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Introduction

A molecule may posses only discrete values for its total energy. This is referred
to as a quantized level energy structure. When its energy changes from one
quantized value to another the molecule will emit or absorb the energy differ-
ence in the form of a photon resulting in a line spectrum. The stimulation of the
molecule (manipulating its energy from one quantized value to the next) and
subsequent recording and analysis of its line spectrum is the experimental sci-
ence of spectroscopy. Fundamental spectroscopy seeks to use the measured line
spectrum for a determination of molecular features that yield understanding of
the system through a model or theory. In other words; through spectroscopic
experiments it is possible to test fundamental theories which describe physics
at the molecular level. This is the central theme of this thesis and the tar-
get system is molecular hydrogen. For years this system has been described
by theorists using quantum theories while spectroscopists have been trying to
unravel its spectrum. To this day it is the bench mark system for calculations
and still there are features of its spectrum that are not well understood.

Molecular Hydrogen

Our simplest neutral molecule and the subject of this thesis: Molecular hydro-
gen consists of four particles held together by the positive electric charge of the
two protons in the core and the negative electric charge of the two electrons
encircling the core. It was only after the advent of quantum mechanics that an
explanation was given as to why a stable H2 molecule is formed [1]. Excited
states are accessed when the molecule absorbs or emits a quantum of energy,
this involves the motion of the electrons at higher energy, while the core may
form a rotation and vibration. Again, quantum mechanics makes allowance for
these excited states. Within the Born-Oppenheimer (BO) approximation, the
excited states are represented by potential curves. The BO potential curves for
three electronic states central to this thesis are illustrated in Fig. 1. Depending
on the depth of the potential well, several discrete vibrational levels may be
contained and on top of that many rotational levels. The rovibronic (rotational,

xi



2 4 6 8 10

R (a.u.)

0

20000

40000

60000

80000

100000

120000

140000
E

n
e

rg
y
 (

c
m

⁻¹
)

X¹Σ⁺

EF¹Σ⁺

D¹Π

g

g

u

Photons

Ground State

Excited States

Figure 1 – Born-Oppenheimer potential energy curves for the electronic states
relevant to this thesis. The arrows indicate the scheme used to access the excited
states.

vibrational and electronic) levels can be populated when the molecule absorbs
a specific quantum of energy. In the experiments presented here the quantum
of energy absorbed by the molecule is light of a characteristic wavelength. By
manipulating the wavelength of the light source in a controlled way it is pos-
sible to systematically study the excited states of the molecule. Phenomena
such as the ejection of an electron (ionization) or the entire break up of the
molecule (dissociation) can occur when light is absorbed. Such phenomena can
be measured accurately in spectroscopic experiments and provide benchmark
tests for quantum theory calculations.
The experiments in this thesis are motivated by the goal of a systematic study
of several electronic states in the H2 molecule, illustrated in Fig. 1. The mea-
surements provide a test of current theories which predict the structure of the
hydrogen molecule. A variety of laser based and synchrotron based spectro-
scopic techniques are implemented. The experimental results agree well with
current theory and in some cases the theoretical predictions are used to inter-
pret the experimental results.



The ground X1Σ+
g state

The 11 eV gap between the ground X1Σ+
g state and the first excited state

in H2 ensures that the X state remains relatively unperturbed. Dipole tran-
sitions within the ground state manifold are forbidden but weak quadrupole
transitions can be excited with techniques where a long path length can be
created such as cavity ring down spectroscopy [2] and Fourier transform spec-
troscopy [3]. In view of the weak transitions strengths an alternative indirect
measurement via an excited state may be used to determine ground state ro-
tational and vibrational parameters. An ideal candidate is the EF 1Σ+

g excited
state. Due to its lifetime, in excess of 100 ns [4], transitions are observed as nar-
row resonances with a natural line-width of ∼1.5 MHz. The excited state is of
gerade symmetry and can only be accessed by using two photons when exciting
from the ground state thereby facilitating an essentially Doppler-free excitation
scheme [5]. Access to high rotational and vibrational levels in the ground state
manifold is made possible by a photo-chemical reaction with HBr. The reac-
tion generates a rotationally and vibrationally “hot” ground state distribution
of H2 molecules which can then be probed by a narrow bandwidth laser. An
alternative method is via electron bombardment in a discharge source, which
induces vibrations in the molecule but does not significantly change the rota-
tional distribution. The two-photon wavelengths lie in the deep UV which can
be accessed using frequency up-converted, narrow bandwidth dye and titanium
sapphire lasers enabling a relative precision on the line positions at the 10−9

level [6]. To extract information on the X1Σ+
g state transitions probing the

same excited EF 1Σ+
g state but emanating from different ground state levels

are measured. The difference between these transitions yields the ground state
rotational and vibrational level spacings, this is referred to as a combination
difference.
In view of its isolation from excited states, the ground state is well suited to
theoretical calculations. Over the years Wolniewiczs and co-workers have done
extensive work on the ground state level energies at ever increasing accuracies
resulting in a calculation which stood as the bench mark for many years [7].
More recently Komasa et al.[8] made predictions on the ground state manifold,
which included the quantum electro dynamical (QED) and relativistic effects,
at the level of 30 MHz, the most accurate calculations of the ground X1Σ+

g

state to date.
By comparing the precision measurements with the advanced calculations a
systematic test of QED theory in molecules is realised. This is presented in
chapters 1 - 3.



QED and the Ground State of H2

QED was born out of the necessity to explain the experimental observation
of Lamb and Retherford in 1947 [9]. Their experiments showed that the 2S 1

2

and 2P 1
2

levels of the hydrogen atom were not degenerate, as predicted by the
Dirac theory. Since then predictions by bound state QED of the H atom have
improved to the extent that they are limited by the measurements of the pro-
ton charge radius, which is an input parameter for the calculations [10]. QED
effects were extended to the ground state of H2 and first shown by Ladik [11].
Wolniewicz and co-workers produced calculations of the X1Σ+

g state, with a
result which included an approximate treatment of QED effects [7]. Recently
the entire ground state manifold has been calculated for the three stable hydro-
gen isotopomers [12, 8] including higher order QED effects and finite nuclear
size effects.
Leading order QED phenomena include the self energy of the electron and
vacuum polarization. The electron may emit and then re-absorb a virtual
photon whereupon it receives a momentum kick. This results in fluctuations
of the electron’s position on a time scale much shorter than it takes to orbit
the nucleus. The up-shot is that the electron can no longer be considered as
a point particle and a charge radius is associated with it. When the electron
comes into close proximity to another charged particle, there is a deviation from
the Coulomb law and this manifests itself in a shift of the level energies. The
vacuum polarization is due to the creation and annihilation of virtual electron
positron pairs. During their short lifetime these pairs align themselves with
the nuclear charge, effectively screening the electron from the full force of the
nuclear charge.
The most accurate calculations of the ground state level energies of H2 follows
a perturbative approach and level energies are expanded in terms of the fine
structure constant α [8]. The contributions are given by

E = EBO + Ea + Ena + Erel + EQED + EHQED + Efs. (1)

Where EBO refers to the energies derived from solving the Schrödinger equa-
tion with the BO potential, Ea represents the adiabatic corrections and Ena

the non-adiabatic corrections to the potential. These three terms together are
known as the non-relativistic energies. Further terms include Erel, which rep-
resents relativistic corrections. The QED and higher order QED corrections
are given by EQED and EHQED respectively. Finally, a small correction is
applied accounting for the finite size of the nucleus, Efs.
The overall QED effects are small, accounting for at most ∼ 0.001% of the
individual level energies investigated in chapter 1. The high precision to which
the BO level energies are calculated [12], as well as the improvement in the adi-



abatic and non-adiabatic corrections [13], paved the way for the experimental
observation of QED effects in a progression of rotational states in the ground
state of H2 presented in chapter 1.
Currently, the level energy calculations of the ground state of H2 are limited
by the estimated contribution of higher order QED effects, not included in the
present predictions. By subtracting close-lying levels the higher order effects
cancel. As a consequence the difference between levels in the ground state may
be more accurately predicted by theory. To this end, the v = 0→ 1 transition
was experimentally investigated and compared with the present theoretical
predictions. The findings are presented in chapter 3

The EF 1Σ+
g excited state

One of the limiting factors of using the EF −X system to determine ground
state rotational and vibrational parameters is the known level structure of the
EF 1Σ+

g state since combination differences require an unambiguous assignment
of both transitions. A feature of this state, and the reason for the difficulty
of unravelling the level structure, is that the Born-Oppenheimer potential has
a double minimum. Initially Dieke [14] assigned the inner and outer wells as
two separate states. Only later was it proposed by Davidson that both states
be described by a single potential [15]. The double well is formed due to an
avoided crossing at the intersection of the 1s2s Rydberg potential, forming
the inner well (E well), and the potential of the doubly excited (2pσ)2 state,
giving rise to the outer well (F well). Below the potential barrier between the
E and F wells, levels can be considered as belonging to two separate states that
interact by tunnelling through the barrier. This results in a highly perturbed
level structure particularly for the levels close to the top of the barrier.
Chapter 2 details the recording of many transitions in the EF −X system with
the goal of determining the EF 1Σ+

g level structure for future measurements
of the ground state manifold. Experimentally it was not possible to provide
an unambiguous assignment to all transitions, instead predictions by multi
channel quantum defect theory (MQDT) are used to complete the assignments.
The theory was designed to describe the structure of atoms with one excited
electron, giving a description of both bound states and continua. In this specific
formulation the levels of the H2 molecule are described by the Rydberg formula

En = IEion −
R

(n− µl)2
(2)

where n is the principle quantum number, µl is the quantum defect which
depends on the orbital angular momentum l of the outer electron. R is the
Rydberg constant and IEion is the ionization energy of the neutral molecule. A
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Figure 2 – Two simulated Beutler-Fano line-shapes with different asymmetry
parameter.

channel is defined by specifying the core state and the orbital angular momen-
tum of the outer electron. The channels are allowed to interact, the strengths
of which can be arbitrary. This makes MQDT a powerful tool when describing
the interactions between many states and in particular where perturbations are
very strong as in the case of the EF 1Σ+

g state.

The D1Πu state

A detailed study of the D − X system is presented in chapters 4 - 6. Dis-
covered in 1930 by Hopfield [16] this band system undergoes predissociation
due to an interaction with the continuum of the nearby B′ state [17]. The
line shapes become broad, asymmetric and are known as Beutler-Fano line
shapes. Beutler [18] was first to observe the broadened transitions but was un-
able to determine line shape parameters, only later Herzberg [19] and Comes
and Shumpe [20] recorded these transitions and were able to determine line
shape parameters. The theoretical description of a single bound state inter-
acting with a continuum was described by Fano [21, 22]. This model has been



used to calculate the predissociation widths for H2 [23, 24] and can be seen
to agree well with previous experimental observations [25]. Figure 2 displays
two simulated Beutler-Fano profiles, each with a different q-parameter. The
q-parameter determines the degree of asymmetry in the line-shape and can be
determined from a fit of the experimental data.
The D1Πu state is re-investigated using the unique vacuum ultraviolet (VUV)
Fourier transform spectrometer (FTS) located at the synchrotron SOLEIL.
Chapters 4-6 detail the analysis of absorption spectra in the range of 75 - 90
nm for H2, D2 and HD. Investigation of the three isotopomers leads to mass
dependent effects and a test of the mass scaling relation of the predissociation
widths, presented in chapter 6, is a central result.

Laser sources

Several narrow bandwidth laser sources were used to probe the structure of the
H2 molecule throughout this thesis. The pulsed dye amplifier system (PDA)
is a three stage travelling wave amplifier seeded with a cw ring dye laser [26].
The system is capable of generating pulsed narrow bandwidth radiation with
a tuning range of ∼1 cm−1 within the bandwidth of the dye present in the
amplifier. Pulses of up to 50 mJ with length of 5 ns can be generated and sub-
sequently up-converted in a non-linear crystal arrangement to produce deep
UV radiation. The frequency of the laser is calibrated by saturation spec-
troscopy of molecular iodine using the seed light. The limitation of the system
is due to the chirp which is caused by time-dependant gain in the dye during
the amplification process [27]. This system was used in chapter 1 to measure
high rotational states in the EF −X system at an estimated accuracy of 150
MHz for the investigation of QED effects in the ground state of H2.
A second laser system used is a simple pulsed dye laser (Quanta Ray PDL
3). The laser is grating based which allows for tuning over large wavelength
intervals. With a band width of approximately 0.06 cm−1 the system was used
to measure overview spectra of the EF − X transitions in the range of 205-
220 nm. The results are presented in chapter 2 and serve as a stepping stone
toward precision measurements of these transitions using a pulsed Ti:Sapph
system described below.
An injection-seeded pulsed titanium: sapphire (Ti:Sa) oscillator amplifier sys-
tem was developed for precision metrology studies in the deep UV [28]. The
system converts cw radiation from a Ti:Sa ring laser into pulsed radiation via
gain-switched oscillation in a low-finesse cavity. The pulsed output is enhanced
in a bow tie amplifier which makes 10 passes through a second Ti:Sa crystal.
The pulsed output has high peak intensities with pulse durations of approx-
imately 20-40 ns with a bandwidth of ∼17 MHz see. Great care is taken to
account for all systematics including the chirp which is induced by cavity mode



Figure 3 – The principle of the wave-front division technique and the optical
control system used at SOLEIL [29]. See text for details.

pulling [28]. This system was used to measure the EF−X intervals at an abso-
lute accuracy of ∼3 MHz for the determination of the first vibrational splitting
in the ground state of H2 presented in chapter 3.

The Vacuum Ultraviolet Fourier Transform Spectrometer at

Soleil

Fourier transform spectroscopy covers a significant portion of the electromag-
netic spectrum; from the microwave to the VUV range. Its advantage is the
strict linearity in the frequency scale meaning that only a single fixed reference
point is required for an absolute calibration. FT spectrometers are typically
based on the Michelson interferometer where a beam splitter divides the ampli-
tude of the light in two. One of the beams follows a variable path length thereby
creating an interference pattern when the two beams are recombined. The in-
terference pattern as a function of the variable path length can be Fourier
transformed to obtain the absorption/emission features present in the light
source as a function of the frequency. This technique is limited to wavelengths
> 140 nm due to current beam splitter technology [30]. By using wave-front
division it is possible to circumvent this problem. The VUV FTS uses two roof
reflectors with a small angle between them to divide the light source into two
half beams which then overlap downstream to form an interference pattern as
shown in Fig. 3. This unique spectrometer uses an optical control system to
track the motion of the moving roof reflector. It is based on a Michelson in-
terferometer, created by a HeNe laser which traces out a fan between the back
of the moving roof reflector and a fixed optical block, illustrated in the inset
to Fig. 3. The entire geometry is characterised by the reference block and the
number of reflections that the HeNe laser makes and allows for a determination
of the position of the moving roof reflector on a nanometric scale. This results



in an unprecedented resolving power of 106 at a wavelength of 40 nm [31, 32].
In chapters 4-6 the VUV FTS at SOLEIL was used to record absorption spectra
of molecular hydrogen and its stable isotopic variants D2 and HD. In view of the
large spectral coverage required the VUV FTS was the ideal tool with which to
measure these spectra. Accurate line-shape parameters are determined for the
excited D1Πu state. Further, a detailed comparison with the results obtained
using the monochromator at the synchrotron BESSY II in Germany is reported
in chapter 2. The two experimental techniques complement each other and help
to further characterize the excited states of H2.





CHAPTER 1
QED effects in molecules: Test on

rotational quantum states of H2

Published as Physical Review Letters 107, 043005, 2011

Quantum electrodynamic effects have been systematically tested in the pro-
gression of rotational quantum states in the X 1Σ+

g , v = 0 vibronic ground
state of molecular hydrogen. High-precision Doppler-free spectroscopy of the
EF 1Σ+

g − X 1Σ+
g (0,0) band was performed with 0.005 cm−1 accuracy on

rotationally-hot H2 (with rotational quantum states J up to 16). QED and
relativistic contributions to rotational level energies as high as 0.13 cm−1 are
extracted, and are in perfect agreement with recent calculations of QED and
high-order relativistic effects for the H2 ground state.
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1. QED effects in molecules

Quantum electrodynamics (QED) has been hailed as the most successful the-
ory in physics as its predictions are in remarkable agreement with a variety
of extremely precise experiments. Precision tests of QED include free-particle
systems (e.g., the anomalous magnetic moment of the electron [33] and of the
muon [34]) and bound atomic systems, such as the (one-electron) H atom [35],
heavy hydrogenlike ions (e.g., U91+ [36]), and the (two-electron) He atom [37].
Recent reviews of QED theory and precision tests in simple atoms and ions
can be found in Refs. [38, 10]. Progress has been made in QED calculations
for the smallest (one-electron) molecular ion H+

2 [39], and systematic high-
resolution spectroscopic investigations have been proposed based on cooled
ions in a trap [40]. Recently, the problem of QED calculations (also includ-
ing high-order relativistic corrections) in the smallest neutral molecule H2, the
benchmark system of molecular physics, has been addressed by Pachucki and
co-workers. The experimental determinations for the ionization and dissocia-
tion energies of molecular hydrogen and its isotopomers to the ∼ 10−8 level of
accuracy for H2 [41], D2 [42] and HD [43, 44] had stimulated calculations of
these quantities. The ab initio calculations of the H2 and D2 dissociation en-
ergies [45], and that for HD [46], for which relativistic and QED effects for the
lowest J = 0 level were computed, are in excellent agreement with experimen-
tal results for the dissociation energies. The QED calculations were thereupon
extended using the theoretical framework in Refs. [45, 46] to the full set of
rovibrational levels in the ground states of H2, D2 and HD. When combined
with the updated nonrelativistic ab initio calculations including adiabatic and
nonadiabatic effects [13], a full set of QED rovibrational energies for H2, D2,
and HD are now available [8, 46].
In the present investigation, we pursue a systematic study of QED effects (in-
cluding higher-order relativistic and radiative effects) in a progression of 16
rotational quantum states in the X1Σ+

g , v = 0 ground state of H2. For this pur-
pose, a nonthermal H2 population distribution was produced via ultraviolet(UV)-
induced photodissociation of hydrogen bromide (HBr) and a subsequent chem-
ical reaction: H + HBr → Br + H2(J) [47], thus forming rotationally hot
H2(J) with quantum states detected up to J = 16. Here we follow similar pro-
cedures employed by Heck et al. [48] for the production and (low-resolution)
spectroscopic studies of hot D2. The principle behind the derivation of the
accurate rotational level energies is based on the precise laser spectroscopic
measurements of EF 1Σ+

g − X
1Σ+

g , Q(J) two-photon transitions (Q lines de-
note ∆J = 0 transitions [6]) in the range J = 6−16, combined with the existing
information on the excited states. This approach depends on the availability
of accurate level energies of EF 1Σ+

g , (v = 0, J = 2 − 12) from studies de-
termining EF, J = 0, 1 anchor levels [6, 49] and performing Fourier-transform
spectroscopic studies on the manifolds of excited states in H2 [50]. By mea-
suring additional O-branch (∆J = −2) and S-branch (∆J = +2) two-photon

2



transitions, X 1Σ+
g ground state energy splittings were derived extending the

rotational sequence up to J = 16. Experimental relativistic and QED correc-
tions to the ground state rotational levels are finally obtained by subtracting
the calculated nonrelativistic energies, taken from the recent ab initio study of
Pachucki and Komasa [13].
In the experiment, a pulsed-dye-amplifier (PDA) laser system, which is in-
jection seeded by a continuous-wave (cw) ring dye laser [51], is operated at
wavelengths between 610 − 645 nm. Pulsed ultraviolet radiation of narrow
bandwidth in the 203 − 215 nm wavelength range is obtained via two-stage
third-harmonic up-conversion of the PDA-output radiation in nonlinear crys-
tals. The method of 2+1 resonance-enhanced multiphoton ionization (REMPI)
is used to probe the EF−X transitions [6]. We note that the production of hot
H2 and the spectroscopy is performed by the same UV laser pulse and occurs
within 5 ns. Ions produced via REMPI are accelerated through a time-of-flight
mass selector and detected by an imaging system composed of a multichannel
plate, phosphor screen and photomultiplier, and finally digitally registered.
To obtain Doppler-free spectra, two counterpropagating UV laser beams are
crossed with the molecular beam of HBr, in which rotationally hot H2 is pro-
duced. The counterpropagating UV beams are aligned using the Sagnac geom-
etry [52] to avoid residual Doppler shifts, which we estimate to be less than 1
MHz for the investigated H2 transitions. The application of a separate 355-nm
ionization laser (pulse delayed by 30 ns with respect to the excitation laser)
enables us to reduce the UV radiation intensities, in order to produce the nar-
rowest line profiles (350 MHz) and minimize ac Stark shifts. Typically, only
50− 200 µJ is used in the experiment (for hot-H2 production and two-photon
excitation) out of the ∼ 1 mJ UV radiation produced. For most (strong) tran-
sitions, we recorded spectra at different UV intensities for extrapolating to
zero-intensity frequencies within ∼ 50 MHz. dc Stark shifts were found to be
negligible.
To provide a relative frequency scale, part of the cw-output of the ring dye laser
is directed to an actively-stabilized reference etalon with free spectral range
(FSR) of 148.96 MHz. Another part of the ring laser cw-output is utilized in a
Doppler-free molecular iodine (I2) saturation spectroscopy setup for absolute
frequency calibration [53]. A typical measurement result is depicted in Fig. 1.1,
which shows the simultaneous recording of the H2 EF −X, (0, 0), O(9) transi-
tion, the stabilized etalon fringes, and the hyperfine-resolved I2 calibration line
[R(82) (10-4) a1 component at 479 045 193.7(5) MHz]. Note that in Fig. 1.1,
the energy scale (lower axis) of the H2 resonance is exactly sixfold that of the
etalon markers and the I2 reference spectrum (upper axis). The uncertainty
contribution to the EF −X transition frequencies from the scan (non)linearity
and the I2 calibration are estimated to be 5 MHz, respectively. For typical H2

transitions recorded, the signal-to-noise (SNR) ratio is sufficient to obtain the

3



1. QED effects in molecules
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Figure 1.1 – Recording of the EF 1Σ+
g −X

1Σ+
g (0,0) two-photon O(9) tran-

sition. Relative frequency markers are provided by the fringes of a stabilized
etalon (FSR=148.96 MHz), while absolute calibration is achieved using the
known position [53] of an I2 hyperfine component (marked by *) as the ab-
solute frequency standard.

line position to within 10 MHz. The largest contribution to the experimental
uncertainty is systematic, and derives from the estimated frequency offset of
∼ 150 MHz associated with frequency chirp during the pulse amplification pro-
cess in the PDA [27]. In total, we estimate the experimental uncertainty of the
transition energies to be 160 MHz or 0.005 cm−1. The measured transition
frequencies of Q-, O- and S-branch lines are listed in Table 1.1. To validate the
accuracy of the present measurements, we have remeasured the Q(5) transition
energy and obtained agreement to within 0.000 35 cm−1 of the previously mea-
sured value at higher accuracy (0.000 15 cm−1) [49]. This indicates that for
this particular frequency range, the chirp effects in the PDA are much less than
estimated. Nevertheless, we retain the conservative estimate (0.005 cm−1) in
view of deviations found in other wavelength ranges [50].
Ground state rotational level energies X(J) are obtained by subtracting the
experimental EF −X transition energies from the EF, v = 0, J = 2− 12 level
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Table 1.1 – Frequencies (in cm−1) of two-photon transitions in the H2

EF 1Σ+
g −X

1Σ+
g (0,0) band. The uncertainty is estimated to be 0.005 cm−1.

J Q(J) O(J) S(J)

6 98 046.299
7 97 689.899
8 97 291.881 96 409.257
9 96 855.212 95 875.406

10 96 383.125 95 312.908 97 610.629
11 95 878.434 94 725.110 97 175.393
12 95 342.943 94 115.446
13 94 783.662 93 486.710 96 191.362
14 92 840.535 95 656.314
15 93 591.330
16 92 971.330

energies as determined by Bailly et al. [50]. For J = 13− 16, the ground state
rotational level energies are derived from the Q- and O- or S-branch transition
frequencies. The combination differences between Q(J) and S(J − 2) and
betweenQ(J) andO(J+2) yield ground state energy splittings that validate the
assignments of the transitions and the EF (J) level energies of Bailly et al. [50];
moreover, these measurements demonstrate that EF (13) was missassigned in
Ref. [50]. The resulting values are listed in Table 1.2, which also include level
energies X(J = 2−5) derived from Refs. [6, 49] and the X(J = 1) level energy,
signifying the ortho-para splitting quoted from Jennings et al. [54], to complete
the rotational sequence.
Relativistic and radiative corrections Xrel+QED(J) are extracted from the dif-
ference in the experimental rotational level energies X(J) and those from
the nonrelativistic calculations of Pachucki and Komasa [13]. We note that
the Xrel+QED(J) values, also listed in Table 1.2 are taken with respect to
Xrel+QED(J = 0). The value Xrel+QED(J = 0) for the J = 0 quantum state
is equivalent (in magnitude) to the correction for the H2 dissociation energy
calculated by Piszczatowski et al. [45] to be +0.7283(10) cm−1. Hence, the
present investigation probes differential relativistic and radiative effects in the
rotational energy sequence. The value for Xrel+QED(J = 0) from Ref. [45]
comprises a full calculation of the leading-order relativistic correction and ra-
diative corrections up to O(α3) orders in atomic units, and further includes
estimates of radiative corrections of order O(α4) and recoil corrections up to
O(me

mp
α3). These result in a value of 0.5319(3) cm−1 for the leading-order

relativistic correction and 0.1964(9) cm−1 for radiative corrections (includ-
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1. QED effects in molecules

Table 1.2 – Rotational energies X(J) of H2 X, v = 0 levels with respect to the
X(J = 0). The relativistic and QED corrections Xrel+QED(J), with respect to
Xrel+QED(J = 0), are obtained in combination with calculations in Ref. [13]
(see text for discussion). All values are given in cm−1.

