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Chapter 1

Introduction and Summary

The discovery of hydrogen as an element, and as a molecular species consisting

of two atoms, is connected to the names of the scienti�c pioneers Cavendish,

Lavoisier, Gay-Lussac and Avogadro. In the 19-th century hydrogen was stud-

ied with spectroscopes. Besides the lines of atomic hydrogen in the visible

range, that later became known as Balmer lines, already at an early stage

some additional lines were observed. These were referred to as a "second spec-

trum" of hydrogen. The �rst spectroscopic observations to be unambiguously

assigned to molecular hydrogen were made by Lyman [1], now over a century

ago. This discovery could only be made through the development of vacuum-

ultraviolet spectroscopic techniques. In our studies on the spectrum of the

hydrogen molecule we still rely on such techniques. We use the narrowband

and tunable Amsterdam eXtreme Ultra-Violet (XUV) laser system in a variety

of spectroscopic studies. The setup can be used in high-resolution scanning

spectroscopic studies, but its pulsed nature can also be employed in double-

resonance studies of the hydrogen molecule and its isotopologues. Through the

use of multiple overlapping laser pulses the excited-state level structure of the

molecule can be probed, even for quantum states that are inaccessible from

the ground state (for various reasons: unfavourable dipole selection rules, poor

wave function overlap). The combination of lasers with time-of-�ight mass sep-

aration and velocity-map-imaging techniques, the implementation of which is

also discussed in this thesis, allows for further detailed studies, in particular

on the dissociation dynamics of some highly excited states of the molecule. In

addition to lasers we have also employed a novel and unique instrument: the

vacuum ultraviolet Fourier-Transform spectrometer at the Soleil synchrotron

facility.

Our studies are motivated by various perspectives, ranging from astro-

physics, via molecular physics to fundamental physics. Molecular hydrogen

is by far the most abundant molecule in the Universe. However, H2 remained

unobserved in the interstellar medium for a long time, for the very reason that

its dipole-allowed absorption spectrum lies in the vacuum ultraviolet and is
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therefore blocked by the Earth's atmosphere. It took a rocket-borne ultra-

violet spectrometer for its detection. The observation of molecular hydrogen

in faint high-redshifted objects from ground-based telescopes gave impetus to

the �eld and promoted the idea of studying the spectrum of H2 at the highest

resolution possible to search for a variation in the fundamental dimensionless

constant of nature µ (the proton-electron mass ratio) on a cosmological time

scale [2]. Spectra of HD are also included in such an analysis [3].

Apart from this motivation from astrophysics and fundamental physics,

the study of the quantum structure of the smallest neutral molecular entity

remains of importance for its own sake. Despite a century of spectroscopic

studies still many aspects of the H2 level structure are not understood. This

can be exempli�ed by the fact that the majority of the spectral lines contained

in the Dieke Atlas [4] still remain unassigned. In addition, the manifold of

dissociative resonances, in particular those of singlet gerade symmetry, is a

still uncharted area; our study of dissociative resonances just above the n=2

dissociation limit is an attempt to improve this situation.

Even when a subject has been investigated for over a century, surprises

are still possible. Our �nding and identi�cation of frequency-resolved Rydberg

series in the heavy H+H− Rydberg system constitutes one of these surprises.

In our view the observation of heavy Rydberg series in H+H− may open up a

novel �eld of research, since such quantum states should exist in any molecular

system.

Outline

This thesis describes an experimental investigation of molecular hydrogen and

its isotopologues. It can be subdivided thematically into three parts: the �rst

dealing with high-resolution spectroscopy, the second with ion-pair or heavy

Rydberg states, and the third on velocity-map-imaging and dissociation of the

molecule. Here we give an overview of the following Chapters contained in this

thesis.

In Chapter 2 Hydrogen Deuteride (HD) has been proposed as a test sys-

tem in a search for a possible variation in the proton-to-electron mass ratio.

Spectroscopic features of the second most abundant hydrogen isotopologue

have already been observed in several quasar spectra at high redshift [3]. At

the moment detection of HD has been reported along the line-of-sight of the

following quasar systems: Q1232+082, Q0528-250, FJ0812+320, J2123-050,

J1237+064 and Q1439+113. A high resolution laboratory determination of

the most prominent HD lines is performed at a relative accuracy of 5 × 10−8

with the aid of the narrowband and tunable XUV-laser system. Also, sensitiv-

ity coe�cients are determined from ab initio quantum chemical calculations as

a function of the proton-electron mass ratio. These results are of su�cient qual-

ity to include them in a full statistical analysis together with the extensive data

on H2. An important characteristic of HD is the presence of a neutron in the
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nucleus. Strategies to deduce possible e�ects beyond �rst order baryon/lepton

mass-ratio deviations are discussed.

