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Preface

The present thesis, submitted to the Faculty of Natural Sciences, describes
the experiments in which I have been involved during four years of Ph.D.
studies at the Institute of Physics and Astronomy, Aarhus University. The
experiments have been performed partly in the negative-ion group of Profes-
sor Torkild Andersen and partly in the combined femto- and surface physics
group of Peter Balling which was started when I initiated my Ph.D studies.
Being a part of a new group has given me a unique opportunity of being
closely involved in the construction and establishment of a new laboratory
with all the technical, financial and political considerations making up such
a puzzle.

A common theme of the thesis are the spectroscopic investigations of
the structure and dynamics of atoms and molecules in the gas phase and
at surfaces. Most of the studies have been performed with light in the
vacuum-ultraviolet (VUV) part of the electromagnetic spectrum on energy
levels where the amount of relevant new information that can be obtained
requires the time- or frequency resolution to be pushed to the limit of present
capability. Chapter 1 presents an overview of the current possibilities and
limitations in VUV and X-ray spectroscopy and, intervening with this, meth-
ods for the generation of light in this wavelength range.

The following three chapters deal with spectroscopy of negative ions,
starting with a general introduction and overview in chapter 2. The field
of negative ions has matured significantly within the last decade, but much
work still needs to be done if a satisfactory description of such systems is
to be obtained. An important example is the intensively studied H− ion
whose existence relies on electron correlation. An experimental technique for
Doppler-tuned VUV spectroscopy of high-lying doubly-excited states of H−

with unprecedented spectral resolution has previously been implemented at
the storage ring ASTRID. A description of the experiments performed with
an improved energy resolution obtained by the application of electron cooling
is given in chapter 3.
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Experimental and theoretical studies have mainly concentrated on atomic
negative ions with the knowledge about molecular negative ions lacking be-
hind. The electronic structure of a neutral molecule can be predicted with
much less accuracy than that of a neutral atom due to the lack of spherical
symmetry, and proceeding to molecular negative ions implies further diffi-
culties. Previous successful studies of autodetachment lifetimes of atomic
negative ions at ASTRID have therefore been extended to measurements on
molecular negative ions, as outlined in chapter 4.

Dynamical processes like phase transitions and chemical reactions pro-
ceed on the atomic level on a femtosecond timescale. Femtosecond laser
pulses provide the time resolution required to follow such processes but only
indirect information about the structural changes can be obtained with the
visible laser light available at present. A femtosecond X-ray source would
allow such processes to be followed on the atomic level in time as well as in
space and a large effort is at present directed towads this goal. A promising
approach is that of high-harmonic generation which will be used in the exper-
iment described in chapter 5 for femtosecond time-resolved VUV core-level
spectroscopy of dynamical processes at surfaces.

Finally, chapter 6 is devoted to a study of the radiative lifetime of the
1s2p state of He in a pump-probe experiment, using picosecond VUV high-
order harmonics to populate the state which is subsequently ionized with
an optical laser pulse. The focus is not on the already well-known lifetime
but on some coherent effects present under certain experimental conditions.
In addition, the feasibility of using the technique for photoionization cross-
section measurements on excited states is investigated.
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Chapter 1

VUV light generation:
possibilities and
limitations

1.1 Introduction

Investigating the structure and dynamics of atoms and molecules in the gas
phase and in solids are major disciplines of atomic and condensed-matter
physics. For an atom in the gas phase, the structure usually refers to the dis-
tribution of the stationary states in an energy-level diagram, reflecting the
various possibilities for spatial arrangements of the electrons with respect to
the nucleus. For a gas-phase molecule, in addition to these electronic lev-
els there are also energy levels arising from the vibrational- and rotational
motions of the individual atoms constituting the molecule. The latter are
usually accessible with light in the infrared- and microwave parts of the elec-
tromagnetic spectrum, respectively, while the electronic levels, which are of
main interest in the present context, can be reached with visible, ultraviolet
(UV) or vacuum-ultraviolet (VUV) photons. While the energy-level diagram
of an atom may be considered one-dimensional in the sence that the atom
is spherical symmetric, the electronic energies of a molecule will depend on
bond lengths and (possibly) bend angles and are depicted on a potential-
energy curve or -surface. Considering the combined system of a molecule
bound to a surface, this picture is carried on by introducing potential-energy
surfaces for the interaction of the molecule with the surface. For a collection
of atoms constituting a solid, the discrete electronic energy levels of the in-
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dividual atoms are broadened into bands with the bands being more narrow
the more tightly bound the electrons.

Associated with each electronic energy level (or band) is a spectral width
or, equivalently, a lifetime, implying two ways of determining it: by scanning
the energy spectrum with laser light of a comparatively narrower bandwidth,
or by measuring the decay rate of the level using, e.g., laser pulses with a
duration shorter than the lifetime. The decay of such energy levels is usually
referred to as the dynamics of the system, and the two methods supplement
and complement each other with the first being applicable to spectrally broad-
(short-lived) and the latter to spectrally narrow (long-lived) energy levels.
The lifetime of an energy level depends on the decay possibilities and is thus
in general expected to decrease, the higher lying the level is. There are,
however, significant deviations from this rule depending on the orbital- and
spin angular momenta of the state and the selection rules governing its decay.
The widths of atomic- and molecular electronic energy levels are typically in
the µeV–meV range but may be much narrower, while the width of a core-
hole in a solid is in the meV–eV range.

All of the above-mentioned energy levels could be called stationary in the
sence that they are characteristic of an isolated or undisturbed system. For
a molecule or a solid undergoing a dynamical, structural transition associ-
ated with re-arrangements of the atomic positions with respect to each other,
the energy levels will change accordingly. Examples of structural dynamical
transitions are the dissociation of a molecule following its excitation to a
repulsive state, a chemical reaction or a solid-liquid phase transition. Struc-
tural dynamics proceeds on the atomic level on a femtosecond timescale,
and information about the evolution of the intermediate state can only be
obtained with a probe of comparable time resolution. Femtosecond lasers
provide the time-resolution required to follow such processes, and the pump-
probe technique where the reaction or transition of interest is initiated by
a laser pulse (the pump) and after a time delay probed by another laser
pulse is widely used. At present femtosecond lasers only generate light in
the visible part of the spectrum which interacts with the valence electrons
and only indirectly probes the atomic motion. For direct information about
structural changes, i.e. the atomic positions, as a function of the time delay,
shorter wavelength probes, ideally X-rays, are usually required. An excep-
tion is the pump-probe technique of Coulomb explosion applied to gas-phase
chemical reactions where the (visible) probe pulse is sufficiently intense to
induce multiple ionization of the molecule [1]. The Coulomb repulsion in the
resulting positively charged system leads to dissociation, and by measuring
the energies of the resulting fragments the molecular bond length at the time
of presence of the probe laser pulse can be determined.
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The studies presented in this thesis are concerned with the spectroscopic
investigations of stationary, electronic states of gas-phase atoms and mole-
cules (chapters 3, 4 and 6) in addition to the structural dynamical transitions
of femto-second laser-excited molecules bound to solid surfaces (chapter 5).
Obviously, the very large range of wavelengths, bandwidths and pulse du-
rations spanned by these applications cannot be covered by a single light
source. However, everything else equal, moving from the visible towards the
VUV- or X-ray part of the spectrum imposes further limitations on desirable
light-source properties such as tunability, bandwith, pulse duration, pulse
energy and coherence. Among the different techniques in use for generation
of light in the UV-, VUV- or X-ray part of the spectrum, different variants
of harmonic generation or frequency mixing have proven particularly useful
in the UV and VUV, while other approaches have been attempted for the
X-ray range as will be outlined below.

First, however, since the main focus of the thesis is on the application
of VUV light for spectroscopy of high resolution in the time- and frequency
domains, I would like to briefly discuss the present state of definitions on this
subject. When it comes to the division of the electromagnetic spectrum into
ranges of UV, VUV, XUV (eXtreme UltraViolet), soft X-rays and X-rays
there is at present no clear-cut distinction as pointed out by Stark and Smith
[2]. There is, however, more or less agreement among different encyclopaedia
[2, 3, 4] that the range between 10 nm and 200 nm should be called the VUV
or XUV, so I will let that region be my definition of VUV and then refer
to the shorter- and larger wavelengths as X-rays and UV, respectively. At
least the 200 nm boundary seems a reasonable choise since molecular oxygen
becomes opaque at 185 nm, thus prohibiting light propagation in air below
this wavelength [4]. A further division of the 10–200 nm range into regions
of VUV and XUV separated by the ∼120 nm limit for the performance of
tranmittive optics could be justified but will not be used here. The only
attempt towards a definition of high frequency resolution, that I have been
able to find, is one of Connerade, proposing that a resolving power higher
than ∼100 times the wavelength expessed in Å should be regarded a high
resolution [5]. This implies resolutions of 80 µeV and 8 meV for 10 eV and
100 eV photons, respectively. The argument assumes wavelength selection by
a spectrometer and is not applicable to the case of VUV light generation by
frequency mixing of laser light, where the bandwidth may be much smaller
[5]. Thus, for example, Eikema et al. have created 58.4 nm light with a
bandwidth of 3 µeV by frequency tripling the frequency-doubled 584 nm
amplified output from a continous wave ring dye laser [6]. This is equal
to the bandwidth of the nanosecond pulses from a state-of-the art dye laser
operating in the visible. The above definition is certainly given with reference
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to the current limitations to light generation since energy-level widths may
be several order of magnitudes smaller. For example, the width of the 1s-2s
transition of the neutral hydrogen atom is 1.3 Hz (5×10−15 eV) and can be
studied with at best a 1 kHz resolution [7]. Proceeding along these lines, and
lacking a more intelligent proposal, I will define a high time resolution as one
of a few femtoseconds since this is the shortest duration in use for practical
applications at present [8]. With such short pulses it is possible to follow the
motion of most atoms while the resolution of electronic motion will have to
await a further development in the attosecond regime (see section 1.4).

1.2 Frequency mixing

The applicability of lasers has expanded tremendously since the observation
in 1961 that sufficiently intense laser light passing through a non-linear crys-
tal gave rise to the generation of light at twice the frequency of the incoming
light [9]. Third- and fourth harmonic generation in crystals and higher orders
in gases as well as sum- and difference frequency mixing of two laser beams
of differing frequencies are now routine operations for the generation of co-
herent, narrow-bandwidth light far into the VUV. The principle of harmonic
generation is often explained in terms of the classical Lorentz model where the
bonding of an electron to the atomic nucleus is visualised by a spring, which
to a first approximation, i.e. for small displacements of the electron away
from its equilibrium position with respect to the nucleus, gives rise to a har-
monic binding potential [10]. An electron bound this way and experiencing
an oscillating monochromatic electric field will, if the field is sufficiently weak,
respond by carrying out a harmonic motion which, by Maxwell’s equations,
will give rise to emission of light at the driving frequency. If the magni-
tude of the driving field amplitude is large enough for the electronic motion
to become anharmonic, the light emitted by this oscillating dipole will, in
addition to the driving (or fundamental) frequency component, contain the
second-, third- or higher order multipla of this frequency. In a simplified
picture, frequency doubling may be visualized as the electron moving further
up the walls of the potential well as the field amplitude increases. This gives
rise to an additional dipole moment perpendicular to the light polarization,
oscillating at twice the frequency of the driving field [11].

Formally, the macroscopic polarization P of the medium can be written
in the dipole-approximation in terms of the electric field amplitude E as

P = χ(1)E + χ(2)E2 + χ(3)E3 + . . . , (1.1)

where χ(1) and χ(n), n ≥ 2, are the linear and nth order non-linear optical
susceptibilities, respectively. The expansion is valid in the time- as well as
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the frequency domain with the susceptibilities being equal and χ(n) providing
the connection between the frequency generated in the nth order non-linear
proces and that of the driving field [12]. In principle, the third- or higher order
harmonic radiation could just as well result from sum-frequency mixing of the
second harmonic with the fundamental and in general, the (n-1)th harmonic
generation proces is considered a special case of n-wave mixing of n different
driving fields.

From the above expansion and Maxwell’s equations the field amplitudes
and intensities as a function of propagation length of the generated harmonic
radiation can be calculated. This assumes a knowledge of the frequency,
intensity and focusing conditions for the driving field (or fields) and of the
dispersion properties of the medium. The intensity IVUV of the generated
field depends on the density of the medium N , the non-linear susceptibility
χ(n), the focusing conditions and the intensities of the driving fields in a
manner indicated by stating it for the case of four-wave sum- and difference
frequency mixing, ωVUV = 2ω1±ω2, with driving fields of frequencies ω1 and
ω2 and intensities I1 and I2, respectively [13]:

IVUV ∝ N2[χ(3)]
2
I1

2I2F (b∆k). (1.2)

Here, b is the confocal parameter, assuming Gaussian beams, and ∆k =
kVUV− (2k1±k2) is the wavevector mismatch with kVUV, k1 and k2 denoting
the wavevectors of the generated- and driving fields, respectively. F (b∆k)
is the so-called phase-matching factor which is maximum for b∆k = −2 and
∆k = 0 for sum- and difference frequency mixing, respectively [14]. The
difference between the two phase-matching relations originates from the dif-
ference in driving polarizations and the Gouy phaseshift φ(z) experienced
along the direction of propagation z of a Gaussian beam traversing a focal
point [15]. Since the polarizations responsible for sum- and difference fre-
quency mixing are proportional to E1

2E2 and E1
2E2

∗ (∗ denoting complex
conjugate), respectively, the phase differences between the polarizations and
the generated (Gaussian) fields will be 3φ − φ = 2φ and φ − φ = 0, respec-
tively, assuming Gaussian beams of the form Ej(z) ∝ exp(iφ(z)), j = 1,2
[10]. The Gouy phaseshift thus introduced in sum-frequency mixing must be
compensated by a negative dispersion as expressed by the phase-matching
conditions given above [16].

Frequency mixing can be performed in non-linear crystals down to ∼190
nm, below which most materials become absorbing [17]. The simplest of
the mixing processes, second-harmonic generation, works down to ∼200 nm,
with the cut-off being dictated by the phase-matching conditions [18]. This
limit may be pushed closer to the absorption edge by the application of
sum-frequency mixing [19]. The current short-wavelength limit of ∼170 nm
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has been reached in LBO [20] as well as LiBO [21], both of which have
absorption edges at ∼160 nm. Moving towards shorter wavelengths means
switching to gases which are isotropic media and by symmetry considerations
can be shown to prohibit the generation of even-order harmonics [11]. The
most popular choises are the rare gases and metal vapours, the latter being
more difficult to handle experimentally but providing broad autoionizing,
i.e. doubly-excited, states appropriate for resonant enhancement [22]. Gases
and wavelengths for four-wave mixing are preferentially chosen such that the
frequency of either the driving- or generated light fields are closest possible
to a resonant (multi-photon) transition in the non-linear medium. In the
vicinity of such a transition the dispersion varies considerably, being negative
(positive) above (below) the atomic level, thus making it easier to fulfil the
phase-matching requirements. As an example, the 5p–5d transition of Xe
at 119.2 nm is often used to enhance the amount of 118 nm light generated
by frequency-tripling of 355 nm, with the phase-matching condition being
tuned by varying the Xe gas pressure (cf. chapter 3). It should be noted that
the phase-matching conditions in general are easier fulfilled by difference- as
opposed to sum-frequency mixing, because the negative dispersion required in
the latter case only can be obtained on the upper side of a resonant transition.
On the other hand, sum-frequency generation is possible down to ∼60 nm
while difference-frequency mixing becomes difficult below ∼110 nm [13, 19].
Typically, 109–1011 photons/pulse are generated [23] in a ∼10−6 relative
bandwidth [24, 25] with the higher value obtained in the case of resonant
enhancement.

For wavelength generation effectively down to ∼160 nm and possibly
∼130 nm, the alternative technique of stimulated Stokes and anti-Stokes
Raman shifting may also be applied [26, 27]. Here, light is generated with a
frequency which is equal to that of the driving field shifted up (anti-Stokes)
or down (Stokes) by n times the frequency of a characteristic transition in
the applied medium. Typically, H2 with its relatively large vibrational ν = 0
↔ ν = 1 transition frequency is employed. The anti-Stokes process assumes
a population in the ν = 1 level which is provided by the Stokes process.
The generation efficiency decreases rapidly with increasing order, with n =
2 being a typical choise for practical applications [28].

1.3 High-harmonic generation

Proceeding to intensities where the light field can no longer be considered a
perturbation to the Coulomb field exerted on an atomic electron, the pertur-
bative expansion of the polarization no longer converges [29]. This is usually
considered the strong-field regime and corresponds to intensities in the 1013–
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Figure 1.1: A typical harmonic spectrum generated in our laboratory with ∼7 mJ,
800 nm, 100 fs laser pulses in Ne. A Zr foil with a ∼55 eV absorption edge has been
inserted in the beam path to prevent stray laser light from entering the spectrometer.

1015 W/cm2 range. The upper limit represents a typical barrier-suppression
intensity corresponding to a (static) electric field strength at which the bar-
rier imposed on the atomic Coulomb potential is sufficiently suppressed that
an electron can escape freely. In this regime harmonic generation results
in a spectrum extending far beyound the third- or fifth orders accounted
for by perturbation theory. The harmonic yield decreases with the first few
orders and then levels off to a plateau extending to a characteristic cut-off
frequency. Figure 1.1 shows an example of such a spectrum recorded in our
laboratory by focusing ∼7 mJ, 800 nm, 100 fs pulses from a Ti:Sapphire laser
to an intensity of ∼1015 W/cm2 in a Ne-gas jet. The low-frequency cut-off
at order 35th (∼55 eV) reflects the absorption edge of a Zr foil inserted in
the beam path after the gas jet in order to prevent stray laser light from
reaching the spectrometer. The high-frequency cut-off appears at order 77th
while a contracted, second-order replica of the spectrum is visible below the
low-frequency cut-off.

For an appropriate description of this regime, theoretical approaches such
as the strong-field approximation [30] and numerical integration of the time-
dependent Schrödinger equation [31] have been developed. The strong- field
approximation can be considered a quantum-mechanical realization of a clas-
sical two-step model introduced by Corkum [32] and Schafer et al. [33],
providing a unified picture of the competing processes of above-threshold
ionization (ATI) and high-harmonic generation (HHG). ATI is the proces of
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Figure 1.2: A schematic of the tunneling picture, or two-step model, used to describe the
mechanism of high-harmonic generation for a single atom. From [34].

multi-photon ionization with the absorption of more photons than required
for ionization, giving rise to peaks in the photoelectron kinetic-energy spec-
trum separated by one photon energy [35]. In the two-step model the electric
light field is assumed to vary sufficiently slowly that it makes sence to consider
an electron tunneling through the barrier created in the atomic Coulomb po-
tential by the field. Since the Coulomb potential is most strongly bent at the
field extrema, the ionization probability is strongly peaked in time. The pos-
sibility exists that an electron released this way is pushed back towards the
residual ion, following the sign change of the electric field vector, as shown
in figure 1.2. Upon re-scattering the electron may acquire additional kinetic
energy, recognized as a plateau in the ATI spectrum extending from ∼3Up to
∼10Up [36, 37, 38] where Up is the average quiver energy of the free electron
oscillating in the field. The electron may also recombine with the ion, thereby
releasing a photon with a frequency which is an odd multiple of the laser fre-
quency (HHG). The maximum instantaneous kinetic energy of a returning
electron turns out to be equal to 3.2Up, and adding the ionization potential
Ip—the energy released upon recombinement to the ground state—yields the
cut-off energy, Ecut=Ip+3.2Up, observed in high-harmonic radiation spectra
[32].

The average quiver energy of a free electron with charge −e and mass m
depends on the frequency ω and peak intensity I of the light field through
the relation Up = e2I/4mω2 = 9.33 × 10−14I[W/cm2]λ[µm]2 and is often
called the ponderomotive energy. This originates from the fact that the time-
average of the Lorentz force, also called the ponderomotive force, in the case
of a light field with slowly varying electric- and magnetic field amplitudes,
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can be expressed as the negative gradient of a term equal to Up [39, 40].
Although a wiggle energy, Up in this case acts as a potential energy because
it is converted to translational kinetic energy of an electron leaving the optical
field [41]. In a real experiment utilizing laser pulses the intensity will always
be time-dependent but Up can be considered a potential energy in the long-
pulse limit (ns range), where the electron escapes the interaction region before
the intensity changes significantly. In this regime the kinetic energy of an
ATI electron leaving the laser focus is given by Ekin = N�ω − Ip, where Ip
is the field-free ionization potential and N the number of absorbed photons
[42, 43]. The ponderomotive energy manifests itself in the ATI spectrum as
a suppression of peaks corresponding to kinetic energies less than Up. In the
short-pulse limit (picosecond–femtosecond range), where the electron does
not accelerate significantly before the pulse is gone, Up is not converted to
translational kinetic energy and a kinetic energy Ekin = N�ω − Ip − Up

is detected [42]. Since Up is proportional to I, this effect becomes more
pronounced the higher the intensity and for an intensity of 1015 W/cm2,
typical for HHG, Up is equal to 60 eV for 800 nm light [44]. Such an intensity
implicitly assumes a pulse duration in the femtosecond regime since the rise
time of the pulse must be sufficiently short that the gas is not fully ionized
before HHG can occur.

According to the cut-off formula, the highest possible harmonic order
is generated by using the highest possible intensity and wavelength in ad-
dition to a medium with a high ionization potential, favouring the lighter
noble gases (He and Ne). Attempts have been made to enhance the cut-off
frequency by using the rare-gas like ions Na+ and K+ but with limited suc-
cess due to defocusing effects arising from the presence of free electrons [45].
Focusing instead on the generation efficiency, this may be enhanced orders
of magnitude by using a shorter wavelength [46] or by choosing a medium
with a lower ionization potential, e.g. Ar or Xe, corresponding to a higher
polarizability [47]. Since the time spent by the electron in the continuum
is proportional to the wavelength, the spread in the associated wavepacket
will, upon its return to the nucleus, be larger the longer the wavelength. As
a consequence, the recombination probability is reduced and the harmonic
yield lowered [34]. With the two-step model in mind it is also easily realized
why harmonics are generated much more efficiently with linearly than with
elliptically polarized light: in the latter case the emitted electron misses the
nucleus upon returning from its excursion to the continuum [48].

One usually distinguishes between two regimes of ATI or HHG, depending
on the value of the Keldysh parameter γ = ω/ωt, which is the ratio between
the optical field frequency ω and the frequency ωt for tunneling of an electron
through the barrier induced to the Coulomb potential by the electric field [49].
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The situation covered by the two-step model is called the tunneling regime
and is characterized by a value γ < 1. The other regime, characterized by a
value γ > 1, is called the ”ordinary ATI” regime, for which the proces of ATI
dominates that of HHG [35]. In this regime the fast oscillations of the electric
field prevent an atomic electron from escaping by tunneling. It sees on the
average a zero field, resulting in an ionization probability that is uniform in
time [50]. In the tunneling regime the periodicity of maximum ionization,
i.e. harmonic generation, equal to half an electric field cycle, explains the
periodicity in the frequency spectrum of the emitted harmonic radiation,
being equal to twice the frequency of the fundamental laser light [50]. The
two ways of ionization may be compared with emptying a bowl of water by
shaking it at a high frequency or by tilting it at a low frequency, respectively
[51]. Tunneling may be recognized as a smearing of the ATI peak structure,
but the boundary between the two regimes, on which most studies have been
performed, is not well defined [35].

In practice, the high-harmonic photon-energy cut-off is often limited by
the saturation intensity at which the medium is fully ionized rather than by
the intensity that is physically provided by the laser. This means that in
order to obtain the highest possible harmonic orders, the rise time (in most
cases equivalent to the duration) of the laser pulses must be shortest possi-
ble. As a consequence of the Fourier transform limit, imposing a minimum
value to the product of the laser bandwidth and pulse duration [52], and the
fact that the harmonic generation process introduces additional bandwidth
broadening [53], there is an upper (lower) limit to the pulse duration (band-
width) of the harmonics that can be generated at a desired minimum photon
energy. Or stated the other way around: there is an upper limit to the photon
energy that can be reached with a desired maximum bandwidth. The satura-
tion intensity may be determined experimentally from a measurement of the
yield of high-order harmonics of a given order as a function of laser intensity,
resulting in an increase which levels off when ionization becomes dominant
[44]. Such measurements have only been performed for a few different com-
binations of pulse durations and wavelengths and only a very limited effort
has been directed towards establishing eventual scaling relations [54]. Theo-
retically, saturation intensities can be calculated in the perturbative regime
from a knowledge of the N -photon generalized photoionization cross sections,
which, however, are not easily calculated [55]. An attempt to estimate the
generalized cross sections of heavier atoms by scaling from those known for
the neutral hydrogen atom resulted in an order of magnitude disagreement
with experimental data [56]. As a consequence, a relation for the photon
energy that can be obtained as a function pulse duration and wavelength is
at present not readily available.
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To the single-atom picture, outlined in its simplest form above, must be
added the phase-matching effects arising from the propagation of the gen-
erated harmonic radiation through the gas medium. The medium most of-
ten has the shape of a gas jet generated by supersonic expansion through
a ∼1 mm diameter cylindrical nozzle. In the strong-field regime the phase
shift from the dispersion of the gas medium is entirely dominated by the
Gouy phase shift (Nπ radians along the focus for the Nth harmonic) and a
strong intensity-dependent variation of the phase of the non-linear polariza-
tion along the laser focus (∼100 radians) [57]. Combining these two effects
it can be shown that optimum phase-matching may be obtained by focusing
either a few millimeters in front of or behind the gas jet. By focusing in
front of the gas jet harmonics will be generated with regular Gaussian spa-
tial profiles while focusing at or behind the jet results in distorted annular
profiles [58, 59]. Another consequence of the phase-matching conditions is a
modification of the cut-off formula to Ecut=Ip + 2Up [60].

The interest in generation and applications of high-order harmonics has
grown tremendously since the initial indications in the 80’s that very short
wavelengths could be obtained by focusing of intense laser light into noble-gas
jets without the need for resonant enhancement [61, 62, 63]. The fundamen-
tal properties of the radiation have been thoroughly characterized [64] and
advanced optimization procedures utilizing gas-filled hollow waveguides [65]
and pulse-shaping of the driving field [66] are now being explored. Harmonics
have been generated with many different laser sources and almost any kind
of medium that one can think of: in molecular gases [67], atom clusters [68],
carbon nanotubes [69] and at solid surfaces [70]. In the latter case both even-
and odd orders are obtained because the inversion symmetry is broken at the
surface. At present the shortest wavelengths generated are 7.8 nm with 1 ps,
1053 nm Nd:Glass pulses [47], 7.5 nm with 100 fs, 800 nm Ti:Sapphire pulses
[71], 6.7 nm with 380 fs, 249 nm KrF pulses [72], and <4.4 nm [73] and
2.7 nm [74] with 5 fs and 25 fs Ti:Sapphire pulses, respectively. With such
short pulses the harmonics become very broad, with the spectrum merging
into a continuum for the highest orders. A systematic study of the varia-
tion of the bandwidth with harmonic order has recently been performed with
70 fs, 800 nm pulses [75] corresponding to a bandwidth of 26 meV, assuming
a Fourier-transform limited Gaussian pulse. The bandwidth was observed
to increase from 0.11 eV to 0.37 eV when going from the 7th to the 45th
harmonic, then stabilizing at a value of ∼0.43 eV for the 47–55th. This
corresponds to relative widths ∆λ/λ of 1×10−2, 5×10−3 and 5×10−3 respec-
tively. For comparison, the bandwidth of the 13th harmonic of a 80 ps dye
laser operated at 760 nm has been measured to be 0.01 nm (∆λ/λ = 1×10−4)
while that of the 27th harmonic of a 140 fs, 825 nm Cr:LiSAF laser was found
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to be 0.1 nm (∆λ/λ = 3×10−3 [64]). The bandwidth is largely determined by
the Fourier-transform principle with additional broadening introduced by the
time-dependent varation of the refractive index due to ionization of the gas
medium [53, 64]. The pulse duration τq and divergence θq are comparable to,
and in generel expected to be smaller than, those of the driving field, τ◦ and
θ◦, behaving approximately as τq∼τ◦/

√
p and θq∼θ◦

√
p/q where q and p∼8

are the harmonic order and an effective order of non-linearity, respectively
[76]. From this the bandwidth may be expected to behave approximately as
∆λq∼∆λ◦

√
p/q2 with ∆λ◦ being the bandwidth of the driving field. This

yields a relative bandwidth of 1×10−3 for the 47th harmonic of a 70 fs, 800 nm
laser pulse, somewhat smaller than the value measured in [75].

The harmonic pulse duration may be measured by a cross-correlation tech-
nique based on the process of laser-assisted photoionization [77, 78]. By this
method, the fundamental field is separated into two parts with one part be-
ing being used for the generation of a high-order harmonic beam (the pump)
which is collinearly overlapped with the other part (the probe) in a gas jet. If
the pump and probe pulses overlap temporally, a small fraction of the gas-jet
atoms ionized by the pump will, in addition, absorb or stimulated emit one
or more laser photons from the probe. A monitored photoelectron spectrum
will thus, around the peak corresponding to the ionization of a particular
atomic level by the harmonic alone, exhibit small side-peaks. By measuring
the amplitudes of the side-peaks as a function of the pump-probe delay, the
duration of the X-ray pulse can be determined by a deconvolution procedure.
Applying this technique, Bouhal et al. have found reasonable agreement with
theory when including ionization effects which were observed to shorten the
pulses temporally [77]. On the other hand, Glover et al. observed the har-
monic pulse durations to approach that of the driving field when increasing
the laser intensity to enhance the ionization [78]. This was explained by a
time delay in the harmonic emission due to the intensity variations across
the laser focal spot. Using different variants of this technique, Drescher et
al. have shown the duration of ∼90 eV harmonics generated by 7 fs, 770 nm
laser pulses to be 1.8 fs (shorter than an optical cycle of the driving field)
[79], while Paul et al. have provided evidence that harmonics generated by
∼40 fs, 800 nm pulses, without spectral filtering, are phaselocked in time
and make up a train of 250 attosecond pulses separated by half an optical
cycle [80]. This result was predicted by theory and paves the way for a low-
repetition rate attosecond light source, provided the phase-relations can be
manipulated in a way that allows the train within each femtosecond pulse to
add up coherently to form a single spike. This is analogous to the principle of
modelocking known from lasers which, however, relies on a phase-relationship
in the frequency- as opposed to the time domain [81].
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Although harmonics have been generated up to 460 eV (order 183th or
2.7 nm) in He, the number of photons at such high energies—around 100
within a 1 % bandwidth of the continuous spectrum [73]—is too low for real-
istic applications. In generel, there is a tendency for a slight decrease of the
harmonic yield with increasing order in the plateau region. On average, on
the order of 104 and 105 photons/pulse are typically generated in He and Ne,
respectively, for orders in the range 50–100 (78–124 eV) [46, 47, 53, 82]. For
Ar and Xe the corresponding numbers are 108 and 109 photons/pulse, re-
spectively for orders below the 25th (40 eV) with the Xe value corresponding
to a conversion efficiency on the order of 10−6 [47, 53]. These values are con-
sistent with the numbers of 109–1011 photons/pulse stated for the 50–200 nm
region of four-wave mixing. The uncertainty on the above values is proba-
bly around an order of magnitude, reflecting the scatter among the values
stated in the literature, and is due to differing experimental conditions and
the difficulties involved in absolute measurements. Setting a lower limit of
104 photons/pulse/0.1 % bandwidth for a realizable experiment, HHG should
be considered a useful technique for photon energies below ∼120 eV.