J X(J) Xrel+QED(J)

1 118.48684(10)1 0.00174(13)
2 354.3733(2)2 0.0049(2)
3 705.5189(3)2 0.0092(3)
4 1 168.7982(2)2 0.0157(2)
5 1 740.1895(3)2 0.0220(3)
6 2 414.898(5) 0.031(5)
7 3 187.472(5) 0.040(5)
8 4 051.943(5) 0.049(5)
9 5 001.963(5) 0.058(5)

10 6 030.921(5) 0.069(5)
11 7 132.066(5) 0.081(5)
12 8 298.600(5) 0.087(5)
13 9 523.794(7) 0.101(7)
14 10 801.008(9) 0.103(9)
15 12 123.83(1) 0.12(1)
16 13 485.99(1) 0.13(1)

1 From Ref. [54] obtained from a fit of
IR quadrapole transition frequencies.

2 Derived from EF −X transitions fre-
quencies from Refs. [6, 49, 50]

ing higher-order relativistic terms) for Xrel+QED(J = 0). In the following
discussions, we refer to the combination of relativistic and radiative correc-
tions as QED corrections. The progression of rotational level energies X(J)
and the experimentally-derived QED corrections Xrel+QED(J) are plotted in
Fig. 1.2. The QED corrections are in the order of 10−5 smaller compared to the
level energies, therefore, high experimental accuracy is necessary to observe the
QED effects. In addition, since Xrel+QED(J) increases with increasing J (for
J < 22), it is possible to observe greater (differential) relativistic and radiative
corrections as higher J quantum states are probed.
In Fig. 1.2 the experimentally determined values for the QED corrections are
compared with the recent and yet to be published calculations of Xrel+QED(J)
by Komasa et al. [8] for quantum states up to J = 16. The agreement between
experiment and theory for the QED corrections of X1Σ+

g (v = 0, J) ground
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Figure 1.2 – Rotational level energies X(J) (triangles) of the H2 vibronic
ground state X, v = 0. The relativistic and QED corrections Xrel+QED(J)
(circles) are derived from the experimental X(J) and the calculated values in
Ref. [13]. The unfilled squares (also in the inset) are from the calculations of
Xrel+QED(J) by Komasa et al. [8].

state rotational levels in H2 is remarkably good: this is the key result of the
present study. The level of agreement suggests that the systematic uncertainty
contribution to the transition frequencies, due to chirp phenomena in the PDA
laser system, is overestimated in the present wavelength range used. The cal-
culated QED corrections (with respect to Xrel+QED(J = 0) ) for the full set of
rotational levels (up to J = 31) in the X v = 0 band is plotted in the inset of
Fig. 1.2. The above conclusion on the QED tests in H2 is in principle dependent
on the correctness of the determination of EF 1Σ+

g , v = 0, J level energies in
the work by Bailly et al. [50]. A further test on the QED contributions relies on
combination differences in the ground state, which we define as the level split-
tings between J and J + 2 quantum states: ∆(J → J + 2) = X(J + 2)−X(J).
By comparing EF − X (0, 0) transition frequencies belonging to the O(J)-,
Q(J)- and S(J)-branches, as listed in Table 1.1, values for ∆(J → J + 2) can
be deduced in a straightforward manner. Again, in order to address the pure
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1. QED effects in molecules
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Figure 1.3 – QED test for the combination differences in H2 level energies.
Upright triangles: QED contribution to combination between O and Q lines;
inverted triangles: QED contribution to combination between S and Q lines.
The horizontal axis of the upright and inverted triangles are shifted slightly for
clarity. The unfilled squares are from the calculations of Komasa et al. [8].

QED effects ∆rel+QED(J → J + 2) in the molecule, the nonrelativistic con-
tributions [13] to the combination differences ∆(J → J + 2) are subtracted.
The resulting QED contributions ∆rel+QED(J → J + 2) are finally plotted in
Fig. 1.3. The upright triangles are derived from combination differences be-
tweenO and Q lines; the inverted triangles are derived from differences between
S and Q lines.
These quantities do not in any way depend on actual values of EF (J) excited
state energies. It is noted that transitions connect only even-J levels or only
odd-J levels in H2, as is always the case in para- and ortho-hydrogen. The
corresponding theoretical values for the relativistic and radiative corrections
∆rel+QED(J → J + 2) for the same combination differences are also plotted in
Fig. 1.3 for comparison. These purely theoretical QED contributions were de-
rived from combining the calculations for level energies in Refs. [13, 8]. Fig. 1.3
can be interpreted as the first derivative, with respect to J , of the Xrel+QED(J)
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sequence in Fig. 1.2, thus explaining why the maxima in Figs. 1.2 and 1.3 are
located at different J values. This second test of QED, based on combination
differences between J and J + 2 levels, again shows perfect agreement at the
level of estimated uncertainties. While the advantage of this second QED test
is that it does not rely on previously measured EF (J) level energies, it has
the disadvantages that significant cancellation of relativistic and radiative con-
tributions lead to smaller energy differences, and that the uncertainties in the
experimental data are slightly larger since combined errors must be taken.
With the present study, the field of molecular spectroscopy is opened up to
include effects of quantum electrodynamics, i.e. the calculation of self-energy,
vacuum polarization, and high-order relativistic and radiative corrections is re-
quired for an accurate representation of level energies in molecules. A rotationally-
hot population distribution of H2 molecules is created for a systematic and
precise spectroscopic study on the sequence of rotational level energies in the
H2 ground electronic state. At the accuracy limit of the experiment (0.005
cm−1) perfect agreement is found between experiment and theory on the QED
contributions to level energies up to quantum state J = 16. Since the accu-
racy level of QED calculations is claimed to be an order of magnitude more
precise than the present experiments [8], there remains room for improvement
to conduct more stringent experimental QED tests in H2.
This work was financially supported by the Netherlands Foundation for Fun-
damental Research (FOM). We thank Dr. K. Pachucki and collaborators for
making available their full set of QED calculations prior to publication.
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CHAPTER 2
Precision spectroscopy of high

rotational states in H2 investigated by

Doppler-free two-photon laser

spectroscopy in the EF1
Σ
+
g - X1

Σ
+
g

system

Published as Physical Review A 86, 032502, 2012

A high precision spectroscopic investigation of the EF 1Σ+
g -X1Σ+

g system of
molecular hydrogen was presented in chapter 1 yielding information on QED
and relativistic effects in a sequence of rotational quantum states in the X1Σ+

g

ground state of the H2 molecule. The present chapter presents a more de-
tailed description of the methods and results. Furthermore, this chapter serves
as a stepping stone towards a continuation of the previous study by extending
the known level structure of the EF 1Σ+

g state to highly excited rovibrational
levels through Doppler-free two photon spectroscopy. Based on combination
differences between vibrational levels in the ground state, and between three ro-
tational branches (O, Q and S branches) assignments of excited EF 1Σ+

g levels,
involving high vibrational and rotational quantum numbers, can be unambigu-
ously made. For the higher EF 1Σ+

g levels, where no combination differences
are available, calculations were performed using the multi-channel quantum de-
fect method, for a broad class of vibrational and rotational levels up to J = 19.
These predictions were used for assigning high-J EF -levels and are found to
be accurate within 5 cm−1.
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2. High rotational states in H2

2.1 Introduction

The hydrogen molecule and its deuterated isotopomers is the benchmark sys-
tem for testing quantum ab initio calculations of molecular structure at ever
increasing accuracy. While the first calculation of the dissociation energy of
H2 by Heitler and London [1], as the first application of quantum mechanics in
molecular physics, was off by some 30% from the experimental value, the accu-
racy has improved by many orders of magnitude since then. The calculations of
Wolniewicz in the 1990s obtained an accuracy of 10−7 for the binding energies
of rovibrational levels in the H2 ground state and long stood as a benchmark
result [55, 7]. In the past few years improved quantum ab initio calculations
of the Born-Oppenheimer potential and of adiabatic and non-adiabatic cor-
rections for rovibrational levels of the X1Σ+

g ground state of H2 have become
available [13]. These were extended with detailed calculations of quantum
electro-dynamical (QED) and relativistic effects to yield a theoretical value for
the dissociation limit [45], and for binding energies of all rovibrational levels in
the X1Σ+

g ground state of the H2 molecule [8] with an accuracy at the 10−8

scale.
These highly accurate level calculations were tested, in fact prior to the pub-
lication of the theoretical studies, by accurate measurements of the ionization
potential (IP) of H2 [41] and D2 [42]. A measurement of the IP of HD fol-
lowed [43] so that there are now tests for the advanced QED theory of the
hydrogen molecule for all three stable isotopomers [44]. Previously, tests of
QED in molecules had been restricted to one-electron systems like the HD+

molecular ion [40]. Note that in the IP measurements the absolute binding
energy of the lowest (J = 0) quantum state of parahydrogen is probed with
respect to the energy of the ion. The contribution of QED and relativistic
effects (hereinafter jointly referred to as QED effects) to the binding energy of
the lowest rotational level in the specific case of H2 is 0.7282 (10) cm−1[8]; the
accuracy of this calculation is implicitly tested in the IP measurements.
The availability of highly accurate QED calculations formed the motivation
for testing these phenomena in a sequence of rotational states in H2, thereby
seeking to reach high rotational quantum numbers. A prediction was made
that the QED contributions to the binding energy should depend on v and J
quantum numbers in an experimentally detectable amount [8]. As for a pos-
sible detection strategy, the level structure of the H2 X

1Σ+
g ground state can

be probed directly through its purely rotational spectrum [3] and through its
vibrational spectrum [56], but due to the weak quadrupole nature of the tran-
sitions such measurements have not been performed in molecular beams with
Doppler-free techniques. Recent Doppler-limited investigations using cavity
enhanced techniques reached a relative accuracy of 10−9, the most accurate
determination of the quadrupole transitions to date [57, 2]. These studies are
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Figure 2.1 – Potential energy curves of the X1Σ+
g ground state and the

EF 1Σ+
g state of H2, as well as the the X2Σ+

g ground state of the H+
2 ion.

The excitation scheme is indicated with arrows. The first four vibrations of
the inner well are indicated with solid lines, while the first six vibrations of the
outer well are indicated with dashed lines. The rotational structure of the inner
well vibrations is shown in the inset where the J quantum number is indicated.

limited to rotational levels J ≤ 5 and pressure shifts need to be corrected for.
In the present study we adopted the strategy of probing the ground state level
structure via electronic transitions. In view of its lifetime in excess of 100 ns [4]
the EF 1Σ+

g state is a logical target and sensitive, high precision, Doppler-free
spectroscopy of the EF 1Σ+

g -X1Σ+
g system has been amply demonstrated over

the years [58, 59, 60, 61, 6]. This scheme involving two-photon excitation from
the X1Σ+

g ground state is illustrated in Fig. 2.1 and allows us to determine
accurate level energies, as well as spacings between rovibrational levels, in the
ground state of the H2 molecule, up to high rotational quantum states. Initial
results of this work have been published in a recent Letter [62].
Using the present two-photon scheme, a limiting factor for further tests of bind-
ing energies in the X1Σ+

g ground state is the unknown level structure of the
EF 1Σ+

g state at high rotational quanta, J ≥ 5. Transitions in the EF − X
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2. High rotational states in H2

system can be assigned as long as the level energies in the EF 1Σ+
g state are

known, either from theory or from experiment. Yu and Dressler [63] have de-
termined level energies for EF (v, J) levels from coupled-channel calculations
involving a Born-Oppenheimer potential for the EF -state [64], adiabatic and
non-adiabatic corrections [65], as well as relativistic corrections [66]. These
level energy calculations are limited to J ≤ 5 and disagree with present mea-
surements by a few 0.1 cm−1 for the lowest vibrational levels, and increase for
higher vibrational levels. Up to EF (15) (at 110 000 cm−1 ) the deviations
between observed and calculated levels remain below 2.5 cm−1.
As part of the present study calculations of level energies were performed based
on the multichannel quantum defect (MQDT) method [67]. Previously results
were reported on EF (v, J) level energies for J ≤ 5 and the calculations are
now extended to J = 19. The results are used to assign the EF levels, in
particular, the high-J levels in the various EF −X bands observed.
On the experimental side a comprehensive high-resolution Fourier-transform
spectroscopic study was performed in the visible and near-infrared range ac-
cessing a broad range of rovibrational levels in the EF 1Σ+

g state [50] up to
v = 28. Of relevance for the present study are determinations of level energies
up to J = 12 for E(v = 0) and up to J = 5 for E(v = 1 − 3); it should
be noted that the absolute accuracies of level energies in Ref. [50] depend on
the determination of anchor lines in the EF state by the two-photon laser ex-
periments [6, 49]. Those levels predominantly localised in the inner well are
labelled as E(v), while those localised in the outer well are labelled as F (v),
where v enumerates the levels in each well, beginning at v = 0. Above the po-
tential energy barrier between the two wells of the EF state such labelling loses
meaning and levels are referred to as EF (v) where, for each J , v enumerates
all levels in energy order, beginning at v = 0.
Calculations of QED effects in the ground state can also be tested by measuring
combination differences, i.e., rotational energy splittings of ∆J = 2 in the
X1Σ+

g ground state from pairs of O(J + 2) and Q(J), and pairs of Q(J) and
S(J − 2) branch transitions. Still, such a comparison requires an unambiguous
assignment of two-photon transitions in the EF − X system involving states
with high rotational quantum numbers. Therefore the present study targets
two scientific issues: (i) to test QED calculations of X1Σ+

g (v = 0, J) ground
state rovibrational levels, and (ii) to provide unambiguous assignments for
transitions in the EF −X system involving high rotational quantum numbers
for v > 0.
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2.2. Experimental details

Figure 2.2 – Schematic layout of the experimental arrangement used in the
experiments.

2.2 Experimental details

A schematic representation of the general experimental arrangement is shown
in Fig. 2.2. The precision metrology experiments were performed with a
narrow-bandwidth pulsed dye amplifier (PDA) laser system. It consists of a
three-stage traveling-wave optical amplifier, pumped by a Q-switched Nd:YAG
(yttrium aluminium garnet) laser, and is seeded by the output of a continu-
ous wave (cw) ring dye laser. The system delivers nearly Fourier-transform-
limited pulses of 50 mJ and 5 ns duration, at a bandwidth of ∼ 100 MHz.
The instrument is tunable in the range 610-660 nm, while running on [2-[2-[4-
(dimethylamino)phenyl]ethenyl]-6-methyl-4H- pyran-4-ylidene]-propanedinitrile
(DCM) dye, although continuous scanning can only be accomplished over 1
cm−1 intervals. A detailed description of this PDA system and its applica-
tion in molecular spectroscopy is given in Ref. [26]. A second laser used is a
pulsed dye laser (Quanta Ray PDL-3), also pumped by a Q-switched Nd:YAG
laser. This laser features a grating-based oscillator delivering a bandwidth of
∼0.06 cm−1 or ∼2 GHz. The continuous tunability over a broad frequency
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2. High rotational states in H2

span makes this system suited for recording survey spectra. The laser was run
on DCM laser dye and was tuned across the entire bandwidth of the dye with
the aim of recording all detectable EF −X transitions in this range.
The pulsed output of both PDA and PDL lasers is up-converted in two stages
to deliver pulsed radiation in the 204-220 nm range. Frequency doubling is
accomplished in a KDP (potassium dihydrogen phosphate) crystal, and subse-
quent mixing in a BBO (β-barium-borate) crystal results in the third harmonic
of the visible radiation. Typical output powers produced in the deep-UV are
0.4 mJ/pulse.
Frequency calibration of the lasers and determination of the transition frequen-
cies is achieved by simultaneous recording of reference spectra of molecular
iodine. For the PDL system a sufficient number of lines in a linear (Doppler-
broadened) I2 absorption spectrum are recorded in each scan to linearize the
frequency scale and derive an absolute calibration [68]. For precision mea-
surement with the PDA system saturated I2 absorption spectra are recorded
using the cw seed-laser; the absolute frequencies of the hyperfine components
are calibrated to 1 MHz accuracy [53, 69]. A linearized frequency scale in the
PDA-precision measurements is produced from the transmission fringes of an
etalon (free spectral range = 148.96 MHz), which is length stabilized by locking
to a frequency stabilized HeNe laser.
Two-photon Doppler-free measurements of the EF−X transitions are recorded
using two counter-propagating deep-UV laser beams, both in the case of the
precision measurements and for the survey spectra with the PDL-based laser.
The UV-beam is split in two and arranged co-linearly as illustrated in Fig. 2.2;
exact counter-propagation is achieved by aligning the beams as part of a Sagnac
interferometer [52], to avoid Doppler-shifts. The high resolution PDA source
is mildly focused with a single 1 m lens to produce sufficient intensity to excite
the EF − X transitions, but at the same time avoiding ac-Stark effects (see
Sec. 2.4 for further details). For the PDL system a dual lens setup consisting
of two 25 cm lenses is used for increased intensity at the interaction point to
excite weaker transitions.
H+

2 ions produced via 2+1 resonantly enhanced multi-photon ionization (REMPI)
are detected and recorded as the laser is tuned. For the precision measurements
an auxiliary 355 nm laser is used to ionize in a 2+1’ REMPI scheme, i.e. a
two-color scheme. Pulse delay of this ionization laser by 30 ns helps to avoid
ac-Stark effects. For the survey spectra obtained with the PDL system a one-
color scheme is used. Ions are accelerated in a time-of-flight tube, 50 cm in
length, towards a multichannel plate (MCP). The signal on the MCP is con-
verted by a phosphor screen and a photo-multiplier tube, gated in a boxcar and
digitally stored. The voltages on the extraction plates are pulsed to measure
under field-free conditions, thereby avoiding dc-Stark effects.
In order to produce high rotational angular momentum states (and vibrational
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2.3. MQDT calculations

excitation up to v = 3) of the H2 molecule a sequence of reactions is used,
occurring in a beam of HBr molecules. A pulsed solenoid valve (General Valve,
Series 9) in the source chamber releases a pulse of HBr molecules that enters
through a (1.5 mm diameter) skimmer into a differentially pumped interaction
chamber. In a first photolysis reaction HBr molecules are photolyzed by the
same UV laser beam (in the range 204-220 nm), which is also used as the
spectroscopy laser:

HBr + hνUV → H + Br (2.1)

resulting in H atoms with a high kinetic energy of up to 2 eV, which is then suf-
ficient to overcome the reaction barrier [47] to undergo a secondary exothermic
reaction:

HBr + H→ H2 + Br (2.2)

The reaction dynamics of such processes have been investigated in detail and
it is well established that these result in product internal state distributions
with rotationally and vibrationally excited H2(v, J) molecules [70, 71, 72, 73].
Heck and co-workers [48] used a similar reaction dynamics scheme, using DI
as a precursor gas, with the explicit goal to determine transition frequencies
involving high-J levels (J = 26) in D2; the latter study was not performed
under Doppler-free conditions.
As an example, in Fig. 2.3 recordings with the PDL system of the EF−X (0,0)
Q(13) transition are displayed. One of the measurements is recorded with a sin-
gle laser beam yielding a Doppler-broadened profile (∼ 0.9 cm−1 width), while
a second measurement was performed with two counter-propagating beams re-
sulting in a Doppler-free spectrum; the recordings are area normalized to one.
Both measurements were conducted under similar focussing conditions, at in-
tensity levels where ac-Stark broadening is not significant for these linewidths.
The width of the Doppler-free signal (∼ 0.3 cm−1) is caused by the laser line-
width, accounting for frequency tripling and two-photon excitation. Figure 2.3
shows the advantage of the Doppler-free geometry in the enhancement of sig-
nal strength. Due to the large collisional energy of the H atoms (2 eV), H2

products are formed with a spread of translational energies resulting in the
Doppler-broadened line shape.

2.3 MQDT calculations

The assignments of the EF energy levels were made on the basis of first-
principles non-adiabatic rovibronic MQDT calculations. These were carried
out exactly as in a previous study [67], by use of the same theoretical approach
[74, 75] and the same input parameters for the computations.
Briefly, in Ref. [67] bond length- and energy-dependent quantum defect ma-
trices µ(E,R) were extracted from the then best available ab initio clamped
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Figure 2.3 – Measurement of the Q(13) EF 1Σ+
g -X1Σ+

g (0,0) two-photon tran-
sition with the PDL system under Doppler-broadened and Doppler-free condi-
tions. For details see text.

nuclei potential energy curves of Refs. [64, 76, 77]. Three distinct sets of
matrices, corresponding to 1Σg (3 × 3 matrix), 1Πg (2 × 2 matrix), and 1∆g

(1 × 1 matrix) molecular symmetry, respectively, were used, each composed
of singly excited 1σgǫℓλ and doubly excited 1σuǫℓ

′λ Rydberg channels. 1σg
and 1σu denote the ground state and first excited state H+

2 core orbital, and
the partial wave indices ℓλ and ℓ′λ′ (ℓλ, ℓ′λ′ ≤ 2) for the Rydberg electron are
chosen such as to yield the required molecular symmetry. Each quantum defect
matrix element is a smooth function of bond length and energy. The matrix
elements were adjusted to the quantum-chemical potential energy curves in
such a way that when re-injected into a clamped-nuclei MQDT calculation,
they reproduced the potential energy curves as best as possible.
Rovibrational motion and ro-vibronic interactions were introduced by means of
the frame transformation described in Ref. [75]. This transformation converts
the clamped-nuclei quantum defect matrices into much larger rovibronic quan-
tum defect matrices which typically are of dimension ≈ 400 × 400 and which
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2.3. MQDT calculations

Figure 2.4 – Calculated energies and electronic character of the rovibronic
energy levels of the EF 1Σ+

g of H2 shown plotted vs. J . The type of square used
to show a level indicates the level’s status: Levels observed by Bailly et al.[50]
are shown by squares with color-indented corners (red), those observed in the
present work are shown by double squares with indented sides (black), while
unobserved levels calculated in the present work are shown by simple squares
(blue). As can be seen some levels were observed in both Ref. [50] and the
current work. The calculated electronic character of each level is indicated by
the size of the shaded square areas inside each outer square: Heavy shading
(blue) indicates the percentage of (1σg) ǫsσ Rydberg s 1Σ+

g channel, while light
shading (pink) indicates the amount of doubly excited (1σu) ǫpλ (0 ≤ λ ≤ 2)
channels as well as of singly excited (1σg) ǫdλ channels. A fully filled square
corresponds to 100% character. To guide the eye, the rotational progressions
E(0), E(1) and E(2) associated with the inner potential well of the EF state
are connected by shaded lines. Heavy shading (grey) indicates the potential
energy barrier and the EF (v = 13) level which is above the barrier. Note that
on the scale of the figure the largest observed-MQDT deviations are less than
one third of the thickness of the lines used to draw the axes. See text for more
details.
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2. High rotational states in H2

account for the electronic as well as for the rovibrational degrees of freedom,
and which, in particular, also include non-adiabatic electron-core interactions.
Quantum defect techniques described in Refs. [74, 75, 67] yield the desired
non-adiabatic level energies. This purely ab initio approach reproduced more
than 270 excited-state singlet gerade levels of H2 in the range 0 ≤ J ≤ 5 with
an overall rms error of about 6 cm−1 [67], just slightly larger than the rms error
of about 4 cm−1 obtained simultaneously by a coupled differential equations
method for the same set of levels [63].
This accuracy, which at the time corresponded to the state of the art of theory,
is sufficient for the present purpose of assigning the new levels with J > 5,
and therefore we have used the old approach without change. Improvements
are possible but deferred at this time. They would include: (i) use of the
improved first-principles potential energy curves available today; for instance,
the potential energy curve for the EF 1Σ+

g state reported in Ref. [65] and not
accessible to the authors of Ref. [67] is lowered with respect to the curve used
in [67] by 1 up to 15 cm−1, depending on the R−value; (ii) an improved fit
of the quantum-chemical data by the clamped-nuclei quantum defect matrices;
indeed, the matrices derived in Ref. [67] reproduced the ab initio potential
energy curves only to within about 4 to 8 cm−1; and (iii) inclusion of a larger
number of channels beyond ℓ, ℓ′ ≤ 2 in the clamped-nuclei MQDT treatment.
Figure 2.4 shows all levels in the range 99 000 to 110 000 cm−1 for 0 ≤ J ≤ 19.
The corresponding numerical information, along with existing high-precision
experimental data are presented in Table I of the supplemental material [78].
The figure displays the MQDT level energies and, as detailed in the caption,
an indication as to whether the levels were seen in the present work, the work
of Bailly et al. [50], or both. Shading of the energy levels in the figure indicates
the character of the MQDT wave function for each level, either s-character
(blue shading) or combined doubly-excited and d-character (light pink). The
potential energy barrier between the inner and outer wells, including the cen-
trifugal J(J + 1) term, is shown by the essentially straight thick line (grey)
rising up from near 104 500 cm−1 at J = 0. In the region near and below this
potential energy barrier those levels with predominantly s-character nicely line
up to form the E(v) inner well vibrational states. These levels are connected
by wide shaded lines (light blue) and are labelled E(0), E(1), and E(2). Well
below the potential energy barrier levels with predominantly doubly excited
character line up to form the F (v) outer well vibrational states, particularly
at higher J values. These are labelled F (0 − 7). In the region well above the
potential energy barrier the levels have predominantly doubly excited character
and are now easily identifiable as vibrational states of the combined EF well.
One of these, EF (13), is labelled and connected by a line (grey). Beginning at
J = 0 in the region 105 500-106000 cm−1, just above the potential energy bar-
rier, a renewed concentration of s-character occurs. For each J this s-character
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2.4. Precision metrology

is shared between two adjacent levels for low values of J . The lower of each of
these pairs was identified as belonging to an ”E(3)” level in Ref. [50], but since
the s-character is well less than 50% in each case the physical assignment no
longer holds, although we retain the E(3) in the nomenclature for the purpose
of comparison with literature values. This concentration of s-character above
the barrier is reminiscent of a shape resonance embedded in a dissociation con-
tinuum, except that in the present example the continuum is replaced by the
relatively dense discrete manifold of levels associated with the outer F state
well. Another recurrence can be faintly seen at low J around 107 500-108000
cm−1 in Fig. 2.4.

