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ABSTRACT

The goal of the presented work is to investigate double detachment of
negative ions on nano- and femtosecond time scales. I have performed
three types of experiments.

Femtosecond time resolved pump-probe experiments have been per-
formed on electron dynamics in the valence shell of carbon, silicon
and germanium atoms. The atom under investigation was prepared
by strong field photodetachment of its parent negative ion in a lin-
early polarized femtosecond laser pulse. The detachment process co-
herently populates the fine structure levels of the atomic ground state
giving rise to an electronic wave packet moving in the valence shell
of the atom. The wave packet is probed by strong field ionization at a
time delay controlled on a femtosecond time scale. The ionized elec-
trons are detected in an electron imaging spectrometer. The energy
and angular distribution of the ionized electrons provide information
on the phase of the wave packet. The results reveal a periodic spa-
tial rearrangement of the electron cloud in the atom. The experimental
procedure and detection scheme developed provide the first direct vi-
sualization of an electronic wave packet moving in the ground state of
an atom.

The process of rescattering in strong field detachment has also been
investigated. The detached electron is accelerated in the laser field.
When the E-field changes its direction the electron follows and may
return and collide with the core. I have investigated the rescattering
effect in negative fluorine ions and compared with previous results on
bromine ions. Furthermore, strong field detachment experiments of
F−2 were conducted and the results from molecular fluorine ions are
compared to results from atomic fluorine ions.

Photodetachment cross sections and doubly excited states in K− and
Cs− have been investigated through double detachment. A resonant
ionization scheme was used where the ion beam and laser beams were
in a collinear configuration allowing for measurements of partial cross
section channels individually with nearly 100% detection efficiency.
A new threshold behavior has been found in photodetachment into
atomic states having a large and negative polarizability. A new model
was developed to explain the observed phenomena. Furthermore, two
new resonances stemming from doubly excited states were found be-
low the K(7 2P) channel opening in K− and a set of new resonances
was observed in Cs− below the Cs(10 2P) channel.
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Preface

You are welcome to my thesis. Chapter 1 and 2 are an introduction
to my field of physics, introducing the concepts and ideas needed to
understand and appreciate the results of the research presented in this
thesis. Chapter 3 treats, in detail, the experimental methods and equip-
ment that I have used and developed during my PhD years. Some de-
tours are done, dwelling on aspects that have been important for the
outcome of the experiments. Chapter 4 to 10 provide the results of
each project that I have participated in. These results are published or
close to be submitted. Chapter 11 is a shorter discussion of the main
scientific results that have been obtained. I have enjoyed immensely
doing the research leading to this thesis. It has been hard work, sur-
prises, mixed with dead ends and finally success. Nothing beats the
feeling of suddenly understanding something that a minute ago was a
black box full of: "I don’t have a clue". Science is fun and shall always
be approached with an open mind, ready to appreciate whatever you
may learn.

The work culminating in this thesis has been conducted under an agree-
ment on graduation by means of a joint supervision (cotutelle) be-
tween the University of Freiburg and University of Gothenburg. The
major part of this work has been performed in the research group of
Prof. Dr. Helm in Freiburg, where the projects have been led by Dr.
Kiyan. I have also taken part in a research project in the group of
Prof. Hanstorp in Gothenburg. My contribution to the projects that
this thesis are based on are the following: For chapter 4, together
with Dr. Kiyan I did the experiment on the fluorine ion, analyzed
the data and took part in writing the manuscript. For chapter 5 I did
all the measurements, analyzed the data and performed the simula-
tions presented and compared with experimental results and wrote
the manuscript together with Dr. Kiyan. The simulation routine was
first constructed by previous PhD student Boris Bergues. The code
was developed further by me. It was rewritten in c++, optimized and
therefore the computation time needed was decreased by a factor of
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10-15, depending on the experimental parameters used. Chapter 6 and
7 are the results of my main project. Together with principal investiga-
tor Dr. Kiyan, I developed the pump-probe setup having femtosecond
time resolution. I performed simulations in physical optics software
(FRED) to find the configuration yielding the highest laser peak inten-
sity in the interaction region. The development of a diagnostic system
to ensure a perfect overlap of the ion beam and laser beams were re-
quired. Furthermore, a new ion source were installed together with
a custom built water cooled high voltage system. In addition I built
a new type of cesium oven for the sputter source, allowing to insert
new cesium without risk of oxidizing it. To perform the experiments
presented in chapter 6 and 7 a new data acquisition and data treat-
ment procedure were developed. I performed the simulations and
compared with experimental results and I wrote the first versions of
the manuscripts.

Chapter 8, 9 and 10 presents the results of the projects performed in the
research group in Gothenburg. I joined the project in a stage when the
main part of the system had been built by A. O. Lindahl and previous
PhD students. I took part in constructing the optical setup and getting
all the parts of the system running smoothly together. I did my night
shifts during the data acquisition and I took part in the data analysis
and in writing the manuscripts.

Hannes Hultgren
Gothenburg. September 24, 2012.
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CHAPTER 1

Introduction

"Anyone who says that they can
contemplate quantum mechanics
without becoming dizzy has not
understood the concept in the least."

−Niels Bohr

1.1 Quantum Mechanics, Atoms and Ions

Classical mechanics provides a deterministic view of the world. A par-
ticle can be well defined in its size and mass. The path and future
positions can be calculated if its position and velocity at a given time
is known. The precision of the measuring device is the sole limiting
factor for the accuracy of our knowledge of a particle’s state, and the
world in general. This is not true in the world of Quantum Mechan-
ics (QM). QM has a probabilistic nature where the state of a particle
only can be predicted with a certain probability. The history of QM
starts in the year 1900 when Planck introduced quantization of energy
to derive the spectral distribution of a radiating black body [1]. In
1905 Einstein explained the photo-electric effect by describing light as
quantized particles, now called photons [2]. Hence, light has a particle
nature together with its well known wave behavior described by the
Maxwell equations [3, 4]. De Broglie suggested in 1924 that the wave-
particle duality applies not only to light but also to matter [5]. The de
Broglie wavelength of a particle is given by λ = ~/p where p is the
momentum of the particle and ~ is Planck’s constant divided by 2π.
The wave nature of particles is normally only visible on a microscopic
level. The phenomena has been observed in a number of experiments
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Chapter 1. Introduction

such as electron [6–8] and neutron diffraction [9]. Schrödinger for-
malized the probabilistic view of quantum mechanics introducing the
wave equation i~ ∂

∂t
Ψ(~r, t) = ĤΨ(~r, t) to describe a quantum mechan-

ical system evolving in time [10]. Ψ(~r, t) is the wave function of the
system, describing the probability amplitude for the system as a func-
tion of position and time. Ĥ is the Hamilton operator representing the
total energy of the system when operated on the wave function Ψ(~r, t).
Schrödinger’s formulation of quantum mechanics is telling us that the
position and energy of a system is not arbitrarily well defined. The
probability distribution is given by ΨΨ∗. The mathematical descrip-
tion of a particle moving in space is a wave packet. A wave packet can
be described as a sum of complex-valued plane waves ei(k·r−ωt) having
different waves vectors k and therefore different momenta. The waves
interfere constructively in a limited region of space and destructively
elsewhere. The wave packet has a distribution in position and momen-
tum space therefore the particle’s position and momentum is known
only to a certain degree. The uncertainty was described by Heisen-
berg [11] in the uncertainty principle, ∆p · ∆x ≥ ~, where ∆p is the
uncertainty in momentum and ∆x is the uncertainty in position. The
uncertainty principle implies that some observables, e.g. momentum
and position, cannot be measured arbitrarily accurately at the same
time. Similarly, time and energy can not be exactly specified for a sys-
tem. The uncertainty relation for energy and time reads ∆E ·∆t ≥ h,
where ∆E is the uncertainty in energy and ∆t is the uncertainty in
time.

Matter consists of atoms and an atom is a nucleus, being positively
charged, surrounded by an cloud of negatively charged electrons. The
electron cloud of an atom is configured in discrete states, where the
energy and angular momenta of the states are quantized. The atomic
state is described by a wave function and the square of the wave func-
tion is referred to as an orbital. Orbitals specify the probability of find-
ing an electron at a certain position in space, depending on its energy
and angular momenta. For an atom in an eigenstate, the probability
density distribution is constant over time. As an example, the ground
state of the hydrogen atom has a static spherical probability distribu-
tion, where the electron’s most probable radial distance from the nu-
cleus is one Bohr radius (0.529 Å). In an ion the number of protons and
electrons is not equal giving the atom an overall positive or negative
charge.

An electron in an atom can absorb a photon and gain enough energy
to break free from the binding potential created by the nucleus and

14



1.1. Quantum Mechanics, Atoms and Ions

the other electrons. The unbound electron can have any given energy
and is said to be in the continuum, in contrast to the case when it is
bound inside the atom where only certain energies are allowed. The
process of promoting a bound electron in to the continuum is referred
to as photodetachment when the initial system is a negative ion, and
ionization when the initial system is an atom or positive ion. In pho-
todetachment the energy needed to remove one electron is denoted as
the electron affinity (EA), while the energy needed to ionize an atom
or positive ion is referred to as the ionization potential (IP). An atom
can be in an excited state which means that the electrons are in a con-
figuration where the total energy is larger than in the ground state.
An excited state has a finite lifetime, and will always relax back into
the ground state. The excess energy is released through different pro-
cesses depending on the quantum system involved. In atoms the ex-
cess energy is released by emitting a photon of frequency ν. The pho-
ton energy, Eph = hν, matches the energy difference between the two
states in the atom, hν = Eexcited − Eground. The reverse of the photon
relaxation process can also occur, i.e. photon absorption. If a photon’s
energy matches the energy difference between two states in an atom, it
can be absorbed and promote the atom to an energetically higher state.
By observing the frequency of emitted or absorbed photons from an el-
ement, knowledge on the structure of atoms can be extracted. This is
the idea of all spectroscopy.

The field of spectroscopy was opened in 1814 when Fraunhofer in-
vented the spectroscope. Fraunhofer investigated the light spectrum
emitted from the sun and he found several dark lines in the spectrum.
The dark lines were later explained by Bunsen and Kirchhoff as being
absorption lines corresponding to the energy levels of the elements in
the sun’s atmosphere. In their research Bunsen and Kirchhoff burned
elements in a hot gas flame and observed the emitted light spectrum.
They realized that atoms in the flame were continuously being excited
by the heat and subsequently relaxed by emitting a photon. The en-
ergy levels in an atom are unique for each element. Hence, the emitted
photons forms a specific spectrum, a fingerprint allowing an identi-
fication of an element in a sample. Bunsen performed a systematic
study of the observed spectral lines and discovered two new elements,
cesium and rubidium. Both the process of absorbing and emitting pho-
tons are used in spectroscopy to map out the structure of atoms, ions
and molecules. The invention of the LASER in 1960 [12, 13] and es-
pecially tunable lasers in 1966 [14, 15], where the wavelength can be
altered over a wide range, has had a huge impact on the field of spec-
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Chapter 1. Introduction

troscopy. The subsequent invention of mode locked lasers has pro-
vided extremely short laser pulses. The idea of mode locking was pro-
posed already in 1964 [16] and realized in 1972 [17]. Since then pulse
lengths of femtosecond [18, 19] and attosecond [20, 21] lengths have
been achieved. The results presented in this thesis would have been
inaccessible without the development of tunable and pulsed lasers.

My work has focused on the photodetachment process of negative ions
and the ionization process of atoms with the use of intense laser light.
I have performed mainly two types of experiments. At Göteborg Uni-
versity Negative Ion Laser LAboratory (GUNILLA) a laser pulses of
a few nanoseconds duration were used. The relatively long pulse du-
ration enables a very precise frequency of the laser light. This is in
accordance with Fourier transform [22], where a broad spectrum in
the time domain gives a narrow spectrum in the frequency domain.
The well defined energy of the photons (0.2cm−1) allowed us to map
out the structure of negative ions and atoms with high accuracy. In the
laser lab at Albert Ludwig’s University in Freiburg, on the other hand,
a femtosecond laser were used to measure ultra fast dynamics in the
outer electron shell of atoms. The short pulse duration also gives rise
to a very high flux of photons, generating new previously unobserved
phenomena in the interaction between light and matter. The two laser
systems complemented each other in an excellent way. High preci-
sion structural measurements were done at GUNILLA while electron
dynamics in the time domain were studied with ultra high temporal
resolution at the laser lab at Albert Ludwig’s University.
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CHAPTER 2

Theory

"Theory helps us bear our ignorance
of facts."

− George Santayana

2.1 Negative ions and photodetachment

The electrons in an atom are bound by the Coulomb potential, stem-
ming from the attraction between the positively charged nucleus and
the negatively charged electron. The potential decreases with distance
as 1/r at large distances. In negative ions the outermost electron expe-
riences an attractive force from the nucleus and a repulsive force from
the other electrons. In order to explain the existence of negative ions
electron correlation has to be considered. The independent-particle
model, where each particle is considered to move in the mean field
of the other particles of the system, functions well for atoms. If the
model is applied to a negative ion the net attractive force is not suf-
ficiently strong to form a stable ion. However, if one considers cor-
related motion of the electrons the electron cloud and nucleus can be
slightly deformed, generating a dipole. In a dipole one side is slightly
positively charged while the other is slightly negatively charged. The
dipole gives rise to a binding potential that decreases as 1/r4. The full
potential seen at large distances by the outermost electron in a neg-
ative ion, including the effective centrifugal potential is given by Eq.
2.1. Atomic units (m = ~ = 1) are used.

U(r) =
`(`+ 1)

2r2
− α

2r4
, (2.1)
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Chapter 2. Theory

where ` is the angular momentum of the electron and α is the static
dipole polarizability of the atom. An atom can be excited, through col-
lision with other particles or by absorbing a photon. When excited,
one electron in the atom is promoted to a state energetically closer to
the continuum. Due to the 1/r dependency of the Coulomb potential,
an infinite number of exited states are incorporated in an atom. In neg-
ative ions, however, where the potential decays as 1/r4, usually only a
single excited state is present below the lowest continuum threshold.

At GUNILLA in Gothenburg investigations have been performed on
the shape of the photodetachment threshold in negative ions when the
photon energy is just sufficient to detach the electron. The kinetic en-
ergy of the detached electron is, hence, small and therefore the electron
spends an extended amount of time in the vicinity of the parent core
and electron-electron interactions become important. Wigner showed
in 1948 [23] that the cross section close to the threshold, i.e. the proba-
bility, for photodetachment is given by

σpd ∝ E`+1/2
e = (~ω − Eth)`+1/2, (2.2)

whereEe and ` are the energy and angular momentum of the detached
electron, respectively. ~ω is the supplied photon energy and Eth is the
threshold energy for the detachment process to occur. In figure 2.1
the general behavior of the cross section over a large energy range is
depicted. AtEth the supplied energy is sufficient to detach the electron
but the available phase space is small and therefore the probability is
low. As the energy is increased, the phase space gets larger and the
cross section increases. At high photon energies the quickly oscillating
wave function of the emitted electron diminishes the overlap between
the initial and final states and hence the cross section decreases.

The first photodetachment experiments were performed in 1953 by
Fite and Branscomb [24]. Two years later the cross section for photode-
tachment of H− and D− [25] as well as O− [26] were measured. The
electron affinities for many of the elements in the periodic table were
studied and determined by Hotop and Lineberger between 1970 and
1975 [27–31,129], the latest review was published in 1999 [140]. In most
atomic states the centrifugal part of the potential in Eq. 2.1 is dominat-
ing, giving rise to the threshold behavior described by Wigner. How-
ever, if the polarizability of the atom is large the shape of the threshold
can no longer be described by the Wigner law.

An excited atom can bind an extra electron and form a negative ion
where two electrons are in an excited state. In these ions, two elec-

18



2.1. Negative ions and photodetachment

Figure 2.1: Sketch showing the general behavior of the cross section for photodetach-
ment over a wide energy range.

trons are in an excited state comparably far from the parent core and
therefore electron-electron correlations become pronounced. The dou-
bly excited states lie in the continuum, above the single detachment
limit (Fig: 2.2). Since the states are in the continuum they autode-
tach. On a picosecond time scale they decay in to one free electron
and a neutral atom. The doubly excited states affect the probability
for photodetachment and are refereed to as resonances in the cross
section spectrum. If the doubly excited state is located energetically
below the parent state in the atom, it is called a Feshbach resonance
while if the doubly excited state is located above the parent state it is a
shape resonance. A shape resonance decaying into its parent state in-
creases the photodetachment cross section since the probability of ab-
sorbing a photon is enhanced if an energetically suitable state is avail-
able. The simplest negative ion H− has previously been investigated
both theoretically and experimentally [32,145,147,148]. In H− the dou-
bly excited states are highly excited, out of reach for conventional laser
systems. Therefore quasi two-electron systems have attracted a lot of
attention [149–152]. In negative ions formed by the alkali metals the
doubly excited states lie in the UV wavelength region and can thus be
reached by tabletop laser systems.

The process where a negative ion is promoted to a doubly excited state
followed by autodetachment is depicted by the solid vertical arrow fol-
lowed by the dashed-dotted diagonal arrows in Fig. 2.2. However, if
one is observing the decay in to an atomic state below the parent state
there are two competing processes leading to the same final state. The
resonant excitation followed by autodetachment described above and
the direct detachment where one electron absorbs the photon energy
and is detached directly. These two paths give rise to quantum inter-
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Chapter 2. Theory

Figure 2.2: Schematic view of the energy levels in a negative ion and an atom.
Vertical solid arrow represents a double excitation. Diagonal dashed-dotted lines
represents autodetachment, where one electron is ionized and the other falls in to the
ground state or an excited state in atom. Diagonal solid line and vertical dashed lines
represent the direct photodetachment process.

ference, modulating the cross section spectra. A review on resonances
in photodetachment cross sections is available in [33]. Doubly excited
states can also be investigated by electron scattering on neutral atoms.
An incoming electron can be captured forming a doubly excited state
and subsequently emitted, giving rise to resonances in the observed
cross section spectrum [34]. Electron beams have also been used to
study collisional detachment of negative ions [35, 36]. An electron can
attach to a molecule and form a stable negative molecular ion. Molec-
ular ions is a vast field of research. In experiments on molecular ions,
resonances has been observed stemming from excited doubly nega-
tively charged states [37, 38]. No doubly negatively charged atomic
ions have been observed. Molecular negative ions have been observed
in interstellar clouds [39] and have since then attracted a wide inter-
est [40–43].

Experiments investigating the cross sections, doubly excited states and
threshold behaviors of K− and Cs− are described in Chapter 8, 9 and
10.
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2.2. Strong field effects

2.2 Strong field effects

The idea of a multiphoton transitions in an atom was first considered
theoretically by Goeppert-Mayer in 1931 [44]. The cross section for
such a process is very small and no light source, intense enough, was
available at the time. Twenty years later the invention of intense radio
frequency emitters allowed observations of multiphoton transitions
between Zeeman sub levels in atoms [45–47] and molecules [48]. The
invention of the laser has had a revolutionary impact on the posibilities
to conduct multiphoton experiments. The first two photon excitations
by a laser field were done on CaF2 molecule in 1961 [49], followed by
the first two photon excitation of an atom [50]. Two photon detach-
ment of a negative ion were done by Hall et al. in 1965 [51] and mul-
tiphoton ionization was observed in 1965 by Voronov et al. [52] and
in 1968 by Agosini et al. [53]. The first strong field experiments were
performed by Agostini et al. in 1979 [54]. In strong field ionization
the electron can absorb a substantially larger number of photons than
needed to be promoted to the continuum. This process is referred to
as Above Threshold Ionization (ATI) [54–56]. This is not to be con-
fused with multiphoton ionization, where the electron only absorbs
the number of photons needed to break free from the atomic poten-
tial. In the strong field experiment by Agostini et al. the kinetic energy
distribution of electrons ionized from Xenon in the focus of an intense
laser beam was measured. The energy spectrum revealed peaks in the
electron energy distribution separated by the photon energy. These
peaks are refereed to as ATI peaks. The corresponding phenomena
in negative ions is called excess photon detachment and was first ob-
served in [57–59]. Experiments where the laser intensities exceed 1012

W/cm2 are commonly regarded as strong field experiments. Strong
field detachment and ionization occur in two ways depending on the
strength of the applied laser field relative to the atomic electric field
experienced by the electron. In the multi photon regime, the external
laser field is weak compared to the atomic field an can be treated as a
perturbation. However, the flux of photons is sufficiently large for the
electron to absorb more energy than needed to reach the continuum as
shown in Fig. 2.3a. On the other hand, in the tunneling regime, the
external laser field is comparable to the atomic electric field and the
atomic potential is deformed, allowing the electron to tunnel out in to
the continuum (Fig. 2.3b). An experiment is conducted in one of the
regimes or in between the two, where the processes are competing.

The process of strong field detachment was described theoretically by
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Figure 2.3: Strong field photodetachment in the multi photon regime (left) and tun-
neling regime (right).

Keldysh [65], who introduced the Strong Field Approximation (SFA).
In SFA the interaction between the detached electron and the residual
core is neglected. The final state is a detached electron quivering in the
external laser field. The state is described by a Volkov wave function,
[66]. The SFA has been further developed by Faisal and Reiss [67, 68]
and is therefore referred to as Keldysh-Faisal-Reiss (KFR) theory. The
SFA makes the expression for the detachment rate analytical and hence
comparably straight forward to simulate. The Keldysh parameter is a
quantitative comparison of the internal atomic field and the external
laser field. The parameter is given by

γ =

√
IP

2Up
, (2.3)

where IP is the ionization potential in electron volts, eV. UP is the pon-
deromotive energy, that is the cycle averaged quiver energy of an elec-
tron in an alternating electric field. The ponderomotive energy is given
by

Up =
e2I

2cε0mω2
, (2.4)

where e is the electron charge, I is the laser intensity, c is the speed
of light, ε0 is the permittivity of vacuum, m is the electron mass and
ω is angular frequency of the laser light. γ > 1 represent the multi-
photon regime while if γ < 1 represents the tunneling regime. In the
strong field experiments presented in this thesis γ is in the range 0.1
to 0.5. The electric field amplitude in the laser field is maximum twice
per optical cycle, hence electrons will be emitted with equal probabil-
ity at two separate instances in time, see Fig. 2.4. The wave nature of
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2.2. Strong field effects

Figure 2.4: The electric field amplitude is maximal at two instances in time, sepa-
rated by T/2, giving rise to quantum interference between emitted electrons.

electrons give rise to quantum interference in the far field when the
electrons are detected [69, 70, 91]. This quantum interference was ob-
served in strong field experiments on H− [75], F− [64] and Br− in [71].

When an electron is detached from its parent core it is accelerated in
the external laser field. When the E-field changes its direction the elec-
tron follows and may return and collide with the core. If the electron
recombines with core the excess energy, gained in the electric field, is
released as a high energy photon, in the process referred to as High
Harmonic Generation (HHG) [60–63]. HHG is used to produce ultra
short pulses in the x-ray regime. A short, high intensity, pulse is fo-
cused in to a gas cell containing a noble gas. The noble gas is strong
field ionized and a small fraction of the electrons recombine with their
parent core to produce a short coherent x-ray pulse. Recent develop-
ment of HHG indicates that it could replace synchrotrons for photon
energies up to 1 keV.

When simulating quantum mechanical systems solving the Schrödinger
equation quickly becomes impossible with increasing number of par-
ticles. In simulations of strong field detachment an additional approx-
imation is required together with the SFA mentioned earlier. In the
Single Active Electron (SAE) approximation the multi electron ion is
described by a single electron bound by an effective potential from
the core. The ground state of the electron, with no laser field present,
is given by |Φ0〉. The Schrödinger equation allows to determine the
wavefunction |Ψ(t)〉, describing the time evolution of the system. Atomic
units (e = m = ~ = 1) are used throughout.

i~
∂

∂t
|Ψ(t)〉 = H(t)|Ψ(t)〉, (2.5)
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with the initial condition |Ψ(t0)〉 = |Φ0〉. The Hamiltonian, H(t), is

H(t) = −∇/2 + V (r) + r · E(t), (2.6)

where the kinetic energy of the electron is∇/2, the potential energy in
the short range potential is described by V (r) and r · E(t) represents
the electron’s interaction with the laser field E(t). The probability am-
plitude of detaching an electron with drift momentum p is given by
the transition matrix element

Mpi = −i lim
t→∞

∫ t

−∞
dt′〈ψp(t)|U(t, t′)r · E(t′)|ψi(t

′)〉, (2.7)

where |ψi(t′)〉 and |ψp(t)〉 describe initial state and the final state hav-
ing drift momentum p, respectively. U(t′, t) is the time evolution oper-
ator of the Hamiltonian, H(t). U(t′, t) maps the ground state of the
electron on to some state in the system at a later time t, |ψi(t)〉 =
U(t, t0)|Φ0〉. The time evolution operator U(t′, t) satisfies the Dyson
equation

U(t, t′) = UL(t, t′)− i

∫ t

t′
dt′′UL(t, t′′)V(r)U(t′′, t′) (2.8)

where UL is the time evolution of the Hamiltonian, HL(t) = −∇/2 + r ·
E(t), describing a free electron in the laser field excluding the interac-
tion with the potential. The electron’s initial state |ψi(t)〉 is represented
by

ψlm(r) = (A/r) exp(−κr)Ylm(r̂), (2.9)

where A is a normalization constant, κ is given by the binding energy,
Ea, as κ =

√
2Ea. ` and m are the angular momentum quantum num-

bers of the initial state. We make two approximations to equation 2.7.
U is replaced by UL and the final state 〈ψp(t)| , being a free electron is
represented by a plane wave. The state 〈ψp(t)|UL(t, t′) then becomes
the Volkov state, 〈ψ(L)

p (t′)|, representing a free electron in a laser field.
Equation 2.7 is then rewritten as

MSFA
pi = −i

∫ ∞
−∞

dt〈ψ(L)
p (t)|r · E(t)|ψi(t)〉

−
∫ ∞
−∞

dt

∫ ∞
t

dt′〈ψ(L)
p (t′)|V (r)UL(t′, t)r · E(t)|ψi(t)〉, (2.10)

The first term on the right hand side represent the probability am-
plitude of direct detachment of electrons, which is the standard SFA.
However, also the second term on the right hand side may be included
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2.2. Strong field effects

in simulations. This term represents electrons that travel back with the
oscillating electric field in the laser light and rescatter off the parent
core. The core potential V (r) on the right hand side is specific for each
negative ion and is modeled by the double Yukawa potential [73]

V (r) = −Z
H

e−r/D

r
(1 + (H − 1)e−Hr/D), (2.11)

whereH = DZ0.4, Z is the atomic number and D is a numerical param-
eter. The full expression for the differential detachment rate, summing
over all possible n-photon processes, is then given by

dω = 2π
∑
n≥n0

|Mpi|2δ(
p2

2
+ Up + E0 − nω)

d3p

(2π)3
, (2.12)

where Mpi is the n-photon transition amplitude given by Eq. 2.10,
with or without taking the second rescattering term into account. n0 is
the minimum number of photons needed to overcome the detachment
threshold. The δ-function accounts for the conservation of energy and
p is the electrons momentum in the continuum, Up is the ponderomo-
tive energy given by Eq. 2.4 and ω is the frequency of the laser field. In
simulations the spatiotemporal intensity distribution of the laser focus
has to be taken into account, as well as the depletion of negative ions.
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CHAPTER 3

Methods of laser-ion experiments

"An experiment is a question which
science poses to Nature, and a
measurement is the recording of
Nature’s answer"

−Max Planck

In this chapter I describe and discuss the two complimentary experi-
mental setups at Albert Ludwig’s University and at University of Gothen-
burg. Negative ions are fragile systems and they would not survive if
they were accelerated to a beam in atmospheric pressure. Therefore
all our experiments are performed in ultra high vacuum. The pressure
in the interaction region is on the order of 10−9 - 10−10 torr. The low
pressure minimizes the background from electrons detached by colli-
sions with residual gas in the interaction region. The negative ions are
created in a commercially available sputter source [78], which is also
in vacuum. Electrostatic deflection plates and lenses are used to steer
and shape the ion beam. Due to impurities of the sample and resid-
ual materials in the vacuum system an ion source produces a range of
elements at the same time. Therefore a mass selector is needed. At
Albert Ludwig’s University a Wien filter is used whereas GUNILLA is
equipped with a sector magnet. Both systems have a 90◦ bend before
the ions enter the interaction region to remove any neutrals present
in the ion beam. The laser beams enter the interaction region through
a window in the chamber. At Albert Ludwig’s University photode-
tached electrons produced in the interaction region are detected. Time
delay between the pump and the probe pulse is on a femtosecond time
scale. At GUNILLA residual positive ions are detected using a position
sensitive detector. The time delay between the pump and the probe
pulse is on a nanosecond time scale. The two setups and detector sys-
tems are described in detail in section 3.1 and 3.2. Time resolved ex-
periments investigating the dynamics of atoms and negative ions were
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conducted in the laser lab at Albert Ludwig’s University while studies
of the structure and electron-electron correlations in negative ions and
atoms were performed at (GUNILLA) in Gothenburg.

