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Chapter 1. Introduction

Chapter 1

Introduction
1.1

Motivation

Molecular quantum dynamics have become one of the most advanced field
of research in few and many body quantum physics and several techniques
have been developed in the last 10 years to bring molecular samples to lowest
temperatures [Doyle et al., 2004]. Due to their far more complex structure
and the lack of closed transitions, laser cooling techniques which are widely
used to cool and trap atomic samples are only in particular cases applicable
to molecules [Rosa, 2004]. Most methods aiming at ultracold molecules with
translational temperatures below 1 mK therefore utilise ultracold atomic
samples as a starting point for the molecular formation process. Within
this scope photoassociation has proofed to be a feasible route to molecules
with vanishing kinetic energy and has contributed to the rapid development
in the field of ultracold molecules.
On the other hand, ultrashort laser pulses have grown to a decisive tool in
many areas of research and lead to many breakthroughs especially in the
field of coherent control with applications in physics, chemistry and biology.
The possibility to accurately influence the spectral and temporal shape of
the laser pulses at a fs scale allow tremendous control over the interaction
of the light field with matter.
Photoassociation of ultracold molecules using shaped femtosecond laser pulses
merges the two worlds of ultracold and ultrafast physics, opening up new
possibilities to control the formation process by tailoring the light field to
steer the formed molecules to a desired state by taking advantage of quantum interferences.
In the following a short introduction to the developments in the field of
ultracold atoms, ultracold molecules and ultrashort laser pulses is given.
1
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1.2

Ultracold atoms

The fascinating world of experimental quantum physics ventured new frontiers after the first magneto-optical trap was realized by Raab et al. [1987].
The utilisation of laser radiation to cool atomic gases, already proposed by
Hänsch et al. [1975] in 1975, allows to cool atomic samples down to temperatures below 100 mK. In this regime decoherence effects are strongly
suppressed and a vast number of quantum effects becomes observable. One
of the most outstanding achievements was the observation of the quantum
phase transition to a Bose-Einstein condensate (BEC) in atomic vapours
[Davis et al., 1995; Anderson et al., 1995], which raised a new field of research driven by the quest of a deeper understanding of even more complex
quantum systems, e.g. cold and ultracold molecular ensembles. The theorie of magneto-optical trapping of atoms will be introduced in chapter 2,
together with a detailed description of the realisation of a transportable
high-density magneto-optical trap in our experiment.

1.3

Ultracold molecules

1.3.1

Direct cooling methods

In the creation of molecular samples in the quantum regime, two conceptual
different approaches, namely the direct cooling of molecules or the creation
of molecular samples from ultracold atoms, can be distinguished.
Techniques using hot molecules as a starting point include Buffer-gas cooling [Kim et al., 1997; Weinstein et al., 1998], Stark deceleration [Bethlem
et al., 1999], direct laser cooling [Bahns et al., 1996; Rosa, 2004] or Helium
nano droplets [Goyal et al., 1992].

1.3.2

Making ultracold molecules from cold atoms

First experiments on the formation of ultracold molecules from laser cooled
atoms have been carried out shortly after the invention of the magnetooptical trap. Since then mainly two techniques to create molecules from
atomic samples have been established: Feshbach transitions and photoassociation.
The concept of Feshbach resonances is based on a resonant coupling of a
scattering state at a certain energy to a bound state and has first been explored in nuclear physics [Shalit and Feshbach, 1974]. In ultracold atomic
samples, these resonances occur at very low scattering energies and couple
two colliding atoms to a bound molecular state in a coherent way. As the
magnetic moment of the unbound atomic and the molecular state differ, the
energy of these states can be tuned by an external magnetic field. This
2
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atom-molecular coherence was first observed by Donley et al. [2002]. One
year later, the first preparation of a pure molecular quantum gas was demonstrated in the group of Rudi Grimm in Innsbruck [Herbig et al., 2003]. In
the same year the first molecular BECs were created by ramping a Feshbach
resonance in degenerated gas of Fermionic atoms (40 K and 6 Li) [Greiner
et al., 2003; Jochim et al., 2003]. One major drawback of Feshbach linked
molecules, however, is the fact, that these molecules are produced in very
weekly bound vibrational levels in excited molecular states.
Photoassociation follows a different approach. Here a molecular is formed
in a photon assisted collision of two ultracold atoms in their atomic ground
state. This scheme was proposed for ultracold atoms by Thorsheim et al.
[1987] and realized by Lett et al. [1993].
The details of the photoassociation process will be introduced in more detail
in chapter 4, particularly for the case of photoassociation using ultrashort
laser pulses.

