X1⌃+ system of the CO molecule.
High-resolution spectroscopy is widely used in astrochemistry. There are nearly
180 di↵erent molecules identified thus far in the interstellar medium or circum-
stellar shells via their spectra. These spectra reveal properties of distant stars
and galaxies, such as their chemical composition, temperature, density, mass,
distance, luminosity, and relative motion. In order to extract information from
those spectra, high-resolution laboratory spectra are required. Molecular hy-
drogen and carbon monoxide are the first and second most abundant molecules
in outer space, respectively. They are very important to astronomers and physi-
cists as tracers to investigate our universe.
The present research project was funded by NWO and its subsections CW
(Chemical Sciences) and EW (covering Mathematics, Astronomy and Com-
puter Science) via its program ”Dutch Astrochemistry Network”. The focus
was on gas phase molecules, in particular the two most abundant molecules
in the Universe, molecular hydrogen and carbon monoxide. The studies were
performed in connection to observational studies, performed through optical
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1. Introduction and Summary

astronomy, by the Atomic, Molecular and Laser Physics group at VU Univer-
sity, addressing the use of H

2

and CO molecules for probing possible variations
of the proton-electron mass ratio (µ) on a cosmological time scale. Observation
of H

2

at high redshift, as well as in white dwarf stars, has been covered in a
number of studies by the research group, see Ref. [1, 2, 3, 4, 5, 6]. Since it
was realized that also the A1⇧�X1⌃+ electronic system of CO could be used
for probing varying constants in the early Universe [7], and that CO has now
been detected towards the sight line of a number of quasars, the target of spec-
troscopic activities has shifted to probing this molecule at the highest possible
resolution and accuracy. The present study, with a number of high-precision
studies of CO A1⇧�X1⌃+ bands, provides the database to search for varying
constants based on CO and from a combination of H

2

and CO.
In 1766, Henry Cavendish produced hydrogen gas from the reaction between
di↵erent acids and metals [8]. The molecule was later named hydrogen in
1783 by Antoine Lavoisier [9]. In the last century, studies of ever improving
experimental accuracy are confronted with ever improving theoretical calcula-
tions for the H

2

molecule. It is a benchmark molecule for testing Quantum
Electro-Dynamics (QED), a theory which can be considered as a perturbative
theory of electromagnetism including e↵ects of the quantum vacuum. The suc-
cess of this theory started in 1947 by Hans Bethe [10], when it explained the
Lamb shift in the hydrogen atom as measured by Lamb and Retherford [11].
At present, QED has been tested to extreme precision by comparing values
for the electron g-factor [12, 13] and also for the Lamb shift measurements in
atomic hydrogen [14, 15]. Tests of QED were recently extended to the neutral
H

2

molecule, which is the first molecule to include two electrons, and hence
electron correlation e↵ects. Up until 2010, Wolniewicz [16, 17] produced the
most accurate full ab initio calculations of the H

2

X1⌃+

g ground electronic
state, including an estimated QED-correction term, achieving accuracies at
the 10�2 cm�1 level. The measurement of the dissociation energies of H

2

,
HD and D

2

by the Zürich-Amsterdam collaboration [18, 19, 20] were used to
test the newly developed framework for calculating the most recent ab initio
calculations including relativistic and QED terms [21, 22]. These test were
extended to the series of rotational energy levels in the H

2

ground state [23]
and to the vibrational ground tone of the molecule [24]. The excellent agree-
ment between the experimental results and theoretical values does not only test
QED theory, but also can be interpreted as giving upper bounds for the range
of new interactions beyond the Standard Model (SM) of physics. In order to
extend the research to highly-excited vibrational states in molecular hydrogen,
we will combine accurate transition frequencies on the EF 1⌃+

g �X 1⌃+

g band,
determined from two-photon Doppler-free laser spectra, with previous accurate
measurements [25, 26] to obtain vibrational splitting frequencies.
The CO molecule was identified as a compound containing carbon and oxygen
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by the Scottish chemist William Cumberland Cruikshank in 1800 [27, 28]. It is
also found in the atmospheres of stars and some planets, as well as in comets
and in the interstellar medium. Recently a number of high-redshift observa-
tions were reported on the A1⇧�X1⌃+ system of CO, making this system a
good probe to search for the possible variations of fundamental constants on
cosmological timescale alongside H

2

. In the SM, the fundamental constants
like the dimensionless proton-to-electron mass ratio and the fine structure con-
stant ↵ assume the role of free parameters in the theory, and the value of these
constants can only be determined by experiment. In order to probe putative
variations of the constants, molecular transition frequencies in laboratories on
earth will be compared with those in quasar absorption systems. This requires
the accurate measurement of transition frequencies and calculation of sensi-
tivity coe�cients. In this thesis, we focus on obtaining accurate transition
frequencies for the CO A1⇧�X1⌃+ system, against the background of prob-
ing such variations of the proton-to-electron mass ratio µ on a cosmological
timescale. While H

2

is generally the molecule of choice, there are benefits for
searching variation of µ using the CO A1⇧�X1⌃+ system in that the transi-
tions of A1⇧�X1⌃+ system lie outside the Lyman forest, so that high-quality
spectra can be obtained. Moreover the CO A1⇧ � X1⌃+ transitions can be
combined with H