1.4 Comparison with other methods of VUV
light- and X-ray generation

As may be evident from the above, high-order harmonics constitute a use-
ful source of VUV light, competitive to synchrotron radiation for many
applications. Spatial [83] and temporal [84] coherence and automatic syn-
chronization with the generating laser field can be added to the properties
listed in the previous section. The limitations to the photon energies and
bandwidths that can be obtained at present do, however, justify a search
for alternative sources, especially for studies of structural dynamics where
synchrotron-radiation sources cannot provide the required temporal resolu-
tion. A comparison of the presently available sources of VUV light and X-rays
for high-resolution studies in the frequency- and time domains are given in
tables 1.1 and 1.2, respectively. The listed parameters are only intended as a
guide, and in practice significant deviations may occur from the stated val-
ues. For the synchrotron-radiation sources (ASTRID, ALS and SSRL) the
spectral bandwidth may be reduced at the expense of photon flux and still
be practically applicable. For example, the cross section of doubly-excited
states in He at ∼64 eV has been measured at the ALS with a resolution of
1 meV corresponding to a 1.5×10−5 relative bandwidth [85]. Also, as exam-
plified by the 1.4×10−7 relative bandwidth obtained for 58.4 nm radiation
by Eikema et al. (cf. section 1.1), harmonic radiation may be spectrally nar-
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rower than stated in table 1.1. In the low-energy part of the 40 eV region it
is likely that the bandwidth may be decreased significantly below the stated
value of 5×10−3 by increasing the pulse duration from the femtosecond to
the picosecond regime as is currently being investigated [86]. As stated in
section 1.3, it is at present uncertain how long the pulses can be made while
still being able to reach a given harmonic order and synchrotron radiation
should thus be considered the superior spectral source at present. Obviously,
for high-resolution frequency measurements where the time structure of the
radiation is irrelevant, the high photon flux implied by the high repetition
rate of synchrotron-radiation sources can be fully exploited, making them
advantageous in this respect also.

Narrow-bandwidth laser radiation is commercially available only down to
157 nm, provided by a non-tunable F2 laser. Proceeding to shorter wave-
lengths becomes difficult because of the lack of neutral atoms and molecules
with electronic transition frequencies that are large enough for the required
population inversion. One has to resort to stimulated emission from excited
states of multiply charged ions in laser-produced plasmas, or from the recom-
bination of electron-ion pairs in such plasmas [87]. X-ray lasers are favourable
in terms of the (Doppler-limited) bandwidth and the number of photons per
shot but the lack of tunability and the very low repetition rate imposed by
the power demands to the plasma-producing laser make them useless for most
applications at the present stage of development.

For studies of structural dynamics where a pump-probe configuration is
desired, the high repetition rate of the synchrotron-radiation sources cannot
be exploited and in addition, the pulse duration is limited to ∼100 ps [88]
by the electronic bunch length. The bunch length is difficult to reduce fur-
ther due to Coulomb scattering among the electrons, causing a momentum
redistribution and subsequent time broadening and loss of confinement in
the storage ring [89]. For the same reason electron diffraction experiments
are limited to the picosecond regime [90, 91] with the current record being
1 ps [90]. Further compression to the femtosecond regime is, though, possi-
ble by acceleration through a very long (∼km) linac, and terminating with a
∼100 m undulator results in a mirror-less X-ray free-electron laser (X-FEL).
The operation is based on the coherent amplification of spontaneously emit-
ted synchrotron radiation which interacts with the electrons wiggling along
the undulator [92, 93, 94]. Such a device, superior in all respects to other
sources, is planned to become operational at DESY in Hamburg as well as
at the SSRL in Stanford by ∼2010 [95]. The DESY project is divided into
three parts, of which phase I—a FEL operating at 109 nm—was completed
in the fall of 2000 [96]. The parameters for the VUV-FEL and X-FEL listed
in table 1.2 are referring to the subsequent phases II and III.
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Table 1.1: A comparison of parameters for existing VUV light sources with the highest
available freqency resolution. Bandwidth refers to the relative bandwidth.

Source Energy Bandwidth Photons/s Rep. rate

<40 eV
ASTRID (SGMII) [97] 12–40 eV <1×10−4 2×1011 ∼108 Hz
ALS (10.0.1) [98] 17–340 eV <1×10−4 < 1×1013 ∼108 Hz
HHGa 10–40 eV ≥1×10−6 109-1010 10 Hz

>40 eV
ASTRID (Miyake) [97] 15–180 eV 5×10−4 2×1011 ∼108 Hz
ALS (10.0.1) [98] 17–340 eV <1×10−4 <1013 ∼108 Hz
SSRL (5-3) [99] 90–450 eV 2–5×10−4 1.2×1011 ∼108 Hz
HHG 40–120 eV ≤5×10−3 105–106 10 Hz
X-ray laser [100, 101] <200 eV 7×10−5 107-1011 10−3 Hz

aincluding lower orders and four-wave mixing

Table 1.2: A comparison of parameters for existing or planned VUV light- and X-ray
sources with the highest available time resolution. Thomson, Slicing and LPP refer to
Thomson scattering, slicing of synchrotron-radiation bunches, and laser-produced plasma,
respectively.

Source Energy Duration Photons/sa Rep. rate

VUV
HHG <120 eV <100 fs 105–106 10 Hz
VUV-FEL (DESY) [102] 60–200 eV 300 fs 3×1018 75 kHz

X-ray
Thomson [103, 104] 5–30 keV 300 fs 5×103 5 Hz
Slicingc [103, 104] 0.3–10 keV 100 fs 3×106 1 kHz

LPP [105, 106] 1–10 keV <300 fs 5×105b 10 Hz
X-FEL (DESY) [102] 0.8–12.4 keV 90 fs ∼8×1017 55 kHz
X-FEL (SSRL) [92] 0.8–8.0 keV 233 fs ∼5×1013 120 Hz

awithin a 0.1 % bandwidth
bafter refocusing mirror with a collection angle of 7.4×10−3 steradians [105, 107]. The flux
emitted into 4π steradians may approach ∼1011 photons/s [106, 107].
cassuming separation of the slices in an undulator

Until the realization and availability of X-ray free-electron lasers, experi-
ments will have to rely on alternative and less ambitious approaches such as
X-ray emission from a laser-produced plasma, Thomson scattering or gating
of the synchrotron-radiation pulses or electron bunches from existing stor-
age rings. A plasma is generated when an intense (1013–1015 W/cm2) laser
pulse interacts with a solid, giving rise to an instantaneous electronic heat-
ing, approaching several keV. As a result, pulsed X-rays are emitted in a
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broad spectrum consisting of bremsstrahlung from free-electron-ion interac-
tions and line emissions from bound-bound electronic transitions of various
ion states [87]. The pulse duration is longer than but comparable to that
of the plasma-producing laser, being determined by the thermalization pro-
cess of the fast electrons which happens on a sub-picosecond time-scale (cf.
chapter 5) [105, 106]. In addition to being spectrally very broad and inho-
mogeneous, a beam of laser-produced X-rays is incoherent and suffers from
a very large divergence (2π steradians). In addition, the liberation of mater-
ial during the laser-solid interaction makes the method less compatible with
ultrahigh vacuum conditions. Among the sources of femtosecond VUV- and
X-rays listed in table 1.2, high-order harmonics and laser-produced plasma
X-rays, covering complementary energy regimes, are the least demanding
in terms of experimental equipment and furthermore have the advantage of
being inherently synchronized with the generating laser.

By the application of a streak camera which acts as an ultrafast detector,
effectively gating the synchrotron-radiation pulses, the temporal resolution
has been improved to 3 ps [108]. The limit is set by the response time of
the camera and, more importantly, the temporal jitter associated with the
triggering of the device [109]. A further improvement in time resolution may
be obtained by gating the electron bunches themselves by letting them in-
teract with femtosecond laser pulses in an undulator [104]. This results in
energy-modulated electron slices of femtosecond duration, spatially distin-
guihing themselves from the main bunches in a subsequent bend magnet or
undulator and giving rise to femtosecond pulses of synchrotron radiation.
On the subsequent turn of the main bunches around the ring the original
electron-bunch structure is recovered and thus ready for slicing immediately
afterwards. The method of Thomson scattering utilizes the two times rela-
tivitic Doppler shift experienced by laser photons scattered elastically off a
relativistic electron beam. [103, 104]. The first Doppler shift arises when
transforming the laser photon energy to the rest frame of the electron beam
and the second from the transformation of the photon energy of the scattered
radiation back into the laboratory frame.
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Chapter 2

Negative ions

2.1 Introduction

Compared with their neutral- and positively charged counterparts, negatively
charged atoms and molecules have until recently been studied to a much lesser
extent [1, 2, 3, 4]. Obvious reasons are their minor abundance in nature and
the challenges that they impose to experiment and theory. Experimentally,
negative ions can only be generated in limited amounts and are more fragile
than neutral systems. In addition, detachment thresholds and excited elec-
tronic states are often located in the far infrared and UV/VUV parts of the
spectrum, respectively, where laser light is not readily available. Theoreti-
cally, calculations of negative-ion properties are complicated by the electron-
correlation effects introduced by the presence of the extra electron, and for
molecules the lack of spherical symmetry induces further difficulties.

Negative ions are thus interesting in their own right as systems which
are representative of new challenges to theory and experiment. In addition,
understanding their properties adds to our feeling of moving towards a com-
pletion of the periodic table by knowing not only the properties of the neutral
atoms and molecules but also those of the singly charged positive- and nega-
tive ions. Proceeding a step further, one might be interested in the properties
of doubly-charged positive- and negative ions [5] or even more exotic systems
like positronic atoms [6] and -molecules [7] obtained by adding a positron to
the corresponding neutral system. Apart from these fundamental aspects,
negative ions are interesting from the point of view of their role in different
physical processes in nature as well as in technical applications. For example,
H− has long been recognized as the main source of opacity in the infrared
part of the solar spectrum, due to its detachment by photon energies exceed-
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ing the binding energy of 0.75 eV [8]. H− is also speculated to play a role
in the mechanism of formation of molecular hydrogen in the interior of the
interstellar medium [9]. Due to the absence of a dipole moment in the ground
state, H2 cannot simply be formed by the radiative association of two ground-
state H atoms; another type of particle is needed to carry away the excess
energy required for the binding [10, 11]. This particle could, for example, be
an electron emitted in a H−–H collision and it has recently been proposed to
look for signatures of H− in the VUV part of the absorption spectra of inter-
stellar clouds [9]. Also heavier atomic- and molecular negative ions have been
considered to play a role in the chemistry of the stars [12] and the interstel-
lar medium [13]. Recently, absorption spectra of small, linear carbon-chain
anions obtained by laboratory laser-spectroscopic measurements were found
to compare remarkably well with astrophysically observed diffuse interstellar
bands [14]. Negative molecular ions are, in addition, abundant 20–120 km
above the surface of the Earth in the form of O−

2 , OH−, ClO−, O−
3 , NO

−
2 ,

O−
4 , NO

−
3 , CO

−
3 etc. [15] and must be included in theoretical models of the

atmosphere [16, 17]. In the laboratory, negative ions are the key ingredients
in accelerator mass spectroscopy which has proven a very sensitive technique
in terms of detection efficiency and mass resolution for, e.g., carbon 14 dating
[18] and investigations of rare- or heavy negative ions [19]. Negative ions are
also abundant in plasmas and discharges [20] where they play a role in laser
action and semiconductor device processing [21].

2.2 Negative-ion structure

From the above it is hopefully evident that negative ions are worth further
investigations, but one could start by asking whether the binding of an elec-
tron to a neutral atom or -molecule is at all possible. Indeed, the structure
of a negative ion is very different from that of a neutral system, especially
for small atoms where the ratio of negative- to positive charge is large and
electron-correlation effects therefore more pronounced. The binding of an
extra electron to the ground state of a neutral atom is accomplished by it
inducing to the atom an electric dipole moment which acts back on it as
an attractive 1/r4 short-range potential [20, 22]. In a classical picture the
neutral atom (or molecule) feels an electric field "E ∝ "r/r3 from the electron
approaching a distance r away. This induces to the atom a dipole moment
"P ∝ α"E, α being the dipole polarizability, which gives rise to the attractive
Φ ∝ "P ·"r/2r3 ∝ 1/r4 potential [23]. Unlike the long-range Coulomb potential
acting on an electron of a neutral atom, the short-range potential implies a fi-
nite number of bound states. In general, only a single bound state exists, but
the single-electron continuum may reveal a rich structure of doubly-excited
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states, or resonances, that are often associated with excited states of the neu-
tral parent atom. The doubly-excited states usually decay by emission of an
electron, leaving the resulting neutral atom in its ground state or a lower-
lying excited state. This process is called auto-detachment and is analogous
to the autoionization mechanism known for neutral systems. Resonances can
be excited by photon absorption from the ground state of the negative ion or
by collisions of the corresponding neutral atom or molecule with, e.g., elec-
trons. Laser spectroscopy is superior to electron scattering in terms of energy
resolution but is—because of radiative selection rules— restricted to angular
momentum states that can be reached by one- or two-photon absorption from
the ground state or a metastable state of the negative ion.

In the case of H− an extra electron may be bound with respect to an
excited state of the neutral atom by the long-range 1/r2 dipole potential re-
sulting from a mixing of the degenerate angular momentum states by the elec-
tric field of the approaching electron. This leads to series of doubly-excited
states, resonances, converging exponentially to the thresholds defined by ex-
cited states of the neutral hydrogen atom [24]. The neutral hydrogen atom is
the only element exhibiting such a degeneracy, and in general resonances of
negative ions cannot be characterized by such a systematic behaviour. Even
for the hydrogen atom the degeneracy is not exact due to the relativistic fine
structure and QED splitting of the excited states, implying a deviation from
the ideal dipole potential and a termination of the exponential series.

Traditionally, doubly-excited states are divided into the idealized classes
of Feshbach- and shape resonances [25, 26, 27]. A shape resonance is con-
sidered the result of trapping the extra electron behind a barrier formed by
the short-range potential and the centrifugal barrier of the neutral atom,
thus existing for non-zero orbital angular momenta. The bound state is en-
ergetically located above an excited state of the neutral atom and decays by
tunneling of the electron through the barrier, resulting in a relatively short
lifetime (∼10−15 s), or a width on the order of an eV. A Feshbach resonance
may be considered the result of attaching the extra electron to an electron-
ically excited state of the neutral atom or molecule with the electrons on
average sharing the total available energy. By arbitrary energy fluctuations
one of the electrons will eventually become energetic enough that the system
autodetaches with a relatively long lifetime (10−11–10−13 s), corresponding
to a width in the µeV–meV range. A doubly-excited state may, however,
live for considerably longer time (microseconds) if its decay is forbidden by
autodetachment selection rules. Such a state is considered metastable [28]
and can only be observed in a time-of-flight measurement (cf. chapter 4). For
molecular negative-ion resonances the additional possibility exists that the
electron can be associated with a vibrationally- or rotationally excited state
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located energetically above the detachment threshold of the neutral mole-
cule [29, 30]. The autodetachment proces then implies a conversion of the
excess rotational or vibrational energy into electonic energy and represents
a violation of the adiabatic, or Born-Oppenheimer, approximation. In this
approximation the molecular electronic structure is calculated by assuming
the electronic motions to be decoupled from those of the nuclei, as justified
by the fast electronic response to changes in the nuclear coordinates [31].
According to Fano, the photo-absorption- or scattering cross section for en-
ergies E in the vicinity of a Feshbach resonance located in a single-electron
continuum can be written as

σ(E) = σ◦
(q + ε)2

1 + ε2
(2.1)

with ε = 2(E − E◦)/Γ [32]. E◦ and Γ are the energy and width of the
resonance, σ◦ the non-resonant contribution to the cross section and q the
so-called asymmetry parameter, the square of which is the probability of exci-
tation of the resonance followed by autodetachment relative to the probability
of direct excitation of a continuum state. The higher lying the resonance, the
less is the probability of its excitation (less overlap between the resonance
and ground-state wavefunctions), causing the resonances to show up more
and more like dips than like peaks in the cross section. In case of several
close-lying resonances the above formula must be modified as suggested by
Ueda [33].

2.3 Status on negative-ion knowledge

Since a ground-state negative ion is stabilized by an incoming electron causing
a spatial rearrangement of the electronic charge distribution in order to ”ab-
sorb” the extra charge, one may expect binding to be more likely the larger
the atom or molecule. This is to some extent true, but a significant role
is played by the quantum-mechanical energetic distribution of charge over
atomic- or molecular orbitals. Neutral atoms with a closed outer valence
shell are very unlikely to form negative ions while the reverse is expected for
atoms lacking an electron in having such a configuration. Thus, the noble-gas
negative ions are unstable in the ground state apart from element 118 which
is slightly stabilized due to relativistic effects [34]. With a closed s2 sub-shell,
the alkaline-earth atoms were for a long time considered unable to bind an
extra electron. In 1987, however, evidence was provided for the stability of
the Ca− ion, accomplished by the binding of the extra electron in a p or-
bital by a few tens of meV. This was unexpected from a comparison with the
iso-electronic Sc atom, for which the outermost bound electron occupies a
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d-orbital [35]. Since then, the stability of the heavier negative ions, Sr− and
Ba−, of this group has been established, as expected on account of the larger
dipole polarizability exhibited by their neutral parent atoms [35, 36]. Al-
though heavier than Ca, the elements of the alkaline-earth subgroup, Zn, Cd
and Hg, are unable to bind an extra electron in the ground state [3]. Apart
from nitrogen the rest of the most common elements of the periodic table
are able to form negative ions with electron affinities in the 0.1-3.6 eV range,
the highest values being attained by the halogens [3, 37]. The instability of
nitrogen originates from its half-filled outer p3 shell with parallel spins of all
the electrons; adding an extra electron with anti-parallel spin increases the
Coulomb repulsion energy between the electrons above that of the neutral
atom, due to the Pauli exclusion principle [38].

Considering the doubly-excited states of negative atomic ions and re-
stricting the discussion to levels accesible by one-photon absorption, most
information is available about H−, He− and the negative ions of the alkali-
and alkaline earth atoms. These are the most interesting from a theoretical
point of view, especially H− which has been the subject of the largest num-
ber of experimental and theoretical studies as described in chapter 3. He− is
known to exist in a metastable 1s2s2p 4P state with a∼350 µs lifetime, bound
with respect to the excited 1s2s 3S state 19.8 eV above the 1s2 1S ground
state of He [39]. By photon absorption from the 4P state a total of 15 4S
and 4P resonances, located 22.7–24.0 eV above the He ground state and en-
compassing the He(n=3,4,5) thresholds, have been investigated by the group
of Hanstorp [40, 41]. In addition, a lower-lying 1s2p2 4P shape resonance
associated with the 1s2p 3P state of He has been observed by Walter and
Peterson [42]. Most of these resonances have been predicted by theory [41],
which in addition predicts a very weak, broad 4S resonance, not amenable
to experimental observation [43]. Ar− exists in a metastable . . . 3p54s4p 4S
state with a 260 ns lifetime, bound by 32.5 meV with respect to the . . . 3p54s
3P state 11.6 eV above the . . . 3p6 ground state of Ar [44]. A similar state
has been predicted for Xe− but not yet experimentally observed [45].

Among the alkali negative ions Li− is particularly interesting due to the
simililarity of its electronic structure with that of H− [46]. For the lower-lying
Li− resonances the number of available decay channels is larger—causing the
resonances to become broader—than those of H− due to the non-degeneracy
of the Li(nl) thresholds implied by the non-hydrogenic Li+ core [47]. For the
higher-lying Li− resonances the influence of the core is less pronounced and
the Li− spectrum becomes increasingly similar to that of H− [46]. Dellwo et
al. have studied the energy region corresponding to the 1s22p 2P excited state
of Li, 1.85 eV above the 1s22s 2S ground state of Li, giving no clear indica-
tions of resonance structure [48]. The majority of experimental information
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available has been provided by Hanstorp et al. who have observed a total of
17 1S and 1P resonances in the region 3.7–5.0 eV above the Li ground state,
encompassing the Li(4p,5p,6p) thresholds [47, 49, 50, 51]. The agreement
with the theoretically calculated cross section covering this energy range is
very good [46]. Hanstorp et al. have, in addition, recently observed four and
seven resonances of Na− [52] and K− [53], respectively, associted with the
Na(4d) and K(5d,7s,5f) thresholds. Prior to these studies two K− resonances
had previously been observed at the K(4p) threshold, ∼1.6 eV above the K
ground state [54]. Two analogous resonances have been observed in Rb− and
Cs− by Patterson et al. [55] while a . . . 6s6p 3P shape resonance just above
the . . . 5p66s 2S ground state of Cs has been observed by Scheer et al. [56].
No further predictions of resonances accesible by one-photon absorption are
available for these elements.

Common to the lighter alkaline-earth negative ions is the existence of an
optical transition from a 4S state to a lower-lying 4P state [35, 57] which for
Be− has a lifetime of 42 µs and is the lowest-lying metastable state of this
ion [58]. For Mg−, the optical transition remains to be observed experimen-
tally, and a lifetime in the ns–µs range is expected for the 4P level [35]. An
analogous 4P state with a ps lifetime has been observed for Sr− [35]. Finally,
a shape resonance of Ca− has been observed by Walter and Peterson [59]
while additional resonances of Be−, Mg− and Ca− have been predicted by,
e.g., Zeng et al. [60] but not yet observed experimentally.

The amount of information available about doubly-excited states for the
remaining elements of the period table is scarce, encompassing experimental
studies on individual resonances in C− [61], Si− [62], Cu− [63] and Au− [64],
and theoretical studies of C− [65], Si−, Ge− [66] and Cr− [67]. Common to all
the experimental studies referred to above is the application of laser light in
the visible part of the spectrum, which suffices for studies where the ionization
potential and the electron affinity of the neutral atom and the negative ion,
respectivly, are not too large. In the case of He− one is ”rescued” by the high-
lying metastable 4P state, but shorter-wavelength light is obviously required
for the observation of eventual resonances of the halogen negative ions and
of H− (cf. chapter 3).

Proceeding to molecular negative ions, the information is even more lim-
ited considering the vast number of ways in which the elements can bind
to each other to form stable molecules. Even when limiting the discussion
to di- or triatomic species, getting an overview of what is known and what
could be interesting for further investigation is a formidable task which will
not be attempted here. According to Kalcher ”the vast majority of diatomic
molecules, homo- as well as heteronuclear species, can form stable ground-
state negative ions in the gas phase” [68]. Remarkable exceptions are H−

2 ,
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He−2 , N
−
2 and CO− [68], of which the latter three have been formed in long-

lived (i.e. exceeding microseconds) metastable states as discussed in chapter
4. For systems with a heavier mass the excess electronic charge is more easily
distributed within the electronic cloud, and the only unstable three-atomic
molecules that I know of, are H2O−, H−

3 and CO−
2 (cf. chapter 4). Surveys of

molecular negative ions with emphasis on ground-state stabilities and elec-
tron affinities have been given by Bates [69] and Rienstra-Kiracofe et al. [70]
while a graph of the electron affinities as a function of the number of valence
electrons can be found in [5]. A large amount of molecular electron affinities
have been obtained from photoelectron spectroscopic studies by the groups of
Neumark (see, e.g., [71, 72]) and of Bowen, Ellison, Hotop and Lineberger as
stated in the introduction to the molecular electron-affinity list given in the
CRC Handbook of Chemistry and Physics [73]. Resonances of molecular neg-
ative ions have mostly been studied in electron-scattering experiments and
investigations have mainly concentrated on the short-lived states of diatomic
molecules [74, 75]. In addition, a few laser-spectroscopic studies of vibrational
autodetaching states excited from the ground states of stable molecular neg-
ative ions have been performed by the group of Lineberger as reviewed by
Andersen [29].

2.4 Theoretical approaches to negative-ion

structure

2.4.1 Computational methods

Theoretical models of neutral atoms are usually based on the central-field
approximation, according to which each electron moves in a spherical sym-
metric potential representing the interaction with the nucleus and the average
effect of the interaction with the remaining electrons [31]. The Schrödinger
equation is then separable into single-electron equations, and the atomic anti-
symmetrized wavefunction, a Slater determinant, can be written in a basis
of products of single-electron wavefunctions, orbitals, associated with the
principal- and orbital quantum numbers n and l. The spherical symmetric
potentials are in the Hartree-Fock-, or Self-Consistent Field (SCF), approach
determined self-consistently by variational minimization, and the total atomic
energy is determined by the distribution of electrons over values of n and l,
the configuration of the system. If the electronic motions are weakly coupled,
i.e. if by the introduction of spherical symmetric potentials the major part of
the electron-electron interaction term of the Hamiltonian has been accounted
for, the remaining part can be treated as a perturbation. The configuration
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assignment will then still make sence, but the energy level associated with a
given configuration will split into a multiplet of fine-structure components.

For negative ions in the ground- or doubly-excited states and for neutral
atoms and molecules in highly excited states, the electron correlation is so
large that the above perturbative approach no longer applies. The energy
levels can, however, always be associated with a mixture of different con-
figurations and the wavefunction written as a linear combination of Slater
determinants. This is the idea behind the configuration interaction (CI) and
multi-configurational Hartree-Fock (MCHF) approaches which can be consid-
ered natural extensions of the Hartree-Fock method. The additional configu-
rations are often chosen to represent singly-, doubly-, triply- or higher excited
states of the dominant configuration applied in the Hartree-Fock procedure,
as indicated by an additional labelling S, SD, SDT etc. [76, 77]. Since the
singly-excited states do not add to the correlation energy, one has to start out
from at least the SD level. In the MCHF approach the radial wavefunctions
of the single-electron orbitals are optimized variationally in addition to the
coefficients entering the configuration expansion of the total wavefunction.
In the CI approach the radial functions are kept fixed [78].

At a higher level of calculation the configurations (or Slater determiants)
may be chosen independently, i.e. without representing excitations of the
same basic configuration, and the method is then called a multi-reference
(MR) MCHF or -CI (e.g. MRCI). In the frozen-core approximation the exci-
tations are limited to the outermost bound valence electrons which are then
said to belong to a Complete Active Space (CAS). The method is then called
CASSCF, the MC character being implicitly implied by the presence of the
CAS. In some situations the interactions between the core electrons or be-
tween the valence- and core electrons cannot be ignored, as illustrated by
the importance of these contributions for an accurate (to within a few meV)
prediction of the Ca− binding energy [35, 78]. In principle, energy levels
can be calculated numerically to arbitrarily high accuracy by inclusion of
an arbitrary number of configurations but the calculations quickly become
cumbersome and a large number of configurations is required for reasonable
convergence. The computational efforts may be minimized by including in
the expansion of the total wavefunction terms which depend on the inter-
electronic distances, thus from the outset accounting for a larger part of
the electron correlation. This is the idea behind the two-electron Hyller-
aas wave-functions and the elaborations towards the development of possible
candidates of correlated wavefunctions applicable to larger systems [79].

The MCHF and MRCI approaches can be applied for calculations of res-
onance parameters, in addition to bound state properties, by the inclusion
of continuum states in the configuration expansion [80]. Of widely use, espe-



2.4 Theoretical approaches to negativ-ion structure 31

cially for smaller atoms, are, in addition, the complex-scaling and R-matrix
methods [27] of which in particular the complex-scaling approach has pro-
vided very accurate results for H− as dicussed in the following chapter. By
this method the resonance energies and -widths are extracted directly as the
real- and imaginary parts of the complex eigen-energies obtained from a diag-
onalization of the total Hamiltonian in a basis of square-integrable orbitals,
following a complex scaling of the particle coordinates [81]. The R-matrix
method is based on the close-coupling expansion of the total wavefunction in
a basis of continuum- and correlation functions [82], treating the resonance
as an electron-atom scattering phenomenon and inferring the resonance para-
meters from a calculation of the scattering cross section [27]. In the R-matrix
approximation to the close-coupling expansion, the negative ion is enclosed
in a sphere outside which the probability of localizing more than one electron
is small. The region within the sphere is treated by the CI procedure while
a variational minimization of the close-coupling expansion is performed for
the outer region.

In molecular electronic structure calculations, the MCHF and MRCI
methods are the most widely used in addition to many-body perturbation
theory and the coupled-cluster (CC) approach which represents a higher level
of theory. In CC theory the total wavefunction is expanded as a sum of a ba-
sic Slater determinant and its excitations as in the CI and MCHF approaches
but the excitations are performed by means of a cluster operator, generat-
ing additional, so-called disconnected, excitations. For example, the CCSD
(S and D denoting single- and double excitations) expansion includes, for a
system with more than two electrons, pairs of ”co-existing” non-interacting
single- or double excitations or one or more single-excitations co-exising with
a number of double excitations. These types of excitations become the domi-
nant contributors of electron correlation as the number of electrons increases
and are not accounted for by the CI expansion—not even when performed to
the highest possible order. At present, calculations become computationally
very demanding beyond the CCSD(T) level where the triple excitations are
evaluated perturbatively as indicated by the braket. An even higher level of
theory would be obtained by implementing a MR wavefunction in the CC
approach but this remains a challenge to theorists.

Comparing the different approaches one should consider not only their
level of approximation but also their ability to account for the two types of
electron correlation encountered; a static correlation arising from the config-
uration interaction and a dynamic correlation arising from the instantaneous
mutual Coulomb repulsion among the electrons [77]. In reality the two effects
are intermingled and the distinction originates from the fact that a correla-
tion prevails even when the electrons are so far apart that that they do not
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feel the repulsion of each other [77]. In the CI approach both types of correla-
tion are accounted for, but in the MCHF and CC approaches only the static
and dynamic correlations, respectively, are included [83]. By the inclusion of
static correlation only, one is limited to qualitative predictions of the elec-
tronic structure, while quantitative predictions to a ∼0.1 eV accuracy can
be obtained for small molecules when accounting for the dynamic correlation
[76, 83].