3.1 Femtosecond spectroscopy

The ion source and vacuum system used at Albert Ludwig’s Univer-
sity was built by R. Reichle [77] and I. Yu. Kiyan. The system is de-
picted in Fig: 3.1. Negative ions are created in the sputter source [78],
accelerated to 4,5 keV and mass selected in a Wien filter. In a Wien filter
the ions travel through a magnetic field and an electric field, aligned
perpendicular to each other. Mass selection is achieved by balanc-
ing the electric and magnetic forces for a certain mass, thus guiding
only a specific ion through the filter. After mass selection the beam
is bent by 90◦ in a quadrupole deflector to remove any neutral atoms
or molecules present in the beam [76]. The ion beam is focused by
an electrostatic lens in to the interaction region where it is intersected
with the two laser beams. A typical ion current of 200 nA and beam
waist of less than 1 mm is obtained in the interaction region.

Figure 3.1: Schematic view of the experimental setup at Albert Ludwig’s University
in Freiburg. A sputter ion source produces negative ions that are mass selected in a
Wien filter. Ion optics guide and focus the ions in to the interaction region where the
ion beam is intersected with two femto-second laser beams. Photoionized electrons
are detected by an angular resolved electron imaging spectrometer (EIS) [75, 76].
Picture by R. Reichle [77].

The interaction region is inside an Electron Imaging Spectrometer (EIS)
[75, 76], shown in Fig. 3.2, operated in the velocity mapping regime
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3.1. Femtosecond spectroscopy

Figure 3.2: Photoionized electrons are detected by our angular resolved electron
imaging spectrometer (EIS) [75, 76]. Picture by R. Reichle [77].

[79]. The EIS consists of a set of electrodes projecting electrons emitted
in the entire solid angle on to a stack of multichannel plates (MCPs).
When an electron hits the MCP stack it creates an avalanche of elec-
trons. A phosphor screen behind the MCPs gives of a light flash for
each electron avalanche. The flash of light is detected by a CCD-camera.
Velocity mapping means that electrons having the same momentum p
are projected on to the same point on the detector, regardless of where
in the focal volume they were ejected. This is achieved by a nonuni-
form projection field, as shown in Fig. 3.3.

A detached electron the interaction region with a certain momentum.
Electrons of fixed energies expand as concentric spheres while being
projected on to the detector. For a specific momentum pn the radius
of the expanding sphere is given by r = pnt/me, where t is the ex-
pansion time and me is the electron mass. The density of electrons on
the surface of the expanding sphere is given by the photodetachment
probability, which can be highly dependent on the angle, θ, relative to
the laser polarization. In experiments where linearly polarized light is
used, the projected image has a cylindrical symmetry around the di-
rection of the laser polarization. Two types of distortions arise during
the projection of the expanding spheres [77, 81]. In Fig. 3.4a a perfect
parallel projection is depicted. However, since the projection time ∆t
is larger than zero, the back of the sphere will continue to expand dur-
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Figure 3.3: Design of the EIS [75,77]. A nonuniform electric field projects electrons
having the same momentum vector, p, on to a single spot on the detector, regardless
of the electron’s exact origin. Representative equipotential curves as well as two
electron trajectories shown in the figure. Picture by R. Reichle [77].

ing ∆t while the front is already mapped on to the detector, see Fig.
3.4b.

The projection time ∆t is given by ∆t = 2v0T/v, where T is the time of
flight from the interaction region to the detector for an electron emitted
with zero momentum. v0 = pn/me is the initial velocity of an electron
with momentum pn. If the projection time, ∆t, is small compared to
the time of flight, T , of the center of the sphere, the distortion is small.
The distortion is larger for high energy electrons, where v0 is large.
The distortion can be related to the energy gained from the laser field,
Epn , compared to the energy gained from the projection fieldEprojection.
∆t/T = 2/

√
ρ, where ρ = Epn/Eprojection. In Fig. 3.4b the distortion

due to the expansion is depicted for three different projection param-
eter ρ. The ion beam has velocity of the order cm per microsecond, in
the same direction as the laser polarization (Fig. 3.4a). This gives rise
to another distortion as the sphere is translated while being projected.
In Fig. 3.4c the translational distortion is depicted for projection pa-
rameters of ρ =1, ρ =10 and ρ =1000. A hard projection is desired to
minimize distortion. However, a hard projection decreases the energy
resolution. The sphere has less time to expand during the projection
time and that the distance from the center to the point of impact on
the detector becomes smaller. By increasing the flight distance to the
detector the image is enlarged, and the energy resolution enhanced.
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Figure 3.4: (a)Ideal imaging, where the expanding sphere is mapped perfectly on
to the detector. (b) Distortion due to expansion of the sphere during the projection
time. (c) Distortion due to the translational motion from the velocity of the ion beam.
In the experiments a projection parameter of approximately 1000 is achieved for our
most energetic electrons. For less energetic electrons the parameter is larger. Picture
by R. Reichle [77].
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More details on the EIS, and on image distortion and treatment can be
found in [75, 76].

The image recorded is a three dimensional distribution projected on
to a two dimensional detector. Therefore some information lost. It
is, however, possible to recreate the three dimensional distribution
through a back projection. This is referred to as Abel inversion and
is possible only if there is a symmetry present in the 3D angular dis-
tribution. In our experiments the angular distribution of photoelec-
trons is symmetric around the laser polarization direction, providing
us with a well defined cylindrical symmetry. An Abel inversion rou-
tine known as "onion-peeling" [81] is used. We have applied the inver-
sion on the data presented in chapter 4 and 5, where two dimensional
cuts through the three dimensional distributions of photoelectrons are
presented.

The laser system consists of a Ti:sapphire laser generating 100 fs long
pulses of 800 nm at 1 kHz repetition rate. A traveling-wave optical
parametric amplifier of superfluorescence (TOPAS) is pumped by the
Ti: sapphire laser. TOPAS is tunable in the wavelength range 250 nm-
2500 nm. The output of TOPAS is linearly polarized and consists of
two colors, called Signal and Idler. The energy/wavelength of the in-
coming pump beam photons is split into two photons according to

1

λpump
=

1

λSignal
+

1

λIdler
(3.1)

When focusing the laser beam the peak intensity is on the order of
1013−1014 W/cm2. Figure 3.5 shows the beam paths of Idler and Sig-
nal. After TOPAS the two beams are separated using a beam splitter
where Signal is transmitted while Idler is reflected on the surface as
shown in Fig: 3.5. Idler passes through a telescope (b) where the diver-
gence of the beam can be changed. The path length of the Idler beam
can be altered by moving two mirrors placed on a motorized microme-
ter translation stage (c). With these mirrors the time delay between the
two pulses is controlled on a femto second time scale. The polariza-
tion axis of both laser beams is controlled by means of two λ/2-plates
(d). The two laser beams are merged again in a combiner (e), where
Signal is reflected on the surface while Idler is transmitted. A negative
lens (f) expands the laser beams before they are focused (g) in to the
vacuum chamber to achieve a focus as small as possible. The problem
of achieving a small laser focus is discussed in more detail later. The
two laser beams are intersected with the ion beam inside an EIS where
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Figure 3.5: Schematic view of the experimental setup. The probe and pump pulses
are split in a dichroic mirror (a), and the pump beam divergence is controlled by a
telescope (b). The time delay between pump and probe is controlled by a motorized
micrometer translation stage (c). The polarizations of both beams can be rotated
individually with two λ/2-plates, (d). The two laser beams are merged in a dichroic
mirror (e). Both beams are expanded, (f), before focused into the interaction region
with a 150mm focal length lens, (g), and intersected with the ion beam. Detached
electrons are projected onto the position sensitive detector inside the EIS, (h). The ion
current is measured using a Faraday-cup (i). Picture by Arvid Forsberg [87].

the photodetached electrons are projected onto the position sensitive
detector (h). The ion current is measured using a Faraday cup (i).

The optical setup was simulated using physical optics software [80] in
order to optimize the peak intensity in the focus. In strong field exper-
iments a short pulse length and a small focus size are desired in order
to expose the species to an electric field as strong as possible. A simu-
lation of the laser focus intensity is shown in Fig. 3.6. The Z-axis is the
propagation axis of the light. There are a number of issues to be con-
sidered when a small laser focus is required. Chromatic aberrations
in the focusing lens causes shorter wavelengths to diffract more and
are thus focused earlier along the optical axis than longer wavelengths
that are diffracted less. Chromatic aberration can be reduced using
achromatic lenses. Such a lens is constructed by merging two lenses of
different material and focal length. The difference in refractive index
and focal lengths are matched to compensate for chromatic aberrations
for a chosen pair of wavelengths. Spherical aberrations occur for rays
passing through the lens close to its rim. The spherical shape of a lens
surface causes these rays to diffract more, i.e. focus earlier, than rays
passing through the center of the lens. Spherical aberration can be
minimized by using aspheric lenses. Besides the two above mention
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issues there is a fundamental physical limit of the spatial resolution of
an optical system, refereed to as the diffraction limit. Light traveling
through a slit or an aperture represented by the lens edge is diffracted.
The diffraction gives rise to an interference pattern. In the case of a
circular aperture light is focused to an airy disks pattern. The airy disk
consists of concentric rings of light, stemming from constructive inter-
ference, around a central spot of light. The radial distance, d from the
center of the spot to the first intensity minimum is a measure of the
resolution of the optical system and is given by [82] as

d = 1.22
λf

D
, (3.2)

where λ is the wavelength, f is the focal length of the lens and D is the
aperture or beam size. In the current setup the shortest focal length
that can be used is defined by the distance from the window of the
vacuum chamber to the interaction region in the center of the EIS. The
wavelength λ is chosen depending on the electron affinity of the neg-
ative ion under investigation. The sole parameter to be adjusted to
minimize the foci is the diameter, D, of the laser beam. As mentioned
earlier, the laser beams are expanded by a negative lens before being
focused into the interaction region.

Figure 3.6: Simulation of the laser focus intensity using physical optics software
[80]. The Z-axis is the propagation axis of the laser pulse.

A close up of the interaction region is shown in Fig: 3.7. The Idler
beam is used as a pump and the Signal beam as a probe. The pump
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Figure 3.7: Schematic view of the interaction region. The pump and the probe pulses
are overlapped and focused into the ion beam by a 15cm focal length CaF2 lens.

pulse is spatially larger than the probe pulse. See Fig: 3.7. The beam
waist of the ion beam is typically less than 1 mm. The Full Width
at Half Maximum (FWHM) of the pump pulse focus is 26 µm while
the FWHM of the probe pulse focus is 17µm. The probe pulse focus
is kept small to ensure that only ions that have been exposed to the
pump pulse are probed. Extensive work has been put in to developing
a method to overlap the two laser beam foci with the ion beam focus.
The pump pulse focus has to be placed in the center of the focused ion
beam where the density of ions is maximal. Subsequently the probe
pulse should be focused in to the center of the pump focus. A razor
blade is scanned across the laser beams individually while recording
the intensity of the laser light that passes by. The intensity drops as the
blade is slowly scanned across the focus. An error function is fitted
to the curve providing us with the size of the focus at the position
of the razor blade. The razor blade is then scanned across the beam a
several positions along the optical axis, thus giving us the position and
size of the focus as well as the Rayleigh length. As mentioned before
the pump pulse and probe pulse have different focal lengths due to
chromatic aberrations of the lens. The telescope in the pump beam
path is used to compensate by changing the divergence of the pump
beam to overlap the two laser beams along the optical axis.

The construction of a new diagnostic setup was essential to monitor
the overlap of laser foci. A wedge was placed after the focusing lens to

35



Chapter 3. Methods of laser-ion experiments

split of a fraction of the laser light and steer it on to a off-axis parabolic
gold mirror with a focal length of 2.5cm. The light is reflected by the
mirror into a CCD camera. The laser focus is imaged by placing the
focal point of the gold mirror at the laser focus. Two of the mirrors
in the pump beam path are controlled by piezo-electric motors. Using
these two mirrors the pump beam with the probe beam is overlapped
by means of visual inspection via the CCD camera. Optimization of
the overlap between the laser focus and the ion beam focused is carried
out by monitoring the signal from the detached electrons in the EIS.

3.2 Structure studies of negative ions

GUNILLA is also equipped with a sputter ion source. After accelera-
tion the ion beam is mass selected in a sector magnet (Fig: 3.8). The
sector magnet is bending the beam 90◦. The magnetic field is tuned
to only guide a specific mass through the magnet. When studying
molecular ions a mass resolution of m/∆m = 800 is achieved and for
monoatomic ions m/∆m = 500 [138]. The beam is bent 90◦, to remove
neutrals created through collisions with the background gas, before
entering the interaction chamber. The ion beam and laser beams travel
together through a 60 cm long interaction chamber in a collinear setup.
Two laser systems, configured in a resonant ionization scheme, is used
to investigate the cross section and threshold behavior in photodetach-
ment of K− and Cs−.

A doubly excited state is created in the negative ion by absorption of a
single UV-photon. The UV photons are generated in an OPO pumped
by a Nd:Yag laser at a repetition rate of 10 Hz and a pulse energy of 0.7
mJ. The OPO is tunable in the range 220 nm to 1800 nm. The excited
ion is then given time to decay. In the decay process all energetically
available states in the atom can be populated, see Fig. 3.9. To probe
the cross section for decay in to a specific state in the atom an IR laser
is used to excite that state in the atom to a high Rydberg state. The IR
laser consists of a 10 Hz Nd:Yag pumped OPO tunable in the range
1350 nm to 5000 nm with a pulse energy of 0.2 mJ. The high Rydberg
state is subsequently ionized, in the field ionizer, forming a positive
ion, see Fig. 3.10. The positive ion is deflected on to the position sensi-
tive detector, see Fig 3.11.

Doubly excited states in negative ions are mapped out by scanning the
wavelength of the UV laser over an extended energy range. The IR
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Figure 3.8: Schematic view of the GUNILLA setup in Gothenburg [86]. Negative
ions are created and accelerated in a cesium sputter ion source, mass selected in a
sector magnet, deflected in to the interaction region where they travel in collinear
geometry with the two laser beams. The excited Rydberg atoms are field ionized and
detected on our position sensitive detector. The ion current is monitored by a faraday
cup.

Figure 3.9: Resonant ionization scheme used when investigating K−. The γUV
photon performs a double excitation of the negative ion which subsequently decays
and populates all energetically available states in the neutral atom. The γIR photon
is tuned to probe a specific state in the neutral atom. γIR photon promotes the atom
in to a Rydberg state that is subsequently field ionized and the residual positive ion
is detected [86].
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Figure 3.10: A close up of the field ionizer. The contours represent lines of equal
field strength. Different Rydbergs states have distinct ionization energies and are
therefor field ionized at separate positions in the field and thus deflected onto spatially
separated positions on the detector. Negative ions are deflected downwards in the
picture, into a Faraday cup. Picture by A. O. Lindahl.

laser is kept at a fixed wavelength, matching the energy needed to ex-
cite the atomic state of interest up to a Rydberg state. In Fig: 3.9 the
resonance ionization scheme used in chapter 8 and 9 is presented. The
figure depicts the case where doubly excited states in K− are investi-
gated. The same method is applicable to Cs−, which is done in chap-
ter 10. When the γUV wavelength is scanned over the threshold for
reaching a specific state in the neutral atom that state gets populated
and an increase in signal of positive ions is observed. The shape of
this threshold tells us about the electron-electron correlations and the
polarizability of the state of interest in the atom. The doubly excited
states in the negative ion shows up as resonances in the measured cross
section. During the scan over an doubly excited state the probability
of detachment is modulated and the rate of negative ions decaying in
to a neutral atom is increased. Rydberg states of different energy are
field ionized a different field strengths, i.e. at different positions in the
field ionizer. When the positive ion is deflected on to the detector, its
path is dependent on where it was field ionized. Hence, different Ry-
dberg states are separated spatially on the detector. One such path is
depicted as path b in Fig. 3.11. Positive ions created already in the in-
teraction region, through absorption of two UV-photons are deflected
already from the start of their path through the field ionizer, see path a
in Fig: 3.11. Negative ions follow path c in Fig: 3.11 and are measured
in the Faraday cup.

The position sensitive delay line detector [88, 89] consists of two long
copper wires winded around a frame forming a grid. A multi channel
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Figure 3.11: Positive ions, created in the interaction region through absorption of
two UV-photons, follow path a. Rydberg atoms ionized in the field ionizer will follow
path b. The exact impact position on the detector is dependent on the Rydberg state
being measured. Rydberg states have different energies and will be ionized at slightly
different positions and thus deflected on to distinguishable areas on the detector. The
ion current is measured by deflecting the negative ions into a Faraday cup.

plate (MCP) stack is placed in front of the grid. The delay lines pick up
the electron avalanche from the MCP and an electric pulse is formed
traveling towards the two ends of each copper wire. By measuring the
difference in arrival time of the electrical pulse at the two ends of the
wire the position of impact on that wire is determined. Two wires are
enough to unambiguously specify the point of impact on the detector
surface. The timing is measured by a Time To Digital Converter (TDC)
with an accuracy of 25 ps. The diameter of the active are of the detector
is 40 mm, and a spatial resolution better than 0.1 mm is achieved. The
detector system has a dead time of 10-20 ns.

The energy supplied by each γUV photon is large enough to start an
avalanche of electrons in the MCP stack. In each laser pulse scattered
γUV photons in the chamber saturate the detector for microseconds,
making it impossible to detect positive ions. This problem is circum-
vented by switching on the voltage over the MCP only after the laser
pulse has traveled through the chamber. The switching takes a mere
0.5 µs while the flight time for the positive ions from the interaction
region to the detector is 2-6 µs. The direct peak of negative ions orig-
inating from sequential double detachment by the γUV pulse is two
orders of magnitude larger than the observed Rydberg peaks. Satura-
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tion of the detector by the direct peak is avoided by tuning the field
ionizer to steer the direct peak outside of the active area of the detec-
tor (Fig. 3.11). The number of positive ions is recorded as a function of
the γUV wavelength. The yield of positive ions is normalized for vary-
ing experimental parameters therefore the ion current, UV wavelength
and the UV pulse energy for each laser pulse are recorded. The γIR in-
duced transition from the monitored state in the atom to the Rydberg
state is resonant and therefor saturated in our case, no normalization
for varying γIR pulse energy is done.
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We present experimental and theoretical results on photodetachment of Br−

and F− in a strong infrared laser field. The observed photoelectron spectra
of Br− exhibit a high-energy plateau along the laser polarization direction,
which is identified as being due to the rescattering effect. The shape and the
extension of the plateau is found to be influenced by the depletion of negative
ions during the interaction with the laser pulse. Our findings represent the
first observation of electron rescattering in above-threshold photodetachment
of an atomic system with a short-range potential.

The rescattering of a photoelectron on its parent core represents a fun-
damental effect that lies in the focus of recent investigations in the field
of the nonlinear interaction of atoms and molecules with strong laser
radiation. An electron liberated by photoionization moves in the pres-
ence of the laser field. Driven by a field of linear polarization, it may re-
visit the parent core. Its recollision with the core gives rise to processes
such as high-order above-threshold ionization (HATI), high-order har-
monic generation, and nonsequential multiple ionization (see the re-
view articles [92, 93] and references therein).
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The HATI process, which represents the subject of the present work,
manifests itself in photoelectron spectra as a high-energy plateau stretch-
ing along the laser polarization axis. On the energy scale this plateau
extends up to (and has a cutoff at) approximately 10Up, where Up is
the electron ponderomotive energy in the laser field. The HATI pro-
cess was found to be initiated by elastic rescattering of the photoelec-
tron on its parent core, where the highest kinetic energy is reached
via backscattering [94]. More recently, the HATI process has received
much attention in the context of attophysics [95], as a means to mea-
sure the carrier-envelope phase of a few-cycle laser pulse in a single
shot [96], and also since it allows one to extract the differential cross
sections for elastic electron scattering off positive ions from the exper-
imental angle-resolved photoelectron spectra [97].

While the rescattering effect has been widely studied in atoms and
molecules, its role in negatively charged ions remains essentially un-
explored [98]. One might expect the manifestation of rescattering in
above-threshold photodetachment of negative ions to be different. The
short-range character of binding forces in negative ions precludes the
Coulomb focusing of the electron wave packet created in the contin-
uum. Coulomb focusing was shown to enhance the rescattering prob-
ability [99]. On the other hand, the lower binding energy of negative
ions implies a larger initial size of the electron wave packet and, con-
sequently, its slower spreading between the instants of ionization and
rescattering. Whether or not these features result in a significant mod-
ification of the HATI process represents a fundamental question. In
the present work we report on the first observation of the rescattering
plateau in above-threshold photodetachment of negative ions.

4.1 Methods

Early experiments on strong-field photodetachment were hampered
by depletion of the negative-ion sample at the leading edge of the laser
pulse. This problem was overcome by using a short laser pulse of in-
frared wavelength and, thus, by reaching the saturation condition of
photodetachment at a significantly higher intensity. First experiments
with infrared pulses of 100 fs duration were performed by our group
on H− [75, 76] and F− [64, 71]. The peak intensity was of the order of
1013 W/cm2. Though electrons of rather high kinetic energies were de-
tected in [64,71], the dynamic range of the signal, limited to 2.5 orders
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of magnitude, did not allow us to distinguish a rescattering contribu-
tion from the experimental background. The results were described
well by using a Keldysh-like theory [69] that considers the direct de-
tachment only.

In the present work we investigate photodetachment of Br−. Our study
is motivated by the recent prediction that the ratio of the rescattering
signal to the signal of direct electrons is higher for the heavier halogen
negative ions, Br− and I− [90, 91]. Intuitively, heavier elements have
a larger core, which gives rise to a larger elastic scattering cross sec-
tion. Recently we reported on photodetachment of Br− in a laser field
of 800 nm wavelength and 6 × 1014 W/cm2 peak intensity [72]. A jet
of energetic electrons along the laser polarization axis, resembling a
rescattering plateau, was observed in the measured spectra. This jet,
however, was found to be due to sequential double detachment. If
there was any yield from the rescattering process, it was masked by
the dominant double-detachment signal. In the present work the con-
tribution of sequential double detachment is suppressed by exposing
Br− to radiation of a longer wavelength of 1300 nm. At this wavelength
the nonlinearity of the double detachment process is much higher and
the signal arising from sequential double detachment lies far below
the noise level of the measured spectra.

Our experimental setup is described elsewhere [64,72,75,76]. Briefly, a
mass-selected beam of negative ions is intersected with the laser beam
inside an electron imaging spectrometer (EIS) operated in the velocity
mapping regime. Linearly polarized infrared laser pulses of 1300 nm
wavelength are generated in an optical parametric amplifier (OPA)
pumped with a mode-locked Ti:sapphire laser system at a repetition
rate of 1 kHz. The output of the OPA is focused with a 15 cm focal
length lens into the interaction region. A focus size of 40 µm (FWHM)
and a pulse duration of 100 fs (FWHM) are measured with the use of
our beam diagnostic tools. Assuming a Gaussian shape of the spatio-
temporal intensity distribution, the peak intensity in the focus is de-
termined to be 6.5 × 1013 W/cm2. The image processing involves a
conventional Abel inversion routine to reconstruct the angle-resolved
momentum distribution of the photoelectrons emitted from the laser
focus. The momentum/energy resolution of the EIS is determined by
measuring the detector response function to a single electron event.
The energy resolution is 0.23 eV at the energy of 1 eV, and it varies
proportionally to the square root of the kinetic energy.
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4.2 Theory

We analyze the measured spectra in terms of the rescattering theory
developed in Ref. [90, 91]. This rescattering theory is an extension of
the Keldysh-Faisal-Reiss theory [65, 68] and yields a first-order cor-
rection to the strong-field approximation (SFA). In the standard SFA,
the interaction of the photoelectron with the residual core is neglected.
This approximation is particularly suitable for the description of pho-
todetachment of negative ions due to the absence of the long-range
Coulomb potential, which is experienced by the outer electron in atoms.
However, even for negative ions a photoelectron, driven back into the
inner region of the binding potential, may interact with the atomic
core. The rescattering theory of Ref. [90, 91] allows for such an in-
teraction. A closely related approach was formulated in Ref. [100] and
successfully applied to photodetachment of F− [101].

Let us stress the main aspects of this rescattering theory. The prob-
ability amplitude to detach an electron with a drift momentum p is
defined by the matrix element [93]

Mpi = −i lim
t→∞

∫ t

−∞
dt′〈ψp(t)|U(t, t′)r · E(t′)|ψi(t′)〉, (4.1)

where U(t, t′) is the time-evolution operator of the HamiltonianH(t) =
−∇2/2 + r · E(t) + V (r), r · E(t) is the laser-field–electron interac-
tion given in the length gauge and dipole approximation, and V (r)
is the electron–atom interaction in the absence of the laser field. The
wave functions ψp and ψi describe the final state with the drift mo-
mentum p and the initial state, respectively. As discussed in detail
in Ref. [69], ψi can be represented in the asymptotic form ψ`m(r) =
(A/r) exp(−κr)Y`m(r̂), where A is a normalization constant, Ea = κ2/2
is the binding energy, and `,m are the angular-momentum quantum
numbers of the initial state. The time-evolution operator U(t, t′) satis-
fies the Dyson equation

U(t, t′) = UL(t, t′)− i
∫ t

t′
dt′′UL(t, t′′)V (r)U(t′′, t′), (4.2)

whereUL(t, t′) is the time-evolution operator of the HamiltonianHL(t) =
−∇2/2 + r ·E(t) of a free electron in the laser field. We now make two
approximations: on the right-hand side of Eq. (4.2) we replace U with
UL, and in Eq. (4.1) we replace the final state 〈ψp(t)| by a plane wave.
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The state 〈ψp(t)|UL(t, t′) then becomes the Volkov state 〈ψ(L)
p (t′)| (eigen

state of a free electron in the external laser field), and we obtain

MSFA
pi = −i

∫ ∞
−∞

dt〈ψ(L)
p (t)|r · E(t)|ψi(t)〉

−
∫ ∞
−∞

dt

∫ ∞
t

dt′〈ψ(L)
p (t′)|V UL(t′, t)r · E(t)|ψi(t)〉. (4.3)

The first term on the right-hand side of Eq. (4.3) represents the prob-
ability amplitude of direct detachment (the standard SFA), while the
second term describes the (first-order Born approximation) rescatter-
ing amplitude. It is the second term that gives rise to the high-energy
plateau in the electron energy spectrum [90, 91]. For above-threshold
detachment off a negative ion – in contrast to above-threshold ioniza-
tion of an atom – we expect Eq. (4.3) to yield a quantitatively reliable
description.

The rescattering amplitude is dependent on V (r), which is specific for
a given negative ion. The potential V (r) can be modeled by the double
Yukawa potential [73]

V (r) = −Z
H

e−r/D

r

[
1 + (H − 1)e−Hr/D

]
. (4.4)

Here H = DZ0.4, Z is the atomic number and D is a numerical param-
eter. For bromine Z = 35, D = 0.684 and, for comparison, for fluorine
Z = 9, D = 0.575 [102]. The potential (4.4) has a static character and
does not include polarization effects. It was shown in [90,91] that these
effects are not significant for electron rescattering at high kinetic ener-
gies. Therefore, for the sake of simplicity we use the static potential
and demonstrate below to which extent the difference in the parame-
ters Z and D for Br− and F− affects the rescattering signal from these
negative ions.

For a fixed laser intensity I and frequency ω, the energy spectrum of
photoelectrons consists of a series of discrete peaks at energies Ep ≡
p2/2 = nω − Ea − Up with n ≥ nmin, where Up = I/(4ω2) and nmin

denotes the minimum number of photons needed to overcome the
ponderomotively shifted detachment threshold. For a detailed com-
parison with the experimental results, the electron spectrum has to be
averaged over the spatio-temporal intensity distribution in the laser
focus. Since the intensity in our experiment is far above the saturation
value, the depletion of the negative ions during the interaction with
the laser pulse also needs to be taken into account [64, 71, 76]. Details
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Figure 4.1: (color online) Angle-resolved momentum distribution of pho-
toelectrons detached from Br− in a laser field of 1300 nm wavelength and
6.5 × 1013 W/cm2 peak intensity. Upper part (0◦ ≤ θ ≤ 270◦): experimental
results; lower part (−270◦ ≤ θ ≤ 0◦): predictions by the rescattering theory.

on the simulation routine will be presented elsewhere. The experi-
mental energy resolution is taken into account by convolution of the
simulated spectra with the measured response function of the detector
to a single electron event.