1.4

Ultrashort laser pulses

The quest to create ultrashort laser pulses with pulse durations in the picosecond regime and below arose shortly after the invention of the laser in
the 1960s. In 1981 the colliding pulse mode-locked ring dye laser was invented [Fork et al., 1981] that allowed the creation of pulses below 100 fs
duration. Spence et al. [1991] realized the first self-mode locked laser based
on a titan-sapphire crystal. Due to their higher output power, a better
stability and tunability and the ability to directly create pulses below 10 fs
solid state based fs-lasers have become the standard technique to produce
ultrashort pulses in many different fields. In 1997 a third technique to create
fs-laser pulses was established with the invention of Ytterbium doped fibre
lasers [Cautaerts et al., 1997]. Compared to solid state laser sources, these
lasers are easier to adjust but lack tunability.
Along with the creation methods, powerful pulse shaping techniques have
been developed that allow formidable control over the temporal and spectral
composition of the ultrashort laser pulses. Particularly for pulses with durations of some 100 fs and less the use of spatial light modulators based on
liquid crystal arrays have become a convenient tool to influence the spectral
composition and spectral phases in the Fourier plane of a zero dispersion
compressor. This method of tailoring ultrashort laser pulses was introduced
by Weiner et al. [1990] and will be elucidated in chapter 3.4.

1.4.1

Coherent control

Especially in the field of quantum control shaped femtosecond laser pulses
have proofed to be a feasible tool to drive quantum processes in light-matter
interaction to a desired direction. The ability to influence spectral phases
3
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facilitates the use of quantum interferences by constructive or destructive
interference of different pathways from an initial to a desired final quantum
state. This so-called coherent control techniques have e.g. been used for selective bound breaking [Levis et al., 2001; Assion et al., 1998] or ionisation
[Daniel et al., 2003] or to selectively populate dressed states [Wollenhaupt
et al., 2006].
Spatial light modulators allow the use of sophisticated algorithms based on
evolutionary strategies that tailor ultrashort pulses to optimise a specific
task in closed-loop experiments. [Judson and Rabitz, 1992].
In scope of our experiment the well established techniques of femtosesond
pulse shaping shall be used to steer the photoassociation process in a ultracold cloud of Rubidium in a pump-probe experiment. The experiment is is
discussed in detail in chapter 5. In chapter 6 follows a detailed analysis of
the experimental results, together with a comparison to simulations.

4
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Chapter 2

Trapping and cooling of
atoms

Figure 2.1: Schematic representation of a magneto-optical
trap.
Since their invention by Raab et al. [1987] magneto-optical traps (MOT)
have become one of the most important instruments in atomic and molecular physics. MOTs provide an unique tool to trap atomic gases at high
densities of up to 1011 cm−3 at very low temperatures of less than 100 µK.
The concept of a MOT is based on the combination (see fig. 2.1) of slowing
atoms down by radiation pressure forces applied by near-resonant laser light
(optical molasses) and spatial confinement by making the light forces position dependent with an additional inhomogeneous magnetic field (MOT).
The Basics of laser cooling and of MOTs will be introduced in the first two
sections of this chapter. Thereafter, the scheme of dark spontaneous-force
optical traps is explained in a separate section. The last two sections treat
the concrete realization in our setup and the measurements of the density
in the trapped atomic cloud.

5
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2.1

Optical molasses

A configuration of three orthogonal counter propagating laser beams allows
efficient cooling of an atomic sample. This is achieved by detuning the lasers
slightly to the red of the atomic transition. Due to the Doppler-effect, a moving atom will preferably absorb photons from the oncoming laser beam. If
the intensity of the lasers is not to high, the photons are re-emitted spontaneously and distributed homogeneously with no preferred direction. The
re-emission is thus not directed and the atoms experience light pressure from
the ongoing laser beam. Hence, an atom passing through the intersection
of the beams is slowed down and subsequently almost stopped. This setup
which allows for efficient cooling of atoms is referred to as “optical molasses”.
It is instructive to model the process for atom that can be treated by a two
level system with ground state |gi and excited state |ei. When the atom
is stationary, the radiation pressure force can by written in a semiclassical
approach [Helm, 2005] :
I/Isat
~~kΓ
,
F~ =
2 1 + I/Isat + (2δ/Γ)2