The accuracy that can be obtained is, though, not only limited by the
level of approximation applied in the expansion of the total many-electron
wavefunction. Also the molecular orbitals, replacing the atomic orbitals when
building the configurations, must be expanded in a basis set which must in-
clude an infinite number of functions in order to form a complete set. The
path towards the exact solution of the Shrödinger equation is thus one of a
two-dimensional optimization of this one-electron basis set on the one hand
and the total wavefunction expressed in terms of Slater determinants on the
other. Just as there is a hierarchy of many-body models starting at the
Hartree-Fock level, there is a hierarcy of one-electron basis sets starting with
the atomic-like Slater-type orbitals (STO) and proceeding to Gaussian-type
orbitals (GTO) and the numerically more tractable contracted GTO’s repre-
senting linear-combinations of such functions. Using the contracted GTO’s
one can proceed from a minimum basis set, in which the number of one-
electron functions is chosen in accordance with the actual number of elec-
trons, to a double- or triple zeta (DZ or TZ) type basis including two- or
three times as many functions. Often, only the functions representing the
valence electrons are doubled or tripled, giving valence double- or triple zeta
basis sets (VDZ or VTZ), respectively. In calculations on highly correlated
systems the inclusion of polarization functions, i.e. functions representing
higher orbital angular momentum, is essential, as denoted by a ”p” (e.g.
pVTZ), and further correlation consistency, denoted by a cc (e.g. cc-pVTZ)
is obtained by including at the same stage of expansion functions that con-
tribute equal amounts of correlation energy. Finally, especially when dealing
with negative ions, additional diffuse functions may be of relevance, resulting
in an augmention of the basis set, denoted by AUG (e.g. AUG-cc-pTVZ) [76].

2.4.2 The hyperspherical-coordinate approach

The numerical methods discussed above are more or less reminiscent of the
independent-particle approximation and not tailored to deal with the elec-
tron correlation. They are, in principle, capable of predicting a negative-ion
spectrum to an arbitrarily high accuracy, but they do not provide the link
to an understanding, or a visualization, of the underlying electronic struc-
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ture responsible for this spectrum. A qualitative understanding and clas-
sification of the negative-ion structure, especially the doubly-excited states,
in terms of quantum numbers must be accomplished by models that from
the outset take the electron correlation into account. Such a model is the
hyperspherical-coordinate approach which has been developed for two-elctron
systems by Lin and Rau, based on group-theoretical work of Herrick and
Sinanoglu [84, 85, 86]. A description of this approach will be given here,
intended to be sufficiently detailed to give a taste of the origin of the quan-
tum numbers used for the labelling of the H− resonances discussed in the
following chapter.

In the hyperspherical-coordinate approach the 6 coordinates required to
describe the two electrons are chosen to be the hyper-radiusR = (r12+r2

2)1/2

reflecting the size of the system ("ri is the position of the ith electron with
respect to the nucleus), the hyper-angle α = arctan(r2/r1), the angle θ12
between "r1 and "r2 and three Euler angles for localization of the triangle of
nucleus and electrons in space. When expressed in terms of these coordinates,
the two-electron Schrödinger equation is separable into a set of hyper-radial
equations that can be solved in the adiabatic approximation where the motion
in the hyper-radius is assumed to be much slower than that in the angles.
Adiabatic potential-energy curves obtained this way, giving the electronic
energy as a function of the hyper-radius, are shown in figure 2.1 for the 1P o

states of H− associated with the H(n=2) threshold. As indicated in the
figure, the shapes of the potential-energy curves reflect the symmentry of
the total wavefunction, denoted by the radial quantum number A. A can
attain the values +1 and −1, corresponding to the electrons moving radially
in- and out of phase, respectively, in analogy with the vibrational stretch
modes of a linear triatomic molecule. States with A = +1 are less stable
(i.e. more short-lived) than states with A = −1, because the symmetry, in
a classical picture, is more easily broken by one electron hitting the nucleus
slightly before the other [87]. States with A = 0 correspond to one electron
being very close to and the other very far away from the nucleus, and the
corresponding potential-energy curves are repulsive for all R (curve pd in
the figure). For a given n, a manifold of + and − curves exist but only
the lowest-lying curve of each type is apparently excited by single-photon
absorption [88].

The total potential-energy surface of the system evaluated as a function of
α and θ12 is singular at α = 45◦, θ = 90◦ corresponding to the two electrons
sitting on top of each other and is symmetric with respect to α, exhibiting
a saddle shape with a saddle point at α = 45◦, θ = 0◦ (see figure 3 in [85]).
The associated ridge states with r1 ∼ r2 are of the A = +1 symmetry while
the valley states along the θ12 axis at α = 0◦ and α = 90◦ are of the A = −1
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Figure 2.1: Adiabatic potential-energy curves for the 1P o states of H− associated with
the H(n=2) threshold. From [89].

symmetry.
It can be shown that the quantity "B ∝ "A1 − "A2 is a constant of the

motion where "Ai is the so-called Runge-Lenz vector of the ith electron—the
quantum mechanical equivalent of the vector directed along the semimajor
axis of a classical Kepler ellipse [86]. Due to their commutation, L2, B2

and ( "B·"L)2 can be simultaneously diagonalized, yielding the well-known L
quantum number for the total orbital angular momentum in addition to the
quantum numbers K and T given by

T = 0, 1, 2, ...min(L, n− 1) (2.2)

and

K = n− 1− T, n− 3− T, ...,−(n− 1− T ), (2.3)

where T = 0 is forbidden if the total parity π = (−1)L+1. Given the total
spin S, A is determined by

A = π(−1)S+T K > L− n (2.4)
A = 0 K ≤ L− n. (2.5)

The angular correlation is contained in the quantum number K which is
given approximately by 〈r< cos θ12〉 with r< denoting the radius of the inner
electron. The radial correlation is contained in T which can be interpreted



2.4 Theoretical approaches to negativ-ion structure 35

as the projection of "L onto the inter-electronic axis "r1 − "r2. The resonances
can, accordingly, be designated terms of the form n(K,T )Am, where n denotes
the main quantum number of the excited state towards which a series of
resonances labelled by m converges (m ≥ n for A = +1 and m ≥ n+1 for A
= −1). Since redundant information is contained in the n(K,T )Am term, the
notation n{ν}Am is often used instead with ν = 1/2(n− 1−K −T ) being the
so-called rovibrational quantum number. Considering, for example, the 1P o

resonances of H− converging towards the H(n=2) threshold, T can attain
the values T = 0,1 with K being −1 or 1 for T = 0 and equal to zero for
T = 1. For (K,T ) = (1,0) and (-1,0) the A quantum number becomes −1
and 0, respectively, while for (K,T ) = (0,1) A = +1. There are thus the
three possible series 2(0, 1)

+, 2(1, 0)
− and 2(−1, 0)0, or 2{0}+, 2{0}− and

2{1}0, of which the latter corresponds to the repulsive potential (cf. figure
2.1). For the states belonging to the 2(0, 1)

+ and 2(1, 0)
−series the electrons

will, in the classical simplification, move in- and out of phase with θ12 ∼ 90◦

(K ∝ 〈r< cos θ12〉) and θ12 ∼ 180◦, respectively. For the repulsive states
belonging to the 2(−1, 0)0 series the electrons are on the same side of the
nucleus but at very unequal distances. The three series can be considered
analogous to the mixed configurations 2snp+ 2pns, 2snp− 2pns and 2pnd,
respectively, as originally proposed by Madden and Codling [90].

Attempts have been made to extend the hyperspherical approach to doubly-
and triply-excited states of three-electron atoms, showing that the two-electron
quantum numbers carry on to the three-electron doubly-excited states while
the triply-excited states require further investigations [91]. It should be noted
that the hyperspherical approach with the adiabatic approximation is unable
to compete with the computational methods in terms of numerical accuracy
but can be cast into a numerically tractable form by means of the close-
coupling approach to produce fairly accurate results [92].
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Chapter 3

High-resolution VUV
spectroscopy of H−

3.1 Introduction

Apart from its interest in astrophysics H− is particularly appealing from
a fundamental point of view as reflected by the large number of investiga-
tions dealing with this system. In addition to being a three-body system,
it is the smallest negative ion of the periodic table and thus particularly
heavily governed by electron correlation. This is reflected by the failure of
the independent-particle model to predict its stability [1]. H− has a single
bound state, the 1Se ground state, with a binding energy of 0.75419(2) eV
as measured in a laser-photodetachment experiment by Lykke et al. [2] and
calculated with an even higher accuracy [3]. In addition, the spectrum is
dominated by series of doubly-excited states embedded in the single-electron
continuum 10–12 eV above the H− ground state and associated with excited
states of the neutral hydrogen atom. Using the notation of hyperspherical
quantum numbers introduced in the previous chapter, these doubly-excited
states, or resonances, can be divided into classes of + and − resonances,
each of which may exhibit a Feshbach or shape character. The + and −
resonances have widths in the meV and µeV ranges, respectively, so an en-
ergy resolution of that order is necessary for their observation. This favours
the laser-photodetachment technique, which, however, is not immediately
applicabable due to the lack of lasers with a photon energy tunable in the
10–12 eV range (cf. chapter 1). Besides, only 1P o resonances are accessible
by single-photon absorption from the 1Se ground state of H−.

Apart from a single two-photon absorption experiment addressing the
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1De resonance just below the H(n=2) threshold [4, 5], the 1P o resonances
have been most intensively studied. In the period 1977–1993, Bryant et
al. performed a unique series of experiments, measuring the single-photon
absorption cross section of H− as a function of photon energy from below
the threshold for single-electron detachment to above the threshold for two-
electron ejection [6, 7, 8, 9]. This large range of tunability was achieved
by varying the angle of intersection of a 800 MeV H− beam at LAMPF (Los
Alamos Meson Physics Facility) with different laser beams of fixed frequency,
utilizing the relativistic Doppler shift. The photon-energy resolution was lim-
ited to 5–10 meV (FWHM) by the energy spread of the ion beam and the
angular divergence imposed by the crossed-beam configuration. Of interest
for the present experiment is the observation of the first 1P o resonance in
each of the series 2{0}−m (m=3,4 . . . ) and 2{0}+m (m=2,3,4 . . . ), respec-
tively. The energy of the 2{0}−3 Feshbach resonance was determined to be
10.9264(6) eV relative to the H− ground state while the width was limited to
∼10 meV by the experimental resolution [8]. The 2{0}+2 resonance is located
as a shape-like structure just above the H(n=2) threshold and is the only
member of this + series [8]. It thus distinguishes itself from the higher-lying
+ resonances which are members of regular series converging from below
towards the respective thresholds.

The deviation of the 2{0}−3 resonance energy from values of 10.924 eV and
10.9245 eV calculated by Tang [10] and Lindroth [11], respectively, and the
prospect of an even higher energy resolution stimulated the development of
an alternative experimental technique at the storage ring ASTRID (Aarhus
STorage RIng Denmark) in 1995 [12, 13]. Here, a fixed-frequency VUV laser
beam was overlapped collinearly with a 1 MeV H− beam at one of the straight
sections of the ring, the effective photon energy being Doppler-tuned by ad-
justment of the ion-storage energy [12, 13]. By this method, implying an
improvement in the energy resolution by more than two orders of magnitude,
a measurement of the cross section in the vicinity of the H(n=2) threshold
yielded a resonance energy of 10.9243(2) eV for the 2{0}−3 state while the
(deconvolved) width could be confined to the interval 20 µeV< Γ < 60 µeV.
Both results were in excellent agreement with theory but the large uncer-
tainty in the width did not allow a critical test of various theoretical models,
predicting values in the 28–65 µeV range [10, 14, 15]. The discrepancy with
the resonance energy reported by Bryant et al. was attributed to the energy-
calibration method applied in their experiment [12]. In addition, the 2{0}−4
resonance could be resolved for the first time at 10.9519(2) eV, likewise in
agreement with theory. The width, predicted to be 2 µeV [16], was entirely
dominated by the 180 µeV (FWHM) energy resolution. The measured 2{0}−3
and 2{0}−4 resonance cross sections are shown in figure 3.1 together with that
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Figure 3.1: (a) Relative photodetachment cross section of D− in the vicinity of the
D(n=2) threshold measured by Andersen et al. [13] and normalized to the theoretical
results of Lindroth [13]. The scanned energy range includes the 2{0}−3 and 2{0}−4 Fesh-

bach resonances and the 2{0}+
2 shape resonace. (b) The 2{0}−3 resonance shown on an

enlarged scale, fitted to a Fano profile convolved with a Gaussian function representing the
experimental resolution. (c) The 2{0}−4 resonance shown on an enlarged scale, fitted to a
Gaussian function.

of the 2{0}+2 shape resonance, which appears non-smooth due to variations in
the laser- and ion-beam overlap. This is a consequence of the large scaling in
ion-beam energy required to scan the relatively broad photon-energy range
covered by this structure. The measured cross section is relative, and each
of the three segments has been normalized to the cross section calculated by
Lindroth and convolved with the experimental resolution (solid curve). The
2{0}−3 and 2{0}−4 resonances are shown on an enlarged scale in figures 3.1
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(b) and (c), respectively, with the solid curves representing fits to a Fano
profile (see chapter 2) convolved with a Gaussian function (representing the
experimental resolution), and a pure Gaussian function, respectively. The
asymmetry of the 2{0}−3 resonance is clearly visible.

Measurements have also been performed on D−, yielding energies of
10.9277(2) eV and 10.9553(2) eV for the 2{0}−3 and 2{0}−4 resonances, re-
spectively [13]. The isotope shift of 3.4(0.2) meV thus observed for both
resonances is consistent with the shift of 3.2 meV found by scaling the tran-
sition energies and the specific mass shift of the ground state according to
the difference in reduced masses. The specific mass shift, implied by the
mass-polarization term of the two-electron Hamiltonian, has been calculated
to be 486 µeV for the H− ground state but only 10 µeV and 0.33 µeV for the
2{0}−3 and 2{0}−4 resonances, respectively [17]. The size of this shift is very
sensitive to the nature of the state, thus predicted to be 35 µeV for the 2{0}+2
shape resonance [11] and –0.1 meV for the 1De resonance. A measurement
of the shift for the 1Do resonance has yielded a value of −2.4(1.1) meV with
a possible systematic error of 0.8 meV [4, 5].

One more resonance predominantly of 1P o character, the 2{0}−5 state, is
predicted to exist very close to the H(n=2) threshold, with the series then
terminating due to the fine-structure and QED splittings of the H(n=2) level
[16, 18]. A fourth resonance, predominantly of 3P o character, but with a
predicted 17 % admixture of 1P o configurations located even closer to the
threshold should, however, in principle also be accessible by single-photon
absorption [18]. Since the width and strength (the integrated cross section)
decrease rapidly when going to higher-lying resonances, their observation
becomes increasingly difficult; the 2{0}−5 resonance with a ∼0.07 µeV width
[15] represents a challenge to experiment.

The present chapter reports the re-investigation of the photodetachment
cross section in the vicinity of the 2{0}−3 resonance with a factor of four
improvement in resolution compared with the ASTRID measurements from
1996–97 [12, 13]. The improvement was accomplished by the application of
electron cooling in order to reduce the velocity spread of the negative-ion
beam which is the resolution-limiting factor.

3.2 Experimental approach

Figure 3.2 shows a schematic of the experimental setup with the ASTRID
storage ring, the electron cooler and the VUV laser system. ASTRID is of
40 m circumference and consists of four straight sections connected by pairs
of 45◦ bending magnets [19]. Each straight section is equipped with two
times two focusing quadropole magnets in addition to a number of correction
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Figure 3.2: A schematic of ASTRID storage ring with the electron cooler and the laser
system for Doppler-tuned VUV spectroscopy.

dipoles and sextupoles. The ring is operated at a pressure of ∼3×10−11 Torr
with H2 and He being the dominant rest gas components, and 16 electrosta-
tic pick-up’s allow the beam to be positioned to within a few millimeters. A
150 keV D− ion beam (easier to accelerate than H−) produced by a duoplas-
matron ion source was injected into the ring following mass- and charge-state
analysis. Following further acceleration to ∼1.6 MeV by a radio-frequency
field, the ∼0.5 µA D− beam was left to circulate in the ring. On one of
the straight sections the D− beam was overlapped almost collinearly with a
118 nm pulsed light beam, the ∼0.5◦ angle leaving space for a neutral-atom
detector. The yield of D atoms formed during the presence of laser pulses
and the background yield originating from collisional detachment were mon-
itored in two separate time gates. The photon flux exiting the other end of
the straight section was measured with an Al plate, and a phosphor screen
facilitated alignment and control of the 118 nm beam.

The 118 nm (10.48 eV) light was generated by frequency tripling the third
harmonic (355 nm) of a 100 Hz, 3 ns pulsed, Nd:YAlG laser, focused to an in-
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tensity of ∼2×1013W/cm2 in a gas cell containing ∼7 mB Xe. This pressure
corresponds to optimum phase-matching conditions for the given focusing
conditions, as verified by a maximum in the generated 118 nm signal. The
conversion efficiency was resonantly enhanced by the proximity of the 118 nm
wavelength to the 5p–5d electronic transition in Xe [20]. The 118 nm light
was separated from the 355 nm beam by an astigmatically focusing spheri-
cal grating and subsequently collimated by a curved mirror before entering
the ring through a LiF window as a ∼1 cm2 diameter beam. In order to
obtain the maximum possible signal in the cross section measurements, the
355 nm laser was operated at a pulse energy of 30–40 mJ which was on the
edge of the damage threshold of the grating. In order to prevent an eventual
damage implied by the presence of Xe gas, an additional LiF window could
be installed in the beam path behind the laser focus to separate the grating
from the Xe gas cell (not shown in the figure). Since the transmission of a
LiF window, initially ∼30 %, was found to decrease as a function of exposure
time to the 355 nm light, 2–3 windows were typically used during two weeks
of beamtime, and for the final measurements the LiF window was removed.
Although water-cooled, the grating also exhibited a decrease in efficiency as
a function of time, following the eventual development of a burned spot, and
a new grating had to be used for each beam-time. As it turned out, the
gratings bought after the successful beam-times of 1996–97 were down in ef-
ficiency by at least an order of magnitude, providing a reflectivity of at most
3 %. Only very recently, just before our latest beam-time in November 2000,
it was admitted to us that the coating procedure had been changed around
1997. The results presented in the present chapter, recorded in May 1999,
have, accordingly, been obtained with an order-of-magnitude reduction in the
number of 118 nm photons per pulse compared with the 1996–97 experiments
but this was compensated by an one-order-magnitude increase in the repeti-
tion rate provided by a new laser. From an absolute measurement utilizing
an NO ionization cell, the amount of 118 nm flux available immediately after
the grating was estimated to ∼6×109 photons/pulse as verified by an order-
of-magnitude reduction in the neutral-atom signal per pulse compared with
the earlier experiments.

The effective photon energy seen by the ions travelling with mean longitu-
dinal velocity v is given by the Doppler formula asEph = γEL(1 + (v/c) cosα),

where γ = 1/
√
(1 − (v/c)2), EL = 10.48 eV is the photon energy in the lab-

oratory system and α the angle of intersection, with α = 0◦ corresponding to
counter-propagating beams. With an ion-storage energy limited by the rigid-
ity of the bending magnets to 160 MeV and 85 MeV, the effective photon
energy can be varied up to 18.7 eV and 14.2 eV for H− and D−, respectively.
The spread δE in E, equal to the energy resolution, is determined by the
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Figure 3.3: A schematic of the electron cooler mounted at ASTRID.

spread in α, EL and v. Due to the almost collinear geometry, the contri-
bution γ(v/c)EL sinαδα to δE from the spread δα ≈ 0.2◦ (FWHM) in α ≈
0.5◦ amounts to only 13 µeV for a 1.6 MeV D− beam. With a bandwidth
δEL < 1 µeV of the laser light, the contribution (ELγ/c)(cosα/γ2 + v/c)δv
to δE from the velocity spread δv is the resolution-limiting factor, amounting
to ∼180 µeV for δv/v ∼ 4×10−4 (typical of an uncooled beam, all values are
FWHM). The energy spread is seen to increase with kinetic energy, thus at-
taining a value of 2.4 meV at the maximum effective photon energy available
for H−.

The electron cooler is mounted on the straight section of ASTRID oppo-
site to that of the laser beam. It consists of an electron gun, a 1 m inter-
action region, and an electron collector as shown in figure 3.3. A 3.6 mA
electron beam, corresponding to a density of 5×106 cm−3, is emitted by a
1-cm-diameter tungsten cathode and accelerated through an anode grid to
457 eV. The electron beam is guided in and out of the interaction region by
solenoid magnetic fields of 100–200 G connected with two deflection toroids.
Since the electrons are continuosly renewed, the electron-cooling section may
be considered a heat exchanger where the velocity spread of an ion beam
with longitudinal velocity equal to that of the electron beam is reduced as
the ions moving too fast (slow) are decelerated (accelerated) by collisional
energy transfer [21]. By the cooling process an equilibrium situation with
equal ion- and electron-beam temperatures is approached, implying a ve-
locity spread of the ion beam which is reduced with respect to that of the
electron beam by a factor

√
M/m, with M and m being the ion- and elec-

tron masses, respectively (assuming Maxwellian velocity distributions). The
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longitudinal electron-beam temperature is reduced by the acceleration pro-
cess to typically kT‖ ∼1 meV [22] while the transverse temperature, initially
equal to the cathode temperature, kTcath = 0.11 eV, can be reduced by adia-
batically expanding the electron beam [23]. In the present study, the solenoid
magnetic field of the interaction region was reduced by a factor 4.3 with re-
spect to that of the gun, implying an expansion to a

√
4.3×1 cm = 2.1 cm

diameter electron beam and a factor 4.3 reduction in the transverse temper-
ature to kT⊥ = 26 meV. For comparison, the effective ion-beam diameter,
taking betatron oscillations into account, was ∼1 cm and could be considered
constant on the time scale relevant for longitudinal cooling.

The mean longitudinal velocity v and spread δv of the D− beam were de-
rived from the average revolution frequency ν and spread δν, monitored with
a Schottky pick-up. Due to the large cross section for collisional destruction
of a negative-ion beam, the lifetime of the stored beam was limited to a few
seconds. Stable cooling, characterized by constant mean velocity and a con-
stant, narrowed velocity spread, must thus be achieved on a similar timescale,
and knowing the exact time when this occurs is important for separating out
the corresponding neutral-atom signal in the data treatment. The frequency
content of the Schottky signal mixed down to ∼10 kHz was sampled by an
analog-to-digital converter and analyzed with a fast Fourier-transform pro-
cedure every 0.16 s, allowing ν and δν to be recorded as a function of time
[24].

In order to obtain stable cooling and the lowest possible velocity spread, it
is important that the electron- and ion beams are well aligned in the electron
cooler [21]. This was achieved by means of a pair of horizontal and vertical
pick-up plates placed in the interaction region as shown in figure 3.3. When
not used for positioning, the latter were modulated with a 250 kHz AC sine
voltage, 6 V peak-to-peak, in order to reach equilibrium within the lifetime
of the ion beam. This procedure has been suggested by Marriner et al. as
a method of reducing the amount of rest-gas ions trapped in the electron
beam [25]. Trapped rest gas ions imply a reduction in the magnitude of
the electrostatic space-charge potential and a corresponding increase in the
electron-beam velocity. Without the modulation voltage the Schottky spectra
exhibited significant drifts and stable cooling could not be obtained within
several lifetimes of D− beam storage.

3.3 Results and discussion

Figure 3.4 (a) and (b) show examples of the evolution of the mean longitudinal
velocity and the relative velocity spread (FWHM) with time, respectively,
for the cooled D− beam, as obtained by fitting the Schottky spectra to a
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Figure 3.4: (a) Typical evolution of the mean longitudinal velocity with time after ac-
celeration for the cooled D− beam. A constant of 12454×103 m/s should be added to the
values displayed on the vertical axis. The data represent an average over 20 injections.
The solid curve indicates a fit to two exponentials as discussed in the text. (b) Typical
evolution of the relative velocity spread with time after acceleration for the cooled D−
beam. The data represent an average over 20 injections. The solid curve indicates the
predicted I0.4

D dependence.

Gaussian function. Initially (0–0.5 s), the velocity of the ion beam is higher
than that of the electron beam and is dragged downwards with the ions
apparently being slightly heated, as seen from the simultaneous increase in
the velocity spread. Subsequently, trapping of rest-gas ions cause an increase
in the electron-beam velocity which the D− ions are forced to follow, thus
being dragged to a higher mean velocity again (0.5–2 s). During this time
interval, the D− ion- and electron-beam velocities are equal, and the cooling
is very efficient as reflected by the corresponding steep decrease in the D−
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velocity spread. As the velocity distribution narrows, the effect of intrabeam
scattering, causing heating, becomes more and more pronounced, and the
cooling rate decreases. Eventually an equilibrium situation is reached with
equal cooling and intrabeam-scattering rates, as reflected by the slow decrease
in the velocity spread and an almost constant mean velocity (2–8 s). In this
regime the relative velocity spread is predicted to obey an ID

0.4 dependence
(equation 161 in [21]), with ID ∝ exp(−t/τ) being the D− beam current and
τ the lifetime of the ion beam. This dependence is indicated by the solid
curve in figure 3.4 (b) and is seen to agree with the data. After 8 s of cooling
the relative velocity spread is 7×10−5 and thus reduced by a factor of ∼6
with respect to that of an uncooled beam. The deviation from the ID

0.4 law
reflects the limit of equal D− ion- and electron-beam temperatures.

The evolution of the mean longitudinal velocity of the D− beam can be
predicted from a simple one-dimensional model, disregarding magnetic fields
and assuming monochromatic beams with no transverse velocity components.
In the binary collision approach of Poth [21] the cooling force is then, with
the present conditions, proportional to the difference between the ion- and
electron-beam velocities, F = K(vD(t) − ve(t)) (equation 43c in [21]). The
electron-beam velocity is given by ve(t) =

√
2Ve(t)/m where Ve(t) is equal

to the acceleration energy of the electrons supplied by the electron- cooler
cathode voltage Ucath, corrected for a small but significant contribution from
space-charge. The effect of rest-gas ion trapping is taken into account through
this last contribution which, as explained qualitatively above, has a large
influence on the time dependence of vD(t). Denoting by ne and nrgi(t) the
density of electrons and of trapped rest-gas ions, respectively, Ve(t) is given
on axis, i.e. in the center of the beam, by

Ve(t) = eUcath +
e2r◦2

4ε◦
(ne − nrgi(t))

(
−1 + 2 ln

(r◦
R

))
(3.1)

where r◦ and R are the electron- and vacuum tube radii, respectively, ε◦
the vacuum permittivity and e the elementary charge (equation 98 in [21]).
Assuming nrgi(t) to approach an equilibrium value n∞ exponentially with a
characteristic ”trapping” time τt, i.e. writing nrgi(t) = n∞(1 − exp(−t/τt)),
the time dependence of vi can now be obtained by solving the Newtonian
equation MdvD/dt = K(vD(t) − ve(t)). The result is an expression of the
form

vD(t) = A exp(−t/τc)−B exp(−t/τt) + C, (3.2)

where τc = 1/K is the cooling time and A, B, and C are positive constants.
The data of figure 3.4 (a) are fitted well with this expression as indicated by



3.3 Results and discussion 53

Photon energy (eV)

10.92725 10.92750 10.92775 10.92800

C
ro

ss
 s

ec
tio

n 
(a

rb
. u

ni
ts

)

0.0

0.4

0.8

1.2

1.6

Figure 3.5: Relative photodetachment cross section vs. effective photon energy in the
vicinity of the 2{0}−3 resonance. The solid curve represents the best fit to a Fano profile
convolved with the experimental resolution. The error bars indicate a statistical uncer-
tainty of one standard deviation.

the solid curve, giving values τc ∼0.4 s and τt ∼0.5 s for the cooling- and
”trapping” times, respectively.

When measuring the photodetachment cross section only neutral atoms
detected within the time interval 3.8–8 s with relatively constant mean ve-
locity and a relative velocity spread below 1×10−4 were considered. The
contribution to the experimental resolution from the corresponding relative
velocity spread averaged over this time interval amounts to 42 µeV, and
adding the (small) contribution from the angular divergence gives a total en-
ergy resolution of 44 µeV. By choosing a smaller time interval corresponding
to later times, one could obtain an even higher resolution but at the expense
of statistics due to the decaying ion beam, and a trade-off has to be made.
Figure 3.5 shows the relative photodetachment cross section in the vicinity
of the 1P o

2{0}−3 resonance as deduced from the fitted amplitudes of the ex-
ponential decays of the photodetachment signal [20]. The clearly asymmetric
resonance has been fitted to a Fano profile convolved with a Gaussian func-
tion of width 44 µeV (FWHM) as indicated by the solid curve. Representing
a time average, this width in fact slightly overestimates the exponential res-
olution due to the small (oscillatory) drift of the mean velocity with time
(figure 3.4 (a)). This was accounted for by including in the fit of the experi-
mental amplitudes a time dependence of the cross section, reflecting the time
dependencies of the mean velocity and the velocity spread. Since the cross
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section in addition depends on the unknown resonance parameters which in
turn depend on the distribution of the exponential amplitudes over photon
energy (or, equivalently, velocity), the resonance was fitted iteratively: the
exponential amplitudes were corrected in accordance with the small changes
in the resonance parameters obtained from fitting the resonance while keeping
the Gaussian width fixed at 44 µeV.