4.3 Results

Our experimental results and the predictions by the rescattering the-
ory are presented in the upper and lower part of Fig. 4.1, respectively.
The figure shows the measured and calculated photoelectron distribu-
tions in the (p, θ) coordinates, where p is the electron momentum and
θ is the emission angle with respect to the laser polarization axis. De-
spite the limited signal-to-noise ratio at low signal and the presence of
background in the experimental spectrum, Fig. 4.1 demonstrates good
agreement between experiment and theory.
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Figure 4.2: Electron energy distributions along the laser polarization axis ob-
tained from the spectra shown in Fig. 4.1. Circles: experiment; solid line:
predictions with rescattering taken into account. The dashed line shows the
predictions for the direct electrons only. The theoretical distributions are nor-
malized to the experimental data at the maximum of the signal. Error bars of
a few experimental data points are shown.

In the following discussion we focus on electron detachment along
the laser polarization axis, where the rescattering contribution is most
pronounced. The measured and simulated kinetic-energy spectra of
electrons emitted at θ = 0◦ are presented in Fig. 4.2. Here we also
show results of simulations where rescattering is not taken into ac-
count. These are obtained by disregarding the second term in Eq. (4.3)
that describes the rescattering amplitude. Comparison of the results in
Fig. 4.2 clearly demonstrates that rescattering contributes to the yield
of electrons with kinetic energies higher than 10 eV. At this energy the
experimental curve changes its slope and starts deviating considerably
from the predictions for the direct electrons, while it is well reproduced
by the predictions with rescattering taken into account. The rescatter-
ing signal dominates in the spectrum at energies higher than 15 eV
and appears well pronounced in the range up to approximately 35 eV.
Beyond this value it becomes indistinguishable from the experimental
background. In the intermediate range between 10 and 15 eV both the
direct-detachment and the rescattering amplitudes in Eq. (4.3) are sig-
nificant and interfere. In this region the slope changes gradually to a
smaller value, which characterizes the “plateau”.
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The upper energy limit of the observed spectrum, however, is much
lower than the cutoff energy of 10Up, which has a value of 103 eV for
the measured peak intensity. The signal of rescattered electrons con-
tinuously decreases with increasing energy, forming an inclined plane
rather than a plateau. Such an unusual manifestation of the rescatter-
ing plateau is found to be due to strong saturation of the photodetach-
ment process. Indeed, by tracing in our simulations the population
density of negative ions during the interaction with the laser pulse,
we obtain that only 1% of the ions in the laser focus survive until the
intensity reaches the value of 3× 1013 W/cm2, which is still a factor of
2 lower than the measured peak intensity. In other words, only a very
small number of negative ions are practically exposed to the peak in-
tensity. Integration of the product of the population density and the
photodetachment rate over the focal region results in the inclined-
plane shape of the rescattering signal without a pronounced cutoff
energy. It follows from this discussion that the condition of strong
saturation makes the peak intensity less crucial. This has also been
verified by performing simulations for different peak intensities that
differ from the measured value by up to 30%, which is our estimate
for the intensity error bar. The variation of the peak intensity does not
cause significant changes in the predicted spectra.

Let us consider, for comparison, photodetachment of F− whose rescat-
tering potential (Eq. 4.4) is described by different parameters Z and
D. The smaller values of the parameters Z (smaller potential depth)
and D (steeper decrease of the potential with the increase of r) reflect
the smaller size of the fluorine atom as compared to the bromine atom.
Results on photodetachment of F− in a strong infrared laser field have
been presented before [64, 71]. Here we present new data obtained
for F− at the wavelength of 1300 nm, as used in the experiment on
Br−. Because of a different optics alignment (focus size of 45 µm, pulse
duration of 133 fs), the value of the peak intensity in this measure-
ment was 3.4 × 1013 W/cm2. Fig. 4.3 shows measured and calculated
energy distributions of electrons emitted along the laser polarization
axis. The two predicted distributions are obtained with and without
taking rescattering into account. Only the onset of the rescattering sig-
nal in the energy range between approximately 15 and 22 eV can be
distinguished from the noise in the measured spectrum. Except for
this range, the predicted rescattering plateau, which again looks more
like an inclined plane, lies below the experimental background. One
should note that the dynamic range of the signal is the same in both F−

and Br− data and is restricted to approximately three orders of mag-
nitude. This prevents us from studying the rescattering effect in F−.
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Figure 4.3: Same as Fig. 4.2 but for F−. The laser wavelength is 1300 nm and
the peak intensity is 3.4× 1013 W/cm2.

The smaller contribution of the rescattering effect in F− as compared
to Br− is a consequence of the smaller size of the fluorine core. This is
in accord with the predictions of Ref. [90, 91].

In conclusion, we reported on the first observation of the HATI pro-
cess in negative ions. The shape of the rescattering signal is found
to be strongly affected by saturation of the photodetachment process.
Because of saturation, the rescattering plateau assumes the form of an
inclined plane. This fact reflects the fragility of negative ions compared
to atoms and positive ions. Because of a larger core, the rescattering
contribution to the spectrum is larger for heavier elements. This makes
observation of rescattering effects easier in Br− than in F−.

The authors greatly appreciate fruitful discussions with Professor Hanspeter
Helm. This work is supported in part by the Federal Ministry of Ed-
ucation and Science, Bosnia and Herzegovina and by the Deutsche
Forschungsgemeinschaft, Grant No. KI 865/1-3.
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The angle-resolved photoelectron spectrum of F−2 , exposed to a strong infrared
laser pulse, is significantly different from the spectrum of F− obtained at the
same experimental conditions. The experimental results are used to test the
theory based on the molecular strong-field approximation. Both the dressed
and undressed versions of this theory fail to reproduce the F−2 spectrum. One
origin for this discrepancy is that photodetachment of F− produced by strong-
field dissociation of F−2 needs to be considered.

Ionization of atoms and molecules in a strong laser field represents a
hot topic of recent studies on nonlinear interaction of matter with laser
radiation. At high laser intensities, the photoelectron can gain sub-
stantially more energy from the field than necessary to overcome the
ionization threshold. This gives rise to an above-threshold ionization
(ATI) structure in electron emission spectra [92, 93]. The energy spec-
trum is characterized by the electron ponderomotive energy Up, which
represents the kinetic energy of the electron quiver motion in the field
averaged over the optical cycle. Angle-resolved photoelectron spectra
carry valuable information used to identify mechanisms that govern
the ionization process. For instance, the electron rescattering on its
parent core is found to be responsible for the energy plateau, stretch-
ing along the polarization axis of a linearly polarized field, with a cut-
off energy of 10Up. As another example, the non-monotonic structure
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in angle-resolved spectra reveals the effect of quantum interference,
which was clearly observed in recent experiments on strong-field pho-
todetachment of atomic negative ions [64, 71].

Among theories developed for description of the ionization process,
the theory based on the strong-field approximation (SFA) [65] is most
fascinating, combining power of prediction and simplicity. The ap-
proximation consists of neglecting the core potential in the final state.
The final state is then represented by a Volkov wave function [66]. The
SFA theory enables us to describe the phenomenon of ionization on
a fundamental level, relating it to a coherent superposition of elec-
tron trajectories in the continuum [69, 70, 91]. In particular, the effect
of quantum interference is intrinsically included in the final expres-
sion describing the ionization rate. In fact, the SFA theory was used
in [64, 71] to identify this effect in photoelectron spectra.

The SFA theory was recently extended to describe ionization of di-
atomic molecules [171–173]. Additional parameters, such as the molec-
ular orientation and the symmetry of the initial electronic state, need
to be considered in this case. The presence of two centers in a diatomic
molecule gives rise to additional interference, related to a superposi-
tion of electron waves emitted from different centers. The dressing of
the initial electronic state by the field represents an important issue
here [173]. Similar to the standard atomic SFA, the undressed version
of the molecular SFA [171–173] neglects the laser field in the initial
state. Its dressed version is formulated in [173] by accounting for the
difference in the electron potential energy at the two centers in the
presence of the laser field. The dressing results in the phase shift eiR·k(t)

between waves emitted from different centers, where R is the internu-
clear distance, kt = −e

∫ t F(t′)dt′ is the classical electron momentum
due to the field, and e is the electron charge. This changes drastically
the predictions of photoelectron distributions.

In the present work we aim to test the dressed and undressed ver-
sions of the molecular SFA experimentally. Analogously to the case of
atomic ionization, molecular anions represent a well-suited system for
this purpose. This is because the absence of the long-range Coulomb
potential in negative ion detachment justifies applicability of the SFA
approach. Below we present an angle-resolved photoelectron spec-
trum of F−2 exposed to a laser pulse of 130 fs duration and 1300 nm
wavelength. The field strength used in our experiment is of the order
of the characteristic field experienced by the valence electron in F−2 .

An added complexity in the present study is that interaction with the
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laser field can also initiate photodissociation of the molecular anion,
generating F− and F. Since a typical dissociation period (∼ 10−14 s) is
shorter than the pulse length used here, the dissociation products can
subsequently interact with the pulse. Because subsequent photode-
tachment of F− contributes to the photoelectron yield, in the present
work we consider the dissociation channel as well. (Subsequent ion-
ization of F can be disregarded since the ionization potential of the
fluorine atom is considerably higher than its electron affinity). Our ex-
periment cannot distinguish between electrons detached from F−2 and
F−. Therefore, we have separately recorded a photoelectron spectrum
of F−, exposed to the same laser pulse as F−2 .

5.1 Methods

Both F−2 and F− are extracted from a glow discharge source operated
with a gas mixture of NF3 (10%) and Kr (90%). Negative ions, acceler-
ated to a kinetic energy of 3 keV, pass through a Wien filter that selects
either the F−2 or F− component of the ion beam. A typical ion current
transmitted into the interaction region is 15 nA of F−2 or 150 nA of F−.
The mass-selected ion beam is intersected with the laser beam inside
an electron imaging spectrometer (EIS) operated in the velocity map-
ping regime. Linearly polarized laser pulses of 1300 nm wavelength
are generated in an optical parametric amplifier (OPA) pumped with a
mode-locked Ti:sapphire laser system at a repetition rate of 1 kHz. The
output of the OPA is focused with a 15 cm focal length lens into the in-
teraction region. A focus size of 46 µm (FWHM) and a pulse duration
of 130 fs are measured with the standard beam diagnostic tools. As-
suming a Gaussian shape of the spatiotemporal intensity distribution,
the peak intensity in the focus is determined to be 3.4 × 1013 W/cm2.
The acquisition of F−2 and F− spectra is broken in alternating sequences
in order to eliminate uncertainties caused by a long-term drift of the
laser and ion beams. This ensures that both F−2 and F− negative ions
are exposed to the same laser pulse. The images recorded with the
EIS are processed using a conventional Abel inversion routine, which
reconstructs the angle resolved momentum distribution of photoelec-
trons emitted from the interaction region. Further details on the exper-
imental setup and the image processing can be found elsewhere [71].

The angle-resolved photoelectron spectra of F−2 and F− are presented
in Fig. 5.1 in the (p⊥, p‖) coordinates, where p⊥ and p‖ are the momen-
tum components perpendicular and parallel to the laser polarization
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Figure 5.1: (color online). Momentum distribution of photoelectrons de-
tached from F−2 (left) and F− (right) in a laser field of 1300 nm wavelength
and 3.4 × 1013 W/cm2 peak intensity. p⊥ and p‖ represent the momentum
components perpendicular and parallel to the laser polarization axis, respec-
tively.

axis, respectively. The distributions shown in Fig. 5.1 differ signifi-
cantly. In particular, the F−2 spectrum is broader along the polarization
axis and it does not exhibit the nonmonotonic structure at higher mo-
menta p‖, which is well pronounced in the F− spectrum. This structure,
appearing as two islands on the p‖ axis at p‖ = ±0.6 a.u., is due to the
effect of quantum interference, which is discussed in detail in [71]. The
considerable difference of the F−2 and F− spectra indicates that F−2 does
not dissociate at low intensities on the leading edge of the laser pulse
and, thus, is exposed to a strong field.

5.2 Theory

Let us now describe photodetachment of F−2 using the molecular SFA.
The differential detachment rate in the laser field F(t) = F cosωt is
given by the sum over n-photon channels [69] (atomic units are used
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throughout)

dw = 2π
∑
n≥n0

|Apn|2δ(
p2

2
+ Up + E0 − nω)

d3p

(2π)3
, (5.1)

where Apn is the n-photon transition amplitude to the final continuum
state characterized by the electron momentum vector p, n0 is the min-
imum number of photons needed to overcome the ponderomotively
shifted threshold, E0 is the threshold energy, Up = F 2/(4ω2) is the
electron ponderomotive energy in a linearly polarized laser field, ω
and F are the laser frequency and the field strength, respectively. The
δ-function accounts for the energy conservation rule. For a given final
vibrational state νf of the residual F2 molecule, the threshold energy is
E0 = Eνf −Eνi , where νi and νf denote the vibrational quantum num-
bers of the initial state of F−2 and the final state of F2, respectively, and
Eνi and Eνf are the energies of these states. This is illustrated in Fig.
5.2, which shows the potential curves of the ground electronic states
2Σ+

u and 1Σ+
g of the anion and its parent molecule, respectively. The

potential curves are obtained from Ref. [174]. The fundamental vibra-
tional frequency of F−2 in its ground electronic state is 450 cm−1 [174].
One can easily estimate that only a few low vibrational states can be
populated according to the Boltzmann distribution at a typical gas
temperature of glow discharge. As an approximation, we therefore
consider that all negative ions are produced in the lowest vibrational
state νi = 0.

Following results of Ref. [173], the transition amplitude for an initial
state of ungerade symmetry has the form

Apn = − ω

2π
Sνfνi

∑
s=±1

s

∫ T

0

e
i
2
s(p+ηkt)·R0ψ̃(p + kt)

×
(
E0 +

(p + kt)2

2

)
e

i
2

∫ t(p+kt)2dτ+iE0tdt , (5.2)

where the sum accounts for contributions from the two centers of the
diatomic anion, R0 defines the molecular axis and the equilibrium dis-
tance between nuclei in F−2 , Sνfνi is the overlap of nuclear wave func-
tions of F−2 and F2, T = 2π/ω, and ψ̃(q) is the Fourier transform of
the atomic orbital ψ(r) which composes the highest occupied molec-
ular orbital (HOMO) of σu-symmetry in F−2 . The index η in Eq. (5.2)
defines whether the initial state is considered to be dressed (η = 0) or
undressed (η = 1).
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Figure 5.2: Potential energy curves of electronic states of F−2 and the ground
electronic state of F2. νi and νf are the vibrational quantum numbers of F−2
and F2 vibrational states, respectively, E0 denotes the threshold energy for a
given νi → νf transition. The insert shows the squared overlap of nuclear
wave functions, S2

νfνi
, for νi = 0 and different νf values.
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The values of S2
νfνi

for νi = 0 and different νf are presented in the in-
sert of Fig. 5.2. It shows that the overlap of nuclear wave functions
has a peak at νf = 11. The large value of νf is due to the rather large
difference in equilibrium positions of nuclei in F−2 and F2, as one can
see from the potential energy curves in Fig. 5.2. The distribution of
S2
νfνi

over νf is rather narrow, and the energy interval between vibra-
tional levels of F2 in the vicinity of νf = 11 is small (≈ 540 cm−1) in
comparison with the photon energy. Thus, the population spread over
different final vibrational states can be disregarded, and we consider
the formation of F2 only in the νf = 11 state and assign 1 to Sνfνi in
Eq. (5.2). The threshold energy E0, explicitly defined by the difference
Eνf=11 − Eνi=0, is 3.965 eV. Five photons are required to overcome this
threshold.

We evaluate Eq. (5.2) analytically by using the method of steepest de-
scent in the same way as described in [69]. In order to simplify this
task, the two-center zero-range potential model [103] is used for the
description of the electronic state. In this model, the HOMO wave
function of F−2 can be represented analytically as Ψ(r) = ψ(r + R0/2)−
ψ(r− R0/2), where

ψ(r) = C
e−κr

r
Y10(θm, φm) , (5.3)

C = 0.701 is the normalization coefficient, Y10 is the spherical har-
monic, the spherical angles (θm, φm) are defined with respect to the
molecular axis, and κ2/2 is the vertical electron affinity defined as the
energy difference between the potential curves in Fig. 5.2 at the equi-
librium distance R0 = 1.937 Å. In the spherical coordinates (θ, φ) with
respect to the laser polarization axis, the angular part of the atomic
orbital in Eq. (5.3) can be represented as

Y10(θm, φm) = cos(α)Y10(θ, φ)

+ sin(α)
1√
2

(Y1−1(θ, φ)− Y11(θ, φ)) , (5.4)

where α is the angle between the molecular axis and the polarization
axis. Since the molecular anions are randomly oriented in the laser
focus, the photodetachment rate is averaged over α and φ.

5.3 Discussion and Conclusion

The simulation routine of photoelectron spectra is described elsewhere
[71]. It involves integration of the electron yield over the spatiotempo-
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Figure 5.3: (color online). Photoelectron distributions of F−2 predicted by the
dressed (left) and undressed (right) versions of the molecular SFA.

6

5

4

3

2

1

0

E
le

c
tr

o
n

 y
ie

ld
 (

a
rb

. 
u

n
it
s
)

151050
Kinetic energy (eV)

Figure 5.4: Energy distribution of photoelectrons emitted from F−2 along the
laser polarization axis. Circles represent experiment, solid and dashed lines
show predictions by the undressed and dressed versions of the molecular
SFA, respectively. The curves are normalized according to the integrated
yield.
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ral intensity distribution in the laser focus and accounting for deple-
tion of negative ions during their interaction with the field. Results
of simulations are presented in Fig. 5.3. Comparison of the predicted
distributions with the measured spectrum of F−2 (see Fig. 5.1) shows
that neither the dressed nor undressed version of the molecular SFA
agree with experiment. Both simulated spectra exhibit a nonmono-
tonic structure, caused by the effect of quantum interference, which
consists of two maxima lying on the laser polarization axis. As ex-
pected, this structure is very different in the dressed and undressed
versions of the molecular SFA. On closer inspection of the predicted
spectra, one can see that the position of the broad maximum in the
experimental spectrum is not reproduced in either simulation. This
is quantitatively illustrated in Fig. 5.4, which compares the measured
and predicted distributions of photoelectrons emitted along the laser
polarization axis. We would like to point out that the low-energy con-
tribution to the spectrum is suppressed in the dressed version of the
molecular SFA (see Fig. 5.3 and Fig. 5.4). This result is explained
in [173] as being due to the effect of two-center interference.

As an alternative description of the F−2 spectrum, let us consider that
dissociation of F−2 occurs at high laser intensities and is followed by
photodetachment of the created F−. Thus, the atomic anions appear in
the laser focus at a time t0, which is close to the center of the tempo-
ral pulse envelope, and their detachment during the rest of the pulse
(t > t0) constitutes the electron yield. Photoelectron spectra of F−

are calculated by using our simulation routine [71] for different initial
times t0 = −σt,−σt/2, and 0. Here σt = 79 fs is the measured Gaus-
sian width of the temporal intensity profile I(t) = I exp(−t2/σ2

t ), and
the peak of the pulse is at t = 0. The calculated energy distributions
of electrons detached along the laser polarization axis are compared
with the measured spectrum of F−2 in Fig. 5.5. One can see that the
distribution width is larger when t0 is closer to the center of the pulse.
This is because the negative ions are less depleted before they experi-
ence higher intensities generating photoelectrons of higher kinetic en-
ergies. The broadest electron distribution is obtained for t0 = 0, since
in this case the created F− ions are immediately exposed to the peak
intensity. However, even for t0 = 0 the simulated spectrum is still
narrower than the measured distribution at low energies (. 3.5 eV),
while the simulation overestimates the higher-energy part of the spec-
trum. Each predicted distribution shown in Fig. 5.5 possesses a well-
pronounced nonmonotonic structure caused by the quantum interfer-
ence effect [71]. This structure, however, is not resolved in the experi-
mental spectrum.
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Figure 5.5: (color online). Comparison of the experimental energy distribu-
tion shown in Fig. 5.4 (circles) with predictions by the model that assumes
strong-field dissociation of F−2 followed by photodetachment of F−. Calcu-
lations are performed for different initial times (see text): −σt (dotted line),
−σt/2 (dashed line), and 0 (solid line). The curves are normalized according
to the integrated yield.

Considering that F− ions are created by dissociation over a range of
values of t0, the predicted distribution should be averaged over t0. Fig.
5.5 reveals that, depending on t0, the simulation can either reproduce
the high-energy tail of the experimental spectrum or better reproduce
its low-energy part. Therefore, a superposition of curves calculated for
various t0 can not describe the experimental distribution in the entire
energy range and the contribution from strong-field detachment of F−2
needs to be reconsidered as well.

Summarizing, photodetachment of F−2 in a strong laser field reveals
complicated dynamics, involving both direct strong-field detachment
of the molecular anion and detachment of F− created in the laser focus
by strong-field dissociation. A coincidence technique (e.g. similar to
the one developed in [104]), allowing to distinguish between electrons
produced in these processes, is required for the experimental test of
the molecular SFA. We believe that our results will initiate develop-
ment of more comprehensive methods, accounting for the complex-
ity of molecular orbitals, where detachment and dissociation are con-
sidered as competing processes and the population dynamics of the
molecular and atomic anions in the laser focus is taken into account.
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Electron dynamics in atoms and molecules is a topic of fundamental inter-
est. The ultimate goal is to monitor and control chemical reactions on an
atomic level. We present the first direct observations of electron dynamics in
the ground state of an atom. Using a femtosecond pump-probe laser scheme
and velocity map imaging we project the electronic wave function on a macro-
scopic detector. Starting with a carbon anion and exposing it to a strong laser
field, a wave packet is created in the ground state of the atom by strong-field
detachment. Subsequently, the electronic wave packet in the atom is probed
by means of strong-field ionization. We observe a strong temporal modulation
in the yield of ionized electrons, revealing a direct visualization of a periodic
spatial rearrangement of the electron cloud in the atom.

Classical mechanics provides a deterministic view of the world. The
path of a particle can be calculated if we know its position, velocity
and the forces acting upon it at any given position and time. The
precision of our measuring device is the limiting factor for the accu-
racy of our knowledge of a particle’s state, and the world in general.
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This is not the case in the world of quantum mechanics. A particle is
then described as a wave, as suggested by De Broglie in 1924 [5]. The
wavelength λ of the particle is given by λ = h/p where p is the linear
momentum of the particle and h is the Planck constant. The position
and momentum of a particle cannot be determined exactly. The wave
dynamics is mathematically described by the Schrödinger equation,
i~ ∂

∂t
Ψ(~r, t) = ĤΨ(~r, t), where the solutions provide the probability

density distributions for the particle in time and space. In this equa-
tion, Ψ is the wave function giving the probability density andH is the
Hamiltonian operator associated with the total energy of the system.
The quantum mechanical wave function displays all the characteris-
tics of waves such as interference and diffraction. The wave nature
of particles is normally only observable on a microscopic level. How-
ever, wave phenomena have been seen in a number of experiments,
including electron and neutron diffraction [6, 9] .

In a quantum-mechanical description, the probability distribution of
a free particle can be localized in space by forming a superposition
of complex-valued plane-wave functions ei(k·r−ωt) with different wave
vectors k and frequencies ω, corresponding to different momenta. The
waves interfere constructively in a limited region of space and destruc-
tively elsewhere. Thus, a so called wave packet is created representing
a quantum analog of a classical particle. Considering an atom in an
eigenstate, the electronic wave function represents a standing wave,
with a spatial probability distribution being constant over time. It is,
however, possible to create an electron wave packet within an atom.
This occurs when multiple bound atomic states are coherently pop-
ulated, forming an evolving system where the electron spatial distri-
bution varies with time. The first demonstration of wave-packet dy-
namics in atoms was performed by Yeazell et al [106] in an experiment
involving excitation of Rydberg states. In this case, temporal varia-
tions in the spatial electron distribution was probed by measuring the
time variation of the ionization probability of the excited system. The
time constant ∆t of the spatial evolution is determined by the Heisen-
berg uncertainty principle [11], ∆E · ∆t ≥ h, where ∆E is the energy
separation of the coherently excited states. Several other observations
of the electronic motion have been made in excited atoms [107, 108],
in highly excited Rydberg atoms [109, 110] and in positively charged
ions [105, 111].
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6.1 Methods

In the present work we describe a novel method to visualize the elec-
tronic motion in the ground state of an atom. A strong-field pump-
probe laser scheme has been used to directly project the spatial part of
the electronic distribution along the laser polarization direction onto
a detector. We have applied this method to the ground state of the
carbon atom and present the very first observations of a coherently
created electronic wave packet moving in the ground state of an atom.
Our basic idea is to initiate the experiment with a negative ion and
detach one electron by applying a strong linearly polarized laser field
of short pulse duration. Electron emission in a strong field is highly
dependent on the orientation of the electron orbital, i.e. on the mag-
netic quantum number ml of the initial state. The angular-momentum
quantization axis is here provided by the laser polarization. Orbitals
with ml = 0 display emission rates orders of magnitude larger than
orbitals with m` 6= 0 [74, 112]. Hence, the residual carbon atom is cre-
ated with a localized hole in the electron density distribution along
the laser polarization direction. This constitutes the orbital alignment
effect discussed in Refs [113–116, 118]. From the theoretical point of
view, the spatially confined hole is created due to a superposition of
the three spin-orbit components of the ground state of carbon. In or-
der to populate these components coherently, the detachment process
is required to be faster than the spin-orbit period of the ground state.
In our experiment we probe the dynamics of the coherently created
wave packet by ionizing the atom with a second strong laser pulse,
applied at variable time delays. As describe above, the strong field
mostly ionizes electrons with the density distribution localized along
the laser polarization axis. By projecting the photoelectrons onto a po-
sition sensitive detector, it is therefore possible to directly visualize the
electron density distribution in the residual atom. This method repre-
sents the most straightforward way to study the electron dynamics in
atomic systems available today.

The experiment was performed using an electron imaging spectrome-
ter (EIS) and a laser system that generated a pair of short laser pulses
of 100 femtosecond duration in the infrared wavelength region. The
optical setup is schematically shown in Fig. 6.1. Negative ions were
created in a commercially available sputter ion source. The ions were
accelerated and subsequently mass selected in a Wien filter before be-
ing intersected with the two laser beams inside the EIS. The experi-
mental setup and procedure is described in more detail in the supple-
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Figure 6.1: Schematic view of the experimental setup. An optical paramet-
ric amplifier (LASER) generates the linearly polarized pump (red) and probe
(purple) pulses. The two laser beams are split in a dichroic mirror (a), and
the pump beam divergence is controlled by a telescope (b). The time delay
between the pump and probe pulses is controlled by a motorized micrometer
translation stage (c). The polarizations of both beams can be rotated individ-
ually with two λ/2-plates, (d). The two laser beams are merged in a dichroic
mirror (e). Both beams are expanded, (f), before focused into the interaction
region with a 150mm focal length lens, (g), and intersected with the ion beam
(grey). Detached electrons are projected onto the position sensitive detector
inside the EIS, (h). The ion current is measured using a Faraday-cup (i).
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mentary material.

The photo-processes induced in this experiment can be expressed as

C− + n1hν1 → C + e−

followed by

C + n2hν2 → C+ + e−

where n1 and n2 denote the number of photons absorbed in the pump
and probe transitions, respectively, and hν1 and hν2 represent the cor-
responding photon energies. Electrons emitted in both steps were de-
tected using the EIS.

The ground quartet state of C− possesses three p-electrons having the
same spin projection but different magnetic quantum numbers, m` =
−1, 0,+1. Since the strong field detaches primarily the m` = 0 elec-
tron, this orbital becomes depleted immediately after the detachment
step, and the atom acquires a high degree of orbital alignment. The
wave packet of spin-orbit states in the residual atom, associated with
the localized hole in the m` = 0 orbital, is populated coherently. After
a variable time delay the residual carbon atoms were ionized by the
linearly polarized probe pulse hν2. The yield was observed to be de-
pendent of the hole-density state, controlled by the pump-probe delay.
Following the pump pulse, the hole created in the ground state of the
carbon atom starts its evolution. Its density distribution interchanges
between being oriented along and perpendicular to the quantization
axis defined by the pump pulse polarization. The probe pulse moni-
tors the electron density distribution along its own polarization axis.
The entire data acquisition procedure is described in the supplemen-
tary material.

