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Abstract

An all-pervading feature of the work presented in this thesis is the study of
ultrafast dynamics, both theoretically and experimentally, in terms of time-
dependent wave functions (wave packets).

We have experimentally, by pump-probe fluorescence spectroscopy, ex-
amined spin-orbit interactions, by time-tracing molecular wave packets on
excited states of diatomic rubidium, and the main channels causing the fast
predissociation from one of those states is revealed.

The time evolution of wave packets and their extension in space, in ad-
dition to varying transition dipole moment is of specific interest in the semi-
classically derived expressions for the total ion signal, in the context of pump-
probe ionization spectroscopy on diatomic molecules.

We have experimentally, by pump-probe fluorescence spectroscopy, ad-
dressed a previously derived theoretical prediction about level interactions
between atomic levels with all angular momentum quantum numbers equal
but different principal quantum numbers. Hence, the ultrafast progression of
atomic radial wave packets are disclosed in terms of quantum beat frequen-
cies and explained theoretically in the context of pump-probe fluorescence
spectroscopy. Preliminary fluorescence up-conversion experiments are as well
treated in this thesis with the aim to reveal further experimental knowledge
on the previously derived theoretical prediction on the specific level interac-
tions mentioned above.
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Chapter 1

Introduction

This thesis is devoted to real time studies of molecular and atomic quan-
tum dynamics. In the experimental studies sufficient time resolution which
facilitates observation of the fast dynamics is obtained the use of ultrashort
laser pulses. Hence we have worked in the realm of ultrafast spectroscopy
and this chapter will summarize the methods we have used; ultrafast pump-
probe spectroscopy and time-resolved fluorescence up-conversion. The ul-
trafast treatment of the sample will be motivated and briefly compared to
high-resolution spectroscopy. Quantum wave packets represent an important
concept in ultrafast spectroscopy, and these are discussed in a later section.
This chapter will conclude with an overview of the structure of this thesis.

1.1 Preparation and Study of the Sample

In the vast field of laser spectroscopy the sample is, in general, perturbed by a
laser beam in such a way that it changes configuration. The new configuration
can for example reflect an electronically and vibrationally excited molecule. A
typical vibrational period for a diatomic molecule ranges from about some ten
femtoseconds (fs) to a few picoseconds (ps). The new configuration, obtained
by the light perturbation, might rapidly, on the time scale of a few ps, end up
in yet another configuration by, for example, spin-orbit coupling to another
electronic state.

Usually it is difficult to make measurements on the sample during the
light perturbation, and hence it is necessary to wait till the end of the per-
turbation before analyzing the consequences of the perturbation. If the per-
turbation lasts long, the fastest processes occurring in the sample, such as
vibrational motion and sometimes transitions to other configurations, have
already taken place before cessation of the perturbation, and only processes
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which are slower than the duration of the perturbation will be observed.
The slower process can be a consequence of the faster processes, and in this
case it may be difficult to understand the origin of the slower process in the
absence of information on the faster processes. Therefore, the shorter the
perturbation, the easier it may be to understand the faster processes. Laser
pulses, with ultrashort time duration (a few fs to a few hundred fs), are thus
ideal perturbers of the sample when fast processes, e.g., vibrational motions,
relaxation process, and transition state formation, are under investigation.

To observe the time evolution of these fast processes as a function of
time, the detection system must possess a fast response time. The usage of
an ultrashort laser pulse as a probe of the time evolution offers a method to
overcome the relatively long response times for the electronic equipment, as
the time resolution is only limited by the pulse duration.

1.2 Ultrafast Spectroscopy

The technical development of lasers capable of producing pulses of ultrashort
duration has opened up in what is by now common field in spectroscopy,
ultrafast spectroscopy. Ultrafast spectroscopy and conventional spectroscopy,
e.g., high-resolution spectroscopy, are their opposites when considering them
from the time-energy uncertainty relation,

∆t∆ω ≥ 1

2
, (1.1)

where ∆t is the time duration (in seconds), and ∆ω is the frequency width
(in Hz) of the laser, respectively [1]. Ultrafast spectroscopy strives for opti-
mized time resolution, a few fs, at the expense of uncertainty in energy. An
example of an ultrashort laser pulse is one centered at 775 nm with a spectral
full width at half maximum (FWHM) of about 6 nm, which corresponds in
wavenumbers to 100 cm−1. Each pulse has a duration of about 160 fs. One
single laser pulse can, for example, excite several molecular vibrational lev-
els within the spectral bandwidth ∆ω = 1

2∆t
instantaneously. Simultaneous

excitation of several energy levels opposes what one would like to achieve in
high-resolution spectroscopy, where the aim is to excite single energy levels
to obtain, amongst other features, the structure of the molecule in terms of
its eigenstates.

For example, high-resolution spectroscopy yields information on the sta-
tionary states, |ψk〉, of the atoms and molecules excited by the laser, which
are eigenstates of the total Hamiltonian, H |ψk〉 = Ek |ψk〉, where Ek are the
eigenvalues of |ψk〉. Conversely, time-resolved spectroscopy with sufficiently
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short laser pulses characterizes non-stationary states which can be described
as a coherent superposition of those same stationary eigenstates characterized
by conventional spectroscopy

|ψ(t)〉 =
∑

k

ck |ψk〉 e−iEkt/h̄, (1.2)

where the ck coefficients describe the excitation of the molecule from the
initial state and can be determined by first order perturbation theory, and
the sum ranges over k such that all stationary states excited by the ultrashort
pulse are included [2]. This superposition of stationary eigenstates is called
a quantum wave packet.

Experimental methods using ultrafast spectroscopy have developed into
powerful experimental tools far later than conventional spectroscopy but
have kept pace with the technical development of ultrashort pulsed laser
sources. One of the pioneers in this area, Ahmed Zewail, published with his
collaborators one of the first experimental results obtained by an ultrafast
spectroscopic method [3, 4]. They used the time delayed pump-probe spec-
troscopy method to probe the ultrafast dynamics of isolated molecules with
subpicosecond time resolution. However, the variety of ultrafast time-resolved
spectroscopic methods is large, and only a few categories will be mentioned
by name here; pump-probe methods (e.g. absorption techniques, induced flu-
orescence techniques and ionization techniques), time-resolved emission spec-
troscopy (e.g. the Kerr shutter and up-conversion methods), and transient-
grating techniques (based on degenerate four-wave mixing) [1]. In this thesis
we have mainly used pump-probe fluorescence spectroscopy and pump-probe
ionization spectroscopy. A third technique which has been applied is time-
resolved fluorescence up-conversion spectroscopy. Below we will briefly de-
scribe the principles of these methods, but first we discuss quantum wave
packets.

1.3 Quantum Wave Packets

A quantum wave packet, from here on simply termed wave packet, is a non-
stationary wave function, often theoretically regarded as a superposition of
a set of wave functions (eq. 1.2). This construction can be obtained provided
that the stationary wave functions are known, in our case the vibrational
wave functions or atomic electronic wave functions. However, a Gaussian
wave packet (eq. 3.10) is frequently used to represent the excited states wave
function in for example ultrafast experiments [5].
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Figure 1.1: A schematic overview of an ultrafast pump-probe experiment in a diatomic
molecule. The abscissa represents the internuclear separation between the two atoms, and
the ordinate energy, of which the potential energy curves are functions. The state under
investigation is the intermediate state on which the by the pump pulse created vibrational
wave packet evolves, until the probe pulse is applied to probe the dynamics.

A wave packet can be constructed by excitation of the sample by an
ultrashort pulse. Time evolution of this excited state wave packet will be
considered in chapter 3, where we also regard the properties of the wave
packets (position, momentum, and the uncertainty in those parameters, re-
spectively).

1.4 Ultrafast Pump-Probe Spectroscopy

An ultrafast (fluorescence or ionization) pump-probe experiment can be sche-
matically described as follows. The molecule or atom is in an initial well-
defined equilibrium configuration, often the electronic ground state (fig. 1.1).
The ultrashort pump pulse excites simultaneously several vibrational eigen-
states of, for example, an excited electronic state of a molecule, and a non-
stationary wave packet is created. The wave packet starts to evolve on the
excited state’s potential energy curve and, finally, after some delay, a second
ultrashort pulse, the probe pulse, is used in order to interrogate the position
and structure of the wave packet on the potential energy curve. The final
state can be a bound or repulsive state of neutral or ionic character. The
signals obtained as a consequence the probe pulse action can be of different
nature depending on the specific experimental conditions, e.g., a photoelec-
tron signal or spontaneous fluorescence.
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The processes studied using ultrafast experiment are varied, and some
examples are ultrafast transition state dynamics and real-time observations
of molecular vibrations.

The time resolution of an experiment with two time delayed laser pulses
is limited only by the duration and the synchronization of the pump and
probe (called gate in a time-resolved fluorescence up-conversion experiment,
see next section) pulses which can be performed with fs resolution. The time
delay of the probe pulse is obtained by a delay stage, by which the path length
of the probe pulse is varied. Hence the probe pulses arrive at the sample at
different times relative to the pump pulse. In a time-resolved fluorescence
up-conversion experiment the gate pulse arrives at the nonlinear crystal at
different times relative to the spontaneous emission. The time resolution will
be further discussed in sec. 4.1 (time delay) and sec. 4.2 (characteristics of
light pulses).

1.5 Time Resolved Fluorescence

Up-Conversion

With time resolved fluorescence up-conversion it is possible to measure light
emission with a time resolution of fs to ps [1, 6]. The sample is prepared with
an ultrashort pump pulse. The fluorescence from the sample is collected and
focused in a nonlinear crystal. The gate pulse, of ultrashort duration, is also
focused in the crystal. The crystal is oriented at a specific angle to fulfill
the phase matching conditions for the gate pulse, the fluorescence beams,
and the sum frequency generated (SFG) light [6, 7]. The sum frequency (SF)
light is only generated during the time when the gate pulse is present in
the crystal together with the fluorescence. Thus, different delays of the gate
pulse with respect to the pump pulse will monitor the fluorescence at these
instants. The requirements for phase matching and SFG will be discussed in
more detail in sec. 2.2.1, and an experimental set-up is described in sec. 4.6.

1.6 Structure of Thesis

Chapter 2 is intended to introduce the reader to ultrashort pulses, their char-
acteristics, and how they can be manipulated with respect to wavelength,
polarization state, time duration and amplification of the pulses. In chap-
ter 3 the theoretical concepts relevant for this thesis are summarized, e.g.,
semi-classical treatment of light-matter interactions, selection rules for light
induced transitions in atoms and molecules, a numerical propagation method
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for molecular wave packets, Gaussian wave packets, approximations such as
the Condon approximation and the frozen wave packet approximation and
finally the time-dependent pump-pump signal and total ion signal are con-
sidered. Chapter 4 explains the experimental devices and set-ups used to
perform the experiments presented in this thesis. The next three chapters 5,
6, and 7, are devoted to presentations of the papers attached to this thesis.
Chapter 7 also includes a discussion on the time-resolved fluorescence up-
conversion experiment which failed to produce reliable results. In chapter 8
a summary of the work is presented along with clarification of the author’s
contributions.
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Chapter 2

Ultrashort Pulses

This chapter will discuss the characteristics of ultrashort pulses important
for this thesis. These characteristics can be changed, either by purpose or due
to unwanted physical processes taking place when the pulses interact with
optical components, which are to be prevented. Manipulation techniques will
be reviewed in this chapter.

2.1 Characteristics

Ultrashort pulses have a broad spectral bandwidth and often a high intensity
and well defined polarization state. Due to the broad bandwidth and the high
intensity the pulses undergo changes when they pass through a nonlinear
medium or something as ordinary as a piece of glass or a lens. The pulse
is mainly affected by two phenomena, group velocity dispersion (GVD) and
self-phase modulation (SPM) [1].

Self-phase modulation leads to generation of new frequencies, redder than
the center frequency at the leading edge of the pulse and bluer than the center
frequency at the trailing edge of the pulse. A SPM broadened pulse can be
compressed in time.

Group velocity dispersion leads to spectral dephasing and time broaden-
ing of the pulse, and can be explained in a simple manner. The refractive
index, n, of a medium is wavelength dependent, and often decreases with
increasing wavelength. Consequently, the different wavelength components
travel at different velocities in the medium. The red wavelengths travel faster
through the medium and thus leave the medium before the blue wavelengths
in the beam, a positive GVD is introduced and the pulse will be so-called
chirped (positively). The pulse will no longer be optimally compressed. A
chirped pulse might be wanted in specific experiments, for example, in ex-
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periments based on coherent control. However, the work presented in this
thesis are restricted to optimally compressed pulses lacking chirp. For a pulse
of Gaussian shape it can be shown that after passage through a medium of
thickness, l, the pulse duration increases from ∆t0 to ∆tl according to [8, 9]

∆tl = ∆t0

√
1 +

(
∆tc
∆t0

)
, (2.1)

where ∆tc is the critical time given by

∆tc = 2
√

ln2

(
l
λ3

2πc2
d2n

dλ2

)
. (2.2)

Here λ is the center wavelength of the pulse and c is the speed of light in
vacuum. Compensation for a broadening due to GVD can be made by a pair
of prisms, gratings, or a combination of both [1].

Another commonly encountered term in ultrafast spectroscopy is group
velocity mismatch (GVM). Group velocity mismatch defines the temporal
mismatch between two light beams of different wavelengths when they are,
for example, set to interact in a nonlinear crystal to produce the sum fre-
quency generated (SFG) wavelength. This mismatch is crucial and needs to
be considered in a time resolved fluorescence up-conversion experiment. For
the purpose of preventing a large GVM we need to discuss the origin of GVM.
The velocity for a monochromatic beam is given by vp = c/nphase, where c is
the speed of light in vacuum and nphase = n. For an ultrashort pulse, which
is a coherent superposition of many wavelengths, the group velocity, vgroup,
has to be considered. The group velocity is given by,

vgroup =
c

ngroup

, where ngroup = n− λ
dn

dλ
. (2.3)

The temporal mismatch for two light beams of different wavelength is given
by

δt = l

(
1

vgroup,λ1

− 1

vgroup,λ2

)
, (2.4)

where l is the thickness of, e.g., a nonlinear crystal [1]. Consequently, the
temporal mismatch can be reduced by decreasing the crystal thickness l or by
using two wavelengths as close to each other as possible. The latter parameter
is often hard to adjust since the experimental system limits the choice of
applied wavelengths.

The equality of the time-energy uncertainty principle, eq. 1.1, can only be
reached with pulses of Gaussian time profile and Gaussian spectral profile.
When the equality is reached the pulse is said to be Fourier transform limited.
Non-transform limited pulses are chirped.

8



2.2 Manipulation of Pulse Characteristics

A pulsed laser system may in practice be limited to a specific pulse duration,
and thus also a fixed bandwidth and power. The possibility to study a system
which requires properties other than a specific laser system can supply is
based on manipulation of the properties of the available laser pulse. One
might want to obtain another wavelength than the fundamental, manipulate
its polarization state, temporally compress or stretch the pulse or maybe
amplify it.

2.2.1 Wavelength Transformation

Due to the high intensity of short pulses the properties of a nonlinear medium
will be modified in such a way that new frequencies are produced during the
light-matter interaction [10]. The induced polarization in the medium is given
by

P = PL + PNL, (2.5)

where PL and PNL are the linear and nonlinear parts, respectively, given by

PL = ε0χ
(1)E

PNL = ε0
(
χ(2)E2 + χ(3)E3 + ...

)
. (2.6)

Here ε0 is the permittivity of free space, E is electric field of the light and χ(i)

(i=1,2 and 3) is the first-, second- and third-order susceptibility, respectively.
For moderate intensities of the electric field the induced polarization is linear,
but with increasing intensity the nonlinear polarization must be taken into
account.

The second-order nonlinear polarization term is used to describe the phe-
nomena of frequency conversion we will focus on now. To preserve as much as
possible of the high energy content in an ultrashort pulse when transforming
the wavelength, one can use parametric interactions in transparent nonlinear
materials with large second-order susceptibility. Anisotropic materials like,
e.g., BBO and KDP crystals1 possess this property. For an anisotropic ma-
terial the refractive index is different along the principal axes, x, y, and z.
Such materials are called birefringent. A material is called uniaxial when
nx = ny 6= nz (a BBO crystal is uniaxial). In a uniaxial material there is a
single axis of symmetry, taken to be the z-axis, which is called the optic axis.
When light propagates along the optic axis its phase velocity is independent

1BBO is an abbreviation for β-barium borate (β−BaB2O4) and KDP is an abbreviation
for potassium dihydrogen phosphate (KH2PO4).
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θ
λ1 λ2 λ3 

 

BBO Type I

Figure 2.1: Schematic picture of collinear sum frequency generation in a type I BBO
crystal, where λ3 < λ1, λ2 and θ is the angle at which this process is phase matched.

of polarization. The refractive indexes are labeled according to, nx = ny = no

and nz = ne, where the o stands for ordinary and the e for extraordinary.
The wavelength transformation is obtained by frequency conversion in,

e.g., these uniaxial BBO crystals. The previously mentioned SFG (fig. 2.1) is
one possible conversion process, and second harmonic generation (SHG) and
third harmonic generation (THG) are two other. Spatial overlap between the
involved beams will be taken for granted in the discussion below. Temporal
overlap can be obtained by adjusting the delay between the primary pulses
in the frequency conversion process, the timing can, however, be affected
by GVM in the nonlinear medium. The energy conservation condition is
straightforward

ω3 = ω1 + ω2, (2.7)

where ωi is the frequency of the three waves, respectively, and must be ful-
filled, together with the momentum conservation condition,

k3 = k1 + k2, (2.8)

where ki are the wave vectors for the three waves. If the waves are propagating
collinearly the second condition can be re-written as

n3

λ3

=
n1

λ1

+
n2

λ2

, (2.9)

where ni is the refractive index for the three wavelengths, respectively. All
through this chapter the wavelength, λ, represents the center wavelength of
the ultrashort pulse.
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We will henceforth limit the discussion to collinear frequency conversion
processes. By allowing the beams to enter at different angles relative the
optic axis of the crystal and/or being polarized in different directions, the
needed relationship between n1, n2 and n3 in eq. 2.9 can be fulfilled, the
so-called phase matching condition. Phase matching means matching of the
phase velocities of the involved light beams. The incoming beams will enter
the crystal at an angle θ relative the optic axis of the crystal. For phase
matching to be obtained the angle θ must satisfy following relation [6]

1

[ne
i (θ)]

2 =
sin2θ

[ne
i ]

2 +
cos2θ

[no
i ]

2 , (2.10)

where ne
i (θ) = n3 in eq. 2.9, and ne

i and no
i can be obtained, for example,

from material specific Sellmeier equations [6] for the generated wavelength,
λ3. Eq. 2.10 is valid for uniaxial crystals with collinear beam propagation.
The phase matching condition must be fulfilled over the whole spectrum of
the pulses for optimal conversion. Thus, GVD and succeeding GVM must
be considered. The conversion process will in general be more efficient if
the interaction length in the crystal is long. However, GVM might ruin the
process and these two elements have to be considered together.