2.4 Precision metrology

Precision metrology results on 21 transitions in the EF 1Σ+
g -X1Σ+

g (0, 0) band
were obtained via 2+1’ REMPI from measurements on a line-by-line basis with
the high resolution PDA system. As an example a recording of the Q(15) two-
photon line is shown in Fig. 2.5, where simultaneous recordings of markers
of the frequency-stabilized etalon and the I2 saturated absorption spectrum
provide the calibration. The spectral intensity of the light source is sufficient
to detect S(J) and O(J) branch transitions, known to be considerably weaker
than Q(J)-branch transitions [79]. The ∆J = 2 ground state rotational level
spacings were determined by taking combination differences between Q(J) and
S(J − 2), and Q(J) and O(J + 2) transitions.
The identification of the two-photon lines in the EF − X (0,0) band derives
from two consistent methods: (i) the derived ∆J = 2 combination differences
in X1Σ+

g , v = 0 match the calculations of Komasa et al. [8]; (ii) the observed
transition frequencies match differences between the highly accurate (experi-
mentally determined) EF -level energies by Bailly et al. [50] and the X-ground
state level energies of Ref. [8]. The EF 1Σ+

g , v = 0, J = 13 level of Ref. [50]
is found to be inconsistent with observed combination differences, indicating
a mis-assignment in Ref. [50]. The J = 13, J = 15, and J = 16 levels were
unambiguously assigned and measured at high precision with the PDA system.
In view of the limited tuning range of the PDA system the J = 14 and J = 17
levels were not found. A listing of transition frequencies, corrected for the
ac-Stark effect, is given in Table II in the Supplemental Material [78].
Systematic investigations were pursued into the uncertainties of the transition
frequencies measured with the PDA-system. These are summarised in Ta-
ble 2.1, and the most significant contributions are the chirp-induced frequency
shifts in the PDA, the ac-Stark or power-induced effects, statistical fitting,
absolute calibration of the frequency scale, and Doppler effects.
A major contribution to the measurement uncertainty derives from the fre-
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2. High rotational states in H2

-0.36 -0.24 -0.12 0.00 0.12

Two photon excitation wave number (cm⁻¹) - 93591.330 cm⁻¹

-0.06 -0.04 -0.02 0.00 0.02

Fundamental (cm⁻¹) - 15598.555 cm⁻¹

E(0)-X(0) Q(15) 

     P(11) (6-4) a3

15598.5164 cm⁻¹

Δω = 0.01 cm⁻¹

Figure 2.5 – The EF 1Σ+
g -X1Σ+

g (0,0) two photon Q(15) transition recorded
with the high-resolution PDA system. The fringes of a frequency-stabilized
etalon with FSR = 148.96 MHz is used to linearise the scan while the known I2
hyperfine component, marked with a ⋄, provides an absolute calibration. The
transition frequency axis (lower axis) is exactly six-fold the fundamental fre-
quency axis.

quency chirp due to time-dependent gain in the dye amplifiers. This phe-
nomenon has been extensively characterized for the presently used PDA sys-
tem [27]. Based on those investigations we estimate an upper limit to a possible
chirp-induced frequency shift. From measurements on the Lyman and Werner
bands in H2 it was found that at the edge of dye tuning curves this systematic
effect can be pronounced [50]. Hence we include a conservative limit of 150
MHz due to the chirp in the error budget.
A measurement of the Q(5) EF 1Σ+

g -X1Σ+
g (0,0) transition was found to agree

within 10 MHz with a previously reported measurement taken at higher accu-
racy, using a laser system with Fourier-transform laser pulses at longer dura-
tion [49], indicating that the estimate of the chirp is conservative.
The ac-Stark effect was found to broaden, shift, and cause an asymmetry in the
measured line shapes of the EF −X two-photon transitions. This phenomenon
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2.4. Precision metrology

Table 2.1 – Error budget for the precision metrology measurements obtained
with the high-resolution PDA system. See text for details.

Uncertainty MHz Uncertainty cm−1

Chirp 150 0.005
ac-Stark 45 0.0015

Statistical 30 0.001
dc-Stark 10 0.0003

Line fitting 5 0.0002
I2 calibration 5 0.0002

Etalon non-linearity 5 0.0002
Residual Doppler 1 0.00003

Combined error 160 0.005

was assessed by measuring each transition in the EF 1Σ+
g -X1Σ+

g (0,0) band as
a function of intensity of the spectroscopy laser in the deep UV; as an example
results for the frequency shift are shown in Fig. 2.6 for the Q(13) transition.
An extrapolation to zero input power through a weighted linear fit yields the
un-shifted transition frequency. The y-axis error bars are the statistical un-
certainty in each measurement point (averaged over three recordings) and the
x-axis error bars represent the error in the average pulse energy measurement
estimated at 10 % of the measured value. The power measurement was done
with a UV sensitive photodiode and provides a relative power scale. The un-
certainty in the zero power extrapolation fell between 0.0005 and 0.0015 cm−1.
We take the upper limit, corresponding to 45 MHz, as an estimate of the un-
certainty in the ac-Stark shift.
The precision measurements are performed at low laser power (200-400 µJ/pulse)
inducing the two-photon excitation, and ionization by a 355 nm pulsed laser,
delayed by 30 ns. In the case of the Q(6) transition the ac-Stark effect was
measured on an absolute power scale. It was found that for the input powers
and focussing conditions of the PDA system (200-400 µJ/pulse focussed with a
1 m lens), the ac-Stark shift amounts to approximately 150 MHz. The ac-Stark
shift coefficient for the Q(6) transition results in a value of 1 MHz/(MW/cm2)
which agrees with the more accurate result of Hannemann et al. [6].
The excitation is performed under field-free conditions to prevent dc-Stark
effects shifting the transition frequency. Pulsed voltages of 1465 V and 2000 V
are applied to the extractor and repeller plates respectively in order to collect
the ions produced from the 2+1 REMPI process. Nevertheless, stray fields may
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2. High rotational states in H2

be present that can cause a shift in the transition frequency and a conservative
estimate of 10 MHz is included in the error budget.
The absolute calibration, derived from a Doppler-free I2 spectrum and a lineari-
sation procedure based on the transmission markers of the stabilized etalon, is
estimated at ∼5 MHz in the two-photon transition frequency. Doppler shifts,
possibly caused by deviations from a perfect alignment of counter-propagating
laser beams, are avoided in a Sagnac configuration [52]; residual angular mis-
match amounts to some 1 MHz in the calibration uncertainty [6]. The profiles
of the observed lines in the Doppler-free geometry are essentially Lorentzian
and the observed widths (on average 300 MHz ) are determined by the har-
monically converted line width of the PDA-system. Line fitting errors were
assessed by fitting with both a Voigt and a Lorentzian function. Deviations
between fits with the different functions were found to be at the 5 MHz level.
The statistical uncertainty represents differences on a daily basis and was found
to be at the 30 MHz level due to the laser linewidth and the signal-to-noise
ratio.
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Figure 2.6 – The measured Q(13) EF 1Σ+
g -X1Σ+

g (0,0) two photon transition
frequency at several different input powers. An extrapolation of a linear fit
yields the un-shifted transition frequency.
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2.5. Test of QED in the H2 ground state

In Table 2.1 a summary of the error budget is given resulting in a combined
uncertainty of 0.005 cm−1 or 160 MHz by adding individual contributions in
quadrature sum.

2.5 Test of QED in the H2 ground state

From a combination of the precision EF − X transition frequencies and the
known EF level energies [50] ground state X1Σ+

g rotational level energies can
be derived. The accuracy of these results enables us to derive corrections to
the ground state rotational levels that go beyond the nonrelativistic energy
contributions. Experimentally it is not possible to disentangle the various con-
tributions to the rotational excitation energies. However, starting with the
experimental EF energies and subtracting the most accurate ab initio non-
relativistic energies of the ground state, comprising of the Born-Oppenheimer,
adiabatic, and nonadiabatic contributions [13], QED and relativistic corrections
could be derived. This procedure yields the (differential) QED and relativistic
corrections to the binding energies in the X1Σ+

g ground state for the rotational
sequence J = 2− 16 with respect to the J = 0 corrections.
Alternatively, ground state rotational energy splittings can be derived by using
experimentally determined combination differences between EF −X Q(J) and
S(J − 2), and Q(J) and O(J + 2) branch transitions. By combining transi-
tions with a common excited state level it is possible to measure ground state
rotational level spacings separated by ∆J = 2. In similar fashion, by sub-
tracting the BO, adiabatic, and nonadiabatic effects [13], we derive differential
J-dependent experimental values for QED and relativistic effects in the ground
state rotational splittings.
There are several issues in these analyses of the QED and relativistic effects that
bear mentioning. Although, the two methods are equivalent in principle, the
first method mentioned is dependent on the accuracy of the EF level energies
determined in Ref. [50], which are in turn referenced to the two anchor lines as
measured in the EF −X system [6]. The second method probing the ground
state rotational energy splitting is independent of the accuracy of the EF level
energies, although prior unambiguous assignments of the specific EF levels is
a pre-requisite. The experimentally derived QED and relativistic corrections
obtained from both methods are referenced to the X1Σ+

g , v = 0, J = 0 level in
the ground state. This level exhibits a combined QED and relativistic shift of
+0.7282 (10) cm−1 towards the dissociation limit [8], and the entire rotational
manifold is shifted by this amount in the absolute sense. The accuracy of this
theoretical QED and relativistic contributions has been tested in an entirely
different experiment sensitive to the absolute binding energy of the X1Σ+

g

v = 0, J = 0 level [41]. The present work tests differential QED and relativistic
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2. High rotational states in H2
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Figure 2.7 – A plot of the QED effects (including relativistic effects) in
the X1Σ+

g ground state of H2 as a function of rotational quantum number
J . Curves represent calculated differential QED effects (with respect to the
v = 0, J = 0 level) for the four lowest v = 0 − 3 levels as calculated by
Komasa et al. [8]. The data points with plotted uncertainties represent the
experimental data as described in the text.

effects in a sequence of rotational levels, up to J = 16 in H2.
The experimentally derived QED and relativistic corrections are in excellent
agreement with the recent most accurate calculations of Komasa et al. [8] which
includes the lowest-order relativistic corrections and QED corrections up to
α3-order, where the accuracy of the calculation is limited by the estimated
higher-order α4 QED contribution.
The results of the experimentally determined QED and relativistic corrections
in the H2 ground state are presented in Fig. 2.7 (experimental data is given in
Table II of Ref. [62]). Also included are the theoretical predictions for QED and
relativistic effects in rotational sequences for vibrations v = 0 − 3. At present
the predictions [8] and measurements [62] agree within the experimental uncer-
tainty, including the results of Wolniewicz [7] which cover the limited range of
quantum states below J = 10. The EF state can also be used for testing theory
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2.6. Survey spectra and further assignment of EF -levels

for rotational sequences of vibrationally excited levels of the electronic ground
state, provided that v > 0 levels can be populated. A limiting factor for preci-
sion measurements towards further tests of QED and relativistic effects is the
difficulty in the assignment of the transitions to the highly excited rotational
quantum states (J > 10) of the EF state. The recording of survey spectra as
presented in the next section is meant to address this specific problem.

2.6 Survey spectra and further assignment of EF -levels

Two-photon survey spectra of the EF − X system were recorded in the ex-
citation range 90 000 - 97 000 cm−1 with the PDL system in a Doppler-free
geometry with counter-propagating laser beams. Figure 2.8 shows many of the
> 100 observed Q-branch transitions in the EF −X system. Lines are assigned
with the convention followed by Bailly et al. [50] indicating the EF (v = 0),
EF (v = 3), and EF (v = 6) vibrational levels of the inner well as E(0), E(1),
and E(2) respectively. The EF (v = 9) level is referred to as E(3) following
Ref. [50] although this assignment is ambiguous if the wave-function composi-
tion is considered (see Sec. 2.3). The weak part of the spectrum in the rectangle
indicated in Fig. 2.8 is enlarged in Fig. 2.9, demonstrating the large dynamic
range of signal strengths probed in this investigation.
Figure 2.9 shows a narrow range of the spectrum covering some ∼500 cm−1

where Q and S-branch transitions as well as lines connecting to the F outer
well state are observed. S-branch transitions are notoriously weak, but could
be observed with the PDL system in the (0,1) and (0,2) bands, which have
favourable Frank-Condon factors [72]. However, these S-transitions were lim-
ited to low, odd J only, as it is enhanced by the ortho-para ratio.
All measured transition frequencies from the survey spectra are accurate to
within 0.1 cm−1 and are available with assignments in an electronic document
as Table III of the Supplemental Material [78]. The two-photon transitions
from the survey spectra were assigned via three methods: (i) by measuring
ground state energy splittings between O, Q, and S lines in a single band, as
well as by ground state vibrational splittings between Q-lines; (ii) by making
use of the highly accurate EF 1Σ+

g level energies from Bailly et al. [50] and
the ground state level energies [8]; and (iii) by comparing to results from the
present MQDT calculations.
The E(0) and E(1) level energies were confirmed experimentally by measuring
ground state rovibronic energy splittings, using both the PDL and PDA sys-
tems, and comparing to the calculations of Komasa et al. [8]. For low J levels
belonging to the E(2), E(3) and F (4) vibrations the combination of the level
energies measured by Bailly et al. [50] and the ground state calculations leads
to an unambiguous assignment.
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90000 91000 92000 93000 94000 95000 96000 97000

Two photon excitation wave number (cm⁻¹)

E(0)-X(0)

E(0)-X(1)

E(1)-X(1)

E(2)-X(2)
E(3)-X(1)

E(0)-X(2)

E(1)-X(2)

E(3)-X(2)

E(1)-X(0)

E(1)-X(3)

Figure 2.8 – Doppler-free (2+1) REMPI spectrum of the H2 EF 1Σ+
g -

X1Σ+
g (v′, v”) bands between 90 000 and 97 000 cm−1. All assigned transitions

belong to the Q-branch of their respective band. The small rectangle indicates
the range shown in Fig. 2.9.

A total of 30 transitions remained and were assigned by using the level ener-
gies from the MQDT calculation and the ground state calculations. For each
of these transitions the ground state rotational energies for v = 0 − 3 were
added systematically to produce a level energy which was then compared to
the MQDT calculation. Levels matching within about 5 cm−1 were consid-
ered. Inspection of Table 1 of the Supplemental Material indicates that (with
three exceptions labelled ”tentative” in the table) the calculated wave function
associated with each of these energies contains significant s and/or d Rydberg
channel inner-well character, thus making them accessible in vibronic transi-
tions from the ground state. This feature provides further support for the
correctness of the assignments. The majority of these transitions belonged to
high J states with strong F character occurring near the crossings between E
and F rotational levels as is indicated in Fig. 2.4. Furthermore high-J levels
belonging to the E(2), E(3), and EF (10) levels were also observed. Finally,
of these 30 transitions, four additional transitions correspond to upper-state
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95100 95300 95500

Two photon excitation wave number (cm⁻¹)

E(1)-X(1)Q(9) Q(8)

F(4)-X(2)Q(3) Q(2)

E(2)-X(2) Q(0)Q(1)Q(2)Q(3)

E(0)-X(0) Q(12)

E(0)-X(1) S(1) S(3)

F(5)-X(2) Q(5)

E(1)-X(0) Q(15)

Figure 2.9 – Detail of Fig. 2.8 showing several transitions to both the inner,
E, and outer, F , wells. S branch transitions (∆J = 2) were observed for bands
with favourable Franck-Condon overlap, in this case the E(0)-X(1) band.

levels that lie above the potential energy barrier between the inner and outer
wells; these are indicated in Table 2.2.

2.7 EF 1Σ+
g Level Energies

Tables 2.2 and 2.3 present the EF -level energies, for the inner and outer wells,
respectively, determined from adding the rovibrational excitation energies [8]
to the measured transition frequencies. Where possible, resulting level energies
(and their uncertainties) are averaged over various measurements of O, Q and
S branches as well as over lines in vibrational bands. Included in Table 2.2 are
some highly accurate levels for v = 0 and J ≤ 5 determined from a study with
a more narrowband laser source [6, 49], as well as the accurate level energies
determined by Bailly et al. [50].
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Table 2.2 – Table of level energies (in cm−1) for the four lowest vibrational levels belonging to the inner well and
the first vibrational level above the barrier of the EF 1Σ+

g state derived from the measurements presented here and
the ground state levels reported by Komasa et al. [8]. ∆ represents the difference between the measured levels and
the MQDT prediction. Results of Bailly et al. [50] are included for comparison.

E(0) or EF (v′ = 0) E(1) or EF (v′ = 3)

J Present Results ∆ Bailly et al. [50] Present Results ∆ Bailly et al. [50]

0 99164.78691(11)a 3.64 99164.78702(15) 101494.70(10) 4.91 101494.74402(15)
1 99228.21829(18)a 3.64 99228.21824(19) 101553.95(10) 4.87 101554.0269(2)
2 99354.55621(11)a 3.63 99354.55632(14) 101671.49(10) 4.64 101671.64197(15)
3 99542.76607(15)b 3.61 99542.76607(2) 101849.34(10) 4.87 101849.4044(2)
4 99791.32449(10)b 3.57 99791.32519(15) 102080.91(10) 4.83 102081.0311(2)
5 100098.26098(15)b 3.55 100098.26092(2) 102367.17(10) 4.90 102367.1451(2)
6 100461.196(5)c 3.43 100461.19733(2) 102704.42(10) 4.36
7 100877.369(5)c 3.40 100877.3708(2) 103076.23(10) 1.39
8 101343.824(5)c 3.40 101343.82451(3) 103525.37(10) 4.25
9 101857.174(5)c 3.41 101857.17482(2) 103994.68(10) 3.70
10 102414.045(5)c 3.44 102414.04588(5) 104534.09(10) 3.51
11 103010.497(5)c 3.48 103010.49993(3) 105052.90(10) 3.00
12 103641.544(5)c 3.23 103641.5428(8) 105732.04(10) 1.84
13 104307.453(5)c 3.60 106232.97(10) 2.13
14 105009.27(10) 1.75 107004.11(10) 2.59
15 105715.149(5)c 3.62 107494.19(10) 1.23
16 106457.320(5)c 3.85 107917.60(10) -3.36
17 107186.40(10) 2.26 108780.07(10) 0.16
19 108777.75(10) 3.84

continued on next page
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E(2) or EF (v′ = 6) E(3) or EF (v′ = 9)

J Present Results ∆ Bailly et al. [50] Present Results ∆ Bailly et al. [50]

0 103559.58(10) 0.97 103559.59794(15) 105384.90(10) 0.42 105384.9129(2)
1 103605.61(10) 0.46 103605.6119(2) 105415.28(10) 0.23 105415.2551(2)
2 103690.18(10) -0.88 103690.14695(14) 105473.96704(15)
3 103995.28(10) 3.21 103995.2119(2) 105556.77(10) -0.85 105556.8403(2)
4 104159.81(10) 3.74 104159.80598(15) 105657.7072(3)
5 104386.80(10) 2.74 104386.8711(2) 105770.05(10) -1.72 105770.1314(3)
6 104650.43(10) 0.24 105890.04(10) -1.80
7 104908.69(10) -3.10
9 105826.53(10) 0.85
11 106894.85(10) 2.69
15 109293.90(10) 3.43 107962.14 (10) 0.56
16 109607.40(10) 1.43
17 110526.86(10) 3.35

EF (v′ = 10) Additional levels above the barrier

J Present Results ∆ Bailly et al. [50] Present Results ∆ Assignment

5 106374.02(10) 3.52 106374.1301(3) 107537.79(10) 8.35 EF (11) J=8
7 106721.14(10) 1.55 108386.73(10) 1.76 EF (12) J=9
16 108937.93(10) 0.73 110202.77(10) 4.64 EF (12) J=16

110806.31(10) 4.81 EF (13) J=16

a Based on the measurements of Hanne-
mann et al. [6].

b Based on the measurements of Salumbides et
al. [49].

c Based on the measurements of Salumbides et
al. [62].
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Table 2.3 – Table of level energies (in cm−1) for all measured levels belonging to the outer well derived from the
measured transitions and the ground state calculations reported by Komasa et al. [8]. ∆ represents the difference
between the measured levels and the MQDT prediction. The results of Bailly et al. [50] are included for comparison.
See the text for details on the levels grouped under tentative assignments.

F (3) or EF (v′ = 5) F (4) or EF (v′ = 7)

J Present Results ∆ Bailly et al. [50] J Present Results ∆ Bailly et al. [50]

7t 103121.01 (10) 0.62 1 103857.92 (10) -0.03 103857.8468(2)
10t 103420.55 (10) 6.29 2 103903.07 (10) 1.26 103902.9828(3)
12t 103672.48 (10) -0.91 3 103790.09 (10) -2.98 103789.9773(2)

9 104323.32 (10) -3.14
14 104973.02 (10) -2.29

F (5) or EF (v′ = 8) F (6)

J Present Results ∆ Bailly et al. [50] J Present Results ∆ Bailly et al. [50]
5 104971.99 (10) -2.05 104972.0087(3) 13 106727.84 (10) -1.91
11 105523.80 (10) -3.19 14 106719.61 (10) -3.34
12 105551.50 (10) -2.41

t Tentative assignment.
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2.7. EF 1Σ+
g Level Energies

When comparing a total of 38 measured EF 1Σ+
g energy levels obtained with

the PDL system to those obtained by Bailly et al. [50], a systematic deviation of
+0.085 cm−1 between the data sets is found, which is attributed to an ac-Stark
shift effect. In the metrology measurements with the PDA system it was found
that for input energies of between 200 and 400 µJ the ac-Stark shift amounts
to 0.005 cm−1. The PDL-based survey measurements were performed at an
intensity in the focus increased by a factor of 16, which is consistent with an
ac-Stark shift of 0.08 cm−1. The level energies presented in Table 2.2 recorded
with the PDL system have been corrected for this ac-Stark shift.
We find a difference of 2.95 cm−1 between our value for the E(1) J = 6 level
energy and the value reported in Ref. [50]. The measured level energy de-
rives from the E − X (1,1) Q(6) and E − X (1,0) Q(6) transitions, which
in combination give an unambiguous identification. This strongly suggests a
mis-assignment for the E(1) J = 6 level in Ref. [50], in addition to the E(0)
J = 13 level which was also shown to be a misassignment [62]. Furthermore
the assignment of the F (3) J=7 level differs by 14.43 cm−1. This transition
is based on the F − X (3,1) Q(7) transition which is assigned based on the
MQDT calculations. Since the MQDT calculations are accurate to within ∼5
cm−1 this is suggestive of a misassignment although experimental verification
is needed to confirm this. In the present experiment this is not possible and
hence we mark this assignment as tentative.
The MQDT calculations of level energies were used for the identification of
those levels which were neither present in the study of Bailly et al. [50], nor
observed in a combination difference. Figure 2.10 shows the difference be-
tween experimental and MQDT-calculated level energies. Overall these are ≤
5 cm−1. It had been found in the previous Ref. [67] that while the MQDT
calculations typically deviated by a few cm−1 from the observed level positions,
these residuals turned out to be more or less constant along the rotational pro-
gression associated with a given vibronic level (e.g. E(v′) or EF (v′)), with
abrupt changes occurring only near avoided crossings between inner-well and
outer-well levels (cf. Table II of Ref. [67]). As Fig. 2.10 shows, this feature is
also borne out rather clearly in the new extended data set listed in the present
Table 2.2. For the F (4) J = 6− 8 levels, comparisons with the current MQDT
results and those in Ref. [50] show large discrepancies, in the order of 15 cm−1.
These levels were not observed in the present study using the PDA or PDL
systems but from the evidence presented in Fig. 2.10 this is suggestive of a
misassignment, although further experimental evidence would be necessary to
confirm this.
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2. High rotational states in H2
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Figure 2.10 – Differences between the measurement and the MQDT calculation
for the inner-well levels (upper figure) and the outer-well levels (lower figure).

2.8 Conclusion and Outlook

A precision metrology study was performed on the EF 1Σ+
g -X1Σ+

g system of
H2 via high resolution two-photon Doppler-free spectroscopy. The data were
reduced to provide a test of the differential, rotational quantum state depen-
dent, QED and relativistic effects in the X1Σ+

g ground state of the H2 molecule
which were calculated by Komasa et al. [8]. The agreement is excellent with the
theoretical predictions currently more precise than our experiment. In addition
survey spectra were recorded in order to obtain an overview of the measurable
transitions in the EF 1Σ+

g -X1Σ+
g system, for higher v and J quantum num-

bers. This has served to extend the known level structure of the EF 1Σ+
g state,

thereby paving the way for future studies on QED and relativistic effects in
vibrationally excited levels of H2. QED calculations show a net decrease for
an increase in vibration, with effects of ∼0.1 cm−1, well within the achievable
accuracy of the PDA system. First-principles multi-channel quantum defect
calculations were performed on EF (v, J) levels for high angular momentum
states up to J = 19. The calculated level energies were found to deviate less
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CHAPTER 3
Precise measurement of QED effects in

the fundamental H-H ground tone

vibration

Quantum electrodynamic (QED) effects in molecular hydrogen are tested through
a precise determination of the fundamental ground tone vibration in the X1Σ+

g

state. The result of 4161.16632(19) cm−1 for the X1Σ+
g v = 0 → 1 rotation-

less vibrational spacing is obtained through an indirect measurement by probing
the EF 1Σ+

g (v′) - X1Σ+
g (v′′) state and taking a combination difference. This

method has several advantages over existing experimental determinations via di-
rect infrared excitation of the vibrational spacings in H2. Measurements of tran-
sitions in the EF 1Σ+

g (v′) - X1Σ+
g (v′′) system are conducted using Doppler-

free laser excitation in a molecular beam. Ground tone spacings for J = 0, 1
and 2 are determined, that are in excellent agreement with the most accurate
quantum chemistry calculations, with the experimental result five times more
accurate than theory.
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3. The fundamental ground tone vibration of H2

3.1 Introduction

Since the pioneering experiments of Lamb and Retherford [9] the theory of
QED has been tested at ever increasing accuracies. The measurement of the
1S→2S transition in atomic hydrogen with a relative accuracy of 10−15 pro-
vides a stringent test of QED theory in atoms [80]. The recent calculations
by Komasa and co-workers [8] are a breakthrough in the realm of diatomic
molecules, focussing on H2 and D2. With the direct treatment of QED and
relativistic effects on the level structure of the ground X1Σ+

g state the calcu-
lations are accurate to within ∼0.001 cm−1 and include the self energy and
vacuum polarization effects. The theoretical predictions were implicitly tested
in the determination of the dissociation and ionization energies of H2 by Liu et
al. [41] and further in a measurement of a progression of 16 rotational quan-
tum states in the ground v = 0 vibration [62]. Measurement of the vibrational
spacings in the ground state manifold offers a further test of QED effects in
molecules.
Studies of the infrared quadrupole spectrum of H2 have yielded information on
the ground state manifold at improved accuracies over the years [81, 56, 82].
More precise measurements on the (2-0) and (3-0) bands have been performed
using cavity ring down spectroscopy resulting in highly accurate values for
overtone vibrational spacings [2, 83, 57]. Agreement with the theoretical pre-
dictions [8] are excellent. Note that direct measurements in the infrared are
complicated by the Doppler effect as well as collisional broadening. Additional
tests need to be conducted to account for these systematics. The most funda-
mental vibrational quantum of energy, namely the (1-0) ground tone cannot
be determined, for the rotation-less case (J = 0 in both the upper and lower
states), from a direct measurement due to the strict quantum selection rules.
The level spacing has been previously determined in a Fourier transform spec-
troscopic (FTS) study making use of rotational constants to extrapolate to
this level [56]. The results are currently in disagreement with the theoretical
predictions by more than 6σ of the experimental error.
The measurements presented here are used to indirectly determine the (1-0)
ground tone for rotations J = 0, 1 and 2 in H2. The method derives from a
measurement of the Q(0), Q(1) and Q(2) transitions in the EF 1Σ+

g (v′ = 0)
- X1Σ+

g (v′′ = 1) system probed in two photon. Figure 3.1 indicates the po-
tentials of the ground X1Σ+

g state and the excited EF 1Σ+
g state along with

the lowest four vibrations of each state (only inner well vibrations are indi-
cated for the EF state). The two photon transitions relevant to this study
are indicated by arrows, where the full arrows represent the transitions deter-
mined in the present experiment while dashed arrows are those from a previ-
ous experiment [6]. The indirect method employed here has advantages over
previous experimental determinations of the ground tone, since measurements
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3.2. Calculation of rovibronic levels in the X1Σ+
g state of H2
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Figure 3.1 – The ground X1Σ+
g and excited EF 1Σ+

g potentials. Dashed hor-
izontal lines indicate the vibrational level energies while the two-photon mea-
surement scheme is indicated via arrows. Transitions measured in this study
are shown as full arrows while those from a previous study are shown as dashed
arrows [6]. The ground tone vibration is determined from a difference between
the two transitions indicated by black and blue arrows (See text for details).

are conducted in a molecular beam, the transition are recorded essentially
Doppler-free and under field-free conditions and . The method and measure-
ment technique are fundamentally different to existing determinations of the
fundamental ground tone vibration, thereby providing an independent test of
previous measurements and current theory.