6.2 Results

All data shown below were recorded with a time delay between the
pump and probe pulses, ∆tp, larger than 600 fs. The two laser pulses
were thus completely separated in time and effects associated with
interference between the two laser beams were completely avoided.
Fig. 6.2 shows three images recorded at ∆tp = 2000 fs, 2300 fs and 2600
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fs. The images represent the angle resolved momentum distribution of
the detected electrons. The electron’s momentum is represented by the
distance from center of the image, and the arrow in Fig. 6.2d displays
the direction of the probe laser polarization. A momentum of 1.5 a.u.
corresponds to the absorption of 45 photons. The main differences in
the figures are the number of high- energy electrons emitted along the
laser polarization, seen as vertically oriented jets.

Figure 6.2: (color online) Images recorded at time delays between pump and
probe pulses of 2000 fs (a), 2300 fs (b) and 2600 fs (c). p‖ and p⊥ represent
the momentum of the electrons emitted parallel and perpendicular with re-
spect to the laser polarization of the probe beam, shown as the arrow in (d).
A strong modulation in the amount of high-energy electrons, caused by a
coherently created wave packet in the ground state of the carbon atom, is ob-
served. The two rectangles shown in d) represent the area over which the
electron yield was integrated in the data shown in Fig. 6.3.

The experimental results presented in Fig. 6.2 can be directly under-
stood from the time evolution of the created electronic wave packet.
As discussed above, the photodatechment step creates a hole in the
electron density distribution along the polarization axis. This hole
has the form of a p-orbital aligned along the polarization axis, i.e. the
spherical harmonic Y10. Thereafter, the created atoms are exposed to a
second laser pulse, which has an intensity sufficiently high to induce
strong field ionization. However, there are no high-energy electrons
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produced since a hole was previously created in the population den-
sity along the polarization axis. Hence, no jet of high-energy electrons
is visible in Fig. 6.2a. In Fig. 6.2c, on the other hand, the hole in
the electron density has moved to be localized around the horizontal
plane, i.e. at 90◦ with respect to the pump polarization. This can be
visualized as the Y11 spherical harmonic. At this stage there is a high
electron density along the laser polarization axis, yielding a strong sig-
nal of high-energy electrons. A large modulation in the amount of ion-
ized electrons are therefore seen in the three figures, manifested as a
change in the intensity of the electron jet along the laser polarization.
Hence, the three images displayed in Fig. 6.2 clearly reveal a time evo-
lution of a coherently created wave packet moving in the valence shell
of the atom. The interpretation is supported by Strong Field Approx-
imation (SFA) simulations. The two extreme situations (a) and (c) in
Fig. 6.2 are reproduced by SFA simulations described in the supple-
mentary material.

The shortest spin-orbit period derived from the energy splitting of the
J = 0 and J = 2 components of the ground state is 768 fs. This period
is one order of magnitude larger than the rise time of the leading front
of the pump pulse where the photodetachment process generates most
of the atoms. According to our SFA simulations, this time interval ex-
tends over approximately 50 fs. While the intensity of the pump pulse
is sufficiently high to deeply saturate the photodetachment process,
our simulations show that its contribution to ionization of the residual
atoms is negligible. This is due to the low pump photon energy of 0.60
eV, which requires 18 photons to overcome the ionization threshold of
carbon.

The large signal of low energy electrons in the center of figures 6.2(a),
(b) and (c) are primarily due to negative ions that survived the pump
pulse and are photodetached by the probe beam. We put our focus
on the high-energy electrons in the jets where the strong-field effects
are the largest. Fig. 6.3 displays the time evolution of the amount of
high-energy electrons, evaluated by integrating the signal within the
area of the two rectangles shown in Fig. 6.2d.

The time evolution can be described as a quantum beat between the
three fine structure components of the ground state of the carbon atom.
The time period τ of the beat of two coherent states is given by τ =
h/∆E, where h is Planck constant and ∆E is the energy spacing be-
tween the states involved. In our case, there are three coherently pop-
ulated fine structure components, which give rise to three beat periods
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Figure 6.3: The yield of high-energy electrons emitted in the ionization step
plotted as a function of the time delay between the pump and probe pulses.
The solid line represents the fit result of Eq. 6.1 to the data set. Images shown
in Fig. 6.2 are associated to the data points denoted by (a), (b) and (c).

represented by τ1 (J=2,1), τ2 (J=2,0) and τ3 (J=1,0). A function contain-
ing the sum of three cosine functions is therefore fitted to the data set.

f(t) = α +
3∑
i=1

βi cos

(
2π

τi
(t− t0)

)
, (6.1)

where α represents a constant background and βi are the amplitudes of
the individual cosine functions. The uncertainty in the determination
of t = 0, where the two laser pulses are perfectly overlapped in time,
is represented by t0 in the fit procedure.

The result of the fit is shown in table 6.1 together with the oscillation
periods calculated using the tabulated values of the fine structure split-
ting ∆EFS [85]. The experiment covers more than three spin-orbit pe-
riods. The fine structure levels of the 3P state are expected to be popu-
lated in accordance to their degree of degeneracy. Thus the J = 2 level
is fivefold degenerate, the J = 1 level is three-fold degenerate and the
J = 0 level is non degenerate. Therefore, the main oscillation seen in
Fig. 6.3 is due to the beat between the J = 2 and J = 2 levels. There is
a good agreement between experimentally determined oscillation pe-
riods obtained from the fit and the values extracted from the tabulated
fine structure splittings. In particular, the strong beat between J = 1
and J = 2 levels is measured to be 1229±16.5 fs is in excellent agree-
ment with the value of 1235 fs calculated from τ = h/∆EFS .

We interpret the modulation of the amount of ionized electrons in the
probe step as a manifestation of a spatial change of electron density in
the carbon atom. For the very first time the electron dynamics in the
ground state of an atom is directly visualized. The pump pulse creates
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Beat ∆EFS (meV) τcal (fs) τexp (fs) Rel. Ampl.
J01 2.03 2034 1931±1456 0.01±0.075
J02 5.38 769 637±23 0.081±0.070
J12 3.35 1235 1229±16.5 1±0.056

Table 6.1: Fine structure splittings (∆EFS), calculated beat periods (τcal),
measured beat periods (τexp) and relative amplitude of the quantum beats.

a wave packet in the carbon atom. The motion of the wave packet pro-
duces an oscillation in the electron probability density along the laser
polarization direction. The method used to detect the probability den-
sity as a function of time shows a direct visualization of the oscillating
wave packet. We see a near complete modulation of the ionization
signal over a full oscillation period. No sign of decoherence is visible
within four full oscillations. Further investigations on the time scale
of decoherence are in progress. Strong field simulations support the
view of a spatially moving wave packet in the valence shell of the car-
bon atom. The current results focus on the carbon atom, which is of
wide interest in several fields, not only in physics but also in quan-
tum chemistry and biochemistry. The method is general and can be
applied to a wide field of quantum systems such as other atomic ele-
ments or more complex quantum mechanical systems. Future investi-
gations will be performed to probe motions of electronic wave packets
in diatomic molecules.

Acknowledgments: This work was funded by the Deutsche Forschungs-
gemeinschaft (DFG), Grant No. KI 865/3-1. DH acknowledges sup-
port by the Swedish Research council, ME acknowledges support by
the ICONIC network.

6.3 Supplementary Material:

6.3.1 Experimental Setup

In short, the linearly polarized idler (2055 nm) and signal (1310nm)
outputs from an optical parametric amplifier (OPA) pumped with a
mode-locked Ti:sapphire laser system at a repetition rate of 1kHz were
used as the pump and probe beams, respectively. The laser beams
were split using a dichroic mirror. The polarization axes of both laser
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beams were controlled by means of two λ/2 plates. The time delay
between the pump and the probe pulses was varied by changing the
optical path length for the pump beam with the use of an optical delay
stage. A 150 mm focal length lens placed in front of the experimen-
tal chamber focused both laser beams into the interaction region. The
focal positions along the beam propagation direction were made to co-
incide by adjusting the divergence of the pump beam with the use of a
telescope. A negative lens expanded both beams before being focused
into the interaction region. This decreased their diffraction limited fo-
cal sizes in the interaction region, hence increasing intensity. Focal
sizes of 18µm (FWHM) and 10 µm. (FWHM) for pump and probe
pulses, respectively, were measured using standard beam diagnostic
tools. The pulse duration of the two beams were 100 fs (FWHM).
The pulse energies of the pump and probe beams were 150 and 240
µJ , yielding the peak intensities of 8×1013 and 4×1014 W/cm2, respec-
tively. The two laser beams were merged using a dichroic mirror.

A beam of negative carbon ions was produced in a sputter ion source.
The ion beam was accelerated to a kinetic energy of 4.5 keV, mass se-
lected in a Wien filter and intersected with the two laser beams in-
side an Electron Imaging Spectrometer (EIS) [75, 76] operating in the
velocity mapping regime [71]. The spectrometer allows the record-
ing of angle resolved momentum distributions of photoelectrons. An
ion current of 300 nA was measured after the spectrometer. The ion
beam was focused using an Einzel lens to a beam waist of 1 mm. The
linearly polarized pump pulse, hν1, induced photodetachment of the
4S3/2 ground state of C−, leaving the residual carbon atom in the triplet
3P ground state (see Fig. 6.4). It represents the only detachment chan-
nel for the C− ground state since spin conservation does not allow
transition to the 1D and 1S states, having the same 2p2 configuration.
There is also a 2D excited state in C−. However, it has been shown
that the amount of excited carbon anions generated in a sputter source
is typically several orders of magnitude smaller than the amount of
anions produced in the ground state [117]. Therefore, we can neglect
the contribution of the 2D state in our consideration and we conclude
that photodetachment of C− produces a pure ground-state population.
Due to the larger focus size of the pump beam and the saturation con-
dition in the photodetachment step, the region where carbon atoms
are produced in the aligned 3P state is considerably larger than the fo-
cal volume of the probe pulse. Substantial efforts were made to ensure
that the probe beam overlaps with the ion beam in the center of the
pump beam, where all negative ions are photodetached. The target
ions move over a negligible fraction of the focal size during the time
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span between the pump and probe pulses. Hence, the probe beam in-
teracts solely with neutral carbon atoms created in the aligned state.
The probe pulse has a higher photon energy than the pump pulse,
requiring absorption of 11 instead of 18 photons to overcome the ion-
ization threshold. The probe pulse was able to ionize the atoms due to
the lower number of photons required, in combination with a higher
intensity. A higher contrast is obtained by displaying the difference
in the ionization yield recorded for different polarization directions of
the probe beam with respect to the pump polarization. Therefore, for a
given pump-probe time delay we recorded images with the pump and
probe polarizations being parallel and perpendicular to each other and
subtracted them. The probe polarization was always kept parallel to
the detector plane of the EIS. The EIS does not reveal if the detected
electrons have been generated by the pump pulse or the probe pulse.
In order to isolate the ionization yield, photoelectron spectra generated
by the pump pulse alone were therefore subtracted from the images as
a background. The complete acquisition procedure is graphically de-
picted in Fig. 6.5.

Figure 6.4: Energy level diagram (not to scale) of the negative carbon ion and
selected low-lying states of the carbon atom [85]. The arrows schematically
depict the phototransitions induced by the pump and probe pulse.

6.3.2 The Strong Field Approximation

Our experimental observation can readily be modeled using the Strong
Field Approximation (SFA) introduced by Keldysh [65]. The approxi-
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Figure 6.5: Acquisition procedure: Ionization yield with the parallel ar-
rangement of the pump and probe polarizations (right parentheses) is sub-
tracted from the yield with their perpendicular arrangement (left parenthe-
ses). Dashed and solid arrows represent the polarization direction of the
pump and probe pulses, respectively.

mation consists in neglecting the core potential in the final continuum
state. Thus, the final state is represented by the Volkov wave func-
tion [66], which describes a free electron quivering in an external laser
field. We have simulated photodetachment followed by photoioniza-
tion using the SFA approach developed by Gribakin and Kuchiev [69].
This approach has been proved to describe strong-field detachment
very well [71] as well as sequential double detachment [72]. A detailed
description of the theory is available in and its application to the case
of negative ions together with the simulation routine are presented in
a thorough manner in [71]. We use this routine to calculate strong-
field ionization yields separately for the m` = 0 and m` 6= 0 states in
the carbon atom. The simulation procedure includes integration of
the electron yield over the spatiotemporal intensity distribution in the
laser focus. Fig. 6.6 displays angle-resolved photoelectron spectra of
strong-field ionization of carbon, obtained with the laser parameters
used in the present experiment. In Fig. 6.6a, the result of strong-field
ionization of the atom in the m` = 0 state reveals a greatly enhanced
ionization yield. Fig. 6.6b shows the result of simulations where the
initial state has m` 6= 0, i.e. the p orbital is aligned perpendicular to the
linearly polarized probe laser field. The direction of the polarization
of the probe beam is vertical in the figure. The simulations are in good
agreement with the two extreme situations in the experiment, where
the electron density distribution along the probe polarization axis has
a minimum (Fig. 6.2a) and where it has a maximum (6.2c).

The authors gratefully acknowledge support from the Deutsche Forschungs-
gemeinschaft (DFG), Grant No. KI 865/3-1 and Swedish Research
Council.
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6.3. Supplementary Material:

Figure 6.6: Simulated ionization spectra of carbon assuming that either a pure
m` = 0 (a) or a pure m` 6= 0 (b) orbital is ionized. Note the difference in the
color scales of the two figures.
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The advance of femto- and attosecond lasers has opened up for time resolved
studies of electronic dynamics in atoms and molecules. The ultimate goal is to
monitor and control chemical reactions on an atomic level. We present a novel
method providing a direct visualization of electronic motion in the ground
state of atoms. A femtosecond pump-probe laser scheme combined with veloc-
ity map imaging were used to project the electron density distribution onto a
macroscopic detector. The pump laser pulse creates a coherent electronic wave
packet in the ground state of the atom through multiphoton detachment of
its parent negative ion. This wave packet is subsequently probed by strong
field ionization. The energy and angular distribution of the emitted electrons
are detected using a velocity map imaging spectrometer. We observe a strong
temporal modulation in the yield of ionized electrons, due to a periodic spatial
rearrangement of the electron cloud in the atom. The method has been applied
to carbon and silicon atoms.

Electronic motion and correlations in the valence shell of an atom is
a fundamental topic presently receiving a great deal of attention. The
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advance of femto- and attosecond lasers has opened up a vast field
of monitoring and controlling electron dynamics on ultrashort time
scales. It is possible to create an electronic wave package within an
atom, ion or molecule, forming a system where the spatial electron
distribution evolves over time. This occurs when multiple states are
coherently populated [118]. According to the Schrödinger equation the
populated states have different phase velocities producing a quantum
beat. The beat period is given by τ = ∆E/h, where ∆E is the fine
structure splitting between two populated states, and h is the Planck
constant. Yeazell et al. [106] created a wave packets and detect the
resulting quantum beat in highly excited Rydberg atoms. Several other
indirect observations of electron dynamics have been performed, e.g in
excited atoms [107, 108], in highly excited Rydberg atoms [109, 110] in
positively charged ions [105, 111].

In this work we describe a novel method to visualize electronic mo-
tion in the ground state of an atom. The current experiment was per-
formed by combining a momentum and angular resolved Electron
Imaging Spectrometer (EIS) [75, 76], operated in the velocity mapping
regime [79], with a strong-field pump-probe laser scheme to directly
project the spatial part of the electronic wave function along the laser
polarization onto a detector. A key to the success of this experiment
was to initiate the experiment with a negative ion. We have investi-
gated the time evolution of a coherently created wave packet in car-
bon and silicon atoms. Both belong to the carbon group of the peri-
odic table in which the negative ion have a p3 3P configuration, i.e.
with three electrons in half filled valence shell. Hence, the negative
ion is spherically symmetric. The extra electron is removed through
a strong-field photodetachment process. The probability of initiating
a detachment process in a strong laser field is strongly dependent on
the ml quantum number of the individual electrons. Electron states
with ml = 0 display detachment rates orders of magnitude larger than
substates having ml 6= 0 [74, 112]. Hence, a short laser pulse will de-
tach ml = 0 substates first and a localized hole in the electron density
distribution is created along the laser polarization. The residual atom
has a reduced population in ml = 0 while ml 6= 0 substates are still
populated. The atom is said to be in an aligned state [113–116, 118].
The spatially confined hole is created due to a superposition of the
three spin-orbit components of the ground state of the atom. In or-
der to populate these components coherently, the detachment process
should be faster than the spin-orbit period of the ground state, this re-
quires application of a femtosecond laser pulse. The localized hole in
ml = 0 is subsequently probed by strong-field ionization of the resid-
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ual atom. The ionization yield is dependent on the spatial electron
distribution in the atom which is changing due to the oscillating wave
packet. The fine structure splitting in carbon and silicon atoms is of
the order of a few meV, resulting in a wave packet evolving on a fem-
tosecond time scale. The time evolution of the coherently created wave
packet was observed by varying the time delay between the pump and
probe pulses. The electron density along the direction of the probe
pulse polarization was projected onto a detector and probed as a func-
tion of the pump-probe delay time. This method represents a more
direct way to study the electron dynamics in atomic systems than the
other approaches above.

7.1 Methods

Figure 7.1: Schematic view of the experimental setup. The probe (purple) and
pump (red) pulses are separated in a dichroic mirror (a). The pump beam
divergence is controlled by a telescope (b). The time delay between pump
and probe is controlled by a motorized micrometer translation stage (c). The
polarizations of both beams can be rotated individually with two λ/2-plates,
(d). The two laser beams are merged in a dichroic mirror (e). Both beams are
expanded, (f), before focused into the interaction region with a 150mm focal
length lens, (g), and intersected with the ion beam (grey). Detached electrons
(solid black lines) are projected onto the position sensitive detector inside the
EIS, (h). The ion current is measured using a Faraday-cup (i). [87].

An ion source [78] was used to produce negative ions. C− ions were
produced from a solid graphite cathod and Si− from a cathode con-
sisting of compressed silicon powder. The vacuum system and EIS
are described in detail elsewhere [71, 75, 76]. The ions produced in the
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source were accelerated to 4.5 keV and mass selected in a Wien filter.
After mass selection the beam was bent by 90◦ in a quadrupole deflec-
tor to remove any neutral atoms or molecules present in the beam. The
ion beam was focused by an electrostatic lens into the interaction re-
gion where it was intersected with the two laser beams inside the EIS.
A typical ion current of 100-200 nA and a beam waist of less than 1
mm were obtained in the interaction region. The EIS consisted of a set
of electrodes projecting electrons emitted in the entire solid angle onto
a stack of multichannel plates. A phosphor screen placed behind the
MCPs gave off a light flash for each electron detected. The flash was
detected by a 12bit CCD-camera with 1280x1024 pixels from LaVision
using the accompanying software Davis [119]. The EIS was operated
in the velocity mapping regime [79]. Electrons having the same mo-
mentum vector, p, were projected onto the same point on the detector
regardless of where in the focal volume they were ejected. This was
achieved by a nonuniform electric field. The projection voltage used
in the EIS was 1.6 kV. The detector was calibrated by single photon ab-
sorption of H−. The absorbed photon initiated a p-wave detachment
of the initial, 1s2, electron configuration. Three different photon ener-
gies producing photoelectrons with kinetic energies of 0.804 eV, 1.347
eV and 2.363 eV, yielding a calibration coefficient of 0.976(3)×106m/s
per pixel of the CCD [75, 76]. The pump-probe laser scheme used in
the experiment is shown in Fig. 7.1. The linearly polarized idler and
signal outputs from an optical parametric amplifier, TOPAS [120] from
Light Conversion, were used as the pump and probe pulses, respec-
tively. The TOPAS was pumped by a 800 nm mode-locked femtosec-
ond Ti:sapphire laser system, from Clark-MXR, at a repetition rate of
1kHz. The pump beam and the probe beam were separated using a
dichroic mirror. The polarization axes of both laser beams were indi-
vidually controlled by means of two λ/2-plates. The time delay be-
tween the pump and the probe pulses was controlled by changing the
optical path length for the pump with the use of a motorized linear
micrometer translation stage. The two laser beams were merged again
using a dichroic mirror. A 150 mm (carbon) or 200 mm (silicon) focal
length lens placed in front of the experimental chamber was used to
focus both laser beams into the interaction region. The focal points
along the beam direction were made to coincide by adjusting the di-
vergence of the pump beam using a telescope. The focal sizes were
diffraction limited. In order to decrease those, both beams were ex-
panded by a negative lens. Focal sizes of 18µm (FWHM) and 10 µm
(FWHM) (carbon) or 24µm (FWHM) and 13µm (FWHM) (silicon) for
pump and probe pulses, respectively, were achieved. Both pulses were
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Figure 7.2: Acquisition procedure: Ionization yield with the parallel ar-
rangement of the pump and probe polarizations (right parentheses) is sub-
tracted from the yield with their perpendicular arrangement (left parenthe-
ses). Dashed and solid arrows represent the polarization direction of the
pump and probe pulses, respectively.

of 100 fs duration. The pump had a pulse energy of 150 µJ , yielding a
peak intensity of 8×1013W/cm2. The probe had a pulse energy of 240
µJ and a peak intensity of 4×1014W/cm2. First the two laser beams
were overlapped in time using a BBO crystal. In the BBO crystal the
pump and probe pulses were recombined into the 800 nm pulse pro-
duced by the Ti:Sapphire laser. This time was set to t = 0. The laser
focal position in the ion beam was optimized by observing the detach-
ment signal in the EIS. The atoms produced by the pump beam were
subsequently exposed to the probe beam. The alignment effect in the
probe step was observed by making four different recordings at each
pump-probe time delay. Each recording is built up through 300 sec-
onds of exposure time. First, an image is recorded with the pump and
probe beam polarizations aligned perpendicularly (Fig. 7.2a). Second,
a background image with only the pump laser present is recorded (Fig.
7.2b). The third image was obtained with the pump and probe beams
aligned parallel (Fig. 7.2c). Finally, a background image with only
the pump laser present is recorded (Fig. 7.2d). The effect of the probe
beam is isolated by subtracting (b) from (a) and (d) from (c). The align-
ment effect in the carbon atom is visualized by comparing the probe
yields obtained with the perpendicular and parallel polarization ge-
ometries.

7.2 Theoretical aspects

The system is simulated by statistically populating a density matrix.
The ground state of C− and Si− is a quadruplet state with total spin
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projection M ′
S ∈ {−3/2,−1/2, 1/2, 3/2}. M ′

S = MS + ms where MS is
the total spin projection of the neutral atom and ms is the spin projec-
tion of the electron that is to be detached. In the ground state of C−

and Si−, ms ∈ {−1/2, 1/2} andMS ∈ {−1, 0, 1}. MS = 0 andMS 6= 0 are
equally populated. As mentioned previously the detachment rate for
electrons with ml = 0 is higher than that for ml 6= 0. Since the ground
state of the negative ion has three 2p electrons in its valence shell, there
will be one electron occupying each of the three subshells ml = −1, 0
and 1. Detachment of the ml = 0 electron leaves the residual atom in
a ML = 0 state, while detachment of an ml = ±1 electron leaves the
atom in an ML = ∓1 state. With defining the detachment rate ratio
between electrons with ml = 0 and ml 6= 0 to be dNI , states with ML is
given a weight WML

by

WML
=

{
dNI , ML = 0

1, ML 6= 0
(7.1)

The weight WML
is found by simulating strong field detachment us-

ing a Keldysh-like Strong Field Approximation theory (SFA) [65] de-
veloped by Gribakin and Kuchiev [69]. The spatiotemporal intensity
distribution in the laser focus is taken into account as well as the de-
pletion of negative ions. The simulation routine is described in more
detail in [71]. By integrating the total number of events in the simu-
lation the ratio has been determined to be dNI = 27.4 for carbon and
dNI = 19.9 for silicon.

With the statistical weights given by Eq. (7.1) the density operator for
the neutral atoms at time t = 0 is given by

tr(ρ(0))ρ(0) =
1∑

ML=−1

1∑
MS=−1

WML
|ML,MS〉 〈ML,MS| (7.2)

The tr(ρ(0)) on the left hand side of Eq. (7.2) represents the fact that the
right hand side is not normalized. Note that even though ρ is diagonal
in the |ML,MS〉 representation, it will have non-zero off-diagonal en-
tries in the |JMJ〉 basis and therefore describes a coherently populated
state. The time evolution of the density operator is given by

ρ(t) = e−(it/~)Hρ(0)e(it/~)H (7.3)

where H is the hamiltonian of the system.
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A reduced density operator ρML(t) can be constructed by taking the
partial trace with respect to the spin magnetic quantum number space

ρML(t) = trMS
(ρ(t)). (7.4)

The population pML
(t) of atoms in state ML at time t is then given by

the projection of the reduced density operator onto the state |ML〉.

pML
(t) =

〈
ML

∣∣ ρML(t)
∣∣ML

〉
(7.5)
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Figure 7.3: Ionization rate of carbon. Blue and green lines represent the ion-
ization rate with the pump and probe beam polarizations aligned perpen-
dicular and parallel with respect to each other, respectively. The red line is
the parallel result subtracted from the perpendicular results. Stars represent
experimental data.

These populations are then ionized using the same scheme as above
for the detachment producing the ionization rate as a function of the
time delay, as can be seen in Fig. 7.3 for carbon and Fig. 7.4 for sili-
con. The difference between the ionization rate for perpendicular and
parallel pump beam is also formed and compared to the correspond-
ing experimental results. Note that the amplitude of the experimental
data has been scaled to the theoretical curve. The reduced amplitude
of the experimental data is due to photoelectrons produced through
other channels which do not display an alignment effect, and averag-
ing over the duration of the laser pulses.

7.3 Results

Figure 7.5a, b and c present momentum and angular resolved photo-
electron spectra of ionized electrons from aligned carbon atoms recorded
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Figure 7.4: Ionization rate of silicon. Blue and green lines represent the ion-
ization rate with the pump and probe beam polarizations aligned perpen-
dicular and parallel with respect to each other, respectively. The red line is
the parallel result subtracted from the perpendicular results. Stars represent
experimental data.

at pump-probe delays of 2000 fs, 2300 fs and 2600 fs, respectively. The
momentum of the electrons are represented by the distance from the
point of impact to the center of the image. The probe laser polariza-
tion is vertical in all the images. P‖ and P⊥ refer to electron momenta
measured parallel and perpendicular to the laser polarization direc-
tion, respectively. The main difference in the images are the number
of high-energy electrons emitted along the laser polarization. These
electrons are seen as vertically oriented jets. An electron momentum
of 1.5 a.u. corresponds to an absorption of 45 photons.

The time dependence of the alignment effect is visualized by integrat-
ing the number of electrons on the detector within the area marked by
the blue rectangles (Fig. 7.5d). The yield is plotted as a function of the
pump-probe time delay. The result of experiment on the carbon atom
is presented in Fig. 7.7. The pump-probe delay was varied between
600 fs and 5000 fs. We observe a periodic modulation of the ioniza-
tion yield. The result from an experiment on silicon, where the same
method has been applied is presented in Fig. 7.8. The time span inves-
tigated in silicon was 950 fs to 2200 fs. A sum of three cosine functions

f(t) = α+β cos(
2π

τ01

(t+∆))+γ cos(
2π

τ02

(t+∆))+ε cos(
2π

τ12

(t+∆)), (7.6)

were fitted to each of the two data sets. Here τ01,02,12 are the three
expected quantum beats discussed previously. There is a clear oscil-
lation in the yield of photoelectrons depending on the pump-probe
delay. The larger fine structure splitting in silicon compared to carbon
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Figure 7.5: Images recorded at time delays between pump and probe pulses
of 2000fs, 2300fs and 2600fs. A strong modulation is observed. The amount of
ionized high-energy electrons depends strongly on the phase of the created
wave packet in ground state of the atom. P‖ and P⊥ (perpendicular) refer
to the electron momenta measured parallel and perpendicular to the laser
polarization direction, respectively.
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gives a time period approximately five times shorter than in carbon.
The agreement between the time periods calculated from τ = ∆E/h
using tabulated fine-structure splittings [121] and experimentally ob-
tained values are excellent in the case of the strongest observed beat,
J12.