Furthermore, there are two types of birefringent angle phase matching;
type I and II. Type I refers to the situation where the incoming beams have
the same polarization. In type II phase matching, the two pump waves have
orthogonal polarizations. Eq. 2.9 can be used in conjunction with eq. 2.10 to
solve the phase matching angles for the various polarization combinations in
type I and type II processes. For the purpose of SFG in the fluorescence up-
conversion experiment, discussed in sec. 4.6, we have used a type I negative
uniaxial BBO crystal.

2.2.2 Polarization Control

Well defined polarization states of the light pulses used in spectroscopy is
often crucial for accurate interpretation of the experimental results. Manip-
ulation techniques will be described here along with techniques to verify the
polarization states.

Wave plates (retardation plates) are made of birefringent optical materi-
als with two optic axes, one fast and one slow, and they alter the polarization
state of light waves traveling through them. The notations slow and fast refer
to the phase velocities along these axes. The two optic axes are also called
extraordinary axis and ordinary axis, respectively, as above. For example,
when the extraordinary (refractive) index is smaller than the ordinary one,
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the extraordinary axis is called the fast axis and the ordinary axis is called
the slow axis. The incoming linearly polarized beam is separated into orthog-
onal polarized beams that are recombined with a phase difference that is a
function of the thickness of the material and the wavelength of the light. If
the phase difference is exactly 1/4 cycle, the plate is called a quarter-wave
plate. If the phase difference is exactly 1/2 cycle, the plate is called a half-
wave plate. A Berek polarization compensator (BPC) [11] is an example of
an adjustable retarder, which can impart variable phase differences such that
the polarization state becomes linear, circular or elliptical.

A BPC consists of a single plate of a uniaxial material with its extraor-
dinary axis perpendicular to the plate. Light incident normal to the plate
will propagate through the device with a velocity independent of polariza-
tion, and hence the BPC has no effect on the light polarization. However,
when the plate is tilted with respect to the direction of the incident light, the
plane of incidence becomes the plane of the extraordinary index of refraction.
Light polarized in this plane is slowed down (retarded) by an amount that
depends on the angle of tilt and on the wavelength. Light with polarization
perpendicular to the plane of incidence continues to propagate as an ordinary
wave with velocity independent of tilt angle. A phase shift will be introduced
between the light beams along the two axis.

A polarizer, or a set of polarizers, can be used to verify the polarization
state of the light beam. A beam of linearly polarized light is transmitted
according to

T = k1cos2φ+ k2sin
2φ, (2.11)

where T is the transmittance of the incident linearly polarized light and φ
is the angle between the plane of polarization of the incident beam and the
plane of preferred transmission of the polarizer, respectively. k1 and k2 are the
principal transmittances of the polarizer, and depends both on wavelength.

Linear light polarization can be verified by placing a polarizer after the
wave plate and orienting the polarizer to block the desired output polariza-
tion. The amount of transmitted light through the polarizer could be mea-
sured with, for example, a photodiode and should be minimized [12].

To verify circular light polarization obtained by initially linear polarized
light, the output light can be reflect back through the retarder. The polar-
ization of the wave that goes through these wave plates twice will be exactly
orthogonal to the incident polarization for the circularly polarized light. If
the incident polarization is linear, this can best be achieved by placing a
polarizer in front of the wave plate oriented to transmit the incident beam
perfectly. If the compensator is set to produce perfect circular polarization,
the reflected wave should be blocked by the polarizer.
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Figure 2.2: A pulse compressor for which the magnitude of the introduced negative linear
GVD can by adjusted by fine tuning of the distance L between the prisms’ apexes.

2.2.3 Temporal Compression

A temporal pulse compressor can be used to compensate for any positive
linear GVD obtained when, e.g., a light beam propagates through a piece of
glass, a lens, a fiber, or a crystal. The pulse compressor can also be used to
compress a pulse broadened by SPM. A dispersive delay line (pulse compres-
sor) can, for example, contain two diffractive gratings oriented such that they
introduce a negative linear GVD [2]. Pulse compression in a pair of prisms is,
however, more often used in ultrafast spectroscopy, since the intensity losses
are reduced and the magnitude of the GVD is easier to adjust [13].

The prism arrangement in fig. 2.2, will provide a negative linear GVD to
the beam and can thus compensate for a positive linear GVD. The entrance
face of prism II is parallel to the exit face of prism I, and the prisms have
been cut so that the angle of minimum deviation is the Brewster angle. The
principle is simple; the light beam enters prism I at the Brewster angle as
close to the apex as possible, and the spectral components are dispersed.
The red components are dispersed less than the blue components. Thus the
bluest component enters prism II at the apex and the reddest component
enters prism II at an angle β relative the blue beam. The red parts will
travel a longer path through the prism and are thus slowed down relative to
the blue parts. All components exit prism II parallel to each other and are
reflected back along the same path by a mirror oriented perpendicular to the
beam propagation direction. The red components are once again slowed down
relative to the blue components in prism II. Next, all components become
spatially re-collimated at the apex of prism I. The light beam will exit prism
I re-collimated and in the opposite direction of the incoming beam.

The amount of negative GVD introduced in this prism compressor de-
pends on the distance L between the apexes of the prisms. In ref. [13] equa-
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tions are derived for calculations of the introduced dispersion. The longer
the distance is the larger the negative GVD becomes, and the arrangement
should be such that it exactly compensates for any positive GVD if the pulse
should become optimally compressed. The pulse duration after compression
can be measured by cross-correlation techniques (see sec. 4.2) and adjusted
until the shortest pulse duration has been obtained.

2.2.4 Pulse Amplification

Amplification of an ultrashort pulse is often obtained in commercial devices.
Typically, an amplifier has a laser beam as the input, often called the seed
beam, and an amplified beam as the output. On daily basis in the laboratory
the experimentalist has little to do with modification of the amplification if
the commercial product is working properly. The principles of amplification
and the different techniques will, however, be explained here.

For amplification of a short pulse one can use a multi-pass technique or
regenerative amplification [14]. In the multi-pass technique the beam propa-
gates along different geometric paths through the cavity each round-trip. The
number of passages is limited since the geometry does not allow more than a
few passages, as the same spot on the medium should be hit each time. Here
we focus on the amplification technique utilized in the laser system used in
the work for this thesis. The procedure is the following: the pulse is prepared
for amplification by chirping the pulse, the next step is amplification in a
regenerative amplifier, and after amplification the pulse is re-compressed.

For short pulses the intensity is close to the damage threshold of the
amplifier. To avoid damage, the chirped pulse amplification (CPA) [15] tech-
nique can be used. This technique is based on stretching a pulse in time, to
reduce the peak power, before it enters the amplifier. In a stretcher the red
parts of the pulse travel shorter optical paths than the blue parts, and a pos-
itive chirp is gained. A stretcher can be a pair of gratings set-up differently
than in a compressor [2].

The chirped pulse (the seed) is directed into the regenerative amplifier
[14] and trapped in the cavity of the amplifier until it has gained all energy
stored in the amplification medium. Trapping and dumping (out coupling)
of the pulse is controlled by a Pockels cell and a broadband polarizer [14]. At
each passage through the amplification medium, the wavelengths at the peak
of the gain curve are more amplified than the wavelengths at the edges of the
gain curve. Hence, a relative reduction of the wings compared to central parts
of the pulse spectrum will be obtained if the pulse spectrum is centered at
the maximum of the gain curve and this phenomena is called gain narrowing.
Clearly, the amplification medium must have a broad enough bandwidth to
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support the pulse spectrum. For amplification of pulses around 800 nm, a
Ti:Sapphire crystal is useful as amplification medium since it has a large
bandwidth 650 - 1100 nm [1].
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Chapter 3

Light-Matter Interactions and
Matter Quantum Dynamics

In this chapter some important theoretical ideas relevant for this thesis, re-
lated to light-matter interactions and quantum dynamics, are reviewed.

3.1 Light-Matter Interactions

There exist numerous theoretical approaches to describe light-matter inter-
actions. Which one to use in a specific case depends on the relevant accuracy
level and purpose of the study. The most general treatment of light-matter
interactions requires quantum electrodynamics (QED), where the full Hamil-
tonian for the system is,

H = Hmatter +Hfield +Hinteraction. (3.1)

Here, Hmatter is the field-free Hamiltonian of the material system (electrons
and atomic nuclei), Hfield is the Hamiltonian of the free radiation field in
the absence of the matter, and the transitions are caused by Hinteraction which
describes the interaction of the two systems. Within QED both the light field
and the matter are treated quantum mechanically. For example, absorption
corresponds to the external field giving up a quantum of energy (photon) to
a particular mode of the matter.

As an approximation to the full theory, one often treats the field inter-
acting with the matter as a perturbation. This approach is applied both in
QED and semi-classical treatments (which we discuss in the next section).
Perturbation theory is a systematic procedure for obtaining approximate so-
lutions to the perturbed system by building on the known exact solutions to
the unperturbed system. First, second, and higher orders of correction terms
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are added to the unperturbed system. Often first order perturbation the-
ory is enough to represent the interaction to some acceptable accuracy [16].
However, higher order terms of perturbation can in some cases be important
to include. One such case in QED is when a radiation field interacts with
an atom in the ground state and the interaction leads to excitation of sev-
eral energy levels with all angular momentum quantum numbers equal but
with different principal quantum numbers [16]. A complete description of the
time-dependent interactions between these excited levels, after cessation of
the radiation field, requires inclusion of the higher order perturbation terms
according to the theoretical predictions in ref. [16]. We have experimentally
addressed this theoretical prediction, and this inquiry is further discussed
and examined in Paper II and chapter 7.

In this chapter we will henceforth focus on semi-classical treatment of
light-matter interaction, which enables us to find a simple, qualitative, and
intuitive picture of the treated system. Further, we will initially keep the
concepts general, in the sense that we discuss both atomic and molecular
interactions with light. Later on the focus will be on time-dependent formu-
lations for nuclear dynamics induced by electronic transitions in diatomic
molecules.

3.2 Semi-Classical Treatment of Light-Matter

Interactions

Semi-classical in this context refers to when the matter is treated quantum
mechanically, while the light field is treated classically (as a carrier of energy).

To the lowest few orders the Hamiltonian for the interaction, Hinteraction,
can be expanded in terms of electric-dipole interaction, electric-quadrupole
interaction, and magnetic-dipole interaction [17]. In the electric-dipole ap-
proximation (EDA) only the first, usually dominating, term of the expanded
interaction Hamiltonian is taken into account; the electric-dipole interaction.
A relaxation of the electric-dipole approximation is necessary for weak in-
teractions that are electric-dipole forbidden. The electric-dipole operator is
a scalar product of the transition dipole moment vector and the time depen-
dent electric field. If one assumes that the light field’s wavelength is large
compared to the dimension of the atom or molecule, the spatial variation of
the light field can be neglected [17].

As mentioned in the previous section, the field interacting with the matter
is often considered as a perturbation to the unperturbed system, and in the
semi-classical approach one generally only takes into account the first-order
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perturbation term.

3.3 Atomic and Molecular State Labeling

and Selection Rules for Light-Induced

Transitions

We will here state the basis for labeling of atomic and molecular states and
make an overview of the selection rules for molecular electronic-vibrational(-
rotational) spectroscopy and for two-photon absorption in atomic systems.
The restriction to selection rules for such processes is due to the aim of this
thesis, for example, creation and study of vibrational wave packet on excited
states of diatomic molecules and coherent selective excitation of atomic levels
with specific properties, and only these are discussed since they are essential
for interpretation of our experimental results.

State Labeling of Atoms

Atomic states are usually described in terms of LS coupling, with a total
electronic angular momentum L and total electronic spin S which couple to
form the resultant vector J [18]. Hence the atomic states are termed

(n) 2S+1LJ . (3.2)

Here the term symbol follows the electron configuration n, 2S + 1 is the
multiplicity of spin states and J is the magnitude of J = L+S (the projection
of the total angular momentum is labeled mJ). The first three L-terms, 0, 1,
and 2, are usually represented by S, P, and D, respectively. As an example
of term labeling, the ground state of calcium has the electron configuration
of argon with two additional electrons in 4s2 configuration and is termed
(4s2)1S0, since the total orbital angular momentum is zero and the total spin
is zero.

State Labeling Of Diatomic Molecules

Molecular states are termed in a way similar to atoms [19],

2S+1Λ
(+/−)
(Ω,g/u). (3.3)

Here Σ is the total electronic spin quantum number along the internuclear
axis, Λ is the electronic orbital angular momentum along the internuclear
axis, Ω is the total electronic angular momentum along the internuclear axis,
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u/g is the parity, and +/− is the reflexion symmetry in an arbitrary plane
containing the internuclear axis (the total parity). The labels within paren-
theses in the term labeling formula 3.3 are not always present, and are further
discussed in the next paragraph.

The multiplicity of a molecular state is 2S + 1. The first three values
of Λ are 0, 1, and 2, and these are represented by the Greek letters Σ,Π,
and ∆, respectively. The +/− notation is only used to label non-degenerate
states. If the diatomic molecule is homonuclear, it has a center of inversion.
As such the electronic wave functions can also be classified in terms of their
behavior under inversion, the eigenvalues are +1 or -1 under inversion, leading
to the gerade (g) or ungereade (u) subscripts. Spin-orbit interaction may
destroy the ”goodness” of the quantum numbers Λ and Σ individually. States
corresponding to different values of Λ + Σ are then split. The good quantum
number is then |Ω| = Λ+Σ introduced as an right-hand subscript in formula
3.3. However, when S > |Λ| > 0 the |Ω| is replaced by Ω = |Λ|+ Σ.

Furthermore, the ground electronic state of a molecule is frequently pre-
fixed by the letter X. Excited states with the same multiplicity as the ground
term they are prefixed by letters A, B, C, D, ..., corresponding to energy or-
dering. For excited states with different multiplicities than the ground state,
the letters a, b, c, d, ..., are used.

As an example of state labeling of a diatomic molecule we will use the
Rb2 molecule. The ground state is labeled X1Σ+

g , and an excited state with
the same multiplicity as the ground state is the D1Πu state.

Atomic Selection Rules

Fig. 3.1 shows the two pump-probe schemes used in the investigation of
quantum beats in calcium, discussed in sec. 4.5, and can be used to illustrate
selection rules. The present discussion is restricted to light-induced transi-
tions within the EDA between singlet-levels, thus the total spin is conserved
during all transitions and ∆J = ∆L. Generally, a two-photon transition is
allowed if the two states connected by the two photons have the same parity
and ∆L = 0, ± 2, and a single-photon transition allows transitions where
the quantum numbers change according to ∆L = 0, ± 1 if the parity changes
[2, 20].

In the left column of table 3.1 the selection rules for the two-photon
transition with circularly polarized light (σ+/σ−) are displayed, and where
the two photons carry the same energy content and polarization state. The
circularly polarized light imparts angular momentum to the target, one for
each photon, thus ∆L = 2 and mJ = ±2 and hence only a manifold of 1D2

levels will be accessible. If the two-photon absorption was performed by σ+σ+
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light the probe process must include σ− light (see table 3.2 for the selection
rules) in order to make a downward stimulated transition to the (4s5p) 1P 0

1

level.
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Figure 3.1: Pump-probe scheme for the quantum beat experiments on calcium (sec. 4.5).
Upper panel: Linear polarization (π). Lower panel: Circular polarization (σ+ right-hand,
σ− left-hand). Full arrows represent two-photon excitation by the pump pulse, dashed
arrows represent stimulated transitions by the probe pulse and wavy arrows represent
spontaneous emission.

In the right column of table 3.1 the selection rules for the two-photon
transition with linearly polarized light (π) are displayed, and where the two
photons have the the same energy and polarization state. The projection of
the total angular momentum of the atom is conserved during a ππ transition
(∆mJ = 0), however angular momentum may be imparted to the target
(|∆L| = 2). The selection rules in the second column of table 3.1 and the
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second column of table 3.2 shows that it is possible to excite the 1S0 levels
with mJ = 0 and to detect those states via a one-photon transition to the
(4s5p) 1P 0

1 level.