Quantitatively, the cross section was in the first approximation calculated
as σ1 = (b1/a− 1)/Φτ where Φ is the 118 nm photon flux, τ the lifetime of
the D− beam, and a and b1 the amplitudes obtained from fits to a exp (−t/τ)
and b1 exp (−t/τ) of the neutral-atom signal monitored in the background-
and signal gates, respectively. The σ1 values were plotted as a function of
the photon energy Eph and the resulting curve was fitted to a Fano profile
convolved with a Gaussian function, as given by

σ̃1 =
∫

K

(
q1 +

2(E−E1)
Γ1

)2
1 +

(
2(E−E1)

Γ1

)2 exp

(
−
(
E − Eph

δ

)2)
dE. (3.3)

Here, δ = 18.7 µeV is the experimental resolution (44 µeV FWHM), K a
constant and E1, Γ1 and q1 the resonance energy, -width and -assymmetry
parameter obtained from the fit, respectively. Corrected exponential ampli-
tudes were accordingly calculated as b2 = a(Φτσ̃1(E1, q1,Γ1) + 1) and the
neutral- atom signal of the signal gate fitted to b̃2(t) exp (−t/τ), where

b̃2 (t) = a[1 + Φτx1σ̃1 (t)] (3.4)

= a
[
1 + Φτx1

∫
K

(
q1 +

2(E−E1)
Γ1

)2
1 +

(
2(E−E1)

Γ1

)2 exp

(
−
(
E − Eph (t)

δ (t)

)2)
dE
]
,

to obtain a value for x1. Eph(t) and δ(t) were read from the data files with
the Schottky measurements. If Eph(t) and δ(t) were constant in time, x1
should be equal to 1, and the time-dependence of these parameters is thus
transferred into a deviation of x1 from this value. The measured cross sections
were corrected according to σ2 = x1σ̃1(E1, q1,Γ1) and again fitted to a Fano
profile convolved with a Gaussian function to yield σ̃2(E2, q2,Γ2), and so on.
The resonance was fitted using the commercial programme PeakFit while the
exponential amplitudes including the time drift could only be fitted with a
programme made in Turbo Pascal, based on the routines described in the
book ”Numerical Recipes in Pascal” [26]. Both programmes are designed
to perform a least-square χ2 minimization, using the Levenberg-Marquardt
method and should therefore be expected to yield exactly the same resonance
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Table 3.1: A comparison of experimental- and theoretical results for the 1P o
2{0}−3 reso-

nance of D− converging to the D(n=2) threshold. The resonance energy ER is given with
reference to the D− ground state.

ER/eV Γ /µeV q

Experiment
Andersen et al.[13] 10.9277(2) 20–60 -30 – -10
Balling et al.[20] 57(15)
Present 37(3) -16(3)

Theory
Hoa [27] 10.92773 35.9
Sadeghpoura et al. [14] 10.9287 28.8
Changa [28] 10.9278 40.0
Cortés and Martina [29] 10.9278 32.4 -15.9
Tang et al.a [10] 10.927 65.3
Venuti and Declevaa [30] 10.92774 37.2 -16.5
Lindroth et al.a [16] 10.92770 37.2 -17

Gienb [31] 10.92771 37.7
Bürgersa [17] 10.92773 37.2
Kuan et al.a [32] 10.92773 36.9
Chena [33] 10.92770 35.6
Bylicki and Nicolaidesa [15] 10.92773 37.0

a Converted from the total energy of the system (in a.u.) to the energy with respect to
the ground state of D− using a conversion factor of 27.211383 M/(M +m) eV [34]. A D−
ground-state energy of 14.356789 eV relative to the two-electron escape threshold is derived
from [3], neglecting the small mass dependence of the relativistic- and QED corrections.
b Converted from transition energies in Rydberg using a conversion factor of 13.605692
M/(M +m) eV.

parameters. The parameters obtained from the home-made programme did,
however, deviate slightly from those of PeakFit and did not converge as
the number of iterations was increased. The reason for this discrepancy
is at present unclear but the PeakFit parameters should beyond doubt be
considered the ”best” ones since they exhibit the right convergence behaviour.

By the application of this iterative procedure a width Γ of 37(3) µeV and
an asymmetry parameter q of −16(3) was obtained for the 2{0}−3 resonance.
The result is listed in table 3.1 together with the existing experimental results
for D− and a number of recent theoretical predictions. The discrepancy of the
width with the recently reported experimental value, regarded a preliminary
result at the initial stage of applying electron cooling, is attributed to the
pedestal observed in the Schottky spectra at that time [20]. The width mea-
sured in the present study agrees well with most of the calculated values listed
in table 3.1, the most remarkable exception being the value obtained by Tang
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et al. in a hyperspherical close-coupling calculation [10]. The inadequacy of
this approach might have been expected on the basis of a comparison of the
calculated cross section with the experimental results of Bryant et al. where
the measured strength appeared to be much larger than predicted [10]. The
widths obtained by Sadeghpour et al. [14], and Cortés and Martin [29], ap-
plying R-matrix- and L2 methods, respectively, are outside the uncertainty of
the present value. The calculation of Sadeghpour et al. in addition predicts a
resonance energy that deviates from the experimental value which, within the
quoted uncertainty, agrees with those of all the other approaches. It should
be noted that the improved resolution of the present experiment does not
allow a more accurate determination of the resonance energy than previously
reported. The uncertainty of this parameter is limited by the uncertainty
of the D− beam orbit length [20]. The complex-rotation method applied in
different variants by Ho [27], Lindroth et al. [16, 17], Kuan et al. [32], Chen
[33] and Bylicki and Nicolaides [15] seems to provide a good description of the
structure of the negative hydrogen ion. The measured magnitude of q agrees
very well with the few theoretical predictions for this parameter [16, 29, 30]
but this is to be expected since the q value couples to the width.

3.4 Conclusion

The natural width Γ and the asymmetry parameter q of the 1P o
2{0}−3 reso-

nance of D− have been determined to a precision that, for the first time, has
allowed a critical test of the various theoretical models applied to this system.
The measurement was performed with the technique of Doppler-tuned VUV
spectroscopy, for which the resolution was improved by a factor of ∼4 with
respect to previous experiments by electron cooling the D− beam. The en-
ergy resolution obtained in the present experiment cannot be improved much
further, given the machine properties of the storage ring and the electron
cooler, and will make an observation of the last member of the 2{0}−m series,
the 1P o

2{0}−5 resonance, difficult. Figure 3.6 (a) shows the cross section in
the vicinity of this resonance as predicted by Lindroth, with the 2p1/2, 2s and
2p3/2 thresholds of D(n=2) indicated by vertical lines. In figure 3.6 (b) this
cross section has been convolved with the present experimental resolution,
and the ratio of the resonant to off-resonant contribution is seen to be ∼1.4
with the 2p1/2 threshold being completely buried in the high-energy shoulder
of the 2{0}−5 resonance. Given the decrease in strength by a factor of ∼700
when going from the 2{0}−3 to the 2{0}−5 state [16], this structure can only
be verified beyond statistical uncertainty by increasing the data-collection
time by at least a factor of 50, assuming a grating efficiency similar to that
of the 1996–97 experiments. Since the collection time for each data point is
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Figure 3.6: (a) Theoretically predicted photodetachment cross section of D− in the vicin-
ity of the 1P o

2{0}−5 resonance of D−, with the 2p1/2, 2p3/2 and 2s thresholds of D(n=2)
indicated by the vertical lines [16]. (b) A convolution of the cross section from (a) with
the experimental resolution of ∼44 µeV (FWHM).

a few minutes with a favourable photon flux, this seems a somewhat unreal-
istic task considering the demands to experimental stability and the limited
outcome expected from such an experiment. Although a grating with an im-
proved 118 nm reflection efficiency had been provided for the November 2000
beamtime, a search for the 2{0}−5 resonance was therefore not attempted.
Instead, a re-investigation of the 2{0}+2 shape resonance was performed, uti-
lizing a newly developed, improved ion-beam positioning system which was
expected to eliminate the drift in the laser- and ion-beam overlap when scan-
ning the ion-beam energy (cf. the apparent strange shape of this resonance
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in figure 3.1) [19]. The shape resonance has been investigated a couple of
times by Bryant et al. yielding values for the width in the 20–30 meV range
while recent theoretical predictions agree on a value around 20 meV [15].
The beam-positioning system appeared to work well but a further evaluation
of the success of this experiment will have to avait the data analysis which
remains to be done.

Considering the series converging to the H(n=3) threshold, the 3{0}+3
and 3{0}+4 Feshbach resonances have been observed by Bryant et al. at
12.650(1) eV and 12.837(4) eV, respectively, applying the doubtfull energy
calibration method mentioned previously [7, 35]. With widths of ∼30 meV
and ∼2 meV and strengths comparable to those of the 2{0}−3 and 2{0}−4 reso-
nances, these states should be easily observable at ASTRID. The intervening
3{0}−4 and 3{0}−5 resonances of widths ∼20 µeV and ∼6 µeV [16, 17] have
never been observed, but even the lowest-lying one represents an experimen-
tal challenge since the strength is a factor of ∼3 lower than that of the 2{0}−5
resonance.

As an alternative to—or extension of—the present technique, one could
consider the use of a tunable VUV light source in an ordinary collinear beam-
line setup with a low-energy (∼keV) H− beam. With such a setup the reso-
lution would be limited by the spectral bandwidth of the VUV light source
since the contribution from the velocity spread of the accelerated ion beam
would be much smaller [36, 37]. The resolution could thus be improved by at
least another factor of ∼4 by the application of VUV light generated by, e.g.,
the 5th or 7th harmonic of a nanosecond dye laser. The one- or two-order-of-
magnitude reduction in VUV flux implied by the off-resonant phase-matching
conditions would likely be compensated by the improved resolution.
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Chapter 4

Lifetimes of molecular
negative ions

4.1 Introduction

Most of the negative ions that are unstable in the ground state exist in
metastable states associated with excited parent states of the correspond-
ing neutral system or, for molecules, with the ground state of the neutral
molecule. At present no clear definition of metastability exists, and I will,
following Blondel [1], regard a state as metastable if it is long-lived enough
that it can be detected along a beam-line. By this definition, states with
lifetimes as short nanoseconds may be considered metastable but the em-
phasis of the present chapter is on the µs–ms range. For a state to be that
long-lived, decay via photon- and electron emission must be forbidden by the
radiative- and autodetachment selection rules, imposing for molecular nega-
tive ions some restrictions on the electronic potential-energy curve associated
with the metastable state. First, the minimum of the curve must be attained
below the energy of a (possibly excited) electronic state of the neutral system
evaluated at the same bond length and (eventual) bend angle, i.e. the ver-
tical electron affinity must be positive. Second, unless the minimum of the
potential-energy curve of the negative-ion state is energetically located below
that of the neutral state (referred to as positive adiabatic electron affinity),
the minima of the potential-energy curves must be located at sufficiently dif-
ferent bond lengths and/or bend angles that the detachment probability can
be considered small. This means that a barrier must be surpassed in order
for autodetachment to occur, or stated another way: the Frank-Condon over-
lap between the states must be small. Third, if the potential-energy curve
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of the negative ion is associated with an excited electronic state of the neu-
tral molecule, decay to lower-lying (less stable) states by photon- or electron
emission must be prohibited. This is, for example, ensured by the spin of the
metastable state being sufficiently different from that of any of the lower-lying
neutral- or negative-ion states. Most of the metastable negative-ion states
characterized so far are high-spin (≥4) states prevented from decaying to the
singlet- or doublet ground state of the neutral atom or -molecule. One could,
in principle, also imagine the reverse situation of a high-lying low-spin state
being prevented from decaying to a high-spin ground state. Such a situation
will, however, never be encountered since the high-spin state will always be
accompanied by low-spin states derived from a common (dominant) parent
electronic configuration [2, 3].

As discussed in chapter 2, He− and Be− exist as metastable quartet states
with lifetimes in the µs range. In addition, a whole range of high-lying, high-
spin states have been predicted for H− through Ca−, Al−, Fe−, Mn− and
Cu− by Bunge et al. and Nicolaides et al. [4, 5, 6]. Some of these states can
be grouped according to their open-shell structure with unpaired electronic
spins, including the 2p2 3P state of H−, the 2p3 4S state of He− and the
1s2p3 5S state of Li− [6]. The 3P state of H− can only be created by the
simultaneous absorption of a VUV photon and attachment of an electron
to the neutral hydrogen atom and has never been experimentally observed.
The 4S and 5S states of He− and Li−, respectively, have been experimentally
verified by virtue of their radiative decay to lower-lying 1s2p2 4P and 1s2s2p2
5P states as observed in optical emission spectra of the beam-foil-excited
negative ions [7, 8]. The 1s2s2p2 5P state of Li− is predicted to be metastable
with a lifetime that may be expected to be several µs by an extrapolation
from the analogous state of the iso-electronic Be atom [9].

Considering molecular negative ions, recent mass-spectroscopic detections
of long-lived CO− and N−

2 ions [10] together with the studies of N−
2 and CO−

2

presented in the present chapter have stimulated theoretical interest in the
sextet states of these systems as well as of CS− which is stable in the ground
state [11]. Prior to these studies, sextet states of negative molecular ions
have, to my knowledge, never been considered. High-lying quintet states,
which may be considered potential parents for anion sextet states, have been
predicted for the neutral molecules of AlB [12], AlN [13], MgC [14], O2 [15]
and TiH2 [16]. By the nature of such states, their identification represents a
challenge to experimentalists since they can only be generated non-selectively
in discharges or sputter-ion sources under rather un-controlled conditions.

The present chapter is concerned with measurements of autodetachment
lifetimes of metastable states of N−

2 and CO−
2 , for which previous lifetime

values were either absent (N−
2 ) or poorly determined (CO−

2 ). The exper-
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iments have been performed by means of a time-of-flight technique at the
storage ring ASTRID, which to a first approximation can be considered an
infinitely long beam-line. Since the ions are confined by magnets to circulate
in the ring until they decay, i.e. are neutralized, lifetimes in the µs–ms range,
inaccessible to direct beam-line experiments, can be measured. ASTRID has
previously been successfully applied for measurements of autodetachment
lifetimes of the metastable quartet states of He− [17], Be− [18], Ba− [19] and
He−2 [20] in the 50 µs–10 ms range with an uncertainty of 5–10 %. Following
the measurements reported here, uncertainties of ≤1 % have been demon-
strated by measurements on He− [21, 22] and Be− [23], using the alternative
approaches of an electrostatic ion trap [21, 23] and a newly developed elec-
trostatic storage ring, ELISA, at Aarhus University [22]. ELISA is of only
7.6 m circumference which is an advantage, given the fact that the lower
limit to the lifetimes which can be measured with the storage-ring technique
is determined by the revolution time of the ions in the ring. In addition,
ELISA is compact enough that it can be cooled to below −50◦ C, allowing
the influence of black-body radiation-induced photodetachment to be inves-
tigated over a wide temperature range [22]. The capability of ELISA has
already been demonstrated by lifetime measurements on He− [22], Ba− [24]
and H2CC− [25], spanning the impressive range of 10 µs–110 s. In order to
separate the 110 s autodetachment lifetime of H2CC− from that of collisional
detachment, measurements were performed at different pressures by leaking
H2 gas into the ring [25].

4.2 Notation and molecular quantum numbers

Since the nomenclature for the labelling of molecular electronic states differs
somewhat from that of atoms, especially for bent molecules, a brief intro-
duction will be given here before proceeding to the experiments. The idea
behind the quantum-number designation is indicated by considering the rep-
resentative example of H2O which has a bent H–O–H ground-state geometry.
It thus belongs to the symmetry point group C2ν , which has three symmetry
elements—a two-fold rotation axis and two different mirror planes—two of
which are independent [26]. The single-electron energy levels can be shown
to be non-degenerate, implying the molecular orbitals to be symmetric or
anti-symmetric with respect to the two independent symmetry operations
[27]. Four different kinds of orbitals named a1, a2, b1 and b2 are thereby ob-
tained, from which electronic configurations with total symmetry properties
designated A1, A2, B1 or B2 can be build. Each of these configurations is a
simultaneous eigenstate of an element of the symmetry group and the total
molecular Hamiltonian (i.e. including the nuclear and electronic motions) and
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is said to generate, or form the basis for, a one-dimensional representation of
the symmetry group [28].

For linear molecules the two-dimensional spherical symmetry imposes on
the energy levels a degeneracy given by the number of different ml values
allowed, where ml is the quantum number associated with the projection
Lz of the angular momentum operator L along the inter-nuclear axis [29].
The single-electron orbitals are now eigenfunctions of Lz and named σ, π,
δ etc. in analogy with atomic orbitals (three-dimensional spherical symme-
try). Disregarding spin, ml attains the values 0,±1, ±2 . . . , corresponding
to nondegenerate σ orbitals and doubly degenerate π, δ . . . orbitals. The or-
bitals are designated indices g (gerade) and u (ungerade) according to their
parity, and, if nondegenerate (σ states), indices + and − referring to sym-
metry or antisymmetry with respect to reflection in any plane containing the
internuclear axis [29]. Configurations with terms Σ, Π, ∆ etc. can be build
by application of the rules for coupling of angular momenta, again reflecting
the geometrical symmetry of the molecule since angular momentum is the
generator of rotation.

4.3 Experimental setup

The negative ions to be studied were formed either directly in a sputter-
ion source [30] or from positive molecular ions produced in a plasma-type
ion source [31] and passed through a charge-exchange cell with potassium
vapour. In the sputter-ion source a chemical compound containing the con-
stituent atoms of the molecule to be studied is sputtered with Cs+ ions. The
electrons needed for the negative-ion formation are provided by the electro-
positive Cs atoms present in the source. For the CO−

2 measurements, a
chemical compound containing C and O atoms was not readily available,
and CO2 gas was let in to a Ti cathode sputtered with Cs+ ions. In the
plasma-type ion source singly-charged positive molecules are created by elec-
tron bombardment of the corresponding neutral gas-phase molecules. All
kinds of negative-ion states may be formed by sputtering, while restrictions
on the spin and energy of the states are imposed by the charge-exchange
process.

Following mass- and charge-state analysis, a 100 keV pulsed negative-ion
beam was injected into the storage ring ASTRID, which has been briefly de-
scribed in chapter 3. Neutral molecules generated on the preceeding straight
section and undeflected by the bending magnets were monitored by a micro-
channel plate detector at one corner of the ring as a function of time after
injection. The revolution time of ions in the ring, which for CO−

2 at 100 keV
is 60 µs, sets the lower limit for the lifetimes that can be measured by this
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method. The upper limit is determined by collisional detachment due to
rest gas, resulting in 1–5 s mean lifetimes of stable negative ions with bind-
ing energies exceeding 150 meV [32]. Ions with smaller binding energy are,
in addition, detached by black body radiation, limiting their lifetimes to
∼100 ms [33].

4.4 N−
2

Short-lived resonance states of N−
2 have long been observed in electron-

scattering experiments with the lowest-lying one, the 2Πg shape resonance,
energetically located ∼2.4 eV above the 1Σ+

g ground state of N2 [34]. Only
recently a metastable state of N−

2 was detected in a mass spectrometer by
Gnaser [35] and at a tandem accelerator by Middleton and Klein [10] upon
sputtering of TiN and TiAlN surfaces, respectively. The conversion efficiency
was estimated to one metastable N−

2 ion formed per 107 sputtered N atoms
[35] and a mean lifetime of 183(30) µs determined from a measurement of
the decay rate on a 60 cm travel distance. This lifetime measurement did
not account for an estimated ∼20 % contamination of the N−

2 beam with Si−

(also mass 28) [10]. Subsequently, Sommerfeld and Cederbaum considered the
4Πu and 4Σ−

g states of N−
2 as possible candidates responsible for the observed

long-lived ions [36]. The 4Πu state of configuration 1σ2g1σ2u2σ2g2σ2u3σ2g1π3u1π2g
is formed by attachment of a 1πg electron to the lowest-lying 3Σ+

u state of
N2, obtained by excitation of a 1πu electron from the 1σ2g1σ2u2σ2g2σ2u3σ2g1π4u
1Σ+

g ground state of N2. The 4Σ−
g state of configuration . . . 3σ1g1π

4
u1π

2
g is

formed by attachment of a 1πg electron to the 3Πg state of N2 which has the
configuration . . . 3σ1g1π4u1π1g . The potential-energy curves associated with
these quartet states and their neutral triplet parent states, were calculated
at the CCSD(T) level of theory, using a AUG-cc-pVTZ basis set (cf. chapter
2). The adiabatic electron affinities were deduced to be negative, −0.11 and
−0.32 eV for the 4Πu and 4Σ−

g states, respectively, but with the possibility
of stabilization of the 4Πu state at a higher level of calculation (see figure
4.1). As argued by Sommerfeld and Cederbaum, even with a negative adia-
batic electron affinity, the 4Πu state may, in principle, be long-lived enough
for a mass-spectroscopic observation due to a relatively poor Frank-Condon
overlap.

The present experiment was stimulated by the prospect of providing ev-
idence for or against the theory of a quartet state by investigating the pos-
sibility of generating long-lived N−

2 ions by sputtering or charge exchange.
Besides, a lifetime measurement taking the Si− contamination into account
was aimed at.

No sign of long-lived N−
2 ions was observed by passage of a ∼1 µA N+

2
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Figure 4.1: Potential-energy curves for the 4Πu and 4Σ−
g states of N−

2 and the associated
3Σ+

u and 3Πg parent states of N2 calculated by Sommerfeld and Cederbaum [36].

beam through the charge-exchange-cell, in agreement with a negative result
previously reported by Bae et al. [37]. From further investigations at the
Aarhus Tandem Accelerator an upper limit of 5×10−10 for the conversion
efficiency of N+

2 ions to N−
2 ions could be estimated [38]. There, the N−

2 ion
formation process was studied with a stripping technique which allowed the
masses of N−

2 and Si− to be separated. Long-lived N−
2 ions were detected

upon sputtering of TiN and BN surfaces, but could not be generated from
NaN3. Considering the differing chemical environment of N atoms bound in
the three compounds, it seems likely that the long-lived N−

2 ions are formed
by interaction between two sputtered N atoms and not from a precursor like,
e.g., N−

3 present in NaN3.
A ∼25 pA beam of N−

2 ions generated by sputtering of TiN was used
for the lifetime measurement. Since the TiN compound was expected to
be contaminated with Si from pump-oil deposits, a reference measurement
was performed on a pure Si− beam produced by sputtering of a pure Si
surface. Present in the Si− decay were a stable component and a short-lived
component fitted to 2.0±0.2 ms, with the stated uncertainty reflecting the
span of lifetimes obtained when disregarding data-points corresponding to
the first few round-trips in the ring. Since Si− is known to possess the three
stable states 4S, 2D and 2P with binding energies of 1.39 eV, 0.53 eV and
∼30 meV, respectively [39], the long-lived component must be atttributed to
the 4S and 2D states with the 2 ms component left for the 2P state. A typical
decay for N−

2 is shown on a semilogarithmic scale on figure 4.2, illustrating a
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Figure 4.2: Semilogarithmic plot of the N2 signal as a function of time after injection for
a 100 keV N−

2 beam. The solid curve represents a fit to four exponentials.

number of not clearly resolvable lifetime components. A stable component is
present in the decay and is attributed to the presence of Si−. When fitting
the data, two of the components were therefore fixed at the values dictated
by the Si− decay curve. The minimum number of exponentials required to
give a reasonable fit is four, meaning that at least two different N−

2 lifetime
components are present. Due to the very rapid initial decay, only the first
three data points could be disregarded in the fit, which is just on the edge of
influence from initial state effects. The result thus obtained are N−

2 lifetimes
of 120±13 µs and 515±25 µs, with the major contribution to the uncertainty
arising from the removal of data points.

The fact that the long-lived N−
2 ions cannot be generated by charge ex-

change provides evidence against a long-lived quartet state of N−
2 which has

as a parent a triplet state of N2. The present result has stimulated Veseth
to re-calculate the potential-energy curves associated with the 4Πu and 4Σ−

g

states, using a many-body perturbation method for general spaces [38]. An
adiabatic electron affinity of −0.32 eV was obtained for the 4Πu state, while
the 4Σ−

g state was found to be bound with respect to the 3Πg state of N2 but
unstable with respect to autodetachment to the 3Σ+

u state of N2.
Attention was subsequently drawn to the sextet states . . . 1π3u3σ

1
g1π

2
g3σ

1
u

6Πg and . . . 1π2u3σ2g1π2g3σ1u 6Σ+
u of N−

2 associated with the quintet parent
states . . . 1π3u3σ

1
g1π

2
g
5Πu and . . . 1π2u3σ

2
g1π

2
g
5Σ+

g of N2, respectively. Using
the CASSCF approach with a AUG-cc-pVTZ basis set, Olsen predicted both
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of the sextet states to be located below both of the quintet parent states
and to be stable with respect to autodetachment and photon emission [38].
Equilibrium bond lengths of 2.48 Å and 2.65 Å were obtained for the 6Σ+

u

and 6Πg states, respectively, and the minima of the potential-energy curves
were attained at equal energies within the accuracy of the calculation. These
results were later found to be in qualitative agreement with CCSD(T) cal-
culations by Dreuw and Cederbaum, predicting the 6Σ+

u state to be lowered
by ∼0.5 eV with respect to the 6Πg state [40]. They also found the 5Σ+

g

minimum to be located at a somewhat lower energy, in fact coinciding with
that of the 6Σ+

u state but at a very different bond length. Dreuw and Ceder-
baum have performed similar calculations on the iso-electronic CO−, ion,
predicting a 6Πg potential-energy curve with a shallow minimum at a bond
length of 3.5 Å, while that of the 6Σ+

u state is entirely repulsive [41]. The
loosely bound 6Πg state of CO− can be considered the result of a C− ion
bound with respect to the dipole that it induces to the O atom [41]. This
picture certainly does not carry on to the sextet states of N−

2 due to the
instability of N−. The 6Πg state of CO− should probably be associated with
long-lived CO− ions observed by Middleton and Klein in a mass spectrometer
[10], while the long-lived N−

2 ions of the present experiment can be attributed
to the 6Σ+

u state. This assignment is supported by optical emission studies
of N2 molecules formed in sputtering, providing signatures of N2 formation
in the 5Σ+

g state by the recombination of two sputtered N(4S) atoms [42].
This also agrees with the observation at the Aarhus Tandem Accelerator that
long-lived N−

2 ions could be generated from TiN and BN but not from NaN3

[38].

4.5 CO−
2

The existence of metastable, autodetaching CO−
2 ions in the gas phase was

first reported in 1970 by Paulson [43], who studied reactions of O− with CO2.
Subsequently, Cooper and Compton observed formation of metastable, au-
todetaching CO−

2 ions in collisions of electrons or Cs atoms with cyclic anhy-
drides containing as a basic unit CO2 with a bend angle of 120◦ [44, 45]. The
lifetimes of the produced species were measured with a time-of-flight spec-
trometer to be 26 ± 5 µs and 60 ± 5 µs by electron impact, and 71 ± 10 µs
and 62 ± 10 µs by Cs collisions for succinic anhydride (C4H4O3) and maleic
anhydride (C4H2O3), respectively. The observation of two distinct lifetimes
was explained by the population of different vibrational levels of the same
electronic state, with the long lifetime attributed to the lowest vibrationel
level, exhibiting the smallest Frank-Condon overlap with the neutral parent
state. A study of CO−

2 ions formed in collisions of alkali-metal atoms with
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linear CO2 molecules resulted in a mean lifetime of 90 ± 20 µs and a value
of −0.6 ± 0.2 eV for the adiabatic electron affinity of the CO2 ground state
which was considered the parent state of the observed metastable species
[46]. If attributed to the lowest ro-vibrational state, the lifetime 90 ± 20 µs
is in agreement with calculations by Rauk et al. [47]. The measured electron
affinity of CO2 is also in agreement with the theoretical value of −0.67 eV
reported recently by Gutsev et al. who have calculated the potential-energy
curves for the lowest-lying electronic states of CO2 and CO−

2 ,
1Σ+

g and 2A1,
respectively [48]. While the ground state of CO2 is linear, the minimum of
the potential-energy curve of CO−

2 is obtained at a bend angle of 138◦ and
energetically located below the ground-state potential-energy curve of CO2

evaluated at this angle [48]. The metastability of the observed CO−
2 state and

the non-existense of stable linear CO−
2 ions [49] are thus accounted for by the

characteristics of the ground-state potential-energy curves. Recently, Mid-
dleton and Klein have detected CO−

2 ions by accelerator mass spectrometry
upon sputtering of a Ti cathode with a 0.5 mm diameter hole drilled perpen-
dicularly through the surface for CO2 gas inlet [10]. A lower limit of 170 µs
for the lifetime was estimated with no comments as to the possible identity of
the state in question. Finally, Schröder et al. studied the formation of CO−

2

from CO+
2 ions by charge exchange in Xe gas and from collisional activation

of carboxylate ions, by means of a mass-spectrometric technique [50]. The
motivation for using Xe is the similarity of its ionization potential with that
of CO2, favouring the formation of CO−

2 ions in the lowest-lying electronic
state, 2A1. A lower limit of 50 µs was estimated for the autodetachment
lifetime of the generated CO−

2 ions.

The purpose of the present experiment was a test and improvement of
the above mentioned results with the condition that the method of CO−

2

ion formation applied might influence the outcome of the experiment. Long-
lived CO−

2 ions were produced either directly in a sputter-ion source [30] or
by charge exchange of CO+

2 ions. By the sputter process, CO2 gas was let in
to a Ti cathode sputtered with Cs+ ions, resulting in a 0.15 nA CO−

2 beam.
For the charge-exchange process, a 1 µA beam of CO+

2 ions produced in a
plasma type ion source was guided through the charge-exchange cell where a
minor fraction was converted to CO−

2 ions.

Considering first the long-lived CO−
2 ions formed by charge-exchange, the

negative-ion beam had decayed completely after ∼50 ms. A typical decay
of the neutral-molecule signal as a function of time after injection is shown
on a semilogarithmic scale in figure 4.3. The spread in data points reflects
betatron oscillations of the ions in the ring, causing the detection efficiency
of neutrals to vary due to the finite detector size. In the data processing, the
uncertainty thereby introduced is accounted for by fitting the decay curve
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Figure 4.3: Semilogarithmic plot of the detachment yield versus time after injection for a
CO−

2 beam produced by charge exchange of CO+
2 ions. The solid curve represents a fit to

two exponentials and a constant background. Error bars represent a statistical uncertainty
of one standard deviation.

repeatedly, successively disregarding more and more data points from the
left (short times). In any case, data points corresponding to the first few
revolutions of ions in the ring are disregarded, since they could be influenced
by initial state effects like, e.g., slit scattering of the beam. While the ab-
sence of a long-lived (1–5 s) component was expected, the presence of one or
more millisecond components instead of the expected ∼90 µs component is
surprising. Showing a slight systematic deviation from linearity on a semilog-
arithmic scale, the data were fitted to two exponentials added to a constant
background, as measured with no ions in the ring. By this procedure, life-
times of 3.3 ± 0.4 ms and 7.8 ± 0.3 ms, respectively, were obtained for the
data presented in figure 4.3. The two lifetimes may be attributed to different
vibrational levels of the same electronic state and are sufficiently close that
more than two components may be hidden in the decay. The values stated
should thus be considered vibrational averages, sensitive to the conditions
prevailing in the ion source.