3.2 Calculation of rovibronic levels in the X1Σ+
g state of

H2

The calculations presented in Ref. [8] include adiabatic, non-adiabatic, rela-
tivistic, QED and finite nuclear size effects. Each effect on the level energies
may be positive or negative in sign and in the case of the higher order QED ef-
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3. The fundamental ground tone vibration of H2

Table 3.1 – Contributions to the ground tone vibration as per the calculation
performed by Komasa and co-workers [8] for the rotation-less case (J = 0).
The values are given with respect to the dissociation energy (D0) of H2. All
values in cm−1.

Contribution v = 0 v = 1 ∆

(i) BO 36112.5927 31949.1892 4163.4035
(ii) AD 5.7711 7.1740 -1.4029
(iii) NA 0.4340 1.2705 -0.8365
(iv) Rel (α2) -0.5318 -0.5552 0.0234
(v) QED(α3) -0.1948 -0.1735 -0.0213
(vi) QED(α4) -0.0016 -0.0014 -0.0002

Total 36118.0696(11) 31956.9034(17)a 4161.1662(9)b

a Truncated summation of individual contributions.
b Error is smaller than quadrature sum due to cancellation of errors [8]

fects, can be as small as 0.001 cm−1. The approach followed in Ref. [8] is based
on the expansion of the energy levels in terms of the fine structure constant
α with relativistic effects represented by α2 terms and QED effects by α3 and
α4 terms. Several earlier studies contributed to the results in Ref. [8]. These
include a breakthrough in the determination of the Born-Oppenheimer ground
state potential of H2 now accurate to 10−9 cm−1 [12], while the improved
determination of the non-adiabatic corrections to the level energies is also an
important result [13]. The v = 0, J = 0 level is shifted with respect to the
dissociation energy (D0)) by 0.5318(5) cm−1 (relativistic) + 0.1964(8) cm−1

(QED) and is directly tested in the measurement of the H2 dissociation en-
ergy [41]. A summary of the different contributions to the vibrational spacing
between v = 0 and v = 1 is reproduced from Ref. [8] and given in Table 3.1.
All values are given with respect to the dissociation energy, D0. The ground
tone vibration is determined from a difference between the v = 0, J = 0 and
v = 1, J = 0 levels with uncertainties of 0.0011 and 0.0017 cm−1 respectively.
The final uncertainty is less than the combined errors of the individual levels
due to a cancellation of higher order terms in the expansion [8]. The error
reduces to 0.0009 cm−1 after estimating the contribution of several terms with
order ≥ α5. Further details of the entire ground state manifold are given in
Ref. [8] and additional supplementary material.
Experimentally it is not possible to measure the individual contributions to the
level energies, as listed in Table 3.1. However, the accuracy with which mea-
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3.3. Experimental setup

Figure 3.2 – A schematic lay-out of the experimental setup. The oscillator
cavity is seeded by a cw Ti:Sa laser, the pulsed output of which makes 10 passes
in an amplifier stage, a smaller number of passes is indicated in the sketch. The
amplified output is frequency up-converted in two non-linear crystals to ∼211
nm. The deep UV radiation is sent to the experiment. The cw-seed light is
compared to a frequency comb while the frequency off-set between pulsed and
cw-seed light is measured in the chirp analysis to obtain an absolute frequency
calibration. See text for further details.

surements are conducted means that the theoretical predictions must include
QED effects such as the self energy and vacuum polarization contributions so
as to be of comparable accuracy to the measurements [84]. In this way the
results presented here are seen as a test of QED effects in molecules.

3.3 Experimental setup

The Titanium Sapphire (Ti:Sa) laser used in the experiments has been detailed
extensively [85]. Figure 3.2 shows a schematic overview of the experimental
setup. The laser system is an injection seeded pulsed Ti:Sa oscillator-amplifier
system. Gain-switched oscillation in a low finesse cavity locked to a cw Ti:Sa
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3. The fundamental ground tone vibration of H2

laser, by means of a Hänsch-Couillaud locking scheme [86], produces pulsed
output which is further enhanced in a bow-tie amplifier. The pulsed output is
∼20 ns long with a bandwidth of ∼17 MHz [85]. Typical output at 843 nm is
approximately 45 mJ which is then spatially filtered via a pinhole. Approxi-
mately 10 mJ of output is available for frequency up-conversion in a non-linear
crystal arrangement consisting of two Beta Barium Borate (BBO) crystals.
The 843 nm radiation is doubled in the first crystal and the resultant output
is doubled again in the second crystal yielding, at most, approximately 350 µJ
at 211 nm.
The cw seed light is calibrated by referencing to a Menlo systems M-comb
femto-second frequency comb. The carrier-envelope phase offset frequency and
repetition frequency are both locked against a Rubidium-clock standard which
is referenced to the global positioning system. The cw Ti:Sa is heterodyned
with the output of the frequency comb and the beatnote is detected with an
avalanche photodiode. A grating is used to disperse the spectrum of the fre-
quency comb so that a reduced number of modes are heterodyned with the cw
beam, increasing the signal-to-noise ratio of the beatnote (see Fig. 3.2). The
frequency of the Ti:Sa laser is determined by summing the beatnote, carrier
phase offset and the repetition rate multiplied by the correct mode number.
The mode number determination follows from a calibration of the laser us-
ing a Burleigh wavemeter accurate to ∼30 MHz in the infrared. An absolute
calibration is performed for every scan step and averaging is performed post
measurement.
The pulsed output of the oscillator-amplifier system is subject to chirp through
cavity-mode pulling. This is a result of the change in refractive index of the
Ti:Sa crystal during the time it takes for population inversion to occur. An
online single shot chirp analysis is performed so as to account for the chirp
during the measurements [85]. This greatly reduces the uncertainty in the
error budget and allows for MHz precision on the determined line positions.
The phenomenon known as spatial chirp, which is a frequency dependence over
the wave-front of the beam, is avoided by using the pinhole. For details on the
chirp analysis, we refer to Refs. [6, 85].
Sufficient population of the X1Σ+

g (v′′ = 1, J ′′ = 0, 1, 2) levels is required for
the detection of the EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 1) Q(0), Q(1) and Q(2)

transitions. This is achieved through electron bombardment of H2 in a dis-
charge source similar to that employed in Ref. [87]. The discharge source is a
pinhole nozzle, the ceramic body of which is attached to the end of a pulsed
valve operating at 10 Hz. The metallic anode and cathode are insulated by
ceramic material. The gas pulse is discharged by applying a high voltage pulse
to the cathode, striking upstream towards the anode (c.f. Fig. 1 Ref. [87]).
Sufficient population for the detection of the transitions occurred at a voltage
of approximately -750 V applied to the cathode. The vibrationally excited
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3.3. Experimental setup

H2 passes through a skimmer before entering the interaction zone where the
transitions are probed with the frequency quadrupled Ti:Sa laser.
The Q(0), Q(1) and Q(2) transitions of the EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 1)

system are detected in a two-photon Doppler-free REMPI scheme. The narrow
bandwidth deep UV radiation at 211 nm is used to probe the two-photon
transitions while a 355 nm laser pulse, delayed by 30 ns with respect to the
probe beam, ionizes the molecules. The H+

2 molecular ions are accelerated
in a time of flight (TOF) tube and impinge on a phosphor screen to produce
fluorescence which is detected by a photo-multiplier tube (PMT).
As in the previous study [62] the UV probe beam is split in two arms of equal
intensity and arranged as part of a Sagnac interferometer, which serves to
reduce the first order Doppler shift [52].
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Figure 3.3 – Recording of the Q(0) EF 1Σ+
g (v′ = 0) - X1Σ+

g (v′′ = 1) tran-
sition. The solid red line is a Gaussian fit of the data while the residuals are
indicated in blue. This measurement was taken at a laser power of approxi-
mately 200 µJ in the configuration I arrangement (see text for details).
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3. The fundamental ground tone vibration of H2

3.4 Systematic Errors

AC and DC Stark effects

Figure 3.3 illustrates a recording of the Q(0) EF 1Σ+
g (v′ = 0) - X1Σ+

g (v′′ = 1)
transition at an input power of ∼ 200 µJ resulting in a width of ∼ 40 MHz,
comparable to the previous measurements recorded with this system on the
EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 0) transitions [6]. The line positions are de-

termined from a Gaussian fit of the data, indicated by the solid red line in
Fig. 3.3. To assess ac-Stark effects transitions are recorded under two different
conditions of the probe laser at the interaction region. In the first configu-
ration the beam width is collimated using a combination of concave mirrors.
The beam diameter at the interaction region is ∼ 500 µm and is not focussed;
this is referred to as configuration I. The collimated beam is easier to align
and reduces the residual Doppler shift resulting from small deviations from a
perfect alignment [61]. In this configuration a 355 nm laser pulse, delayed by
30 ns to the probe beam, was employed in order to ionize the species. The
recording in Fig. 3.3 was measured using configuration I. A second configura-
tion using a 1 m lens placed before the beam splitter (B.S.) in Fig. 3.2 yields a
beam diameter of ∼ 80µm at the interaction region and leads to an increase in
energy density by a factor ∼ 40 over configuration I and a separate ionization
laser is not required. This is referred to as configuration II. Measurements
are taken at different probe beam intensities in both configurations and results
are illustrated in Fig. 3.4. The transition frequency at zero power is obtained
from a weighted linear fit of the combined results obtained from measuring in
configurations I and II. The horizontal axis represents a relative power density
and is derived from a measurement of the probe beam intensity and a mea-
surement of the beam diameter at the interaction region. It is worth noting
that for the energy densities between 30 and 300 µJ in configuration I, the ac
Stark effect has negligible effect on the transitions frequencies at this level of
accuracy. The weighted average of all measurements in configuration I (indi-
cated by the triangle in Fig. 3.4) agrees with the extrapolation to zero power
as indicated in the inset to Fig. 3.4. The estimated error from the ac Stark
effect is deduced from the error of the intercept determined in the weighted
linear fit. It is slightly different for the three transitions but in the range of
∼ 1 MHz.
The dc Stark effect is avoided by pulsing the extraction voltages of the TOF
so that the transitions are probed under field-free conditions. No measurable
change in the transition frequencies was detected when not pulsing the ex-
traction fields and we therefore estimate a contribution of ≤ 0.1 MHz on the
systematic uncertainty due to the dc Stark effect.
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3.4. Systematic Errors
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II.

Chirp

The frequency offset, or chirp, between cw-seed and pulsed probe beam is
recorded with each laser shot and corrected for in the final calibrated fre-
quency [6, 85]. Typical frequency offset between cw-seed and pulsed output was
-5.00 MHz with an uncertainty of ∼ 0.25 MHz. Measurements were recorded at
several different offset values to check the validity of the chirp correction proce-
dure and no measurable change in the transition frequencies was detected. The
final estimated uncertainty due to the chirp is 8-fold the measured uncertainty,
caused by the harmonic up-conversion in the crystals and the two-photon tran-
sition frequencies, thereby placing an estimated error of 2 MHz on the final
transition frequencies due to chirp.
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3. The fundamental ground tone vibration of H2

Residual Doppler shift

A residual Doppler shift may occur due to a slight angular mismatch when
aligning the probe beam at the interaction region. This was investigated by
measuring with H2 seeded in Ar, thereby reducing the speed of the molecules
at the interaction zone and decreasing the residual Doppler shift. No change
in the transition frequency was detected after probing the H2 seeded in Ar
and we estimate that the angular alignment is better than 0.01 degrees for the
configuration I arrangement. The large beam makes alignment of the Sagnac
easier and therefore reduces the angular mis-match compared to configuration
II. The estimated uncertainty due to the residual Doppler shift is 1.1 MHz.
Further systematic tests included measuring the effect of different discharge
voltages and different delays between the gas pulse and laser pulse. All tests
yielded negligible change in the measured transition frequencies.

Table 3.2 – Estimated systematic and statistical uncertainties for the frequency
calibrations of the EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 1) transitions in H2.

Error Uncertainty (MHz)

(i)AC-Stark 1
(ii)DC-Stark <0.1
(iii)Chirp 2
(iv)Calibration < 0.1
(v)Residual Doppler 1.1
(vi)Statistics Q(0) 2.1a

Q(1) 1.8b

Q(2) 0.8c

Combined Uncertaintyd

Q(0) 3.2
Q(1) 3.1
Q(2) 2.6

a standard error of 5 measurement sets totalling 63 individual
scans.

b standard error of 6 measurement sets totalling 91 individual
scans.

c standard error of 4 measurement sets totalling 32 individual
scans.

d Quadrature sum of errors (i)-(v).
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3.5. Discussion

Frequency Comb Calibration

There is a small uncertainty associated with the absolute frequency calibra-
tion of the Ti:Sa laser. The stability of each single frequency of the comb is
estimated to be better than 100 kHz for averaging times of around 1 s.

Final error estimate

The major contributions to the estimated systematic uncertainties in the line
positions are listed in Table 3.2. The statistical uncertainty is determined from
the standard deviation of a series of measurements in the conf. I arrangement.
The number of measurements and the time-frame for each measurement set is
listed as a footnote to Table 3.2. The final uncertainty is a 1σ estimate and
derives from a quadrature sum of the systematic and statistical uncertainties
and is listed under combined uncertainty in Table 3.2. The final transition
frequencies which are corrected for all systematic effects as discussed above, are
listed in Table 3.3. The final uncertainty estimate is indicated in parenthesis.
Further, the transition frequencies of the EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 0)

system, as determined in a previous study [6], are also included for reference.
The errors on these transitions are increased over what was originally claimed.
This follows from a re-analysis of the data in a separate study [49, 50]

Table 3.3 – Measured line positions of the Q(0), Q(1) and Q(2) transitions of
the EF 1Σ+

g (v′ = 0)-X1Σ+
g (v′′ = 1) system along with a previous measurement

of the Q(0), Q(1) and Q(2) transitions of the EF 1Σ+
g (v′ = 0)-X1Σ+

g (v′′ = 0)
system [6] (See text for details). All values in cm−1.

Transition Frequencies

line EF (0)−X(0)a EF (0)−X(1)

Q(0) 99164.78691(15) 95003.62059(11)
Q(1) 99109.73139(21) 94954.47739(10)
Q(2) 99000.18301(15) 94856.71748(9)

a from a previous measurement [6].

3.5 Discussion

Figure 3.5 displays the present determination of the ground tone for J = 0, 1
and 2 which stems from the difference between the presently measured tran-
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3. The fundamental ground tone vibration of H2
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Figure 3.5 – The present determination of the fundamental ground tone of H2

for rotations J = 0, 1 and 2 compared with the previous most accurate experi-
mental determinations [81, 56, 82]. The dotted line indicates the present value,
while dashed lines indicate the ±1σ uncertainties. The theoretical prediction of
Komasa et al. [8] is also included.

sition frequencies for the EF 1Σ+
g (v′ = 0) - X1Σ+

g (v′′ = 1) system and those
measured for the EF 1Σ+

g (v′ = 0) - X1Σ+
g (v′′ = 0) system in an earlier study [6].

Included in Fig. 3.5 are the previous most accurate experimental determina-
tions of the ground tone [81, 56, 82] which represent measurements of the
quadrupole spectrum using classical FTS [81, 56] and Raman spectroscopy [82].
The agreement with the previous results of Buijs and Bush [81] and Rahn et
al. [82] is good with only the value for J = 0 of Buijs and Bush [81] in slight dis-
agreement with the present result. The discrepancy with the results of Bragg
et al. is in the order of 0.005 cm−1 in the worst case. In this classical FTS
study the measurements are conducted at high pressure with a long absorp-
tion path length of 434 m. This is necessary as the quadrupole transitions are
known to be weak. The present indirect determination suggests that there are
perhaps some systematic effects, possible associated with a pressure shift, not
taken into account in this FTS measurement. The authors of Ref. [8] suggest
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3.6. Outlook

a similar explanation.

Table 3.4 – The derived vibrational spacings. The values are determined from a
combination of the presently measured transitions and a previous measurement
of the Q(0), Q(1) and Q(2) transitions of the EF 1Σ+

g (v′ = 0)-X1Σ+
g (v′′ = 0)

system [6] (See text for details). ∆ is the difference between the presently
determined result of the vibrational spacing and the theoretical prediction of
Ref. [8]. The total contribution to the QED effects to the levels is included
under QED. All values in cm−1.

Ground Tone Vibrations

J Measurement Theory ∆ QEDa

0 4161.16632(19) 4161.1662(9) 0.0001 -0.0215
1 4155.25400(23) 4155.2537(9) 0.0003 -0.0214
2 4143.46553(18) 4143.4653(9) 0.0002 -0.0213

a Including α3 and α4 terms.

Included in Fig. 3.5 is the theoretical determination of Komasa et al. [8] which
agrees, for all rotational levels of the ground tone, with the present determina-
tion. Table 3.4 lists the ground tone values as determined in the present study
along with the theoretical predictions. ∆ represents the difference between
experiment and theory, currently a few ten thousands of a wavenumber. Such
agreement would not have been possible without the improvement of the Born
Oppenheimer potential of the ground X1Σ+

g state, the accurate calculation of
adiabatic, non-adiabatic and relativistic effects and inclusion of the QED terms
(see Table 3.1). The total QED contribution to the respective ground tone level
is indicated for reference in the final column under QED. The authors of Ref. [8]
suggest that the error in the higher order QED terms may be as much as 50
% as this term is approximated from the hydrogenic Lamb shift. A complete
evaluation of this term may lead to an improved calculation. At present, the
calculated QED terms contribute ∼ 0.02 cm−1 to the ground tone vibrations
and therefore the present experimental result is a test of QED theory in the
ground X1Σ+

g of H2 at the 1 % level.

3.6 Outlook

Komasa and co-workers [8] suggest that an improvement in the calculations of
the ground state level energies, beyond the 10−6 cm−1 level of accuracy, may
be limited by the uncertainties in the proton to electron mass ratio and in the
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3. The fundamental ground tone vibration of H2

proton charge radius [88]. From the experimental side, direct frequency comb
spectroscopy could allow for an improvement by up to two orders of magnitude
in the determination of the EF 1Σ+

g - X1Σ+
g transition frequencies [89] thereby

improving the ground tone vibration value and further stimulating an improved
calculation.

3.7 Conclusion

The present result is a determination of the Q(0)-Q(2) transitions in theEF 1Σ+
g

(v′ = 0) - X1Σ+
g (v′′ = 1) system to a relative accuracy of 10−9. The combi-

nation with a previous result on the EF 1Σ+
g (v′ = 0) - X1Σ+

g (v′′ = 0) system
allows for an accurate determination of the fundamental ground tone vibration
for H2. The indirect method, through the EF −X system, is advantageous as
it is performed in the controlled environment of a molecular beam and essen-
tially Doppler-free. The comparison with the state of the art ground X1Σ+

g

state calculations shows that the current theoretical model is accurate to a few
ten thousands of a wavenumber as far as the vibrational overtone values are
concerned. An analysis of the QED contributions to the different rotational
levels of the ground tone vibrations indicate that the present experimental de-
termination tests the QED theory of the fundamental ground tone vibration of
H2 at the 1 % level.
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CHAPTER 4
Synchrotron VUV radiation studies of

the D1
Πu state of H2

Published as The Journal of Chemical Physics 133, 144317, 2010

The 3pπD1
Πu state of the H2 molecule was reinvestigated with different techniques

at two synchrotron installations. The Fourier-Transform spectrometer in the vacuum

ultraviolet wavelength range of the DESIRS beamline at the SOLEIL synchrotron was

used for recording absorption spectra of the D1
Πu state at high resolution and high

absolute accuracy, limited only by the Doppler contribution at 100 K. From these

measurements line positions were extracted, in particular for the narrow resonances

involving 1
Π

−

u states, with an accuracy estimated at 0.06 cm−1. The new data also

closely match MQDT-calculations performed for the Π
− components observed via the

narrow Q-lines. The Λ-doubling in the D1
Πu state was determined up to v = 17.

The 10 m normal incidence scanning monochromator at the beamline U125/2 of the

BESSY II synchrotron, combined with a home built target chamber and equipped with

a variety of detectors was used to unravel information on ionization, dissociation

and intramolecular fluorescence decay for the D1
Πu vibrational series. The combined

results yield accurate information of the characteristic Beutler-Fano profiles associated

with the strongly predissociated Π
+
u parity components of the D1

Πu-levels. Values for

the parameters describing the predissociation width as well as the Fano-q line shape

parameters for the J = 1 and J = 2 rotational states were determined for the sequence

of vibrational quantum numbers up to v = 17.
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4. The D1Πu state of H2

4.1 Introduction

The energy region from 110 000 to 134 000 cm−1 in the absorption spectrum of
molecular hydrogen is dense and complex featuring a multi-line spectrum. In
particular in this energy range the electronic and vibrational energy separations
become of similar magnitude, while rotational splittings remain large as well.
The D1Πu −X

1Σ+
g system gives rise to a well-marked sequence of intense res-

onances in this region. Hopfield observed the D1Πu state for the first time[16],
but failed to find the correct sequence of vibrational levels. This was estab-
lished in the early work by Beutler and coworkers[18] and by Richardson[90].
From an extrapolation of the vibrational sequence they deduced that below the
lowest predissociated level there exist three lower vibrational levels v = 0− 2,
with weaker apparent intensity. These assignments of the vibrational sequence
in the D1Πu state was later confirmed in subsequent higher resolution stud-
ies by Namioka[91], Monfils[92], Takezawa[93] and Herzberg and Jungen[94].
A potential energy curve of the D1Πu state, calculated by Dressler and Wol-
niewicz [95] along with the other relevant potential curves of singlet-u symmetry
for interpreting the results of the present study is displayed in Fig. 4.1.
The unpredissociated states, giving rise to sharp lines in the spectrum, have
been studied to a high degree of accuracy. Analysis of classical spectrograph
emission spectra by Abgrall et al.[96] yielded accurate level energies up to high
rotational quantum numbers for both parity components of D1Πu (v = 0− 2).
Since the Π− parity components of the higher lying vibrational levels v > 2
of the D1Πu state undergo only very weak predissociation [97, 98], the Q lines
probingD1Π−

u levels are observed as sharp. That made it possible for Abgrall et
al. [96] to also determine accurate line positions from emission studies for lines
probing up to v = 14. Extreme ultraviolet laser-based absorption was used by
Reinhold et al.[99] to record high-resolution spectra of the D − X(1, 0) band
at even better accuracy. The most accurate level energies of the unpredissoci-
ated levels were obtained in the work combining Doppler-free laser excitation
and visible and near-infrared Fourier-Transform emission spectroscopy[6, 50]
yielding accuracies as good as 0.005 cm−1 for D v = 0− 2 levels.
Beutler [18] reported on the observation of asymmetrically broadened line
shapes in the R-branches of the D − X system for excited vibrational levels
v > 2. These shapes were interpreted as Beutler-Fano profiles, as resulting from
an interference between a bound and a continuum state in an excitation spec-
trum, as first observed in the autoionization of noble gas atoms by Beutler[100]
and explained by Fano[21, 22]. The first theoretical calculations of the widths
were performed [23, 101, 24] in 1971, simultaneously with an experimental
study by Comes and Schumpe [20]. It was settled that the predissociation of
the Π+ parity component of the D1Πu state must be attributed mainly to an
interaction with the B′1Σ+

u continuum. A more recent calculation [102] shows
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Figure 4.1 – The potential energy curves of the relevant excited electronic
states [95].

that the 2pσB1Σ+
u and 2pπCΠ+

u continua have only an effect on the ratio be-
tween H(2s) and H(2p) dissociation fragments. Mental and Gentieu[103] and
later Guyon et al.[97] performed measurements detecting Ly−α radiation emit-
ted by the dissociation product. A pioneering study was conducted by Jungen
and Atabek [104] in which a full MQDT treatement of the B,B′, C,B′′ and D
systems was conducted. Level energies up to v = 13 were calculated for the Π−

components. The Λ-doubling was determined for the unpredissociated bands
(0,0)-(2,0) for levels J=1,3 and 5 as well as for the first predissociated band
(3,0) for J=1.
The issue of the asymmetry of the line shapes and the Fano-q parameters was
studied in detail by Glass-Maujean et al. [25] and by Dehmer and Chupka[105].
In addition to absorption with classical light sources also lasers were used to
investigate the predissociation in the D1Πu state. The studies by Rothschild
et al. [106] used a laser with a superior instrument width of 0.005 cm−1 to
investigate H2 at room-temperature Doppler broadening exceeding 1 cm−1 to
yield accurate widths and asymmetry paramaters for a number of lines, mainly
of hydrogen isotopomers. Croman and McCormack [107] performed two-step
laser-excitation investigating the v = 12 and 13 states of D1Πu.
The present spectroscopic study reinvestigating the D1Πu−X

1Σ+
g system in H2
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4. The D1Πu state of H2

is based on two different experimental approaches, both connected to a major
synchrotron facility. The novel and unique Fourier-Transform spectrometer at
the SOLEIL synchrotron facility (France) on the DESIRS VUV beamline used
to record Fourier Transform (FT) absorption spectra in the relevant range 74−
90 nm from a static gas sample of H2 cooled to approximately 100 K, resulting
in high resolution spectra, limited by the Doppler contribution of 0.6 cm−1,
while the FT instrument resolution is 0.35 cm−1. Apart from a determination of
accurate transition frequencies for the narrow unpredissociated resonances the
asymmetrically broadened resonances have been studied at high resolution to
obtain information on the Fano q parameters as well as predissociation widths
Γ for individual lines. The 10 m normal - incidence monochromator at beamline
U125/2 of the BESSY II synchrotron radiation facility in Berlin combined with
a home-built target chamber for measuring photoabsorption, photoionization
and photodissociation by means of fragment fluorescence [108, 109] was used
to compare the different decay channels upon excitation of the same D1Πu −
X1Σ+

g system. The latter spectra recorded at slightly lower resolution aided
in assigning and disentangling the observed features.