σ+σ+ / σ−σ− ππ
parity unchanged parity unchanged

|∆L| 2 0 / 2
|∆J | 2 0 / 2
∆mJ +2 /− 2 0

Table 3.1: Selection rules for a two-photon pump transition with circularly and linearly
polarized light, respectively.

σ+ / σ− π
parity changed parity changed

|∆L| 1 1
|∆J | 1 1
∆mJ +1 /− 1 0

Table 3.2: Selection rules for a one-photon transition with circularly and linearly polarized
light, respectively.

Molecular Selection Rules

We will here consider selection rules within the Hund case (a) coupling
scheme [21]. An electronic transition is allowed when ∆Λ = 0,±1, ∆S = 0,
∆Ω = 0,±1, and for homonuclear diatomic molecules when a g ↔ u symme-
try change is obtained [19]. Furthermore, Σ+ −Σ+ and Σ− −Σ− transitions
are electronically allowed whereas a Σ+−Σ− is not. In electronic-vibrational-
rotational spectroscopy the selection rules on electronic transitions are ac-
companied by selection rules on vibrationally and rotationally allowed tran-
sitions. Hence ∆ν = ±1, ±2, etc. and ∆J = 0,±1. The ∆J = 0 transition is
not allowed or weak when Λ changes according to ∆Λ = 0 [19].

3.4 Quantum Mechanics of

Diatomic Molecules

So far, except for a change in electronic state, we have not discussed in
detail any dynamics of the matter before, during, or after cessation of the
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light-matter interaction. To do so we will, in this section, discuss molecu-
lar dynamics in terms of quantum mechanics. The Hamiltonian, Hmatter, in
the time-dependent Schrödinger equation for a diatomic molecule will be ob-
tained by applying the Born-Oppenheimer (BO) approximation. Next, we
focus on a numerical way to perform the wave packet propagation. The dy-
namics can also be obtained by semi-classical mechanics, where approxima-
tions are applied to the QM description of the matter in order to describe
the dynamics in terms of classical parameters, and which is the subject of
the next section. In this section we will treat diatomic molecules within QM
in one spatial dimension, hence rotation is not considered on the assump-
tion that rotational dynamics takes place on a much longer times scale than
vibrational dynamics.

Potential Energy Curves

The potential energy curves on which the molecular wave packets reside can
be obtained by applying the BO approximation. Stationary energy eigen-
values and potential energy curves can be theoretically obtained by solving
the time-independent Schrödinger equation. This equation can be solved by
implementing approximations and as a consequence of the approximations
potential energy curves can be defined and calculated. The major approx-
imation is the BO approximation [22, 23], and which is briefly explained
here.

The BO approximation relies on the large difference in mass between
electrons and nuclei and hence the difference in their velocities. At each
internuclear separation during the vibrational motion of the molecule the
light electrons have time to adjust their motions accordingly. Hence, the
electronic and nuclear structure and motions decouple and may be treated
separately. The molecular Hamiltonian then is given by a sum of the nuclear
and electronic parts. The total molecular wave function is approximated by a
product of an electronic wave function and a nuclear wave function, the BO
product. The BO approximation is obtained by substituting the BO product
into the full Schrödinger equation and neglecting the contributions from the
nuclear kinetic energy operator acting on the electronic wave function. Hence,
the full Schrödinger equation can be separated into two equations, one for
the electrons and one for the nuclear motion. The total energy is a sum of
both of these contributions. The nuclear Schrödinger equation defines the
potential energy curves on which the nuclei move.

The BO approximation is based on the assumption that there is no cou-
pling between different potential energy curves, the adiabatic picture. In the
vicinity of crossings between curves the approximation may locally fail to
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accurately describe the system and coupling terms have to be introduced.
Solutions obtained within the approximation can nevertheless be used as a
basis, in which the eigenfunctions with included coupling terms can be ex-
pressed. Incorporation of couplings, e.g. spin-orbit couplings, are extensively
discussed in ref. [23]. To analyze the data reported in Paper II we have
included spin-orbit interactions, this interaction was the most pronounced
coupling phenomenon in the studied blue-violet absorption band of Rb2.

A Numerical Quantum Propagation Method

We will now describe a numerical quantum propagation method that provides
us with the solution to the time-dependent Schrödinger equation,

ih̄
∂

∂t
ψ(r, t) = [TN + U(r)]ψ(r, t), (3.4)

where TN is the nuclear kinetic operator given by

TN = − h̄

2m

∂2

∂r2
, (3.5)

and U(r) is the potential energy curve, e.g., obtained within the BO ap-
proximation. In the above equations r represents the internuclear separation
of the two atoms in the diatomic molecule and m is the reduced mass of
that system, respectively. The problem is here formulated and solved with
only one potential energy curve involved. However, the numerical method
discussed here can be used to solve the time-dependent Schrödinger equation
for two or more coupled curves, coupled, e.g., by a laser [5]. In the numerical
model we focus on here, the split-operator Fourier transform method (SOM)
[5], the quantum dynamics are treated by discretizing the wave packet and
propagating it on a lattice of points. A formal solution to the time-dependent
Schrödinger equation (eq. 3.4) for a short time step, δt, was suggested in ref.
[5]

ψ(r, t+ ∆t) = e−iδt[TN+U(r,t)]/h̄ψ(r, t), (3.6)

where ψ is the overall total wave function. However, this solution is numer-
ically unstable [5, 24]. A stable solution to the propagation in time may be
obtained when a split of the two operators in eq. 3.6 is performed. The ex-
pansion (split) of the exponential reads, for two operators (A and B) which
do not commute,

eA+B ≈ eA/2eBeA/2. (3.7)

This equation is true to second-order expansion of the exponentials, where

A = e−iδtTN/h̄ (3.8)
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and

B = e−iδtU(r,t)/h̄. (3.9)

The operators are now applied according to the sequence in eq. 3.7 to obtain
the wave function at time t+ δt. To operate with the kinetic energy operator
the Fourier transform is taken of the wave function as the kinetic energy
operator can easily be applied in the momentum space. The wave function
is inversely Fourier transformed back to position space in order to apply the
potential operator. Once again a Fourier transformation is made and the
second kinetic energy operator applied, and finally back in position space
the wave function at time t+ δt is defined.

With the SOM the solution to the time-dependent Schrödinger equation
for small systems can be obtained relatively easily and without major com-
putational effort. By operating on the wave function iteratively with the split
operators, and with sufficiently short time steps, we obtain the wave function
at each instant which can be used to calculate the average position, the av-
erage momentum and the spread of the wave packet. This was the approach
utilized in Paper I and II.

3.5 Semi-Classical Mechanics of

Diatomic Molecules

The aim is to describe the nuclear dynamics in terms of semi-classical me-
chanics, where the approximations in the quantum mechanical description of
the matter are made to identify classical mechanical parameters, for which it
is easier to intuitively understand the dynamics. The group of approximations
that we will consider are those that employ the local harmonic approximation
(LHA). Methods employing the LHA are ideal for fast processes since their
validity is generally restricted to short-time dynamics, accordingly, as long
as the wave packet spread is modest [17]. Two such methods which will be
discussed here are the Gaussian wave packet (GWP) method and the Wigner
method.

Gaussian Wave Packet Dynamics

The wavefunction ψ(r, t) is expanded in a set of time independently evolving
Gaussian functions. For simplicity, we only consider the time evolution of one
of those Gaussian functions on a single potential energy curve. The LHA is
applied to the potential energy curve in the molecular Hamiltonian. That is, it
is locally Taylor expanded to second order in r at the internuclear separation
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rT (at which the GWP is centered at time T ). Notice that the expansion is
exact for a quadratic potential and in such a case no approximation is made
to the molecular Hamiltonian. Further, the solution to the time-dependent
Schrödinger equation, within the LHA, is

ψ(r, t) = exp

(
i

h̄

[
αT (r − rT )2 + pT (r − rT ) + γT

])
, (3.10)

provided that the parameters evolve in time according to [17, 25]

ṙT =
pT

m

ṗT = −U ′(rT ) (3.11)

α̇T = −2α2
T

m
− U ′′(rT )/2

γ̇T = ih̄
αT

m
+
p2

T

2m
− U(rT ).

The parameter pT is the average momentum, γT is a phase factor, and αT

consists of a complex and a real part of which the complex part represents
position-momentum correlation and the real part controls the width of the
GWP [26]. The first two equations (eq. 3.11) are identical to Hamilton’s equa-
tions of motion known from classical mechanics. Hence position, momentum,
and uncertainty can be obtained by solving the coupled equations 3.11. For
anharmonic potentials the validity of the local harmonic approximation de-
pends on how well the wave packet is localized in position space.

Wigner Method

The Wigner method is a branch of the Wigner phase space representation,
where the LHA has simplified the treatment [17]. The Wigner phase space
representation is an exact representation of quantum mechanics that has the
appealing feature that it contain many elements which appear to be very
close to a classical description.

The Wigner function corresponding to the GWP in eq. 3.10 can be ob-
tained [17]. The time evolution of an obtained Wigner function can be inter-
preted as the classical evolution of a swarm of trajectories [17]. An alternative
to the GWP approximation is obtained if all anharmonic terms in the poten-
tial (LHA) are neglected at each phase-space point. It is this approximation
that is called the Wigner method. It is exact for potentials free of anharmonic
terms and it is valid for short times.
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3.6 Light Induced Electronic Transitions in

Diatomic Molecules

We have in the previous sections described how one can treat light-matter
interactions semi-classically, within the EDA, and we have discussed semi-
classical and quantum nuclear dynamics. Now, we focus on descriptions and
simplifications for light-induced transitions between electronic states, each
with a specific set of vibrational and rotational energy levels, in diatomic
molecules. Transitions between electronic states are accompanied by changes
in the vibrational and/or rotational quantum numbers. When only electronic
and vibrational states are considered, we talk about vibronic states. When
rotations are considered as well, we talk about rovibronic states. Here, we
will restrict the discussion to vibronic states. We will shed light on the con-
sequences of the Franck-Condon (FC) principle, the accompanying FC fac-
tor, the FC region (window), and the Condon approximation. Yet another
approximation that we will discuss, more related to wave packet dynamics
during the transition, is the frozen wave packet approximation (sometimes
also called the short-time approximation or the stationary assumption) [27].

The Franck-Condon Principle

The Franck-Condon principle for electronic transitions was formulated clas-
sically by Franck [28] and quantum mechanically by Condon [29, 30]. It relies
on ideas that are familiar from the BO approximation, that is that nuclear
motion is much slower than electronic motion. The classical FC principle
asserts that the electron changes state so rapidly that the nuclei still have
nearly the same positions and velocities as before the transition. The content
of the FC principle is that the relative intensities of the transitions to the
different vibrational energy levels of the excited state are determined partly
by how well their vibrational eigenfunctions overlap with the initial state’s
wave function. Hence, the intensity of of a vibrational transition between two
different electronic state are given by the transition dipole moment integral

Meν =

∫
ψ∗ν′(r − r′e)µe(r)ψν′′(r − r′′e )dr, (3.12)

where r is the internuclear separation, µe is the electronic transition dipole
moment, r′e and r′′e are the equilibrium distances of the upper and lower
electronic states respectively, and ψν′ and ψν′′ are vibrational wave functions
of the upper and lower electronic states, respectively [19].
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The Condon Approximation

The transition dipole moment integral (eq. 3.12) contains the the vibrational
wave functions of the two electronic state and the electronic transition dipole
moment [19]. Note that the vibrational wave functions in the two electronic
states are not orthogonal. After an expansion of the dipole moment function
at the minimum of the initial state, r′′e , the leading term in the expansion
can be considered as the dominating term. This amounts to assuming that
the dipole moment function is constant throughout the significant region of
the initial state’s vibrational wave function, ψν′′ , which is the content of the
Condon approximation and eq. 3.12 then becomes

Meν = µe(r
′′
e )

∫
ψ∗ν′(r − r′e)ψν′′(r − r′′e )dr. (3.13)

When the light-induced transition includes a neutral state and an ionic state,
the validity of the Condon approximation should carefully be reconsidered,
since the dipole moment in this case in general depends on the molecular
geometry as well as on the photoelectron energy [31].

The Franck-Condon Factor and Region

Within the Condon approximation, the vibrational part of the transition
probability (eq. 3.13) is proportional to the Franck-Condon factor, which
reads

P ∝
∣∣∣∣∫ ψ∗ν′(r − r′e)ψν′′(r − r′′e )dr

∣∣∣∣2 . (3.14)

The relative intensity for transitions to different vibrational levels of the ex-
cited state is hence given by how well these levels vibrational wave functions
overlap with the vibrational wave function of the initial state. The internu-
clear separation region for which significant values of eq. 3.14 can be obtained
is called the Franck-Condon region. Maximum transfer within the FC region
is gained when the difference potential equals the wavelength of the applied
light field. The difference potential is the internuclear separation dependent
energy difference between the two states involved in the transition.

The Frozen Wave Packet Approximation

So far, one can say that we have made simplifications on how to look at a
light-induced electronic transition within a stationary picture. The transi-
tions might be thought of as obtained by a monochromatic light field, with
varied wavelength to access different vibrational levels in the excited state.

28



When the spectrum of the light field is broad, several vibrational levels of
the excited state can be accessed from the initial state. The dynamics of
the excited state during the transition can thus be important. However, the
ultrashort duration of the laser pulses used in time-resolved spectroscopic
methods allows us to consider the (nuclear) wave packet as frozen during ex-
citation; this is the frozen wave packet approximation. Technically, the result
of this approximation is that the kinetic energy operator is ignored in the
derivation of the excited state wave function. The theoretical work discussed
in this thesis and presented in Paper I relies partly on the frozen wave packet
approximation. Thus we will recall the the validity and implications of the
frozen wave packet approximation carefully analyzed in ref. [32].

The frozen wave packet approximation is only valid if the displacement
of the center of the initial state’s wave packet, δr, during excitation is sub-
stantially smaller than the width of the wave packet, ∆r2, at the time of
excitation, that is

δr(∆t) � ∆r2, (3.15)

where δr is a function of ∆t, the duration of the excitation pulse. The dis-
placement of a wave packet moving on a potential energy curve consists of
two parts. The contribution from the initial velocity, vc, before excitation,
given by

∆t vc � ∆r2, (3.16)

and that from the acceleration during the excitation, given by

|fc|
m

∆t2 � ∆r2, (3.17)

where fc is the force due to the potential difference (the difference between
the two potential energy curves involved in the excitation process) in the FC
region [32]. These conditions are fulfilled if the motion of the wave packet is
slow and the coordinate dependence of the potential difference is weak. One
should notice the difference in motion of the initial wave function (often the
ground state with only a few vibrational levels populated) and the excited
state’s wave packet in an ultrafast pump-probe experiment. On the initial
state, the ground state potential curve, the wave function is at rest when
the pump pulse is applied. Consequently, the velocity condition, eq. 3.16, is
directly fulfilled and ref. [32] showed that the second condition, eq. 3.17, is
also satisfied when the ground state is described by a displaced harmonic
oscillator and the applied field is of Gaussian functional form. Contrary to
that, the excited state’s wave packet is in motion when the probe pulse is
applied, and the validity of the frozen wave packet approximation has to
be examined carefully. Sometimes, the frozen wave packet approximation is
referred to as the semi-classical Franck-Condon approximation [27, 33].
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3.7 Time-Dependent Pump-Probe Signal

The contents of the atomic quantum beat paper, Paper III, attached to this
thesis is partly theoretical, and it treats, for example, the quantum beats
within the quantum mechanical first-order perturbation theory. Here, the
general expression for the time-dependent pump-probe signal will be briefly
reviewed. In the last section of this chapter the formulation of the total ion
signal recorded in an ultrafast ionization pump-probe experiment will be
discussed. However, in this section the discussion is restricted to ultrafast
fluorescence pump-probe spectroscopy.

A general pump-probe system, for both atoms and molecules, is simplified
to involve following quantum states: the ground state |ψg〉, the intermediate
state |ψ(t)〉 which comprises a limited set of quantum states |ψk〉 , the final
state |ψf〉 state, and a fourth state to which the final state spontaneously
decays |ψfluor〉 (see fig. 3.2). Initially, only the ground state is populated.
A short light pulse, of time duration ∆t, can simultaneously and coherently
excite several stationary eigenstates within the energy interval ∆ω = 1/2∆t
(see sec. 1.2). It couples the ground state to the intermediate state and hence
a wave packet is created on the intermediate state, which is a superposition
of all involved stationary eigenstates, and which can be expressed as

|ψ(t)〉 =
∑

k

ck |ψk〉 e
−t
�
i

Ek
h̄

+
Γj
2

�
. (3.18)

Here Ek is the eigenvalue of the quantum state |ψk〉 and Γk is the decay
rate of the |ψk〉 state population. The ck coefficients describe the excitation
of the molecule from the initial state and are assumed to be obtainable by
first-order perturbation theory.