The resolution of the experiment would have permitted observation of the
∼90 µs component, if represented by at least ∼1 % of the CO−

2 ions. The ap-
parent absence of such CO−

2 ions may be explained by the production method
applied. Assuming the CO+

2 ions from the ion source to be in the 2Πg ground
state upon entering the charge-exchange cell and considering the ionization
energies of 13.76 eV and 4.33 eV for CO2 [51] and potassium, respectively,
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the lowest-lying CO−
2 state is probably not reached. Electron capture by

CO+
2 (

2Πg) ions will populate highly excited states of CO2, and subsequent
electron capture may likely lead to the formation of CO−

2 in an excited state
that happens to be long-lived. Starting out from the doublet CO+

2 state, the
long-lived CO−

2 state must be bound to a singlet or triplet state of CO2 and
therefore either be a doublet or quartet state. Whether these states of CO2

and CO−
2 are bent or linear are open questions, since the charge-exchange

process leaves a scope of at least 2×4.33 eV for their energies. Besides,
the mapping of electronic excited states of CO2 is far from being complete
with only the lowest excited singlet and triplet state energies being calcu-
lated by Spielfiedel et al. [52]. They have considered the 1,3Σ−

u ,
1,3Σ+

u ,
1,3∆u

and 1,3Πg states associated with the 1σ2g1σ
2
u2σ

2
g2σ

2
u3σ

2
g3σ

2
u4σ

2
g1π

4
u1π

3
g2π

1
u and

. . . 1π4u1π3g5σ1g linear electronic configurations, obtained by excitation of a
1πg electron from the CO2(1Σ+

g ) ground state of electronic configuration
. . . 1π4u1π

4
g . According to the Walsh rules, these linear configurations corre-

late with bent 1,3A2 and 1,3B2 states that either raise or lower the energy
with respect to the corresponding linear states [51]. If such a bent state turns
out to be the energetically most favourable, it is pushed 4–5 eV down with
respect to the corresponding linear state [52] and it is thus very difficult to
predict the order of states without performing detailed calculations. A com-
plete picture of the variation of equilibrium bend angle with excitation energy
can therefore not yet be given. All that can be argued is that between the
linear CO2 ground state and the bent CO+

2 ground state there is a low-lying
band of bent states and a high-lying band of linear states.

The present experimental result has stimulated theoretical investigations
of the lowest-lying excited states of CO−

2 and their excited CO2 parent states.
The quartet states 4A2 and 4B2 of CO−

2 associated with the lowest triplet
states 3B2 and 3A2 of CO2, turned out to be rather short-lived [53] and
further investigations therefore concentrated on higher-lying quartet states
and on doublet states. The lowest-lying excited 2A2 state of the isoelectronic
NO2 molecule is known to be metastable, decaying radiatively to the 2A1

ground state with a lifetime of ∼44 µs [54, 55]. NO2 is bent in the 2A1

ground state with an equilibrium angle of 133◦—similar to the lowest-lying
CO−

2 state—while the 2A2 state is associated with a 110◦ geometry [56, 57].
By analogy, the observed metastable state of CO−

2 may be a 2A2 state of
strongly bent geometry decaying radiatively on a millisecond timescale to
the CO−

2 (
2A1) state, followed by autodetachment to the CO2(1Σ+

g ) ground
state with a lifetime of ∼90 µs.

The possibility of an excited metastable state of CO+
2 surviving to the

charge-exchange cell and giving rise to a CO−
2 state which is not a doublet

or a quartet cannot be ruled out. In fact, an excited state of CO+
2 located
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Figure 4.4: Semilogarithmic plot of the detachment yield versus time after injection for a
CO−

2 beam generated by sputtering. The solid curve represents a fit to four exponentials
and a constant background (see text). Error bars represent a statistical uncertainty of one
standard deviation. Successive data points are separated by 400 µs.

∼10.2 eV above the CO+
2 ground state and with a lifetime exceeding 30 µs has

recently been observed and tentatively identified with the 4Πu state of 120◦

bend angle [58, 59]. The state was formed in an ion source by collisions of
CO2 molecules with 70 eV electrons, and with the ion source of the present
experiment being operated in a similar manner, this long-lived component
may have been present in the charge-exchange cell. Electron capture by such
a quartet state of CO+

2 could lead to CO−
2 ions formed in a long-lived doublet,

quartet or sextet state located above as well as below the CO+
2 (

2Πg) ground
state. Following the present investigation, Dreuw and Cederbaum have inves-
tigated a number of sextet states as potential candidates for metastable states
with a lifetime in the millisecond range [60]. Sextet states can, in terms of
linear configurations, be generated from the . . . 4σ2g1π

4
u1π

4
g
1Σ+

g ground state
of CO2 by exciting, e.g., two of the π-electrons to the 2πu orbital and adding
an electron to the higher-lying 5σg orbital. For the lowest-lying sextet, a
6A1 state, Dreuw and Cederbaum obtained two equilibrium geometries cor-
responding to a linear- and a perpendicular arrangement of a C− atom weakly
bound to an O2 molecule, respectively. The equilibrium bond lengths were
rather long, 4.1 and 3.8 Å, for the linear- and perpendicular states, respec-
tively, while the energy barriers to isomerization were 95 cm−1 and 19 cm−1.

Turning now towards the results for the long-lived CO−
2 ions generated
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by sputtering, the situation is more unclear. Present in the decay are a
number of not clearly resolvable lifetime components ranging from ∼100 µs
to ∼100 ms, as shown in figure 4.4. The decay was only monitored out to
140 ms due to a very low count rate for the ∼100 ms component. By fixing
two of the components at 3.3 ms and 7.8 ms, the decay is fitted well with
four exponentials and a (separately measured) constant background if data
points corresponding to the first 400 µs are disregarded. For the remaining
two components, values of 89 ms and 0.68 ms are thereby obtained. The neu-
tral yield just after injection is underestimated by this fit, shown as the solid
curve in figure 4.4. Since there is no reason for believing that the distribution
over (vibrational) states should resemble that of the charge-exchange process,
the data have also been fitted to three- and four freely varying exponentials,
respectively. With three exponentials the very fast initial decay cannot be
accounted for. Disregarding only the first 200 µs and fitting to four expo-
nentials yields values for the the shortest- and longest-living components in
the ranges 80–190 µs and 120–150 ms, respectively with the remaining two
components ranging in the intervals 7.5–9.6 ms and 1.1–1.3 ms, respectively.
The shortest-living component may indicate the presence of CO−

2 ions in
the lowest-lying state, 2A1, and some of the millisecond components may be
attributed to the unknown excited state(s) observed in the charge-exchange
process. The ∼100 ms component representing ∼20% of the ions could be
attributed to a very long-lived excited state of CO−

2 not populated by the
charge-exchange process. It could, however, also indicate contamination with
a stable negative ion of mass 44 with a sufficiently low binding energy that it
is sensitive to photodetachment by blackbody radiation. One possible candi-
date is N2O−, for which a positive- as well as a negative adiabatic electron
affinity have been suggested [47, 61]. Previous studies of the influence of
blackbody radiation on weakly-bound negative ions like Ca−, Sr− and Ba−

support this conclusion [62]. In spite of the possibility for contamination by
the sputter process, it may be reasonable to assume that the CO−

2 ions ob-
served by Middleton and Klein [10] are formed in the same electronic state(s)
as the ones prepared by charge exchange and sputtering in the present in-
vestigation. The detection mode of the present experiment is, however, not
mass-specific, so the monitored neutral yield could, in principle, be fragments
generated by pre-dissociation of CO−

2 . Assuming that pre-dissociation sets
the lower limit on the lifetime, the CO−

2 state must be even more stable with
respect to autodetachment.
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4.6 Conclusion

The utility of an ion-storage ring for time-of-flight measurements of au-
todetachment lifetimes of metastable negative ions has been demonstrated.
This was illustrated by the examples of N−

2 and CO−
2 for which the lifetime

measurements provided signatures of previously unobserved electronic high-
spin states. The method could be used for lifetime measurements on other
metastable negative ions, such as Ne−2 [63], as well as on metastable states
of stable negative ions associated with excited electronic states of the cor-
responding neutral molecule. In the latter case, eventual contamination of
the ion beam with other stable- or metastable species would be more diffi-
cult to identify and should be carefully evaluated. In this respect, a higher
degree of selectivity of the present technique would be desirable, either in
the negative-ion formation or -detection process. This might be achieved by
the application of a more advanced detection system, e.g. capable of mass-
analyzing the neutrals generated in the autodetachment process or energy-
analyzing the emitted electrons. For radiative lifetimes of bound, excited
states of negative- or positive ions, selectivity can be obtained by means of
laser excitation- and ionization schemes [64] or by detection of the fluores-
cence emitted during the decay [65]. Such approaches would obviously be
very difficult to adapt to studies of autodetaching states of negative ions.
The newly installed electron-beam ion source (EBIS) at ASTRID for pro-
duction of multiply-charged positive ions offers an alternative possibility for
selectivity in the negative-ion formation process. Recently, an experiment has
been initiated, aiming at the generation of Li− ions in the long-lived 1s2s2p2
5P state which may be formed from Li++ by the capture of three electrons
in a (sequential) charge-exchange procees.

The present technique is very well suited for initial tests of the existence
of theoretically predicted negative-ion species, especially for ions which are
expected to be on the edge of stability. Along these lines one could, e.g.,
search for the Mg−2 , HeH

−, NeH− and ArH− ions which have been predicted
to form stable, weakly-bound states [66, 67, 68]. They are examples of so-
called Tango-states, representative of three-body systems consisting of two
particles that are able to form a bound state and a third particle which cannot
bind to any of them. The existence of such states relies entirely on electron
correlation, making them important test cases for theoretical models. Other
interesting ions could be H2O−, whose stability is still a matter of debate
[69], or HCN− which has been predicted to exist as a dipole-bound species
with a 6 cm−1 binding energy [70].
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Chapter 5

Femtosecond VUV
core-level spectroscopy of
surface dynamics

5.1 Introduction

Being the first and maybe only encounter of a solid with external perturba-
tions from photons and massive particles, the surface constitutes an inter-
esting playground for chemical processes. The most common example from
everyday life is probably the corrosion of the car following its exposure to wa-
ter and air. Much more beneficial are the processes of heterogeneous catalysis,
in which the surface acts to increase the rate of a gas-phase reaction without
being consumed itself. This is accomplished by it lowering the energy barrier
which separates the chemical products from the reactants, as expressed by
the so-called Arrhenius law, according to which the reaction rate scales as
exp(−Ea/kT ), where Ea is the activation energy of the process, T the ambi-
ent temperature and k the Boltzman constant [1, 2]. The principle of catalysis
is heavily relied on in pollution control, in the production of chemicals and
for the refining of fossile fuel. The most frequently used catalyst materials
are the transition metals and their compounds. These are particularly active
donators or acceptors of electrons due to their partly filled electronic d-shell
but not so active that the product molecules are too tightly bound to the
surface to be able to escape [1]. For example, Pt, Pd and Rh are used to
promote the oxidation and reduction of the harmful CO and NOx molecules
of car exhaust to CO2 and N2, respectively [2]. Fe is used in the synthesis of
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ammonia (NH3) from N2 and H2 [1] and recently, a Au-Ni alloy was found to
be much more durable than pure Ni for production of the synthesis gasses H2

and CO from methane (CH4) [3]. The latter represents the first example of a
catalyst being developed on the basis of fundamental research, aiming at an
understanding on the atomic level of the mechanisms governing the action of
the catalyst. Previously, catalysts have been developed on a trial-and-error
basis and it was not known whether the results obtained under ultra-high
vacuum conditions with well-characterized surfaces could be applied to real
catalysts operating under much different conditions. Recently, it has become
possible to perform well-controlled high-pressure experiments at the atomic
level, and the investigated catalyst was found to behave the same way under
atmospheric pressure as under ultra-high vacuum [4]. This lends support to a
justification of the very large effort going on within the field of surface science
towards a detailed understanding at the atomic level of the different steps
involved in a surface reaction. These steps include the binding of the reac-
tant molecules to the surface, called adsorption, the surface diffusion, bond
breaking and bond formation of the reactant- and product molecules and the
final escape of the product molecules from the surface, called desorption.

The focus of the present chapter is on this last desorption step of the
surface reaction which on the atomic level proceeds on a femtosecond (fs)
time-scale. Such a process can only be time-resolved by the application of fs
laser pulses, and the past few years have seen an acceleration in experimental
studies of fs laser-induced desorption, as will be described in more detail in
the following section. Most of these studies have been limited to photon
energies in the visible part of the spectrum, providing information about
some of the time scales involved in the desorption process but only indirect
information about the atomic re-arrangements associated with these time
scales. Structural information can only be obtained with shorter-wavelength
radiation, as applied in the traditional (static) techniques of surface science.
In the present chapter an experimental setup will be described, by which the
traditional synchrotron-radiation based technique of Core-Level Spectroscopy
(CLS), or X-ray Photoelectron Spectroscopy (XPS), will be combined with a
VUV light source of fs high-order harmonics. Previously, laser-synchrotron
radiation pump-probe experiments of surface dynamics have been performed
by Long et al. [5] and Marsi et al. [6], studying electron dynamics at laser-
excited semiconductor surfaces and by the group of Hertel, studying the decay
of an excited state of the C60/Ni(110) adsorbate system [7]. Semiconductor
surface dynamics have, in addition, been studied by the group of Haight,
using high-order harmonics tunable to ∼80 eV [8, 9]. In these experiments a
grating was applied for the wavelength selection, resulting in a time resolution
in the picosecond (ps) regime. The temporal broadening is introduced by the
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difference in optical path length of rays diffracted by the different groves
of the grating [10]. In order to avoid this effect, a multilayer mirror will
be applied for the selection of a single harmonic order corresponding to a
∼100 eV photon energy in our experiments.

The construction of the present setup is not complete yet, and my main
contributions have been the development of the VUV light source of high-
order harmonics and reflectivity tests of the multilayer mirror that will be
used for the wavelength selection. In addition, I have performed the initial
(static) tests at an ASTRID synchrotron-radiation beamline of systems suit-
able for studies with the relatively low photon energy of ∼100 eV, achievable
with the high-order harmonics. These have included the CO/Pt(111) sys-
tem which was found to be inappropriate for studies with ∼100 eV photons,
and the O/Al(111) system which was considered a more ”safe” candidate on
account of its well-characterized core-level properties. Despite a large num-
ber of investigations of this technologically relevant system, the initial stages
of the oxidation process are still not fully understood. A secondary aim of
the O/Al study was to shed some more light on the oxidation mechanism,
in particular the influence of the pre-treatment of the Al surface prior to
adsorption.

During these preparative investigations, similar but less ambitious setups
have been constructed by other groups, using either a grating for the wave-
length selection or lower photon energies, created by high-harmonic genera-
tion. Karlsson and Karlsson have studied electron dynamics at a laser-excited
InSb(110) surface using 9.55 eV photons [11], the group of Zacharias has re-
cently presented a photoelectron spectrum of the CO/Ni(111) system [12]
and the group of Palmer has completed a setup using 11–42 eV photons,
aimed at studies of the H2O/graphite and SF6/graphite systems [13]. All of
these groups use gratings for the wavelength selection and are thus limited to
a ∼ps time resolution. Very recently, setups based on multilayer mirrors have
been presented by the groups of Kapteyn [14] and Heinzmann [15], applying
partially monochromatized light around 44 eV and fully monochromatized
light in the 66–73 eV range, respectively. The setup of Kapteyn et al. was
very recently applied for time-resolved measurements of valence-band pho-
toemission spectra of the laser-excited O2/Pt(111) system. A transient peak
present in the spectra was ascribed to the dissociation of an excited superoxo-
(O−

2 ) or superperoxo (O
2−
2 ) state while a non-transient change was attributed

to desorption.
In connection with these experiments one should also mention the re-

cent studies of anharmonic lattice dynamics [16, 17, 18] and fs laser-induced
non-thermal melting [16, 19, 20, 21] of semiconductor surfaces by the groups
of Falcone, Rousse, Shank and Wilson. All of these studies have applied
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the technique of pico- or femtosecond X-ray diffraction, using X-rays emit-
ted from fs laser-produced plasmas or obtained from ”sliced” or time-gated
synchrotron-radiation pulses (cf. chapter 1.4). The non-thermal melting pro-
cess is characterized by a disordering of the crystal lattice accomplished by
the sudden excitation of a large (∼10 %) fraction of the electrons from the
valence band to the conduction band of the semiconductor. The lattice in-
stability occurs before a significant amount of the electronic energy has been
transferred to the lattice by electron-phonon interactions and is thus purely
electronic in nature. The disordering has been observed for different laser
fluences encompassing the damage threshold [19, 20, 22], below which it is
found to be reversible and accompanied by a band-gap collapse for fluences
near the damage threshold [23].

5.2 Laser-induced desorption

The field of photo-induced desorption of molecules from surfaces using pulsed
laser light of nanosecond (ns) or femtosecond (fs) duration has undergone a
rapid development within the last ten years as reflected by the large amount of
review literature available on the subject [24, 25, 26, 27, 28, 29, 30, 31, 32, 33].
A chemical reaction taking place at a surface can be very different from that
of the gas-phase, since the molecules are confined to aligned geometries and
their chemical properties are modified by the presence of the surface [29].
In addition, a non-insulating surface acts as a heat-reservoir with an almost
infinte number of degrees of freedom, interacting with the adsorbate and
representing a challenge to theorists. Since the heating- or exciting laser
light penetrates several atomic layers into the substrate supporting the ad-
sorbate layer, the desorption process is much more likely the result of an
adsorbate-substrate coupling than a direct laser-adsorbate interaction. The
emphasis of the present chapter is on the laser-induced desorption of diatomic
molecules from metal surfaces, which are the systems that have been most
intensively investigated with ns–fs laser pulses. In particular, the interest
has concentrated on the catalytically- and theoretically relevant systems of
CO, NO or O2 molecules adsorbed on Cu, Ru, Pd or Pt surfaces. The focus
of the following discussion will therefore mainly be on the information ob-
tained from previous all-optical studies of such systems, representing a good
starting point for the application of the new technique of fs VUV core-level
spectroscopy. In most of the all-optical approaches the desorbed molecules
have been detected in a mass spectrometer [34, 35] or by the technique of
Resonantly Enhanced Multi-Photon Ionization (REMPI) [36, 37, 38]. In this
manner information was obtained about the translational-, vibrational- and
rotational distributions of the desorbed molecules and the desorption prob-
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ability as a function of wavelength and absorbed fluence. With fs pulses
pump-probe experiments have, in addition, become feasible, measuring the
desorption yield [39], the reflected probe light [40] or its second harmonic [41]
as a function of the pump-probe delay [39]. Before proceeding to a discussion
of the results obtained from these measurements it is necessary to consider
the mechanisms by which a molecule may be bound to a surface.

5.2.1 The adsorbate-substrate bond

The unperturbed adsorbate-substrate system is usually described by a poten-
tial-energy curve (PEC), evaluated as a function of the distance of the ad-
sorbate from the surface and exhibiting a minimum at a certain equilibrium
distance. The adsorbate may be weakly bound by a van der Waals attrac-
tion in which case it is said to be physisorbed and undergoes only a slight
distortion of the electronic structure [42]. This type of bonding is usually
encountered for noble-gas adsorbates and/or substrates but is possible for all
adsorbate-substrate systems if the temperature is sufficiently low that the ad-
sorbate is unable to surpass the energy barrier to a more stable chemisorption
state. The activation energy for desorption is at most a few tens of an eV and
adsorption of more than one monolayer is possible. At higher temperatures
and/or for more reactive systems, the electronic structure of the adsorbate
molecule is significantly distorted and it may dissociate to form new bonds
with the substrate. The adsorbate is then said to be chemisorbed and the ac-
tivation energy for desorption may be significantly increased compared with
the physisorbed case. The different types of bonding encountered in this case
are shown in figure 5.1, illustrating the possibilities of (a) molecular adsorp-
tion, (b) activated and (c) non-activated dissociative adsorption. In the latter
case the incoming molecule will most likely dissociate upon adsorption but
there exists a (small) possibility that it looses some energy before dissociating
and is caught in the molecular well. For a physisorbed molecule the bonding
will only take place in the outer, molecular, potential well as dictated by
figure 5.1 (a). The ground-state PEC of the adsorbate-substrate complex is
the common starting point for the discussion of the different mechanisms by
which the molecule may desorb when the system is exposed to laser light.
Conventionally, a distinction is made between the processes of direct- and
indirect desorption as will be outlined in the following [43].

5.2.2 Direct laser-induced desorption

In the direct desorption process the wavelength of the laser light is resonant
with a vibrational transition of the adsorbate or an electronic transition of
the adsorbate-substrate complex. In the vibrational case, desorption occurs
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Figure 5.1: Adsorbate-substrate potential-energy curves corresponding to (a) molecular
adsorption, (b) activated dissociative adsorption and (c) unactivated dissociative adsorp-
tion. From [42].

when enough energy has been transferred from the intra-molecular vibra-
tional mode to the adsorbate-substrate bond by anharmonic couplings. The
direct resonant excitation of an adsorbate-substrate vibration is considered
a less likely desorption channel, the required ladder-climbing of the vibra-
tional levels being hindered by the anharmonicity of the PEC [28]. In the
electronic case, the excited state may be bound, representing, e.g., the bind-
ing of an adsorbate positive- or negative ion to its image charge, or it may
be repulsive, corresponding to the promotion of an electron from a bond-
ing to an anti-bonding orbital [24]. In either case the excitation is assumed
to proceed instantaneously via a Frank-Condon transition, followed by the
down-hill motion of the adsorbate towards the equilibrium distance of the
excited-state PEC. Eventually the excited state will be quenched and the
adsorbate brought back to the ground-state PEC by another Frank-Condon
transition, as shown in figure 5.2. If the kinetic energy E′

k gained by the ad-
sorbate from its motion on the excited-state PEC exceeds the binding energy
of the ground state evaluated at the same adsorbate-substrate distance, the
adsorbate will be released with a positive kinetic energy Ek. An ionic excited
state can be quenched by the tunneling of an electron to or from a substrate
state, corresponding to a lifetime in the 1–100 fs range. The shortest lifetime
is obtained if a substrate state happens to be resonant with the adsorbate
state [28]. A neutral excited state can be quenched via charge exchange or
electric-field coupling with the substrate, resulting in a lifetime of a few fem-
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Figure 5.2: A schematic of the mechanism of desorption induced by electronic transitions.
M and A denote the surface and adsorbate respectively. The excited-state potential-energy
curve may (but need not) be ionic as indicated in the figure. From [24].

toseconds which is comparable to the time-scale required for bond-breaking
on a repulsive PEC [28].

The electronic process outlined above is, obviously, called Desorption In-
duced by Electronic Transitions (DIET) and its description in terms of the
excursion to an excited-state PEC is named the MGR-model after Menzel,
Gomer and Redhead. It should be noted that the one-dimensionality of
the MGR-model not always applies, as illustrated by the example of am-
monium where the cross section for NH3 desorption has been found to be
four times larger than that of ND3 [44]. From the MGR-model applied to
the adsorbate-substrate coordinate, the desorption probability would be ex-
pected to be largest for the lightest particle which is accelerated faster on the
excited-state PEC, becoming more energetic before the quenching occurs.
The measured value of the cross section ratio was, however, much larger
than predicted from the MGR-model and could only be accounted for by an
additional desorption coordinate corresponding to an intra-molecular vibra-
tional motion of the NH3 molecule. This has become known as the inversion-
or umbrella vibration and gives rise to a fascinating desorption mechanism:
the three H ”legs” of the NH3 molecule, initially pointing away from the sur-
face, are pushed towards the surface, implying an inversion of the molecular
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geometry [45].

5.2.3 Substrate-mediated laser-induced desorption

In the indirect process the desorption is mediated by the laser-excited electron-
hole pairs of the substrate which thermalize among themselves and with the
substrate lattice on time scales of a sub-picosecond [46] and a few picoseconds
[47], respectively. These time scales reflect the electron-electron and electron-
phonon scattering times which are on the order of a few tens of femtoseconds
[48, 49] and a picosecond [50], respectively. A distinction between an electron-
and a lattice temperature can thus only be made with sub-picosecond laser
pulses, for which the electron temperature may reach a few thousand Kelvin
before approaching an equilibrium temperature with the lattice [38, 41, 47].
The lattice temperature obtained after the first few picoseconds is typically a
few hundred Kelvin, not significantly increased above the ambient substrate
temperature with which it equilibrates on a time-scale of ∼100 ps [51].

Thermal- and nanosecond desorption

Substrate-mediated, or indirect, laser-induced desorption occurs as a result
of the coupling of the adsorbate with the phonon- or electron heat baths. In
a conventional heating process, following the illumination of the surface with
quasi-continuous laser light, desorption is induced by the multiple inelastic
scatterings of phonons with the adsorbate. By these interactions, energy is
transferred to the adsorbate which will climb the vibrational ladder of the
ground-state PEC and eventually desorb. The translational-, vibrational-
and rotational degrees of freedom of the desorbed molecules can, accordingly,
be described by Boltzmann distributions with temperatures that are equal to
the temperature of the surface [28]. The desorption yield grows linearly with
the absorbed fluence and is independent of the wavelength of the incident
radiation.

For desorption induced by ns laser pulses the internal rotational, vibra-
tional and tranlation degrees of freedom obey a Boltzmann distribution cor-
responding to a temperature significantly in excess of the substrate temper-
ature [28]. In some experiments, bimodal rotational- and translational dis-
tributions, containing an additional low-temperature (thermal) component,
have been observed, and in a few cases the distributions could not even be
fitted with a two-component Boltzmann function [52]. Depending on the
wavelength applied and the internal states studied, rotational-, vibrational-
and translational temperatures in the ranges of 100–500 K, 1000–4000 K and
700–2000 K, respectively, have been observed. Most of the studies have been
performed with Pt substrates which have been cooled to ∼100 K to prevent
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thermal desorption of the diatomic molecules (CO and NO) [53, 54, 55, 56].
As in the thermal regime, the desorption yield is independent of the wave-
length, and the desorption yield and internal state temperatures are linear
and constant as a function of the absorbed fluence, respectively [34]. The
observations can be accounted for by electronic excitations of the adsorbate-
substrate complex to an excited-state PEC, analogously to the DIET mecha-
nism described above for the direct process. The only difference between the
two situations is the way in which the energy required for the electronic exci-
tation is provided. In the substrate-mediated process the excitation may be
accomplished by the energy released by the recombination of a laser-generated
electron-hole pair or by charge transfer of a laser-generated carrier to the ad-
sorbate or the adsorbate-substrate bond. Since the laser wavelength needs not
be resonant with an electronic transition in this case, substrate-mediated des-
orption will be possible also for long (infrared) wavelengths while the direct
mechanism may be expected to be dominant for wavelengths in the UV/VUV
range [43]. In fact, photon-stimulated desorption using synchrotron radiation
in the VUV is an established technique for the chemical identification of ad-
sorbates residing on a surface and their bonding relationships, as reflected by
the appearance of desorption peaks at certain, characteristic photon energies
[57].

Femtosecond desorption

Recently, experiments performed with fs laser pulses have revealed a depen-
dence of the desorption yield on the wavelength [35], a non-linear dependence
of the desorption yield on the absorbed fluence [35, 41, 58] and a fluence
dependence of the translational temperature [34, 38]. In addition, for the
O2/Pd(111) [59] and CO/O2/Pt(111) [60, 61] systems, the branching ratio for
desorption relative to dissociation and other chemical reactions has been ob-
served to be significantly increased over that obtained with ns pulses. Apart
from the wavelength dependence of the desorption yield these observations
can be explained by a generalized DIET mechanism, the so-called DIMET
mechanism—Desorption Induced by Multiple Electronic Transitions. As the
name indicates, this includes not only one but multiple excitations from the
ground- to the excited-state PEC before desorption occurs [62]. In the fs
regime multiple excitations are much more likely due to the much higher
density of hot electrons and lead to an enhanced desorption probability due
the enhanced accumulated time available for the adsorbate-substrate complex
on the excited-state PEC. In the DIMET model the desorption probability
is calculated from the transition rates between the PEC’s which, in turn, are
obtained from a knowledge of the energy distribution of the laser-generated
electrons which is usually taken to be the Fermi-Dirac function [62]. By this
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approach it is implicitly assumed that the electrons can be designated a tem-
perature which may not be justified within the first ps after the presence of
the desorbing laser pulse [46]. Since the electron temperature depends on the
pulse duration and the absorbed fluence but not the wavelength, the wave-
length dependence of the desorption yield observed by the group of Mazur
has been attributed to the influence of non-thermalized substrate electrons
[35].

Attempts have been made to deduce some of the time scales involved
in the electron-mediated desorption proces by means of pump-probe mea-
surements. Most of these have applied a two-pulse correlation scheme where
the desorption yield is monitored as a function of pump-probe delay [39,
47, 51, 63, 64]. These measurements have revealed a peak with a ∼1 ps
width (FWHM) on top of a broad plateau with a decay time of ∼100 ps.
The ∼100 ps decay time has been attributed to equilibriation of the laser-
heated region with the ambient substrate [51] but the assignment of the ∼1 ps
spike is less clear. Bonn et al. have performed two-pulse correlation measure-
ments for CO and CO2, generated from the oxidation of CO, on Ru(0001)
yielding correlation times of 20 ps and 3 ps, respectively [47]. These were
taken as evidence for phonon- and electron-mediated processes, respectively,
with reference to the much longer cooling time of the lattice compared with
the electron gas. The short-lived component was attributed to the electron-
mediated mechanism on account of a comparison with the sub-picosecond
electron-phonon coupling time which determines the cooling time of the hot-
electron gas [39, 47]. This was supported by the fact that the energy barrier
to CO desorption is significantly lower than that for CO2 formation, the lat-
ter being given by the activation energy for breaking of the Ru–O bond of
the dissociatively adsorbed O atoms [47].

It remains unclear what the correlation time really means [35], i.e. with
which physical proces it should be identified. An upper limit to the actual
desorption time, i.e. the time required for the breakage of the adsorbate-
substrate bond, has been set to 325 fs from a measurement of the change
in second-harmonic signal of the probe as a function of pump-probe delay
by Prybyla et al. [41]. The second-harmonic signal depends on the degree of
adsorbate coverage and thus allows a more unambiguous interpretation of the
observed time scale. An even more direct interpretation will be allowed by
the technique of fs VUV core-level spectroscopy where the size of a substrate
core-level shift depends on its chemical surroundings, in this case the degree
of adsorbate coverage.
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5.3 The technique of core-level spectroscopy

The most common techniques in use today for structural analysis of sur-
faces at the atomic level are Low-Energy Electron Diffraction (LEED) [65],
Surface-Extended X-ray Absorption Fine Structure (SEXAFS) [66], X-ray
Photo-Electron Diffraction (PED) [67], X-ray Core-Level Spectroscopy (CLS)
[68, 69, 70, 71] and Scanning-Tunneling Microscopy (STM) [72]. Apart from
STM, the surface sensitivity of these techniques is accomplished by the short
(<10 Å) inelastic mean-free path experienced by electrons with kinetic ener-
gies in the 20–250 eV range [73]. The inelastic mean-free path is the same
for all the elements and thus constitutes a universal curve when evaluated
as a function of the kinetic energy. Accordingly, electrons with energies in
this interval are used in LEED and are aimed at in the other X-ray-based
techniques. This is accomplished by choosing the photon energies in a range
corresponding to the most appropriate kinetic-energy interval of the detected
photoelectrons.