(2.1)

where Γ is the natural linewidth of the transition and δ the detuning of the
laser frequency ωL relative to the atomic frequency ω0 .
Isat is the saturation intensity defined as the intensity which leads to a
pumping rate equal to half of the spontaneous decay rate (at resonance,
ω ≈ ω0 ):
Isat =

~ω0 Γ
.
2σ(ω0 )

(2.2)

The force acting on the atom can be understood as the transfered momentum
of a photon, ~~k, times the scattering rate, i.e. the second term in formula
(2.1).
If the atom moves with a velocity ~v the atom sees a shifted wavelength due
to the Doppler-Effect. Hence the detuning becomes velocity dependent:
δDoppler = δ − ~k · ~v = ωLaser − ω0 − ~k · ~v

(2.3)

For a moving atom it is thereby more likely to absorb a photon from the
oncoming beam than from the counter propagating one. For the case of low
intensities I ≪ I0 this denotes
!
~kΓ I
1
1
~
, (2.4)
−
F~ =
2 Isat 1 + (2(δ − ~k · ~v )/Γ)2
1 + (2(δ + ~k · ~v )/Γ)2
Optical molasses allow an effective cooling of the atoms, but no compression in space is achieved.
6
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Figure 2.2: Optical molasses: Force on a atom as a function of
velocity v for two counter propagating laser beams. The position
of the peaks depends on the detuning of the laser. The detuning on
the left side is four times as big as on the right side.

2.2

Magneto-optical traps

Figure 2.3: Magnetic splitting in an inhomogeneous magnetic
field.
Based on a proposal by Jean Dalibard, Raab et al. [1987] realized the
first magneto-optical trap. Similarly to the setup for the optical molasses,
the MOT consists of 3 orthogonal pairs of counter-propagating laser beams.
The spatial confinement is achieved by a pair of Anti-Helmholtz coils which
~ r ), that vanishes in the trap
produce an inhomogeneous magnetic field, B(~
centre. The spatial confinement can intuitively be understood in case of a
atom with a ground state with total electron spin J = 0 and an excited state
with J = 1. Without a magnetic field present, the three states |J = 1, mJ =
0, ±1i are degenerated. However, if the atom is located in a magnetic field,
the energy of the excited mJ = ±1 states is shifted due to the Zeemaneffect (see fig. 2.3). The B-field dependent energy difference for a atom with
magnetic moment ~
µ is given by:
~ = µB · g · mJ · B,
∆EmJ = ~
µ·B

(2.5)
7
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where µB is the Bohr magneton and g the Landé g factor. The Zeeman-shift
is therefore proportional to the magnetic quantum number mJ .
~
A inhomogeneous B-field
along the z-axis with a linear gradient yields to
a corresponding frequency shift of ∆ωz = βz, where β is a constant. This
results in a additional position dependence of the detuning δ(~v , ~r) = δ − ~k ·
~v − βz. If the polarisation of two counter propagating lasers is σ + and σ −
respectively, the absorption probability for the two beams depends on the
local Zeeman Shift and (2.1) becomes position dependent. Assuming a weak
~
B
µ
~
field ( I ≪ 1)and small detunings (~k · ~v ≪ Γ, mF ≪ Γ) the force in the
Isat

~

MOT can be written as [Helm, 2005]
#
"
~kΓ
I
~
I
− /I0
+ /I0
σ
σ
. (2.6)
−
F~ =
2
1 + 4[(δ − ~k · ~v − βz)/Γ]2
1 + 4[(δ + ~k · ~v + βz)/Γ]2

To ensure a precise control of the magnetic splitting the earth’s magnetic
field and other local B-fields are compensated with Helmholtz coils.
The ideal two-level system depicted in 2.3 illustrates the basic idea of
spatial confinement in a MOT. This concept can be realized for several
atomic species. However, in most cases alkali atoms are used.
Although, the model is applicable for real systems, additional effects have
to be taken into account. For most atomic species, the spins of the electrons
and the nuclei are coupled and the total spin F = I +J is used as a quantum
number. The necessary extensions for 85 Rb, which is used in our experiment,
is described in the next section.

