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Summary

The 19th-century philosopher Auguste Comte once declared that it is impossible to

determine the chemical composition of stars by virtue of their enormous distance

from the earth. A few decades after this pessimistic assessment, Robert Bunsen and

Gustav Kirchoff were pioneering spectrum analysis, the study of the spectrum of

light emitted or absorbed by a material, as a tool to analyse and classify substances.

Since then, spectrum analysis or spectroscopy has been extensively used to probe the

structure of matter. Today, astronomers collect and study light emanating from the

farthest objects in the visible universe. The chemical composition of astronomical

objects are being routinely deduced from their spectra, fortunately in spectacular

contradiction to Comte’s declaration.

The widespread application of spectroscopy is due to the ubiquity of the electro-

magnetic interaction, which is responsible for almost all familiar physical phenom-

ena (except for gravitational processes). The attempt to explain this fundamental

interaction, specifically in the interpretation of atomic spectra, has led to the devel-

opment of quantum mechanics, which has since revolutionized our understanding

of the structure of matter. It is now established that in atoms, the constituents of

matter, the bound electrons can only have discrete energies corresponding to distinct

atomic states. The absorption of a photon (quantum of radiation) with a definite en-

ergy that is equal to the energy difference between states results in the excitation

of the atom, where an electron makes a transition from a lower-energy state to a

higher-energy one. Since the energy of the electromagnetic radiation or a photon

is proportional to the frequency, it is evident that the spectral components of radia-

tion contain information about the energy level structure of the material that it has

interacted with.

The absorption or emission spectra of atoms are relatively simple, consisting

of sharp features (spectral lines). Molecular spectra increase in complexity as the

number of constituent atoms (of the molecule) increases due to the additional inter-

atomic interactions. In high-resolution atomic and molecular spectroscopy, it is
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important to minimize as many unwanted (external) interactions or perturbations,

e.g. due to stray electric and magnetic fields, or collisions between the particles.

These interactions might cause a shift in the position of the spectral line or the

broadening of the spectral linewidth. An important problem in high-resolution

spectroscopy is to address the Doppler effect due to the relative motion of the atoms

or molecules with respect to the probing radiation. The Doppler effect often limits

the spectroscopic resolution since it shifts and broadens the spectral lines, so that

Doppler-free techniques are employed whenever possible. The laser is mostly used

in high-resolution spectroscopy, since it has high intensity and can have high spectral

purity, making it possible to resolve sharp spectral lines.

Atomic and molecular electronic transitions from the ground state mostly occur

in the ultraviolet (UV), deep-UV (DUV), and extreme-UV (XUV) spectral range,

corresponding to wavelengths from 400 nm to 100 nm. We produce radiation in

this range by exploiting nonlinear optical effects induced by short and intense laser

pulses (ns duration) in crystals and gases. For instance, the narrowband and tunable

DUV laser source used in most of the experiments described in this dissertation is

based on a Titanium:Sapphire (Ti:Sa) pulsed laser. The Ti:Sa output at ∼800 nm is

first amplified and subsequently frequency-upconverted in crystals to obtain the 4th

harmonic at ∼200 nm. The resulting DUV radiation is used for spectroscopy and

has a spectral linewidth in the order of 50 MHz with pulse energies of ∼ 200µJ.

An important aspect of high-resolution spectroscopy is the precise and accurate

calibration of the excitation laser frequency. One approach is to use a frequency

standard, e.g. molecular iodine I2, where a great number of spectral lines have been

calibrated to high accuracy (at∼ 10−9 of the transition frequency). The recent devel-

opment of frequency comb lasers has revolutionized the field of frequency measure-

ments. A frequency comb can be used as a ruler for optical frequencies by providing

a precisely known set of equidistant reference frequencies (comb teeth). Using a fre-

quency comb, optical frequencies with hundreds of THz can be counted directly

with the same accuracy as the RF frequency standard that controls the comb laser.

The main molecule investigated in this thesis is the simplest of all neutral molec-

ules, H2. Doppler-free spectroscopy of the two-photon EF←X transition in H2 is

discussed in Chapter 2. Using the DUV laser source and frequency comb calibra-

tion, the transition frequencies were determined with relative accuracies on the or-

der of 10−9. In Chapter 3, the H2 EF←X results are combined with high-resolution

Fourier Transform (FT) data of H2 transitions connecting the EF, B, and C elec-

tronic states. This combination of the DUV and FT results leads to the determina-

tion of the Lyman (B–X) and Werner (C–X) transition wavelengths with improved

accuracy in comparison to direct XUV excitation.
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The accurate results obtained can be used in investigations that attempt to ad-

dress the possibility of variation of fundamental physical constants. Since a possible

variation is expected to be very subtle, extremely sensitive (accurate) techniques are

required. The method most relevant to this dissertation is based on the comparison

of quasar absorption spectra with high-resolution spectra measured in the labora-

tory. Since quasar light was emitted in the distant past, there is a time separation of

billions of years between the astronomical and lab spectra. During this time interval,

physical constants could have changed, leading to very subtle differences in atomic

and molecular spectra. The possible variation of the proton-to-electron mass ratio µ

can be probed by comparing molecular rovibronic transitions. The H2 Lyman and

Werner transitions (Chapter 3) have been used in such µ-variation studies. The pos-

sible variation of the fine structure constant α on the other hand, can be probed by

comparing the spectral lines of atoms and ions, where the transition frequencies are

α-dependent. Among the many atomic and ionic transitions used in the α-variation

analysis are those transitions in Mg, N, and O that are described in Chapters 5, 6, 7,

and 8 of this thesis.

The determination of the H2 ionization energy Ei(H2) is described Chapter 4.

The ionization energy of H2, representing the binding energy of the electron to the

molecule, is a quantity that can be calculated with ab initio molecular quantum the-

ory. A comparison of the experimental and theoretical values is essential in testing

the validity of fundamental molecular theory. Our obtained value for Ei(H2) im-

proves upon previous experimental results by ∼ 30 times, and is more accurate than

the current theoretical result.

Another example of the advantage of accurate spectroscopic investigations is

demonstrated in the high-resolution study of N2 (Chapter 9), where a perturba-

tion in the molecular spectroscopic structure has been followed in great detail. Our

highly-accurate frequency calibrations of I2 and its isotopologues are described in

Chapter 10. These measurements have enabled us to improve the predictions of I2

molecular transitions accounting for effects beyond the Born-Oppenheimer approx-

imation as discussed in Chapter 11.

The results reported in this dissertation demonstrate the importance of high-

resolution atomic and molecular spectroscopy, as a powerful tool to further deepen

our understanding of Nature.