Attempts have been made to push the time resolution of LEED [74] and
STM [75] towards the femtosecond regime but this is not feasible due to the
Coulomb scattering among the electrons (cf. chapter 1) and the scanning
principle of the STM, respectively. More promising for this purpose are the
X-ray-based techniques where the time-resolution is given by the X-ray pulse
duration. Among the X-ray-based techniques quantitative information about
atomic- and molecular bond lengths can only be obtained with PED and SEX-
AFS where the photoelectron yield is measured as a function of photon energy
over an extended photon-energy range, typically a few hundred eV. The bond
length is extracted from the period of the oscillations appearing in these scans
due to the interference of the outgoing photoelectron wavepackets with their
reflections from neighboring atoms. In principle, the same information can be
extraced from a scan of the photoelectron emission angle for a fixed photon
energy but this gives rise to more complex oscillations and a more compli-
cated data analysis. Because of the large photon-energy scans required in
SEXAFS and PED, these techniques are feasible at a synchrotron-radiation
beamline but certainly not with a VUV light source based on high-order
harmonics, limited in photon energy to ∼100 eV (cf. chapter 1).

For the present purpose it was decided to insist on the claim of a fs time-
resolution and an optimum surface sensitivity and then relax the requirements
to the quantity of structural information obtainable. As a consequence, the
most obvious choice of technique is CLS, which is recognized as a valuable,
complementary tool, allowing for a discrimination between different adsorp-
tion sites and providing information about the mutual arrangements of the
adsorbates with respect to each other and the substrate [76, 77, 78]. In CLS
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Figure 5.3: A schematic of the relation between the energy-level diagram of the solid
and the kinetic-energy spectrum of the photoelectrons emitted in core-level spectroscopy,
using a VUV light source with photon energy ω. The work function of the solid and the
electronic density of states evaluated as a function of electronic energy E are denoted by
φ and N(E), respectively. From [70].

the surface is illuminated with a VUV- or X-ray beam of fixed photon en-
ergy and a kinetic-energy spectrum of the emitted photoelectrons is recorded.
The kinetic energies of the photoelectrons are given (with reference to the
vacuum level) by Ekin = �ω − EB − φ where �ω is the photon energy, EB

the binding energy of the electron with respect to the Fermi level and φ
the work function of the surface. Ideally, this results in a translation of the
energy spectrum of the adsorbate-substrate complex into the continuum, as
shown in figure 5.3 [70]. If �ω is sufficiently large this spectrum will include
some of the core-levels of the elements present at the surface, thus facilitat-
ing a sensitive chemical analysis of the surface. Furthermore, the core-level
binding energy of the adsorbate- or substrate atom will be affected by its
chemical surroundings, signified by a meV–eV ”chemical shift”. The shift
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Figure 5.4: A schematic of the valence-band narrowing at the bulk-surface boundary,
which implies (a) an increase in the core-level binding energy for a less than half-filled
valence band and (b) a decrease in the core-level binding energy for a more than half-filled
valence band. From [81].

arises from the redistribution of the electronic charge in the valence orbitals
due to the chemical bonding. By the many-body nature of the surface, the
calculations of these shifts represent a challenge to theorists which resort to
density-functional theory [79] or the (MC)SCF methods [80] (cf. chapter 2).
Often, use is made of the equivalent cores approximation by which the final-
state energy of a Z-electron atom with a core-hole is replaced by the more
easily calculated ground-state energy of a Z + 1-electron atom [71, 80]. Cor-
rectly, the core-level binding energy is given by the energy difference between
the total initial- and final-state energies, i.e. the electronic energies before
and after the ionization. Most difficult is the final-state calculation where re-
laxation effects must be taken into account, arising from the rearrangements
of the outer electrons to screen the core-hole.

By a simple electrostatic consideration, the core-level binding energy can
be expected to be higher for an atom sitting in an electro-negative environ-
ment: the removal of an electronic charge δe from the valence shell with radius
r causes the binding energy of an inner electron with elementary charge e to
increase by the amount eδe/r [82]. For an atom bound in the surface layer
there will be a spill-out of valence charge into the vacuum (or air), i.e. the
vacuum acts as an electro-negative environment, and an increase in core-level
binding energy should be expected. For a metal, the narrowing of the valence
band at the surface with respect to that of the bulk will give rise to an addi-
tional contribution as shown in figure 5.4. Since the electronic charge must be
(approximately) conserved across the bulk-surface region, the surface valence
band must adjust to align its Fermi energy with that of the bulk, resulting in
down- and up-ward shifts for less- and more than half-filled valence bands,
respectively [81]. This shift will be partly followed by the core-levels, im-
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plying an increase in the core-level binding energy for a metal with a less
than half filled valence-band and vice versa. For the transition metals with
a partly filled d-shell the valence-band narrowing is dominating while for the
simple sp metals the two contributions are almost equal, resulting in a small
(∼100 meV) shift towards lower binding energy for Al(100) and no shift for
Al(111) [83].

The natural width of a core-level depends on the probability that the core-
hole will be filled by an electron decaying from an outer (valence) shell. This
probability is, in general, larger the larger the number of electrons occupying
the outer shells but this picture may be modified by correlation effects and
particularly strong decay channels [84]. Typically, the core-level widths vary
in the 0.1–2 eV range between different elements with comparable core-level
binding energies [85]. For example, the Al 2p level with a core-level binding
energy of ∼73 eV has an unusually narrow width of ∼50 meV, as reflected
by the presence of only three electrons in higher-lying shells. At the other
extreme, the widths of the 3p and 4p levels of the first- and second-row
transition elements, spanning a 30–90 eV binding-energy range, are 2–4 eV,
with the lowest value attained at the left of the periodic table [85, 86]. The
natural Lorentzian width is often masked by Gaussian contributions from
phonon broadening and the experimental resolution of the electron-energy
analyzer (each contributing at least ∼50 meV) [87]. In addition, there will
be a tail on the low-kinetic energy side of the core-level peak arising from
intrinsic- and extrinsic excitation processes taking place during- and after the
photoionization process, respectively. The most important intrinsic losses
are due to electron-hole pair excitations which give rise to an asymmetry of
the core-level peak. The extrinsic losses arise from inelastic scatterings of
the photoelectrons travelling towards the surface and their contribution will
be minimum when the escape depth is smallest possible, i.e. for a ∼50 eV
kinetic energy of the core-ionized electrons (which contribute the most to the
spectrum). Considering all these contributions, a measured core-level peak
is most often fitted with the so-called Doniach-Sunjic line-shape [88]

D(E) =
Γ(1− α) cos[πα/2 + (1− α) arctan(−E−EB

γ )]

(1 + (E−EB)
2

γ2 )
(1−α)/2

(5.1)

convoved with a Gaussian representing the combined effects of the phonon
broadening and experimental resolution, and added to a polynomial back-
ground representing the intrinsic- and extrinsic losses. Here, EB is the
core-level binding energy, γ the natural width (HWHM), α an asymmetry
parameter accounting for electron-hole pair excitations and Γ the Gamma
function.
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5.4 Core-level spectroscopic tests at ASTRID

5.4.1 Experimental setup

The core-level spectroscopic tests of the CO/Pt and O/Al systems were per-
formed at the SGM I synchrotron-radiation beamline at ASTRID. SGM refers
to the Spherical Grating Monochromator of the beamline which can be oper-
ated in the 25–300 eV photon-energy range, using three sets of spherical grat-
ings and plane mirrors [89]. For the present experiments the monochromator
was operated with entrance/exit-slit settings of 50/50 µm and 100/100 µm,
corresponding to 30 meV and 50 meV resolutions (FWHM), respectively,
for a ∼100 eV photon energy. A target chamber is installed at the end of
the beamline and the sample can be moved to a pre-chamber with standard
equipment for surface preparation and -characterization. This includes an
ion sputter gun, a quadropole mass spectrometer (QMS) and LEED appara-
tus. The horizontally polarized synchrotron-radiation beam is incident on the
surface at 40◦ with respect to the surface normal and photoelectrons emitted
within a ∼0.1 steradian space angle normal to the surface are colleced with
a SCIENTA electron spectrometer [90], as shown in figure 5.5. The electrons
are focused onto the entrance slit of the spectrometer by a lens system and
are dispersed according to their kinetic energy by the radial electrostatic field
between the hemispheres. The lens system in addition retards the electrons
to a pre-determined pass energy, Epass, which is proportional to the voltage
difference between the two concentric spheres. Due to the spherical symme-
try of the spectrometer, the entrance slit is imaged onto the detector system,
consisting of a Microchannel-Plate Detector (MCP) and a Charged-Coupled
Device (CCD) camera. There is thus no need for an exit slit and energies
within a window of size Epass/10 can be simultaneously detected. The energy
resolution ∆Espec (FWHM) of the spectrometer is given by the width ∆r of
the entrance slit and the pass energy as ∆Espec = ∆r/(Epass2r) where r =
20 cm is the mean radius of the hemispheres. The ultimate energy resolution
that can be achieved is ∼5 meV but for the present purpose the spectrometer
was operated with a resolution in the 40–150 meV range.

The base pressure of the target chamber is ∼1×10−10 Torr and has to
be at least that good if the surface is to be kept clean during a few hours
of measurement. Gas doses are usually given in Langmuir, with 1 L =
1×10−6 Torr·s, which is approximately the amount required for a mono-
layer coverage of rest gas (N2), assuming a sticking probability of unity. This
means that if every (rest) gas molecule hitting the surface stays there, a
monolayer coverage is obtained in one second at a pressure of 1×10−6 Torr!
A surface therefore has to be cleaned every day before use, which was done
by Ar+ sputtering followed by annealing to elevated temperatures. By the
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Figure 5.5: A schematic of the SCIENTA photoelectron spectrometer at the SGM I
beamline at ASTRID. From [87].

sputter process, the upper surface layers are removed by bombardment with
∼1 kV Ar+ ions at a ∼1×10−6 Torr pressure, thereby generating craters and
implanting Ar+ ions into the surface [91]. The craters are expected to be
of ∼nm dimensions for the relatively low sputter energy applied here and
may develop into regular patterns, especially for sputtering at an angle near
normal incidence [92]. These features are removed by the annealing process
which, in turn, may induce diffusion and segregation of bulk contaminants to
the surface [93, 94]. As a consequence, several sputter-annealing cycles are
required to clean a newly installed, mechanically polished crystal, and the
total amount of cleaning required depends on the nature and the prehistory
of the crystal. For a newly installed Al crystal, for example, a relatively
large effort must be invested initially in order to penetrate a 3–4 nm protec-
tive oxide layer [95]. Recently, it has been demonstrated that an extremely
long sputtering time is required to produce an Al surface that exhibits a
reproducible O2 adsorption behaviour, as will be discussed in section 5.4.3.

In the present experiments a sputter-annealing cycle typically consisted
of 45 min sputtering with 1 kV Ar+ ions at 1×10−6 Torr Ar pressure followed
by 15 min annealing to ∼600◦ C and ∼450◦ C for Pt and Al, respectively.
The Ar+ ion beam is incident on the surface at a 45◦ angle with respect to
the surface normal. The annealing temperature was chosen with the melting
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temperatures of the surfaces in mind and should be high enough that the
craters induced by the sputtering process are smoothened out and low enough
that disordering and defect formation at the surface are avoided. The Pt
surface was annealed in a 2×10−8 Torr oxygen atmosphere (which has been
proposed as a method for the removal of carbon impurities [96]), followed by a
couple of minutes heating to ∼900◦ C. The cleanness was checked by looking
for core-level peaks from expected contaminants and by checking whether
the core-levels to be measured for the clean surface exhibited signatures of
contamination (shoulders or additional peaks).

The Pt and Al crystals were mounted on Ta and Si sample holders, re-
spectively, and were resistively heated through a couple of wires attached to
these holders. The temperature was measured with an n-type thermo-couple
attached to the rear side of the sample holder and could be kept at the de-
sired value to within a few degrees by a feedback mechanism. There was,
however, problems with several degrees overshoot during initial temperature
ramping, especially, for the Si mount where the resistivity undergoes a sudden
decrease at a certain ”breakthrough” temperature, corresponding to electron-
hole pair excitations across the band-gap. The crystals could be cooled down
to ∼ −110◦ C by thermal contact with a liquid N2 reservoir through a flexible
copper braid fastened to the rear side of the sample holder. The core-level
spectra were recorded at this temperature in order to minimize the phonon
broadening, and CO was dosed at this temperature while O2 was dosed at
room temperature. Both CO and O2 bind to Pt and Al, respectively, at room
temperature, but the CO/Pt(111) system has been most intensively studied
in the low-temperature regime.

5.4.2 CO/Pt(111)

As outlined in section 5.3, the magnitude of the extrinsic background level
of a core-level spectrum exhibitits a minimum if core-level electrons are pho-
toionized with kinetic energies around∼50 eV. This ideal condition is difficult
to fulfil with the ∼100 eV photon energy aimed at for the fs studies. More
precisely, a 96.4 eV photon energy has been chosen (the 63rd harmonic of
the 810 nm Ti:sapphire fs laser), considering the ∼99 eV absorption edge
of the Si/Mo multilayer mirror intended for the setup. Since the inelastic
mean-free path is still relatively short (<10 Å) for kinetic energies ≥20 eV,
it was decided to focus on systems among the transition-metal group with
core-levels in the 50–75 eV range as possible candidates for the first studies
of fs laser-induced desorption using the 63rd harmonic. These include the
very broad 3p and 4p levels of the first- and second-row transition metals
and the narrower 4f levels of the third row [97]. Since the resolution of the
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fs setup is expected to be limited to 0.1–0.5 eV by the bandwidth of the
VUV light source, the core-levels must be relatively narrow and well-defined,
favouring the third-row metals. Among these elements only Pt has been the
subject of fs desorption studies and in addition, the influence of CO on the
4f core-levels is known from previous studies with 125 eV photons [98, 99].
The CO/Pt(111) system was, accordingly, given first priority for a test mea-
surement with ∼96 eV photons at the SGM I beamline. The purpose was to
get an idea of the appearance of the 4f core-level spectrum under conditions
similar to those expected for the fs setup and, in case of a favourable back-
ground level, to provide reference core-level spectra for different adsorbate
coverages.

CO binds non-dissociatively to the close-packed Pt(111) surface below
∼190◦ C [100] with an activation energy towards desorption of 1.4 eV [101].
The molecule is oriented with the intra-molecular axis perpendicular to the
surface, i.e. upright, and with the C atom closest to the surface [102]. The
binding is accomplished by the CO molecule donating a fraction of its elec-
tronic charge from its highest occupied orbital, 5σ, to the Pt surface which,
in turn, donates a fraction of a charge to the lowest un-occupied CO orbital,
2π [103]. This bonding mechanism is common for CO adsorption on all of
the transition metals and leads to a weakening of the C–O bond, which for
Ni and Fe is sufficiently strong that the molecule may dissociate [104]. CO
molecules adsorbed on Pt(111) at ∼100 K form different ordered structures,
or phases, depending on the coverage, which saturates at 0.5 monolayer. A
monolayer (ML) is defined as the coverage giving an adsorbate surface den-
sity which is equal to that of the substrate. For chemisorption systems where
multi-layer adsorption does not appear, the adsorbate coverage saturates at a
value ≤1 ML, depending on the physical size of the adsorbates with respect to
the substrate atoms. Below 0.25 ML the CO molecules preferentially occupy
on-top sites in a (4×4) structure but for higher coverages the energetically
less favourable bridge-sites must be occupied as well, leading to a (4×2) struc-
ture with equally occupied on-top- and bridge sites at the 0.5 ML saturation
coverage (in the language of surface science a (m×n) RΘ structure means
the unit cell of the adsorbate structure being enlarged by a factor m×n and
rotated by an angle Θ with respect to that of the substrate) [99, 105].

The 4f core-level spectrum of clean Pt consists of the two spin-orbit
components 4f5/2 and 4f7/2 with binding energies of 74.5 and 71.2 eV, re-
spectively [97]. Core-level spectra of the 4f7/2 level have been been recorded
with 125 eV photons by Björneholm et al. for different CO coverages [99] and
for the clean Pt(111) surface a surface core-level shift of 0.4 eV towards lower
binding energy was observed. Upon CO adsorption the surface peak dimin-
ished simultaneously with the appearance of two new peaks at higher binding
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Figure 5.6: Pt 4f core-level spectra for the CO/Pt(111) system at saturation coverage
(0.5 ML CO) measured with a photon energy of (a) 130 eV and (b) 98 eV. The spectrum
of (a) is reproduced in (b) for comparison.

energies, displaced by 1.0 and 0.3 eV with respect to the 4f7/2 bulk peak.
These peaks were attributed to on-top- and bridge binding, respectively, on
account of the evolution of their size as a function of CO coverage. The on-
top peak was clearly resolved with the 0.15 eV experimental resolution while
the bridge peak was revealed as a broadening of the bulk peak.

4f core-level spectra for the CO/Pt(111) system were recorded at ASTRID
with 130 and 98 eV photon energies and a total experimental resolution of
0.16 eV, as shown in figures 5.6 (a) and (b), respectively. The spectra were
recorded at −110 ◦ C right after exposure of the Pt(111) surface to a 0.5 ML
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saturation coverage of CO. With a sticking probability of 0.8 [106] the 0.5 ML
saturation coverage is obtained after only a few seconds of CO dosing at
2×10−7 Torr but to be on the safe side the dosing was continued for a few
minutes. An eventual offset in the monochromator calibration has not been
corrected for, as this was of no relevance in the present context. The 4f5/2
and 4f7/2 peaks and the CO on-top features towards higher binding energy
are clearly visible in the 130 eV spectrum but unfortunately almost buried in
the (extrinsic) secondary-electron background at 98 eV. The 130 eV spectrum
is shown for comparison in figure 5.6 (b) also, and the background levels are
seen to differ by at least a factor of ∼7 despite a difference in the inelastic
mean-free path of at most a factor of 2 (cf. the universal curve). On account
of the very large background level the use of Pt for the fs desorption studies
can be excluded.

5.4.3 Oxidation of Al(111)

Following the negative experience with Pt, attention was drawn to Al which
has some very well-defined 2p1/2 and 2p3/2 core levels at 73.1 and 72.9 eV that
have been the subject of numerous studies at Aarhus University [87]. These
studies have, however, mainly concentrated on the theoretically relevant al-
kali/Al systems which tend to form surface alloys and thus are inappropriate
for laser-desorption studies [77]. On the other hand, the oxidation process
of Al is not yet fully understood in spite of the very large attention that
has been given to this technologically important system. Previous core-level
spectroscopic measurements of oxygen adsorption on Al have shown pro-
nounced effects of the oxygen adsorption on the appearance of the Al 2p peaks
[107, 108]. This would make the system a good candidate for an experiment
with a modest energy resolution. In addition, a photo-desorption experi-
ment using synchrotron radiation has demonstrated that the dissociatively
adsorbed oxygen atoms can be ejected as O− ions, folllowing the absorption
of 8.7 eV photons [109]. This was ascribed to a direct electronic process on
account of the 8.7 eV photon energy being in exact resonance with the transi-
tion from the ground-state to a repulsive excited-state potential-energy curve
of AlO−. No studies have been made with visible ns- or fs laser light but
it may be possible to desorb the O atoms by an electron-mediated process
despite an activation energy towards desorption of ∼5 eV [110], at least by
using 4-5 eV photons. For comparison, in the oxidation reaction of CO on
Ru(0001) studied by Bonn et al. (cf. section 5.2.3) the bond breakage of the
dissociatively adsorbed oxygen atoms with a 1.8 eV activation energy could
be activated with 1.5 eV fs laser pulses by the electron-mediated mechanism.
Following these considerations the O/Al(111) was given priority to a further



5.4 Core-level spectroscopic tests at ASTRID 99

investigation at the SGM I beamline.
The Al single-crystal surface, in particular the close-packed Al(111), has

been the subject of numerous experimental and theoretical investigations
as reviewed up to 1984 by Batra and Kleinman [111]. The O2 molecule
is known to adsorb dissociatively on the Al surface to form a chemisorbed
O/Al phase that is converted into a very stable 3–4 nm thick amorphous
Al2O3 layer, following an increase in the temperature or oxygen coverage.
The electrically insulating oxide layer protects the metal against corrosion
[95] and makes Al the most widely used metal in semiconductor devices [112]
and magnetic tunneling junctions [113]. Recently, the growth of an oxide
layer was suggested as a method for the production of reliable single-electron
transistors, providing an effective means of confining the electron in an Al
quantum dot [112]. Al2O3 is also the most commonly used support material
for the production of 1–10 nm catalyst metal particles, which are deposited
in carefully prepared micropores of the oxide [1, 114]. In spite of this, the
structures of the different crystallographic phases that can be attained by
Al2O3 have still not been mapped out [115] and even the initial oxidation
behaviour, the dissociative chemisorption of O2 on Al remains a matter of
debate [116, 117, 118, 119, 120].

There is general agreement that for the O/Al(111) system adsorption at
room temperature initially leads to an O adlayer of randomly distributed,
immobile O atoms, developing into (1×1) O islands as the coverage increases
[121]. This chemisorbed phase coexists with the oxide phase which starts
to develop at a 0.2 ML coverage, long before the surface is fully covered
by the O islands. Around this coverage the island density saturates and
further oxygen uptake leads to a growth in the island size. The oxide layer
preferentially develops at the interface between the O islands and the bare
Al surface, initially in the form of small (∼2 nm diameter) grains as observed
in STM images by Trost et al. [116]. The grain formation continues until
the surface is completely covered with an amorphous oxide layer, growing
in thickness with increasing O2 exposure. In the chemisorbed phase the O
atoms have been observed to occupy three-fold hollow sites above the Al(111)
surface. No sub-surface oxygen, as required for the oxide formation process,
was found below a 1 ML coverage [122, 123]. This is in agreement with recent
calculations, pointing towards the on-surface site as energetically preferable
below a 1 ML coverage, with a sub-surface tetrahedral site becoming equally
favourable as the coverage is increased beyond this value [119].

The above observations are supported by measured core-level spectra
which have shown the existence of three so-called sub-oxide peaks and one
oxide peak adjacent to the 2p peaks on the high binding-energy side [124,
107, 108]. The three sub-oxide peaks were found to be shifted by 0.49, 0.97
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and 1.46 eV with respect to the 2p3/2 level at 72.7 eV while the broad oxide
peak was shifted by 2.5–2.7 eV (see also figure 5.7) [124]. The three sub-oxide
peaks were observed to show up one after the other, following an increase in
oxygen coverage, with the 0.49 eV peak appearing first. The latter was hidden
by the 2p1/2 peak at 73.1 eV while the other peaks were clearly visible. The
three sub-oxide peaks have been associated with Al atoms binding to one-,
two- and three O atoms, respectively, as can be rationalized from the sim-
ple electrostatic picture of section 5.3, given the fact that the oxygen atoms
represent an electro-negative environment. This corresponds to Al atoms sit-
uated at the edges and in the interior of an O island where the coordination
numbers to O atoms are one (or two) and three, respectively [121]. In a single
high-resolution (50 meV) study, an additional shoulder on the low binding-
energy side of the Al 2p peaks was observed and ascribed to atoms sitting
in a metallic environment, most likely in a (mono-atomic) semi-amorphous
Al layer situated at the Al-Al2O3 interface [107]. A similar shoulder was
recently resolved for the O/Al(100) system and given a similar assignment
[87]. In that experiment the oxidation behaviour of Al(100) was observed to
be similar to that of Al(111) apart from the three sub-oxide peaks appear-
ing simultaneously. The above core-level measurements have been performed
with photon energies in the 100–110 eV range, so the O/Al(111) system was
considered a relatively safe candidate for a 96 eV measurement.

The controversy regards the mechanism of initial sticking of the O2 mole-
cules to the surface [120] and the observation that the rates of chemisorption
(i.e. the sticking probability) and oxide formation vary considerably among
different experiments [117]. The oxygen sticking probability of ∼0.005 is ab-
normally low considering the ∼5 eV chemisorption energy, and its eventual
relation to an observed non-thermal behaviour of the dissociating O atoms
remains unclear [120, 125]. The sticking probability has been observed to
be independent of temperature by Österlund et al. [126] while an increase
was found by the group of Yates [117, 127, 125]. Both groups agree on an
activated dissociative adsorption process in the 243–600 K regime which,
on account of the temperature dependence of the sticking probability, was
ascribed by Yates et al. to the presence of an O2 precursor state prior to
dissociation [125, 127]. So far further support for a molecular precursor state
has not been given experimentally [124] or theoretically [118, 128] but in the
latter case this might be attributed to the approximation applied.

The experiments of Yates et al. were performed with an Al(111) surface
that had been subjected to an extreme amount of sputtering (≥45 hours) and
annealing which was found to be necessary in order to obtain a reproducible
adsorption behaviour. With this intensive pre-treatment the sticking proba-
bility was observed to be lower than that of an ”ordinarily” cleaned surface
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and the conversion from the metastable chemisorbed phase to the oxide phase
occured at a higher temperature compared with previous reports [117]. This
was attributed to a reduction in the concentration of defect sites with respect
to that of an ordinarily cleaned surface [127]. These defects may arise from,
e.g., the crude mechanical polishing of the surface prior to application, in
which case several atomic layers must be peeled off by the sputter process
in order to reach a depth with a lower defect concentration. Remarkably,
however, at least 10 hours of sputtering was necessary after each measure-
ment performed with only a sub-monolayer oxygen coverage for reproducible
measurements to be obtained. The most obvious explanation for this would
be a diffusion of oxygen atoms into the bulk but no further comments were
made about this issue. One could, in principle, imagine defects to be intro-
duced by the rather crude sputter treatment but this was apparently not the
case, maybe because of the correspondingly prolonged (to 45–60 minutes) an-
nealing treatments performed with 5–10 hours intervals [129]. The annealing
process has, however, by STM measurements been observed to induce defects
when performed at temperatures above ∼450◦ C [129]. The question about
the possible influence of defects on the oxidation behaviour has previously
been addressed by Larson and Lauderback for the Al(100) surface and they
did, in fact, provide evidence for an enhanced chemisorption and oxide for-
mation probability for Al surfaces with a higher defect concentration [130].
The nature of the defects could not be established but the defect density
could be varied by changing the mechanical polishing procedure, and for the
most defect-ful surfaces a penetration depth on the order of a µm was esti-
mated. This was rationalized on account of the persistence of defects even
after several sputter-anneal cycles. The recognition that even a low concen-
tration of surface defects or -imperfections may have a large influence on the
adsorbtion- and desorption behaviour of a surface is not new [131] but the
need for an extremely long (≥45 hours) sputtering time for reliable results to
be obtained has not been previously reported. This could be attributed to
a particularly large sensitivity of the Al oxidation behaviour to the presence
of defects or, more likely, the softness of the clean Al metal, making it more
vulnerable to mechanical polishing.

The purpose of the core-level measurements on O/Al(111) at the SGM I
beamline was partly to check whether the secondary-electron background
was still well-behaved at a ∼96 eV photon energy, partly to investigate the
effect of the surface pre-treatment on the appearance of the Al 2p core-level
spectra. The newly installed Al(111) crystal was initially degassed for 48
hours at 400◦ C, and then six times repeatedly Ar+ sputtered for half an
hour at 1–1.5 kV and annealed at 400◦ C for 10 minutes. This was followed
by a total of 9 hours sputtering during which the crystal was kept at 440◦ C
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Figure 5.7: Al 2p core-level spectra for different oxygen coverages measured with a photon
energy of 95 eV.

in order to drive out carbon impurities from the bulk. The surface then
appeared chemically clean and a series of measurements was performed after
another two times 1/2 hour sputtering and 10 minutes annealing to 440◦ C,
i.e. after a total of 13 hours of sputtering. Al 2p spectra were recorded with a
95 eV photon energy for the clean Al surface and for the Al surface exposed to
oxygen doses in the 20–400 L range, as shown in figure 5.7. This corresponds
to coverages in the 0.1–2 ML range, assuming a sticking probability of 0.005
[127]. All of the Al spectra were recorded with a 50 meV resolution at
−110◦ C with the oxygen being dosed at room temperature. The binding-
energy axis has been translated by ∼1 eV to have the 2p peak positions
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Figure 5.8: A comparison of Al 2p spectra measured with 95 and 109 eV photon energies.

of the clean Al surface appear at their ”nominal” energies, compensating a
∼1 eV offset in the monochromator calibration. The surface was sputtered
and annealed for ∼1/2 hour after each measurement in order to remove the
old oxygen layer before a new was dosed. As evident from figure 5.7 the Al
2p1/2 and 2p3/2 peaks as well as the oxygen-induced peaks are clearly visible
with the 95 eV photon energy and the O/Al(111) system can, as expected,
be considered a suitable candidate for future fs VUV core-level spectroscopic
studies. The broad oxide peak at ∼75.5 eV binding energy is, however,
somewhat buried in the secondary-electron background which is somewhat
large compared with that of the previous measurements performed by other
groups [107, 108]. In addition, the Al 2p peaks are significantly suppressed
and broadened in comparison with the previous spectra [107, 108]. The
broadening could be caused by randomly distributed defects which would
give rise to randomly distributed core-level shifts, recognized as an apparent
broadening of the 2p peaks.

After this measurement series it was decided to perform a ∼50 hours
sputtering, while keeping the crystal at room temperature, in order to mimic
the surface pre-treatment of the Yates group. Unfortunately the sputter gun
broke down somewhere between 34 and 52 hours of sputtering and could not
be immediately repaired (the crystal had then been under a 1×10−6 Torr Ar
pressure for 52 hours). Immediately after turn off of the Ar gas inlet the
crystal was annealed at ∼450◦ C for 15 minutes and core-level spectra were
recorded at 95 and 109 eV photon energies, respectively, as shown in figure
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Figure 5.9: From below: Al 2p core-level spectra at 95 eV of the clean Al(111) surface fol-
lowing a long-term sputtering, the surface after 20 L oxygen exposure at room temperature
(20◦) and the surface after ∼10 minutes heating to 50◦, 250◦ and 430◦.