2.2.1

MOT setup for

85

Rb

has a nuclear spin of I = 25 . Due to hyperfine coupling the 52 S1/2
ground state splits into two sub-levels: the lower |F = 2i and the higher
|F = 3i hyperfine level. The excited 52 S3/2 state splits into four hyperfine
levels: F = 1, F = 2, F = 3 and F = 4. Without an external magnetic
field, each of the hyperfine levels is 2F + 1-fold degenerated.
To assure efficient cooling, the lasers are tuned ≈ 18 MHz to the red
of the F = 3 → F ′ = 4 transition. In order to attain a closed transition
and to spatially confine the atomic cloud, circularly polarised laser light is
used. The cycling transitions are |F = 3, mF = 3i → |F ′ = 4, m′F = 4i
for σ + -polarisation and |F = 3, mF = −3i → |F ′ = 4, m′F = −4i for
σ − -polarisation respectively. The excited state hyperfine splittings are of
the order of ≈ 100 MHz and therefore not much larger than the laser’s
detuning from resonance. This causes a non-negligible fraction of photons
to be scattered off-resonantly to the excited |F ′ = 3, m′F = ±3i states,
from which the atoms can spontaneously decay to the lower hyperfine level
|F = 2, mF = ±2i of the ground state. Since the hyperfine splitting of
85 Rb

8
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Figure 2.4: 85 Rb D2 line. The trapping lasers are tuned ≈ 18 MHz
to the red of the |F = 3, mF = ±3i → |F ′ = 4, m′F = ±4i hyperfine
transition.
the two ground state hyperfine levels is much bigger (≈ 3 GHz) the F = 2
ground state atoms are not effected by the cooling lasers and remain in the
“dark” hyperfine state. Atoms in the upper F = 3 ground state typically
scatter ≈ 107 Photons per second. As the probability for a off resonant decay
to the lower hyperfine ground state is proportional to the time, the atom
spends in the excited F = 4 state, this results in a very high probability of
off-resonant decay and the entire sample will thus be quickly pumped to the
dark hyperfine state. It is therefore necessary to bring the “dark” atoms
back to the cooling cycle with an additional laser that actively pumps the
F = 3 atoms back to the excited state. This so called repumper laser is
tuned to the |F = 2i → |F ′ = 3i transition. From there, atoms can decay
back to the |F = 3i ground state and participate in the cooling cycle again.

2.2.2

Density limitations

Several factors limit the attainable density in a MOT, depending on the
trapped species and the concrete realization of the trapping scheme. In the
following the two most important constraints will be discussed.

9
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One important limitation is due to inelastic exoergic collisions between
the atoms in the trap. In an exoergic collision internal energy of the colliding atoms is converted to kinetic energy, which in the case of two identical
atoms is equally split among the collisions partners. If the gain in energy
exceeds the trapping potential, the atoms can escape the trap.
In a collision of two atoms where at least one is in an excited state (e.g. one
5s and one 5p Rb-atom) two exoergic processes can take place: The colliding
atoms can undergo a fine structure changing collision (FCC) or relax to the
ground state by radiative emission (radiative escape RE) [Weiner, 2003]. In
both processes the additional internal energy is converted to kinetic energy.
The rate for FCC and RE are dependent on the fraction of atoms in the
excited state and thus rely on the interaction of atoms with the external
light fields.
When the two collision partners both are in their ground state only elastic
collisions that don’t change the internal energy of the participating atoms
and hyperfine changing collisions (HCC) are possible. A HCC can occur in
a collision of atoms with more than one hyperfine level in the ground state.
A transition from a higher to a lower hyperfine level during the collision
process releases kinetic energy and potentially allows the atom to escape
the trap. Especially when no external light fields are present, HCCs are the
dominant factor limiting the density of the atomic sample.
Beside inelastic collisions, reabsorption of scattered photons is a second
mechanism that limits the attainable density. Atoms which participate in
the cooling cycle re-emit spontaneous photons after excitation by the trap
lasers. The spontaneous photons are arbitrary distributed to all solid angles,
typical emission rates are of the order of 106 − 107 Hz. The reabsorption of
such spontaneously emitted photons leads to a repulsive force between the
atoms. As the reabsorption rate increases with the density this limits the
maximum density in a MOT. The sample reaches an equilibrium density
where the repulsive forces balance the trapping forces.
The dominant limitation factor for the density depends on many parameters. In a standard type MOT, the crucial limitation is the reabsorption
of scattered light in the atomic cloud. This so called light pressure leads
to a repulsion between the atoms which under typical circumstances in a
standard MOT limits the peak density to some few 1010 cm−3 [Walker et al.,
1990].
A simple trick allows to overcome the density limitation by light pressure
and also by FCC and RE: the repumper laser is blocked in the centre of the
cloud. This technique is known as dark spontaneous-force optical trap (dark
SPOT) and will be described in more detail in the next section.

