
VU Research Portal

Extreme ultraviolet laser excitation of molecular nitrogen: Perturbations and
predissociation
Sprengers, J.P.

2006

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Sprengers, J. P. (2006). Extreme ultraviolet laser excitation of molecular nitrogen: Perturbations and
predissociation. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/bd7b9a43-54b0-4bdd-b96c-844f802d098d


Summary

The major constituent of the Earth’s atmosphere is molecular nitrogen (N2), in
which 14N2 is the main isotopomer (only 1 out of 273 nitrogen atom is the heavier
15N atom). This molecule shields the Earth’s surface from harmful extreme ultra-
violet (XUV) solar radiation with wavelengths λ < 100 nm by photo-excitation,
photodissociation and photo-ionization processes. N2 is also involved in other pro-
cesses in the Earth’s atmosphere: it dominates the Rayleigh scattering because of
its high abundance and emission of N2 has been observed in the daytime airglow
and the aurora. Also in the atmospheres of Titan and Triton, satellites of Saturn
and Neptune, respectively, N2 is a major constituent and emission of N2 has been
observed. Currently, the Cassini-Huygens mission to the Saturn system is under
way, including an investigation of Titan’s N2-rich atmosphere. Recently, absorption
of N2 has been observed for the first time in interstellar medium using the Far
Ultraviolet Spectroscopic Explorer (FUSE) satellite. In Chapter 1, some aspects of
N2 in planetary atmospheres and space are reviewed.

N2 is almost transparent in the visible and the ultraviolet domains and strong
electric-dipole allowed absorption occurs in the XUV domain with λ < 100 nm, con-
sisting of transitions from the singlet ground state with gerade symmetry (X1Σ+

g )
to excited singlet states with ungerade symmetry (1Σ+

u and 1Πu). These excited
states can be distinguished into Rydberg states, which converge on states of the
ion N+

2 and valence states which are located at larger internuclear distances. Strong
electrostatic and rotational interactions occur between these states resulting in a
complex XUV absorption spectrum, with not only irregularities in the rovibronic
structure but also in the intensity distribution.

Most of the singlet ungerade states predissociate, i.e, these bound states couple
with other (pre-)dissociating states and the molecule falls apart. The predissociation
occurs via spin-orbit coupling with triplet states with ungerade symmetry (3Πu).
Upon excitation of the singlet ungerade states in the Earth’s atmosphere, whether
by absorption or by electron impact processes, the excited states emit a photon or
predissociate. Predissociation of N2 is a major source of N atoms and furthermore,
the rates of these competing emission and predissociation processes provide key
inputs for radiation budget models of the Earth’s atmosphere.

In this Thesis, the structure of the excited singlet and triplet ungerade states
of N2 are studied experimentally, including all the different perturbations between
them and the predissociative behavior. Most of the experiments are carried out
using the XUV laser facility at the Laser Centre Vrije Universiteit, Amsterdam.
Two different nanosecond pulsed XUV sources are employed, both based on har-
monic upconversion: a pulsed dye laser (PDL) based XUV source [XUV bandwidth
∼0.3 cm−1 full-width at half-maximum (FWHM)] and a pulsed dye amplifier (PDA)
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based XUV source [XUV bandwidth ∼0.01 cm−1]. The N2 spectra are recorded us-
ing 1 XUV + 1 UV ionization spectroscopy, in which the XUV photon excites the
molecule from the ground state to the excited state and the UV photon subsequently
ionizes the molecule to form detectable N+

2 ions.
Experimental studies on the singlet ungerade states in N2, using the PDL-based

and PDA-based XUV sources, are presented in Chapters 2, 5, 6 and 7. In Chapter 2
and the Appendix, the dipole-allowed spectrum of 15N2 and to a lesser extent of
14N15N between 100 000− 108 000 cm−1 is presented, including rotational analyses
and revealing electrostatic and rotational perturbations. The overall pattern of the
perturbations is found to be similar to that for the well-known 14N2 isotopomer, but
also many isotope dependent aspects are found due to the different isotope shifts
for the rovibronic states. Furthermore, a comprehensive perturbation model of the
singlet ungerade states is presented in Chapter 2 for 15N2 and 14N15N, showing
good agreement with experiment.

In Chapters 5 and 6, lifetimes of the singlet ungerade states (mostly of 1Πu

symmetry) between 100 000−106 000 cm−1 and 106 000−109 000 cm−1 are reported,
respectively. Natural linewidths are derived from the observed linewidths of single
rotationally-resolved spectral lines recorded with the PDA-based XUV source after
deconvolving of the instrument width. Subsequently, lifetimes are deduced from the
natural linewidths. Note that in Chapter 6, the output of the PDA is mixed with the
532 nm output of a nanosecond pulsed injection-seeded Nd:YAG laser before further
harmonic upconversion to the XUV. Most of the levels show significant lifetime
broadening and the lifetimes are found to be strongly dependent on vibrational
level and isotopomer. The lifetimes give new information on the predissociation
rates which dominate the radiative decay for the levels studied.