Discussion

As described in section 7.2, the detachment rate via tunneling has a
strong dependence on the magnetic quantum number ml, with sub-
states having ml = 0 displaying detachment rates substantially larger
than those for substates with ml 6= 0. After detachment the remaining
neutral atom will be left in an aligned state with a hole in the ml = 0
distribution. A plot of the wavefunction of such a hole is shown in
Fig. 7.6. Since we remove one out of three electrons from a spherically
symmetric state we find it more expressive to show the spatial prob-
ability distribution of the created hole. The oscillation can be directly
understood by observing the hole probability density plots shown in
Fig. 7.6. Considering carbon, in Fig. 7.6a, a hole has been burnt along
the polarization axis (vertical in the figure). The photoionization yield
at this instance is very low. The electron density along the polarization
axis has then been depleted, corresponding to the situation shown in
Fig. 7.5a. 600 fs later, shown in Fig. 7.6c, the time evolution of the dif-
ferent substates has changed the electron distribution completely. The
partial waves are now interfering constructively along the laser polar-
ization direction. The electron density along the laser polarization is
substantially larger, and the ionization yield is enhanced, correspond-
ing to (Fig. 7.5c). The population along the laser polarization axis in
the atom is projected directly onto the detector. We interpret the os-
cillation in the yield of photoelectrons as a periodic spatial rearrange-
ment of the electron density in the atom.

In table 7.1 the beat periods calculated from the tabulated fine-structure
splittings are presented together with the experimental results acquired
from the fit of Eq. 7.6. In both carbon and silicon the main beat fre-
quency observed is J1↔2. We create a wave packet in the carbon atom
and the motion of the wave packet gives rise to an periodic rearrange-
ment in the electron probability density along the laser polarization
direction. The electron density is probed by strong field ionization
projecting the spatial part of the electronic wavefunction onto the de-
tector. We see a clear oscillation in the ionization yield corresponding
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Figure 7.6: Spatial hole density distributions in the carbon atom. (a) The dis-
tribution after exposure to a strong laser field where a hole has been burnt
along the axis of polarization (vertical in the figure). (b) The hole distribu-
tion after 300 fs. (c) The probability distribution after 600 fs, where the wave
package movement has filled the hole along the laser polarization. (d) The
probability distribution after 900 fs. (e) Revival of the initial hole distribution
takes place 1200 fs after the wave packet is created.
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Figure 7.7: The number of high-energy electrons emitted from the aligned
carbon atoms in the ionization step plotted as a function of the time delay
between the pump and probe pulses.
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Figure 7.8: The number of high-energy electrons emitted from the aligned
silicon atoms in the ionization step plotted as a function of the time delay
between the pump and probe pulses.
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Table 7.1: Carbon and Silicon

Carbon ∆E (meV) τcal ± σ (fs) τexp ± σ (fs) Rel. Amp.
J0↔1 2.03 2034 1931 ± 1456 0.01 ± 0.075
J0↔2 5.38 769 637 ± 23 0.081 ± 0.070
J1↔2 3.35 1235 1229 ± 16.5 1 ± 0.056

Silicon
J0↔1 2.03 433 408 ± 13.2 0.139 ± 0.12
J0↔2 5.38 149 175 ± 6.7 0.049 ± 0.12
J1↔2 3.35 228 225 ± 2.7 1 ± 0.12

to an electronic wave packet moving in the valence shell of the carbon
and silicon atoms. SFA simulations in combination with a density ma-
trix formalism support the view of a spatially moving wave packet in
the valence shell of the carbon atom. No sign of decoherence is visible
within the investigated time window of carbon and silicon. The same
experiment was also conducted on germanium. In this case, however,
the J1↔2 beat period is 40 fs, which is too short to be observed with
our 100 fs long laser pulses. Further investigations on the time scale
of decoherence are in progress. We have investigated carbon and sil-
icon, which are of interest not only in physics but also in biochem-
istry and material science. The method used is general and can be
applied to a wide field of quantum systems such as other atomic el-
ements or molecules. Investigations of negatively charged diatomic
silver and germanium molecules are underway where we intend to
create and observe a vibrational wavepacket in the neutral species of
the molecule.

The authors greatly appreciate the fruitful discussions with Sten Sa-
lomonson. HH and IK acknowledge the support by the Deutsche
Forschungsgemeinshaft, Grant No KI865/3-1. ME acknowledges Marie
Curie Actions and the ICONIC network. Financial support from the
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We report on the first experimental observation of a new threshold behavior
observed in the 5 2G partial channel in photodetachment of K−. It arises
from the repulsive polarization interaction between the detached electron and
the residual K(5 2G) atom, which has a large negative dipole polarizability. In
order to account for the observation in the K(5 2G) channel, we have developed
a semiclassical model that predicts an exponential energy dependence for the
cross section. The measurements were made with collinear laser-ion beams
and a resonance ionization detection scheme.

Inelastic scattering processes involving resonant excitation have pro-
vided a wealth of information on bound and quasibound states, whereas
less emphasis has been placed on nonresonant or continuum processes.
Studies of threshold behavior in such processes are of fundamental in-
terest since they allow us to better understand the nature of the inter-
actions between particles created by fragmentation. For example, Ein-
stein’s interpretation [2] of the frequency dependence of the threshold
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position in the photoelectric effect was instrumental in the develop-
ment of quantum mechanics. Threshold effects have been shown to be
important in diverse areas of physics including atomic and molecular,
subatomic and solid state physics [122]. Specific examples include nu-
clear halo states [123], evaporative cooling of fermionic atoms [124],
molecular dissociation [125] and the neutron capture process [126].

In the field of atomic physics, the interpretation of particle scattering
and photo-fragmentation experiments is aided by the fact that the in-
terparticle interactions are well understood. One particularly interest-
ing photo-fragmentation process is photodetachment. Here an elec-
tron is ejected from a negative ion following the absorption of a pho-
ton. Studies of threshold behaviors in one-electron photodetachment
are of fundamental interest. Just above threshold, the detached elec-
tron moves very slowly relative to the residual atom and its motion
and that of the remaining atomic electrons become highly correlated.
In this system, subtle correlation interactions are not masked by far
stronger Coulomb forces, which is the case in photoionization. Wigner
showed that the centrifugal potential determines the behavior of the
cross section in the threshold region for two-particle breakup reactions
for which the interaction approaches zero faster than r−2 [23]. The
cross section is then given by σW ∼ (Ehν − Eth)`+1/2 = Ee

`+1/2, where
Ehν is the photon energy, Eth is the threshold energy and Ee and ` are
the kinetic energy and angular momentum of the detached electron,
respectively.

The Wigner law is strictly valid only at threshold. However, good
agreement between the Wigner law and measured cross sections are
typically observed up to energies on the order of 10 meV above thresh-
old, see for example Refs. [127–129]. In one particular case, however,
when detachment of an inner-shell electron was investigated, the data
followed the Wigner law up to 2 eV above threshold [130]. The low-
est order correction terms to the Wigner law include the effects of the
finite size of the initial state wave function [131] and the polarizabil-
ity of the residual atom [132]. Several theoretical studies of thresh-
old behavior in the presence of an attractive polarization interaction
have been made [132, 133]. The approximations made in the model
by O’Malley [132], however, severely reduce its applicability when the
polarizability is large [134]. In photodetachment experiments on Li−

and K−, in which the atoms were left in highly polarizable states, a
more advanced modified effective range model [133] had to be applied
to describe the observed threshold behaviors [134].

In this Letter we present the results of an experiment on one-electron
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photodetachment from the K− ion. Specifically, the partial cross sec-
tions for the K−+e−(εd) and K(5 2G)+e−(εf) final state channels have
been measured. The dipole polarizabilities of the K atom in the K(5
2F ) and the K(5 2G) states have been calculated to be 3 936 137 and
−3 097 696 a.u., respectively [135]. The polarizability of the 4 2S ground
state is 307 a.u. The large polarizabilities arise since the 5 2F and 5 2G
states are energetically close (separated by only 1.3 meV [136]) and
thus interact strongly in an external field, while other states are far
away. Because of the large polarizabilities, the polarization potential
is expected to play a significant role in determining the behavior of the
cross section above both thresholds. Our measurements exhibit very
different behaviors above the two thresholds: a steplike onset in the
K(5 2F ) channel, while the increase of the cross section in the K(5 2G)
channel is very slow. This difference is attributed to the sign difference
of the polarizability and thus whether the final state interaction is at-
tractive or repulsive. This is the first reported observation of the effect
of a strong, repulsive polarization interaction on a photodetachment
threshold.

The effects of the attractive and repulsive potentials on the onset of
production of electrons in photodetachment are reminiscent of the ef-
fects seen in the nuclear β decay distributions [137]. In β− decay there
is a steplike onset at the low-energy end of the electron distribution, in
sharp contrast to the suppressed production of low-energy β+ parti-
cles. This difference is explained by the attractive and repulsive Coulomb
interactions, respectively, in the final states.

8.1 Methods

In order to measure the small partial cross sections for the K(5 2F )
and K(5 2G) channels, the experiment was performed in a collinear
laser-ion beam geometry to maximize the sensitivity. A resonance ion-
ization scheme was used to distinguish the two channels. The exper-
iment was performed at Gothenburg University Negative Ion Laser
Laboratory. Negative ions of potassium were created from K2CO3 in
a sputter ion source and were accelerated to 6 keV energy. The ion
beam was mass selected in a magnetic sector before it was bent by an
electrostatic quadrupole deflector into an interaction region defined
by two 3 mm apertures placed 61 cm apart. This part of the setup has
been described in detail by Diehl et al. [138]. The interaction region
is shielded against stray electric fields by means of a stainless steel
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tube centered along the path of the ions. A SIMION [139] simulation
showed that the residual electric field in the interaction region is sub-
stantially smaller than 1 V/cm. An electric field of this strength would
result in a mixing of the 5 2F and 5 2G states that is less than 10−4,
and this effect can thus be neglected. In the interaction region, the ion
beam was merged with two copropagating laser beams. A pulsed UV
laser was used to photodetach the K− ions. A pulsed IR laser reso-
nantly excited the residual atoms to specific Rydberg states. After the
interaction region, an inhomogeneous electric field and a position sen-
sitive detector (PSD) served as a Rydberg state analyzer. The analyzer
will be described in more detail in a forthcoming publication. Rydberg
atoms in different states were field ionized at different positions in the
field so that the resulting positive ions were deflected at different an-
gles into the detector. Information on where the ions hit the PSD was
used to distinguish between different Rydberg states and to separate
the field-ionized Rydberg atoms from positive ions created in sequen-
tial photodetachment-photoionization by two UV photons. Another
advantage of the PSD was that it enabled subtraction of diffuse back-
ground processes. The electrical field in the Rydberg analyzer also
deflected the negative ion beam into a Faraday cup. For each shot of
the two lasers, the data from the PSD were recorded together with the
measured wavelength and pulse energy of the UV radiation and the
ion current.

The ion current in the interaction region was on the order of 1 nA. Both
lasers were Nd:YAG-pumped Optical parametric oscillators delivering
about 6 ns pulses with repetition rates of 10 Hz. The specified band-
widths were 0.2 cm−1 ≈ 25 µeV. The pulse energy of the IR laser after
the chamber was approximately 0.2 mJ, which was sufficient to satu-
rate the resonant transitions to the Rydberg states. The UV energy was
approximately 0.7 mJ, far from saturating the nonresonant photode-
tachment process. In order to investigate the threshold regions, the
UV radiation was tuned from 4.290 to 4.352 eV in the ion rest frame.
The IR laser was tuned to one of the resonant transitions 7 2S → 25 2P ,
5 2F → 23 2D or 5 2G → 22 2F , which, in the rest frame, correspond to
562.050, 519.566, and 516.461 meV, respectively [136]. The UV pulse
arrived at the chamber approximately 50 ns before the IR pulse.

Counts in a selected area of the detector were summed, and the back-
ground around the selected area was subtracted. This number was
normalized with respect to the ion current and the pulse energy of the
UV laser and finally sorted and binned based on the measured UV
wavelength. The measured photon energies were converted to the ion
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rest frame based on the kinetic energy of the ion beam. This induced
an uncertainty in the energy scale that is less than 20 µeV, which is on
the order of the laser bandwidth.

8.2 Results

Figure 8.1 shows the thresholds for photodetachment to the K(5 2F )
and K(5 2G) channels in panels (a) and (b), respectively. Note that the
energy range in (a) is 25 times smaller than in (b). Figure 8.1 (a) cov-
ers the fast onset of the cross section in the K(5 2F ) channel, which
plateaus approximately 200 µeV above the threshold. The small sig-
nal just below the channel opening is caused by the finite bandwidth
of the laser. This steplike rise at threshold is the same energy de-
pendence that has been seen in photodetachment experiments leaving
the residual atom in a state with high positive polarizability [134], as
discussed above. The observed threshold behavior deviates strongly
from the Wigner law. Even with the correction term of O’Malley [132],
the Wigner law cannot be used to reproduce any part of the data in
Fig. 8.1 (a).

With the large positive polarizability, the height of the centrifugal bar-
rier in the K(5 2F ) + e−(` = 2) channel is reduced to only 31 µeV. At
detachment energies above this value, the electron can pass above the
barrier. Therefore, the cross section is expected to rise very rapidly
to its maximum value. This is in good agreement with Fig. 8.1 (a), in
which the cross section reaches 80 % of the maximum value at 100 µeV
above threshold.

In sharp contrast, the cross section for the K(5 2G) channel, shown in
Fig. 8.1 (b), has a very slow onset. Moreover, a broad resonance is seen
to modulate the cross section at energies around 4.32 eV. Except for this
modulation, the cross section is increasing over the whole observable
range. The figure contains data up to 54 meV above threshold, which
is just below the K(7 2P ) channel opening.

The presence of the resonance in Fig. 8.1 (b) complicates the analysis
of the nonresonant threshold behavior. The same resonance appears
in the partial cross section for the K(7 2S) channel (not shown), which
opens at 4.255 eV [136, 140]. A fit of a Shore profile to this resonance
yielded a resonance energy E7 2S

r = 4.320(3) eV and a width Γ7 2S
r =

25(9) meV.
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Figure 8.1: Partial photodetachment cross sections measured in the K(5 2F )
channel (a) and K(5 2G) channel (b). Note that the energy range in (a) is 25
times smaller than in (b). The dashed vertical lines indicate the experimen-
tally known threshold positions [136, 140]. The solid line in (b) is a fit of
the function in Eq. (8.3) with σth from Eq. (8.2). The resonance position and
width, as extracted from the fit, are indicated by the vertical and horizontal
bars in (b).

The primary interest of this Letter is the nonresonant threshold be-
havior of the K(5 2G) photodetachment channel. Photodetachment
into this channel yields an electron emitted primarily as an f wave
near threshold and hence the Wigner law predicts a cross section that
should scale as Ee7/2. However, due to the large polarizability of the
5 2G state, a deviation from the Wigner law on the order of 20 % is
expected at energies as low as 10 µeV above threshold [132].

8.3 Theory

As was the case for the threshold in the K(5 2F ) channel, the Wigner
law with the O’Malley correction fails to reproduce the shape of the
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onset seen in Fig. 8.1 (b). Analysis of the experimental data therefore
requires a treatment in which the polarization potential is included
in a more sophisticated manner. As discussed above, modified effec-
tive range theories have been developed to describe thresholds in the
presence of a large positive dipole polarizability. To gain a qualita-
tive understanding of the observed cross section we have developed a
semiclassical model that takes the negative polarizability into account.

In this model we consider the effective potential U(r) = `(`+ 1)/2r2 −
α/2r4 (in atomic units) for an electron moving in the field of an atom
with the static dipole polarizability α. Since the polarizability of the
(5 2G state is negative, this represents a purely repulsive potential. By
comparing the centrifugal and induced dipole terms, one estimates
that, with the polarizability calculated by Liu [135], the polarization
potential dominates for electron energies larger than 1 meV. Since the
energy range in the experiment extends significantly above this value,
we consider the limiting case where the centrifugal potential is ne-
glected. Furthermore, the repulsive potential spatially separates the
classically allowed regions of the initial and final states to such an ex-
tent that it is only the exponential tails of the wave functions, in the
classically forbidden region, that contribute significantly to the transi-
tion amplitude. In the classically forbidden region, the wave function
of the free electron in the final state can be expressed by using the
semiclassical approximation:

ψk(r) =
C(Ee)

r
√
p(r)

exp

(
−
∫ r0

r

p(x) dx

)
, r < r0, (8.1)

where k = (2Ee)
1/2 denotes the electron momentum, p(r) = (|α|/r4 −

2Ee)
1/2, r0 = (|α|/2Ee)1/4 is the classical turning point, and C(Ee) ∼

E
−1/4
e is a normalization coefficient on the k/2π momentum scale. The

integral in Eq. (8.1) can be expressed in terms of the hypergeometric
function 2F1

[
−1

2
,−1

4
; 3

4
; ( r
r0

)4
]
. Since the region of significance of the

wave function overlap lies at r << r0, ψk can be expanded in a power
series of (r/r0)4. Taking only the first-order term into account results in
an expression for ψk with separated r and Ee dependencies. This form
allows calculation of the energy dependence of the photodetachment
cross section, which is defined by the integral of the squared transition
amplitude over the momentum space of the detached electron. Since
the transition amplitude depends on the energyEe only through ψk(r),
it has the same energy dependence as the exponential tail (8.1) of the
continuum wave function. The integral over the momentum space of
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final states yields a factor Ee1/2, which cancels the square of C(Ee).
This results in an analytic function for the cross section of the form

σth ∼ exp
[
DEe

1/4
]
, (8.2)

where D = 211/4 π3/2 |α|1/4/Γ2(1
4
) ≈ 2.850 |α|1/4 is a numerical constant.

Very close to threshold, the centrifugal potential cannot be neglected.
The Wigner law should therefore give a better description of the cross
section for small energies. As mentioned previously, however, the
range over which the Wigner law correctly describes the energy de-
pendence of the cross section is very small due to the large polariz-
ability of the 5 2G state. In situations where ` = 0, on the other hand,
the induced dipole potential is indeed the longest range interaction
and the model is thus expected to be valid at threshold. In such cases,
Eq. (8.2) represents the true behavior of the cross section, including the
noticeable property that the cross section is finite at threshold.

The data shown in Fig. 8.1 (b) have been fitted with a function that
takes the presence of a resonance due to a doubly excited state into
account. The function is a slightly modified expression by Liu and
Starace [141]:

σpd = Aσth

(
1 +

εa+ b

1 + ε2

)
, (8.3)

where ε = (Ehν − Er)/(Γr/2). The nonresonant component, σth, is rep-
resented by Eq. (8.2). The electron that is emitted in the decay of the
doubly excited state experiences the same repulsive polarization po-
tential as electrons emitted directly by photodetachment. The influ-
ence of the resonance can therefore be reasonably approximated as a
product of the threshold law and a Shore profile, as in Eq. (8.3). The
function contains 6 free parameters: the common amplitude factor A,
the factor D in the exponent, the resonance energy Er, the resonance
width Γr, and the Shore parameters a and b, characterizing the shape
of the resonance. Tabulated experimental values [136, 140] were used
for the threshold energy in the fitting procedure. Our model yielded
a good fit to the data and the extracted energy and width of the reso-
nance were E5 2G

r = 4.319(4) eV and Γ5 2G
r = 27(4) meV, respectively.

The fit is shown in Fig. 8.1 (b) together with a horizontal bar indicat-
ing the resonance parameters. The resonance parameters are in agree-
ment with those extracted in the K(7 2S) channel and those calculated
by Liu [135]. Table 8.1 compares the three sets of values. We also per-
formed the fitting using fixed values ofEr and Γr given by either the fit
to the K(7 2S) channel data or the calculation by Liu [135]. These fits,
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Table 8.1: A comparison of resonance parameters, with quoted uncertainties
representing 1 standard deviation.

Origin Position, Er (eV) Width, Γr (meV)
K(5 2G) channel 4.319(4) 27(4)
K(7 2S) channel 4.320(3) 25(9)
Calculation [135] 4.32339 27.7183

with only four free parameters, gave curves that are indistinguishable
from the fit shown as the solid line in Fig. 8.1 (b).

The good fit to the data in Fig. 8.1 (b) and the good agreement with
resonance parameters in Table 8.1 indicates that the nonresonant back-
ground can be well represented by the exponential function in Eq. (8.2).
This function includes the polarizability of the excited atomic state.
This means that it is, in principle, possible to extract an estimate of
the polarizability of the 5 2G state from the shape of the curve shown
in Fig. 8.1 (b). The result from the fit gives a polarizability of −2.7 ×
104 a.u., indeed a very large value, although significantly smaller than
−3.1× 106 a.u. as calculated by Liu [135]. However, we do not expect
our model, which was developed to achieve a qualitative understand-
ing of the threshold behavior, to be able to give a reliable value of the
polarizability. In particular, to neglect the centrifugal potential and
consider only the polarization interaction is most likely an oversimpli-
fication. In addition, the simple 1/r4 radial dependence of the induced
dipole potential might not be a complete description of the polariza-
tion interaction, especially for small radial distances. When the inter-
action between the atom and the free electron is weak, a perturbative
treatment results in the simple 1/r4 radial dependence. When, on the
other hand, the interaction becomes strong, nonperturbative methods
may be needed. This could result in a more complicated radial depen-
dence of the repulsive potential than used in our analysis. It might
also be important to take the dynamical effects on the polarizability
into account in a full model of the threshold behavior.

8.4 Conclusion

In summary, we have investigated near-threshold cross sections for
two channels in which the residual atom is left in highly excited and
highly polarizable excited states. The channels differ in that the sign
of the dipole polarizability is different. The induced dipole interaction
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is so strong that it dominates and determines the general shape of the
photodetachment cross sections. In the case of the K(5 2F ) channel, the
attractive polarization potential reduces the height of the centrifugal
barrier. This leads to a steep onset of the cross section, which plateaus
once the electron can pass above the barrier. In sharp contrast, the
K(5 2G) channel exhibits a much slower onset above threshold. This
is due to the repulsive potential, which precludes a large overlap of
the wave functions at low electron energies. We have shown that a
qualitative understanding of the shape of the cross section can be ob-
tained through a semiclassical model. The resulting exponential en-
ergy dependency has been successfully used to represent the nonreso-
nant component in a fit to the data, which also includes a resonance.

It is expected that the data and model presented in this Letter will
initiate further theoretical work, resulting in a more detailed under-
standing of the observed threshold behaviors. There are many pairs of
states in the alkali atoms that have large polarizabilities with opposite
signs. It is our intention to systematically probe these states in order
to investigate the threshold behaviors as a function of polarizability.

We thank Sten Salomonson for enlightening discussions on polariz-
ability and induced polarization potentials. Financial support from
the Swedish Research Council is gratefully acknowledged. CWW re-
ceived support from the Wenner-Gren Foundation, the Andrew W.
Mellon Foundation, and NSF Grant No. 0757976. HH and IK acknowl-
edge the support by the Deutsche Forschungsgemeinshaft, Grant No
KI 865/3-1.
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A collinear beams apparatus has been used to determine photodetachment
cross sections for K− in the photon energy range 4.250–4.360 eV. State selec-
tive detection, utilizing a resonance ionization scheme, was applied to mea-
sure partial cross sections for those channels which leave the residual K atoms
in the excited 7 2S, 5 2F and 5 2G states. The energy region studied encom-
passed the openings of the aforementioned channels, as well as the channel
that leaves the K atom in the 7 2P state. Two previously unobserved reso-
nances were seen in all three partial cross sections between the K(5 2G) and
K(7 2P ) thresholds. It is shown that a more reliable determination of reso-
nance parameters can be made if the same resonances are observed in several
channels. In the region below the K(5 2F ) threshold, three previously observed
resonances were investigated [Kiyan et al. Phys. Rev. Lett. 84, 5979 (2000)].
A greatly increased modulation of the signal was obtained by detecting in the
K(7 2S) channel, instead of the K(5 2S) channel used in the previous study.
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Furthermore, the shapes of the cross sections in the threshold regions are dis-
cussed. A detailed description of the apparatus and the experimental proce-
dure employed is presented in the paper.

9.1 Introduction

The structure and reaction dynamics of negative ions are of fundamen-
tal interest. Due to the nature of the binding of the outermost electron
in negative ions, they are significantly different from atoms and posi-
tive ions. The interaction in atoms and positive ions can be described
by a Coulomb potential when the electron is at large distances from
the core. A consequence of this is the infinite series of Rydberg states.
In negative ions, on the other hand, the asymptotic potential is de-
scribed by a much shorter ranged induced dipole potential. If the ex-
tra electron is close to the parent atom, a full many-body treatment is
needed to describe the interaction. The short-range potential is able to
bind only a finite number of states. Atomic negative ions usually have
only a single bound state. The binding energy is typically one order
of magnitude smaller than that of the isoelectronic atom. The stan-
dard method to gain information about the structure of negative ions
is through the photodetachment process, in which an electron is emit-
ted due to the absorption of a photon. Valuable information regarding
electron-electron correlation can be obtained by comparing photode-
tachment data with results from atomic many-body calculations.

The general lack of bound excited states in negative ions excludes the
observation of bound-bound transitions in most ions. In the contin-
uum above the detachment limit, however, there exists a rich spec-
trum of doubly excited states. Some of these states have configurations
that can be excited with single photon transitions from the ion ground
state. These states can be viewed as an atom in an excited state to
which an additional electron is attached. Doubly excited states are un-
stable and have lifetimes on the order of picoseconds. They decay via
autodetachment to a neutral atom and a free electron. The properties
of such states are substantially influenced by the effects of electron-
electron correlation. A great amount of theoretical and experimental
effort has been devoted to the prototype negative ion, H− [142–148].
Here, two electrons move in the pure Coulomb field of the nucleus, a
case resembling the helium atom. The negative ions of the alkali met-
als can be considered to be quasi two-electron systems in the frozen-
core approximation. This is especially true for high lying doubly ex-
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cited states, where the effects of penetration and polarization of the
core are smaller. Previous experimental work in the field includes
studies of Li− [149, 150], Na− [151] and K− [152].

An interesting energy region is that just above the threshold for pho-
todetachment. In this case the slow outgoing electron spends a sig-
nificant time close to the core and the interaction between the elec-
tron and the residual atom becomes very important. The photode-
tachment cross section just above threshold can be described by the
Wigner law [23]. Wigner showed that it is the effective centrifugal po-
tential that determines the shape of the threshold cross section, which
is given by

σ ∼ Ee
`+1/2, (9.1)

where ` and Ee are the angular momentum and the kinetic energy, re-
spectively, of the outgoing electron. However, the energy range over
which the dependency in Eq. (9.1) is valid is limited by the magni-
tude of other interactions such as the induced polarization interaction.
O’Malley has developed a description that takes the polarizability of
the residual atom into account [132], while the correction factor in-
troduced by Farley described the effect of the finite size of the initial
state wavefunction [131]. In an experiment reported by Sandström et
al. [134] the threshold behaviors for photodetachment to final excited
states with different, but large, positive polarizabilities were investi-
gated. A modified effective range theory, developed by Watanabe and
Greene [133], was successfully applied to the threshold data in this
case. However, it is also possible for an excited atomic state to have
a negative polarizability. This more unusual case was discussed in a
recent publication [153] where the fundamentally different behaviors
of the cross sections at the K(5 2F) and K(5 2G) thresholds were de-
scribed. These two states have dipole polarizabilities of approximately
the same large magnitude (106 a.u.), but with opposite sign [135]. A
semiclassical model was developed to describe threshold cross sec-
tions in cases where the interaction in the final state is dominated by
a negative polarizability of the residual atom. This model predicts a
fundamentally different, exponential, energy dependence for the cross
section given by the expression

σ ∝ exp
[
DEe

1/4
]
, (9.2)

where the constant D depends on the polarizability as D ∝ |α|1/4.

The present paper describes an investigation of the photodetachment
of K−. The experiment was performed using an upgraded collinear
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beams apparatus at GUNILLA (Göteborg University Negative Ion Laser
LAboratory). The apparatus and the experimental procedure employed
are described in detail. The same facility was used in the study of
threshold behaviors of the cross sections at the K(5 2F) and K(5 2G)
thresholds [153] discussed above. In the present work, partial cross
sections were measured for final state channels leading to the forma-
tion of the residual K atom in the excited 7 2S, 5 2F and 5 2G states. Two
predicted resonances [135], which thus far have not been observed,
were identified in the region between the K(5 2G) and K(7 2P) chan-
nel openings in all three partial cross sections. The advantage of in-
vestigating the same resonances in more than one detachment chan-
nel is illustrated in the paper. In the region between the K(7 2S) and
K(5 2F) channel openings three resonances were observed in the K(7 2S)
channel, in agreement with previous experimental [152] and theoreti-
cal [135] results. The measurements described in this paper were made
possible by the use of an apparatus that combines high sensitivity and
resolution with a high level of selectivity. This was achieved by a com-
bination of a long collinear interaction region and a laser-based detec-
tion scheme.