10
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2.3

Dark spontaneous-force optical trap

The dark SPOT was first proposed and realized by Ketterle et al. [1993].
The principal idea is based on the fact, that the scattering rate that is necessary for a reasonable loading rate is much higher than what is needed for
effective confinement of the atoms in the centre of the trap after they are
cooled down. This is achieved by storing the trapped and cooled atoms in
the dark F=2 ground state by blocking the repumping laser in the centre
of the cloud. As the hyperfine splitting in the ground state (≈ 3GHz) is
much larger than in the excited state (≈ 30 − 120MHz), atoms in the lower
ground state don’t interact with the trapping light. Atoms which spontaneously decay into the lower F=2 hyperfine level of the ground state in this
dark SPOT remain there and don’t participate in the cooling and trapping
cycle. However, the confinement and cooling of the atoms is ensured as they
are pumped back to the F=3 excited state when leaving the dark region
and take part in the trapping and cooling cycle again. Subsequently they
are pushed back to the dark centre of the trap again, where they can decay
back to the dark ground hyperfine state.

2.3.1

Dark SPOT configurations

For alkali atoms though the probability of off-resonant transitions is rather
low due to the large hyperfine splitting in the ground state. Therefore the
time that is needed to store an atom in the dark state is long compared
to the time spent in the area where the repumper is blocked. This can
be overcome by either detuning the repumper laser to reduce the efficency
of the population transfer from the dark F=2 state back into the cooling
cycle (detuned dark SPOT) or by actively depopulating the upper ground
state with an additional depumping laser in the centre of the cloud (forced
dark SPOT). In this configuration the additional depumper is tuned to the
F = 3 → F ′ = 2 transition, therefore transferring population from the
F = 3 ground state to the F = 2 excited state from where the atoms decay
to the dark state with some probability (see fig. 2.4).
In our setup the MOT can be switched from a normal MOT (bright MOT)
to both detuned dark SPOT and forced dark SPOT [Eng, 2006].

2.3.2

Limitation regimes

In 2.2.2 it was mentioned that several limitation mechanisms depend on the
fraction of atoms in the excited state. In a dark SPOT this number is reduced by the fraction of atoms that are stored in the dark hyperfine level
of the ground state. Therefore the relative population of the F=3 ground
11
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Figure 2.5: Density in a MOT, depending on the parameter p
(population in F=3). The solid line is the density variation in
the multiple-scattering regime (see eq. (2.8)) and the dotted
line is the variation in the temperature limited regime (see
eq. (2.10))
state p is an important characteristics for the density limitation in a MOT
[Townsend et al., 1996]:
p=

Nu
,
Nu + N d

(2.7)

where Nu is the number of atoms in the bright state (F=3) while Nd is the
population in the dark state (F=2). The parameter p corresponds to the
time fraction which an atom spends in the cooling cycle.
In a dark SPOT at least three different limitation regimes can be distinguished [Townsend et al., 1996]:
Multiple scattering regime
In the multiple scattering regime (MS) the reabsorption of scattered light
still limits the density in the dark SPOT. The density of the dark SPOT,
S
nM
DS , in this regime is connected to the density in a normal MOT, nM OT ,
by:
S
nM
DS =

nM OT
.
p

(2.8)

Temperature-limited regime
In this regime, one assumes an ensemble of N independent atoms, neglecting
any interatomic interaction. The radius, rT , of the atomic cloud is therefore
determined by the properties of the trapping potential, i.e. by the spring
12
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constant, κ, and the temperature, T , of the cloud. The equipartition theorem gives:
1
1 2
κrT = kB T.
2
2