2

transitions in the same cloud to find a possible variation
of µ, providing opportunities to assess systematic e↵ects (that might mimic
the e↵ect of µ�variation). The CO A1⇧ system is of importance from a pure
molecular physics perspective, in that it exhibits a celebrated case of pertur-
bations between multiple singlet and triplet states. These phenomena have
been amply studied over decades [29], but the present high-resolution studies
described in this thesis provide improved and comprehensive information.
Both variations of the fundamental constants of nature as well as deviations
for QED-theory may probe new interactions beyond the Standard model of
physics. The SM theory concerns the electromagnetic interaction, the weak
interaction and the strong interaction, where the electromagnetic interaction
is many order of magnitudes stronger than other SM interactions, at least at
the typical Ångström-range internuclear distances in molecules, while gravity is
definitely much weaker at all length scales. So the excellent agreement between
experimental results and the theory values does not only test the QED theory,
but also provides upper bounds for the possible existence of new interactions
beyond the Standard Model (SM) of physics.

Outline

In this thesis, laser based Doppler-free high-resolution spectroscopy experi-
ments as well as vacuum ultraviolet Fourier-transform spectroscopy studies
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(performed at the DESIRS beamline at the Soleil synchrotron) are described.
The experiments deal with spectra of molecular hydrogen and carbon monox-
ide. The subjects of the chapters of this thesis are outlined below.
In Chapter 2, investigation of the X1⌃+

g , v = 0 ! 1 (J = 0 � 2) rovibra-
tional splittings in H

2

, HD and D
2

for testing quantum electrodynamics e↵ect
in molecules is presented. The energies of the splittings are determined at
an absolute accuracy of 2 ⇥ 10�4 cm�1. This work on rotational quantum
states J = 1, 2 extends the results reported in Ref. [24] on J = 0. Using a
narrowband Titanium:Sapphire pulsed laser system, transition frequencies in
EF 1⌃+

g �X 1⌃+

g (0, 1) band have been determined. Combined with a previ-
ous accurate measurement on EF, v = 0 level energies, the fundamental ground
tone vibrational splittings are obtained. The excellent agreement between the
experimental results and the calculations provides a stringent test on the ap-
plication of quantum electrodynamics in molecules, and can be used to provide
bounds to new interactions beyond SM.
Chapter 3 extends the H

2

results in Chapter 2 to highly excited vibrational
quantum states. The v = 12, J = 0 � 3 rovibrational levels of H

2

ground
electronic state are accurately determined by two-photon Doppler-free spec-
troscopy at an accuracy of 3.5⇥10�3 cm�1. The highly vibrational excited H

2

molecules are produced by photodissociation of H
2

S. A comparison between
the experimental results with the best ab initio calculations shows excellent
agreement.
In Chapter 4, the A1⇧ � X1⌃+ band system of carbon monoxide is a new
probe to search for possible variations of the proton-electron mass ratio on
cosmological time scales is described. Using VUV Fourier-transform absorption
spectroscopy, transition frequencies of the A1⇧ � X1⌃+ (v,0) bands for v =
0� 9 have been determined at an accuracy of ��/� = 1.5⇥ 10�7, providing a
comprehensive and accurate zero-redshift data set. Two-photon Doppler-free
laser spectroscopy has been applied for the (0, 0) and (1, 0) bands, achieving a
3 ⇥ 10�8 accuracy level. Accurate sensitivity coe�cients Kµ for a varying µ
have been calculated for the CO A1⇧�X1⌃+ bands.
In Chapter 5, an analysis of the perturbation e↵ect in the COA1⇧�X1⌃+ (0, 0)
and (1, 0) bands is obtained. The data base of CO A1⇧�X1⌃+ (0, 0) and (1, 0)
bands is obtained by two di↵erent high-resolution spectroscopic methods, a
vacuum ultraviolet Fourier-transform spectrometer and a two-photon Doppler-
free laser spectroscopy, with an accuracy of 0.01-0.02 cm�1 and 0.002 cm�1,
respectively. The combined data were used to perform an improved analysis of
the perturbations by a large number of perturbing states.
Chapter 6 reports on high-precision two-photon Doppler-free frequency mea-
surements of the CO A1⇧�X1⌃+ fourth-positive system for (2, 0), (3, 0) and
(4, 0) bands. Due to advanced techniques of two-color 2+10 resonance-enhanced
multi-photon ionization, Sagnac interferometry, frequency-chirp analysis on the
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pulsed laser, and correction for the AC-Stark shifts, the absolute transition fre-
quencies on the three bands (for J < 6) have been determined at an accuracy
of 1.6⇥ 10�3 cm�1. These accurate transition frequencies serve as calibration
reference lines for synchrotron spectra in the next chapter.
In Chapter 7, the laser-based transition frequencies of Chapter 6 are used to
calibrate and analyze the CO A1⇧�X1⌃+ (2, 0), (3, 0) and (4, 0) bands mea-
sured with the VUV-Fourier-transform spectra. Details of the perturbations
in the excited states and interactions with multiple states of singlet and triplet
character are presented.
Chapter 8 presents vacuum-ultraviolet photoabsorption spectra of N

2

and CO
recorded at 900 K using a heated free-flowing gas cell in the Fourier-transform
spectrometer end station of the DESIRS beamline at the SOLEIL synchrotron.
Using such a cell enabled the recording of spectral lines with high rotational
quantum numbers. This allowed for the extension of the perturbation analysis
that can be accessed for room temperature absorption setups.
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