9.2 Experiment

Figure 9.1 shows the optical excitation scheme used in the experiment.
K− ions were photodetached by UV photons generated by an optical
parametric oscillator (OPO). The energy of the UV photons was sub-
stantially larger than the electron affinity of K, thus leaving the resid-
ual atoms in a distribution of final excited states. A state selective de-
tection scheme based on resonance ionization was used to measure the
partial cross sections to specific excited states of the K atom. A second
OPO generated infrared radiation and its photon energy was tuned to
match the transition energy from a chosen excited state of K to a Ryd-
berg state. The Rydberg atoms thus produced were field ionized in an
electric field, enabling the resulting positive ions to be separated from
the negative ions and the neutral atoms. The positive ions were de-
tected with a position sensitive detector. The three photodetachment
channels studied in the present work are

K−(4 1S) + γUV → K(7 2S) + e−, (9.3)
→ K(5 2F ) + e−, (9.4)
→ K(5 2G) + e−, (9.5)
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Figure 9.1: Partial energy level diagram (not to scale) of the K− and K sys-
tems. A K− ion absorbs a UV photon (γUV) and is promoted to a doubly ex-
cited state (dashed energy levels), which decays via autodetachment (dashed
arrows). State selectivity in the detection is achieved by resonant excitation
using an IR photon (γIR) followed by field ionization (FI).
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which have threshold energies of 4.254 987(12), 4.296 210(14) and 4.297 522(12)
eV respectively [136,154]. The main uncertainty in the threshold ener-
gies results from the uncertainty in the electron affinity of potassium,
which is 0.501 459(12) eV [154]. The energy range studied includes the
openings of the three aforementioned channels as well as that of the
K(7 2P) channel, which has a threshold energy of 4.353 636(14) eV.

Measurement of the partial cross sections to highly excited final states
requires a method with high sensitivity and resolution and a high level
of selectivity. A high sensitivity is needed since such cross sections are
generally very small. The magnitude of the partial cross section for the
K(7 2S) channel, for example, is predicted to be only 0.008 Mb at 4.26
eV [135]. The sensitivity of the measurement was enhanced by a large
interaction volume, defined by the collinear overlap of the superim-
posed laser and ion beams, and by an efficient detection of the residual
atoms. Furthermore, the energy separation of adjacent states is small
at high levels of excitation, necessitating high energy-resolution and
selectivity in the final state detection. The present experiment relies,
for example, on the correct identification of the K(5 2F) and K(5 2G)
channels, whose thresholds are separated by as little as 1.3 meV [136].
The state selective detection of these atoms via resonance ionization
was the basis for the high selectivity. The energy resolution was en-
hanced by the large reduction in kinematic broadening brought about
by the collinear interaction of the ion and laser beams [155]. In the
present measurement the energy resolution was determined primar-
ily by the bandwidth of the laser used for photodetachment, which is
approximately 25 µeV.

The collinear laser and ion beams apparatus at GUNILLA is shown
schematically in Fig. 9.2. Negative ions were produced in a cesium
sputter ion source, from a sample of compressed K2CO3 powder, and
were accelerated to 6 keV. A sector magnet was used for mass disper-
sion and a quadrupole deflector merged the ion beam with the laser
beams. The beams were merged over a 61 cm long interaction region
defined by two apertures with a diameter of 3 mm. The ion current
through the interaction region was typically on the order of 1 nA. The
apparatus was recently upgraded to improve the mass resolution and
the transmission through the interaction region, as described in detail
by Diehl et al. [138]. The sector magnet was only single focusing, there-
fore, two single focusing Einzel lenses were used in order to achieve
a symmetric beam and improve the transmission through the system.
The ion optics also included two Einzel lenses designed for symmetric
focussing in two directions and a quadrupole triplet for beam shaping.
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Figure 9.2: A schematic of the collinear beams apparatus. Two laser beams
and an ion beam are superimposed in a collinear co-propagating geometry.
The field ionizer separates the beam particles from the interaction region.

Two Nd:YAG-pumped OPOs were used in the experiment. They op-
erated synchronously at a 10 Hz repetition rate and generated pulses
of 6 ns duration and 25 µeV spectral bandwidth. The two OPOs have
tuning ranges covering 0.65–5.6 eV and 0.25–0.92 eV, respectively. In
the experiment, the photon energy of the UV radiation was tuned be-
tween 4.250 and 4.360 eV. The IR laser, on the other hand, was tuned
to one of the resonant transitions 7 2S → 25 2P , 5 2F → 24 2D and
5 2G→ 22 2F , corresponding to photon energies of 562.050, 521.740 and
516.461 meV, respectively [136]. The UV and the IR beams were over-
lapped, co-propagating with the ion beam. They were merged prior of
the chamber using a mirror that reflected UV radiation and transmit-
ted IR radiation. The pulse from the IR laser was triggered to arrive
50 ns after the UV laser pulse. The jitter in the delay time was on the
order of a few nanoseconds. After the chamber the laser beams were
separated by a Pellin-Broca prism. The pulse energies of the two laser
beams measured behind the interaction region, were approximately
0.7 mJ for UV radiation and 0.2 mJ for IR radiation. With such ener-
gies, the non-resonant photodetachment transition driven by the UV
radiation was far from saturation. The resonant transition driven by
the IR radiation was saturated.
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OPOs typically suffer from an inherent problem when used for high
resolution spectroscopy. The center frequency jitters from pulse to
pulse. The bandwidth of each pulse is small but the effective band-
width, when averaged over several pulses, is larger. To overcome
this problem, the wavelength of each UV pulse was measured using
a commercially available wavelength meter. The absolute accuracy of
the device was 2.5 µeV. The wavelength meter was calibrated using
a Doppler-free, saturated absorption measurement in Rb vapor. The
UV pulse energy and the ion current were measured for each laser
pulse and stored together with the measured wavelength and the out-
put from the detector (described in detail below). A thorough descrip-
tion of the data acquisition system can be found in the earlier paper by
Andersson et al. [156]. In the analysis of the data, which was done off-
line, all the data was binned according to the measured photon energy
of the UV radiation.

The high velocity of the unidirectional ions moving collinearly with
respect to the laser beam causes a Doppler shift. A correction for this
shift was made by calculating the ion velocity from the known accel-
eration voltage in the ion source. The uncertainty of the ion beam ki-
netic energy gave an error in the corrected photon energy of less than
20 µeV, which is on the order of the laser bandwidth. The calibration
of the photon energy scale was confirmed by the observation of the
known position of the sharp onset of the K(5 2F) threshold.

State selective detection of the K atoms in Rydberg states was achieved
by using a combination of an electric field ionizer and a position sen-
sitive detector. An inhomogeneous electric field was produced in the
field ionizer, which consisted of two cylindrical electrodes placed 2 cm
apart, as illustrated in Fig. 9.2. The electrodes were symmetrically bi-
ased with positive and negative voltages on the order of 4 kV. The
field strength varied along the beam axis, having its maximum value
between the two electrodes. Negative ions entering the field region
were deflected into a Faraday cup. Rydberg atoms followed a straight
path until the field strength was sufficient for field ionization to oc-
cur. Once ionized, the positive ions were deflected by the same field
and finally detected with a position sensitive detector placed approxi-
mately 10 cm from the field ionizer. Atoms in different Rydberg states
have different binding energies and were ionized at different positions
along the path through the field ionizer. They therefore followed dif-
ferent trajectories and hit the position sensitive detector at different
positions.

The position sensitive detector consists of a microchannel plate (MCP)
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stack positioned in front of a pair of delay line anodes 1. The active
area of the detector has a diameter of 40 mm. Signals from the delay
lines and the MCPs were amplified and converted to timing pulses by
constant fraction discriminators. The timing pulses were digitized in
a time-to-digital converter (TDC) with a 25 ps time resolution. The
accumulated TDC data were used to calculate the position and time of
arrival of positive ions at the detector. The velocity of the 6 keV K−

ions was approximately 0.17 m/µs. This gives a time of flight from the
interaction region to the detector of between 1 and 4.5 µs.

A background of positive ions was caused by sequential two-electron
detachment induced by the UV laser and by collisional double-detachment
of negative ions with the residual gas in the interaction chamber. A
pressure of 10−8 to 10−9 mbar in the interaction chamber minimized
the collisional events, leaving the photo-induced background as the
dominant one. These background ions were immediately deflected by
the electric field when they entered the field ionizer. Therefore, they
followed a different path compared to that of the positive ions created
by field ionization of Rydberg atoms, which constituted the signal in
the experiment. Signal and background ions were thus spatially well
separated at the detector. However, the multi-hit dead-time of the de-
tector limited the maximum count rate for which individual hits could
be unambiguously identified. This problem was minimized by adjust-
ing the voltage of the field ionizer electrodes such that background
ions were directed outside the active area of the detector. The trajecto-
ries of the ions through the field ionizer are illustrated in Fig. 9.2.

A known problem in experiments utilizing UV radiation and MCP-
based detectors, is that scattered light can potentially saturate the de-
tectors. This problem was avoided by reducing the potential across the
MCP stack during a time interval that covered the duration of the UV
laser pulse. In the presence of the laser pulse the front of the MCP stack
was biased at +800 V, while the back was at the operational +2.2 kV,
giving a voltage over the MCP stack of 1.4 kV. After the UV pulse the
front was set to ground potential, hence increasing the voltage across
the MCP stack to the operational value of 2.2 kV. The switching time of
the front voltage was approximately 0.5 µs. Hence, the MCP stack was
inactive when the photons hit and active at the time when the particles
produced in the interaction region arrived at the detector.

Ultraviolet photons also produced secondary particles as a result of
reflections on windows and walls in the vacuum chamber. These par-

1Commercially available from RoentDek Handels GmbH
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Figure 9.3: Two dimensional projection of the field-ionized Rydberg atoms
in state 24 2D from measurement of the K(5 2F) channel. The selected sig-
nal region is shown in black. The hatched regions are used to estimate the
background in the signal region.

ticles arrived at the detector over a time span of approximately 10 µs,
which overlapped with the arrival times of the positive ions that con-
stituted the signal. In addition, fast ions produced secondary parti-
cles when striking electrodes and walls of the vacuum chamber. Back-
ground originating from these two sources was spatially spread out
and was slowly varying over the active area of the detector. The value
of this contribution could therefore be estimated and subtracted from
the signal. Figure 9.3 shows a cut across the detector through the
distribution of detected particles. For each photon energy bin in the
data analysis, the number of counts in the area of the detector con-
taining the signal (marked black in the figure) was integrated. The
background was determined as the mean count density around the
signal region (hatched in the figure) and was subtracted accordingly.
No further background subtraction was performed. The mean number
of counts per laser shot was then normalized according to the average
ion current and mean number of UV photons in the corresponding
laser pulses. As can be seen in Fig. 9.3, the background was not com-
pletely flat. The shape of the background varied with experimental
parameters and thus the subtraction worked better for some data sets
than others.

Mechanical and optical instabilities in the OPOs caused small pulse-to-
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pulse pointing instabilities in the laser beams. There might also have
been a small drift of the UV beam direction as the wavelength was
scanned. These effects were estimated to give uncertainties smaller
than 10% within a measured cross section. Absolute measurements
of cross sections are precluded, however, as a result of the unknown,
and possibly changing, overlap of the ion and laser beams and the
unknown efficiency of the detection system.

9.3 Results

Figure 9.4a shows the partial photodetachment cross section for the
K(7 2S) channel from below the K(7 2S) threshold to just above the
K(5 2F) channel opening. The region just below the K(5 2F) threshold is
shown in Fig. 9.4b, where a second data set with higher point density
is visible above 4.295 5 eV. The signal is essentially zero below thresh-
old and rises sharply at the threshold energy. The large modulations in
the cross section above threshold are due to the presence of resonances
in this region. The shape of such modulations can be described by the
Fano parameterization using the energy, Er, the width, Γ, and an asym-
metry parameter, q, [157] to model a resonance. An alternative, but
equivalent, description of a resonance shape was given by Shore [158].
In the present work we extracted the resonance parameters by fitting
the experimental data with an expression based on the Shore param-
eterization. The presence of resonant and non-resonant contributions
was treated using the method presented by Liu and Starace [141]. The
expression used in the fit includes a summation over multiple reso-
nances and has the form

σ = (c+ ~ω d)

(
1 +

∑
i

ai εi + bi
εi2 + 1

)
(9.6)

where i denotes the resonance index, ~ω is the photon energy, and
εi = (~ω − Er,i)/

Γi

2
is a normalized energy parameter expressed in

terms of the energy and the width of the i:th resonance. The shape of
a single resonance is described by the Shore parameters ai and bi. The
non-resonant cross section is represented by a linear function with co-
efficients c and d. The Fano shape parameter, qi, was obtained from the
best fit values of ai and bi, according to the method of McDonald and
Crowe [159]. Strictly speaking, the formula presented in Eq. (9.6) is
valid only for isolated resonances [157,158]. In the present experiment
some of the resonances are overlapping. Resonance A, for example,
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overlaps both resonances B and D. The width of A is, however, much
larger than the widths of B and D. This means that the phase of the
contribution from resonance A varies only a little over the other two
resonances. Due to the small phase variation the resonances can be
treated individually with the parameterization in Eq. (9.6). For reso-
nances B and D only the wings are overlapping; since the magnitude
of this overlap is small the resonances can as a good approximation be
treated as isolated.

The solid curves shown in Figs. 9.4a and 9.4b represent the best fit of
Eq. (9.6) to the data. Contributions from three resonances are consid-
ered in this fit. The energies and widths that were extracted for reso-
nances A, B and D are presented in Table 9.1 and are marked in Fig.
9.4. Resonance C was not observed in the present experiment.

Cross sections for the K(7 2S), K(5 2F) and K(5 2G) photodetachment
channels in the energy region 4.29–4.36 eV are shown in Fig. 9.5. This
region encompasses the thresholds for the K(5 2F), K(5 2G) and K(7 2P)
channel openings. Two resonances are observed in all three partial
cross sections. A relatively broad resonance appears at approximately
4.324 eV and a much narrower one is seen at 4.353 eV, just below the
K(7 2P) channel opening. Data sets with higher point density were
used to resolve the structures around the narrow resonance. The thresh-
old region for photodetachment to the K(5 2F) channel (see Fig. 9.5c)
looks much like a step function. In the K(5 2G) channel (see Fig. 9.5d),
in contrast, the photodetachment cross section is slowly increasing
with energy above threshold. The signal below threshold in Fig. 9.5c
is nonzero. This finite valued baseline indicates that the background
subtraction described in section 9.2 is not completely successful in the
K(5 2F) channel. In comparison, the baselines in Figs. 9.4a and 9.5d
align better with the zero line.

The data of the K(7 2S) and K(5 2F) channels were fit using Eq. (9.6) in-
volving two resonance contributions. In the K(5 2G) channel the slowly
varying cross section in the threshold region extends over the whole
region up to the K(7 2P) threshold. In this case, we replaced the linear
part in Eq. (9.6), which represents the non-resonant cross section, with
the threshold law from Eq. (9.2), yielding an expression

σ = σ0 exp
[
D (~ω − E5 2G)1/4

](
1 +

∑
i

ai εi + bi
εi2 + 1

)
, (9.7)

where σ0 is a normalization parameter and E5 2G is the threshold en-
ergy for the K(5 2G) channel. The values for the resonance energies
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Figure 9.4: (Color online) Partial cross section for the K(7 2S) channel. Verti-
cal dashed lines indicate threshold energies. Panel (a) shows the full energy
region between the K(7 2S) and the K(5 2F) thresholds. Panel (b) shows a
close-up of the region just below the K(5 2F) threshold. Error bars (blue on-
line) indicating the one sigma statistical uncertainty are shown for a few rep-
resentative data points. The solid curve (red online) is a fit of Eq. (9.6) with
three resonances. Resonance energies are shown as short vertical lines, while
the horizontal lines indicate the widths. The lowest lines (magenta online)
represent the previous experimental results by Kiyan et al. [152], the middle
lines (red online) represent the present data and the upper lines (blue online)
are the theoretical values by Liu [135].
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Figure 9.5: (Color online) Partial photodetachment cross sections for the
K(7 2S), K(5 2F) and K(5 2G) channels, shown in panels (b), (c) and (d), re-
spectively. Error bars (blue online) indicating the one sigma statistical un-
certainty are shown for a few representative data points. Representative fits
to the data are shown as solid curves (red online). Energies and widths of
the resonances extracted from the three fits are indicated in the correspond-
ing panels. Panel (a) shows the weighted mean of the resonance parameters
(lower line, red online) as well as the values by Liu (upper line, blue online).
Threshold energies are indicated by vertical dashed lines.
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Table 9.1: Resonance parameters extracted in the
present experiment compared with previous results.

Label Channel / source Er (eV) Γ (meV) q
A K(7 2S) 4.28(2) 44(20) -1.4

K(5 2S)a 4.292(2) 10(2)
Calculationb 4.275 90

B K(7 2S) 4.294 68(9) 1.6(3) -2.8
K(5 2S)a 4.2945(1) 1.5(2)

Calculationb 4.294 72 1.472 2

C K(7 2S)c

K(5 2S)a 4.295 76(4) 0.10 (8)
Calculationb 4.295 803 1 0.002

D K(7 2S) 4.296 21(5) 0.28 (5) -2.1
K(5 2S)a 4.2960(2) 0.30 (3)

Calculationb 4.296 06

E K(7 2S) 4.321(5) 19 (6) 0.5
K(5 2F) 4.327(7) 26 (9) 1.1
K(5 2G) 4.325(4) 25 (8) 0.031
Meand 4.324(3) 22 (5)

Calculationb 4.32339 27.718 3
K(7 2S)e 4.320(3) 25 (9)
K(5 2G)e 4.319(4) 27 (4)
Meane 4.320(3) 27 (4)

F K(7 2S) 4.353 2(6) 2.2 (5) 0.23
K(5 2F) 4.353 2(5) 2.2 (4) 8.7
K(5 2G) 4.353 00(13) 1.66 (12) -0.23
Meand 4.353 02(13) 1.72 (12)

Calculationb 4.353 50
a Experimental work performed by Kiyan et al. [152].
b Calculation performed by Liu [135].
c Resonance not observed in present work.
d Weighted mean of the parameters from the three chan-

nels in the present measurement.
e Parameters determined with a slightly smaller data set

in Ref. [153].
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and widths extracted from these fits are also given in Table 9.1. Res-
onance E has previously been investigated in the K(7 2S) and K(5 2G)
channels [153]; these parameters are also presented in Table 9.1. The
values of the resonance parameters differ slightly between the previ-
ous and present study. Given the quoted uncertainties, however, the
values are in agreement. The differences in the resonance parameters
are due to differences in the fitting procedure, where, for example, res-
onance F is included in the fits in the present study. Moreover, the
data in the present study were extended with the detailed data sets
above 4.345 eV in Fig. 9.5, compared to [153]. For all resonance ener-
gies presented in Table 9.1, the 20 µeV uncertainty in the energy scale
due to the Doppler shift was added in quadrature to the one-sigma
uncertainty from the fit.

9.4 Discussion

The energy region between the K(7 2S) and K(5 2F) channel openings,
as shown in Fig. 9.4, was previously investigated, both experimentally
by Kiyan et al. [152] and theoretically by Liu [135]. Table 9.1 is a compi-
lation of the energies and widths of the resonances determined in the
present experiment and in previous studies. The cross section to the
K(7 2S) channel below the K(5 2F) channel opening shows both simi-
larities and differences with the previous two cross section determina-
tions. First we observe that the relative magnitude of the modulations
differ although the general shape of the cross sections are similar. In
the present experiment we observe a 90% modulation in the K(7 2S)
channel, whereas the K(5 2S) channel investigated by Kiyan et al. ex-
hibited a modulation of 25%. The larger modulation indicates that the
reaction pathways via the doubly excited states are relatively more im-
portant in the K(7 2S) channel than in the K(5 2S) channel. This is an ad-
vantage if the increased relative modulation does not come at the cost
of reduced overall signal level. A number of absolute partial cross sec-
tions for photodetachment of K− have been calculated in [135]. These
show a general trend that modulations due to resonances decrease
slower than the level of the non-resonant cross sections for higher ly-
ing final state channels. Second, a very narrow resonance, labeled C in
Table 9.1 and Fig. 9.4, was observed by both Kiyan et al. and Liu, but it
is not visible in the present data. Apparently, the branching ratio into
the K(7 2S) channel was insufficient to produce a significant modula-
tion in the present experiment. Third, the width of resonance A is more
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than four times greater than the width determined by Kiyan et al. As
a consequence, the uncertainty in the resonance energy is also larger
in the current experiment. This increased uncertainty is not caused by
lower statistical quality of the data, but is rather a consequence of the
broader structure that is observed in the K(7 2S) channel. It is obvi-
ous from the previous calculation [135] and experiment [152] and the
present data that it is difficult to make a conclusive determination of
the resonance parameters for resonance A. An experimental investi-
gation of additional photodetachment channels would be needed in
order to make a definite assignment of the energy and width of the
associated doubly excited state.

There are two resonances present in all the three channels in the region
between K(5 2F) and K(7 2P) thresholds (see Fig. 9.5). It is interesting
that the general shapes of the cross section curves in the three channels
are very different, although the observed resonances are due to the
same two doubly excited states. The energies and widths of the reso-
nances should be the same in all three channels. Variations in shape
are caused by different phase shifts in the interference in the different
channels, which is described by the line shape parameters ai and bi (or
qi). The resonance positions are not obvious from inspection of the in-
dividual partial cross sections. Nevertheless, the fittings in each of the
three channels produced very similar resonance parameters. The mea-
sured parameters were also in good agreement with the energies and
widths calculated by Liu [135]. These results clearly show the advan-
tage of detecting the same resonance in more than one channel. This
is particularly important in cases where resonances partially overlap
each other.

9.5 Conclusions

We have developed an apparatus which enables the study of partial
photodetachment cross sections to highly excited states of the resid-
ual atom, even when the cross sections are very small. The apparatus
was used in the study of the K(7 2S), K(5 2F) and K(5 2G) final state
detachment channels in the potassium negative ion. We have shown
that it is an advantage to observe a resonance structure in more than
one channel, as was illustrated for the resonances below the K(7 2P)
threshold. The presented experimental technique, where an IR laser is
used for the resonance ionization, enables the detection of highly ex-
cited final states. This gives the possibility to select the most favorable
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of an increased number of channels. The best possible signal level and
modulation of the cross section as well as noise and background levels
can thus be achieved. This, in turn, leads to more reliable determina-
tions of resonance parameters. The ability to detect residual atoms in
highly excited states has another advantage: It allows one to study the
effect of high dipole polarizability on threshold behavior.

In the present experiment, parameters have been determined for two
previously unobserved resonances between the K(5 2G) and K(7 2P)
thresholds. The results are in good agreement with the previously cal-
culated values by Liu [135]. This study, together with a recent Let-
ter [153], constitutes the first step in an intended series of measure-
ments with the aim of investigating photodetachment at an increasing
degree of excitation. Our long term goal is to access channels where
the residual atom states are approaching the double detachment limit.
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Observation of overlapping resonances below
the 10 2P1/2,3/2 states in photodetachment of Cs−
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A collinear beams apparatus has been used to study photodetachment of Cs−.
Partial cross sections were measured using state selective detection based on a
resonance ionisation scheme. Several resonances were observed in the Cs(10
2S), Cs(6 2F ) and Cs(6 2G) final state channels, below the Cs(10 2P1/2,3/2)
channel openings. The observed resonances were strongly overlapping. A
simple model was developed to account for the interference of multiple res-
onances. The model is essentially a generalization of the Fano and Shore
parametrizations for single resonances. It is based on a description of the sys-
tem in which the only interaction between the resonant and continuum states
is the interference created through addition of amplitudes. A tentative iden-
tification and assignment of resonance parameters was performed. However,
a calculation involving both relativistic and many-body effects will be needed
in order to establish the identity and understand the origin of the observed
structures. In addition, the cross section behaviour just above the thresholds
was investigated. The resonances observed in the region prevented a detailed
analysis of the threshold behaviour, but some general observations could be
made. The opening of the Cs(10 2S) and Cs(6 2F ) channels, where the polar-
ization of the atomic state is large and positive, showed a very rapid onset.
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In the case of Cs(6 2G) channel, on the other hand, where the atomic state is
expected to have a large a negative polarization, the photodetachment cross
section increased very slowly with energy. This is in qualitative agreement
with a recent study on threshold behaviour [153].

10.1 Introduction

The structure and dynamics of negative ions are of considerable in-
terest in the field of atomic physics. In the case of a positive ion or
an atom, the interaction of the outermost electron with the core is de-
scribed by the Coulomb potential at large distances. The 1/r scaling of
the potential gives rise to an infinite series of bound states commonly
known as Rydberg states. However, in a negative ion the asymptotic
interaction is described by an induced dipole potential. The induced
dipole interaction has a very short range, which results in a poten-
tial that has a finite number of states. In most cases there is only one
bound state in a negative ion and the binding energy is usually an or-
der of magnitude smaller than that in the isoelectronic atom. Since the
binding of the outermost electron in a negative ion is relatively weak,
electron-electron correlations play a much more important role than
they do in positive ions and atoms. The major influence of the electron-
electron correlation require advanced many-body calculations to fully
describe the structure and dynamics of a negative ion. Thus, valuable
insight into electron-electron correlation can be gained by comparing
atomic many-body calculations with experimental observations. De-
velopment of powerful computers, during the last couple of years,
have made more complex negative ions such as Cs− generally accessi-
ble for theoretical investigations.

There is a general lack of bound excited states in negative ions. Above
the first detachment limit, however, there exists a rich spectrum of
doubly excited states. These states can be viewed as a negative ion
formed by the attachment of an electron to an atom in an excited state.
Electron-electron correlation is even more important for these states.
The most fundamental examples of doubly excited states are in the
H− ion. Several studies, both theoretical and experimental, have been
performed on this system. [144–148]. While H− is a pure two-electron
system, negative ions of the alkali metals can be considered to be effec-
tive two-electron systems in the sense that two active electrons move in
the field of a closed, frozen core. Doubly excited states lying just below
the double detachment limit will be less influenced by effects caused
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by polarization and penetration of the core. In this case, the represen-
tation of the doubly excited states by an effective two-electron model
makes a very good approximation. Previous experimental studies in
this field have been performed on Li− [149, 150], Na− [151] and K−

[152, 167].

The threshold region for the photodetachment process is of fundamen-
tal interest. In this energy region the photodetachment cross section
is sensitive to the interaction between the detached electron and the
residual atom. Wigner [23] describes the threshold behaviour as being
determined by the interaction having the longest range. In the case of
negative ions this is the effective centrifugal potential, and the result-
ing energy dependence of the cross section is

σ ∝ E`+1/2. (10.1)

Here, E and ` represent the energy and orbital angular momentum
of the detached electron. This simple model can adequately describe
the cross section just above the threshold. Additional terms must be
taken into account when the energy of the detached electron is higher.
O’Malley has developed a model taking the polarizability of the resid-
ual atom into account [132], while the correction factor of Farley de-
scribes the effect of the finite size of the initial state wavefunction [131].
Sandström et al. experimentally investigated the effect of large positive
polarizabilities on the threshold behaviour for several final state chan-
nels leaving the residual alkali atom in an excited states [134]. All the
observed thresholds exhibited a considerable more rapid onset than
predicted by the Wigner law. The observed behaviour was, however,
in good agreement with the predictions of a modified effective range
model developed by Watanabe and Greene [133]. In a recent study it
was shown, for the first time, that a negative polarizability has an op-
posite effect on the photodetachment cross section above the thresh-
old [153]. The purely repulsive potential results in a very slow onset
of the photodetachment cross section above threshold. The behaviour
was qualitatively described using a semi-classical model [153], which
resulted in an exponential energy dependence for the cross section

σ ∝ exp
[
DE1/4

]
. (10.2)

Polarizabilities of excited states in cesium have been determined ex-
perimentally, for example, by Antypas and Elliott [160] and theoret-
ically by van Wijngaarden and Li [161]. The 6 2F state of Cs has a
polarizability of 7.77 × 106 a.u. [161], which is in the same order of
magnitude as the 5 2F state in K, investigated recently by Lindahl et
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al. [153]. There are no calculations of the polarizability of the 6 2G state
in Cs, but it can be expected to be of the same magnitude but oppo-
site sign as the polarizability of the 6 2F state. This was the case in the
study of the 5 2F and 5 2G states in K reported by Lindahl et al.

For a long time it was thought that the Cs− ion might be the only
atomic negative ion to have a bound state with opposite parity to the
ground state. Sheer et al. [162] proved this not to be the case when
they observed the Cs−(6s6p 3P ) state, situated above single detach-
ment threshold. Prior to this observation, extensive theoretical work
had been done on predicting the energy of the 3P states [163, 164]. So
far, Cs− photodetachment has been investigated up to 1.96 eV [165].
The upper limit of this photon energy range allows for an investiga-
tion of the photodetachment of Cs− via a final state channel that leaves
the residual Cs atom in the first excited state. A Feshbach resonance
situated just below the Cs(6 2P1/2) state suppresses the non-resonant
photodetachment cross section by two orders of magnitude [164, 165].
This observation was utilized in a excess-photon detachment study by
Stapelfeldt and Haugen [166].