The final state becomes accessible when the probe pulse, also with time
duration ∆t, is switched on at delay time t = T . Note that the pump pulse is
applied at time t = 0 and we assume that T >> ∆t. The final state will end
up in a measurable signal, e.g., for a diatomic molecule via dissociation into
atomic fragments which in turn spontaneously emits detectable light. The
expression for the pump-probe time dependent signal then can be written as

I(T ) ∝ |〈ψf |µpr · epr |ψ(T )〉|2 , (3.19)

where µpr is the dipole moment for the probe transition, and epr is the probe
light polarization vector. Often the pump-probe signal is treated only for de-
lay times much shorter than the excited states lifetime, and the spontaneous
decay, Γj, of the excited state is thus neglected. In that case Γj = 0 in eq.
3.18.
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When the pump and probe pulses are well-separated in time and wave-
length, the process can be considered as comprising of two sequential two-
state processes. In such a case the rotating-wave approximation can be ap-
plied within which the rapidly oscillating solutions to the Schrödinger equa-
tion [2] are neglected. Hence, when the time evolution of the intermediate
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fψ

gψ

}
fluorψ

Figure 3.2: Generalized pump-probe scheme. The pump pulse (full arrow) of frequency
width ∆ω couples the |ψg〉 state to the |ψ(t)〉 state. The probe pulse (dashed arrow)
transfers the intermediate states population to the final state |ψf 〉. The detected signal
is in the form of spontaneous emission (wavy arrow) from the final state to the |ψfluor〉
state.

state wave packet are theoretically obtained by, for example, the SOM, the
time step can be reasonably large [5].

3.8 Time-Dependent Total Ion Signal

The experimental data from an ultrafast ionization pump-probe experiment
can be in the form of a total ion signal (TIS). We have in Paper I derived
two analytic expressions for the TIS. An approximate approach to the ionic
wave function obtained by Braun et al [34] simplified the treatment of the
TIS. The concepts and formulations here are mainly a brief review of the

31



theoretical work by Braun et al [34]. The TIS can be written as

PI(T ) =

∫ ∞

0

PE(T )dE (3.20)

where

PE(T ) = limt→∞

∫
|ψE(r, t, T )|2 dr (3.21)

is the photoelectron spectrum as a function of the delay time T , and ψE(r, t, T )
is the ionic wave function depending on internuclear separation r and the
energy of the emitted photoelectrons E. An exact description of the TIS re-
quires that the ionic wave function is calculated for all E that contribute
to the signal. Braun et al [34] simplified the treatment by applying a short
time approximation, neglecting propagation of the wave packet during the
ionization process (see sec. 3.6). By this, the contribution to the ionic wave
function from the different photoelectron energies were obtained as

ψE(r, t, T ) ∝ e−iĤI tµI1ψ1(r, 0)I(E, r, t, T ), (3.22)

where

I(E, r, t, T ) =

∫ t

0

f(t́, T )ei[D(r)−(ω−E)]t́dt́. (3.23)

Here, ĤI is the time evolution operator of the ionization process, µI1 is the
ionization transition dipole moment, ψ1(r, 0) it the by the pump pulse created
wave packet on the |1〉 state, f(t, T ) is the envelope of the probe pulse with
center frequency ω, and the difference potential of the ionic and neutral states
has been introduced according to D(r) = UI(r)− U1(r).

The validity of eq. 3.22 was examined by Braun et al [34] and obtained
after incorporation of the Condon approximation (see sec. 3.6), the Baker-
Hausdorff theorem [35], and under the assumption of a linear difference po-
tential D(r) = D0 + D′r. For eq. 3.22 to be accurate, they found that, the
following relation must be fulfilled

∆t2 |D′|
m

� 1, (3.24)

where ∆t is the probe pulse width and m the reduced molecular mass. Thus
the best results can be expected for short pulses, a small change of the dif-
ference potential in the region the wave packet resides during the excitation
process, and a large reduced molecular mass.
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Chapter 4

Experimental

This chapter presents the techniques and the equipment used in the experi-
ments performed on the diatomic rubidium molecule, Paper II, as well as the
calcium atom, Paper III and the fluorescence up-conversion experiment (sec.
7.3). First, equipment common for both experiments will be described: the
laser system, the optical parametric amplifiers, the delay stage, and detection
devices. The next section is devoted to characterization of light pulse and a
proceeding section to sample preparation. The last three sections describes
the experiments and the experimental apparatus used in the Rb2 experiment,
the Ca pump-probe experiment, and the Ca fluorescence up-conversion ex-
periment, respectively.

4.1 Common Equipment and Set-up

4.1.1 Laser System

The femtosecond laser system (CPA-2001, Clark-MXR) used for the experi-
ments presented in this thesis is a compact system built in two levels based on
chirped pulse amplification (CPA) (see sec. 2.2.4). The system is schemati-
cally displayed in fig. 4.1. The active medium of the amplifier is a Ti:Sapphire
crystal optically pumped by a frequency doubled Nd:YAG laser.

At the bottom level is the so-called seed pulse generated, which after
amplification will be the output pulse, by a SErF1 fiber laser. This fiber ring
laser, where the active medium is Erbium-doped fiber (ErF), is pumped by
a cw diode laser at 980 nm. It is passively mode-locked by a combination
of nonlinear polarization rotation in a fiber and additive-pulse mode-locking
(APM) [1, 36]. The output from the ErF is at 1550 nm. Before injection of the

1SErF an abbreviation for Second harmonic of Erbium-doped Fiber [36].
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Figure 4.1: Schematic of CPA-2001. The SErF fiber oscillator comprises a cw diode laser
pumping the ErF in the ring fiber, components for APM, a pulse compressor, and a PPLN
crystal in which the SH of the ErF signal is obtained.

seed pulse into the amplifier it has to be frequency doubled (the SH has been
obtained), since the Ti:Sapphire crystal is functional in the wavelength region
650 - 1100 nm. For that a periodically poled lithium niobate (PPLN) crystal
is used. The frequency doubling process is most efficient if the pulses from
the ErF are compressed, since the SHG is more efficient for short pulses.
The compression is made by a pair of prisms as discussed in sec. 2.2.3. A
photodiode is placed after the PPLN crystal keeping track of the repetition
frequency (about 31.5 MHz) and the amplitude of the seed pulse.

Before entering the amplifier the seed pulse is stretched by the CPA tech-
nique [15] as described in sec. 2.2.4. The pulse is stretched from about 100 fs
to about 100 ps. As mentioned above the Ti:Sapphire crystal, in the regen-
erative amplifier (see sec. 2.2.4), is pumped by a frequency doubled Nd:YAG
laser at 532 nm [2]. The pulse is amplified until it has reached saturation
and is hence coupled out. After out-coupling from the amplifier the pulse is
compressed in a device consisting of a grating, mirrors and a large prism.

The output pulse is nearly transform-limited and the polarization is lin-
ear. Its duration is 150 fs, assuming a Gaussian pulse envelope (see fig. 4.5
and sec. 4.2 for further discussion), at 775 nm and the bandwidth is 7 nm
(fig. 4.4). The repetition rate is 1 kHz with an energy of about 850 µJ in each
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pulse. On daily basis only a few parameters might be necessary to fine tune
for proper operation. Those are the final pulse compression (by moving the
prism) and sometimes the overlap, between the seed and the Nd:YAG pump
beam, in the regenerative amplifier.

Center wavelength 775 nm
Spectral bandwidth FWHM 7 nm
Repetition rate 1 kHz
Pulse width 150 fs
Pulse energy 850 µJ
Polarisation linear in the

horizontal plane

Table 4.1: Output parameters of the femtosecond laser system.

4.1.2 Optical Parametric Amplifier

The output pulse from CPA-2001 is centered at 775 nm and split in two
comparably intense beams by a beam splitter. Each beam is directed into an
optical parametric amplifier (TOPAS-4, Light Conversion), able to convert
the incoming light beam to all wavelengths in the range 250 - 2500 nm. The
output from such a system is in the range 1150 - 2580 nm, and subsequently
the output wavelength can be transformed further to cover the whole range
mentioned above by several sets of BBO crystals as described in sec. 2.2.1.
The output contains two generated light beams the so-called signal and idler
wavelengths, where the signal beam is defined as that with the highest photon
energy [10]. Henceforth TOPAS2 will be used when we refer to pulses obtained
by these devices.

Wavelength (pumping the TOPASs) 775 nm
Tuning range (signal/idler) 1150 - 2580 nm
Parametric pulse energy (signal+idler) ∼70 µJ
Polarization signal (1150 - 1550 nm) vertical
Polarization idler (1550 - 2580 nm) horizontal

Table 4.2: Parameters of TOPAS.

The pump pulse is in all experiments generated by nonlinear mixing of
the TOPAS signal pulse in BBO crystals to obtain the third harmonic (TH)

2TOPAS is an abbreviation for Travelling-wave Optical Parametric Amplifier of Super-
fluorescence.
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of the signal (fig. 4.2). The probe pulse is, in the pump-probe experiments
on Rb2 and Ca, obtained by frequency doubling of the idler pulse from the
other TOPAS. In the fluorescence up-conversion experiment on calcium we
used the laser beam directly as the probe (gate) pulse. After the tuning
of the wavelength by the TOPASs, each light beam is directed through a
prism compressor (sec. 2.2.3). After the prism compressor the polarization is
highly linear in the horizontal plane, and other wavelength components from
the TOPAS are spatially filtered away.

 

Delay
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λ/2 
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Figure 4.2: Schematic of the device for THG of the TOPAS signal. The two-edged arrows
represents vertically polarized components and circles with a cross represents horizontally
polarized components.

4.1.3 Delay Time

The time delay between the pump and the probe pulses is mechanically
achieved by a delay stage in the optical pathway of the probe pulse. It com-
prises a retro-reflector mounted on a translation table, which is scanned and
controlled by the computer directing the whole data collection procedure.
The smallest step the delay stage can move is 0.5 µm, and since the light
beam travels twice that distance the best resolution obtainable by just ad-
justing the delay stage is ∼3.3 fs. The retro-reflector can in total move over a
distance of approximately 20 cm. Usually the optical pathways for the pump
and probe pulses are arranged such that time zero, the time at which the
pump and probe pulses arrive simultaneously at the sample, occurs when
the retro-reflector is in the middle of its moving range. Hence, we can ob-
serve positive and negative delay times of about 700 ps. Positive delay time is
throughout this thesis defined as when the pump pulse arrives at the sample
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prior to the probe pulse, and in the opposite case we talk about negative
delay times. Most of the time we do not use a shorter time step than ∼33 fs.

For reliable and reproducible time steps with the delay stage the align-
ment of the retro-reflector and the probe pulse passage through the reflector is
crucial, primarily of importance in a time-resolved fluorescence up-conversion
experiment. In a pump-probe experiment the reliability of reproducible time
steps is of minor importance relative to the lack of spatial overlap between
the pump and probe pulse at the sample region over the whole delay stage
range if the retro-reflector is misaligned. Pinholes, on which the probe pulse
should be centered during all scans and at each scan position, are placed
before and after the reflector to ensure constant time steps and reproducible
spatial overlap of the pump and probe pulses, respectively, during the whole
time trace.

4.1.4 Detection Devices

The detection is effected by a photomultiplier tube (PMT) frequently mounted
on a monochromator. The signal is recorded by a photon counter, and the
timing is obtained by a fast photodiode (DET210, Thorlabs) monitoring the
output of the laser. The data is collected by a homebuilt Labview program
that also control the mechanical movement of the delay stage.

Monochromator

Two models of monochromator from Jobin Yvon have been used, H20 VIS
and H20 IR, the first one covering the near-UV and visible spectral range (350
- 800 nm) and the second one covering the visible and the infrared spectral
range (400 - 1600 nm). These two are constructed in the same way: the light
enters through an exchangeable slit of fixed width (0.05 - 2.0 mm) and is
reflected onto a concave holographic grating (600 and 1200 grooves/nm for IR
and VIS respectively). The dispersed light is reflected onto the exit slit (0.05
- 2.0 mm). The grating is either manually tuned to the desired wavelength
or scanned by a DC motor for which the scan speed can be regulated. The
wavelength scanning is linear with readouts in nm on a mechanical counter
with 0.2 nm precision. The focal length is 200 mm and the aperture f/4.2. The
linear dispersion is 4 nm/mm and 8 nm/mm for the VIS and IR, respectively.
The height of the slit is adjustable between 2 - 8 mm. The relative efficiency
of H20 VIS is peaked at 450 nm (55 %). In the range 320 - 750 nm the relative
efficiency is larger than 30 %. The relative efficiency of H20 IR is peaked at
about 750 nm (50 %) and in the range 500 - 1500 nm the relative efficiency
is larger than 20 %.
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Photomultiplier Tube

The PMTs used are from Hamamatsu and of type 1P28 and R928. The
former has a spectral response of 185 - 650 nm, peaked at 340 nm with a
quantum efficiency of 20 %. The latter responds to wavelengths in the range
185 - 900 nm peaked at 400 nm with a quantum efficiency of about 20 %.
The counting efficiency is in the range 50 - 70 % for both PMTs.

 

Delay photon counter

Trigger 

time (ns)

Probe

T

Pump

time (ms)

Detection  
window 

Fluorescence decay

Figure 4.3: Sketch of timing for the detection.

Photon Counter

The signal levels are in generally so low that we apply single-photon count-
ing triggered by the fast photodiode monitoring the laser output. Then the
output from the PMT is directed to a photon counter (SR-400, Stanford
Research Systems). It has the ability to do time gated counting. A count-
ing delay can be set relative to the arrival of the trigger signal and the size
of the detection window in time can be adjusted (5 ns to hundreds of ms).
The signal is averaged over a variable number of laser pulses and can be
discriminated against background.

The timing of the detection is graphically displayed in fig. 4.3. The laser
produces pulses at a repetition rate of 1 kHz, four laser pulses are displayed
in the small box (separated by 1 ms). The large box is a zoom-in on the
sequence after the laser has fired the first time. The timescale is now in
ns, and the trigger signal has been sent to the photon counter. The pump

38



pulse arrives at the sample some time after the trigger pulse has been sent,
and the probe pulse arrives at the sample a time T after the pump pulse
(a few fs to some hundred fs). The sample is now in its final state free to
spontaneously emit fluorescence, the decay is displayed by the solid curve.
The photon counter starts counting a certain time after the trigger pulse has
arrived, displayed as the ”delay photon counter”, and counts events within
the detection window. The detection is then turned off until the next trigger
pulse arrives at the photon counter. The procedure is repeated over a desired
number of laser pulses, typically 2000.

4.2 Characterization of Light Pulses

Power and Energy Measurements

The average power, P , of the light beams are measured by a broadband
power meter (13PEM001, Melles Griot). The optical power is absorbed in
the active medium of the power meter and converted into heating power and
the temperature rise is what is actually measured. The energy of the pulses,
Epulse, can be extracted from the average power divided by the repetition
rate of the laser system. The peak power, PP , of the optical pulse is the
optical power at its maximum and can be calculated from the FWHM pulse
duration, ∆t, and the pulse energy. For a Gaussian pulse PP ≈ 0.92Epulse/∆t
[37].

Spectral Profile

The spectral profile of the pulses is obtained by a spectrograph equipped
with two different gratings, 1200 respectively 600 grooves/mm, and a CCD3

camera (ST-6V, Santa Barbara Instruments Group). The CCD array has
75×242 pixels, each with a size of 23×27 µm. The 1200 grooves/mm grating is
blazed at 300 nm and the 600 grooves/mm grating is blazed at 400 nm, giving
a resolution of 0.07 nm/pixel and 0.14 nm/pixel, respectively.. A spectrum
of the output pulse from the CPA-2001 is shown in fig. 4.4.

Time Profile

The time profiles of the output from the CPA-2001 and the TOPAS pulses
are estimated by correlation techniques. For pulses at about 775 nm the time
profile has been characterized by an autocorrelator (AC-150, Clark-MXR).
This autocorrelator is limited to measurements of light in the wavelength

3CCD is an abbreviation for Charge-Coupled Device.
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Figure 4.4: Spectrum of the CPA-2001 laser beam, recorded by ST-6V (dots). A Gaussian
function, f(λ) = e−(λ−λ0)

24ln2/σ2
, is fitted to the data with following parameters λ0=775.3

nm and σ = 7 nm (FWHM).

range 750 - 850 nm. The limiting factors are the nonlinear crystal and the
factory inserted filter, both of which are optimized for autocorrelation of the
output from the CPA-2001. For pulses with wavelengths different from the
laser output other correlation techniques can be used, e.g., cross-correlation
directly in a fast photodiode or cross-correlation in a nonlinear crystal where
the time overlap is controlled by our delay stage and signal generated in
the crystal is measured by a monochromator [38]. The overall principle for a
correlation technique is that the overlap of two light beams traveling differ-
ent pathways is measured as a function of the pathway difference, i.e., as a
function of time. In the next section we will discuss how to extract the time
duration of the pulses from the autocorrelation and cross-correlation signals.

In our autocorrelator the fundamental beam is split into two equally in-
tense light beams. One of the beams is directed toward a moving retro-
reflector and the other beam propagates toward a fixed retro-reflector. The
two beams then propagate toward a common mirror and are focused by a
lens into a doubling crystal. We have run the autocorrelator in background-
free mode (intensity autocorrelation). In this mode the two beams do not
spatially overlap at any position before the doubling crystal (a 0.2 mm thick
KDP crystal). The beams are focused on the crystal in such a way that their
individual angles of incidence with respect to the normal of the crystal are
such that individually they are not properly angle matched to produce a SH.
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Figure 4.5: Autocorrelation of the CPA-2001 laser beam (dots) optimally compressed. A
Gaussian function, f(t) = e−t24ln2/∆t2 , is fitted to the data with following parameter
∆t= 215 fs (Autocorrelation FWHM).

But the two beams cross each other in the crystal and combined they pro-
duce a SH in the straight forward direction (non-collinear phase matching
[10]). The SH is detected by an amplified photodiode, scattered fundamental
light is taken away with a filter, and the signal is displayed on the attached
computer. The background-free (bf) autocorrelation signal is [1]

Sbf ∝
∫
I1(t)I2(t− T )dt, (4.1)

where I1 and I2, respectively, are the intensities of the two beams and T is
the time delay between the two pulses. A typical autocorrelation signal of
the laser output is shown in fig. 4.5.