In Chapter 7, the Rydberg-valence complex o1Πu(v = 1)/b1Πu(v = 9) is studied.
In 14N2, these two levels tend to cross each other, resulting in a local electrostatic
perturbation. In this Chapter, a new rotational assignment, a reanalysis of the local
perturbation and linewidths/lifetimes are given. Also a spectrum of these two levels
in 14N15N is reported, showing no local perturbation.

In Chapters 8 and 9, transitions from the X1Σ+
g ground state to several triplet

ungerade states are studied with the PDL-based and PDA-based XUV sources.
These singlet-triplet transitions are optically forbidden but since some of the triplet
ungerade states locally interact with singlet ungerade states, which are optically
allowed for transitions from the ground state, transitions to some triplet ungerade

states borrow intensity and become observable. In Chapter 8, the first optical ob-
servation of the F 3Πu(v = 0) Rydberg state in 14N2 is presented, including a full
characterization with rotational resolution and a determination of the predissoci-
ation level widths. In Chapter 9, observations of other triplet ungerade states are
reported: the D3Σ+

u and G3Πu Rydberg states and the C3Πu valence state. Transi-
tion energies, line assignments, linewidths and rotational (deperturbation) analyses
are given.
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N2 is also investigated with the picosecond XUV laser system at the Lund Laser
Centre, Sweden. With this laser system, the rotational structure is not resolved but
it is suitable to perform direct time domain pump-probe lifetime measurements for
a selected range of rotational levels. In the pump-probe scheme, a XUV photon
excites the molecule to the state under investigation and a UV photon ionizes the
molecule and by delaying the UV photon, lifetime decay curves are recorded from
which lifetime values are derived. This system is applicable for lifetimes >200 ps,
while with the Amsterdam setup lifetimes shorter than 800 ps can be determined.
The two systems are therefore complementary. Using the Lund picosecond XUV
setup, lifetimes of several singlet ungerade states are determined in 14N2 and 15N2

and are discussed in Chapters 3 and 4. The experimental lifetimes again show the
erratic dependence on vibrational and in some cases also on rotational quantum
number. Isotopic differences in lifetime are found as well. Chapter 3 only focuses on
the relatively long-lived b1Πu(v = 1) level in 14N2, including semiempirical close-
coupling calculations of the radiative lifetime and determining a predissociation
yield for this level.

In Chapter 10, a coupled-channel Schrödinger equations (CSE) predissociation
model, developed by Lewis and coworkers, is discussed for the singlet ungerade

(only 1Πu) states below ∼ 105 700 cm−1, in which the experimental data (transition
energies, linewidths/lifetimes) presented in Chapters 2 – 9 are used (or will be
used in future) as key inputs. All the 1Πu and 3Πu states and all the different
interactions are included in the model. From the computed photodissociation cross
sections, transition energies, predissociation linewidths and oscillator strengths are
deduced and iteratively compared with the experimental database to optimize the
model parameters. The isotopic dependences found in the experimental data are
very helpful in testing the model. The model and experimental results are in very
good agreement, the isotopic dependences are nicely reproduced by the model.
The model shows that the predissociation of the lowest 1Πu states is governed by
spin-orbit coupling with the C3Πu state, which electrostatically couples with the
continuum of the C ′3Πu state. The isotopic differences of the lifetimes are due to the
different isotope shifts of the levels, resulting in different interactions contributions
and predissociation rates. Also further extensions of the model are proposed in
Chapter 10. Since more information is obtained on the 3Πu manifold [(F,G, C)3Πu

states, see Chapters 8 and 9], an extension of the model towards higher energies
is maybe possible. Furthermore, the 1Σ+

u states are not yet included in the model,
but may be so in future to explain their predissociation behavior.

Finally, Chapter 11 contains high precision frequency calibration measurements
on N I lines, performed using the Amsterdam PDA-based XUV source. A beam
of N atoms is produced by discharging a mixture of N2 and helium in a pulsed
expansion and several N I lines are observed in the XUV domain. To explain the
small isotope shifts observed, large specific-mass shifts are proposed which almost
cancel the effect of the normal mass-shift contribution to the isotope shift (Bohr



182 Summary

shift). These laboratory calibrations may be useful for comparison with N I lines
observed in quasars to determine a possible temporal variation of the fine structure
constant α.