In the present paper we report on measurements of partial cross sec-
tions for photodetachment from Cs− to the final channels involving
the 10 2S, 6 2F and 6 2G states of the residual atom. One of the goals
of the experiment was to observe and verify the threshold behavior
described in [153] in a second system. The photodetachment chan-
nels were selected because of their similarity to the K(5 2F ) and K(5 2G)
channels in K− photodetachment. An other objective of the experi-
ment was to investigate possible resonance structures in the energy
region below the opening of the 10 2P state. Such structures are a
manifestation of double excited states of Cs− that decay via autode-
tachment. The polarizability of 10 2P1/2 state has been calculated to
be 3.49 × 106 a.u. The attractive polarization potential resulting from
such a large polarizability is expected to support several doubly ex-
cited states. The experiment was performed at GUNILLA (Göteborg
University Negative Ion Laser LAboratory), where a resonance ioni-
sation scheme was utilized in order to isolate the specific detachment
channels in order to measure their partial cross sections.
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Figure 10.1: Partial energy level diagram (not to scale) of the Cs− and Cs sys-
tems. A Cs− ion absorbs a UV photon (γUV) and is promoted to a doubly ex-
cited state (dashed energy levels), which decay via autodetachment (dashed
arrows). State selectivity in the detection is achieved by resonant excitation
using an IR photon (γIR) followed by field ionization (FI).

10.2 Experiment

10.2.1 Procedure

Figure 10.1 shows the optical excitation scheme used in the present
experiment. Cs− ions were photodetached by UV photons with ener-
gies ranging from 3.977 to 4.043 eV. This is substantially larger than the
electron affinity of Cs (0.471 626(25) eV [140]), and close to the energy
needed for double detachment (4.365 531(25) eV [140, 168]). The resid-
ual atoms are thus left in a distribution of final states. A state selective
detection scheme, based on resonance ionisation, was used to measure
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the partial cross sections to specific excited states of the Cs atom. The
selectivity was achieved by first resonantly exciting the residual atoms
to highly excited Rydberg states and then ionizing the latter in an elec-
tric field. Infrared radiation was used in the resonance transition. The
field ionization of the Rydberg atoms of interest enabled separation of
the resulting positive ions from neutral atoms created by photodetach-
ment to other excited states. In the present experiment the following
photodetachment channels were investigated:

Cs−(6 1S) + γUV → Cs(10 2S) + e−, (10.3)
→ Cs(6 2F ) + e−, (10.4)
→ Cs(6 2G) + e−. (10.5)

The three channels have threshold energies of 3.980 407(25) eV, 3.984 025(25)
eV and 3.986 881(25) eV, respectively [140, 168]. In the cases of the 6 2F
and 6 2G states, the fine structure splittings are 13 µeV and 0.2 µeV, re-
spectively, which was below the resolution of the experiment. The un-
certainties in these values arise primarily from the uncertainty quoted
on the measured electron affinity [140]. The energy range used in this
study includes the openings of the three aforementioned channels, as
well as the opening of the Cs(10 2P1/2) channel at 4.033 296(25) eV and
the Cs(10 2P3/2) channel at 4.036 627(25) eV.

10.2.2 Apparatus

Photodetachment of Cs− was studied using the collinear beams appa-
ratus at GUNILLA. A large interaction volume defined by the overlap
of collinearly superimposed ion and laser beams provided a highly
sensitive measurement system. This was crucial since the partial pho-
todetachment cross sections to highly excited state are generally very
small, as shown in for example Ref. [135]. Moreover, the energy sepa-
rations of adjacent excited states of the residual Cs atom are very small
at high levels of excitation, which necessitates high energy resolution
in the final state detection process. The state selective detection of
these atoms via resonance ionization was the basis for the selectivity.
The energy resolution in the experiment was enhanced by the large re-
duction in kinematic broadening brought about by the collinear inter-
action of the ion and laser beams [155]. In the present measurement,
the energy resolution was determined primarily by the finite band-
width of the laser used for photodetachment, which is approximately
25 µeV.
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Figure 10.2: A schematic of the collinear beams apparatus. Two laser beams
and an ion beam are superimposed in a collinear co-propagating geometry.

A schematic overview of the apparatus is shown in Fig. 10.2. The ex-
perimental arrangement has been described in detail in a recent pub-
lication [167]. Negative ions of cesium were produced in a cesium
sputter ion source using a pre-drilled, but empty, aluminium cath-
ode. The Cs− ions were accelerated to 6 keV energy. The ion beam
was mass selected in a magnetic sector before it was guided by an
electrostatic quadrupole deflector into an interaction region defined
by two 3 mm apertures placed 61 cm apart. The ion optical design
of the apparatus is described in detail by Diehl et al. [138]. The in-
teraction region is shielded against stray electric fields by means of a
stainless steel tube centered along the path of the ions. In the interac-
tion region, the ion beam was merged with two co-propagating laser
beams, where one was used for photodetachment and the other for
resonant excitation in the detection process. After the interaction re-
gion, an inhomogeneous electric field and a position sensitive detector
(PSD) served as a Rydberg state analyzer. Rydberg atoms in differ-
ent states were field ionized at different positions in the field so that
the resulting positive ions were deflected at different angles into the
detector. Information about the position where the ions hit the PSD
were used to distinguish positive ions produced by field-ionization
of Rydberg atoms from those created in sequential photodetachment-
photoionization events induced by two UV photons.
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The UV and the IR radiation were both generated by Nd:YAG-pumped
OPOs delivering nanosecond pulses at repetition rates of 10 Hz. The
spectral bandwidths of the lasers were 25 µeV. The pulse energy of the
IR laser after the chamber was approximately 0.2 mJ, which was suffi-
cient to saturate the resonant transitions to the Rydberg states. The UV
pulse energy was approximately 0.7 mJ, far from saturating the non-
resonant photodetachment process. In order to investigate the cross
sections, the UV radiation was tuned from 3.977 to 4.043 eV in the ion
rest frame. For the various channel studies, the IR laser was tuned to
the resonant transitions 10 2S → 24 2P , 6 2F → 24 2D or 6 2G → 23 2F ,
which, in the rest frame, correspond to 352.963, 352.552 and 346.775
meV, respectively [168]. The UV pulse arrived at the interaction region
approximately 20 ns before the IR pulse. The negative ion beam was
deflected into a Faraday cup by the electric field in the Rydberg ana-
lyzer. The ion current, after the passage through the interaction region,
was on the order of 1 nA. For each shot of the two lasers, the data from
the PSD was recorded together with the measured wavelength, the
pulse energy of the UV radiation, and the ion current. The data anal-
ysis was performed using an off-line procedure. The data was binned
according to the measured photon energy of the UV radiation. Each
bin corresponds to a data point in the cross section curve. An estima-
tion of the diffuse backgrounds observed in the experiment was per-
formed by calculating the mean count density around the signal peak.
The number of counts in the signal peak were then integrated and the
background was subtracted. The number of counts was normalized
with respect to the ion current, the pulse energy of the UV laser, and
the number of laser shots in the bin. The measured laboratory-frame
photon energies were converted to energies in the ion rest frame by
use of the known kinetic energy of the ion beam. This Doppler shift
correction introduced an uncertainty in the photon energy being less
than 10 µeV, which is about half of the laser bandwidth.

10.2.3 Analysis of overlapping resonances

Figure 10.1 shows the optical excitation scheme employed in this work.
A ground state Cs− ion is excited by a UV photon to a doubly excited
state. This state decays rapidly to a free electron and a neutral atom,
which can be in the ground state or in an excited state. Alternatively,
the same photon can detach an electron by making a direct transition
to a continuum state of the same energy. The quantum interference be-
tween these resonant and non-resonant processes determines the mod-
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ulation of the cross section. The phase difference between the ampli-
tudes for the two paths determines whether the intereference is con-
structive or destructive. Experimentally, this is seen as a modulation
of the non-resonant cross section by the presence of resonance asso-
ciated with the doubly excited state. Fano [157] derived an analytical
expression that describes the variation in the shape of a cross section in
the presence of resonance structure. Later, Shore [158] deduced a dif-
ferent expression, which is an alternative parameterisation of the same
shape described by the Fano profile. These parameterizations are only
valid for single isolated resonances. In the present experiment it is evi-
dent that the existence of multiple overlapping resonances are needed
to explain the measured cross sections. The initial and final states of
the photodetachment reactions are connected via several independent
paths associated with different doubly excited states. A simple model
has been developed in order to account for overlapping of multiple
resonances. The model is essentially a generalization of the Fano and
Shore parametrizations for single resonances. It is based on a descrip-
tion of the system in which the only interaction between the resonant
states and the continuum is the interference arising from the addition
of amplitudes. This corresponds to the simplest possible view of inter-
fering resonances. Effects that change the energies and widths of the
resonances due to the direct interactions between the resonant states
or the indirect interactions via the continuum couplings are ignored.
A rigorous treatment of two interfering resonances in the presence of
one open continuum can, for example, be found in [169].

The model is based on the presence of an arbitrary number of N dou-
bly excited states, Cs−(k), enumerated by k = 1, 2, 3, ..., N , in the single
detachment continuum. For each photodetachment channel, Cs(nl),
the reaction can proceed through multiple paths. The direct path is
given by Cs− + γUV → Cs(nl) + e− and is assigned an amplitude Anl.
The amplitude is given by the cross section for the non-resonant pho-
todetachment process asAnl ∝

√
σnl. The additional paths are given by

the reactions that proceed via the resonant states Cs−+γUV → Cs−(k) →
Cs(nl)+e−. Each such path is assigned an amplitudeAnlk , to which two
different factors contribute. The first factor comes from the excitation
of the negative ion to the Cs−(k) state. The excitation probability to a
state with energy Ek and a width Γk has a Lorentzian energy depen-
dence

Lk ∝
1√

εk2 + 1
, (10.6)

where the dimensionless detuning is given as εk = (~ω − Ek)/
Γk

2
,

with ~ω as the photon energy. The second factor of Anlk is the rela-
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tive branching, Bnl
k , of the decay of Cs−(k) into the many Cs(nl) states.

We now assume that the energy dependence of decay from Cs−(k) to
Cs(nl) is identical to the energy dependence of the non-resonant pho-
todetachment amplitude from Cs− to Cs(nl), e.i., Bk

nl ∝ Anl. With this
assumption, for the otherwise unknown energy dependence of Bk

nl, a
well known result can be obtained for a single resonances (see below).

So far, only the energy dependencies of Lk and Bnl
k have been consid-

ered. The absolute magnitudes of the cross section for excitation and
the amount of branching to the Cs(nl) state are instead collected in the
parameter snlk , which describes the relative amplitude of the paths via
the resonant states. With these parameters the amplitude via the state
Cs−(k) in to the final state Cs(nl) is given by

Anlk = snlk Lk B
nl
k =

snlk Anl√
εk2 + 1

. (10.7)

The amplitudes for the different paths can now be added since the rela-
tive phases are known. Each resonant path has an intrinsic phase shift,
δnlk , compared to the direct path. Further, the excitation to the Cs−(k)

state introduces an energy dependent phase shift of δk = arctan(−1/εk)
[169]. The total amplitude for photodetachment, including the non-
resonant cross section and the resonances is thus given by

AnlT = Anl +
N∑
k=1

Anlk exp
[
i
(
δnlk + δk

)]
, (10.8)

and from this expression the cross section is give by σnlT ∝ |AnlT |2.

A description of overlapping resonances should, of course, reproduce
the established expressions for a single isolated resonance. Therefore,
the sum in Eq. (10.8) is evaluated with N = 1. For a single resonance,
the calculation of σnlT can be performed analytically and results in

σnlT ∝ Anl
2

(
1 +
−ε 2 snl cos(δnl) + (snl)2 − 2 snl sin(δnl)

ε2 + 1

)
, (10.9)

where the index k = 1 has been dropped. By substituting a = −2 snl cos(δnl)
and b = (snl)2 − 2 snl sin(δnl) into Eq. (10.9) the well known expression

σnlT ∝ Anl
2

(
1 +

ε a+ b

ε2 + 1

)
(10.10)
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Figure 10.3: Partial cross section in the 10 2S, 6 2F and 6 2G channels in panels
(b), (c) and (d), respectively. Dashed vertical lines mark threshold energies.
Resonance energies and widths extracted from the fit discussed in section
10.4 are shown in panel (a).

is obtained, which for example was used in [141]. The expression in
Eq. (10.9) thus represents an alternative parametrization with the same
result as the Shore [158] and Fano [157] profiles. Here the snl parameter
corresponds to the relative amplitude of the path via the resonance
compared to the direct path when ε = 0, i.e. at resonance. The angle
δnl can be interpreted as the phase shift acquired by the wavefunction
due to the finite lifetime of the doubly excited state.

A simple analytical form cannot be obtained for more than one reso-
nance. It is, however, straight forward to implement the calculation
of σnlT numerically by explicitly evaluating the terms of the sum in Eq.
(10.8). The numerical expression can then be fitted to experimental
cross sections using a standard fitting routine.
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Figure 10.4: Detailed view of the region of the Cs(10 2P1/2,3/2) channel open-
ings from Fig. 10.3.

10.3 Results

Partial photodetachment cross sections for the Cs(10 2S), Cs(6 2F ) and
Cs(6 2G) channels are shown in Figs. 10.3b, 10.3c and 10.3d, respec-
tively. Two data sets are shown for each channel. One set extends
over the whole range (3.978–4.040 eV) and has a bin size of 2 cm-1 (≈
248 µeV). The second set was designed to capture the rapid cross sec-
tion modulations in the region encompassing the Cs(10 2P1/2,3/2) chan-
nel openings (4.027–4.039 eV). It has a bin size of 0.4 cm-1 (≈ 49.6 µeV).
This region is shown in greater detail in Fig. 10.4. The threshold region
of the Cs(10 2S) channel exhibits some rapid cross section modulations,
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Figure 10.5: Partial cross section in the Cs(10 2S) channel. Dashed vertical
lines mark the threshold energies. Bin size is 0.2 cm-1.

which are shown in detail in Fig. 10.4. This figure shows the cross sec-
tion from threshold to above the Cs(6 2F ) channel opening (3.98–3.983
eV), with a bin size of 0.2 cm-1 (≈ 24.8 µeV). In this case, the cross
section is seen to rise sharply at threshold. It is then strongly modu-
lated before it is reduced by 85% over a range of 0.5 meV, just below
the opening of the Cs(6 2F ) channel. The cross section then increases
slowly up to an energy of 3.994 eV. Right at the opening of the Cs(6
2F ) channel, a very narrow structure is observed. The threshold for
the Cs(6 2F ) channel (Fig. 10.3c) has a very sharp onset, while the cross
section for the Cs(6 2G) channel (Fig. 10.3d) is rising much more slowly
above threshold. All three partial cross sections show large modula-
tions, indicating the presence of a number of resonances.

The large modulations of the cross section in the Cs(10 2S) channel be-
low the Cs(6 2F ) channels opening (Fig. 10.5) cannot be reproduced by
any reasonable combinations of resonances and curves representing
the non-resonant cross section. The resonance structures in Fig. 10.3
show a number of overlapping resonances. This means that there is no
unambiguous method to extract resonance parameters from the data.
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10.4 Discussion

The cross sections just above the thresholds in the Cs(10 2S) and Cs(6
2F ) channels are steeply rising (Figs. 10.5 and 10.3c). This is in good
agreement with previously measured photodetachment channels in
which the residual atoms state has a large positive polarizability [134,
153]. The calculated polarizabilities of the 10 2S and 6 2F states are in-
deed very high, 4.75 × 105 a.u. and 7.77 × 106 a.u. respectively [161].
The polarizability of the Cs(6 2G) state is unknown. However, it is ex-
pected to be of similar size but opposite sign as compared with the
closely spaced Cs(6 2F ) state. The onset of the Cs(6 2G) channel, in con-
trast to the Cs(10 2S) and Cs(6 2F ) channels, show a very slow onset
of the cross section. This agrees well qualitatively with the threshold
behaviour observed in photodetachment into the K(5 2G) state in K.

The shape of the Cs(10 2S) cross section shows very large modula-
tions in the 4 meV region between its threshold and the opening of
the C(6 2F ) channel (see Fig. 10.5). We have so far been unable to
model the observed cross section using different functional forms of
the non-resonant cross section and different numbers of resonances. A
single Shore profile can, however, be fitted to the sharp structure at the
Cs(6 2F ) channel opening. This resulted in an energy of 3.984 040(11)
eV and a width of 95(11) µeV. The main contribution to the uncertainty
in the position arises from the uncertainty in the Doppler shift correc-
tion. It has not been possible to determine if the measured energy of
the resonance is below or above the threshold of the Cs(6 2F ) channel,
which is given as 3.984 025(25) eV in the literature [140,168]. The most
likely origin of this structure is, however, a doubly excited state of Cs−

that is bound with respect to the parent Cs(6 2F ) state.

In the region between the openings of the Cs(6 2G) and Cs(10 2P3/2)
channels, modulations are seen that must be associated with the pres-
ences of many different resonances. Only a few of the structures can
easily be identified in more than one partial cross section. Just be-
low the Cs(10 2P3/2) channel opening, for example, a large and narrow
modulation is observed in all three channels. Below the Cs(10 2P1/2)
channel opening, an equally narrow structure is observed in both the
10 2S and the 6 2G channels. These two structures are most likely the
result of two doubly excited states bound with respect to the 10 2P1/2

and 10 2P3/2 states, respectively.

The data shown in Fig. 10.3 clearly contains a number of overlapping
resonances. Therefore, the numerical model described in section 10.2.3
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were fitted to the data. Linear functions were used to describe the
non-resonant cross sections in the Cs(10 2S) and Cs(6 2F ) channels.
In the Cs(6 2G) channel, on the other hand, the threshold model in
Eq. (10.2) was used for this purpose. The model from [153] is expected
to be a better description of the non-resonant cross section than a lin-
ear function in this case due to the expected large and negative po-
larizability. Fits with different number of resonances were attempted.
The region seems to encompass at least 11 different overlapping reso-
nance structures. All of these resonances are, however, not visible in
all three channels due to different branching of the resonant states to
the final states. Attempts to fit an expression with 11 resonances to
the cross section in a single channel resulted in unstable fitting condi-
tions. To solve this, the fits were performed in the three channels at
the same time. The energy, Ek, and width, Γk, of each resonance was
constrained to have the same value in all three channels, while the
relative amplitude, snlk , and the phase shift, δnlk , were allowed to vary.
The result of such a fit are shown as hollow lines in Figs. 10.3 and 10.4.
The extracted resonance parameters are indicated in panel (a) of these
figures and are tabulated in Table 10.1.

Table 10.1: Tentative assignment of resonance parameters between the Cs(6
2G) and Cs(10 2P3/2) channel openings. Uncertainties represent one sigma
confidence interval in the fit.

label Er (eV) Γ (meV) label Er (eV) Γ (meV)
a 3.093 6(4) 6.3(7) g 4.027 6(18) 6.0(40)
b 4.003 2(6) 11.0(12) h 4.029 89(22) 1.9(5)
c 4.012 9(6) 6.8(12) i 4.032 96(5) 0.61(9)
d 4.019 6(5) 4.6(10) j 4.034 40(14) 1.8(3)
e 4.022 9(14) 5.3(2.6) k 4.036 22(4) 0.65(1)
f 4.027(5)

The identification of resonances made with this fit are only tentative.
Some of the assignment of resonances are, however, more plausible
than others. The resonances i, j and k can clearly be seen in all three
channels. The parameters extracted for these resonances can thus be
considered to be somewhat reliable. In the region of resonances a and
b, below 4.01 eV, at least two resonances were found to be necessary
to reproduce the observed structure. Between 4.01 eV and the Cs(10
2P1/2) channel opening, it is clear that many resonances are needed to
reproduce the modulations in the three channels. The assignment of
resonance parameters might, however, have many different solutions
depending on the resonance model and the functional form used for
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the non-resonant cross section. Apart form the identification of reso-
nance i, the assignment of resonances in the region, c to h, is highly
uncertain. It is not even clear how many resonances are responsible
for the observed structure in this energy range.

10.5 Conclusions

We have performed a high-resolution measurement of three partial
cross sections for the photodetachment of the Cs− ion into final state
channels that involve highly excited states of the residual Cs atom.
In the case of states having a positive polarizability, the cross sec-
tion exhibits a very sharp increase at the channel openings. This is
in agreement with what has been previously observed in the photode-
tachment of other negative ions of the alkali metals under similar con-
ditions [134,153]. However, the Cs(6 2G) channel, which is expected to
have a negative polarizability, shows a slow onset of the cross section.
The cross section at this threshold exhibits the same general behaviour
as previously observed at the opening of the K(5 2G) channel in K−

photodetachment [153]. The cross sections in the Cs(10 2S), Cs(6 2F )
and Cs(6 2G) channels were modulated by the presence of many reso-
nances below the Cs(10 2P1/2,3/2) channel openings. A tentative iden-
tification and assignment of the parameters of these resonances was
made. A total of eleven resonances were fitted in the data analysis.
However, only three identifications can be considered to be reliable
(resonances i, j and k in Table 10.1). These resonances have energies of
4.032 96(5) eV, 4.034 40(14) eV and 4.036 22(4) eV and widths of 0.61(9)
meV, 1.8(3) meV and 0.65(1) meV, respectively. Our inability to iden-
tify some of the resonances was primarily due to the fact that many
resonances were overlapping. A structure with a width of 0.095(11)
meV were identified in the Cs(10 2S) cross section at a photon energy
of 3.984 040(11) eV. Due the large uncertainty in the electron affinity
of the Cs atom, it was not possible to determine if this structure was
situated above or below the Cs(6 2F ) channel opening.

The simple parametrization of resonance profiles used in the analysis
of the data does not allow us to definitively identify the series of dou-
ble excited states that are responsible for the modulations seen in the
measured cross sections. Clearly, such a process would require ab initio
calculations that are not available at this time. Such calculations would
present a formidable challenge since the Cs− ion and the Cs atom are
both heavy, many electron systems. Many-body and relativistic effects
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would have to be incorporated in these calculations in order to give a
proper description of the systems.
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CHAPTER 11

Main Scientific Results and Discussion

"The most exciting phrase to hear in
science, the one that heralds new
discoveries, is not ’Eureka!’ but
’That’s funny ..."

−Isaac Asimov

11.1 Electron rescattering in strong field pho-
todetachment of negative ions

In chapter 4 we investigate the process of rescattering, described in sec-
tion 2.2. Our motivation for the study is that the rescattering effect has
not previously been observed in negative ions and recent predictions
that the ratio of rescattered electrons to the direct electrons is larger in
the heavier halogens, Br− and I− compared to F− [90, 91]. The experi-
mental setup described in section 3.1 is used. However, only one laser
beam is present in the interaction region. The idler beam is blocked
and the signal beam is used. Instead of a cesium sputter ion source a
gas discharge source is used to produce Br− and F− ions from a gas
mixture. Br− are produced from a mixture of 10% of methyl bromide
and 90% of Krypton. F− ions are produced from a mixture of 10% NF3

and 90% Krypton. The signal output of TOPAS is set to 1300nm. A
pulse length of 100 fs, a focus size of 40 µm and a peak intensity in
the focus of 6.5×1013 W/cm2 are achieved. The detached electrons are
detected by our EIS.

The upper part of Fig. 11.1 presents the angle resolved momentum
distribution of the detected photoelectrons. The angle θ represents the
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Figure 11.1: Angle-resolved momentum distribution of photoelectrons detached
from Br− exposed to a 100 fs laser pulse with a wavelength of 1300 nm and peak
intensity of 6.5 × 1013 W/cm2. Upper part (0◦ ≤ θ ≤ 270◦) presents experimental
results while the lower part (−270◦ ≤ θ ≤ 0◦) are predictions by the rescattering
theory.

emission angle relative to the laser polarization. Two jets of high en-
ergy electrons emitted along the laser polarization at 0◦ and 180◦. The
lower part of Fig. 11.1 presents the result of a simulation using the
modified SFA, Eq. 2.10. In the simulation the spatiotemporal intensity
distribution of the laser focus is taken into account as described in [83].
Furthermore, due to the high laser intensity the detachment process
is saturated. Therefore depletion of negative ions are taken into ac-
count in the simulation [83]. There is an excellent agreement between
theory and experiment. Fig. 11.2 shows a cut in the electrons energy
distribution along laser polarization direction. The amount of high en-
ergy electrons are well described by the modified SFA. The rescattering
term in Eq. 2.10 becomes dominant above 15 eV. In atoms the rescatter-
ing process is observed as a high energy plateau extending along the
laser polarization direction. The plateau reaches up to and has a cutoff
at 10 Up [170], where Up is the ponderomotive energy given by Eq. 2.4.
In our experiment Up for Br− and F− are 10 eV and 5 eV respectively.
The observed plateau in the present experiments is rather an inclined
plane instead and it does not extend up to 10 Up, this interpreted as an
effect of the strong saturation of the photodetachment process. Only
1% of the ions in the laser focus survives the leading edge of the pulse
to be detached at the peak intensity. Integrating the product of the
detachment rate and the population in the focus gives rise to the ob-
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11.2. Strong field detachment of molecular negative ions.

Figure 11.2: Kinetik energy dirtribution of observed photoelectrons from detachment
of Br− (a) and F− (b). Circles: experiment; Dashed line: Standard SFA; Solid Line:
SFA with rescattering taken in to account.

served inclined plane. In such case the observed rescattering signal
should be less sensitive to the peak intensity used in the simulations,
and indeed no significant difference in the rescattering signal is ob-
served when varying the peak intensity as much as 30%. The atomic
core is smaller in F than in Br. This is reflected in the Z-parameter (Eq.
2.11) being lower (smaller potential depth) as well as the smaller D pa-
rameter (steeper decrease of the potential). The rescattering signal is
less pronounced in F− compared to Br−. This is in agreement with de-
creased probability for the electron to rescatter of the parent core due
to the smaller size of the fluorine atom.

11.2 Strong field detachment of molecular neg-
ative ions.

In chapter 5 strong field photodetachment of F− and F−2 are compared.
The same experimental setup is used as in section 11.1. Recently the
SFA has been extended to include diatomic molecular anions [171–
173]. In the molecular SFA the orientation of the molecular axis rel-
ative to the laser polarization is of importance as well as the symmetry
of the initial electronic state. The emission of photoelectrons from two
centers is expected to give rise to quantum interference patterns in the
photoelectron spectra. The aim of this experiment was to test the the-
ory described in [173], where two versions are described. In the first
version the initial state is described solely as the ground state of the
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Figure 11.3: Momentum distribution of electrons detached from F−2 (left) and F−

(right). P⊥ and P‖ represent the momentum components perpendicular and parallel
to the laser polarization axis, respectively. The laser wavelength is 1300nm. The
pulse length is 130 fs, focus size is 46 µm and the peak intensity is 3.4×1013 W/cm2.
The laser polarization direction is vertical in the images.

molecular anion. In the second version the initial state includes the
laser field. The two versions are referred to as undressed and dressed,
respectively. In the dressed version of the molecular SFA the external
electric field from the laser gives rise to a potential difference between
the two atomic centers of the molecule. In simulations this gives rise to
significantly different energy and angular distributions of the emitted
photoelectrons.

Negative ions of F and F2 were exposed to a 1300 nm linearly polar-
ized laser field. The pulse length was 130 fs, the focus size was 46 µm
and the peak intensity 3.4×1013 W/cm2. In the ion source F− and F−2
are produced simultaneously. By tuning the Wien filter either of the
two species is guided through to the interaction region. The data ac-
quisition was broken in to shorter segments, alternating between F−

and F−2 , in order to eliminated long term drifts of the laser parameters.
The recorded, abel inverted, images of F− and F−2 are presented in Fig.
11.3.

The two images exhibit some clear differences. The F−2 spectra is broader
along the laser polarization direction (vertical in the images). The non-
monotonic structure in the F− spectra at P‖ = ±0.6 a.u. is due to the
quantum interference discussed in section 2.2 and is not visible in the
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11.2. Strong field detachment of molecular negative ions.

Figure 11.4: Potential energy curves of electronic states of F−2 and the ground elec-
tronic state of F2. νi and νf are the vibrational quantum numbers of F−2 and F2

vibrational states, respectively, E0 denotes the threshold energy for a given νi → νf
transition. The insert shows the squared overlap of nuclear wave functions, S2

νfνi
,

for νi = 0 and different νf values.