Cross-correlation directly in a fast photodiode is another technique we
have used to measure the time profile of light pulses [39, 40]. An unfiltered
SiC photodiode (JEC 1, Laser Components) is sensitive in the spectral range
210 - 380 nm (maximum spectral response at 275 nm). Thus, it is sensitive
to the sum frequency (SF) of two photons and can be used for correlation
measurements of beams in the wavelength range 420 - 760 nm. The time
profile of two beams with different wavelengths can be measured. To record
the time profile the photodiode should be connected to a detection device,
e.g., a high-speed oscilloscope or a boxcar averager connected to a computer
with software.
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Figure 4.6: Cross-correlation of a light beam at 440 nm obtained as the TH of the signal
beam from a TOPAS, and the output of CPA-2001 at 775 nm. The FWHM of the cross-
correlation is 255 fs.

The principle is the same as for an autocorrelator: the correlation signal
is recorded as a function of the delay time between the incoming pulses.
We have used this technique to measure the cross-correlation between, e.g.,
the output of the CPA-2001 laser and a light pulse obtained as the TH of
the signal beam from a TOPAS (400 - 450 nm). A limiting and sometimes
disturbing factor during such a measurement is the two-photon absorption
of the individual beams. The two-photon signal of each individual beam can
be reduced if the intensity of the individual beams are reduced and thus
this disturbing signal can be regarded as a background to subtract from the
correlation signal. The photodiode is also sensitive to one photon and hence
the bluest wavelength should not enter the spectral response region.

A background reduced cross-correlation measurement of an output beam
from the laser and the TH of the signal from a TOPAS is shown in fig. 4.6.
The delay stage was manually stepped, about 30 - 50 fs at a time, and the
voltage read out from a high-speed oscilloscope. The FWHM of the cross-
correlation signal was estimated to be 255 fs, which is relatively long. Note
that the autocorrelation FWHM of an optimally compressed laser output was
215 fs (fig. 4.5) and a cross-correlation measurement of two TOPAS pulses
created by our TOPASs (see ref. [41]) gave a correlation width of 180 fs. The
255 fs obtained here is presumably due to none optimal pulse compression
of the CPA-2001 laser output pulse. This is not necessarily a mistake since
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the TOPAS operates best with a slight chirp in the fundamental beam (the
laser output pulse).

The cross-correlation can also be measured in a gas with the right prop-
erties. For example in the Rb2 experiments the cross-correlation between the
pump and probe beams was measured inside the vacuum chamber with ace-
tone vapor. When the pump and probe pulses overlapped in time, the Ã− X̃
transition became accessible by a non-resonant 1+1 photon transition. The
laser induced fluorescence was traced as a function of the time delay between
the pump and probe pulses.

Time-Bandwidth Product

From the measurements of the spectral and temporal profiles it is possible to
estimate whether the pulse is transform-limited or not. The time-bandwidth
product reads

∆t∆ν = ∆t∆λ
c

λ2
0

, (4.2)

where ∆t is FWHM time duration, ∆ν the spectral FWHM in wavenumber,
∆λ the spectral FWHM in wavelength with a pulse centered at λ0, and c
the speed of light in vacuum. For a pulse to be transform-limited the time-
bandwidth should equal a specific number for a specific pulse shape; for a
Gaussian pulse shape ∆t∆ν = 0.44. On the assumption of a Gaussian time
profile and that the parameters of one of the light beams are known or both
beams are identical, the FWHM time duration of a single light beam can be
obtained by

∆tcross/auto =
√

∆t21 + ∆t22, (4.3)

where ∆tcross/auto is the FWHM of the cross-correlation/autocorrelation sig-
nal and ∆t1 respectively ∆t2 is the FWHM of the two light beams of Gaus-
sian time profile. The autocorrelation of the output of the CPA-2001, fig. 4.5,
gave ∆tcross/auto = 215 fs and, consequently, ∆t = 152 fs. The time-bandwidth
product for the output of the CPA-2001 obtained from this and the spectral
FWHM (fig. 4.4) is ∆t∆ν = 0.53 which diverges from the transform-limited
product. The fundamental reason is that the time profile is not perfectly
Gaussian.
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Figure 4.7: Schematics of the light-matter interaction region inside the heat-pipe oven (top
left), the vacuum chamber (top right), and the heat-pipe oven (bottom). (The probe beam
is only applied in the calcium pump-probe experiment in Paper III.)

4.3 Sample Preparation

Preparation of Gaseous Calcium

For the quantum beat experiment, Paper III, and the fluorescence up-convers-
ion experiment (sec. 7.3) the gaseous calcium atoms were produced by heating
of metal grains in a heat-pipe oven [42, 43]. The heat-pipe oven configuration
is displayed in fig. 4.7. Along the bottom of the heat-pipe grains of calcium
were placed (particle size 2 - 6 mm from Merck, purity > 98.5 %). The oven
was resistively AC heated through a 0.75 mm diameter tungsten wire singly
wound around the cylindrical oven (Al2O3). A 50 Hz current of about 16 A
was required to maintain the operation temperature at about 540 ◦C.

The heat-pipe oven is centered in a small six-sided vacuum chamber with
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an approximate diameter of 29 cm and a height of 15 cm. On each of the
six sides there is the possibility to mount vacuum pumps, temperature and
pressure measurement devices, pipes holding entrance and exit windows, etc.

Argon buffer gas was constantly flowed into the continuously evacuated
vacuum chamber to maintain a total pressure inside the chamber of about 0.1
mbar. The pressure was measured by a Pirani gauge head (PVG5, Thermo
Vacuum Generators). The constant flow of buffer gas would efficiently slow
down the escape of calcium from the chamber and also keep the windows of
the chamber from being contaminated by calcium. The whole chamber was
water-cooled to avoid overheating of, for example, o-rings.
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Figure 4.8: Schematic picture of the molecular beam source.

Preparation of Gaseous Rb2

The mildly cooled Rb2 beam was produced for the experiments presented in
Paper II by unseeded expansion of rubidium vapor at ∼ 670 K through a
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Ø 50 µm nozzle (schematically shown in fig. 4.8). The background pressure
during molecular beam operation was always < 10−6 mbar. The light beams
cross the molecular beam at a right angle ∼ 4 mm downstream the nozzle.
The induced fluorescence is collected and detected at a right angle to both
the light beams and the molecular beam. The heating wires 1 and 2 are
independently heating the oven body respective to the oven nose. Thermo
couples are used to measure the temperature. Further information on the
molecular beam source can be found in the references [41, 44].

4.4 The Rb2 Pump-Probe Experiment

The experimental set-up used in the pump-probe experiments on Rb2 in
Paper II is schematically shown in fig. 4.94. The desired wavelengths are
either achieved by mixing of the TOPAS idler or signal in BBO crystals, and
their relevant parameters are listed in table 4.3. The two beams are focused
by f = +50 cm spherical lenses in to the vacuum chamber. The light beam’s
polarizations are linear and set at nominal magic angle configuration and the
beams propagate into the chamber at a small angle relative each other.

λpu λpr FWHMpu FWHMpr Epu Epr

(nm) (nm) (nm) (nm) (µJ) (µJ)
425 - 435 927 2.7 11.5 5.0 4.0

Table 4.3: Parameters of the laser pulses used in the Rb2 pump-probe experiment (Paper
II).

The previously mentioned cross-correlation between the pump and probe
did not only provide the time resolution of the experiment, it was also a tool
for accurate determination of zero delay time, which was of great importance
for the interpretation of the results.

Two different detection schemes were used, depending on whether emis-
sion spectra or pump-probe traces were to be recorded. To record the emission
spectra we used a low-resolution monochromator (H20 VIS, Jobin Yvon)
equipped with a R928 PMT (Hamamatsu). By spectral filtering (UG11,
Schott) and use of a 1P28 PMT (Hamamatsu), the pump-probe traces were
obtained. The filtering gave spectral sensitivity in region 250 - 400 nm in
order to detect atomic rubidium 82P, 72P − 52S fluorescence. At every de-
lay time, T , the fluorescence intensity was measured by time-gated photon
counting and averaged over 1000 laser cycles. The time traces are each an
average of 20 delay time scans.

4NLO is an abbreviation for NonLinear Optics.
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Figure 4.9: The set-up for the Rb2 pump-probe experiment (Paper II).

4.5 The Ca Pump-Probe Experiment

Experimental Set-up

The experimental set-up is schematically described in fig. 4.10. The pump
and probe pulses were focused, f = + 50 cm plano-convex lenses, into the
vacuum chamber at the central region of the calcium vapor production. The
overall time-resolution after pulse compression was characterized by a Gaus-
sian cross-correlation width of about 150 fs in a SiC photodiode just before
the vacuum chamber entrance window. To adjust the linear pulse polariza-
tion, a broadband λ/2 wave plate (ACWD-400-700-10-2, CVI) was inserted
into the pump beam. At the entrance of the vacuum chamber the polarization
of the probe pulse is horizontal without wave plate manipulation. Circularly
polarized pulses were obtained by removing the λ/2 wave plate and insert-
ing a BPC (5540, New Focus) into each beam. The polarization state of the
pulses was always purer than 100:1 for the circular light and 300:1 for the
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linear light.
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Figure 4.10: The experimental set-up for the quantum beat experiment on atomic Calcium
(Paper III).

Fluorescence light from the sample was collected in the backward direc-
tion with a f = + 30 cm lens positioned close to the entrance window. This
light was spectrally (OG 570 , Schott) and spatially filtered and imaged onto
a monochromator with a bandpass of 4 nm, (H20 IR, Jobin Yvon) and set at
672.5 nm to monitor the (4s5p) 1P 0

1 → (4s3d) 1D2 transition. The detection
was effected by a PMT (R928, Hamamatsu) operated in photon counting
mode and connected to the gated photon counter. A time gate was applied
to discriminate against background photons from cascade processes. Thus,
the gate was delayed a few ns with respect to the arrival of the pump pulse
and then set to cover the next 80 ns of the transient fluorescence light. In the
end of this section we describe in more detail the cascade process and how an
appropriate gate width was set. For each pump-probe delay the signal was
summed over 2000 laser cycles.

A similar set-up was used to simultaneously record the excited atomic
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λpu λpr FWHMpu FWHMpr Epu Epu

(nm) (nm) (nm) (nm) (µJ) (µJ)
σ 410 833 2.0 10.2 2-5 2-5
π 411 837 2.2 10.7 2-5 2-5

Table 4.4: Parameters of the light pulses used in the calcium experiment (Paper III). σ -
circular light polarization and π - linear light polarization.

density in the oven by collecting fluorescence light in the forward direction
and setting the monochromator to monitor mainly the (4s15s− 4s18s) 1S0,
(4s14d− 4s16d) 1D2 → (4s4p) 1P 0

1 transitions at around 390 nm.

Figure 4.11: The relevant energy levels [45] reached by a two-photon pump transition from
the ground state of the calcium atom , with λpu ≈ 410 nm.

Pump-Probe Scheme

Initially the calcium atom is in its ground state, (4s2) 1S0. By the pump
process we would like to access energy levels with principal quantum number
n ≈ 15 (fig. 4.11), since the pump pulse is spectrally broad enough to excite
coherently several levels in this region. This was obtained by a non-resonant
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Figure 4.12: Signal as a function of the time gate width of the photon counter. Dots
represents the pump-probe signal and circles that from the pump pulse only.

two-photon transition, λpu ≈ 410 nm. Depending on the polarization state of
the pump pulse either only 1D2 levels were excited, circular light polarization
(σ), or both 1S0 and 1D2 levels were excited, linear light polarization (π)
(see sec. 3.3 and fig. 3.1). The probe process is a one-photon transition,
where the probe pulse, λpr ≈ 837 nm, stimulates a downward transition to
the (4s5p) 1P 0

1 level, which spontaneously emits light when it relaxes to the
(4s3d) 1D2 level. It is this fluorescence that is detected.

Background Reduction

It was previously mentioned that we applied a time gate to discriminate
against background photons from cascade processes in the pump-probe sig-
nal. How the width of the time gate was selected and why is described here.
The aim of the detection was to selectively detect the (4s5p)1P 0

1 to (4s3d)1D2

transition originating from the probe process. Of course the manifold of 1S0

and 1D2 levels excited by the pump pulse can as well spontaneously relax to
lower lying states and thereby emit light. The lifetime of the 1S0 and 1D2

levels and the lifetime of the states they relax to are crucial as to how fast
cascade processes becomes an unwanted contribution to the pump-probe sig-
nal. The 1S0 and 1D2 levels are Rydberg levels and one would thus expect
a relatively long lifetime for those levels. Hansen [46] has, for example, mea-
sured the lifetime of the (4s13s), (4s14s) 1S0 levels to be 808 ± 72 and 720
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Figure 4.13: The ratio of the signal from cascade processes and the pump-probe signal
displayed (fig. 4.12) as a function of the time gate width. The arrow marks the gate width
used in the pump-probe experiment.

± 65 ns, respectively.

To minimize the unwanted contribution we have optimized the gate’s
width. This was done in following way. The gate’s width was increased step-
wise from 10 ns to 1000 ns. The pump-probe signal (fig. 4.12) was detected
for each gate width in the same way as described in previous section, with
the monochromator set at 672.5 nm. During the next measurement the probe
pulse was blocked and the 672.5 nm fluorescence was detected in same man-
ner but now the signal (fig. 4.12) originates only from pump-induced cascade
processes. Optimal time gate width will be obtained when the ratio between
the cascade signal and the pump-probe signal is minimized (fig. 4.13). Accord-
ing to this line of argument the gate should have a width of 10 ns. However,
while one would like to minimize the contribution from cascade processes, one
would also like to collect as much as possible fluorescence from the pump-
probe process, which means that the gate has to be broader than 10 ns. The
time gate width during all experiments on calcium was set at 80 ns to cover
a reasonably large part of the fluorescence from the (4s5p) 1P 0

1 → (4s3d) 1D2

transition as the lifetime of the (4s5p) 1P 0
1 state is about 80 ns [45].
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4.6 The Ca Fluorescence Up-Conversion

Experiment

In this section I will first describe the time-resolved fluorescence up-conversion
experiment that we intended to perform. Due to several experimental prob-
lems encountered, the desired results were not obtained, and after describing
the intended experiment I will focus on measurements performed to find the
origin of the obstacles.

The sample, gaseous 40Ca, is excited by a non-resonant two-photon transi-
tion at∼ 410 nm. The simultaneously excited states reached in the pump pro-
cess (linear polarization) are those with electron configurations 4s14s−4s18s
and 4s13d−4s17d (fig. 4.11). It is the time evolution of this superposition that
we would like to follow by time-resolved detection of the spontaneously emit-
ted light from the excited levels. The main decay channel is to the (4s4p) 1P o

1

level, resulting in emitted fluorescence in the spectral range 397 - 403 nm.
We expect the lifetime of the excited level to have a lower limit of about 700
ns. (Notice that the lowest excited state (4s4p) 1P o

1 has a lifetime of 4.6 ±
0.2 ns [46].)

 
SF  
UV-light 

 BBO 
crystal 

Gate pulse 

Focused fluorescence 

Figure 4.14: A schematic view of the overlap of the gate pulse and focused spontaneous
emission. The SF signal is generated in the forward direction, and due to the cone formation
of the fluorescence also in a cone. The view is taken in the vertical plane, parallel to the
optical axis of the BBO crystal.

The lifetime is now of much greater importance than in an ultrafast pump-
probe experiment, since we intend to study dynamics on the femtosecond
timescale by an experimental set-up that does not induce the probe step. The
probe step is instead performed on the spontaneously emitted fluorescence
in a nonlinear crystal outside the vacuum chamber. Hence, the emission rate
within the first few ps after excitation is of great importance, and even trickier
is that the emission rate has to be high enough for efficient up-conversion
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within the duration of the gate pulse (probe pulse).
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Figure 4.15: Schematic view of the detection set-up for the fluorescence up-conversion
experiment.

Time-Resolved Detection in Nonlinear Crystal

The nonlinear crystal that we used for fluorescence up-conversion was a BBO
crystal of type I (see sec. 2.2.1). The gate pulse had an energy content of
about 0.1 mJ, and was centered at 775 nm, with vertical linear polarization
and focused onto the BBO crystal. The spontaneous fluorescence from the
sample was collected in the forward direction of the pump pulse by an off-
axis parabolic mirror and focused in the BBO crystal. The gate pulse and
the collected fluorescence entered the BBO crystal with no angle between
them in the vertical plane. The fluorescence propagated in a plane parallel to
the experimental table. Meanwhile the gate pulse entered the crystal with an
angle of 9◦ to the fluorescence beam path, shown schematically in fig. 4.14.
The crystal was rotated to fulfill the phase matching condition 1/λfluor +
1/λgate = 1/λsum. Where λfluor= 400 nm, which will result in a SFG beam
at λsum= 266 nm. The sum-frequency generated light was focused (f = +
100 mm) onto the entrance slit of a monochromator (H20 VIS, Jobin Yvon)
equipped with a 1P28 PMT (Hamamatsu). An interference filter (Omega
Optical), with a transmission rate of more than 20 % in the spectral range
255 - 270 nm, was mounted on the entrance of the monochromator to reduce
background from scattered pump light and other sources. A schematic of the
detection scheme is shown in fig. 4.15.
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Pulse Characteristics

The pump pulse had a time duration of about 180 fs, characterized by cross-
correlation in a photodiode (fig. 4.6), and at 410 nm a FWHM of about 2 nm
with an energy content of 2 - 5 µJ. The gate pulse was centered at 775 nm
with a FWHM of about 7 nm, the time duration was 160 fs, and the energy
content about 0.1 mJ.
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Figure 4.16: Schematic view of the detection of spontaneous emission.