5.8. The background level is seen to be considerably lower than that of figure
5.7 and the Al 2p peaks are no longer broadened. The 95 eV spectrum is
depicted in figure 5.9 together with spectra measured after 20 L of O2 dosing.
The 20◦ spectrum was recorded (at −110◦ C) immediately after O2 dosing
while the following spectra were measured (at −110◦ C) after the surface
had been heated to the indicated temperature for ∼10 minutes. The 20◦

spectrum does not look like anything which has previously been observed at
20 L coverage, but the well-known characteristics of the chemisorbed phase
(cf. figure 5.7) are recovered in the 50◦ spectrum. The 250◦ spectrum again
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looks very different from what has previously been observed while the 430◦

spectrum exhibits the characteristic behaviour of an oxide-covered Al surface.
The 20◦ spectrum looks so peculiar that one might think that something

has gone wrong during the measurement, for example that the sample has not
been properly grounded. This issue was checked at a subsequent beamtime
where a long-term sputtering of a new crystal was attempted. Unfortunately,
the sputter gun was not sufficiently stable that the long-term pre-treatment
could be done but the grounding issue was checked and the spectra found
to be identical, independent of the apparent gounding conditions. The inter-
esting features of the 20◦ C spectrum are the significant suppresion of all of
the peaks despite the very low coverage and the appearance of a peak at the
low binding-energy side, shifted by ∼0.5 eV with respect to the 2p3/2 peak
at 72.7 eV. A shift in this direction can only be attributed to Al atoms which
are entirely Al-coordinated since the electro-negative environment of O atoms
would work in the opposite direction. As described above, a shoulder at the
low binding-energy side of the of the 2p3/2 peak was previously observed by
Berg et al. and tentatively assigned to a (mono-atomic) semi-amorphous Al
layer at the Al-Al2O3 interface. The peak responsible for this shoulder rep-
resented a chemical shift of only 0.14 eV with respect to the 2p3/2 peak and
it is at present unclear whether the present peak could be attributed to this
layer also. This issue will hopefully be clarified by the peak fitting which
remains to be done, and eventual input from theorical calculations. Also, the
experiment should be repeated on a new long-term sputtered surface to see
if the spectra are reproducible, and spectra should be recorded at a couple
of additional, more surface-sensitive, photon energies to be able to estimate
the order of the crystal ”layers” responsible for the different peaks. In addi-
tion, it would be interesting to investigate the characteristics of the core-level
peaks as a function of oxygen coverage and to investigate how long sputtering
time is needed to obtain reproducible results when changing between differ-
ent coverages, i.e. to clarify whether diffusion of oxygen into the bulk plays
a role.

5.5 The VUV light source of high-order har-

monics

The VUV light source of high-order harmonics to be used in the fs VUV CLS
setup has been optimized and characterized in order to demonstrate that
the 63rd harmonic (96.4 eV) of a 810 nm, 100 fs pulsed Ti:Sapphire laser
could be generated. In addition, the reflectivities of a collection of home-
made multilayer mirrors optimized for this photon energy have been tested.
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The 63rd harmonic represents the highest order that can be selected with
a Mo/Si mirror which is intended for the future fs VUV core-level studies.
Mo/Si mirrors are widely used for photon energies below the absorption edge
of Si at 99 eV due to their high reflectivity; ∼70 % can be obtained at
normal incidence just below the absorption edge [97, 132]. A similarly high
reflectivity can be obtained with a Mo/Be mirror just below the Be absorption
edge at 111 eV but such mirrors are more difficult to manufacture and a Mo/Si
mirror has, accordingly, been chosen for the present purpose.

Also, the 96.4 eV represents a realistic choice of photon energy considering
the previous experimental experiences with high-harmonic generation and the
≤10 mJ laser pulse energy available in our laboratory. The highest photon
energy that has been effectively generated with ∼100 fs pulses is 135 eV
(order 87th) using ≤35 mJ laser pulses with a sech2 spatial profile focused
to an intensity of 1015 W/cm2 with a 60 cm lens in a 1 mm long Ne gas cell
[133]. In another experiment, focusing 6 mJ, 200 fs Gaussian pulses with a
25 cm lens to an intensity of 3.5×1015 W/cm2 in a Ne gas jet, harmonics were
effectively generated up to 107 eV (order 69th) and the cut-off frequency was
observed to decrease at lower intensities [134]. With the same conditions but
using He for the gas medium, harmonics could be effectively generated up to
119 eV (order 77th) but at a reduced efficiency. Finally, harmonics have been
effectively generated beyond 122 eV (order 79th) in Ne and 144 eV (order
93th) in He gas jets, respectively, by focusing ≤250 mJ, 150 fs Gaussian pulses
with a 1 or 2 m lens to an intensity around saturation (8×1014 W/cm2 for
Ne) [135]. For the present purpose Ne seems to be the best choice for the gas
medium, compromising the needs for the highest possible photon flux and
photon energy.

The setup used for the optimization and characterization of the VUV
light source consists of a small vacuum chamber with a pulsed gas-jet valve
(General Valve) for high-harmonic generation (HHG), and a McPherson VUV
spectrometer (model 247) with a 600 lines/mm concave aluminum grating,
as shown in figure 5.10. The concave grating and the entrance- and exit
slits of the spectrometer are placed tangentially to a circle with a diameter
equal to the 200 mm radius of curvature of the grating. By this configura-
tion, proposed by Rowland, a vertical line image of a point source placed at
the entrance slit is provided at the exit slit and a spectrum is obtained by
scanning the exit slit along the circle [136]. Radiation with a wavelength λ
incident on the grating at a fixed angle β = 86◦ with respect to the surface
normal is dispersed according to the grating formula into the angle θ > 0
given by mλ = d(sinβ + sin θ), where m is the diffraction order and d the
groove spacing [136]. The exit slit is mounted on a flexible bellow and can
be scanned within the 8–120 nm wavelength range. The short-wavelength



5.5 The VUV light source of high-order harmonics 107

α

α 
=

 8
7°

β 
=

 8
6°

β

G
ra

tin
g

M
ul

til
ay

er
m

irr
or

To
ro

id
al

m
irr

or

Ir
is

A
pe

rt
ur

e

Z
r 

fo
il

P
um

p

Figure 5.10: A schematic of the experimental setup used for generation and characteri-
zation of high-order harmonics.
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limit is set by the absorption cut-off of the grating (probably due to pump-
oil contamination) while the long-wavelength limit is given by the length of
the bellow (the longer the wavelength the more stretched the bellow).

The harmonics are generated with the 810 nm, 10 Hz, 100 fs pulsed output
from a Ti:Sapphire laser system, consisting of an oscillator and a regenera-
tive amplifier system from Clark-MXR in addition to a home-built butterfly
amplifier. The Ti:Sapphire gain medium of the oscillator is pumped with
the 5 W, continuous-wave output from an Ar+ laser, and ∼3 nJ, ∼800 nm,
∼100 fs pulses are generated by the mechanism of Kerr-lens modelocking
[137] at a repetition rate of 91 MHz. The 3 nJ, ∼50 fs pulses are stretched
to ∼100 ps by means of a number of reflections from a grating and subse-
quently regeneratively amplified to ∼1.5 mJ in another Ti:Sapphire crystal
pumped with 7 mJ, 532 nm, 1 kHz, 50–100 ns pulses from a Nd:YAlG laser.
The 1.5 mJ pulses are further amplified to ∼35 mJ by passing four times
through a butterfly amplifier with a third Ti:Sapphire crystal, pumped by
the ∼220 mJ, 532 nm, 10 Hz, ns pulsed output from a second Nd:YAlG laser.
The ∼35 mJ are finally compressed to ∼100 fs by undergoing a number of re-
flections from another grating, compensating for the chirp and group-velocity
dispersion introduced by the stretcher and the gain media. The commercial
compressor is not designed for this last amplification step as reflected by
the resulting modest output of ∼8 mJ/pulse which is limited by the damage
threshold of the grating.

The resulting ∼8 mJ, 810 nm, 100 fs pulses are focused with a 50 cm
lens to an intensity of 3.4×1015 W/cm2 in the Ne gas jet. The generated,
diverging VUV light is focused ∼10 cm in front of the entrance slit of the
spectrometer by a toroidal gold mirror with estimated horizontal- and vertical
radii of curvatures of 3.50 and 0.14 m, respectively. Ideally, the VUV light
should be focused onto the entrance slit but this was not possible given the
focusing conditions of the toroidal mirror (which had been previously used
with the spectrometer for another purpose). The focusing conditions could
be improved by moving the gas jet closer to the spectrometer, but this would
increase the laser fluence incident on the grating, implying an enhanced risk of
damage. A large fraction of the VUV light is thus wasted on the entrance slit
but also on the toroidal mirror due to the grazing-incidence configuration, the
angle of incidence being ∼87◦. With the present configuration the distance
from the gas jet to the toroidal mirror is ∼1.5 m which also leaves space for
two valves, an aperture and a ∼500 Å Zr foil (home-made) in the beam-path.
The purpose of the aperture is to limit the pressure rise in the spectrometer
from the Ne gas flow which, in addition, is directed into a pump sitting
below the chamber. The Zr foil has a transmission of 80–90 % for photon
energies above ∼50 eV and can be pushed into the beam path in order to
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prevent stray laser light from reaching the spectrometer. This is necessary for
the detection of the highest harmonic orders for which the dispersion angle
approaches that of the zeroth- order reflection of the grating. The VUV light
is detected with a channeltron detector positioned either directly after the
exit slit or following the reflection of the VUV light from the multilayer mirror
mounted in a small chamber. The base pressures of the HHG chamber and
the spectrometer are 1×10−7 and 1×10−6 mB, respectively, with the HHG
chamber pressure increasing to ∼2×10−4 mB with the gas jet on.

The harmonic yield for the highest orders is optimized by focusing 3 cm
in front of the gas jet and by slightly aperturing the laser beam, resulting
in a 10 mm beam diameter and a ∼7 mJ pulse energy. This indicates that
the harmonic yield is limited by the phase-matching conditions rather than
the (saturation) intensity and the use of a lens with a longer focal length
could possibly be advantageous. The gas jet is operated with a Ne backing
pressure of 1–2 Bar and a 750 µs opening time and the laser-beam focus is
located at the closest possible vertical distance from the orifice of the 0.8 mm
diameter tube extension from which the gas jet originates. Here, the Ne
gas pressure is highest and on the order of 150–200 mB, depending on the
backing pressure [138]. Under the specified conditions harmonics have been
generated up to 118 eV (order 77th) as shown in figure 1.1 of chapter 1.
This is in very good agreement with the cut-off energy of 120 eV calculated
from the cut-off law Ecut = Ip + 2Up (see chapter 1), assuming a saturation
intensity of 8×1014 W/cm2 [135]. The spectrum was recorded with the Zr
foil in the beam path, giving a low-energy cutoff at ∼55 eV. Assuming a slow
variation of the spectrometer efficiency with wavelength, harmonics are seen
to be effectively generated up to 112 eV (order 73th), in accordance with the
previous experiments referred to above.

Figure 5.11 shows a high-resolution (∼0.1 eV FWHM) spectrum of the
63rd harmonic which has been fitted to a Gaussian function to yield a width
of 1.4 eV (FWHM). This width is much larger than expected and much larger
than the value of 0.43 eV recently reported for the 47th–55th harmonics gen-
erated with 2.5 mJ, 800 nm, 70 fs laser pulses focused to an intensity of
5×1014 W/cm2 in a Ne gas jet [139]. In that experiment the width was
observed to increase gradually from 0.11 eV at the 7th to 0.37 eV at the
45th harmonic, then stabilizing at the 0.43 eV. The disagreement could be
ascribed to the intensity of the laser beam in the present experiment being
well above that of saturation. In a previous experiment the spectrum of the
15th harmonic generated in Xe was found to broaden by almost a factor of
two, following an increase in the intensity by a factor of three from a value
just below saturation [135]. With an estimated saturation intensity for Ne
of ∼8×1014 W/cm2 [135] the intensity of the present experiment is likely



110 Chapter 5. Femtosecond VUV core-level spectroscopy . . .

Photon energy (eV)

95.0 95.5 96.0 96.5 97.0 97.5

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

2

1

3

Figure 5.11: The spectral profile of the 63rd harmonic fitted to a Gaussian function with
a width of 1.4 eV (FWHM).

a factor of four larger than necessary, implying a broadening by at least a
factor of two. This issue could be investigated by increasing the focal length
of the lens to, e.g., 100 cm, thereby reducing the intensity from 3.4×1015

to 8.4×1014 W/cm2 and simultaneously improving the phase-matching con-
ditions. With the multilayer-mirror tests being urgently needed there has,
unfortunately, not yet been time for that.

The multilayer mirrors are made at Aarhus University by Jacques Cheval-
lier, and designed for optimum (65 %) reflectivity at 96.4 eV and a 67.5◦ angle
of incidence with respect to the mirror surface. This corresponds to a Mo/Si
bilayer thickness d of 70.5 Å, given the Bragg condition 2d sinφ = λ where
λ is the VUV wavelength and φ the angle of incidence with respect to the
surface [97]. The bandwidth of the mirror scales approximately like 1/N [97],
N being the number of Mo/Si bilayers, up to N ∼ 40, which is chosen for
the present mirror. Beyond this value the bandwidth is entirely determined
by the ratio R of the Mo to Si thickness as can be verified by reflectivity
calculations at the web-page of the Center for X-ray Optics (CXRO) at the
Lawrence Berkeley National Laboratory (www-cxro.lbl.gov). From such cal-
culations the optimum value of R has been found to be 0.2, given the fact
that the reflectivity as well as the bandwidth decrease with decreasing R. A
further decrease in R also implies a decrease in the Mo layer thickness below
1.4 nm which represents a challenge to the manufacturer [140]. The layer
thickness could be increased by decreasing φ but this would give rise to an
enhanced astigmatism when using a spherical focussing mirror as desired for
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the present purpose. The choise of φ = 67.5◦ is a result of these consider-
ations in addition to the physical constraints imposed by the future setup
(cf. figure 5.13). The Mo/Si mirror is fabricated by deposition of alternating
layers of Mo and Si sputtered off a target material by Ar+ bombardment
in a vacuum chamber [97]. The layer thickness can be adjusted by varying
the Ar pressure and the target potential but given the present uncertainty in
these parameters the layer thicknesses can only be controlled to a precision
of a couple of Å. Since an uncertainty in bilayer thickness of 1 Å implies
an uncertainty in the photon energy of at least 1 eV it has been necessary
to make a series of multilayer mirrors under slightly different conditions in
the hope that one of them would exhibit the desired properties. Since ap-
propriate equipment for characterization of the multilayer mirrors is not yet
available at the institute, it has been necessary to test them directly with the
high-order harmonics under conditions mimicing those of the future setup,
i.e. with the harmonics incident at a 67.5◦ angle with respect to the mirror
surface, as shown in figure 5.10.

In figure 5.12 (a) an example of a harmonic spectrum, recorded in the
vicinity of the 63rd harmonic, is shown before (grey) and after (black) inser-
tion of a representative multilayer mirror. Both spectra have been recorded
without the Zr foil in the beam path and the reflected signal from the multi-
layer mirror has been optimized on the detector by tilting the mirror. Sub-
tracting the ∼1 V background level of the grey spectrum which is due to
stray laser light in the spectrometer, the reflectivity of the mirror is seen to
peak at the 61st harmonic and is on the order of 30 % . Theoretically, the
reflectivity of the mirror should be ∼65 %, assuming R = 0.2, and the re-
duced efficiency is attributed to the use of a dielectric mirror substrate which
has not been properly grounded during the sputter-deposition process [141].
Some initial tests of mirrors produced on plane crystalline Si substrates did,
indeed, yield a higher peak reflectivity but such substrates cannot be used
for the fs VUV CLS setup where a spherical focusing mirror with a 100 cm
radius of curvature is needed. As an additional drawback, the spherical, di-
electric mirror substrates exhibit an enhanced surface roughness which could
equally well be responsible for the reduced reflectivity. Unfortunately it has
not been possible to ”hit” the 63rd harmonic yet with the present, unsat-
isfactory fabrication procedure but the situation will hopefully improve in
the near future, following the purchase of some more precise instruments.
The apparent shift of the 61st harmonic of the multilayer-mirror spectrum
towards a lower photon energy is attributed to the extra weight introduced
by the multilayer-mirror chamber modifying the calibration of the spectrom-
eter. The multilayer-mirror spectrum from figure 5.12 (a) is reproduced on
an enlarged scale in figure 5.12 (b) together with the theoretical predictions
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Figure 5.12: (a) A survey of the harmonic spectrum in the vicinity of the 63rd order
before (grey) and after (black) reflection from a multilayer mirror. (b) The multilayer-
mirror spectrum from (a) together with theoretical predictions for the reflectivity for Mo/Si
layer ratios of 0.2 (grey) and 0.25 (black), respectively, assuming a 7.3 nm bilayer thickness.

for the reflectivity for R = 0.2 (grey) and 0.25 (black), respectively, assuming
a bilayer thickness of 7.3 nm. The theoretical curves, exhibiting peak reflec-
tivities of 65 % and 70 %, respectively, have been scaled to fit the height of
the measured spectrum which has been calibrated to the actual wavelength
of the 61st harmonic. The bandwidth is seen to increase by ∼0.5 eV towards
higher photon energies when going from R = 0.25 to R = 0.2, in principle
leaving space for an adjacent harmonic order below the envelope.
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5.6 Future prospects

Following the completion of the preparations described in the preceeding
three sections the next step towards fs VUV core-level spectroscopy is the
test of a newly constructed electron spectrometer for kinetic-energy analysis
of the core-ionized photoelectrons. Due to the modest photon flux expected
from the VUV light source (see chapter 1), the electron spectrometer should
have the highest possible collection efficiency, favouring a parabolic-mirror
time-of-flight spectrometer. This spectrometer consists of a 1 m long flight
tube and a pair of closely spaced paraboloid-shaped grids made of thin metal-
wire mesh [142]. The inner- and outer grids are at ground- and negative
potentials, respectively, such that photoelectrons emitted from the (approxi-
mately common) focal point of the paraboloids will be reflected into a parallel
beam directed towards the flight tube. By this method all electrons emitted
within ∼ π steradians are collected and recorded by an MCP detector ter-
minating the flight tube. A schematic of the electron spectrometer mounted
on the UHV target chamber is shown in figure 5.13 as it is visualized for
the future setup including the fs VUV light source. The paraboloids are
made of wowen stainless-steal mesh with the highest available wire density
and transmission (100×100 wires/inch and 81 %, respectively, from Unique
Wire), stretched into paraboloidal shape and stiffened with a gold coating.
A focal length of 10 mm of the paraboloids has been found to fit the diam-
eter of the flight tube, leaving space enough for the sample holder which is
attached to a manipulator extending from the top of the UHV chamber. The
spacing between the grids should be small compared to the curvature of the
grids in order to minimize the velocity dispersion of the photoelectrons [142],
and is 1 mm in the present case. The paraboloids are mounted on a ma-
nipulator which can be retracted in order to ease the rotation of the sample
towards the sputter gun. The time-of-flight tube is shielded with µ metal to
avoid eventual magnetic field-induced deflection of the electrons, which will
be retarded to a few eV and slightly focused by an electrostatic lens system
positioned at the entrance to the flight tube. The retardation improves the
energy resolution of the spectrometer and is maintained along the tube by
means of a grid fastened to the hindmost of the three circularly apertured
plates constituting the lens system. The electron spectrometer has very re-
cently been mounted on the UHV chamber and will be tested in the near
future—initially with 266 nm laser light incident on an Al surface and later
with the 63rd harmonic. Assuming ∼104 VUV photons/pulse incident on
the surface, an electron mean-escape depth to VUV absorption-depth ratio
of 1 to ∼25 (Al at 96 eV) and a quantum efficiency of 100 %, a count rate of
∼2×103 photoelectrons per second (10 Hz) is expected which should provide
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sufficient statistics for a core-level spectrum within one hour of measurement
time.

For the fs laser-induced desorption studies, the almost co-propagating
laser pump- and harmonic probe beams will be incident on the surface at
a 45◦ angle through a hole in the parabolic grids drilled by the laser beam.
The angle between the two beams should be kept small in order to reduce the
temporal walk-off and the harmonic beam should be horizontally polarized
since the photoelectrons are preferentially emitted in the polarization direc-
tion [143]. The pump beam will be focused on the sample by an external lens
while the VUV beam profile from the gas jet will be imaged to a slightly astig-
matic ∼50 µm diameter spot by the spherical multilayer mirror. The target
chamber is equipped with standard equipment for surface preparation, i.e. a
sputter gun, LEED apparatus, a quadropole mass spectrometer (QMS) and a
pulsed valve (General Valve) for gas dosing during desorption measurements.
The temperature can be measured with an Alumel-Chromel thermocouple at-
tached to the sample holder which can be liquid-nitrogen cooled to −170◦ C
and radiatively heated from behind by a tungsten filament. For systems like
O/Al where the adsorption layer does not saturate at a given coverage, some
sort of feed-back mechanism will have to be invented to ensure a constant
coverage between successive desorbing laser pulses. Alternatively, the exper-
iments may be performed in a single-shot mode where the sample is moved
between successive laser pulses. The UHV environment (∼10−10 Torr) of the
target chamber is separated from the ∼10−6 Torr vacuum of the VUV light
generation part by a ∼1000 Å thick polyimide foil (from Luxel) mounted on
a VAT valve. The polyimide foil can withstand a pressure difference of a
few Torr, is transparent in the visible and has a 80 % transmission around
10 nm. A ∼500 Å Zr foil foil with a 80–90 % transmission above ∼60 eV
can be inserted into the beam path to prevent the remaining fundamental
laser light of the harmonic beam from propagating through the system. By
switching a plane gold mirror into the VUV beam path between the gas
jet and the multilayer mirror, the harmonic beam can be directed into the
McPherson VUV spectrometer via the toroidal gold mirror (two mirrors are
needed for a reasonable reflectivity in the VUV). This facilitates the opti-
mization and characterization of the VUV light source without the need for
a re-arrangement of the experimental equipment. An MCP detector placed
in the target chamber in the VUV beam direction will be used for aligment
of the VUV beam and possibly for a relative measurement of the VUV flux.

The temporal overlap between the pump- and probe pulses can be found
by replacing the metal target with a non-linear crystal and looking for second-
harmonic light generated by the simultaneous presence of the visible parts of
the two beams. Alternatively, one could look in the core-level photoelectron
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Figure 5.13: A schematic of the future experimental setup for fs VUV core-level spectro-
scopic studies of surface dynamics.
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spectrum of the surface for evidence of laser-assisted photoionization (LAPI).
As stated in section 1.3 of chapter 1, LAPI may be recognized in the kinetic-
energy spectrum as side-peaks, separated from the core-level peak by an
integral multiple of the photon energy of the pump. These peaks are the
result of the stimulated emission or -absorption of one or more laser photons
taking place during the VUV photoionization process. LAPI has so far only
been studied with gaseous media [144, 145], but could also be worth a study
at the surface. Denoting by σn the differential cross section for coupling of
an ionized electron with momentum "p with n optical photons from the laser
field with frequency ωl and assuming that

∑
n σn = σ◦ with σ◦ being the

differential cross section in the absence of the laser field, the probability for
coupling with n photons is given by [145]

Pn =
σn∑
n σn

=
σn
σ◦ = Jn

2

(
−e "A◦l · "p
mc�ω1

,
−Up

2�ω1

)
. (5.2)

Here, Jn is a generalized Bessel function, "A◦l the amplitude of the vector
potential of the laser field, Up the ponderomotive energy of a free electron
in the laser field, e the elementary charge and m the electronic mass. In the
above it has been assumed that "p is independent of n, equivalent to ωVUV �
ωl, where ωVUV is the VUV frequency. This expression has been derived by
Glover et al. for the 1s state of the hydrogenic atom [145] but can be shown
to be valid for any initial state which can be written in a basis of products
of single-electron orbitals [146]. Pn is seen to depend on the angle between
"A◦l and "p, being maximum for "A◦l ‖ "p (n �= 0). Since photoelectrons are
preferentially emitted in the direction of polarization of the VUV light, "AVUV,
the total amount of electrons in the sidepeaks is maximum for "A◦l ‖ "AVUV,
and emitted in that direction. The probability Pn of generating sidepeaks
increases with intensity since A◦l ∝ √

I and Up ∝ I and VUV frequency
since p ∝ ω2, with I being the laser peak intensity. When studying LAPI
at surfaces, the intensity must be chosen with the damage threshold of the
surface in mind. For Al the damage intensity for 100 fs pulses is on the order
of ∼1012 W/cm2 (100 mJ/cm2 fluence [147]), yielding coupling efficiencies of
P0 = 0.19, P1 = 0.33, P−1 = 0.27, P2 = 0.12 and P−2 = 0.07 for 100 eV
photons. At least the first-order sidepeaks should be clearly visible in the Al
2p core-level spectrum even for fluences well below the damage threshold.

Apart from the O/Al(111) system there are various other potential candi-
dates for surface dynamical studies using the fs VUV CLS setup. Since most
adsorbate-substrate systems should be expected to be amenable to laser-
induced, substrate-mediated desorption, the limitations to the fs VUV CLS
technique are imposed by the deviations of the actual kinetic energies of the
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core-ionized photoelectrons from the optimum ∼50 eV. Since the growth of
the inelastic mean-free path is faster towards lower kinetic energies when
going away from this value (staying below 10 Å in the 20–250 eV region),
one should probably concentrate on systems with more loosely bound core-
levels than has been done here. The 4f core-levels of the metals to the left
of Pt in the third transition-metal group, i.e. Ta [148], W [149], Re [150],
Os, and Ir [151] are all in the 20–60 eV range—increasing from the left of
the periodic table—and have been clearly resolved with ≤100 eV photons.
These systems could like-wise act as important model systems for desorption
dynamics, although catalytically not quite as relevant as Pt.

The semiconductor elements Ga, Ge, As, Se, In and Sb have 3d or 4d core-
levels in the 20–50 eV range which are known to behave properly for ≤100 eV
incident photons [152, 153, 154, 155]. In addition, the photo-induced reac-
tion dynamics of adsorbates on semiconductors—in particular Si, Ge and
GaAs—is technologically highly relevant and has been the subject of numer-
ous studies using either continuous-wave light [156, 157], synchrotron radi-
ation [158] or ns laser pulses [159, 160, 161]. These studies have included
the passivating oxidation-, nitridation- and sulfidication reactions using O2

[157], NO [156], NH3 [161] and H2S [158] adsorbates, and the photo-assisted
etching by adsorbed halogen molecules (Cl2) [160]. All of these systems have
been the subjects of core-level spectroscopic studies and pronounced chemical
shifts induced by the presence of the adsorbate have been observed (see, e.g.,
[162, 163, 164, 165]).

Departing from the dynamics associated with the desorption or reaction
of adsorbed species, one could follow the foot steps of the fs X-ray diffrac-
tion experiments mentioned in the introduction and study the evolution in a
semiconductor core-level spectrum following the excitation of the bare surface
with a visible pump pulse. The use of a completely different technique might
shed some new light on, e.g., the non-thermal melting process observed in
InSb [19, 21], Ge [20] and GaAs [22, 23], and the nature of the band-structure
collapse (equivalent to a semiconductor-to-metal transition) which has been
observed in GaAs but apparently not in InSb [166]. Another experiment could
address the amorphous-to-crystalline phase-transition in GeSb of relevance
for optical data storage [167] or a non-specified phase transition recently ob-
served in fs laser-excited Al in an all-optical reflectivity measurement [168].
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Chapter 6

Two-colour pump-probe
experiments on He using
high-order harmonics

6.1 Introduction

Knowledge about basic atomic and molecular properties such as radiative
transition probabilities and excitation- and ionization cross sections is impor-
tant for the interpretation of astrophysical spectra and in the modelling of
stellar properties [1]. For the latter purpose the opacities of stellar envelopes
are of particular importance as reflected by the launch of the international
Opacity Project [2, 3]. The opacity determines the degree of penetration of
radiation through matter and depends on atomic transition frequencies, os-
cillator strengths and excitation- and ionization cross sections [4]. The Opac-
ity Project aims at systematic and accurate calculations of these quantities
using the R-matrix method, in order to compensate for the lack of experi-
mental data [5]. Recently, a synchrotron radiation beamline was constructed
at Aarhus University, dedicated to measurements of absolute photoionization
cross sections of astrophysically relevant ions. So far, experimental data have
been recorded for C+, N+, O+, Mg+, Al+ and S+, providing a test ground
for the opacity calculations (see, e.g., [6, 7]).

Oscillator strengths (or transition probabilities) are related to the esti-
mated abundances of the elements in the stars, thus constituting important
input parameters for models dealing with the origin and evolution of the uni-
verse [8]. Since the oscillator strength is proportional to the square of the
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matrix element connecting the initial- and final states of a given transition,
it provides, in addition, a sensitive test of atomic- and molecular structure
theory. In fact, the accuracy of laboratory measurements has reached a level
where electron correlation and—especially for larger systems—relativistic ef-
fects can no longer be ignored. The many-body approaches are basically the
same as those discussed in chapter 2, i.e. relativistic MCHF [9, 10], variational
configuration interaction [11], many-body perturbation theory [12] and—for
two-electron systems—the hyperspherical-coordinate approach [13]. In fact,
the R-matrix method used in negative ion calculations was first applied in
connection with—and has thus been adopted from—the Opacity Project [14].