F−2 spectra. To simulate the photodetachment of F−2 we need to spec-
ify the electron affinity of the molecule. The potential curves for F−2
and F2 are presented, together with three dissociative states in F−2 , in
Fig. 11.4 the curves are obtained from reference [174]. We assume
that the molecules are created in their lowest vibrational state, νi = 0.
The molecular potential is approximated by the morse potential. The
core overlap between the initial vibrational state, νi, and a series of
vibrationally excited states νf in the F2 molecule has been calculated,
for more details see [84]. The results is presented in the inset of Fig.
11.4. The largest transition probability is found to be νi = 0→ νf = 11.
Only this transition is considered. The electron affinity in the transi-
tion is defined as the energy difference between F−2 (ν = 0) and F2(ν =
11). The electron affinity is 3.965 eV. The molecular version of the SFA
used is described in shortly in chapter 5 and in more detail in [173].
Fig. 11.5 (a) presents simulations assuming a dressed (dashed line)
and undressed (solid line) initial state, circles prepresent experimen-
tal data. Neither of the two versions reproduce the observed energy
spectrum of photoelectrons. An uncertainty in the experiment is dis-
sociation of F−2 followed by detachment of F−. The energy needed to
dissociate F−2 in to F− and F is lower than the electron affinity, see Fig.
11.4. The timescale of molecular dissociation is on the order of 10 fs
and can thus occur in the leading edge of the laser pulse. The F− orig-
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Figure 11.5: Energy distribution of photoelectrons emitted from F−2 along the laser
polarization axis. (a) shows predictions by the undressed (solid line) and dressed
(dashed line) versions of the molecular SFA. Circles represent experiment. The curves
are normalized according to the integrated yield. (b) Comparison of the experimental
energy distribution with predictions by the model that assumes strong-field disso-
ciation of F−2 followed by photodetachment of F−. Calculations are performed for
different initial times (see text): −σt (dotted line), −σt/2 (dashed line), and 0 (solid
line). The curves are normalized according to the integrated yield.

inating from the dissociation process will be created closer to the peak
intensity in the time envelope of the laser pulse, and thus resemble an
energy spectrum of F− recorded at a higher laser intensity.

Fig. 11.5 (b) presents simulations where the initial time, t0, is varied.
The parameter t0 is the time when the negative ions are exposed to the
laser field. Photoelectron distributions for t0 = −σt,−σt/2, 0 are simu-
lated. Here σt = 79 fs is the measured Gaussian width of the temporal
intensity profile I(t) = I exp(−t2/σ2

t ), and the peak of the pulse is at
t = 0. The simulated energy distribution of photoelectrons is broader
when t0 is chosen close to the center of the laser pulse. This is ex-
plained by the fact that the population of negative ions is then less
depleted when exposed to the high intensities in the middle of the
pulse, giving rise to the most energetic photoelectrons. However, even
for t0 = 0, the simulated spectra is narrower than the measured one
for low energy electrons (≤3.5 eV), while the high energy electrons are
overestimated. The high energy part of the spectrum can be repro-
duced by averaging over simulations stretching form t0=−∞ to t0 = 0.
However, to explain the low energy part of the spectrum a more so-
phisticated model of the detachment process of F−2 is needed. Further-
more, a coincidence technique being able to separate photoelectrons
from detachment of F−2 and F− is needed to unambiguously being able
to test wether the initial state should be dressed or undressed in the
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molecular SFA.

11.3 Motion of an electronic wave packet in
carbon and silicon atoms

In chapter 6 and 7 we did time resolved pump-probe experiments on
electron dynamics in the valence shell of carbon, silicon and germa-
nium atoms. The pump-probe setup described in section 3.1 was used.
The linearly polarized pump pulse initiates a three photon detachment
process of the carbon negative ion ground state, 4S3/2 to the 3P ground
state of the carbon atom. See Fig: 11.6. The total electron configuration
of the carbon negative ion is 1s22s22p3 4S3/2. The valence shell holds
three p electrons in a spherical symmetric configuration. The linearly
polarized pump pulse defines a quantization axis for the angular mo-
mentum of the electrons. A p-electrons has an angular momentum of
l=1, hence ml=0 and ml=±1 are possible. The detachment rate via tun-
neling is greatly dependent on the ml quantum number. ml=0 states
shows detachment rates typically one order of magnitude larger than
ml 6=0 states [74,112]. Hence, one can expect the substates having ml=0
to detach first in the laser pulse, leaving the atom in an aligned state
consisting of ml=±1. The linearly polarized probe pulse ionizes the
atom after a controlled time delay and the ionized electrons are de-
tected in our EIS. The amount of high energy electrons in the image is
strongly dependent on the orbital alignment in the atom.

The alignment effect in the probe step is visualized through the record-
ing of four images for each pump-probe time delay. First, an image
was recorded with the pump and probe beams polarizations aligned
perpendicular with respect to each other (Fig. 11.7(a)). Second, a back-
ground image with only the pump laser present was recorded (Fig.
11.7(b)). The third image was obtained with the pump and probe
beams aligned parallel (Fig. 11.7(c)). Finally, a background image with
only the pump laser present was recorded (Fig. 11.7(d)). The effect of
the probe beam is isolated by subtracting (b) from (a) and (d) from (c).
The alignment effect in the carbon atom is visualized by comparing
the probe yields obtained with the perpendicular and parallel polar-
ization geometries. The method is graphically depicted in Fig. 11.7. A
clear difference in signal is observed when the two laser pulses have
parallel polarizations to the image where they have perpendicular po-
larizations.
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Figure 11.6: Energy level diagram of the negative carbon ion and the carbon atom.
[85]

Figure 11.7: Dashed and solid arrows
represent the polarization direction of the
pump pulse and the probe pulse respec-
tively.

In Fig. 11.7(b) the electric field
from the laser is parallel to the
detector, hence, the electrons are
emitted parallel to the detector
and spread over a large are. In
(d) the electric field from the
laser is pointing into the detector
meaning that most electrons are
emitted into the center of the de-
tector. The total signal in (b) and (d) were summed over the whole
detector area and the integrated signal is smaller in (d), indicating sat-
uration of the central parts of the detector. However, we put our in-
terest in the high energy electrons detected far from the center of the
detector.

In Fig. 11.8 the three images are recorded with three different time de-
lays between the pump and probe pulses. The polarization direction
of the probe pulse is vertical, indicated by the red arrow in Fig. 11.8
(d). In Fig. 11.8 (a) no high energy electrons are emitted along the laser
polarization. In (b), recorded 300 fs later, some high energy electrons
in the shape of two jets are emitted along the laser polarization. In (c),
recorded another 300 fs later, a large amount of high energy electrons
is detected. A clear time dependence of the amount of strong field ion-
ized electrons is observed. A series of images at time delays between
600fs and 5000fs have been recorded. In Fig. 11.9 the signal in the jets
of each figure is summed and plotted as a function of the time delay
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11.3. Motion of an electronic wave packet in carbon and silicon atoms

between the pump and probe pulse. The areas over which the signal is
summed are indicated by the two rectangles in Fig. 11.8 (d). A strong
modulation in the ionization signal is visible. The modulation is inter-
preted as a change in the electron density in the ml=0 orbital, aligned
along the probe pulse polarization.

Figure 11.8: Images recorded at time delays between pump and probe pulses of 2000
fs (a), 2300 fs (b) and 2600 fs (c). P‖ and P⊥ represent the momentum of the electrons
emitted parallel and perpendicular with respect to the laser polarization of the probe
beam, shown as the arrow in (d). A strong modulation in the amount of high-energy
electrons is observed. The two rectangles shown in d) represent the area over which
the electron yield was integrated in the data shown in Fig. 11.9.

Since we remove one out of three electrons from an initially spherical
symmetric electronic state I find it more expressive to show the spatial
probability distribution of the created hole (Fig. 11.10 (a)) rather than
that of the remaining electrons. The oscillation can quantitatively be
understood by inspecting the spatial hole density distributions in the
carbon atom shown in Fig. 11.10. In Fig. 11.10 (a), a hole has been
burnt along the polarization axis (vertical). The photoionization yield
at this instance is very low since the electron density along the polar-
ization axis is depleted, this corresponds to Fig. 11.8 (a). 600 fs later,
shown in figure 11.10 (c), the different time evolutions of the substates
(J=0,1,2) have changed the electron distribution completely. The hole
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Figure 11.9: Pump probe experiment on the carbon atom. The number of high energy
electrons created in the ionization step plotted as a function of the time delay between
the pump and probe pulses.

Figure 11.10: Spatial hole density distributions in the carbon atom. (a) The distri-
bution after exposure to a strong laser field where a hole has been burnt along the axis
of polarization (vertical in the figure). (b) The hole distribution after 300 fs. (c) The
probability distribution after 600 fs, where the wave packet movement has filled the
hole along the laser polarization. (e) The probability distribution after 900 fs. Revival
of the initial hole distribution takes place 1200 fs after the wave packet is created. The
theory section of chapter 7 contains a detailed description on how SFA theory in com-
bination with a density matrix formalism is used to simulate the creation and time
evolution of the hole in the electron density in the atom.
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11.3. Motion of an electronic wave packet in carbon and silicon atoms

in 11.10 (a) is now filled and the ionization yield along the laser polar-
ization is enhanced, corresponding to Fig. 11.8 (c). The hole is revived
after 1200 fs (Fig. 11.10 (e)). For a more thorough discussion see the
theory section in chapter 7, where we use the SFA theory in combi-
nation with a density matrix formalism to simulate the creation and
time evolution of the hole in the electron density in the atom. The
hole is described as a wave packet moving in the valence shell of the
atom. The same experiment has been performed on the silicon atom.
The electron configuration in silicon is identical to carbon but the fine
structure splitting of the ground state is larger. A similar oscillatory
behavior of the ionization signal is observed but with a shorter time
period. In Fig. 11.11 the results from a pump probe experiment on
silicon is presented. A third experiment was performed on the germa-
nium atom. However, the oscillation period was to short to be resolved
with a laser pulse of 100 femtoseconds duration.

The modulation of the amount of ionized electrons in the probe step is
a manifestation of a spatial change of the electron density in the carbon
atom. The population in the atom along the laser polarization direc-
tion is directly projected on to the detector. For the very first time the
electron dynamics in the ground state of an atom has been recorded.
The pump pulse creates a wave packet in the carbon atom. The mo-
tion of the wave packet produces an oscillation in the electron proba-
bility density along the laser polarization direction. The method used
to detect the probability density as a function of time shows a direct
visualization of the oscillating wave packet. A near complete modu-
lation of the ionization signal is observed over a full oscillation period
in the case of carbon, see Fig. 11.9. The oscillations period in the sili-
con atom is only twice the probe pulse duration and a smearing of the
signal occurs and only a 25% modulation is seen. (Fig. 11.11). No sign
of decoherence is visible within four full oscillations in carbon and six
oscillations in silicon.

The coherently created wave packet can be described by a sum of three
wave functions. One wave function for each fine structure level Ji,
having its own phase velocity. The phase velocity is proportional to
the energy of the state. The wave packet can be expressed as

Ψ = ψ(J0)e
−iE0

~ t + ψ(J1)e
−iE1

~ t + ψ(J2)e
−iE2

~ t, (11.1)

where ψ(Ji) represent some time independent spatial probability den-
sity distribution. A beat between these three wave functions occurs
since they interfere constructively and destructively as they evolve
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Figure 11.11: Pump probe experiment on the silicon atom. The amount of high
energy electrons created in the ionization step plotted as a function of the time delay
between the pump and probe pulses.

with their individual phase velocities −~Ei. The ground state consists
of three fine structure levels therefore three different beat frequencies
are possible, corresponding to the energy difference between the fine
structure levels; J1↔0, J2↔0 and J2↔1. The curve in Fig. 11.9 is a fit of
three cosine functions each having its own time period, see Eq. 11.2.
The time period of the beat is given by τ = h/∆E, where ∆E is the
energy spacing between two states.

f(t) = α+βcos(
2π

τ1

(t+ ∆))+γcos(
2π

τ2

(t+ ∆))+ εcos(
2π

τ3

(t+ ∆)) (11.2)

In table 11.1 the theoretical beat periods are presented together with
the experimental results acquired from the fit of Eq. 11.2.

Table 11.1: Carbon and Silicon

Carbon ∆E (meV) τcal ± σ (fs) τexp ± σ (fs) Exp. Beat Amp.
J0↔1 2.03 2034 1931 ± 1456 0.01 ± 0.075
J0↔2 5.38 769 637 ± 23 0.081 ± 0.070
J1↔2 3.35 1235 1229 ± 16.5 1 ± 0.056

Silicon
J0↔1 2.03 433 408 ± 13.2 0.139 ± 0.12
J0↔2 5.38 149 175 ± 6.7 0.049 ± 0.12
J1↔2 3.35 228 225 ± 2.7 1 ± 0.12

In both carbon and silicon J1↔2 is the main beat frequency observed.
J0↔1 and J0↔2 are comparably weak. In the case of carbon and silicon
the J=2,1,0 states are populated as 5,3,1 respectively. Regarding the
beat periods, the agreement between theory and experiment is found
to be excellent for the J1↔2 case in both carbon and silicon.
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11.4 Structure of negative ions

When investigating doubly excited states and thresholds in photode-
tachment of K− and Cs−we use the resonant ionization scheme and ex-
perimental setup described in section 3.2. K− ions are produced from
a cathode packed with potassium carbonate powder, K2CO3. When
producing Cs− ions, a blank aluminum cathode was used and cesium
deposited from the oven was sputtered and formed negative ions. The
ions where accelerated to 6 keV and mass selected in the sector mag-
net before entering the interaction region in a collinear manner with
the γUV and γIR laser beams as depicted in Fig. 3.8.

11.4.1 Potassium

We have investigated the photodetachment process of K− leading to
the excited 7 2S, 5 2F and 5 2G states in the neutral potassium atom.
The γUV energy range is from 4.250 eV to 4.360 eV, covering the range
from below K(7 2S) up to and including the K(7 2P) threshold. The
results are presented in chapter 8 and 9. Previous experiments at GU-
NILLA on K− investigating photodetachment from the negative ion to
K(5 2S) comprises the energy range 4.193-4.298 eV reaching just above
the K(5 2G) threshold [152]. Theoretical predictions, on cross section
curves and resonances, extending up to 4.360 eV were subsequently
published in [135].

A measurement where the γUV laser was scanned over in the pervi-
ously investigated region below the K(5 2F) threshold was conducted
and the result is presented in Fig. 11.12. Three resonances represented
by thick vertical lines were seen, their widths are indicated by the thick
horizontal lines. To compare the experimental results with theory a
shore profile [158] together with a linear background as in [141] is fit-
ted to the data set. The Shore profile is given by

S =
aε+ b

ε2 + 1
(11.3)

where a and b are fit parameters. The energy parameter ε = (~ω −
Er)/

Γ
2

contains the resonance energy, Er and the resonance width, Γ.
While ~ω is the photon energy. As mentioned before we observe three
resonances and we fit sum of three Shore profiles together with a linear
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Figure 11.12: Partial cross section for photodetachment of K− into the K(7 2S)
channel. Vertical dashed lines indicates channel openings. Resonance positions and
widths are represented by the vertical and horizontal lines, respectively. The res-
onance parameters obtained from the current investigation are indicated by thick
lines, thin lines above the thick lines represent theoretical values from [135] while the
thin lines below represent the previous experiment [152]. In reference [135] there is
no width specified for the resonance at 4.28 eV.

background

σ = (c+ ~ω d)

(
1 +

3∑
i=1

aiεi + bi
ε2i + 1

)
(11.4)

where c and d are fit parameters describing the non-resonant cross sec-
tion. The numerical values of the positions and widths of the reso-
nances obtained in present measurement are listed as A, B, C and D in
Table 11.2 together with predictions and previous measurement.

Subsequently the photodetachment cross section in the range between
5 2F and 7 2P channel openings were measured. No previous experi-
mental results are available in this energy range. There are theoretical
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Table 11.2: Resonance parameters obtained from the
present cross section measurements on K− as well as
theoretical predictions [135] and previous measure-
ments [152].

Label Channel / source Er (eV) Γ (meV)
A K(7 2S) 4.28(2) 44(20)

K(5 2S)a 4.292(2) 10(2)
Calculationb 4.275 90

B K(7 2S) 4.294 68(9) 1.6(3)
K(5 2S)a 4.2945(1) 1.5(2)

Calculationb 4.294 72 1.472 2

C K(7 2S)c

K(5 2S)a 4.295 76(4) 0.10 (8)
Calculationb 4.295 803 1 0.002

D K(7 2S) 4.296 21(5) 0.28 (5)
K(5 2S)a 4.2960(2) 0.30 (3)

Calculationb 4.296 06

E K(7 2S) 4.321(5) 19 (6)
K(5 2F) 4.327(7) 26 (9)
K(5 2G) 4.325(4) 25 (8)
Meand 4.324(3) 22 (5)

Calculationb 4.32339 27.718 3
K(7 2S) 4.320(3) 25 (9)
K(5 2G) 4.319(4) 27 (4)
Meand 4.320(3) 27 (4)

F K(7 2S) 4.353 2(6) 2.2 (5)
K(5 2F) 4.353 2(5) 2.2 (4)
K(5 2G) 4.353 00(13) 1.66 (12)
Meand 4.353 02(13) 1.72 (12)

Calculationb 4.353 50
a Previous experimental results from [152].
b Theoretical predictions from [135]
c Not observed in the present measurement.
d Weighted mean of the obtained parameters from

all three channels.
e Parameters obtained from data set in chapter 8.
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predictions on two resonances between 4.3 eV and 4.36 eV [135]. The
cross section leading to the 7 2S, 5 2F and 5 2G states were recorded.
The result is presented in Fig. 11.13. Numerical values of the reso-
nance positions and widths are labeled as E and F in Table 11.2. Two
resonances are observed being in good agreement with theoretical pre-
dictions [135]. However, the most interesting observation is the fun-
damentally different threshold behavior in the 5 2F and 5 2G channels,
visible in 11.13 (c) and (d). The 5 2F channel opening is sharp, like a
step function while the 5 2G channel exhibits a slow onset. The cross
section is suppressed over several tenths of eV. A close up of the region
containing the two channel openings is presented in Fig. 11.14.

The step like threshold behavior of the 5 2F channel opening has been
observed previously [134]. The Wigner law neglects the polarizability
part of the binding potential when describing the threshold behavior.
See Eq. 2.1 and Eq. 2.2. Hence, for states having a large polarizability
the Wigner law is not expected to reproduce the observed threshold
behavior. The polarizability of the 5 2F and 5 2G states has been calcu-
lated to be 3.9×106 a.u. and -3.1×106 a.u., respectively [135]. Negative
polarizabilities are counterintuitive. When an electron approaches a
neutral atom the electron cloud is shifted towards the electron in con-
trast to ordinary polarizability where the electron cloud is repelled.
This phenomena can not be explained by classical electromagnetism.
The increase of negative charge in the direction of the incoming elec-
tron can be understood by considering constructive interference be-
tween the incoming electron’s wave function and the collective wave
function of the electrons in the atom. The step like threshold of the 5
2F state can be explained using Eq. 2.1. For a state having `=2 and α=
3.9×106 a.u. the maximum of the potential is at r=1145 a.u. and the
height of the centrifugal barrier is a mere 31 µeV. The probability of
detachment is zero when the photon energy is less than depth of the
potential. When the photon energy is larger than the potential depth
the bound electron has a probability of tunneling through the centrifu-
gal potential barrier in to the continuum. However, when the photon
energy is larger than the barrier there is still a probability that the elec-
tron is reflected on the barrier. Thus, the centrifugal barrier is expected
to influence the cross section up to a few times the barrier hight. The
cross section observed in the 5 2F state reaches its maximum value al-
ready after 100-200 µeV.

The data shown in lower the spectrum in Fig. 11.14 represents the first
observations of photodetachment where the negative polarizability of
the final state is the dominant interaction. The cross section is sup-
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Figure 11.13: Partial photodetachment cross sections for K−. (b), (c) and (d) show
the K(7 2S), K(5 2F) and K(5 2G) channels, respectively. Solid curves are Fits
of Eq. 11.4. Thick vertical and horizontal lines indicates the resonances parame-
ters. Weighted means of the resonance parameters are presented as thick lines in (a).
The resonance parameters calculated by Liu [135] are indicated by thin lines in (a).
Dashed vertical lines indicate channel openings.
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Figure 11.14: The threshold behavior in the K(5 2F) and K(5 2G) channels is shown
in (a)and (b), respectively. The solid line in (b) is a fit of the new threshold law
described by Eq. 11.9.
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pressed over a large energy range. A new model has been developed
to describe the behavior of the 5 2G threshold. At 508 a.u. the two parts
of Eq. 2.1 are of equal magnitude (Fig. 11.15). The total potential at this
point is 1.3 meV. Hence, the polarizability is expected to dominate for
energies large than 1.3 meV over the threshold, which is most of the
observed spectrum. The negative polarizability induces a repulsive
potential for the electron being detached. For the energy range in our
experiment the classical turning point for a free electron is at a radius
of 160 a.u. The classical turning point is where the wave function of
the final state is no longer an decaying exponential function, but a free
electron described by a plane wave. Therefore the overlap between
the initial state and final state is occurring in the tunneling region. The
part of the free electron’s wave function tunneling in to the repulsive
potential is given in [175]

ψk(r) =
C(Ee)

r
√
p(r)

exp

(
−
∫ r0

r

p(x)dx

)
, (11.5)

where k =
√

2Ee is the momentum of the outgoing electron, p(r) =√
|α|/r4 − 2Ee, r0 is the classical turning point and C(E) ∼ E−1/4 is

a normalization coefficient. The integral in Eq. 11.5 has an analytical
solution yielding the following expression

ψk(r) =
C(Ee)

r
√
p(r)

× exp

(
B(2Ee|α|)1/4 −

√
|α|
r

2F1

[
−1

2
,−1

4
;
3

4
;
r4

r4
0

])
(11.6)

where 2F1 is a hypergeometric function whileB = (2π)3/2/Γ(1/4)=1.198
is a constant. Assuming that the main contribution to the overlap
is given at small radius Eq. 11.6 is expanded in (r/r0)4 around r=0.
Considering only the leading term of the expansion the wave function
takes the following form

ψk(r) = E−1/4
e exp[B(2Ee|α|)1/4]χ(r)]. (11.7)

The dependency on r is separated from the energy dependency by do-
ing this expansion. The transition matrix element is given by 〈ψf |V̂ |ψ0〉.
ψf is the product of the residual atom wave function and the outgoing
electron wave function ψk. The sole energy dependency in the matrix
element is in ψk. The cross section for photodetachment is given by

σth ∼
∫
k

|〈ψf |V̂ |ψ0〉|2δ(~ω − EAK − E5 2G − Ee)
d3k

(2π)3
(11.8)
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Figure 11.15: Sketch presenting the wave functions of the initial state, ψ0, and the
outgoing electron, ψk as well as the potential curves of Eq. 2.1. ψf is the prod-
uct of the residual atom wave function and the outgoing electron wave function ψk.
The blue solid curve represents the overlap of initial and final state wave functions.
Picture by A. O. Lindahl.

The delta function represents the conservation of energy. The energy
dependency of the resulting cross section law is

σth ∝ exp(DE1/4
e ), (11.9)

whereD = 2B(2|α|)1/4. The threshold behavior of the 5 2G state is well
reproduced by Eq. 11.9 (Fig. 11.14). Eq. 11.9 describes photodetach-
ment cross sections to states having large negative polarizability. The
fit of the equation to the data set in Fig. 11.14 can be used to extract the
polarizability of the state investigated. Our experiment suggests a po-
larizability, α, two orders of magnitude smaller than the polarizability
calculated in [135]. Since the model described contains several simpli-
fications it can not reproduce the absolute value of the polarizability,
but still it provides a good understanding of the process of photode-
tachment to states where the negative polarizability is the dominating
term of the potential in Eq. 2.1.

11.4.2 Cesium

In chapter 10 we have investigated photodetachment of Cs− in to the
Cs(10 2S), Cs(6 2F), Cs(6 2G) and Cs(6 2H) states. The partial cross sec-
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Figure 11.16: Partial photodetachment cross section in Cs−. Channels listed from
the top: Cs(10 2S), Cs(6 2F), Cs(6 2G) and Cs(6 2H). Multiple overlapping res-
onances prevent us from fitting our threshold law to the Cs(6 2G) and Cs(6 2H)
thresholds. Vertical dashed lines indicates channel openings. Note that this figure
contains one additional channel compared to the corresponding figure in chapter 10.

tions are presented in Fig. 11.16. The experiment covers the energy
range from each channel opening up to and above the Cs(10 2P3/2)
threshold. The polarizability of the Cs(6 2F) states is calculated to be
large and positive, 7.7×106 a.u. [161]. In accordance to theory the
threshold behavior is a sharp step function see Fig. 11.16(b). There
are no theoretical predictions for the polarizability of the Cs(6 2G) and
Cs(6 2H) states. Both channel openings exhibit a suppressed character,
see Fig. 11.16(c) and (d). The Cs(6 2H) state seems to have a large neg-
ative polarizability. The presence of multiple resonances in the spec-
tra is hindering us from fitting our newly developed threshold law to
the data set in a satisfactory way. The resonances also make it im-
possible to determine wether the suppressed channel opening of the
Cs(6 2G) state is due to a large negative polarizability, yielding an en-
ergy dependency according to our threshold law or a low polarizabil-
ity yielding a Wigner law dependency with a large `. The outgoing
electron can, after absorbing a photon, leave the system as a d-wave
(`=3) or as a h-wave (`=5). According to the Wigner law, the shape of
the threshold is given by σth = a× E3+1/2 + b× E5+1/2. Where a and b
are parameters determined by the probability for d-wave and h-wave
detachment, respectively.
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CHAPTER 12

Conclusion and Outlook

"If we knew what it was we were
doing, it would not be called research,
would it?"

− Albert Einstein

In my thesis I have studied the dynamics and structure of negative
ions, atoms and molecules. The experiments on time dynamics has
been conducted in the ultra short laser pulse lab at Albert Ludwig’s
University in Freiburg, Germany. The structure of negative ions and
electron-electron correlations have been investigated at the Göteborg
University Negative Ion Laser LAboratory (GUNILLA) in Gothenburg,
Sweden.

The most important scientific outcome of my research is the very first
direct observations of an spatially moving electronic wave packet in
the ground state of an atom. In chapter 6 and 7 we report on how we
create such a wave packet in carbon as well as in silicon atoms, and
probe their time evolution over a long time interval. The method I
have developed can project the electronic wave function directly onto
a detector and we achieve a direct visualization of the dynamics with-
out the use of extensive offline data analysis. Future experiments will
focus on creating and detecting electronic wave packets in diatomic
molecules, such as C2 and Ag2. In chapter 4 we report on the first
observations on the rescattering effect in strong field detachment of
negative ions. The rescattering phenomena occur when the detached
electron travels back to, and rescatters on the parent core in the os-
cillating laser field. The electron picks up substantially more energy,
from the laser field, than needed to be detached. These high energy
electrons are detected in the experiments in chapter 4. We also present
a modified Strong Field Approximation (SFA) theory, including the
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rescattering effect providing a very good agreement with experiments.
In chapter 5 we investigate the difference between strong field detach-
ment of atomic negative ions (F−) and molecular negative ions (F−2 ).
We observe a broader energy distribution, extending up to higher en-
ergies, when detaching molecular ions. The observed effect can be un-
derstood by considering photodissociation followed by photodetach-
ment. The dissociation time of a diatomic molecule is shorter than the
used laser pulse. Hence, molecules can dissociate at the leading edge
of the pulse and the created negative ion will have survived longer in
the laser pulse and is thus exposed to a higher laser intensity when
detached.

In chapter 8, 9 and 10 we investigate doubly excited states in nega-
tive ions. In the same sense as an atom can bind an extra electron
and form a negative ion, an excited atom can also bind an extra elec-
tron. In these ions, two electrons are in an excited state comparably
far from the parent core and therefore electron-electron correlation be-
come pronounced. The shape of the threshold for single photon de-
tachment is dependent on the sign and magnitude of the atom’s po-
larizability. We present the first observations of the threshold behavior
in photodetachment to final states having large negative polarizabil-
ity. The cross section has a slow onset and is not fully developed until
the photon energy is far above the threshold. The shape of the thresh-
old is fundamentally different from the step like threshold for previ-
ously observed states having large positive polarizability. To explain
the observed spectra we have developed a new threshold law able to
describe the slow onset and it provides a good fit to experimental spec-
tra. The experiments in chapter 8, 9 and 10 are performed on K− and
Cs− where resonances from doubly excited states obscures the thresh-
old. We plan to investigate Li− where the density of doubly excited
states is expected to be lower allowing us to observe a threshold where
we hope no resonances are interfering.
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