SF Test Signal and Measurement of Spontaneous Emission

The fluorescence up-conversion set-up (shown schematically in fig. 4.15) was
tested by a simpler excitation scheme than the intended. The pump pulse
was tuned to 422.7 nm for single photon excitation of the first excited state
(4s4p) 1P 0

1 . The fluorescence, at the same wavelength, was collected and
mixed by the gate pulse in the crystal tuned to satisfy the phase match-
ing condition. The delay stage was scanned in order to obtain and verify
that the time traces were due to SFG of fluorescence and gate.

Furthermore, the fluorescence from the (4s4p) 1P 0 state to the ground
state (4s2) 1S0, and from the (4s14s− 4s18s) 1S0 states and (4s13d− 4s17d)
1D2 states, to the (4s4p) 1P 0

1 state were characterized. The characterization
was in the form of emission rate within the first hundred fs after excita-
tion, lifetime and vapor pressure as a function of temperature and buffer
gas pressure, and verification of two-photon excitation. The fluorescence was
collected by a large mirror at the exit of the vacuum chamber and focused
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by a lens of focal length + 15 cm (fig. 4.16). The gated photon counter was
used to stepwise record the fluorescence decay.
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Chapter 5

Approximate Expression for
the Total Ion Signal

To simplify the treatment of light-matter interactions and quantum dynam-
ics in ultrafast pump-probe spectroscopy one can apply semi-classical ap-
proaches (see sec. 3.2 and 3.5). These methods not only save computational
efforts, they also give a more intuitive picture of the dynamics and processes
since they relate to classical mechanics where some concepts might be more
familiar for the analyzer. There are numerous papers presented in the field
[27, 32, 47, 48]. Their specific aim can be general, focused on release of some
commonly applied approximations and/or investigating the validity of a spe-
cific approach.

We have adopted a semi-classical approach for light-matter interactions
when we derived the two analytic total ion signal (TIS) expressions in Paper
I, whereas the nuclear dynamics has been considered within quantum theory
and calculated by the numerical split-operator method (see sec. 3.4). In one
of the expressions (eq. 5.4) we have relaxed the commonly applied Condon
approximation (see sec. 3.6). In the second TIS expression (eq. 5.1) we kept
the Condon approximation but incorporated the wave packet width in the
ionization process. We will in this chapter focus on some results and conclu-
sions that can be drawn from the derived expressions. Furthermore, we will
see how excitation and ionization can be thought of in a simple way, even
when the extension of the wave packet in coordinate space is considered. We
will also discuss the validity of the derived expressions and relate our work to
publications and results within the area of ultrafast pump-probe ionization
spectroscopy. First, however, we will draw attention to the motivation of our
work.
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5.1 Background

Previously, an approximate analytic expression for the TIS (eq. 5.2) was de-
rived within the Condon approximation by Andersson et al [47]. The authors
concluded that the Condon approximation broke down for the studied sys-
tem, a justifiable conclusion since the transition dipole moment between a
neutral and an ionic state, in general, depends on the molecular geometry as
well as on the photoelectron energy [31]. We have adopted a semi-classical
approach to investigate the effect of specific parameters on the TIS from an
ultrafast pump-probe ionization experiment. The parameters we focused on
are following; (i) an internuclear separation dependent transition dipole mo-
ment and (ii) the effect of the wave packet spread on the ionization process.

5.2 Derived Expressions

To simplify the discussion we will here restate the expressions derived and
reported in Paper I for the TIS obtained in an ultrafast pump-probe ion-
ization experiment on a diatomic molecule. The derived wave packet width-
dependent expression reads

PI∆(T ) = PI0 +
e−[δ(rT )]2

2
√
π

[
−2δ(rT )δ′(rT )2 + δ′′(rT )

] 〈
(∆r)2〉 , (5.1)

where

PI0 =
1

2
[1 + erf (δ(rT ))] . (5.2)

Eq. 5.1 and 5.2 depends on the delay time T between the pump and probe
pulses and the wave packet width

〈
(∆r)2〉, which in turn is a function of

delay time. Other parameters are expressed in terms of the detuning param-
eter δ(rT ) and its first and second derivatives, respectively. The detuning
parameter is defined accordingly

δ(r) =

√
8ln2

h̄α
(h̄ωc −D(r)) , (5.3)

where α is the spectral FWHM of the Gaussian probe pulse centered at ωc

and D(r) is the difference potential between a neutral state and the ionic
state. The derived expression contains a term that is independent of the
wave packet spread (eq. 5.2), and a correction term (the second term of eq.
5.1) taking into account that a wave packet actually has an extension in
coordinate space.

58



Furthermore, on including a varying transition dipole moment, the ex-
pression now reads

PIµ(T ) = |µ0(1 + ηrT )|2 1

2
[1 + erf (δ(rT ))] . (5.4)

Here a linear functional dependence of the transition dipole moment on r has
been assumed, thus µ(r) ≈ µ0(1 + ηrT ), where µ0 is a constant and δ(rT ) is
given by eq. 5.3.

Qualitative general interpretations can be made by examination of the
parameters in the TIS expressions eq. 5.1 and 5.4.

Note that in the derivation of the TIS expressions defined above a Taylor
expansion is performed on the following expression

µ(r)2e−8ln2/(h̄α)2(h̄ωc−E−D(r))2 (5.5)

present in the photoelectron spectrum (eq. 2 Paper I), where E is the pho-
toelectron energy. Eq. 5.2 and 5.1 were obtained by Taylor expansion to the
zeroth and second order term, respectively, after implementation of the Con-
don approximation. Furthermore, eq. 5.4 is obtained by Taylor expansion of
eq. 5.5 to the zeroth order term.

5.3 Interpretation and Validity of

Derived Expressions

The expressions eq. 5.1 and 5.4 were derived for probe pulses which are
spectrally symmetric around the carrier frequency, ωc, and of Gaussian pulse
shape. Generalization to other pulse shapes is not straight-forward, since the
derivation depends on a Taylor expansion of a Gaussian function which is a
product of a Gaussian pulse envelope and an exponential function depending
of the difference potential, the carrier frequency of the probe pulse, and the
photoelectron energy. However, we believe that pulses with similar shape can
as well be included in this qualitative description.

Wave Packet Width Dependent Expression

We have restricted the discussion to wave packets being symmetric around
the internuclear distance of detection, r = rT . However, the technique can
be generalized to include various shapes of wave packets (as long as the wave
packet is well localized).

Visually, and in line with the expression derived for PI∆, the effect of
of the wave packet width can be obtained by realizing that the product of
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Figure 5.1: Illustration of the effect of the wave packet spread in the photoionization
signal. The 2-D interaction probability function is formed by the product of a wave packet
distribution and a probe spectrum that both are Gaussian. The line shows the difference
potential. The fraction of the distribution function above the difference potential represents
the signal.

the spectral distribution of the probe pulse and the wave packet distribution
defines an interaction probability distribution in (r, ω)-space. The interaction
probability distribution will at each delay time be centered around the center
of the wave packet as well as around the carrier frequency of the probe pulse.
The portion of the distribution that is located above the difference potential
will contribute to the total ion signal. The shape of the distribution depends
on the spectral width of the probe pulse and the width of the wave packet.

In some specific situations PI∆ will be reduced to PI0: (i) if the wave
packet is extremely well localized and can be represented by a δ-function,
and (ii) when the probe frequency approaches ±∞. However, the wave packet
width dependent formulation of the TIS must be considered when either one
or both of the conditions 〈

(∆r)2〉 δ′(ρ)2 << 1/4 (5.6)

and 〈
(∆r)2〉 δ′′(ρ) << 1/

√
2 (5.7)

break down. The parameter ρ ranges over the interval rT −2σ ≤ ρ ≤ rT +2σ

and σ =
√〈

(∆r)2〉. The validity of the wave packet width expression is
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carefully investigated in Paper I and the reader is referred to that paper for
further details.

Internuclear Separation Dependent Transition Dipole Moment

Consider a diatomic molecule with identically shaped potential curves and
a common equilibrium distance for the excited neutral state and the ionic
ground state. Consequently, the difference potential is constant over r and in
the Condon approximation the total ion signal will lack time dependence. On
the other hand, this molecule could have a coordinate dependent transition
dipole moment resulting in a time-dependent TIS, as predicted by eq. 5.4 and
discussed in the references [31, 47, 49]. If the energy of the probe pulse ap-
proaches a one-to-one relation with the r-dependent difference potential, the
non-Condon transition dipole moment will be less significant since ionization
primarily takes place at one internuclear separation.

The validity for the non-Condon TIS expression comprises five conditions
that must be fulfilled. Two of these are given by eq. 5.6 and 5.7, and the
remaining conditions are

〈
(∆r)2〉 (

µ′(ρ)

µ(ρ)

)2

<< 1 (5.8)

and 〈
(∆r)2〉 µ′′(ρ)

µ(ρ)
<< 1 (5.9)

and 〈
(∆r)2〉 µ′(ρ)

µ(ρ)
δ′(ρ) <<

1

4
√

2
. (5.10)

Hence, the non-Condon TIS expression is invalid either when the wave packet
becomes too broad, the transition dipole moment variation is too rapid, or
if the combination of the two becomes too large.

General Interpretations

Even though a non-Condon approach, eq. 5.4, can be crucial to accurately in-
terpret experimental results, preliminary interpretations can be drawn from
the expression for the coordinate-independent transition dipole moment given
in eq. 5.1. Along the line of arguments given in the previous subsection the
Condon approximation is less accurate for very high probe energies and sys-
tems with a constant difference potential.
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5.4 Applications and Discussion

The C state of the NaK molecule has been studied by ultrafast pump-probe
ionization spectroscopy [47]1, and it was the concluded breakdown of the
Condon approximation that in part aroused our interest in developing the
approximate TIS expressions. We have applied the non-Condon formula, eq.
5.4, on the NaK system studied in ref. [47] to investigate whether it can
reproduce the amplitudal variations of the experimentally obtained TIS.

The Na2 molecule has been widely studied by various spectroscopic meth-
ods, e.g., by ultrafast pump-probe spectroscopy [50], and examined theoreti-
cally, e.g., in ref. [49, 50] where the non-Condon case was studied. In ref. [50]
experimental results were reported and interpreted by quantum mechanical
calculations. We have applied our derived formulas on the Na2 molecule as
well to be able to compare them to the exact quantum mechanical calcula-
tions in ref. [49].

In all our calculations; the wave packet’s time evolution, in terms of po-
sition and uncertainty in position, on the intermediate states is obtained by
propagation of the pump wave packet by the split-operator method (see sec.
3.4).

NaK

Andersson et al [47] recorded an oscillating TIS with a characteristic period
of vibrational motion in the C state (500 fs). The maximal peak-to-peak beat
amplitude was 30 - 50 % of the signal maximum. The Condon case formula,
eq. 5.2, could not reproduce the experimental beat amplitude, plotted in fig.
5.2a, estimating the ionization probability to 100 % over the whole time trace.
The authors [47] suggested that this deviation between experimental results
and theoretical predictions was due to a significant internuclear-separation
dependence of the transition dipole moment, not taken into account in their
theoretical approach. Andersson et al argued that the transition dipole mo-
ment could vary accordingly

µ(r) ≈ µ0(1 + η · r) (5.11)

with η = −0.1 for the studied ionization process (see ref. [47] for justification
of their arguments). We have adopted such a dependence, and the results
from the non-Condon formula, eq. 5.4, is displayed in fig. 5.2b. The calculated

1The C1Σ+ state was excited, at the inner turning point, from the ground state X1Σ+

by a pump pulse. The probe pulse, (Gaussian pulse of FWHM 130 fs (α ≈ 200 cm−1), at
a carrier frequency of about 18900 cm−1), detected the C state dynamics by ionization to
the ionic ground state, X+2Σ+.
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signals show a vibrational period of ∼ 500 fs, and the beat amplitude is about
20 % for η = −0.05 and about 60 % for η = −0.1. Hence, we can conclude
that our results point in the same direction as Andersson et al suggested,
towards a significant decrease of the transition dipole moment with increasing
internuclear separation.
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Figure 5.2: Calculated total ion signal for the NaK molecular level scheme, X1Σ+-C1Σ+-
X+

2Σ+. In the upper graph is the Condon approximation is applied and no wave packet
width correction is made (eq. 5.2). The wave packet is initially at the inner turning point,
3.55 Å, of the intermediate state and is probed by a pulse with ωc=18900 cm−1. The lower
graph show how a varying transition dipole moment influences the TIS (eq. 5.4), dashed
line µ(r) ≈ 1− 0.05 · r and full line µ(r) ≈ 1− 0.1 · r. The wave packet starts out on the
intermediate state at 3.55 Å.

By a reduction of the probe pulse carrier frequency to 18200 cm−1 (not
performed in the experiments by Andersson et al), we obtain a numerical
example describing the effect of the width of the wave packet, as considered
from the width dependent TIS formulation eq. 5.1. In fig. 5.3a the PI∆ and
PI0 signals are plotted for half a vibrational period in the C state. In the lower
panel of the figure (fig. 5.3b) the ionic difference potential and the probe pulse
spectral envelope are displayed. The vertical line in fig. 5.3 represents the in-
ternuclear separation, rT = rres, where the carrier frequency of the probe
pulse matches the difference potential, corresponding to δ(rT ) = 0. The dif-
ference potential at this separation is approximately linear which according
to eq. 5.1 should lead to zero contribution from the correction term. The
interaction distribution probability, described in sec. 5.3, explains the zero

63



3.5 4 4.5 5 5.5
0

0.5

1

P I0
(r

),
P I∆

(r
)

a)
0 50 100 150 200 250

0 50 100 150 200 250

1.72

1.77

1.82

1.87

x 10
4

T [fs]

D
(T

)

4 4.5 5 5.5
r [Å]

b)

Figure 5.3: Calculated total ion signals within the Condon approximation, for the first half
vibrational period of the NaK C-state. The upper graph displays the non-width expression
(full line) and the non-width formula corrected for width contribution (dashed line). The
vertical line represents the internuclear separation at which the carrier frequency, 18200
cm−1, of the probe pulse equals the difference potential. The difference potential and the
probe pulse spectrum are displayed in the lower graph. The wave packet is initially at the
inner turning point, 3.55 Å.

contribution accordingly; the probability distribution located above D(r) is
exactly canceled by an equally large part of the probability distribution lo-
cated below D(r). Off-resonance the two contributions are unbalanced and
leads to signal reduction at rT < rres and signal enhancement at rT > rres.
The width correction vanishes when δ(rT ) is sufficiently large due to the
exp[−δ(rT )2] factor in eq. 5.1.

Na2

We have also applied the derived formulas on pump-probe ionization pro-
cesses on the Na2 molecule. For the non-Condon case we used the same
linear dependence for the transition dipole moment as Engel [49], allowing
us to make comparison between our approximate expression and the exact
quantum mechanical calculations by Engel.

The probe pulse was set to 16000 cm−1, which gives a detuning large
enough to make the signal time-independent in the Condon approximation,
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Figure 5.4: Signals obtained for the Na2(21Πg) system using: a) The non-Condon TIS
expression eq. 5.4 and ωc=16000 cm−1. b) The width dependent TIS expression eq. 5.1
(dashed line) and the non-width TIS expression eq. 5.2 (solid line) and ωc=9517 cm−1.

ref. [49] and eq. 5.2. An varying transition dipole moment was introduced,
eq. 5.4, and the results are displayed in fig. 5.4a. Our calculations show that
the approximate non-Condon expression can well reproduce the magnitude
and phase of the signals obtained in ref. [49] by the quantum mechanical
calculations.

Furthermore, the probe pulse was tuned to 9517 cm−1 for the purpose to
investigate the wave packet width dependence. Inclusion of the wave packet
width in the simulation of the probe step significantly increased the modu-
lation amplitude of the signal occurring in the vicinity of the outer turning
point (fig. 5.4b). The shift of the minimum of PI∆ toward longer delay times
relative to PI0 is due to an asymmetric behavior of the wave packet around
the outer turning point. The wave packet is more localized when it moves
toward the outer turning point than it is when it is leaving the outer turning
point. This behavior enters PI∆ via the detuning slope, represented by the
δ′(rT )2 term in eq. 5.1. This term is also responsible for the major part of
the width-related reduction of the TIS. The detuning curvature, represented
by the δ′′(rT ) term in eq. 5.1, causes a negligible additional reduction.

65



66



Chapter 6

Ultrafast Dynamics of the
Blue-Violet Absorption Band
of Rb2

From analysis of ultrafast pump-probe transients we have identified the states
mainly responsible for the fast decay of the D state of the diatomic rubidium
molecule. The origin of the observed signal delay with respect to the instant of
excitation and a step-like build-up of the signal on a sub-picosecond timescale
were important features during the interpretation. We have also identified the
origin of a slower oscillation (about 5 ps) in the pump-probe traces.

6.1 Background

In this section we will briefly overview the results obtained by Zhang et al
[51, 52]. They have, in a real-time study in a heat-pipe oven, investigated the
predissociation of the D1Πu state of Rb2

1. The D state was excited at the
inner turning point by various pump pulse wavelengths (425 - 437 nm). The
probe pulse was, presumably, probing the D state, by a transition to a highly
excited repulsive state and the ensuing atomic fluorescence was recorded.