Chapter 3 extends the HD database started in Chapter 2. A novel wavefront-

division Fourier-Transform spectrometer, which is a permanent end station of

the undulator-based beamline DESIRS on the synchrotron SOLEIL facility, is

employed for the �rst time for the spectroscopy of HD in the XUV energetic

region. The HD spectral lines in the Lyman and Werner bands were recorded in

the 87-112 nm range from a quasi-static gas sample in a windowless con�gura-

tion and with Doppler-limited resolution. Line positions of some 268 transitions

in the B1Σ+
u (v′ = 0− 30)← X1Σ+

g (v′′ = 0) Lyman bands and 141 transitions

in the C1Πu(v′ = 0 − 10) ← X1Σ+
g (v′′ = 0) Werner bands were deduced with

uncertainties of 0.04 cm−1 (1σ), which corresponds to ∆λ/λ ∼ 4× 10−7. The

results from the previous chapter were used to test and improve the internal

calibration of this unique setup.

In Chapter 4 a missing gap in the H2 database is �lled. Due to prob-

lems encountered previously in generating the appropriate wavelengths using a

narrow-band extreme ultraviolet laser source, the B1Σ+
u − X1Σ+

g (6,0) Lyman

band of H2 was still missing in the set of laboratory data. These transitions

were accessed by using an exotic dye mixture, which expanded the tuning

range of the XUV system covering the problematic 615-620 nm range. This

system was used also for calibrating (4So) 3d 3Do
J ←3PJ transitions in atomic

oxygen [5].

Chapter 5 describes the calibration of 39 lines in the B1Σ+
u - X1Σ+

g (v′, 0)
Lyman bands for v′ = 9−11, and in the C1Πu - X1Σ+

g (0, 0) Werner band of the

D2 molecule. Using a narrowband tunable extreme-ultraviolet laser source they

were measured at a relative accuracy of ∆λ/λ = 6 × 10−8. The results bear

relevance for future use in the calibration of dense classical spectra obtained

for the HD and D2 isotopologues.

Chapter 6 describes the �rst observation of Rydberg states in the exotic

H+H− system. This system is very interesting as at large internuclear distance

it can be considered as two point-like charged particles bound by a Coulomb po-

tential. This description is formally equivalent to the well-known Bohr atom,

and therefore should possess the same characteristic energetic structure ap-

propriately scaled by the reduced mass of the system. Unfortunately, Frank-

Condon restrictions prevent accessing these states directly. Nevertheless, spec-

troscopic features predicted by the Rydberg formula for this �heavy Rydberg

atom� are indeed observed. This remarkable result is achieved thanks to a

complex interaction of broad molecular Rydberg states at small internuclear

distance with the �heavy� Rydberg states at larger internuclear distance, which

results in the population of H+H− levels. One of the possible decay channels

of these ion pair states involves autoionization and creation of H+
2 ions, which

we detect as a series of broad resonances matching the heavy Rydberg formula.

Chapter 7 reports on the development of a velocity map imaging (VMI)
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detection setup implemented in the existing extreme-ultraviolet (XUV) laser

system at the Laser Center VU Amsterdam. Although still in the process of

development, its performance and some preliminary results are discussed. Best

focusing conditions obtained so far show a spatial resolution of 400 µm, indi-

cating that the system has not yet reached its optimal performance. This is due

to some inherent limitations in the present setup. The technique for producing

XUV light by non-linear frequency upconversion in a gas jet creates divergent

XUV radiation, which determines a relatively large interaction region. This is a

crucial element in VMI performance. Other limitations are described in detail

and future improvements are proposed. An XUV laser system that combines

narrowband state-selective excitation with VMI detection of the ionized frag-

ments would open up great possibilities for studying the dissociation dynamics

of small molecules with spectroscopic features in the XUV domain.

In Chapter 8 the gerade electronic structure of molecular hydrogen above its

n=2 dissociation limit is studied by 1 XUV + 1 VIS two-step laser excitation.

Spectral features exhibiting widths between one and several hundred cm−1 in

the excitation range of 118500-120500 cm−1 were probed by laser-ionization

of the H(n=2) products produced in the dissociation process. The controlled

two-step process combined with mass-selective detection imposes constraints

on the possible allowed quantum states to be reached. Through the applica-

tion of angular momentum selection rules and using the ortho-para distinction

the predissociation resonances of gerade inversion symmetry of H2 could be

identi�ed in terms of electronic symmetry and ro-vibrational quantum num-

bers. In this way most of the broad dissociative resonances in the energy region

can be assigned.
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