4.2 Experimental setup

The major part of the experimental data in the present study was obtained with
the vacuum ultraviolet Fourier-Transform spectrometer setup, connected to the
DESIRS beamline at the SOLEIL synchrotron. Its principle of operation and
unique capabilities for the UV and VUV range are described elsewhere [31, 32].
In short, a scanning wave-front division interferometer has been specifically
developed in order to extend the FT spectroscopy technique toward the VUV
range [31]. The undulator based DESIRS beamline provides the 7 % band-
width continuum background which is analyzed by the FT-spectrometer after
it has passed an absorption cell. A typical recording of such a full spectrum
recorded after passing the absorption cell is displayed in Fig. 4.2. Recently
the same setup was used to record high resolution spectra of narrow transi-
tions in the Lyman and Werner bands of the HD molecule in the wavelength
range 87 − 112 nm [29]. The undulator profile covering roughly 5000 cm−1 is
well approximated by a Gaussian function. The spectral range from 115 000 -
135 000 cm−1, covered in the present study, was divided into four overlapping
measurement windows.
The H2 spectra are recorded under quasi-static conditions. Hydrogen gas passes
through a needle valve regulator into a T-shaped, windowless free flow cell of
100 mm length and 12 mm inside diameter. This results in an inhomogeneous
density distribution along the path of the synchrotron radiation, for which an
integrated column density can only be estimated. It is set by regulating the
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Figure 4.2 – Spectral recording of an absorption spectrum of H2 for a single
setting of the undulator optimum. Some of the D − X (v, 0) resonances are
indicated.

pressure just outside the target cell for appropriate absorption conditions, i.e
unity optical depth for the main features under investigation. Spectra were
recorded at three different settings of the pressure at the inlet needle valve.
Once the radiation has passed through the target cell it enters the spectrom-
eter and an interferogram is generated. For the present study recordings are
taken at 512 ks, that is the number of sampling points taken along the path
of the moving arm in the interferometer traveling over ∼ 9 mm. A typical
measurement window in the present study took roughly two hours for accumu-
lating signal over 100 interferograms. The setting of 512 ks sampling recording
corresponds to a spectral resolution of 0.35 cm−1 or a resolving power of 350
000.
The target cell was enveloped by a second cell in which liquid nitrogen is
allowed to flow, cooling the cell down to roughly 100 K. This was done for two
reasons. At the lower temperatures the complexity of the spectrum and the
overlap of resonances is reduced; only the lowest rotational states up to J = 2
were found to be populated. At this temperature the Doppler width of the H2

lines reduces to 0.6 cm−1. With the chosen setting of the resolving power of
the FT-spectrometer this yields the narrowest width for the unpredissociated
lines at ∼ 0.7 cm−1.
An advantage of an FT-spectrometer is that the wavelength is intrinsically
calibrated, when the travel distance in the moving arm is known; this is done
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4. The D1Πu state of H2

by referencing the travel against the fringes of a frequency stabilised HeNe
laser[31]. Additional calibration of the frequency scale is accomplished by cal-
ibration against the Ar line[110] (3p)5(2P3/2)9d[3/2]← (3p)6 1S0 known to an
accuracy of 0.03 cm−1.
The spectra recorded at the BESSY II Synchrotron in Berlin were measured
with a 10 m normal incidence monochromator equipped with a 1200 lines/mm
grating with a spectral resolution of 2 cm−1 or 0.0012 nm[111]. The absorp-
tion cell is a 39 mm long differentially pumped cell containing 27 µbars of H2.
A photodiode at the back of the cell allows for detecting direct absorption at
room temperature. An electrode in the target cell attracts photoions and the
Ly−α fluorescence is measured with a microchannel plate detector. Molecular
fluorescence is recorded via a detector sensitive to visible radiation. All the
signals mentioned above were recorded as a function of incident photon en-
ergy, so that reliable comparisons can be made and relate the cross sections of
the various decay channels. This experimental setup allows absolute intensity
measurements and quantitative dynamical studies.

4.3 Predissociation in the D1Πu state

It was already understood at an early stage that predissociation of the 3pπD1Πu

state proceeds via coupling to the continuum of the 3pσB′1Σ+
u state [23, 101].

There is no coupling between states of u and g inversion symmetry thus there
are three candidates with the same u symmetry for the D state predissocia-
tion mechanism: the 2pπ C1Πu, 2pσB1Σ+

u and 3pσB′1Σ+
u states. The Coriolis

coupling to the B′ state is the chief cause of the predissociation. Coupling to
the C state is two orders of magnitude weaker and coupling to the B state is
even smaller by at least one order of magnitude [112]. The B′ and D states
approach the same electronic He(3p) configuration in the united atom limit so
the Coriolis coupling may be very effective. The same interaction between D
and B′ states responsible for predissociation, causes severe level shifts [91]: the
Λ-doubling splitting even in the bound region below the n = 2 dissociation
limit. Predissociation of the D1Πu state results in H(n = 2) excited atomic
fragments[97]. In the case of production of H(2p) the dissociation product can
be observed via Lyman-α fluorescence and the H(2s) atoms are observed in
most cases via the same fluorescence due to collisions to the H(2p) state.
The physics of a bound state interacting with a continuum state, where both
states are simultaneously excited from a ground level was described by Fano[22].
If there is oscillator strength in both channels such interference leads to an
asymmetric line shape, also referred to as a Beutler-Fano line shape, which is
described by a q-parameter, indicating the degree of asymmetry
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4.3. Predissociation in the D1Πu state

q =
< ϕDv′ |TDX(R)|ϕXv′′ >

πV < ϕB′ǫ|TB′X(R)|ϕXv′′ >
(4.1)

In this formula the nominator stands for the transition dipole matrix element
(T (R) being the R-dependent transition dipole moment) for excitation from
the ground state X1Σ+

g to the excited state, in the present case a certain ro-
vibrational level in the D1Πu state [113]. The denominator contains the matrix
element for excitation to the continuum channel, which is in the present spe-
cific case represented by the B′1Σ+

u state. V represents the interaction matrix
element between the two excited channels: discrete and continuum, in this case
the D and B′ states signifying the coupling of the bound state with the con-
tinuum. The matrix element for the rotational coupling operator, H , yields for
the interaction matrix element [25, 114]

V = 〈ϕB′ε|H |ϕDv′〉 ∝
√

J(J + 1) (4.2)

hence the Fano q parameter is inversely proportional to rotation. The predis-
sociation widths Γ are related to the square of the interaction matrix element

Γ = 2πV 2 (4.3)

also exhibiting a rotational dependence proportional to J(J + 1).
Various theoretical calculations of the widths of the Π+ parity components of
the D1Πu states surfaced in the early seventies by Julienne[23] and Fiquet-
Fayard and Gallais[101], showing that the predissociation in the D1Π+

u state
must indeed be attributed to an interaction with the B′1Σ+

u continuum. Ini-
tially the two calculations were in disagreement with one another until a missing
factor of 4 was discovered in the calculation by Julienne [24]. The two theoret-
ical studies were still in disagreement with the measured values of Comes and
Shumpe[20] by roughly 25 percent. The experimental widths varied in a way
not predicted by theory. Further measurements using the J dependence of q, Γ
and of the intensities by Glass-Maujean et al.[25] gave a far better agreement
with Julienne’s [23] and Fiquet-Fayard and Gallais’s [101] values for v = 3− 5
but still disagreed by roughly 25% for v = 7− 11.
The accuracy of the theoretical modelling of the predissociative widths is de-
termined mainly by the accuracy of the potential curves used. The coupling
to the B and C states does not have an effect on the predissociative widths
but does play a role in the H(2s)/(H(2s)+H(2p)) branching ratio. The cou-
pling to the B state was included in the calculations by Borondo et al.[115] in
their calculation of the branching ratio. Beswick and Glass-Maujean [102] con-
ducted further studies on this topic including the predissociation of the D state.
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Figure 4.3 – Detail spectral recording of the D−X (v, 0) bands for v = 0, 4, 5, 8
and 10. The (0,0) band is below the second dissociation limit and is not pre-
dissociated; this serves to illustrate the limiting resolution of the spectrometer.
The R(0) transition of the (8,0) band is blended by the R(0) transition from the
6pσ v = 3 Rydberg series marked with a star. The line marked with a † is 9pσ
v = 2 R(1) transition. For the v = 4, 5 and 10 bands the final representation
of a Fano-profile as following from the deconvolution procedure is also shown.
These are the functional forms represented by the q and Γ parameters as listed
in Table. 4.1 and Fig. 4.6.

.
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Line shapes were obtained from solving the appropriate coupled Schrödinger
equation, yielding values for the predissociative widths and q-parameters. In a
study by Mruga la [116] the shifts between Π− and Π+ levels were calculated.
Mruga la benefited from the accurate ab initio calculations of the D−B′, D−B,
D − C and D −D′ couplings together with improved potential energy curves
for the B,B′, C,D and D′ states [117]. All non-adiabatic interactions between
the D, B and B′ state were included within the close-coupling approach.
A multi-channel-quantum-defect (MQDT) approach was followed by Gao et
al.[112] In the frame work used the interactions between the D,B′ and C
states were included in a noniterative eigenchannel R-matrix approach. The
effect of ionization was thought to be small in comparison to predissociation
and was not included in the calculation. Furthermore the B state interaction
was neglected because of weak coupling to the D state. The calculation yields
widths for the J = 2 level of the D state which closely match the experimental
values observed by Glass-Maujean and co-workers [25].
The Π− parity components of the 3pπD1Πu state, probed in Q-transitions,
undergo only very weak predissociation, for which coupling to the lower lying
2pπ C1Πu is the only symmetry-allowed possibility. The effect of this homo-
geneous perturbation in terms of predissocation widths of the Q(1) transitions
was calculated by Glass-Maujean et al. [109]. An MQDT analysis produced line
positions and intensities for the Q(J) (J = 1− 4) absorption transitions [118].
In MQDT calculations all the interactions of the npπ1Π−

u states were included
and not only the C and D′ states. The results of these calculations were
consistent with observations of Lyman-α fluorescence and visible molecular
fluorescence[109, 118].

4.4 Experimental Results and Discussion

The vacuum ultraviolet Fourier-Transform spectra show the features of the
D1Πu−X

1Σ+
g (v, 0) bands for H2 up to v = 17, which is the uppermost bound

vibrational level in this potential. Fig. 4.3 displays detail recordings of some of
the regions with pronounced D−X features. In order to retrieve these spectra
the bell-shaped background continuum of the undulator profiles as shown in
Fig. 4.2, were transformed into a flat continuum by fitting the background with
a Gaussian function. The measurement window was divided through by the
Gaussian fit resulting in a flat background. In a second step the Beer-Lambert
absorption depth was linearized, and the scale inverted to arrive at the spectra
depicted in Fig. 4.3. The spectrum of Fig. 4.3(a) shows the unpredissociated
D − X (0, 0) band; hence these lines represent the limiting resolution of the
spectral method. The widths of ∼ 0.7 cm−1 are a result of Doppler broadening
(0.6 cm−1 for H2 at 100 K) and the instrumental width of 0.35 cm−1 from the
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settings of the FT-instrument.
The uncertainties in the line positions are governed by the signal to noise ratio,
the width of the transition and the number of points that the transition consists
of [119]. When all systematic effects [29] of the FT spectrometer are taken into
account the accuracy is limited to 0.03 cm−1. The so-called p parameter [31],
connected to an interferometric setup with a HeNe reference laser controlling
the path length travel, is adjusted depending on the operational wavelength
regime. It was discovered that the changing of this parameter induces small
systematic effects on the wavelength calibration [29]. In the present study these
effects were not accounted for and so a conservative estimate of the statistical
deviation in the line positions for the unpredissociated lines (v = 0−2) and the
Π− components is 0.06 cm−1. For the broad Π+ components the uncertainty
is in the range of 0.3 cm−1, while for the blended bands (7,0), (8,0) and (9,0)
the uncertainty increases to 0.6 cm−1.

Spectroscopy

The transition energies resulting from the combined set of spectra are listed in
Table 4.1. The corresponding level energies are available via the EPAPS data
depository of the American Institute of Physics [120]. Various line shape fitting
methods were employed to derive the line positions; for the asymmetric Fano
line shapes the true transition frequency was derived from the deconvolution
procedure explained in section 4.4.
The assignment of the unpredissociated lines derives straightforwardly from
the accurate emission data[96, 50], while for higher lying levels for the D1Π−

u

components the multichannel quantum defect calculations[118] are a guidance.
For the transitions to the 1Π+ components of v = 14− 17 that information is
lacking. These levels were identified starting with the 1Π− components [96, 118]
and setting the Λ-doubling to zero. Where lines appear to be blended the as-
signments and analysis was aided by the dissociation spectra. In particular the
R(1) line of the (14,0) band was obscured by a particularly strong, unidenti-
fied transition. As shown in Fig. 4.4 this feature could not have been assigned
properly without the aid of the dissociation spectrum.
Other lines analyzed in the dissociation spectrum are the R(0) and R(1) lines
in the (16, 0) band and the R(1) line in the (17, 0) band. These transitions
were rather weak in the FT-absorption spectrum but appeared clearly in the
dissociation spectrum. Due to the lower resolution of the spectrometer at
BESSY and to the higher temperature of the gas, the uncertainty of the position
for these measurements is slightly better than 1 cm−1.
Several additional problems determining accurate line positions and line pa-
rameters occurred. The R(1) transition in the D − X (6,0) band is blended
by a transition to the B′′ state. This presents a complication in that the lines
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Figure 4.4 – The D−X (14, 0) band of H2 displaying the R(0), R(1) and Q(1)
lines recorded by various methods. (a) The high resolution absorption spectrum
recorded with the Fourier-transform setup at SOLEIL; (b) The absorption spec-
trum recorded with the 10 m normal incidence scanning monochromator at room
temperature; (c) The photoionization spectrum; (d) The spectrum recorded by
detection of Lyman-α photons originating from the dissociation fragments; (e)
The fluorescence from the H2 D state decaying to high-lying levels of g symme-
try in the molecule, with cascades from these g states to the B state [98]. Note
that the intensities in spectra (b-d) represent absolute cross sections. Spectra
(b-e) were obtained at BESSY.
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are blended in both the absorption and dissociation spectra since both states
predissociate. In this case the blending with the R(0) transition in the B′′−X
(4,0) band is such that no data could be extracted. Similarly the R(1) transi-
tion in the D −X (7,0) band is blended by the R(1) transition in the B′′ −X
(5,0) band [111] and by the Q(1) transition of the D′ −X (4,0) band [93]; no
data on the predissociated widths could be extracted. The position specified in
Table 4.1 are those from the deconvoluted fit. Due to the relatively small shift
of the line position [112] -2.7 cm−1 (from the interaction with the continuum),
we believe that the fit does provide the true line centre. The R(0) transition
of the (7,0) band is blended by a R(0) transition from the 5pσ v = 3 Rydberg
series [94], position and widths were determined by deconvolving with the over-
lapping line. The R(0) transition in the (8,0) band is blended with an R(0)
transition from the 6pσ (v = 3) Rydberg series[121]. Again a fit was achieved
from which an overlapping line was deconvolved, this is shown in Fig. 4.3(d).
The (9,0) band was superimposed upon three different Rydberg series [121]
(17pπ v = 2, 22pσ v = 2, 7pπ v = 3); line positions and widths for R(0) and
R(1) were determined by deconvolution.
The transitions of the first three unpredissociated bands v = 0 − 2 were com-
pared to the measurements of Bailly et al. [50] which are accurate to 0.005 cm−1

for the D system. The comparison is good with an average deviation of −0.03
cm−1 thus demonstrating the high absolute accuracy of the FT instrument.
The fitted positions of the Π− states were compared with the measurements of
Abgrall et al. [96] for v = 3−14 which we consider to be accurate to within 0.1
cm−1. The overall agreement between these Q lines is better than 0.1 cm−1

except for v = 14.
We compare to the measurements of Glass-Maujean et al. [108] for the Π−

components probing Q(1) transitions for v = 15 − 17 in Table 4.1. There
appears to be a discrepancy between our measurements and those compiled
by Glass-Maujean et al.[108] for the last three bands, (15,0) (16,0) and (17,0)
yet this is still within the experimental uncertainty of 6 cm−1for that specific
experimental configuration. In a later publication these measurements were
compared to a MQDT calculation [118] and discrepancies in the order of 5
cm−1 were found for these three bands once again within the experimental
uncertainty. The present measurements side with the MQDT calculations and
the comparison can be found in Table 4.1. The comparison is suggestive of
an accuracy better than 1 cm−1 thus confirming the high accuracy of these
calculations.
For the Π+ components the present measurements were compared to those of
Takezawa [93] for v = 3 − 11. Deviations amount to several 0.1 cm−1 due to
the lower accuracy in the classical absorption study, where no Fano analysis
was conducted and no pressure corrections were made [93]. One exception was
the R(0) transition in the (7,0) band where a deviation of more than 11 cm−1
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Figure 4.5 – Values of the Λ doubling for the D1Πu J = 1 levels as a function
of vibrational quantum number. The sign is such that Π+ or Π(e) levels are
higher than Π− or Π(f) levels. The values of the Λ doubling for v = 7 and 8
have been omitted due to blending of the R(0) and Q(1) transitions.

was found, we attribute this to either a misassignment or a typo and therefore
compare to the data of Herzberg and Jungen [94]. Lines in bands (12,0) and
(13,0) were compared to the measurements of Coman and McCormack [107].
The discrepancies of order cm−1 indicate that these laser-based data were not
calibrated on an absolute scale.

Λ-Doubling

In Fig. 4.5 the splitting between different Π+ and Π− parity levels for the
J = 1 level have been plotted as detected from the current measurements. This
involves adding the ground state energy difference between rotational levels J =
0 and 1 to the Q(1) transitions and subtracting this from the R(0) transitions
(the ground state rotational energy splitting of 118.486 cm−1 was taken from
the accurate calculations of Wolniewicz[7]). Values for this Λ-doubling have
been plotted for each vibration up to v = 17. The two “accidents” v = 13 and
v = 17 could be due to local couplings.
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4. The D1Πu state of H2

Table 4.1 – Table of transition energies in cm−1 and predissociated linewidths
Γ in cm−1 for the measured transitions in the D1Πu − X1Σ+

g (v, 0) system
of H2. The widths measured for the unpredissociated levels v = 0 − 2 and
the Q(1) transitions are limited by the Doppler broadening and therefore not
specified in the table. ∆ represents deviations between present values minus
previously published data. For excited states v = 0 − 2 comparison was made
with Bailly et al.[50] For the Π+ components in v = 3 − 11 comparison was
made with Takezawa [93]. For v = 12 and 13 we compare to Croman and Mc-
Cormack [107] and for the remaining bands the measurements of Soleil were
compared to those from BESSY. The Π− components of v = 3−14 are compared
with the measurements of Abgrall et al.[96] and for v = 15− 17 we compare to
Glass Maujean et al.[108] ∆M represents a comparison with the MQDT calcu-
lations of Glass-Maujean and Jungen [118]; these calculations are available for
the Q(1) transitions only.

Transition Freq. ∆ Γ ∆M Transition Freq. ∆ Γ ∆M

D −X(0, 0) D −X(1, 0)
Q(1) 112 813.14 -0.03 — -0.39 Q(1) 115 035.88 -0.04 — -0.54
R(0) 112 935.25 -0.03 — — R(0) 115 155.80 -0.01 — —
R(1) 112 941.20 0.03 — — R(1) 115 151.14 -0.02 — —

D −X(2, 0) D −X(3, 0)
Q(1) 117 129.34 -0.04 — -0.67 Q(1)s 119 097.37 0.02 — -0.65
R(0) 117 251.64 -0.07 — — R(0) 119 217.99 0.39 4.94 —
R(1) 117 244.82 -0.02 — — R(1) 119 203.60 1.6 13.72 —

D −X(4, 0) D −X(5, 0)
Q(1)s 120 942.76 0.05 — -0.7 Q(1)s 122 667.75 0.06 — -0.76
R(0) 121 063.05 0.65 4.40 — R(0) 122 787.94 0.54 4.25 —
R(1) 121 042.48 0.48 14.22 — R(1) 122 760.86 0.16 14.30 —

D −X(6, 0) D −X(7, 0)
Q(1) 124 273.90 0.03 — -0.71 Q(1)b 125 759.85 0.03 — -0.59
R(0) 124 393.75 0.15 3.58 — R(0)a,b 125 877.03 0.43 3.60 —
R(1)b — — — — R(1)b 125 841.35 0.55 — —

D −X(8, 0) D −X(9, 0)
Q(1) 127 129.23 0.09 — -0.57 Q(1) 128 377.38 -0.07 — -0.44
R(0)b 127 246.84 -1.66 3.42 — R(0)b 128 496.54 0.34 3.71 —
R(1) 127 201.15 -1.35 11.63 — R(1)b 128 444.94 0.04 9.17 —

D −X(10, 0) D −X(11, 0)
Q(1) 129 502.50 0.13 — -0.21 Q(1) 130 499.61 0.09 — 0.05
R(0) 129 621.43 -0.07 3.61 — R(0) 130 618.52 -3.18 3.85 —
R(1) 129 563.49 0.79 9.27 — R(1) 130 554.15 -0.45 10.27 —

D −X(12, 0) D −X(13, 0)
Q(1) 131 366.00 0.10 — 0.21 Q(1) 132 093.33 -0.11 — -0.29
R(0) 131 484.50 -0.77 1.93 — R(0) 132 212.33 1.96 2.44 —
R(1) 131 414.00 -0.76 9.67 — R(1) 132 134.47 -2.04 4.09 —

continued on next page
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Transition Freq. ∆ Γ ∆M Transition Freq. ∆ Γ ∆M

D −X(14, 0) D −X(15, 0)
Q(1) 132 673.74 0.49 — -0.67 Q(1) 133 100.81 -7.13 — -0.78
R(0) 132 792.37 -0.76 2.15 — R(0) 133 219.34 0.49 1.12 —
R(1)b,d132 706.89 — 4.82 — R(1) 133 124.96 0.17 3.30 —

D −X(16, 0) D −X(17, 0)
Q(1) 133 366.45 -6.01 — -0.67 Q(1) 133 468.31 -5.44 — 0.17
R(0)d 133 484.59 — 2.33 — R(0) 133 587.77 -0.27 0.38 —
R(1)b,d133 381.11 — 2.51 — R(1)d 133 472.62 — 1.35 —

a Compared with the data of Herzberg and Jungen [94]
b Blended in the absorption spectra
s Slightly saturated
d Data from dissociation spectra

The lowest three bound states of the D system are subject to strong perturba-
tions from the last few bound levels of the B′ system [91, 96]. This explains the
“accidental” behavior seen for the Λ-doubling in v = 1 and 2 in Fig. 4.5 and
the reversal between the R(0) and R(1) lines in Fig. 4.3(a). The Λ-doubling
turns into a smooth decaying function from v ≥ 3 toward high v. We postulate
that the Λ-doubling is due to the interaction between the discrete D states
and the summed contribution of low-lying discrete levels in the B′ state and
the B′ continuum. Hence, the physical origin of the Λ-doubling is connected
to that of the origin of the predissociation of the D-state (discussed below).
Both phenomena become weaker toward high vibrational levels, due to reduced
vibrational wave function overlap between D and B′ levels. The present data
shows excellent agreement with calculations for the Λ-doubling for vibrational
levels [104, 116] v = 0− 6.

Predissociation analysis

Initially a two component fit of the data in q and Γ was made with a Fano
function. The contribution of the instrument and Doppler width (Gaussian
∼0.7 cm−1) was deconvolved from the observed line shapes with a triangular.
In principle a Fano convolved Gaussian is warranted but there is no closed
expression for this convolution and it has been demonstrated that the differ-
ence between the closed expression for a Fano convolved triangular and the
numerical solution for a Fano convoluted Gaussian[122] is less than 4%.
The extracted q parameters for the R(1) transitions are shown in Fig. 4.6.
Determination of the q parameter is complicated due to two reasons: Firstly
the noise on the spectrum and secondly imparting a resolution condition on two
superimposed Fano functions. In Fig. 4.7 this is illustrated for the specific case
of the D−X (3,0) band, where a rather accurate value of q = −5.90± 0.55 is
derived in a two component fit optimizing for q and Γ. In the figure we compare
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Figure 4.6 – The fitted q parameters for the R(1) transitions compared with
the measured values of Glass-Maujean et al.[25] and the calculated values of
Beswick and Glass-Maujean [102] and Mruga la [116]. Overlapping values have
been slightly offset along the x-axis to make the error bars clearly visible.

the two component fit to a one component fit of Γ only. The fit is insensitive to a
variation in q, while there is very little correlation between the two parameters.
This is most clear for the R(0) transition where the q parameter has doubled
yet the width changes by just over 0.1 cm−1. Due to the broad, asymmetric
nature it is difficult to address how far these lines are resolved. This may lead
to an erroneous determination of the q parameter. To compare this to the ideal
case, the R(1) transition for v = 10 is clearly resolved with good signal to noise
ratio (see Fig. 4.3(e)). The resulting q parameter determined is −8.50± 0.08
which compares well to the calculated value expected to be close to −9. In
order to obtain the Γ parameters specified in Table 4.1 the q parameters were
fixed for the R(0) and R(1) transitions to the calculated v dependent values
[116] for v = 3 − 5. For the remaining vibrations v = 8 − 17 values of −19.55
for R(0) transitions and −9.3 for the R(1) transitions were used [116].
The results for the widths of the J = 1 levels are displayed in Fig. 4.8. To
our knowledge there is no MQDT calculation for J = 1 levels and measured
values are lacking still. The model of Julienne [23], after applying the necessary
corrections [101], reproduces the overall decrease in the predissociation widths,
but fails to cover some of the details, although deviations are not significant
in all cases. It is the first time that the widths of the J = 1 level series are
determined, except for v = 12 and 13 determined previously by Croman and
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Figure 4.7 – FT-spectrum of the D −X (3,0) band of H2 with a comparison
between the two component fit of q and Γ and a one component fit of Γ only.
The resulting values of the parameters for the two component fit were: q =
−5.90±0.55 and Γ = 12.7±1.1 cm−1 for R(1), q = −43±35 and Γ = 5.10±0.26
cm−1 for R(0). In a one component fit fixing q parameters to those obtained
by theory [116] yields: Γ = 13.6± 1.0 cm−1 for R(1) and Γ = 4.97± 0.26 cm−1

for R(0).