For pump pulses at wavelengths below 429 nm, the dominant time-trace
feature was a fast decay in a few ps. Further time traces recorded for pump
pulses above 429 nm primarily revealed oscillatory features attributed to the
vibrational period of the D1Πu state. In the interpretation of the results, the

1The below included and discussed potential energy curves for Rb2 are calculated either
by Spiegelmann et al [53] or Park et al [54]. If it is of relevance for the outcome of the
results it is mentioned which one that is used. In the references [51, 52] the potential
energy curves by Spiegelmann et al were used.
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Figure 6.1: The pump-probe scheme of the experiment on the dynamics of the blue-violet
absorption band of Rb2. Figure taken from Paper II.

(1)3∆u state was considered as a cause of the fast direct predissociation by
spin-orbit coupling (of about 10 cm−1) to the D state. Two other states were
suggested to have an influence on the D state by spin-orbit coupling, the
(4)3Σ+

u state and the (3)3Πu state. The former was not expected to have a
significant influence on the timescale of the fast predissociation. The latter
could, besides the coupling to the D state, couple to the (1)3∆u state, and
thus influence the D state predissociation via this channel. The singlet states
(3)1Σ+

u and (1)1∆u were mentioned as possible perturbers of the D state
via the L-uncoupling mechanism [23, 55]. Conclusions were drawn that this
mechanism is inadequate to describe the observed fast dynamics.

6.2 Experimental Investigation

and Simulations

Our purpose with the ultrafast pump-probe experiments on Rb2 was to shed
further light on the origin of the fast predissociation of the D1Πu state of the
Rb2 molecule. The experiments on this subject resulted in a paper, attached
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as Paper II to this thesis.

In the experiment the pump pulse wavelength was varied between 425 -
435 nm, exciting the D state in the energy range covering the threshold for
fast depletion of the D state. Many different probe channels were considered.
One was at 954 nm, intended to probe the atomic 42D state, via excitation
to the 82P state via a probe induced transition. The 42D + 52S state is the
dissociation limit of the (1)3∆u state which, according to Zhang et al [51, 52]
and Breford et al [56], could be responsible for the apparent fast decay of the
molecularD state. A second probe channel was considered at 927 nm, which is
just off-resonance with the 42D → 82P transition. This probe pulse was found
to localize a probe window at the outer turning point of the (4)3Σ+

u state
coupled to a higher-lying unidentified repulsive state. The dissociation limit
of the repulsive state appeared to be the 82P+52S atomic state. Furthermore,
the 927 nm probe wavelength was found also to match a transition from the
outer turning point of the shelf of the (3)1Σ+

u state to a higher-lying state
apparently with the same dissociation limit, 82P + 52S, as the above probe
channel. For both probe wavelengths the spontaneous fluorescence to the
atomic ground state was recorded, the 82P → 52S transition at 355 nm.
As an effect of the limited wavelength resolution of the detection system, the
72P → 52S transition, originating from a cascade process from the 82P state,
was also recorded.

6.2.1 954 nm Probe

The pump pulse was tuned to 428 nm to primarily reveal further information
on the fast predissociation channel suggested by Zhang et al [51, 52]. This
pump pulse created a wave packet on the molecular D state, energetically
just above the atomic 42D state.

In contrast to the results reported by Zhang et al [51, 52], our results
indicated that the atomic 42D products have a slow rise time of about 90 ps
[41], compared to the few ps observed by Zhang et al. Besides the slow rise,
the time trace displayed oscillations at delay times < 10 ps [41]. These oscil-
lations most likely reflect molecular dynamics. The molecular dynamics were
proposed [41] to originate from two molecular probe channels, the (3)1Σ+

u

state and the (4)3Σ+
u state probed to repulsive Rydberg states. The signal

with 90 ps rise time thus is an overlap of molecular and atomic contributions.
To isolate the molecular probe channel, the probe wavelength was tuned just
off atomic resonance to 927 nm, which we will discuss next.

69



6.2.2 927 nm Probe

With a probe wavelength of 927 nm, two molecular probe channels were found
to be opened-up. They are labeled I and II respectively in fig. 6.1. Channel I
probes wave packets on the (3)1Σ+

u state. Recall that this state was ruled out
as a perturber of the D state, via the L-uncoupling mechanism, by Zhang
et al [51, 52]. Our results point in the same direction, but this state is in a
another sense included in our model of the system describing experimentally
obtained pump-probe traces, since it was found to be instantly excited by
the pump pulse. Channel II probes wave packets on the (4)3Σu state, and
could thus shed light on the spin-orbit coupling between this state and the
D1Πu state.

The Results

The recorded time traces are displayed in fig. 6.3a for three different pump
pulse wavelengths and the corresponding calculated traces are displayed in
fig. 6.3b. Notice that after 15 ps delay time the signal level is constant (not
shown in the figure). The pump-probe fluorescence spectrum, shown in fig.
6.2, shows both molecular bands and atomic lines.

Figure 6.2: Pump (429 nm) - probe (927 nm) fluorescence spectrum for ∆t = 20 ps.
The molecular bands arise from the pump pulse alone while the atomic lines except for
72P → 52P (probe alone) and 52P → 52S (pump alone) correlate to the presence of both
pulses. Figure taken from Paper II.

Interpretation of Results

We have used quantum dynamic calculations based on the SOM (sec. 3.4)
to reproduce and interpret the experimental time traces shown in fig. 6.3a.
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The final model can to a great extent define the mechanisms behind the
features of the pump-probe traces. A high density of other states surrounds

Figure 6.3: Pump-probe transients for several λpu as indicated in the figure and λpr = 927
nm. The signal at ∆t = 0 ps is in each case essentially zero. The traces are normalized to
the same maximum amplitude and arbitrarily set off for clear presentation. Figure taken
from Paper II, hence note that ∆t here represents the delay time between the pump and
probe pulses, previously and in all proceeding chapters used for pulse duration.

the D1Πu state [54]. To interpret our results we have included the following
states in the final model: (3)1Σ+

u , (4)3Σ+
u , and (1)3∆u. We have thus, for

example, excluded the (3)3Πu state, a state that is likely to be involved in
the interaction although our results indicate that it is involved to lesser extent
than the others. In the simulations we have used the potential energy curves
from Park et al [54].
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Our model also includes the effect that two wave packets are actually
simultaneously and instantaneously created by the pump pulse, one on the
(3)1Σ+

u shelf state, and the other on the state D1Πu. The D state channel
wave packet is 10 times more intense than the shelf state channel wave packet
(due to Franck-Condon factors). Each of these wave packets will be further
discussed below, along with possible interactions between them.

The (3)1Σ+
u Wave Packet, Channel I

Both the fluorescence spectrum (fig. 6.2) and the pump-probe traces (fig. 6.3)
indicate that the pump pulse not only excites the D state, it also excites the
(3)1Σ+

u state. In Paper II this state is labeled the D′ state, and it is identified
as the upper state in the Σ− Σ lines observed in ref. [57].

The channel I dynamics would consist of simple vibrational motion in the
D′ shelf state. The wave packet makes essentially classical oscillations back
and forth just above the shelf barrier and from analysis of plausible difference
potentials the probe window was located to the outer turning point on the
shelf (11 Å < r < 12 Å). The slow oscillations seen in all time traces originate
from channel I and reflects the D′ state’s oscillation period of about 4.7 ps.

The D1Πu Wave Packet, Channel II

The header of this subsection is labeled channel II since the D1Πu state may
couple to the (4)3Σ+

u state, on which probe channel II is located. The D state
may couple to the (1)3∆u state and, therefore, the dynamics of channel II are
quite complex. A coupling between the (4)3Σ+

u state and the D state leads to
a leakage of the D state wave packet to the (4)3Σ+

u state which then becomes
detectable.

The dynamics of the D state includes potential curve-crossings that cou-
ple out a part of the D state wave function. The D state system is responsible
for the peaks at 1.0 and 2.1 ps time delay in the time traces. The probe win-
dow is located at the outer classical turning point, (7.0 Å < r < 7.2 Å), of the
(4)3Σ+

u state. The (1)3∆u state depletes the D state population each time the
D state wave packet reaches the inner side of the potential. The signal delay
with respect to the instant of excitation of 600 fs and the step-like build-up
of the signal with a step interval of about 1 ps originates from channel II.

Interactions Between Channel I and II

The D and D′ states cross each other and could interact through the L-
uncoupling mechanism [23, 55]. Although we have excluded this interaction
in our simulations and interpretations, since the coupling strength is weak,
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estimated to be less than 3 cm−1 at J=100 [41], it would not lead to any of
the obvious features in the pump-probe transients.
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Chapter 7

Isotropic Quantum Beats

First order perturbation theory of light-matter interaction is invariably used
to describe quantum beats in fluorescence [16]. In this context one particular
class of such quantum beats has attracted some attention over the last two
decades: those between atomic energy levels with all angular momentum
quantum numbers identical but with different principal quantum number.
Using first order perturbation theory, such beats are predicted. However, in a
series of publications, Khvostenko and Chaika (KC) [58, 59, 60, 61] (reviewed
in ref. [16]) argue that such a description is not proper for this class of atomic
quantum beats, and to adequately describe such a situation higher order
terms in the perturbation series must be included. They demonstrate that
inclusion of these contributions may lead to a cancellation of such beats,
which thus would not exist. This argument is of fundamental importance
since the first order perturbation description is widely used when analyzing
experimental data.

7.1 Introduction

The experiments presented here and in paper II report on an experimental
and theoretical investigation of this specific class of quantum beats. A gen-
eralization of the KC prediction [16] presented in ref. [61] showed that the
prediction could be addressed by an ultrafast pump-probe experiment, since
ref. [61] claim that ”... for [atomic] states with all equal angular momenta the
signals of level crossing... and free beats.. are exactly zero at any observation
geometry, i.e., for an arbitrary polarization observed in an arbitrary direction,
provided that irradiation and observation are carried out in a wide spectral
range”. As a complement to the pump-probe study of these specific class of
quantum beats we intended to experimentally study the non-generalized KC

75



prediction [16] in a time-resolved fluorescence up-conversion experiment.
An experimental test system for the KC theory [16] was suggested, the

gaseous 40Ca atom, since it has a non-degenerate 1S0 ground state and has
zero nuclear spin which ensures both the absence of perturbing hyperfine
interactions and that the superposition state is not obscured by statistical
averaging over the initial quantum states related to the angular momen-
tum projections. The experiments presented in this chapter, ultrafast pump-
probe and time-resolved fluorescence up-conversion experiments on the cal-
cium atom, were set-up to study in detail whether or not this special kind of
beating exists.

7.2 Pump-Probe Study of

the Generalized KC Prediction

The generalized KC prediction [61] was experimentally studied by the follow-
ing pump-probe scheme. Initially the calcium atom is in its non-degenerate
ground state. The pump pulse excites the atom via a non-resonant two-
photon transition to higher lying states. A manifold of 1S0 and/or 1D2 levels
are thus excited coherently (see sec. 3.3 for selection rules) and beats between
those levels are investigated. We adopted two pump-probe schemes described
in sec. 3.3 and 4.5 (fig. 3.1). The first pump-probe scheme used linear pump
and probe polarization states (with two configurations, perpendicular and
parallel pump-probe polarizations respectively), which was predicted to at
least show beats between S − D levels. The second scheme with circular
pump and probe polarizations, e.g., pump pulse right-hand and probe pulse
left-hand polarized, accesses only D levels with all angular momentum quan-
tum numbers equal. Such a scheme, would according to the generalized KC
prediction [61], not display any beats in the signal. The time delayed probe
pulse stimulated a downward transition to a 1P o

1 level, which spontaneously
emitted light in a transition to a 1D2 level. It is this spontaneous fluorescence
that was detected and from which the beats can be extracted.

7.2.1 Analysis

The collected data are primarily pump-probe time traces, shown in figs. 2,
4, and 6 in Paper III, (the density of the excited atoms is also recorded
by spontaneous emission) and for interpretation the time traces have been
Fourier transformed to the frequency domain. I will now discuss how the data
was treated in order to achieve as accurate results from the Fourier transform
as possible.
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The large peak observed in each time trace at time zero is due to light-
matter interactions when the two pulses, pump and probe, overlap in time.
Hence, it is not a feature of the free beats that are to be investigated. Conse-
quently, we only include the part of the traces that represents well-separated
pulses at positive delay times when we perform the Fourier transform.

Trends for the excited atomic densities, also called the reference signal,
were regarded for each time trace in such a way that the signal intensity
were corrected with its linear trend. Hence, possible variations in the signal
due to varying density of the excited state is accounted for. On the other
hand, analysis was performed with and without this compensation and no
differences were observed, due to the, in all measurement, essentially constant
excited atomic density.

Furthermore, we subtracted a constant background before Fourier trans-
forming the data, in order to have a signal oscillating around approximately
zero level. One might notice that all time traces show a weak decay with
increasing delay time, most likely due to atomic decoherence induced by
residual collisions with the buffer gas. Because of the weak decay of all time
traces we have also investigated the effect of subtracting a linearly varying
background in order to remove possible effects of the decay in the power
spectrum. In the end no significant differences were seen with constant or
linearly varying background subtracted.

To summarize, the power spectra presented here, as well as in Paper
III, were obtained after correction of the signal intensity with the recorded
excited atomic density, subtracting a linearly varying background from the
signal and only including positive delay times.

All frequencies quoted in the graphs of power spectra are found to origi-
nate from beat frequencies between the excited levels. Spectroscopic data for
the calcium atom was collected from NIST database [45]. The notation of the
peaks in these graphs is of the form nx−my, representing a beat frequency
that corresponds to the energy difference between the 4snx and 4smy levels.

A characteristic feature of the special kind of beats we are studying is that
they should be isotropic. This means that the amplitude of these beats should
not depend on the relative orientations of the pump and probe polarizations.
All other kinds of beats would be anisotropic. Thus, we have investigated the
isotropic and anisotropic parts of the signal. The formula for light anisotropy
is [21]

R(t) =
I‖(t)− I⊥(t)

I‖(t) + 2I⊥(t)
, (7.1)

where the denominator

I‖(t) + 2I⊥(t) (7.2)
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is approximately proportional to the isotropic part of the signal. I‖(t) and
I⊥(t) is the signal obtained with parallel and perpendicularly polarized pump
and probe, respectively.

Figure 7.1: The constructed approximate isotropic part of the signal from the linear po-
larization pump-probe schemes.

7.2.2 Results

The time trace from the circular light polarization scheme (fig. 2, Paper III),
shows relatively simple oscillations and the structure becomes even clearer in
the corresponding power spectrum (fig. 3, Paper III). Only two beat frequen-
cies are obtained, namely those between the 4s15d − 4s16d levels and the
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Figure 7.2: The constructed approximate anisotropy of the linear polarization pump-probe
schemes.

4s16d− 4s17d levels. The time traces for the linear light polarization scheme
are more involved (fig. 4 and 6, Paper III), as expected, since additional levels
are involved, and the corresponding power spectra contain as many as nine
beat frequencies. These beat frequencies represent three kinds of beatings,
those between S − S levels, D −D levels, and S −D levels.

Furthermore, the interference between levels with all angular momentum
quantum numbers equal but differing principal quantum numbers should, if
they exist, be of isotropic nature. The approximate isotropic part of the signal
was constructed according to eq. 7.2, and is displayed in fig. 7.1 (upper panel).
The corresponding power spectrum displays beat frequencies of pure S − S
and D −D type, fig. 7.1 (lower panel). The approximate anisotropic part of
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the signal is constructed as well, fig. 7.2 (upper panel), and the corresponding
power spectrum is seen to only contain S −D beats, fig. 7.2 (lower panel).

7.2.3 Conclusions

Power spectra, from both circular and linear pump-probe schemes, display
peaks corresponding to beat frequencies between levels with identical angular
momentum quantum numbers, i.e., they are of pure S − S or D − D type.
This indicates that the results are not in line with the generalized theoretical
prediction of KC [61]. The isotropic power spectrum also contains beats of
pure S − S and D − D type. We thus can conclude that we observe those
atomic quantum beats and that they are of isotropic nature. The isotropic
beats’ existence can be explained within the coupled-uncoupled state for-
malism. This formalism is a non-perturbative approach and consequently it
does not drop higher order contributions (see Paper III for a more detailed
description of this formalism). Thus, the occurrence of isotropic beats in the
theoretical signal cannot be associated with an incorrect series truncation,
as inferred by the KC theory [61].

The discrepancy between our experimental results and the KC prediction
[61] is believed to originate from the properties of the applied light field. We
believe that the KC theory [16, 61] pertains only to a single photon scat-
tering by an atom. Namely, their results mean that the total cross-section
of a photon scattering event displays no net interference of path via various
excited levels having the same angular quantum numbers but different prin-
cipal quantum numbers. These arguments, however, cannot be applied to an
excitation of atoms by classical electromagnetic fields, i.e. fields of photons
in coherent quantum states with large mean photon numbers.

7.3 Preliminary Fluorescence Up-Conversion

Experiments

As a follow-up of Paper III, we intended to address the implications of the
KC prediction [16] in a time-resolved fluorescence up-conversion experiment,
again on the calcium atom. The non-generalized KC prediction [16] was be-
lieved to pertain for results obtained with this experimental method. This
experiment met some hindrance on the way toward reliable results and, hence,
no time traces were recorded for the process of interest. Below we will focus
on the problems encountered and discuss possible future solutions to those
problems. The problems were mainly of technical origin. Due to the ”nega-
tive” results of this work no publication was written on the subject.
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Figure 7.3: Time-resolved fluorescence up-conversion signal. The pump pulse excites the
(4s4p)1P o

1 state, and the spontaneous emission to the ground state is sum frequency mixed
with the time delayed gate pulse in a nonlinear crystal. The SF signal at 273 nm is recorded
and here displayed.