Although fairly accurate, theoretical calculations cannot always be trusted
and must be tested against experiments, especially when used in spectral
analysis where a higher precision is required [15]. Due to the increased ex-
perimental difficulties associated with the UV and VUV regions, the lack of
accurately measured oscillator strengths is particularly severe in this wave-
length range where demands are increasing with the launches of the EUVE
(Extreme Ultraviolet Explorer) and FUSE (Far UltraViolet Spectroscopic Ex-
plorer) satellites in 1992 and 1999, respectively [16]. The oscillator strength
can be determined either from a measurement of the radiative lifetime of the
upper level of the transition combined with a knowledge of the branching ratio
for decay to the specific lower level, or from a measurement of either the real
or imaginary part of the refractive index of the gas medium [17]. In the lat-
ter case, knowing the column density (the volume density times unit length),
the oscillator strength can be inferred by exploiting its dependence on the
refractive index (i.e. the dispersion or absorption) [18]. In practice, one mea-
sures either interferometrically the phase shift, or dispersion, of a (spectrally
white) light beam passing through the gas, or—with a spectrometer—the
absorption- or emission spectrum of the gas. The column density is, how-
ever, not easily determined, and unless the medium is optically thin, the
absorption coefficient will depend on the line shape of the transition in a
non-trivial way [17]. As a consequence, oscillator strengths are most often
determined from lifetime measurements, the branching ratio being known
from emission- or absorption experiments using a grating spectrometer or
a so-called Fourier-transform spectrometer [19, 20]. The Fourier-transform
spectrometer is in essence a Michelson interferometer which, when used with
a spectrally (absorption-modulated) white light source gives an intensity vari-
ation as a function of delay whose Fourier-transform is the spectral content
of the light source [21]. As opposed to a grating spectrometer this has the
advantage of using all of the available light for the measurement but due to
the presence of the tranmittive optics it cannot be applied below ∼120 nm.
Denoting by Wka and Wki the transition rates from the upper level k to the
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lower levels a and i, the radiative lifetime τk of the upper level is given by

1
τk

=
∑
i

Wki =
Wka

BR
, (6.1)

where BR = Wka/
∑

i Wki is the branching ratio for decay from k to a.
The emission oscillator strength fka (equivalent to the absorption oscillator
strength apart from the statistical weigths 2Jk + 1 and 2Ja + 1 of the upper
and lower levels) can then be determined from the relation

Wka =
2ωka2

mc3
e2

4πε◦
fka

2Jk + 1
2Ja + 1

, (6.2)

where Jk and Ja are the total orbital angular momenta, ωka is the transition
frequency and e, m, c and ε◦ the electronic mass, the elementary charge, the
speed of light and the vacuum permittivity, respectively [22].

Lifetimes can be measured by a variety of methods, comprising the atomic-
or molecular medium in the form of a vapour or a fast ion beam, some means
of excitation of the level of interest and some mechanism for detection of the
decay [23, 24, 25]. The excitation is normally induced non-selectively by col-
lisions with an electron beam [26] or a foil [27], or selectively by absorption
of laser light, either directly from the ground state [28, 29] or following colli-
sional pre-excitation [30, 31]. The exponential decay is detected by measuring
as a function of time the population of the excited state [32] or—with a fast
detector—the emitted fluorescence by e.g. the methods of laser-induced flu-
orescence (LIF) or delayed coincidence [24]. Using a fast beam compromises
the need for a fast detector since the time delay is scanned by moving the
detection system along the beam line. This technique has provided lifetime
values for Li and Na to an accuracy ∼0.2 % [33] which, however, have been
questioned by subsequent theoretical predictions and a less accurate lifetime
measurement [34]. With an uncertainty of a few per cent, LIF has proven suc-
cessful for a vast number of lifetime measurements on laser-produced vapours
in the nanosecond regime, using laser pulses of nanosecond- or picosecond du-
ration for the excitation [35]. The applicability of the method is, however,
limited by a time resolution of ∼1 ns and less efficient detection in the VUV
spectral region.

For measurements of sub-nanosecond lifetimes the most appealing method
is the pump-probe technique, using laser pulses for excitation as well as de-
tection. Using high-order harmonics for the excitation, this technique was
demonstrated in the VUV in 1995 by Larsson et al. [37]. The 0.57 ns lifetime
of the He 1s2p 1P o state located 21.22 eV above the He 1s2 1Se ground state
(see figure 6.1) and well known from previous absorption measurements, was
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Figure 6.1: Energy level diagram of He indicating the atomic states and laser excitation
schemes involved in the photoionization cross-section measurements of Gisselbrecht et al.
in 1999 [36].

determined to an accuracy of 5 %. The state was resonantly excited with the
13th harmonic of the ∼50 ps, ∼759 nm pulsed output from a tunable dis-
tributed feedback dye laser (DFDL) and subsequently ionized with ∼50 ps,
355 nm pulses from a Nd:YAlG laser. The ∼50 ps pulse duration was suffi-
ciently short that the lifetime could be measured and sufficiently long that
the mis-match between the laser bandwidth and the atomic linewidth was
not too large. This technique was later used for measurements of unknown
lifetimes of excited electronic states of CO [32] and N2 [38], respectively.

By keeping the time delay fixed at a certain value and scanning the pulse
energy of the probe while monitoring the ion signal, the technique can, in
addition, be used to determine absolute, total, excited-state photoionization
cross sections as demonstrated in 1999 by Gisselbrecht et al. [36]. Absolute
cross sections were obtained for the 1s2p 1P o and 1s3p 1P o states of He for
three different photon energies of the probe (cf. figure 6.1) and found to be
in good agreement with theory. This method [39, 40] and a variant hereof
[41, 42], measuring the fluorescence signal from the excited state decay, have
previously been applied to excited states of alkali- and alkaline- earth atoms.
Other recent absolute excited-state photoionization cross-section measure-
ments have concentrated on the heavier noble-gas elements Ne [43], Ar, Kr
[44, 45] and Xe [46, 47] with reference to their similarity to the theoreti-
cally interesting alkali atoms and their relevance in connection with excimer
lasers and discharges. All of the noble-gas cross sections were determined
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with reference to the theoretically calculated values for He by comparing the
excited-state photoelectron spectra of He with that of the other species.

In the 1995 experiment on He a significant increase in the number of
He+ ions—a ”spike”—at zero time delay had sometimes been observed in
the exponential decay curve at zero time delay (cf. figure 6.3), and the spike
was, in fact, present during all of the 1999 measurements. The purpose of the
experiment described in the present chapter was a closer investigation of the
origin of this spike and its eventual influence on the measured value of the
lifetime for the 1s2p state. This issue is important for the applicability of the
pump-probe technique to measurements of unknown lifetimes. A secondary
purpose of the experiment was a measurement of the ratio of the partial
photoionization cross sections for release of either an s- or d-wave electron
into the He+ continuum, starting from the 1s2p state. This can be done
by varying the angle of polarization between the pump and the probe as was
recently demonstrated in measurents on excited states of Ar [45, 48]. In those
experiments the excited states were populated by excitation with synchrotron
radiation [48] or by laser excitation of a metastable Ar beam produced in a
discharge [45]. By measuring the He+ signal as a function of the probe-pulse
energy (cf. the 1999 experiment) for two different polarizations, absolute
partial photoionization cross sections can, in principle, be obtained.

6.2 Experimental approach

A schematic of the experimental setup, common to the lifetime- and pho-
toionization cross-section measurements, is shown in figure 6.2. The tunable
∼759 nm laser pulses needed for the resonant excitation of the 1s2p level
were generated by a distributed feedback dye laser (DFDL) similar to that
of Schade et al. [49, 50]. The oscillator consists of a mirror-less dye cell in
which a dynamic grating—corresponding to a periodic variation of the refrac-
tive index—is created by two interfering light beams. The two light beams
are the +1st and −1st orders of the 532 nm, 10 Hz, 70 ps pulsed output from
a Nd:YAlG laser diffracted from a 1200 lines/mm holographic grating and
recombined onto the surface of the dye cell by two mirrors. The period of
the interference pattern is given by Λ = λ◦/2n1 sin θ where λ◦ is the wave-
length of the pump, n1 = 1 the refractive index of air and θ the angle of
incidence with respect to the surface normal of the dye cell. For parallel mir-
rors θ is equal to the diffraction angle given by sin θ = λ◦/d with d being the
grating constant, such that Λ = d/2 is independent of the pump wavelength
[51]. The dynamic grating acts like a Bragg mirror, giving constructive in-
terference, i.e. maximum reflectance, of the wavelength λDFDL fulfilling the
Bragg condition λDFDL = 2nΛ = λ◦n/2 sin θ where n is the refractive index
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of the dye solution. The output wavelength of the DFDL oscillator, λDFDL,
can thus be tuned by adjusting θ (by turning the mirrors) or—on a finer
scale—by tuning the refractive index. In order to obtain tunability around
the ∼759 nm required for the present experiment while keeping the mirrors
parallel, the angle of incidence θ was increased from that of the +1st and
−1st order diffractions by means of a prism inserted in front of the dye cell.
The refractive index was tuned by tuning the temperature of the dye solu-
tion, resulting in a wavelength change of −0.217 nm/◦C. In the experiment,
the absolute wavelength could be measured to an accuracy of ∼0.01 nm with
a commercial spectrometer.

Only a fraction of the ∼25 mJ, 532 nm, 70 ps output from the Nd:YAlG
laser was used to pump the DFDL oscillator, the rest being distributed to two
dye-cell amplifiers for amplification of the DFDL output to ∼1.5 mJ/pulse.
In addition, a few mJ were split off and mixed with the fundamental 1064 nm
output from the Nd:YAlG laser in order to generate ∼0.5 mJ, 355 nm probe
pulses. Further amplification of the DFDL output to ∼35 mJ/pulse was
obtained by five passages through a Ti:Sapphire butterfly amplifier pumped
with a total of ∼400 mJ/pulse from a 532 nm, 10 Hz, 10 ns Nd:YAlG laser.
The DFDL pulses are expected to be approximately Fourier-transform limited
(time-bandwidth product 0.41) with a pulse duration similar to that of the
70 ps pump laser, implying a bandwidth of ∼0.05 nm [50].

The resulting DFDL laser beam, consisting of 35 mJ, ∼759 nm, ∼70 ps
pulses, was focused to an intensity of ∼5×1014 W/cm2 in a Kr gas jet with
a lens of 12 cm focal length. Harmonic orders were generated up to the 15th
with the 13th of 21.22 eV (58.4 nm) photon energy being selected by a 1200
lines/mm holographic grating. The harmonic beam was intersected by the
355 nm probe beam at a 45◦ angle in a vacuum chamber equipped with a
gas jet for He inlet and an Electron-Multiplier Tube (EMT) for detection of
the harmonic signal. A flight tube extending from the top of the vacuum
chamber and terminated with an EMT, was used for time-of-flight detection
of He+ ions repelled from the interaction region by a 1 kV potential. The
probe beam was focused with a 30 cm lens to a ∼17 µm diameter focal spot
∼7 cm before the interaction region, corresponding to a maximum in the
detected He+ signal. The corresponding beam diameter in the interaction
region was ∼1 mm. With a probe energy of ∼350 µJ in the chamber this
corresponds to an intensity of ∼5×108 W/cm2 in the interaction region—
very close to the intensity which can be estimated to saturate the transition
(using the cross-section value stated in [36]). The probe beam passed through
a delay line on its way to the interaction region, and a halfwave plate was
positioned in front of the 30 cm lens for rotation of the polarization vector of
the (initially) vertically polarized probe beam with respect to the (vertically
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cross-section measurements
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polarized) harmonic beam.
The grating of 50 cm focal length created an image of the DFDL beam

spot from the Kr gas jet ∼2 cm before the interaction region, corresponding
to a ∼0.2 mm diameter harmonic beam in the interaction region. This value
was confirmed by focusing the probe beam to a ∼17 µm diameter spot in
the center of the interaction region and scanning the 30 cm lens vertically
while measuring the He+ signal. Due to the physical construction of the
experimental setup it was not possible to move the vacuum chamber, i.e.
the interaction region, closer towards the grating. The base pressure in the
chamber was ∼1×10−6 mB with the gas jets turned off and could be kept
around this value with the Kr jet on due to a ∼2 mm slit positioned at the
entrance to the chamber. The He gas jet could be operated either in a pulsed
mode or with a continuous flow with pressures in the 2×10−5–6×10−4 mB
range. For the 13th harmonic, on the order of ∼5×106 photons/pulse were
present after the grating and the ∼2 mm slit, as estimated with a calibrated
VUV diode placed after an aluminum foil. The bandwidth of the harmonic
was determined by measuring the He+ signal as a function of the DFDL
wavelength (cf. figure 6.5), giving a value of 0.0035 nm (1 meV) for a 0.23 ns
delay of the probe with respect to the probe (in order to avoid any influence
from the spike). For comparison, a value of 0.005 nm was found in the
1999 experiment [36] while 0.01 nm was measured in 1995 [37]. The spectral
overlap with the Doppler-broadened width of 0.2 meV of the He 1s2p level
is reasonable.

6.3 Results and discussion

6.3.1 Lifetime measurements and the role of the spike

From the beginning of the experiment the spike was present at zero time
delay in the exponential decay and it turned out that getting rid of it was
not so easy (unfortunately, the exact conditions under which the spike-free
decay curves had been recorded in 1995 could not be recalled)! Running
the He gas jet in pulsed mode and varying the probe-pulse energy and the
focusing conditions of the harmonic as well as the probe did not help. The
focusing of the harmonic could only be changed by moving the chamber, and
the harmonic could only be further defocused since the chamber could only
be moved further away from the Kr gas jet. In the end it was decided to
reduce the pressure in the interaction region by running the He gas jet with
a continuous, static flow, and, in fact, the spike disappeared for pressures
below 6×10−5 mB. This is illustrated in figure 6.3 which shows the monitored
He+ signal on a semilogarithmic scale as a function of pump-probe delay for
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Figure 6.3: Semilogarithmic plot of the He+ ion signal as a function of pump-probe delay
for four different He pressures.

four different pressures. For all of the measurements presented, a probe-
pulse energy of ∼350 µJ/pulse was used. The point of zero delay has been
(arbitrarily) chosen as the delay corresponding to a maximum in the ion
signal. From figure 6.3 the spike is seen to develop when the pressure is
increased from 6×10−5 mB to 6×10−4 mB, the latter being the maximum
pressure applied considering the presence of the EMT’s. The development
of the spike is seen to be accompanied by an almost one order-of-magnitude
decrease in the ion signal at long delays, implying a much reduced statistics
in the tails of the decay curves. Abstracting from the consequent scatter in
the data points it is evident that the slopes of the curves are constant, and
”only” the uncertainty on the measured lifetime is affected by the presence
of the spike. The influence of the pressure is further illustrated in figure
6.4 where the magnitude of the ion signal at zero (black) and 0.23 ns (grey)
delays, respectively, is depicted as a function of pressure. The off-spike ion
signal increases up to ∼2×10−5 mB and then decreases, while the on-spike
signal increases up to ∼6×10−4 mB and then saturates. The presence of
the spike is also signified in the harmonic spectral profile which is broadened
by almost a factor of two when the pump- and probe pulses overlap in time.
This is illustrated in figure 6.5, showing the apparent harmonic profile at zero
(black) and 0.23 ns (grey) delays, respectively, for a pressure of 6×10−4 mB.
Subsequent fits of the profiles to a Gaussian function yielded widths (FWHM)
of 0.0057 and 0.0035 nm for the on- and off-spike conditions, respectively, and
corresponding mean wavelengths of 58.4292 and 58.4295 nm.
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Figure 6.4: The He+ ion signal as a function of presure on- (black) and off-spike (grey),
respectively

The observed pressure-dependent characteristics of the decay curves and
the harmonic spectral profile can be explained by an enhanced absorption of
the harmonic by the He gas, combined with an AC Stark broadening [52] of
the 1s2p state at zero time delay where the probe is present. The absorption
arises from the propagation of the harmonic through at least 15 cm of He gas,
determined by the radius of the vacuum chamber. Only the spectral region
corresponding to the unbroadened profile is affected by the absorption, and
a ”hole” is burned in the harmonic spectral profile. As a consequence, the
ion signal is enhanced when the pump- and probe pulses overlap in time and
exhibits a spike as a function of time delay. Assuming an ionization cross
section at 355 nm of 16.6 Mb [36] and a probe intensity of 5×108 W/cm2, the
Stark contribution to the ionization width can be estimated to be 0.0056 nm,
in very good agreement with the experimental observations. The probe pulse
is expected to give rise to an AC Stark shift of the 1s2p level also, since the
atomic ionization potential is known to be shifted up by the ponderomotive
energy (cf. chapter 1), equivalent to 0.0005 nm in the present experiment.
The higher-lying Rydberg levels shift upwards by approximately the same
amount whereas the ground state is slightly downshifted [53]. With the He
1s2p level being intermediate between these limiting cases, the experimentally
observed shift of 0.0003 nm may likely be in agreement with theory. The
conditions necessary for the observation of the spike are thus: (i) a probe
intensity sufficiently high to induce a significant broadening of the 1s2p level
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Figure 6.5: The apparent harmonic spectral profile on- (black) and off-spike (grey), re-
spectively, for a He pressure of 6×10−4 mB.

(by saturating the ionization) and (ii) a significant absorption of the harmonic
by the He gas medium.

The observations can be qualitatively accounted for by a rate-equation
model where the He+ signal Ni(t) is calculated as a function of time delay t
from a knowledge of the time-dependent population Nr(t) of the 1s2p reso-
nant level [54]. Rate equations are well known in atomic physics [18] and have
previously been applied in studies of resonant two-photon ionization [55, 56]
but without including the absorption, which plays the key role in the present
context. Nr(t) can be expressed in terms of the excitation rate Ω(t) from the
ground state to the resonant level [52] which is assumed to be proportional
to the ”area” of the Lorentzian profile of the Stark-brodened atomic transi-
tion. The absorption from the harmonic during its propagation towards the
interaction region is accounted for in a phenomenological way by multiplying
the Stark-broadened Lorentzian profile with the exponential absorption fac-
tor of the Lambert-Beer law [24], using the wavelength-dependent field-free
Lorentzian absorption cross section in the exponent. In this manner the time
dependence of the Stark-broadening, following the time-dependent overlap
between the harmonic and the probe, is transferred into a time-dependence
of Ω(t). Neglecting the contribution to the ground-state population from the
radiative decay, the rate equations to be solved are

dNg

dt
= − Ω(t)Ng, (6.3)
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Figure 6.6: The two low-pressure decays from figure 6.3 together with theoretical predic-
tions from a rate-equation model (solid curves).

dNr

dt
= Ω(t)Ng − ΓUVr Nr −ArNr (6.4)

and

dNi

dt
= ΓUVr Nr, (6.5)

where ΓUVr is the intensity- and thus time-dependent ionization width of the
resonant level, Ar = 0.57 ns the radiative lifetime and Ng the ground state
population. As indicated above, Ω(t) is calculated as the ”area” of the Stark-
broadened, ”hole-burned” Lorentzian atomic transition profile, multiplied by
the Gaussian time-varying intensity of the harmonic. The Ω(t) obtained
this way is used as the input to equation 6.3 which is solved to get Ng(t).
Ng(t) and Ω(t) are inserted into equation 6.4 which is solved numerically
with respect to Nr(t). Finally, Nr(t) is inserted into equation 6.5 from which
Ni(t) is obtained.

Preliminary results from the application of this procedure for pressures
of 5×10−8 and 1×10−4 mB are shown as the black- and grey solid curves in
figure 6.6, respectively. By normalizing the low-pressure theoretical curve to
the decay curve measured at 6×10−5 mB, the best agreement of the high-
pressure theoretical curve (in terms of the on- to off-spike ion signal level)
was found with the decay curve measured at 1×10−4 mB, as indicated in the
figure. The development of the spike is predicted by the rate-equation model
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Figure 6.7: The He+ ion signal as a function of angle of polarization between the pump
and the probe for a pressure of 6×10−5 mB. The theoretically predicted cross section is
indicated by the solid curve.

to occur at somewhat lower pressure (∼10−7 mB) than found experimentally.
The model may need some fine adjustment—for example, the Stark shift of
the 1s2p level has been assumed to be equal to the ponderomotive energy—
but it is evidently capable of predicting the essential features in the decay.
It should be noted that without taking the absorption, or hole-burning, into
account the spike cannot be reproduced unless an artificially high probe in-
tensity (several times saturation) is used in the model. Finally, it remains
to be checked how closely the pressure dependence of the ion signal mea-
sured on- and off spike, as given in figure 6.4, is reproduced by the model.
The influence of radiation trapping and pressure broadening [25, 26] can be
considered insignificant in the present experiment due to the low harmonic
photon flux and given the pressure-independent slopes of the decay curves in
figure 6.3.

6.3.2 Photoionization cross-section measurements

Concurrently with the spike investigations discussed above, experiments were
performed to show that relative partial photoionization cross sections of the
1s2p state could be determined by varying the angle between the pump- and
probe polarization vectors. The measurements presented below were obtained
with the time delay fixed at 0.23 ns and at a pressure of 6×10−5 mB in order
to minimize an eventual influence from the spike. By conservation of angular
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momentum, single-photon ionization from the He 1s2p 1P1 state, leaving the
He+ ion in the 1s 2S1/2 ground state, leads to the emission of either an s-
or d-wave electron, corresponding to a total final-state momentum of 1S0 or
1D2, respectively. The total cross section can be shown theoretically to be
given by

σ(θ) = σs + σd + 2
(
σs +

1
10

σd

)
P2(cosθ) (6.6)

or

σ(θ) =
9
10

σd +
(

3
10

σd + 3σs

)
cos2θ (6.7)

= A+Bcos2θ, (6.8)

with A = 9
10σd and B = 3

10σd+3σs [57, 58]. Here P2(cos θ) = 1
2 (3cos

2θ−1) is
the second-order Legendre polynomium, θ the angle between the polarization
vectors of the pump and the probe and σs (σd) the partial cross sections for
s(d)-electron emission. Thus, by measuring (relatively) σ as a function of
angle and fitting to the above expression to yield A and B, a value for the
ratio σd/σs = 10A/(3B − A) can be deduced. In principle, it suffices to
measure the ion signal for two different angles, e.g. σ‖ = σ(θ = 0◦) and σ⊥
= σ(θ = 90◦), corresponding to parallel- and perpendicular polarizations,
respectively. The ion signal Ni can be expressed in terms of the cross section
as [36]

Ni ∝
∫

(1− exp (−σjRprobe)) dV, (6.9)

where Rprobe is the space-dependent number of probe photons per cm2 and
σj = σ‖ or σ⊥. When measuring Ni as a function of angle, the cross section
is most easily deduced if the probe-pulse energy is kept well below saturation
such that Ni ∝ σ(θ), assuming Rprobe to be spatially constant across the in-
teraction region. Due to the crossed-beam configuration the latter condition
was, however, not fulfilled in the present experiment and, more importantly,
the σ(θ) measurements were performed with a saturated probe-pulse energy.
In spite of this, an attempt has been made in figure 6.7 to compare the mea-
sured angle-dependent ion signal with the theoretical curve given by equation
6.6, using the theoretically calculated ratio σd/σs = 13/1 [59]. The agree-
ment is seen to be reasonable but the scatter among the data points does
not allow a precise value for σd/σs to be extracted from a fit to equation 6.6;
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Figure 6.8: The He+ ion signal as a function of probe-pulse energy for a pressure of
6×10−5 mB for parallel and perpendicular polarizations of the probe with respect to the
pump.

the σd/σs ratio is too sensitive to the amplitude of the cosine modulation.
Although the method works in principle it needs to be applied with much
better statistics if quantitative results are to be obtained.

A plot of the ion signal as a function of probe-pulse energy is shown in
figure 6.8 for parallel- (black) and perpendicular (grey) polarizations, respec-
tively. The ion signal is seen to increase far beyond the probe-pulse saturation
energy of ∼350 µJ, underlining the importance of accounting for the spatial
variation of Rprobe when evaluating the volume integral 6.9. From equa-
tion 6.6 a ratio σ‖/σ⊥ = 1.6 is expected, assuming σd/σs = 13/1, which is
in agreement with the experimental observations (figure 6.8). From similar
saturation data the absolute cross sections (σ‖) for ionization of the 1s2p
and 1s3p states could be determined in [36] from a knowledge of the spatial
variation of Rprobe.

6.4 Conclusion

The usefulness of the two-colour pump-probe technique, using high-order
harmonics, for lifetime- and photoionization cross- section measurements of
excited states in the VUV has been demonstrated by measurements on the
He 1s2p level. A spike present in the lifetime curves at zero time delay for
pressures above 6×10−5 mB could be explained by a combination of absorp-
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tion and Stark broadening of the 1s2p level. This effect was found to have no
influence on the value of the lifetime measured but led to a reduced ion-signal
level and should thus be avoided by working at low pressures.

An attempt was made to determine relative partial cross sections for
ionization of the 1s2p level by measuring the ion signal as a function of the
angle between the pump- and probe polarization vectors. The uncertainty on
the data was, however, too large and the cross-section values to be deduced
too sensitive to the scatter among the data points that quantitative results
could be obtained. This situation might be improved by a more careful
alignment of the setup and by minimizing and taking more carefully into
account the fluctuations (on the order of 10–15 %) and drifts in laser-pulse
energies.

The two-colour pump-probe technique has only been used for a limited
number of experiments of the kind described above but could easily be applied
for studies of many other systems. Also, the method should be considered
a serious alternative to the pump-probe technique using synchronized laser-
and synchrotron radiation pulses which has been applied for studies of reso-
nances and many-body effects in atoms [60, 61, 62, 63]. In this respect the
present method has the advantages of inherent synchronization of the pump-
with the probe, a simplified setup and a competitive bandwidth—at least
in the <40 eV range photon energy range (cf. chapter 1). This has been
demonstrated in a study of autoionizing resonances of NO in the 11–12 eV
photon energy region, using the 7th harmonic of the DFDL [64].
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Summary

For an atom or molecule in the gas phase or at a solid surface, the spatial
distributions of the electrons with respect to the nucleus and of the nuclei
with respect to each other are reflected in the electronic-, vibrational- and ro-
tational energies of the system. By the quantum-mechanical rules governing
such a system, only certain (discrete) energies, so-called stationary states,
are allowed, and the elucidation of these states and their stabilities, or life-
times, is at the heart of atomic- and molecular spectroscopy. According to
the Heisenberg uncertainty relation, the decay of a stationary excited state
is associated with a broadening of the corresponding energy level. As a con-
sequence, the stability of the state can be determined from a measurement
of either the lifetime or the spectral width of the energy level.

Following an external, non-perturbative disturbance by, e.g., a light field,
the nuclei of the atoms bound in a molecule or a solid may undergo a spatial
re-arrangement, as reflected by a dynamical change in the energy-level dia-
gram. A structural dynamical transition involves the breaking (and possible
formation) of intra- or inter-molecular chemical bonds and proceeds on the
atomic level on a femtosecond (10−15 s) time scale. Examples of such transi-
tions are the dissociation of a molecule following its excitation to a repulsive
state, a chemical reaction or a solid-liquid phase transition.

The present thesis is concerned with the spectroscopic investigations of
electronically excited, stationary states of gas-phase atoms and -molecules, in
particular negative ions, and of structural dynamical transitions of molecules
bound to solid surfaces. A common element of most of these studies is the
use of laser light in the vacuum-ultraviolet (VUV) part of the electromagnetic
spectrum, i.e. the 10–200 nm wavelength range. The generation of light with
a narrow spectral bandwidth or a femtosecond pulse duration, as required for
the studies of the thesis, is not as straightforward in the VUV as in the visible
regime. An overview of the present status of VUV light generation with
emphasis on the present spectroscopic possibilities and limitations imposed
by the quality of the light source is the subject of chapter 1.
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The following three chapters are devoted to the spectroscopy of negative
ions which are particularly interesting from an astrophysical- and a theoreti-
cal point of view. The structure, or energy-level diagram, of a negative ion is
markedly different from that of a neutral atom or -molecule due to the cor-
relation effects introduced by the presence of the extra electron. In general,
only a single bound state exists but the single-electron continuum may reveal
a rich structure of doubly-excited states, resonances, that are often associ-
ated with excited states of the corresponding neutral atom or -molecule. A
doubly-excited state typically decays by electron emission in a process known
as autodetachment, leaving the resulting neutral system in its ground state or
a lower-lying excited state. In chapter 2 a general introduction to the proper-
ties of negative ions is given, including an overview of the present knowledge
obtained from spectroscopic studies and the theoretical approaches currently
applied to model their structure.

An experimental technique for Doppler-tuned VUV spectroscopy of high-
lying doubly-excited states of the fundamental negative-ion system H−, has
previously been implemented at the storage ring ASTRID. In these studies
use was made of a fixed-frequency VUV light source based on the non-linear
frequency-upconversion of visible laser light by a process known as harmonic
generation. The unprecedented spectral resolution achieved with this tech-
nique has allowed the observation of previously un-resolved resonances and
has recently been improved by the application of the electron cooler of the
storage ring. This has allowed the first precise measurement of the spectral
width of one of these resonances, providing the first critical test of a number
of theoretical models as described in chapter 3.

The ASTRID storage ring has also previously been successfully used for
lifetime measurements of metastable, doubly-excited, autodetaching states of
atomic negative ions with lifetimes in the µs–ms range. The spectral widths
of such states are too narrow that they can be resolved by ordinary laser-
spectroscopic methods. In the storage ring the ions are allowed to circulate
for several lifetimes, facilitating a precise measurement of the decay rate as a
function of time. In the experiments described in chapter 4 this method has
been applied to lifetime measurements on unknown metastable states of N−

2

and CO−
2 which do not exist as stable ground-state ions. By a co-operation

with theorists, the lifetimes observed have been assigned to a previously un-
explored class of high-spin negative-ion states.

The focus of chapter 5 is on the construction of an experimental setup aim-
ing at studies of structural dynamical processes at surfaces with a femtosec-
ond time resolution. Emphasis is given to chemical reactions of gas-phase
molecules which are enhanced, or catalyzed, by the presence of the surface,
in particular to the desorption step, by which the product molecules escape
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from the surface. A source of femtosecond X-rays would allow such processes
to be followed on the atomic level simultaneously in time as well as in space,
but is at present not readily available. In the present setup the claim for a
femtosecond time resolution has been maintained and the spatial resolution
relaxed by combining the traditional surface-science technique of X-ray core-
level spectroscopy with a femtosecond VUV light source based on the process
of high-harmonic generation. Following an introduction to the field of laser-
induced desorption and the technique of core-level spectroscopy, a description
of some of the preparations needed prior to the femtosecond VUV core-level
spectroscopic studies is given. These have included the (static) core-level
spectrocopic measurements at a synchrotron-radiation beamline at ASTRID
of the CO-covered Pt- and the O-covered Al surfaces, showing the O/Al sys-
tem to be most suitable for the future femtosecond laser-induced desorption
experiments. In a subsequent section the generation and optimization of the
VUV light source of high-order harmonics is reported, and the chapter is
concluded with a description of the future setup and its possibilities.

In the final chapter 6 a laser-spectroscopic study of the lifetime of the
excited 1s2p state of He is described. The 1s2p state was excited and sub-
sequently ionized with VUV- and visible laser pulses, respectively, and the
lifetime was measured by scanning the time delay between the light pulses.
The emphasis of the experiment was not on the all-ready well-known lifetime
but on some coherent ionization effects present under sufficiently high He-gas
pressures. These effects could be explained by an enhanced absorption of the
VUV light by the He gas, combined with a Stark-broadening of the 1s2p state
implied by the high intensity of the visible laser beam.