McCormack [107]. The present data are in agreement with the calculations of
Julienne [23], after multiplication by a factor of 4, for v = 3−5, and for higher v
values in much better agreement than those of Croman and McCormack [107].
The present data in the predissociated linewidth parameter Γ for J = 2 are
displayed in Fig. 4.9 and are in good agreement with previous observations,
in particular with those of Glass-Maujean et al.[25] extending to v = 11 and
Dehmer and Chupka [105] for v = 8 and 9. The value at v = 12 is in agreement
with that of Croman and McCormack [107], while the value for v = 13 deviates,
similarly as both values for J = 1 in Fig. 4.8. Apart from the latter the present
data and most reliable previous data produce an overall trend of smoothly
decreasing predissociating widths Γ toward high vibrational levels. This trend
is reproduced by calculations in different frameworks [23, 112], and is also
consistent with observations on the Λ-doubling (see Fig. 4.5).
The data suggest a slight increase of predissociation at v = 11, an effect that
was hypothesized by Glass-Maujean et al.[25] and later by Gao et al.[112] as
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4. The D1Πu state of H2

resulting from a contribution by an additional predissociation channel, the
B′′B̄ double well potential [123] intersecting the D state near 5.5 a.u. as
shown in Fig. 4.1. It is noted that the B′′B̄ state is bound at this energy but
predissociates due to the same B′ continuum. Interference between the two
dissociation paths may affect the rate of predissociation in the D state. Future
MQDT calculations may elucidate whether this phenomenon indeed occurs at
v = 11. Also such calculations may explain the observed values for Γ in the
range v = 13− 17.

4.5 Conclusion

The superior resolution of the novel XUV Fourier-transform instrument is ap-
plied for a reinvestigation of the D−X absorption system in H2. This system
is a benchmark system for the study of predissociation in diatomic molecules
with the special feature of pronounced Fano-type line shapes. In H2, the small-
est neutral molecular system, the widths and q-asymmetry parameters can be
calculated in various first principles schemes to be compared at a high level
of accuracy to experiment. The presently measured transition frequencies are
the most accurate and signify an order of magnitude improvement in accuracy
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Figure 4.8 – The deduced values of the predissociated widths Γ for the J = 1
level compared with other measured and calculated values currently available in
the literature. The calculations of Julienne [23] have been multiplied by a factor
of 4 to correct for an error as specified by Fiquet-Fayard and Gallais [24].
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over previous studies [92, 93, 20]. The data are extended up to the highest
v = 17 vibrational level in the D1Πu state. The FT spectrometer has a far
better resolution than that obtained by scanning monochromators but with
the measurement limited to direct absorption only it cannot provide all the
information of the interaction between light and molecules. In this way the
combination of the two experimental techniques, the FT absorption spectrum
from SOLEIL and the scanning monochromator measurements from BESSYII,
are complimentary. This leads to an almost complete characterization of the
molecular state.
The extracted predissociation widths are found to decrease up to v = 10 as
expected from theory, with indication of a possible sudden increase in Γ at v =
11, which might be explained by the opening up of an additional predissociation
channel associated with the B′′B̄ double well state. The smooth development
of a decreasing Λ-doubling in the D1Πu state toward higher vibrational levels
is consistent with the decrease in the predissociation rates and in excellent
agreement with calculation [104, 116] for v = 0 − 6; both phenomena have
their origin in overlap with the B′1Σ+

u state. The positions of the D1Π−

u levels
are measured to an accuracy of 0.06 cm−1, which is the most accurate to date.
These data compare extremely well to previously calculated positions within
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the MQDT-framework [118] suggesting an accuracy better than 1 cm−1 and
providing further proof for its suitability for the modelling of such complex
molecular processes at very high excitation energy in the molecule.
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CHAPTER 5
VUV spectroscopic study of the D1

Πu

state of molecular deuterium

Published as Molecular Physics 109, 2693, 2011

The D1Πu - X1Σ+
g absorption system of molecular deuterium has been re-

investigated using the VUV Fourier -Transform (FT) spectrometer at the DE-
SIRS beamline of the synchrotron SOLEIL and photon-induced fluorescence
spectrometry (PIFS) using the 10 m normal incidence monochromator at the
synchrotron BESSY II. Using the FT spectrometer absorption spectra in the
range 72 - 82 nm were recorded in quasi static gas at 100 K and in a free
flowing jet at a spectroscopic resolution of 0.50 and 0.20 cm−1 respectively.
The narrow Q-branch transitions, probing states of Π− symmetry, were ob-
served up to vibrational level v = 22. The states of Π+ symmetry, known to be
broadened due to predissociation and giving rise to asymmetric Beutler-Fano
resonances, were studied up to v = 18. The 10 m normal incidence beamline
setup at BESSY II was used to simultaneously record absorption, dissociation,
ionization and fluorescence decay channels from which information on the line
intensities, predissociated widths, and Fano q-parameters were extracted. R-
branch transitions were observed up to v = 23 for J = 1-3 as well as several
transitions for J = 4 and 5 up to v = 22 and 18 respectively. The Q-branch
transitions are found to weakly predissociate and were observed from v = 8 to
the final vibrational level of the state v = 23. The spectroscopic study is sup-
ported by two theoretical frameworks. Results on the Π− symmetry states are
compared to ab initio multi-channel-quantum defect theory (MQDT) calcula-
tions, demonstrating that these calculations are accurate to within 0.5 cm−1.
Furthermore, the calculated line intensities of Q-lines agree well with measured
values. For the states of Π+ symmetry a perturbative model based on a single
bound state interacting with a predissociation continuum was explored, yielding
good agreement for predissociation widths, Fano q-parameters and line intensi-
ties.
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5. The D1Πu state of D2

5.1 Introduction

As the simplest neutral molecule hydrogen plays an important role as a test-
ing ground for fundamental quantum theory calculations. The extension to
molecular deuterium provides information on mass-dependent effects in the
molecular level structure. In particular the D1Π+

u state of molecular hydrogen
is known to predissociate and is the benchmark case of this phenomenon in
neutral molecules. The investigation on this predissociation phenomenon for
H2 [124] in chapter 4 is now extended to D2. Spectral measurements of D2 also
have practical applications; D2 has been detected in its excited state in cold
regions of tokamaks and plays a role in radiative losses in fusion plasmas [125].
The first predissociated level in the D1Π+

u state is v = 4; for v ≤ 3 levels, lying
below the n = 2 dissociation threshold, a sequence of sharp resonances is found.
Beutler and coworkers were the first to observe this in the D1Π+

u - X1Σ+
g system

in D2 (and in H2, for which v = 3 is the first predissociated level) and correctly
assigned the sequence of vibrational levels up to v = 7 [18]. Higher resolution
studies, conducted by Monfils [92], confirmed these vibrational assignments
and extended them up to v = 15 and to high rotational states (J up to 9), for
both Π+ and Π− parity components.
The first study of the predissociated lineshapes, based on the theory of Fano [21,
22] for H2 and D2 was reported by Comes and Schumpe [20]. Calculations
by Fiquet-Fayard and Gallais and Jullienne [101, 23] were performed in the
early seventies. A discrepancy between experiment and theory concerning the
predissociated widths for H2 was resolved by Fiquet-Fayard and Gallais [24].
Further classical absorption studies conducted on the predissociated widths
of D2 were made by Dehmer and Chupka [105]. Laser based studies were
conducted by Rothschild et al. [106], employing a laser with bandwidth 0.005
cm−1 yielding accurate information on the predissociated widths for the D1Π+

u

v = 5 state.
The Π−

u symmetry components of the D1Πu system has been studied by emis-
sion in the VUV range by Larzillière et al. [126] for excited state vibrations
v = 5− 12. An atlas of the visible emission measurements of G.H. Dieke con-
taining over 27 488 lines of deuterium was compiled by Freund et al. [127]; in
it level energies for Π+ parity components of the D1Πu state were determined
for the unpredissociated levels v = 0− 3 while the Π− parity components were
listed up to v = 12. More recently, improved, highly accurate emission studies,
again in the VUV range, were conducted by Roudjane et al. [128], in which
level energies for the Π− states were determined up until v = 19 at an accuracy
of 0.3 cm−1.
We present extensive measurements on the D1Πu state of D2 using both the
FT-spectrometer located on the DESIRS beamline of the synchrotron SOLEIL
and a setup for combined absorption, ionization yield and fluorescence mea-
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surements [129] located on the U125/2 undulator beamline of the synchrotron
BESSY II. The two experimental techniques are complementary and an anal-
ysis of both yields an almost complete characterization of the D1Πu state of
D2. The FT-spectrometer extends the technique of FT spectroscopy down
to vacuum ultraviolet wavelengths of 40 nm without the use of a beam split-
ter [31, 32]. Line positions and widths were determined for the predissociated
Π+ components up to v = 18 for J = 1 and 2 and for the Π− components
line positions were determined up to vibrational level v = 22 for J = 1, to an
accuracy of 0.06 cm−1.
The setup at BESSY II has the capability of measuring simultaneously absorp-
tion, dissociation, ionization and molecular fluorescence, even to the extent
to unravel the competing decay channels and to derive absolute cross sections.
After studies in H2 [109, 130] now the D1Πu state of D2 has been investigated.
Predissociated widths were extracted from these measurements and compared
to those from the absorption data taken at SOLEIL for J = 1 and 2 for
v = 8 − 18. Furthermore predissociated widths, intensities and q-parameters
for transitions probing rotational levels J = 3, 4 and 5 were extracted from
these spectra and compared to theory. For the Π− components line intensities
were determined up to vibrational level v = 18 for J = 1 − 4 and up to 22 for
J = 2. In addition the line positions were obtained up to the last vibrational
level v = 23.
Two different theoretical approaches are adopted to interpret the experimen-
tal results. For levels of Π+ symmetry, line widths and shapes are calculated
applying Fanos perturbative method for a single bound state interacting with
a single continuum [21, 22] . This calculation has the same starting point as
the ones by Fiquet-Fayard and Gallais [101] and Jullienne [23], focussing on
the predissociated widths of the D1Π+ components, but extended to D2 and
using updated ab-initio potentials and coupling functions [131]. The predisso-
ciated widths, Fano-q-parameters and intensities have been calculated for the
R-branch of the D−X system up to v = 23 for J = 1−5 using this perturbative
calculation.
For the narrow resonances probing the Π− levels calculations are performed
in a more refined multi-channel quantum defect (MQDT) approach, including
non-adiabatic interactions. This model, originally developed by Jungen and
Atabek [104], was recently worked out in detail to interpret intensities for Q-
branch lines in the D −X system of H2 and D2 [118, 108, 132]. Subsequently
this model was used to interpret the competing decay channels (fluorescence,
dissociation and ionization) in the D1Π−

u state of H2 [109, 130].
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5.2 Experimental Setup

The absorption measurements analysed here, taken with the FT-spectrometer,
were recorded in two different configurations of the interaction chamber, a win-
dowless cell-configuration and a free jet-configuration. Only the most impor-
tant aspects are highlighted. For a detailed description of the FT-spectrometer
we refer to Refs. [31, 29, 32]. For the broad, predissociated transitions (v > 4)
the cell-configuration was used. The synchrotron radiation passes through a
cell of quasi-static D2, approximately 10 cm long, before entering the FT-
spectrometer. The cell is enclosed by a cylinder through which liquid nitrogen
is allowed to flow. This cools the cell down to approximately 100 K, reducing
the Doppler width and making the spectra less congested. The time constraints
of a synchrotron run requires a compromise between the signal to noise ratio,
the targeted resolution and the spectral window. Considering the expected
Doppler broadening at 100 K (∼0.44 cm−1), the resolution linewidth of the
spectrometer was set to 0.35 cm−1.
A molecular jet-configuration, operated continuously, was used to measure the
narrow unpredissociated R-branch transitions (v ≤ 3) and several Q-branch
transitions (v ≤ 7). The synchrotron radiation passes through a free-flowing jet
of D2 thus reducing Doppler broadening. For this particular configuration, the
FTS resolution was set to 0.16 cm−1. Due to insufficient differential pumping
efficiency, the remaining room-temperature background gas contributes as a
broad pedestal underlying the narrow Doppler-free feature of the line shape.
The narrow feature at a spectral width of 0.2 cm−1 is deconvolved from this
composite line shape and used for calibrating the resonances.
The bell-shaped output of the undulator radiation at the DESIRS beamline
of the synchrotron SOLEIL, illustrated in Fig. 5.1, spans approximately 5000
cm−1. The measurements were split into four overlapping windows spanning
115 000 - 134 000 cm−1. Each window, averaged over 100 interferograms taking
approximately 2 hours to accumulate, was measured at several pressures with
the aim of recording all lines under unsaturated conditions.
The spectra recorded at the BESSY II Synchrotron in Berlin were measured
with a 10 m normal incidence monochromator at the undulator beamline
U125/2 equipped with a 4800 lines/mm grating yielding a spectral resolution
of 1.6-2.5 cm−1 [111]. The differentially-pumped absorption cell is 39 mm long
and contains 26.7 µbar of D2 at room temperature. The transmitted light in-
tensity needed for determining the absorption cross section was detected by a
photodiode located at the back of the cell. Molecular visible fluorescence and
Ly-α fluorescence radiation from the D(n = 2) atomic fragments were recorded
with a visible sensitive detector and a VUV photomultiplier respectively [109].
Both detectors are placed at the magic angle with respect to the polarization
direction of the incident light, thereby avoiding any polarization effects. In
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Figure 5.1 – A typical undulator output profile of the DESIRS beamline of
the synchrotron SOLEIL. Several absorption bands of the D1Πu - X1Σ+

g (v′, 0)
state are indicated.

addition, photoions were collected by applying a voltage of 10 V to one of two
electrodes in the target cell [109]. All spectra were recorded simultaneously as
a function of incident photon energy, while the measurements cover the range
124 000 - 136 000 cm−1. The setup and measurement procedures have been
refined to extract the yields of the competing decay channels; fluorescence,
dissociation and ionization [130]. An analysis of the dissociation excitation
spectrum, henceforth referred to as the Ly−α spectrum, yields information on
intensities, predissociated widths and Fano q-parameters of the transitions to
the D1Π+

u state of D2.
Figure 5.2 shows a comparison between the FT absorption spectra (obtained
at SOLEIL) and the absorption, Ly-α, fluorescence, ionization and difference
spectra (see section 5.4) recorded at BESSY II over ∼500 cm−1. The figure
illustrates the advantages of the two experimental techniques. The FT absorp-
tion spectrum has superior resolution which allows for an accurate determina-
tion of the line positions, whereas the spectra recorded with the monochromator
are measured on a zero background, thus facilitating the profile analysis. It
should be emphasised that the base lines of the Ly-α and ionization spectra are
not the noise level but are due to the dissociation and ionization continua re-
spectively. Furthermore the spectra at BESSY II yield information on absolute
cross sections and on rates of competing decay channels.
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Figure 5.2 – A portion of the measured spectra analysed in the present study.
The FT absorption spectrum measured at SOLEIL, presented at the top, com-
pared to the spectra measured at BESSY II (absorption, Ly-α, fluorescence,
ionization and difference). The y-axis of the FT absorption spectrum and fluo-
rescence spectrum have arbitrary units whereas for the absorption, Ly-α, ioniza-
tion and difference spectrum the y-axis represents cross section measurements
in cm2. Different aspects of the line profiles are extracted from the different
spectra (see text for details). The R(0),R(1),Q(1) and R(2) transitions of the
(9,0) band are indicated.
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5.3. Theory

5.3 Theory

Perturbative Calculations for the D1Π+
u levels

The theoretical approach for the calculation of the D1Π+
u levels is based upon

Fano’s description of a bound state interacting with a continuum [21, 22].
Fiquet-Fayard and Gallais [101] have taken this approach before. These cal-
culations have been improved by including new accurate D and B′ potentials,
transition moments and coupling functions [131]. We provide a brief descrip-
tion of the details of the calculation.
The strong Coriolis coupling to the continuum of the B′1Σ+

u state is the dom-
inant cause of the predissociation in the D1Π+

u levels [17, 23, 101] while the
continuum of the C1Πu state contributes only marginally to the predissociation.
D1Π− levels do not couple to the B′1Σ+

u continuum due to symmetry reasons.
They do however predissociate very slightly as a direct consequence of the cou-
pling to the C1Π−

u continuum [130, 109]. The potential energy curves [95] for
the aforementioned electronic states are illustrated in Fig. 5.3 along with the
curve of the B′′B̄1Σ+

u state [123], which is also predissociated due to a coupling
to the B′ state [108].
The predissociation produces typical Beutler-Fano resonances which have the
form

(q + ǫ)2

1 + ǫ2
(5.1)

where

ǫ =
E − E0

Γv
(5.2)

and q describes the asymmetry in the absorption profile induced by the pre-
dissociation,

q =
< ϕDv′ |TDX(R)|ϕXv′′ >

πV < ϕB′ǫ|TB′X(R)|ϕXv′′ >
(5.3)

with transition strength matrix elements in the nominator (discrete state exci-
tation) and denominator (continuum excitation) and

V = 〈ϕB′ε|H(R)|ϕDv′ 〉 (5.4)

representing the interaction matrix element between the discrete D state and
the B′ continuum. The operator H(R) is:

H(R) =
m

µ

√

J(J + 1)

2

< ψB′ |L+|ψD >

R2
(5.5)

77
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Figure 5.3 – The potential energy curves of the relevant excited electronic
states [95]. The vibrational levels in the 3pπD1Πu state are indicated as well
as the ionization potential for D2 [42].

where m is the mass of the electron, µ is the reduced mass of the molecule,
J is the rotational quantum number (excited state) and ψB′ and ψD are the
electronic wave functions of the B′ and D states respectively [133]. The widths
Γv derive from lifetime shortening due to predissociation and are related to the
D-B′ interaction through the square of the interaction matrix element:

Γv = 2πV 2 ∝ J(J + 1) (5.6)

From Eq.(5.5) it follows that the predissociation widths scale with µ−2, result-
ing in smaller values for D2 compared to H2 by a factor 4. The eigenfunctions
used in Eq.(5.3) and (5.5) were evaluated through a Numerov integration of
the Schrödinger equation applied to the adiabatic potentials of Wolniewicz and
Staszewska [131] (D state) and Staszewska and Wolniewicz [134] (B′ state).
The (D −X) transition moment functions of Eq.(5.3) are from Ref. [131] and
the B′−X transitions moments are from Ref. [135] and the matrix element of
Eq.(5.5) is obtained from Ref. [133].
The Einstein A coefficients can be calculated from the matrix elements through
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the relation [109]:

An→v′,v′′ =
4

3

mc2

~
α5(

En − Ev′′N ′′

2Rhc
)|
〈ϕDv′ |TDX(R)|ϕXv′′ 〉

a0
|2 (5.7)

where α is the fine structure constant, m is the mass of the electron, R is the
Rydberg constant and a0 is the Bohr radius. The ratios in brackets (...) and
|...| correspond to the transition energy and the dipole transition moment in
atomic units. The integrated absorption cross sections (line intensities) for a
discrete level are related to the Einstein A coefficients (see sec. 5.4).
Hence, this perturbative approach provides the position and intensities of the
lines as well as the q and Γv line shape parameters for the Π+ symmetry
levels investigated in the present study. It is noted that the ionization channel
(occuring for levels v > 8) as well as other non-adiabatic couplings are neglected
in this approach.

Non-adiabatic MQDT calculation for D1Π−

u levels

The framework of ab-initio multichannel quantum defect (MQDT) calcula-
tions for the states of ungerade symmetry in molecular hydrogen dates back
to the pivotal paper by Jungen and Atabek [104]. Calculations focussing on
the levels of Π−

u symmetry were carried out to interpret synchrotron data of
the Q-branch lines in H2 [118]. These calculations have been extended to D2

in particular to test the MQDT for predicting line positions and intensities of
narrow super-excited states [132]. In Ref. [132], these calculations are com-
pared with calculations carried out in Ref. [128] by solving coupled differential
equations for the four electronic states B,C,D and B′, which take into account
their non-adiabatic interactions.

5.4 Experimental Results and Discussion

Accurate line positions and widths of the D−X resonances are obtained from
the FT absorption spectra by fitting the data with a model that correctly
describes the recorded convolved profiles. In a first step the bell-shaped back-
ground continuum of the undulator profile (see Fig. 5.1) of the FT absorption
measurements was fitted to a spline and divided through resulting in a flat
continuum. The transitions were then fitted with a model constructed by first
convolving the line profile (either Lorentzian for the non-predissociated states
or Beutler-Fano for the predissociated states) with a Gaussian function repre-
senting the Doppler width. The non-linearity in the absorption depth due to
the Beer-Lambert law is included in the model and finally the profile is con-
volved with the instrument function which is a sinc function. The model was
then fitted to the data using a standard least-squares optimization routine.
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5. The D1Πu state of D2

Small sections of the spectrum are depicted in Fig. 5.4 along with their corre-
sponding fit. Fig. 5.4(a) depicts two Doppler-broadened transitions from the
(3,0) band (R(2) and Q(1)) probing unpredissociated states below the second
dissociation limit recorded in the jet-configuration. In order to estimate the
spectral resolution in this configuration, each transition was fitted with two
Gaussian functions, representing the room temperature pedestal due to back-
ground gas and the narrow feature due to the jet. The width of the narrow
feature of the R(2) line, ∼ 0.21 cm−1, serves to illustrate the limiting spec-
tral resolution in the jet-configuration. Figure 5.4 (b) shows the D−X (10,0),
R(0) and R(1) transitions and the D′′−X (4,0) Q(1) and R(2) transitions [136]
recorded with the cell-configuration. The FWHM of the D′′ −X Q(2) transi-
tion, fitted with a single Gaussian function is approximately 0.5 cm−1, serves
to illustrate the limiting spectral resolution of this configuration.
FT spectra have an intrinsic calibration, providing a linear frequency scale.
A single atomic Ar line (3p)5(2P3/2)9d ← (3p)6 1S0, known to an accuracy
of 0.03 cm−1 was used as the reference line for an absolute calibration [110].
The ultimate precision of the FT-spectrometer with the present settings was
determined in a previous study [29] to be 0.04 cm−1. This precision is de-
pendent on the signal-to-noise ratio and the number of measurement points
the line shape consists of. We estimate an uncertainty of 0.06 cm−1 for the
narrow transitions in the Q branch for v = 4 − 18 and for the transitions in
the unpredissociated bands. For the slightly saturated Q-branch transitions
the uncertainty is estimated at 0.08 cm−1. For the measured predissociated
transitions probing Π+ levels v = 4− 18, J = 1, 2 the estimated uncertainty is
0.2 cm−1. For strongly blended lines (discussed in section 5.4), saturated lines
and weaker lines probing the rotational level J = 3 the uncertainty is estimated
at 0.4 cm−1.
The absolute calibration of the frequency scale of the spectra obtained at
BESSY II, is derived from the FT-VUV data obtained at SOLEIL. The lin-
earity of the frequency scale, which was recently improved by the Heydemann
correction [137], remains the main source of uncertainty on the energies of the
measured spectra. From the comparison with the FT measured positions it
can be confirmed that the uncertainty on these values is typically ± 1.0 cm−1.
The cross sections of the BESSY II absorption spectrum have been calibrated
directly, based on the known pressure and the absorption path length. In order
to evaluate the importance of the continua, certain points have been recorded
without gas at the beginning and at the end of the scanning procedure. The
sources of uncertainty in the absolute cross-section measurements (length, pres-
sure and temperature) are estimated to a total error of 6%, which has to be
added to the statistical error due to the noise at each recorded point [108]. The
Ly-α and ion detection efficiencies depend on the geometry and the detectors
used, but are independent of the wavelength. The detection efficiencies are
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Figure 5.4 – Recorded spectra (solid lines) of some D −X(v′,0) bands using
the VUV FT spectrometer at SOLEIL and the scanning monochromator at
BESSY II. (a) The R(2) and Q(1) line of the (3,0) band, as recorded in the jet
configuration of the FT spectrometer at a FWHM of 0.21 cm−1, is illustrated
along with the resulting fit (dotted line). (b) the (10,0) band, recorded with the
FT spectrometer in the 100 K static cell configuration, shows typical Beutler-
Fano line shapes due to predissociation. The unpredissociated Q(1) and R(2)
transitions of the D′′ −X (4,0) band are indicated at a FWHM of 0.52 cm−1.
(c) the (10,0) band recorded using the BESSY II scanning monochromator;
note that the two transitions overlapped with the R(0) line in the absorption
spectrum are not present here as they do not predissociate.

determined by comparing absorption and dissociation or ionization structures
in the spectrum for lines that have a 100% dissociation or ionization yield. The
uncertainty of the dissociation or ionization yields thus obtained is estimated
to be 5%, which has to be added to the 6% error of calibration and to the
error due to the noise at each recorded point. The D1Π+ levels with v > 3
are absent in the ionization spectrum since the ionization and radiation rates
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5. The D1Πu state of D2

for these levels are below our detection capability. For this specific case the
dissociation yield is considered to be 100% and the Ly-α spectrum reproduces
the absorption spectrum for the R and P lines belonging to the D−X system.
The fluorescence signal has been recorded undispersedly by a visible sensitive
photomultiplier. Therefore this signal cannot be calibrated to absolute cross
sections, since the spectral quantum efficiency of the multiplier varies with
varying wavelengths, i.e. from one level to the other. Quantitative information
on the fluorescence cross sections is obtained by subtracting the dissociation
and ionization spectra from the absorption spectrum [108]

σfluo = σdif = σabs − σdiss − σion (5.8)

and is referred to as the difference spectrum. The D1Π−

u levels radiate and
therefore appear in the fluorescence spectrum, which is less congested and has
a better signal to noise ratio than the absorption spectrum. Their dissociation
and ionization rates are below 5% and they are hardly visible in the dissociation
or ionization spectra. The difference spectrum thus reproduces the absorption
spectrum for these transitions, within an uncertainty of 15-20% and represents
a relatively sparse spectrum from which several absolute cross sections are
determined for the D1Π−

u states [130].
Figure 5.4(b) and (c) show a comparison between the FT absorption and Ly-α
spectra for v = 10. The widths of the Beutler-Fano resonances appear larger in
panel c) due to the larger instrumental width of the scanning monochromator
2 cm−1 compared to 0.35 cm−1 of the FT-spectrometer. To illustrate an ad-
vantage of the BESSY II spectra the Q(1) and R(2) transitions from the (4,0)
band of the D′′−X system [136] obscuring the R(0) transition are not present
in the Ly-α spectrum since these states do not predissociate. The measured
line positions indicated by a solid vertical line are deconvolved from the asym-
metric line profiles. Note that in the case of a Beutler-Fano profile the deduced
transition frequency does not coincide with the peak of the spectral line.