7.3.1 Experimental Data

As mentioned, we did not obtain any reliable results on the interference
between the 4s14s− 4s18s and 4s13d− 4s17d levels of calcium in the time-
resolved fluorescence up-conversion experiment. The experimental data pre-
sented here are in terms of SF signal from mixing of fluorescence from the di-
rectly excited (4s4p)1P o

1 state to the ground state by the gate pulse (fig. 7.3).
Additional collected data are in terms of emission rate from the 4s14s−4s18s
and 4s13d− 4s17d levels to the (4s4p) 1P o

1 state, lifetimes of the former lev-
els, lifetimes as a function of vapor pressure and buffer gas pressure, and
verification of two-photon excitation of the 4s14s− 4s18s and 4s13d− 4s17d
levels.

7.3.2 Test SF Signal

In this section the results obtained from the fluorescence up-conversion sig-
nals from the test system are discussed. The pump pulse at 422.7 nm (3.3 µJ)
excited the (4s4p) 1P o

1 state by a resonant single photon transition. The un-
perturbed lifetime of this state is 4.6 ± 0.2 ns [46]. The spontaneous emission
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from it was collected and focused into the nonlinear crystal and overlapped
with the gate pulse in the crystal, as described in sec. 4.6. The gate pulse
was time delayed in order to record a SFG time trace (fig. 7.3), with a time
step of about 150 fs at a time. Each data point is an average over 1000 laser
cycles. The detection monochromator had a spectral resolution of 1 nm and
was centered on the SF wavelength 273 nm.

The photon counter detection window was 20 ns broad (see sec. 4.1.4 and
fig. 4.3 for details on the photons counter settings). Note that the photon
counter delay and the time delay between the pump and gate pulses are not
related.

Since the pump pulse has the same wavelength as the fluorescence, a SF
signal can be a convolution of both these contributions. From the time trace
in fig. 7.3 we have subtracted the SF signal, recorded at zero production of
atoms, between the pump pulse and the gate in the nonlinear crystal. The dip
in the signal at about 12 ps delay time is due to SF signal from a reflection
of the pump pulse in a windows of the vacuum chamber.

The fast decay of the fluorescence up-conversion signal in fig. 7.3 is not
predicted by the excited states lifetime 4.6 ns [46]. The origin of the diver-
gence is not fully clear. However, we conclude that it is possible to obtain
a time-resolved fluorescence up-conversion signal with the test pump-gate
system.

7.3.3 Lifetime and Emission Rate

In this section the quantitative lifetime measurements will be described and,
by using the lifetime measurement, the emission rate within the gate pulse
duration will be estimated.

The population of an electronic state decays exponentially according to
N(t) = N0e

−t/τ , where τ is the lifetime of the state and N0 is the initial
population. The number of emitted photons within the time interval a to b
is

S =
N0

τ

t=b∫
t=a

e−t/τdt (7.3)

and the the population varies with time as

dN(t)

dt
=

d

dt
(N0e

−t/τ ) = −N0e
−t/τ

τ
. (7.4)

Eq. 7.3 is proportional to the signal that we measure with gated photon
counting. If we apply a detection window of 5 ns and the counter starts
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Figure 7.4: Gated photon counting with varied size of the detection window. The exper-
imental signals are measured at identical in situ temperatures (524 ◦C), but with varied
buffer gas (argon) pressure (circles 0.09 mbar and dots 0.20 mbar).The dashed and full
lines are eq. 7.3 fitted to the data. The calculated lifetimes are shown in table 7.1.

to count 10 ns after excitation, then a = 10 ns and b = 15 ns. In fig. 7.4
the experimental signal obtained with a pump pulse of 411 nm (0.9 µJ) and
fluorescence detected at 400 nm is displayed. The size of the detection window
has been varied and was delayed 40 ns relative excitation of the sample, hence
a = 40 ns and b is increased stepwise. The delay of the detection window
relative excitation of the sample was introduced to primarily prevent the
fluorescence signal to be obscured by scattered photon from the pump pulse
and reflections of the pump pulse in the windows of the vacuum chamber.

0.09 mbar 0.29 mbar
τ 850 ns 550 ns
N0 0.43 0.5

Table 7.1: Calculated lifetimes. Where N0 is the number of counts per laser pulse.

A typical rough lifetime measurement, as plotted in fig. 7.4, gave a num-
ber for N0,det of the order of 8 to 13 counts per laser pulse. How N0,det has
been calculated will be described here. The primary goal with the fluores-
cence measurements was to obtain an estimation for the number of fluores-
cence photons incident on the nonlinear crystal in the intented fluorescence
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up-conversion experiment and then from that conclude whether a reason-
ably large SF signal could be obtained or not. The number of fluorescence
photons incident on the nonlinear crystal is assumed to be proportional to
the calculated N0,det value. It is defined as the fluorescence from the initial
population N0 emitted in the direction of detection (extracted from eq. 7.3
in conjunction with the experimental data in fig. 7.4) and corrected for the
efficiency of the detection devices. The detection in the fluorescence measure-
ments was achieved by a monochromator and a PMT. The efficiency of the
monochromator at 400 nm is 50 % and the 1P28 photomultiplier tube has
an quantum efficiency of 15 % and, furthermore, a counting efficiency of 50
- 70 %.

The background level in the test fluorescence up-conversion experiment
(sec. 7.3.2) was estimated to 1 count per second, 0.001 counts per laser pulse.
Thus, the signal has to be at least comparably large for efficient measure-
ments. Here we assume for simplicity an ideal SFG process where all incoming
photons on the nonlinear crystal, when the gate pulse is present, are being
up-converted. The probability of spontaneous photon emission within the
duration of the gate pulse, ∆ =100 fs, after excitation is

t=∆∫
t=0

e−t/τdt

t=∞∫
t=0

e−t/τdt

≈ 10−7, (7.5)

if we assume a lifetime of 600 ns. With N0,det ≈ 8 − 13 per laser excitation
in the direction of detection, we have about 10−6 emitted photons per laser
pulse entering the nonlinear crystal. This is of the order of 103 lower than
the lower limit (in the lower limit we have assumed 100 % efficiency for the
up-conversion process) to overcome the background level.

To reach an acceptable signal level, we therefore focused on increasing
the initial population in several ways; by varying the intensity of the pump
pulse, by increasing the calcium vapor pressure, and by varying the buffer
gas pressure. Below these attempts will be described.

7.3.4 Variation of the Pump Pulse Intensity

Increasing the power of the pump pulse was one suggestion to increase the
count rate of fluorescence. A two-photon absorption is highly depending on
the power of the pulse as its probability is proportional to the light intensity
squared [2]. Hence, the slope of the measured signal, spontaneous emission,
from a two-photon excited level as a function of the energy content of the
excitation field in a log-log plot should be positive with a magnitude of two.
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Figure 7.5: Verification of two-photon absorption. Dots experimental data and full line
linear fit to the data with as slope of 2.0 ± 0.3.

The energy content of our pump pulse was varied between 0.5 µJ and
1.5 µJ, measured with a power meter right before the entrance window of
the vacuum chamber. At ordinary operation of the TOPAS, which is used
to generate the excitation wavelength, 1.5 µJ is about the upper limit of
the pump pulse energy. The focus of the beam in the chamber was kept
the same during the measurement characterizing the two-photon absorption.
Notice that the number of mirrors before the vacuum chamber was at an
earlier stage reduced to minimize the losses of the pump pulse power. Fig.
7.5 displays a graph of log(IF/I0) vs. log(PL/P0), where IF is the measured
fluorescence signal and PL is the power of the excitation laser pulse. It was
verified that the excitation is via a two-photon process and that the pump
process was not saturated, since the slope of the data plotted in fig. 7.5 is
2.0 ± 0.3.

The two-photon absorption probability is proportional to the square of
the incident laser intensity, thus the signal can often be increased by tighter
focusing of the light beam into the sample cell. However, the signal is also
proportional to the number of absorbing atoms within the interaction volume
which decreases with decreasing focal volume. The focus of the beam was
varied with constant energy content, 1.5 µJ, without any major effect on the
fluorescence signal detected. Deeper insight into optimization of the focusing
conditions can be found in ref. [2].
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Figure 7.6: Calcium vapor pressure as a function of temperature (dots [62], squares [62, 64]
and circles [65]).

Since the process was not saturated at the highest energy (see fig. 7.5),
it is possible that a larger excitation probability would be reached with a
higher energy content in the pump pulse.

Finally notice that the entrance and exit windows are made of uncoated
BK7 (02 WBK 005, Melles Griot), specified to transmit 93 % in the range
360 - 1200 nm. Experimentally measured transmittance at 408 to 440 nm is
in the range of 89 to 91 %.

7.3.5 Calcium Vapor Pressure and Buffer Gas

The vapor pressure of calcium as a function of temperature has been de-
termined in ref. [62, 63, 64, 65] and an analytic expression [66] is available
for the temperature range 960 to 1110 ◦C. The experimental data from ref.
[62, 64, 65] are presented in fig. 7.6 .

The in situ temperature in our heat-pipe oven was measured with a
alumel-chromel thermoelement and in addition to that an optical pyrometer
(IR-U, Chino Corporation) was used.

The rough lifetime measurements discussed in sec. 7.3.3 were recorded at
about 525 ◦C. According to the data plotted in fig. 7.6, the vapor pressure of
calcium at this temperature should be 1.15·10−3 mbar. The highest available
and measured temperature in our heat-pipe oven was 750 ◦C, the vapor
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pressure should then be about 1.3 mbar [66]. The reason why we could not
go higher in temperature is due to the construction of the oven, since applying
a higher voltage would lead to overheating and damage (the heat-pipe oven
is described in sec. 4.5). To prevent diffusion of the calcium atoms from the
excitation region, there was a constant buffer gas (argon) flow in the vacuum
chamber.

Figure 7.7: Counts per second as a function of temperature for three different vapor pres-
sures (circles 0.02 mbar, dots 0.10 mbar, and squares 0.35 mbar).

The number of counts within a detection window of 7000 ns was measured
and increased with increasing temperature, see fig. 7.7. The count rate within
this window should correspond toN0 in eq. 7.3 if the decay of the excited state
is exponential with a lifetime τ . Even though the count rate increased with
increasing temperature we did not gain as much in count rate as expected.
This could be due to a diffuse plasma cloud that was encountered at the high
temperatures and pressures. The plasma cloud was formed in the oven at as
low temperatures as 600 ◦C and argon pressure of 0.20 mbar. It is believed
that a the spontaneously emitted fluorescence is to a large extent absorbed
by the plasma cloud and hence the desired count rate was not obtained.

7.3.6 Conclusions

We have been unable to increase the observed spontaneous emission to the
extent that it is possible to perform the intended time-resolved fluorescence
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up-conversion measurements. The measurements showed however that the
by the pump pulse performed two-photon absorption is not saturated and
hence an increase of the energy content of the pump pulse could to some
extent increase the initial population of the excited levels. Unfortunately our
experimental devices does not facilitate pump pulses with a higher energy
content. Another limiting factor is the calcium vapor production. It is be-
lieved that the heat-pipe oven in combination with the construction of the
vacuum chamber prevents optimal vapor production at high temperatures
and hence the vapor pressure has to be held at a too low level. A refinement
of the experimental set-up, with another kind of production of the calcium
vapor in conjunction with increased pump pulse power, might facilitate the
suggested fluorescence up-conversion experiment.
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Chapter 8

Summary of Work and Author
Contribution

Approximate Expression for the Total Ion Signal

In this work we present a semi-classical approach to separate the effects
of different specific parameters on the total ion signal (TIS) obtained by
ultrafast pump-probe ionization experiments. Two analytic expressions for
the TIS has been derived. In the first of these expressions we have relaxed
the commonly applied Condon approximation. In the second TIS expression
we have kept the Condon approximation but incorporated the wave packet
width in the ionization process.

We have shown that our non-Condon expression can successfully repro-
duce the experimentally obtained TIS on the NaK molecule reported by
Andersson et al [47]. In this case a non-Condon approach was found to be
crucial for accurate interpretation of the results since the ionization pro-
cess was highly influenced by a internuclear separation dependent transition
dipole moment [47].

Our wave packet width dependent TIS expression reveals a number of
situations when it is important to include the width of the wave packet in
the interpretation of an experimentally obtained TIS. We have also described
how excitation and ionization can be thought of in a simple way even when
the extension of the wave packet in coordinate space is considered. For that
purpose we have introduced an interaction probability distribution function
defined as the product of the spectral distribution of the probe pulse and the
wave packet distribution.

The author of this thesis has derived the approximate expressions for the
total ion signal in collaboration with Tony Hansson. The numerical calcula-
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tions were performed by the author, who is also the main author of the final
scientific report of this work, which is attached as Paper I.

Ultrafast Dynamics of the Blue-Violet Absorption Band of Rb2

The decay of the D1Πu state of Rb2 is very fast [51, 56], a few ps, and
is thought to be due to predissociation. The origin of this fast decay and
hence curve-crossings for the so-called D state system were investigated ex-
perimentally by ultrafast pump-probe spectroscopy. Our results showed that
two electronic states were simultaneously excited by the pump pulse, the
D1Πu state and the (3)1Σ+

u state, with the two subsequent wave packets in-
dependently evolving on different potential energy curves. For theD1Πu state
couplings with crossing states were important, while for the (3)1Σ+

u state a
single oscillation on a shelf state was explored. We concluded that the D1Πu

state likely is perturbed by the spin-orbit coupling of intermediate strength
to the (4)3Σ+

u state and the (1)3∆u state. The involvement of the (1)3∆u

state in the predissociation process of the D state is in accordance with the
results of Zhang et al [51, 52].

The author of this thesis has mainly contributed to this work during the
data collection.

Isotropic Quantum Beats - Pump-Probe Spectroscopy

In this work we presented an experimental study of isotropic quantum beats.
The gaseous calcium atom, excited and probed by ultrashort laser pulses,
was a test bench for a theory of interference between specific atomic states
[16, 61]. The theory suggested that no quantum beats could exist between
states with all angular momentum quantum number identical but different
principal quantum numbers. Our experiment addressed this theory and we
could conclude that the theory is not applicable to ultrafast pump-probe
spectroscopy. This since our results showed clear quantum beats between the
above mentioned states.

The experiments presented in this work were carried out and to a large ex-
tent also set-up by the author of this thesis, who also performed the analysis
of the results. Interpretation of the results and the theoretical description
presented in Paper III were obtained in collaboration with the co-authors of
Paper III, where Igor Mazets and Oleg Vasyutinskii took main responsibility
for the theoretical presentation.
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Isotropic Quantum Beat - Fluorescence Up-Conversion

This work was intended as a follow-up of the isotropic quantum beat exper-
iment based on pump-probe spectroscopy, where we intended to address the
KC prediction [16] in a time resolved fluorescence up-conversion experiment,
again on the calcium atom. This experiment met some hindrance on the way
toward reliable results, hence no time traces were recorded for the process of
interest. We focused instead on identification of the problems that prevented
us from recording reliable results.

The problems were mainly of technical origin, and resulted in a too low
spontaneous emission rate from the by the pump pulse coherently excited
levels. The measurements showed however that the by the pump pulse per-
formed two-photon absorption is not saturated and hence an increase of the
energy content of the pump pulse could to some extent increase the initial
population of the excited levels. Another limiting factor is the calcium vapor
production. It is believed that the heat-pipe oven in combination with the
construction of the vacuum chamber prevents optimal vapor production at
high temperatures and hence the vapor pressure has to be held at a too low
level. A refinement of the experimental set-up, with another kind of produc-
tion of the calcium vapor in conjunction with increased pump pulse power
might facilitate the suggested fluorescence up-conversion experiment.

The experimental set-up was built by the author of this thesis, and experi-
mental tests were mainly performed and analyzed by the same person. Due to
the ”negative” results of this work no publication was written on the subject.
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Appendix A

List of Abbreviations

APM: Additive-Pulse Mode-locking

BBO: β-barium borate (β-BaB2O4)

BO: Born-Oppenheimer

BPC: Berek Polarization Compensator

CCD: Charge-Coupled Device

CPA: Chirped Pulse Amplification

cw: continuous wave

EDA: Electric-Dipole Approximation

FC: Franck-Condon

FWHM: Full Width at Half Maximum

GVD: Group Velocity Dispersion

GVM: Group Velocity Mismatch

GWP: Gaussian Wave Packet

KC: Khvostenko and Chaika
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KDP: Potassium Dihydrogen Phosphate (KH2PO4)

KTP: Potassium Titanium oxide Phosphate (KTiOPO4)

LHA: Local Harmonic Approximation

NLO: NonLinear Optics

OPA: Optical Parametric Amplifier

PMT: PhotoMultiplier Tube

PPLN: Periodically Poled Lithium Niobate (LiNbO3)

SF: Sum Frequency

SFG: Sum Frequency Generation

SH: Second Harmonic of fundamental

SHG: Second Harmonic Generation

SOM: Split-Operator Fourier transform Method

SPM: Self-Phase Modulation

TH: Third Harmonic of fundamental

THG: Third Harmonic Generation

Ti:Sapphire: Titanium doped with aluminum oxide (Ti:Al2O3)

TIS: Total Ion Signal

TOPAS: Travelling-wave Optical Parametric Amplifier of Superfluorescence
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