Spectroscopic Analysis: FT Absorption Spectrum

The measurements of the transition frequencies for the Q branch transitions
probing Π− levels are listed in Tab. 5.1 and those of the R and P branches
probing Π+ levels in Tab. 5.2. The complete list of measurements extracted
from the spectra is available as supplementary material to this chapter online.
For the Π− components comparison is made with Roudjane et al. [128] up to
v = 18 and differences are all below 0.5 cm−1 except for the Q(2) transition in
the (15,0) band and the Q(2) transition in the (18,0) band. For levels v ≥ 19
until v = 22 no previous data exists. Transitions to the Π− levels were also
compared with an MQDT calculation [132] from which we conclude that these
calculations are accurate to within 0.5 cm−1.
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Table 5.1 – Transition frequencies of Q branch lines probing levels of Π−

symmetry for the D1Πu - X1Σ+
g (v′,0) system of D2. The full list of measure-

ments is available as supplementary material to this paper online. ∆ represent
deviations in cm−1 calculated from level energies from Roudjane et al. [128].
∆MQDT is a comparison between present values and an MQDT calculation.
Lines marked with a superscript b are blended, those marked with a superscript
s were slightly saturated and those marked with an f are extracted from the
fluorescence spectrum recorded at BESSY II. All values in cm−1.

Transition Freq. ∆ ∆MQDT Transition Freq. ∆ ∆MQDT

D −X(0, 0) D −X(1, 0)
Q(1) 113162.66(6) -0.21 -0.31 Q(1) 114763.71(6) 0.07 -0.26
Q(2) 113102.89(6) -0.14 -0.24 Q(2) 114701.71(6) 0.01 -0.22

Q(3) 114609.09(6) -0.01 -0.23

D −X(2, 0) D −X(3, 0)
Q(1) 116299.09(6) -0.13 -0.22 Q(1) 117770.29(6) -0.14 -0.19
Q(2) 116234.93(6) -0.12 -0.20 Q(2) 117704.02(6) -0.12 -0.19
Q(3) 116139.09(6) -0.23 -0.21 Q(3) 117605.01(6) -0.13 -0.20

Q(4) 117473.39(6) -0.44 -0.59

D −X(4, 0) D −X(5, 0)
Q(1) 119178.60(6) -0.20 -0.15 Q(1) 120525.13(6) -0.14 -0.09
Q(2) 119110.26(6) -0.16 -0.16 Q(2) 120454.74(6) -0.21 -0.13
Q(3) 119008.13(6) 0.02 -0.19 Q(3) 120349.56(6) -0.34 -0.15
Q(4) 118872.79(6) -0.01 -0.17 Q(4) 120210.15(6) 0.00 -0.14

D −X(6, 0) D −X(7, 0)
Q(1) 121810.78(6) 0.03 -0.04 Q(1) 123036.22(6) 0.02 -0.01
Q(2) 121738.35(6) -0.04 -0.12 Q(2) 122961.79(6) -0.01 -0.10
Q(3) 121630.17(6) 0.10 -0.12 Q(3) 122850.63(6) 0.06 -0.10
Q(4) 121486.72(6) 0.10 -0.14

D −X(8, 0) D −X(9, 0)
Q(1) 124201.97(6) 0.08 -0.03 Q(1)s 125308.28(8) -0.09 0.02
Q(2) 124125.59(6) 0.16 -0.10 Q(2) 125229.95(6) 0.07 0.00
Q(3) 124011.52(6) 0.17 0.05 Q(3)f 125113.3(10) 0.54 0.36
Q(4)f 123860.3(10) -0.15 0.11 Q(4)f 124957.8(10) 0.37 0.27

D −X(10, 0) D −X(11, 0)
Q(1)s 126355.38(8) -0.07 0.22 Q(1) 127342.94(6) 0.05 0.15
Q(2) 126275.03(6) -0.22 0.13 Q(2) 127260.60(6) -0.22 0.14
Q(3)f 126155.2(10) 0.11 0.22 Q(3)f 127137.6(10) 0.23 0.08
Q(4)f 125995.7(10) -0.17 0.05 Q(4)f 126974.5(10) 0.40 0.26

D −X(12, 0) D −X(13, 0)
Q(1) 128270.57(6) -0.05 0.32 Q(1)s 129137.85(8) 0.23 0.62
Q(2) 128186.22(6) -0.03 0.16 Q(2)f 129051.5(10) 0.30 0.30
Q(3) 128060.22(6) 0.13 0.23 Q(3)f 128921.1(10) -1.19 -0.70
Q(4)f 127892.8(10) -0.02 0.02 Q(4)f 128751.5(10) 0.87 0.88

D −X(14, 0) D −X(15, 0)
Q(1) 129942.79(6) -0.24 0.43 Q(1) 130685.13(6) -0.11 0.51

continued on next page
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5. The D1Πu state of D2

Transition Freq. ∆ ∆MQDT Transition Freq. ∆ ∆MQDT

Q(2) 129854.29(6) 0.06 0.35 Q(2) 130594.46(6) -0.74 0.47
Q(3)f 129722.0(10) 0.08 0.25 Q(3)f 130459.0(10) 0.16 0.45
Q(4)f 129546.6(10) -0.12 0.30 Q(4)f 130279.5(10) 0.38 0.77

D −X(16, 0) D −X(17, 0)
Q(1) 131362.81(6) -0.18 0.61 Q(1) 131973.99(6) 0.15 0.86
Q(2) 131269.92(6) -0.29 0.49 Q(2)f 131878.7(10) -0.11 0.61

Q(3)f 131736.0(10) -0.05 0.21
Q(4)f 130946.0(10) -2.89 -0.41 Q(4)f 131547.8(10) 0.13 0.83

D −X(18, 0) D −X(19, 0)
Q(1) 132516.13(6) -0.20 0.86 Q(1) 132986.74(6) — 0.94
Q(2) 132418.53(6) 0.79 0.82 Q(2) 132886.53(6) 0.54 0.75
Q(3)f 132272.5(10) -0.23 0.73 Q(3)f 132736.8(10) -0.17 0.93
Q(4)f 132078.8(10) 0.21 0.79

D −X(20, 0) D −X(21, 0)
Q(1) 133383.30(6) — 1.06 Q(1) 133702.83(6) — 1.02
Q(2) 133280.35(6) — 0.86 Q(2)f 133597.0(10) — 0.91

D −X(22, 0) D −X(23, 0)
Q(1) 133942.65(6) — 1.22 Q(1)f 134098.7(10) — 2.30
Q(2)f 133832.9(10) — 0.27 Q(2)f 133987.3(10) — 3.30

As discussed in Ref. [132], the MQDT calculations disregard the interactions
between singly and doubly excited states. These interactions become noticeable
at large internuclear distances. These levels are located at high energies and
their effect is to push the D state levels downwards. Indeed, the calculated
energies are found to be too high by a fraction of a wavenumber. It was shown
that the MQDT residuals should asymptotically tend towards the difference

∆Einf =
(RH2

−RH)

2nd
(5.9)

where R is the mass-corrected Rydberg constants and nd is the principal quan-
tum number for the separated atoms; the asymptotic value amounts to 1.6
cm−1 for nd = 3 in D2, which is as much as we find here for the highest v
values.
Assignments for the Π+ levels were made by comparison with the data of
Monfils [92] up to v = 15. Beyond v = 15 no measurements exist and so
assignments of these transitions were made starting with the emission data
of the Π− levels [128]. Assuming a small Λ-doublet splitting and correcting
for ground state combination differences [7] the R(0) and R(1) lines could be
identified using the known Q-lines from the emission study [128]. For the
Q branch transitions beyond v = 19 again no experimental data exists; we
therefore rely on the MQDT calculations to identify these transitions.
In some cases blended lines were unravelled by deconvolution procedures, as in
the example shown in Fig. 5.4 (b), where the R(0) transition in the (10,0) band
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Figure 5.5 – Some typical D − X Beutler-Fano resonances. Panels (a)-(d)
show the Beutler-Fano resonances in absorption measured with the FT spec-
trometer at synchrotron SOLEIL. Panels (e)-(h) are recordings of the Ly-α
radiation from the dissociated fragments measured at synchrotron BESSY II.
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is blended with the Q(1) and R(2) transitions from the (4,0) band of the D′′−X
system [136]. A similar procedure was followed in the analysis of the R(1) lines
in the (11,0),(14,0) and (18,0) bands. Further details of the spectral recordings
are illustrated in Fig. 5.5. Panels (a)-(d) depict absorption measurements of
D −X bands (6,0)-(9,0) displaying typical Beutler-Fano resonances.
In the comparison with the previous measurements of Monfils [92], indicated
in Tab. 5.2 for the Π+components up to v = 15, differences amount to between
1 and 2 cm−1, which is similar to the differences found for the Π− levels when
comparing Monfils to Roudjane et al. [128] and is hence ascribed to the uncer-
tainties in the classical study of Monfils. For the levels v = 16− 18 no previous
data exists.

Table 5.2 – Transition frequencies of R and P branch lines probing levels of
Π+ symmetry for the D1Πu - X1Σ+

g (v′,0) system of D2. A full list of the
measurements is available as supplementary material to this chapter online. ∆
represents deviations in cm−1 calculated from level energies reported by Mon-
fils [92] for v = 4−15 and those reported by Roudjane et al. [128] for v = 0−3.
Γ represents the deconvolved values for the predissociated widths. Lines marked
with a b were blended, those marked with an s were slightly saturated and those
marked with an l are extracted from the Ly-α spectrum. All values in cm−1

and uncertainties in the line positions are given in brackets.

Transition Freq. ∆ Γ Transition Freq. ∆ Γ

D −X(0, 0) D −X(1, 0)
R(0) 113222.97(6) -0.09 — R(0) 114825.11(6) -0.24 —
R(1) 113223.66(8) -0.07 — R(1) 114825.48(8) 0.01 —
R(2) 113194.64(6) -0.03 — R(2) 114795.55(6) 0.04 —
P(2) 113043.95(6) -0.10 — P(2) 114646.05(8) -0.23 —

D −X(2, 0) D −X(3, 0)
R(0) 116359.56(6) -0.33 — R(0) 117831.47(6) 0.11 —
R(1) 116356.18(6) -0.09 — R(1) 117827.06(6) -0.10 —
R(2) 116321.03(6) 0.17 — R(2) 117789.87(6) 0.16 —
P(2) 116180.48(6) -0.33 — P(2) 117652.39(6) 0.10 —

D −X(4, 0) D −X(5, 0)
R(0) 119238.85(20) 1.86 1.2 R(0) 120585.38(20) 1.58 1.2
R(1) 119231.32(20) 1.40 3.2 R(1) 120575.66(20) 1.17 3.5
R(2) 119189.79(40) -0.03 6.0 R(2) 120531.51(40) 0.61 4.4
P(2) 119059.91(20) 1.98 1.2 P(2) 120406.60(20) -1.87 1.0

D −X(6, 0) D −X(7, 0)
R(0) 121871.07(20) -0.97 1.4 R(0) 123096.49(20) 1.14 1.4
R(1) 121859.16(20) 0.74 3.4 R(1) 123082.46(20) 0.95 3.3
R(2) 121812.08(40) 2.03 4.3 R(2) 123032.23(40) 0.49 5.5
P(2) 121692.18(20) -0.8 1.2 P(2) 122917.46(20) 1.18 1.1

D −X(8, 0) D −X(9, 0)
continued on next page
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Transition Freq. ∆ Γ Transition Freq. ∆ Γ

R(0) 124262.22(20) 3.32 0.8 R(0)s 125368.48(40) 1.54 1.3
R(1) 124246.32(20) 0.72 2.7 R(1) 125350.50(20) -0.07 2.6
R(2)l 124192.5(10) 1.18 6.7 R(2)l 125294.0(10) 0.6 6.8
R(3)l 124101.5(10) -0.11 11 R(3)l 125199.0(10) 2.20 10
R(4)l 123972.6(10) 1.01 15 R(4)l 125063.3(10) — 19

D −X(10, 0) D −X(11, 0)
R(0)b 126415.51(40) 0.6 1.3 R(0) 127403.15(20) 1.07 1.2
R(1) 126395.39(20) 0.00 2.4 R(1)b 127380.37(40) 1.27 2.2
R(2)l 126336.0(10) -0.82 7.1 R(2)l 127318.4(10) 1.59 6.8
R(3)l 126237.9(10) 0.53 11 R(3)l 127214.4(10) 0.15 11
R(4)l 126098.6(10) -0.37 17 R(4)l 127074.7(10) — 19

D −X(12, 0) D −X(13, 0)
R(0) 128330.70(20) 0.19 1.0 R(0) 129197.66(20) 1.38 1.2
R(1) 128306.46(20) -0.14 2.2 R(1) 129171.26(20) -0.20 2.3
R(2)l 128240.7(10) -0.54 6.1 R(2)l 129102.6(10) 1.29 5.9
R(3)l 128132.6(10) -2.72 10 R(3)l 128992.1(10) 1.60 10
R(4)l 127982.8(10) -5.43 14 R(4)l 128835.3(10) -3.20 17

D −X(14, 0) D −X(15, 0)
R(0) 130002.88(20) -0.30 0.9 R(0) 130745.18(20) 0.94 0.8
R(1)b 129974.0(1) 0.70 3.2 R(1) 130714.40(20) 2.95 0.6
R(2)l 129102.6(10) 2.57 5.5 R(2)l 130638.8(10) 0.42 5.2
R(3)l 129785.4(10) 1.97 10 R(3)l 130518.5(10) 0.19 8.3
R(4)l 129625.7(10) 5.75 11 R(4)l 130352.6(10) 9.27 11

D −X(16, 0) D −X(17, 0)
R(0)b 131423.12(40) — 0.8 R(0) 132034.13(20) — 0.6
R(1) 131388.35(20) — 0.6 R(1)l 131998.4(10) — 2.7
R(2)l 131311.1(10) — 5.1 R(2)l 131915.8(10) — 4.4
R(3)l 131185.7(10) — 7.0 R(3)l 131785.3(10) — 5.5

R(4)l 131608.4(10) — 7.0

D −X(18, 0) D −X(19, 0)
R(0) 132576.30(20) — 0.8 R(0)l 133046.7(10) — 0.4
R(1)b 132538.76(40) — 0.6 R(1)l 133005.8(10) — 2.2
R(2)l 132451.6(10) — 4.1 R(2)l 132916.2(10) — 3.7
R(3)l 132316.9(10) — 6.5 R(3)l 132775.0(10) — 6.0
R(4)lb 132133.6(10) — —

D −X(20, 0) D −X(21, 0)
R(0)l 133442.9(10) — 0.6 R(0)l 133763.0(10) — 0.2
R(1)l 133400.0(10) — 1.7 R(1)l 133716.8(10) — 1.6
R(2)lb 133305.5(10) — — R(2)l 133617.8(10) — 4.5

R(3)lb 133478.4(10) — —

D −X(22, 0) D −X(23, 0)
R(0)l 134002.6(10) — 0.2 R(0)l 134159.0(10) — 0.2

R(1)l 134106.7(10) — 1.3
R(2)l 133733.9(10) — 1.9
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5. The D1Πu state of D2

Spectroscopic Analysis: BESSY Spectra

The line positions of Q branch transitions were obtained from the fluorescence
spectrum by means of a Gaussian fit for rotational levels J = 1 to 4 for vibra-
tions v = 8 to 23 (at least for J = 1 and 2). The uncertainty of 1 cm−1 of
these measurements is confirmed by a comparison with the FT measured values
with differences less than 0.8 cm−1. Further, the agreement with the MQDT
calculated values is good with differences amounting to < 1 cm−1 except for
the highest vibration v = 23.
The R(J) rotational bands are easily recognized in the Ly-α spectrum; they
dominate the spectrum with their intensities and widths (especially for J > 2)
and are not present in the other channels. The vibrational progression can
be followed up to the D(1s)+D(n = 3) dissociation limit. Transitions with
v > 7 were analysed by means of fitting to a Fano function convolved with a
Gaussian with width ranging from 2-2.5 cm−1 corresponding to the instrument
function. The positions agree to within less than 1 cm−1 when compared to
the FT measurements. Figure 5.5 shows four intervals of the Ly-α spectrum
each with D −X resonances for bands (10,0) - (13,0) in panels (e)-(f).

Λ-Doubling

The Λ-doubling is the energy difference between the levels with the same values
of J and v but belonging to the two Π+ and Π− components. From the
listed transition frequencies in the P and R branches, probing Π+ levels, and
the Q-branch, probing Π− levels the Λ-doublet splittings in the D1Πu state
can be deduced from the absorption measurements. For this, ground state
level intervals of 59.781 cm−1 (between J = 1 and J = 0) and 119.285 cm−1

(between J = 2 and J = 1) 178.250 cm−1 (between J = 3 and J = 2) and
236.398 cm−1 (between J = 4 and J = 3) are used [54, 138]. The origin
of the Λ-doubling is found in the couplings which affects the Π+ components
and not the Π− components: the non-adiabatic couplings with the Σ+ levels.
Such couplings are rotational and their effects are proportional to J(J + 1).
Resulting values for the Λ-doublet splittings divided by the factor J(J + 1) are
displayed in Fig. 5.6 panels (a)-(d); indeed these graphs illustrate the J(J + 1)
proportionality relation for the Λ-doubling for all J levels investigated.
As in H2 [124] the bound levels below the second dissociation limit in the D1Πu

system of D2 are subject to local perturbations from the last few bound levels
of the B′1Σ+

u state. The interacting B′ levels may be located below or above
the D state and their energy differences vary from one D level to the other,
leading to the erratic behaviour as depicted in Fig. 5.6 (a) and (b) for v ≤ 3.
Beyond v = 3 in the region above the n = 2 dissociation limit, the Λ-doubling
exhibits a smoothly decreasing function with increasing vibration. The values
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Figure 5.6 – The extracted Λ-doublet values (divided through by the factor
J(J + 1)) for the J = 1− 4 levels in the D1Πu state plotted against vibration.
A positive sign indicates that Π+ or Πe levels are higher than Π− or Πf levels.
See Tab. 5.1 and 5.2 for details.

remain positive indicating that Π+ or Πe levels are higher than Π− or Πf levels
since they are pushed upward by the B′ levels which are at lower energies. In
fact there are two effects causing the Λ-doubling to become smaller at higher
energies: the wave function overlap between D and B′ states is largest at lower
energies (and v values), and for high-v levels the energy separation with the
states causing the Λ-doubling gradually increases.

Fano q-parameters

The transitions to predissociated Π+ levels were fitted with a Fano function.
In the R(0) and P(2) lines little asymmetry was detected and the q-parameter
tended to negative infinity, hence a Lorentzian lineshape. For the R(1) and
R(2) transitions signal to noise issues hampered obtaining a tight constraint
on the Fano q-parameter from the FT absorption spectrum, notwithstanding
the superior resolution. Therefore q-parameters are derived from the Ly−α
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5. The D1Πu state of D2

spectrum since signals are recorded on a zero background thereby improving
signal to noise ratio and allowing the detection of higher J states. Information
on the q-parameter for the R(1) - R(4) transitions was obtained and the results
are shown in Fig. 5.7.
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Figure 5.7 – The extracted Fano q-parameters of the D −X(v′, 0) R(1)-R(4)
transitions as a function of v compared with the present calculations. The
q-parameters were extracted from the Ly-α spectra recorded at BESSY II.

Following Eq. (5.3) and (5.5) the q-parameters scale like:

q ∝
µ

√

J(J + 1)
(5.10)

The inverse proportionality with the rotational quantum number J follows from
the graphs in Fig. 5.7, as is indicated by the comparison with theory yielding
good agreement. The mass scaling in Eq. 5.10 dictates that the q-parameters
for D2 should be twice those of H2. The experiments confirm this within the
measured uncertainties: the q-parameters for the R(1) transitions of H2 were
found to equal -9±1 [139] while for D2 a value close to -15±3 is found.
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Predissociated Widths

The values for Γv as listed in Tab. 5.2 represent the natural broadening pa-
rameters as resulting from a deconvolution procedure, which was explained
above. In Fig. 5.8 panels a) - e) depict the extracted widths from both the
FT absorption spectra and the Ly-α spectra for J = 1 − 5 along with the
corresponding calculated values discussed in section 5.3. For all J levels Γ is
a smooth decreasing function of v, a consequence of the decreasing vibrational
overlap between the D state and the B′ continuum.
There is good agreement with previously measured values of Rothschild et
al. [106] and Dehmer and Chupka [105]. The values extracted from the FT
absorption spectrum and those from the Ly-α spectrum agree well, thereby
confirming experimental consistency. Further the widths for rotational levels
J = 4 and 5 extracted from the Ly-α spectrum are shown in 5.8 d) and e)
respectively. There are no previous measurements for these transitions.
The agreement between the measured values and the perturbation calculation
is very good for all J levels, thereby confirming the scaling in Eq.(4.3) and
showing that the predissociation is dominated by the B′ −D coupling.

Line Intensities

We have extracted Einstein coefficients corresponding to the observed D −X
transitions using the relation

σ =

∫

(σ(λ) − σcont)dλ =
λ4

8πc
Av′,v′′NJ′′h(J ′, J ′′) (5.11)

Here the integrated absorption cross section of the discrete state (line intensity),
σ, is obtained by integrating the measured absorption cross section, σ(λ), over
the profile of a given line, taking the continuum baseline as origin (σcont). λ
is the wavelength, NJ′′ is the fraction of molecules in the rotational state J ′′

and h(J ′,J ′′) is the rotational Hönl-London factor: equal to 1 for a Q(J ′′)
transition and (J ′′ + 2)/(2J ′′ + 1) for a R(J ′′) transition. The measured σ
values are available as supplementary material to this paper online.

States of Π− Symmetry

The area of each Q-branch transition, as observed in the absorption or differ-
ence spectrum measured at BESSY II, was evaluated by means of a Gaussian
fit. Figure 5.9 shows measured Av′,v′′=0 values for the various Π− J (excited
state J) levels of the D state. The observed values agree very well with the
values calculated in the MQDT framework, which are also in agreement with
results from coupled differential equations [128], except for Q(2) v = 8 and 9
lines. These lines are very intense and are partly saturated.
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Figure 5.8 – The predissociation widths Γ for the J = 1-5 levels of the D1Π+
u state of D2 as extracted from both

SOLEIL and BESSY experiments, including comparisons with results from previous experiments [106, 105] and a
comparison with the two-state perturbative calculation.
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Figure 5.9 – The intensities of the Q-branch transitions extracted from the
fluorescence excitation spectrum (filled squares). The intensities are compared
to an MQDT calculation [132] (open circles).

States of Π+ Symmetry

As the dissociation of the D1Π+
u levels (v >3) is fast compared to the other

decay channels (ionization and fluorescence), their dissociation yield is unity,
the integral in Eq. 5.11 can be evaluated from the Ly-α excitation spectrum.
Figure 5.10 shows the measured Av′,v′′=0 values for the various J levels of the
D state, compared to the perturbative calculations. The observed values for
the D1Π+

u levels agree to within 30% (note the logarithmic scale) with the
calculated values except for: the R(3) v = 13, 14 and 20 and the R(4) v = 15
lines for which deviations by up to a factor of 2.5 are observed, indicative of
local perturbations associated with channels not accounted for. The present
perturbative model calculation does not include non-adiabatic couplings and
the ionization channel is also neglected.

5.5 Conclusion

The D1Πu state in molecular hydrogen is a benchmark system for the study
of the predissociation phenomenon. The present analysis extends the study
to D2 providing information on mass-dependent effects. Two independent and
complementary experimental setups at advanced third generation synchrotron
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Figure 5.10 – The intensities for the R-branch transitions extracted from the
Ly-α spectrum. The calculation was made using the perturbative model based
on a single bound state interacting with a continuum.

facilities have been employed for a full characterization of the D1Πu state in
D2, in terms of spectroscopic determination of level energies, determination
of absolute cross sections, as well as the dynamical decay rates of the excited
states. The high-resolution VUV Fourier-Transform-spectrometer instrument
at SOLEIL provides line positions for transitions in the D−X system at high
accuracy, in particular for the narrow Q-branch lines. An exerimental setup at
the 10 m normal-incidence beamline at BESSY II equipped with four different
detection instruments (for absorption, molecular fluorescence, dissociation via
Ly-α fluorescence, and ionization) operating simultaneously, yield accurate in-
formation on absolute cross sections, for absorption and for the rates of decay
between competing channels.
In fact two different predissociation mechanisms play a role in the decay of
the D1Πu state. The Π+ components of the D1Πu state strongly couple via a
heterogeneous (rotational) interaction to the bound levels and the continuum
of the B′1Σ+

u state. The observational data on Π+ levels are modelled based
on a two-state perturbation calculation describing this interaction. This sim-
plified model is able to explain the extensive new data set on absorption cross
sections in the D−X system, as well as line broadening parameters and Fano
q-parameters even in the energy range above the ionization potential.
For the Π− components of the D1Πu state interaction with the B′1Σ+

u state is

94



5.6. Supplementary Material

symmetry forbidden. Weak predissociation, mainly due to coupling with the
lower lying C1Πu state, is the driving mechanism for predissociation. In view of
the weakness of this coupling, Q-branch lines are narrow, and the subtle effects
of coupling to manifolds of (-) symmetry levels must be accounted for. This is
accomplished in non-adiabatic MQDT framework. The extended observational
data on D1Π−

u states (both line positions and absorption cross sections) are
found to be in excellent agreement with these fully ab initio calculations.

5.6 Supplementary Material

An electronic database containing all measured transition frequencies, level
energies, intensities, Γ values and q-parameters for the Π+ parity components
and where applicable for Π− parity components is available as supplementary
material to this chapter online.
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CHAPTER 6
The D1

Πu state of HD and the mass

scaling relation of its predissociation

widths

Published as Journal of Physics B 45, 145101, 2012

Absorption spectra of HD have been recorded in the wavelength range of 75 to 90
nm at 100 K using the vacuum ultraviolet Fourier transform spectrometer at the
Synchrotron SOLEIL. The present wavelength resolution represents an order of
magnitude improvement over that of previous studies. We present a detailed
study of the D1Πu - X1Σ+

g system observed up to v′ = 18. The Q-branch
transitions probing levels of Π− symmetry are observed as narrow resonances
limited by the Doppler width at 100 K. Line positions for these transitions are
determined to an estimated absolute accuracy of 0.06 cm−1. Predissociation
line widths of Π+ levels are extracted from the absorption spectra. A comparison
with the recent results on a study of the D1Πu state in H2 and D2, presented in
chapters 4 and 5, reveals that the predissociation widths scale as µ−2J(J + 1),
with µ the reduced mass of the molecule and J the rotational angular momentum
quantum number, as expected from an interaction with the B′1Σ+

u continuum
causing the predissociation.
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6. The D1Πu State of HD

6.1 Introduction

Since the early years of quantum mechanics the hydrogen molecule has been
studied and has provided theorist with an ideal testing ground for calculations.
The stable isotopic variants of H2, namely D2 and HD, allow for testing mass
scaling effects. The D1Πu state was found to undergo predissociation above
the third vibrational level (the fourth vibrational level for D2 and HD) which
can be accurately described by Fano’s theory of a single bound state interacting
with a continuum [22].
The D1Πu state of HD has received considerably less interest compared to
the other two stable isotopic variants. On the experimental side Takezawa
and Tanaka [140] determined Q(1) transitions for the lowest three vibrations
accurate to within a few cm−1. Monfils [92] measured level energies for both
Π+ and Π− parity components up to v′ = 8 with accuracies of ∼5 cm−1. A
profile analysis of the predissociated line shapes was conducted by Dehmer
and Chupka for v′ = 7 and 9 as well as a separate study focussing on the line
positions for the R(0), R(1) and Q(1) transitions from v′ = 7 − 16 [105, 141]
with accuracies of ∼4 cm−1. Theoretically, Ko los and Rychlewski [142] have
calculated the vibrational levels up to the n = 3 dissociation limit for the D1Πu

state while Abgrall and Roueff [143] calculated term values for the lowest three
vibrations (v′ = 0− 2) in a study focussing mainly on the Lyman and Werner
bands of HD.
The present work on HD is an extension to the studies of the D1Πu state in
H2 and D2 presented in chapters 4 and 5 [124, 144]. The measurements were
obtained with the vacuum ultraviolet (VUV) Fourier transform spectrometer
(FTS) at the DESIRS beamline of the synchrotron SOLEIL. The line widths
of transitions probing Π+ levels for all three hydrogen isotopomers are used to
verify scaling laws for the predissociation in the D1Πu state.

6.2 Experiment

The VUV FTS is a scanning wavefront division interferometer operational from
40-200 nm. It has been used previously in a study of the Lyman and Werner
bands of HD [29]. We provide only a short description of the experimental
configuration, for a detailed explanation we refer to the works of de Oliveira
[31, 32]. The light source is undulator based and can be tuned continuously
to produce a bell - shaped output window spanning approximately 5 nm as
illustrated in figure 6.1. The undulator radiation passes through a windowless T
- shaped cell, 10 cm in length, which contains a quasi-static HD sample, slowly
flowing out either side of the cell. The purity of the HD gas is estimated at ≥
99% with some traces of H2 resulting in weak spectral features associated with
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Figure 6.1 – An overview of the recorded spectra analysed in the present study.
The band heads of the D1Πu state are indicated up to v′ = 18. Other prominent
spectral features are associated with the B1Σ+

u , B′1Σ+
u and C1Πu states below

the n = 2 dissociation limit [29] and B′′1Σ+
u states above n = 2. Above the

ionization limit, 124568 cm−1[43] many auto-ionization resonances appear in
the spectrum.

H2 Lyman bands in the low energy region. The HD is cooled to a temperature
of 100 K by liquid nitrogen which flows over the outside of the T - shaped cell.
Each measurement was recorded by taking 512 kilo samples of data over the
optical path difference, resulting in an instrumental width of 0.33 cm−1. The
final spectral windows were averaged over 100 individual interferograms and
took about two hours to accumulate. The pressure inside the absorption cell
can be regulated resulting in a change in the column density. Spectra were
recorded at sufficient column density so that transitions appear with optimal
signal-to-noise ratio but not saturated. A spectral range spanning from 112
000 - 134 000 cm−1 (75-90 nm) was covered by three spectral windows each set
at a different central wavelength as shown in figure 6.1.
The wavelength scale in the FT spectra display a strict linearity so that only
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6. The D1Πu State of HD

one fixed point is required for a calibration. This is provided by a transition
in atomic argon present in the gas filter which is used to remove higher order
harmonics of the selected wavelength produced by the undulator. The transi-
tion is the (3p)5(2P3/2)9d([3/2]) − (3p)6 1S0 at 125718.13 cm−1 known to an
accuracy of 0.03 cm−1 [110].

6.3 Theory

The predissociation of the D1Πu state is due to a strong Coriolis coupling to the
continuum of the B′1Σ+

u state [17]. Due to the Σ+ character of the continuum,
transitions probing levels of Π− symmetry are not affected by this interaction
and are only very weakly predissociated due to coupling with the lower lying
C1Πu continuum [130]. A single continuum interacting with a bound state is
described by Fano’s theory [22] and produces broadened asymmetric absorp-
tion profiles described by the Fano function. For more details we refer to our
previous works [124, 144]. The widths, broadened by life-time shortening due
to the predissociation are given by

Γv′ = 2π|〈ψB′ǫ|H(R)|ψDv′〉|2 (6.1)

where ψB′ǫ and ψD are the wavefunctions of the B′ continuum and the discrete
D state respectively. Here the energy value B′

ǫ of the B′ state is taken equal
to the non-perturbed energy of the discrete level Dv′ . The rotational operator,

H(R), is the
−→
L ·
−→
R operator (also responsible for the Λ-doublet splitting) which

causes the predissociation widths of levels Dv′ to scale as

Γv′ ∝
1

µ2
J(J + 1) (6.2)

where µ is the reduced mass of the molecule and J is the rotational quantum
number. The reduced mass for the three isotopomers H2, HD and D2 are 0.5,
0.67 and 1.0 a.m.u. respectively.

6.4 Results and Discussion

The region above the second dissociation limit in HD is a complex multi-line
spectrum that when cooled to liquid nitrogen temperatures consists of six over-
lapping Rydberg series [141]. The absorption spectrum is heavily congested
making a complete analysis of all spectral features a challenge. In particular
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Figure 6.2 – Detailed spectrum of the D1Πu(v′ = 6) - X1Σ+
g (v′′ = 0) band

with R(0), R(1) and Q(1) transitions. The dotted white line represents a least
squares fit of the data with the appropriate convoluted functions (see text for
details).

the D1Πu state is recognisable from the broadened Beutler - Fano profiles, aid-
ing the assignment thereof. Our assignments agree with the previous works of
Monfils [92] and Dehmer and Chupka [141] which are accurate to within 4-5
cm−1. The largest discrepancy occurs for D1Πu(v′ = 9)−X1Σ+

g (v′′ = 0) band,
differing from the present line positions by ∼ 8 cm−1 possibly attributable to
wavelength drive slippage of the monochromator, as mentioned by the authors.
Beyond v′ = 16 the identifications are aided by the calculations of the band
heads made by Ko los and Rychelweski [142] accurate to within 1 - 3 cm−1.
From an estimate of the Λ-doublet splitting the Q(1) transitions could be iden-
tified. The R(1) transitions beyond v′ = 15 were too weak to be observed.
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6. The D1Πu State of HD

Table 6.1 – Transition frequencies of Q - branch transitions probing levels of
Π− symmetry. ∆ represents a comparison with the previous measurements of
Monfils [92] for v′ = 0−6 and Dehmer and Chupka [141] for v′ = 7−16, defined
as the present measurement minus the previous measurements. All values in
cm−1.

Transition Freq. ∆ Transition Freq. ∆

D −X(0, 0) D −X(1, 0)
Q(1)s 112975.18 1.11 Q(1)s 114916.47 5.10
Q(2) 112886.03 1.35 Q(2) 114822.09 -0.07
Q(3) 112753.22 1.77 Q(3) 114684.45 2.26

D −X(2, 0) D −X(3, 0)
Q(1)s 116760.16 2.73 Q(1)s 118508.76 2.42
Q(2)s 116663.06 1.69 Q(2)s 118407.81 2.58
Q(3) 116518.29 1.36 Q(3) 118256.35 1.39

D −X(4, 0) D −X(5, 0)
Q(1)s 120164.47 -1.01 Q(1) 121729.21 0.90
Q(2) 120059.79 0.96 Q(2) 121620.99 0.99
Q(3) 119900.37 0.46 Q(3) 121459.67 1.20

D −X(6, 0) D −X(7, 0)
Q(1) 123203.12 1.95 Q(1) 124588.35 1.25
Q(2) 123091.11 1.09 Q(2) 124472.72
Q(3) 122924.14 0.69 Q(3) 124300.33

D −X(8, 0) D −X(9, 0)
Q(1) 125885.02 1.62 Q(1) 127091.67 -7.23
Q(2) 125765.66 Q(2) 126968.71

D −X(10, 0) D −X(11, 0)
Q(1) 128208.79 5.29 Q(1) 129234.35 1.15
Q(2) 128082.25 Q(2) 129103.84

D −X(12, 0) D −X(13, 0)
Q(1) 130166.57 -0.43 Q(1) 131002.36 2.56
Q(2) 130032.21 Q(2) 130864.00

D −X(14, 0) D −X(15, 0)
Q(1)b 131737.82 -1.88 Q(1) 132369.36 3.66
Q(2) 131595.19

D −X(16, 0) D −X(17, 0)
Q(1)b 132891.54 -0.06 Q(1) 133299.89

D −X(18, 0)
Q(1) 133588.59

s Slightly saturated
b Blended

The Q-branch transitions, observed as narrow resonances limited by Doppler
broadening, were observed up to v′ = 18 and are listed in table 6.1. The R-
branch transitions which are broadened for v′ ≥ 4, were also observed up to
v′ = 18 (R(0) transitions only). Transition energies and predissociated widths
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6.4. Results and Discussion

for these transitions are listed in table 6.2. All line positions and predissociated
widths listed in the tables stem from a deconvolution procedure as described
in previous work on D2 [144]. Briefly, the absorption profiles are first convo-
luted with a Gaussian function representative of the Doppler profile at 100 K.
In a second step the Beer-Lambert law is included, accounting for the non-
linear absorption depth. Finally the resulting profiles are convoluted with the
instrument function and the fit parameters are then optimized by a standard
least squares fitting routine. Included in the parameters are the points to an
unbounded, cubic spline fit of the background. These are optimised along with
the line shape parameters resulting in a fit of the background. A sample fit
of the Q(1), R(1) and R(0) transitions belonging to the D −X (6,0) band is
shown in figure 6.2. The Q(1) transition has a width of approximately 0.6
cm−1 which stems from the contribution of the instrument width of 0.33 cm−1

and the Doppler width of 0.5 cm−1 and represents the limiting resolution for
the particular configuration of the FTS used.

Table 6.2 – Transition frequencies of R - branch transitions probing levels of
Π+ symmetry. ∆ represents a comparison with the previous measurements of
Monfils [92] for v′ = 0−6 and Dehmer and Chupka [141] for v′ = 7−16 defined
as the present measurement minus the previous measurements. Γ represents the
predissociation width. All values in cm−1.

Transition Freq. Γ ∆ Transition Freq. Γ ∆

D −X(0, 0) D −X(1, 0)
R(0)s 113066.07 -0.75 R(0)s 115005.76 1.17
R(1)s 113068.72 2.84 R(1)s 115000.70 -4.21

D −X(2, 0) D −X(3, 0)
R(0)s 116851.42 4.44 R(0)s 118598.93 0.79
R(1)s 116846.89 1.53 R(1)s 118591.70 2.86

D −X(4, 0) D −X(5, 0)
R(0) 120254.63 2.4 0.08 R(0) 121819.48 2.6 0.78
R(1) 120240.26 7.3 -1.05 R(1) 121801.44 6.0 2.62

D −X(6, 0) D −X(7, 0)
R(0) 123293.27 2.8 0.43 R(0) 124678.40 2.4 0.70
R(1) 123271.74 6.8 0.91 R(1) 124652.34 5.8 0.56

D −X(8, 0) D −X(9, 0)
R(0) 125974.74 2.3 1.15 R(0) 127181.58 2.2 -7.82
R(1) 125945.60 6.8 0.09 R(1) 127148.23 6.4 -8.97

D −X(10, 0) D −X(11, 0)
R(0) 128298.77 2.5 3.67 R(0) 129324.08 2.1 2.28
R(1) 128261.88 6.2 3.18 R(1) 129282.73 5.9 1.23

D −X(12, 0) D −X(13, 0)
R(0)b 130256.22 2.1 -3.38 R(0) 131092.40 1.2 1.60

continued on next page
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6. The D1Πu State of HD

Transition Freq. Γ ∆ Transition Freq. Γ ∆

R(1) 130211.60 4.8 -1.70 R(1)b 131043.31 3.5 2.31

D −X(14, 0) D −X(15, 0)
R(0) 131827.56 1.3 -1.54 R(0)b 132459.67 0.9 3.37
R(1) 131773.73 5.4 -2.57 R(1) 132400.58 5.5

D −X(16, 0) D −X(17, 0)
R(0) 132980.87 1.7 -1.53 R(0) 133389.31 1.1

D −X(18, 0)
R(0)b 133677.72

s Slightly saturated
b Blended

In this analysis of the line widths the Beutler-Fano asymmetry of the line shape,
represented by the Fano q-parameter was included by fixing the q values to their
theoretical prediction. Upon mass-scaling the q-parameters (q ∝ µ) it follows
that q ∼ −25 for R(0) and q ∼ −15 for R(1) transitions in HD [25, 144]. The
present data did not permit to perform a reliable two parameter fit to extract
both q and Γ. This is in part due to the method of recording the spectra in
absorption against a fluctuating continuum level. For further discussion see
the previous work on D2 [144].

Spectroscopic Results

The Q-branch transitions, i.e. transitions probing states of Π− symmetry, and
transitions belonging to bands with v′ ≤ 3 are not predissociated and observed
as narrow features with width, ∼0.6 cm−1, equal to the Doppler width of HD
at 100 K convoluted with the instrument width. Uncertainty in the reported
line positions in table 6.1 and for the unpredissociated bands listed in table 6.2
is estimated at 0.06 cm−1. For slightly saturated lines, blended lines and weak
lines the uncertainty estimate increases to 0.08 cm−1.
The R- and P-branch transitions are observed as broadened due to the life-time
shortening caused by predissociation. Several small portions of the spectra are
displayed in figure 6.3 including the D1Πu(v′ = 7 − 9)-X1Σ+

g bands which
display typical predissociation broadening. These transitions were fitted with
convoluted profiles and the resultant line positions and widths are listed in
table 6.2. The P(2) and R(2) transitions for bands with v′ ≥ 3 were observed
as extremely weak as a result of the fact that most of the rotational population
resides in the J ′′ = 0 and 1 levels. We estimate an uncertainty of 0.20 cm−1 on
the line positions of the R(0) transitions which were observed to be ∼3 cm−1

broad and a 0.4 cm−1 uncertainty estimate on the R(1) transitions observed
at widths of ∼7 cm−1. There were a number of blended lines, most of which
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Figure 6.3 – Small portions of spectral windows containing the D1Πu(v′ =
7−9) - X1Σ+

g (v′′ = 0) bands of HD. These bands are predissociated and display
typical broadened Beutler-Fano profiles.

could still be fitted. Those lines affected severely by blending are indicated in
the table and the estimated line position uncertainty is doubled.

Predissociated Widths

Figure 6.4 depicts the predissociated widths as a function of the excess en-
ergy above the n=2 dissociation limit for all three stable isotopomers, H2 and
D2 as determined in previous work [124, 144] and the newly determined HD
widths. The dissociation limits used for H2, D2 and HD were the H(1S)+H(2S),
D(1S)+D(2S) and H(1S)+D(2S) respectively [145]. The measured widths
have been scaled by their respective reduced masses squared and the rota-
tional dependence has been removed by dividing through by J(J + 1). The
data for H2 between 5000 and 8000 cm−1 is missing due to blending with the
B′′ state in this region. The agreement between the three isotopomers for both
J ′=1 (derived from R(0) transitions) and J ′ = 2 (derived from R(1) transi-
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Figure 6.4 – The predissociation widths scaled by multiplying by the reduced
mass squared (µ2). The energy scale on the x-axis is referenced to the n=2
dissociation limit of each molecule [145]. See text for details.

tions) rotational levels is good yielding further proof of the applicability of the
simple two state model to the predissociation of the D1Πu state in all three
stable hydrogen isotopomers. At the present level of accuracy the data indi-
cates that u − g symmetry breaking effects in HD do not play a role in the
predissociated life-times and that the predissociation can be fully described by
the |〈ψB′ǫ|H(R)|ψDv′〉| interaction.

Λ-Doublet

The Λ-doublet splitting, as depicted in figure 6.5, was determined by adding
the ground state level energy to the Q-branch transitions [8] and subtracting
this from the R-branch transitions probing the same J ′ but opposite (e)− (f)
parity. The results mirror those obtained for H2 and D2. The Λ-doublet
splittings follow an erratic behaviour for v′ < 4 caused by the interactions
between the discrete B′ and D state levels. For v′ ≥ 4 it follows a relatively
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Figure 6.5 – The Λ-doublet splittings in the D1Πu state of HD for the J ′=1
and 2 rotational states. The lines joining the points are to guide the eye.

smoothly decaying trend similar as in the observations on H2 and D2 [124, 144].
If the assumption can be made that the B′ state is the sole perturber causing
the Λ-doubling, the Λ-doublet splitting can be represented as,

Λv′(J ′) ∝
∑

B′v,ǫ

|〈ψB′v,ǫ|H(R)|ψDv′〉|2

EΠ+
v

− EB′v,ǫ
(6.3)

where summation over all B′ levels includes the bound levels below n = 2
and an integral over the B′ continuum. Interaction with the B′ levels of 1Σ+

symmetry causes the Π+(e) levels of the D1Πu state to shift upward while the
Π−(f) levels are unaffected. Similarly as in the deviation of the predissociation
widths the Λ-doublet splitting then scales like µ−2J(J+1). The present results
on HD and the results of H2 [124] perfectly match this scaling, while the Λ-
doublet splittings in D2 [144] are somewhat too large in this comparison.
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6.5 Conclusion

The VUV FTS observations on the D1Πu state have been extended to HD. The
present work represents the highest resolution study on this state performed so
far. The predissociated line shapes were analysed resulting in predissociated
line widths determined to a high level of accuracy. The present and previous
studies show through the mass scaling and rotational scaling that the predis-
sociation in the Π+ parity states of the D1Πu state can be modelled by a
rotational interaction to the continuum of the B′1Σ+

u state. In the case of HD
the u− g symmetry breaking does not play a role in the predissociated widths
at the present level of accuracy.
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Summary

Laser and synchrotron spectroscopic studies of molecular hydrogen

This thesis represents a systematic experimental study of several electronic
states of the hydrogen molecule with the aim of testing a number of current
molecular theories. In chapters 1 - 3 a study of the ground X1Σ+

g state is de-
tailed. One photon transitions within the ground state manifold are extremely
weak and limited to low rotational levels, therefore we make use of an indirect
method: The EF 1Σ+

g - X1Σ+
g electronic transitions. By measuring transitions

and taking combination differences between states probing the same upper
level but emanating from different ground state levels, it is possible to deter-
mine ground state rotational and vibrational splittings. High rotational states
in the ground state manifold are populated by a photo-chemical reaction with
HBr. This serves to produce a non-thermal ground state distribution of “hot”
H2 molecules with rotational levels up to J=19 populated. Alternatively, a dis-
charge source is employed which efficiently induces vibrations in the molecule.
In view of its isolation from the nearest excited state, the ground electronic
state is relatively unperturbed which makes it possible to perform highly ac-
curate calculations on its level structure. The high precision measurements in
chapters 1 and 3 test the latest ground state calculations, including QED and
relativistic effects, below the 30 MHz level.
For further precision measurements on the ground state using the indirect
method described above, a greater understanding of the level structure of the
EF 1Σ+

g state is required. This is the aim of chapter 2 where a low resolution
study of the EF − X intervals is performed. Again, starting with a non-
thermal ground state population, over 100 transitions in the EF −X system
were probed. The highly perturbed structure of this state is due to the double
well shape of the Born-Oppenheimer potential. As such it was not possible to
confirm the assignments of the level structure experimentally and so we rely
on a prediction by multi-channel quantum defect theory (MQDT). It can be
seen from the experimental results that the MQDT predictions are accurate to
∼5 cm−1 and constant over a particular band. This is sufficiently accurate to
identify several unassigned transitions and further add to the knowledge of the
level structure of the EF 1Σ+

g state. This now serves as a stepping stone towards
high resolution spectroscopic studies on rotational and vibrational levels in the
ground X1Σ+

g state.
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Summary

The D1Πu state is treated in chapters 4-6 for the H2, HD and D2 molecules. It
represents the bench mark state for understanding predissociation. An inter-
action with a closely coupled continuum causes the predissociation and gives
rise to broadened Beutler-Fano line profiles. Absorption spectra were recorded
using the unique vacuum ultraviolet (VUV) Fourier transform spectrometer
(FTS) at the DESIRS beam-line of the synchrotron SOLEIL in Paris. The
vibrational bands of the D1Πu cover the range from 110 000 - 135 000 cm−1.
In light of this, broadband synchrotron radiation is the ideal light source to
record absorption spectra for the analysis of this state. A model was developed
in order to extract accurate line shape parameters from the FTS absorption
spectra which were in agreement with those retrieved using conventional ex-
perimental techniques. The experimental results were compared to theory with
good agreement all round.
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Samenvatting

Laser en synchrotron spectroscopie studies van moleculair waterstof

Dit proefschrift beskrijft een systematische experimentele studie van meerdere
elektronische toestanden van het waterstofmolecuul met als doel het testen
van een aantal huidige moleculaire theorieën. In de hoofdstukken 1- 3 wordt
een studie van de grondtoestand X1Σ+

g gepresenteerd. Eén-foton overgangen
tussen grondtoestand niveaus zijn uiterst zwak dus maken we gebruik van een
indirecte methode: De EF 1Σ+

g - X1Σ+
g elektronische overgangen. Door het

meten van overgangen en het nemen van combinatieverschillen tussen toes-
tanden van dezelfde aangeslagen toestand, maar afkomstig van verschillende
grondtoestanden, is het mogelijk om grondtoestand rotationele en vibrationele
splitsingen te bepalen. Hoge rotatietoestanden in de electronische grondtoes-
tand worden bezet door de foto-chemische reactie van HBr. Dit dient om een
niet-thermische grondtoestanddistributie van “warme” H2 moleculen te pro-
duceren met rotatieniveaus tot J=19. Ook kan een ontladingsbron worden
gebruikt, die efficiënt vibraties aanslaat in het molecuul. Vanwege zijn isolatie
van de dichtstbijzijnde aangeslagen toestand, is de grond elektronische toestand
relatief ongestoord, wat de mogelijkheid biedt om zeer nauwkeurige berekenin-
gen te verrichten van de niveaustructuur. De uiterst nauwkeurige metingen in
de hoofdstukken 1 en 3 testen de nieuwste grondtoestandberekeningen, QED
en relativistische effecten inbegrepen, tot beter dan 30 MHz.
Voor verdere nauwkeurige metingen van grondtoestand niveaus de indirecte
methode zoals hierboven beschreven, is een groter inzicht in de niveaustruc-
tuur van de EF 1Σ+

g toestand vereist. Dit is het doel van hoofdstuk 2 waar een
lage-resolutiestudie van de EF − X intervallen wordt uitgevoerd. Nogmaals,
beginnend met een niet-thermische grondtoestand bezetting, werden meer dan
100 overgangen in het EF − X systeem gemeten. De zeer gestoorde opbouw
van deze toestand wordt door de dubbele-put vorm van de Born-Oppenheimer
potentiaal veroorzaakt. Hierdoor was het niet mogelijk om de identificatie
van alle overgangen experimenteel te bevestigen en dus vertrouwen we op een
voorspelling van de multi-channel quantum defect theorie (MQDT). Uit de
experimentele resultaten blijkt dat de MQDT voorspellingen tot ∼ 5 cm−1

nauwkeurig zijn en constant zijn over een specifieke band. Dit is voldoende
nauwkeurig om de gemeten overgangen te identificeren en verder een bijdrage
te leveren aan de kennis van de niveau structuur van de EF 1Σ+

g toestand. Dit
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dient nu als een opstap naar hoge resolutie spectroscopie studies over rota-
tionele en vibrationele niveaus in de X1Σ+

g grondtoestand.
DeD1Πu toestand wordt behandeld in de hoofdstukken 4-6 voor de H2, HD and
D2 moleculen. Absorptie door de D1Πu toestand tonen kenmerkende Beutler-
Fano profielen, als gevolg van predissociatie in de aangeslage toestand. Absorp-
tiespectra werden gemeten met behulp van de unieke vacuum ultraviolet (VUV)
Fourier transform spectrometer (FTS) die deel is van de DESIRS bundellijn
van het synchrotron SOLEIL in Parijs. De vibrationele banden van de D1Πu

bestrijken het volledige bereik van 110 000 - 135 000 cm−1. Daarom is breed-
band synchrotronstraling de ideale lichtbron om absorptiespectra te meten voor
de analyse van deze toestand. Een model is ontwikkeld om accurate lijnvorm-
parameters uit de FTS absorptiespectra te extraheren, die overeenkomen met
de verzamelde gegevens uit conventionele experimentele technieken. De exper-
imentele resultaten werden vergeleken met theorie en stemmen goed overeen.
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