(2.9)

Assuming a Gaussian spatial distribution and an isotropic spring constant
the peak density for N atoms is given by
nTM OT

N
·
=
(2 ∗ π)3/2



κ
kB T

3

2

3

p2

(2.10)

The two regimes, together with experimental results for a Cs dark SPOT
[Townsend et al., 1996] are shown in fig. 2.5

2.4

Realization of a transportable MOT-System

Our whole MOT-setup is designed such, that it can easily be transported
to other labs. For this reason, all components are mounted on mobile platforms. The setup consists of a optical table on wheels, that contains all
necessary lasers and optics. The electronics for the laser system are placed
on a movable rack. Furthermore a compact design of the vacuum chamber
on a vessel assures flexibility. The laser system will be described in more
detail in the next section.

2.4.1

Laser system

The laser system is made up of a master-slave system and a additional repumper laser. Grating stabilised single mode diode lasers are used as master
and repumper laser (see fig. 2.6). The frequency of the lasers is stabilised by
injection locking to rubidium hyperfine transitions by means of frequency
modulation spectroscopy. The master laser is running on the depumper
F = 3 → F ′ = 2 transition. In the forced dark spot configuration, part
of the light is directly used for depumping and sent through a fibre to the
vacuum chamber. In a double-pass AOM, the remaining light is frequency
shifted to the cooling transition, 18 MHz red to the F = 3 → F ′ = 4 transition. The slave laser produces 100 mW of trapping light that is guided
to the trapping chamber by three polarisation maintaining fibres, one for
each spatial direction. At the chamber, the beams are expanded to 22 mm
diameter and overlapped in a three beam retro-reflection configuration. A
small part of the slave laser output is used for diagnostics and serves as
absorption beam (see 2.5).
Two repumper beams coming from the repumper laser are closely resonant
to the F = 2 → F ′ = 3 transition and spatially overlapped with the two horizontal trapping beams via polarising beam splitters. In both the detuned
13
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Figure 2.6: Laser-system with master-, slave- and repumperlaser.
and the forced dark spot configuration the centre part of the repumper
beams is physically blocked. For the detuned dark SPOT the repumper is
additionally tuned 30 MHz red to the F = 2 → F ′ = 3 transition to further
reduce the scattering of residual repumping light in the centre of the trap.
Density measurements require all atoms to be situated in the bright F = 3
ground state. For this purpose a additional fill-in beam is focused to the
centre of the trap and allows to optically pump atoms in the dark F = 2
state back to the bright F = 3 state.
Electro-optical modulators (EOMs) are used to switch the absorption beam,
the depumper and the fill-in beam. The EOMs have a typical response time
of 1 − 5 µs and can be switched between their residual transmission of approximately 2% and almost 100% transmission. Additionally, the trapping
light can be switched with a mechanical shutter with a reaction time of
≈ 150 µs.

2.5

Density measurement

Within the scope of this thesis was the characterisation of the trapped atomic
cloud . This was done by means of absorption imaging which allows to
determine the atomic density and the number of trapped atoms. Although
this method is destructive, it is still the most common.
The basic idea is to detect the transmitted intensity of a resonant laser beam
on a CCD-chip. To understand the evaluation of the absorption images, it
is instructive to look on the details of absorption of electromagnetic waves
14
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in matter in more detail. This will be done in the next section.

2.5.1

Absorption model and Beer’s law

Based on Beer’s absorption law the absorption of an electromagnetic wave
of frequency ω in a atomic cloud can be calculated. In the following, the
appropriate absoption model will be sketched, a detailed deriviation can be
found in chapter A of the appendix.
Beer’s absorption law reads:

Z
−α(ω, z)dz ,
(2.11)
I(ω, z) = I0 (ω) · exp
where α(ω, z) is the frequency dependent absorption coefficient depending on
the density, n(x, y, z), and the absorption cross-section, σabs (ω), at a given
frequency. By solving the rate equation of a two-level system (see equation
A.2), α(ω, z) can be calculated. Assuming a gaussian density distribution,
the absorption in the atomic cloud can be written as:


 2
√
y2
x
+ 2 . (2.12)
I = I0 (x, y) · exp −n0 · 2π · σabs (ω) · σz · exp −
2σx2
2σy
Here, n0 is the peak density and σx , σy and σz are the widths of the atomic
cloud.
I0 (x, y) is the intensity distribution of the absorption beam, which again can
be assumed to be Gaussian:
!
!
(y − y0 )2
(x − x0 )2
exp − 2
(2.13)
I0 (x, y) = Imax exp − 2
2σbeam,x
2σbeam,y
Here Imax is the peak intensity in the centre of the absorption beam. Eq.
(2.12) can be rewritten using the logarithm

 2
√
y2
I
x
= −n0 · 2π · σabs (ω) · σz · exp −
+ 2 .
(2.14)
ln
I0
2σx2
2σy
This formula allows a efficient calculation of the density and the atom number from experimental data. According to eq. 2.14 three separate pictures
have to be acquired: a background picture, a division picture and the absorption picture. The lasers have to be switched as follows:
• division picture: Absorption beam turned on but without any atoms
in the trap (magnetic field turned off) to obtain I0
• absorption image: Absorption beam turned on and atomic cloud
present to acquire I
• background picture: Absorption beam blocked.
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For the background picture the absorption beam is blocked with the
EOM and the shutter and the atomic cloud is removed by switching off
the magnetic fields. The division picture is taken with the absorption pulse
turned on, but with no MOT present, i.e. the magnetic fields are turned off.
For the acquisition of the absorption image the sequence as described in 2.5
is used.
Detuning dependence
A second method to obtain the density in a MOT is to use non-resonant laser
light and to examine the dependence of the absorption on the detuning. For
this case a whole sequence of pictures (“detuning scan”) has to be taken, each
with a different detuning of the absorption beam. The detuning is varied over
the atomic resonance and for each picture the height of the absorption peak
in the cloud is measured. Plotting the height of the absorption signal against
the detuning, the theoretical expectation deduced in (2.14) and (A.12) can
be used to fit the data:
!
√
1
(2.15)
I(∆) = I0 exp − 2πn0 σabs (ω0 )σz
2 .
1+4 ∆
Γ
Dividing by I0 and taking the logarithm leads to
!
√
I
1
ln
= − 2πn0 σabs (ω0 )σz
2 .
I0
1+4 ∆

(2.16)

Γ

2.5.2

Experimental realisation

The laser light for the absorption imaging is split off the trapping light and
guided through a fiber to the vacuum chamber as can be seen in figure
2.6. As the trapping laser is initially detuned by 18 MHz to the red of the
F = 3 → F ′ = 4 transition, the frequency of the absorption beam has to
be switched to resonance. This is achieved by changing the frequency of
the trapping light with a AOM (see figure 2.6). To avoid depletion from
the trap, the trapping beams have to be shuttered during this process. The
necessary switching of the lasers is explained in the following subsection.
After coupling the beam out of the fibre it is passed through a collimation
lense (f = 40 mm) and a λ/4 plate. The outcoming beam has a diameter of
10 mm and is shone on the trapped sample. The shape of the atomic cloud
is imaged via a 4f-system onto a commercial Apogee CCD-camera.
The whole procedure of taking absorption images is very accident-sensitive.
Especially the timing of the switching of the several components is very
crucial.
16
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Timing
The timing of the imaging process is crucial. In the dark SPOT configuration
a large fraction of the atomic population is in the dark F = 2 hyperfine state.
The density of the sample is determined by measuring the absorption on the
|F = 3i → |F = 4i transition. Hence, these atoms have to be pumped to
the upper hyperfine state by the fill-in beam prior to the acquisition of the
absorption picture. The fill-in laser passes through an additional windows
(approximately 10◦ to the z-direction) and is tuned to the frequency of the
repumper laser, thus pumping the dark atoms back to the excited |F ′ = 3i
state.
The timing sequence for the whole process is the following: First (at 10 ms)
the MOT beams are turned off and the fill-in beam is turned on. 100 µs
later, the depumper is blocked, too. At 10.15 ms, after the MOT light
has disappeared, the magnetic field is turned off, another 50 µs later the
absorption beam is turned on for 100 µs. (see fig. 2.7)

Figure 2.7: Timing of the absorption imaging (in ms).

Experimental problems
The last density measurements were performed at the fs-laboratory of the
group of Prof. Wöste at the Freie Universität Berlin. During this measurements severe problems concerning the acquisition of background pictures
occurred. As usual the absorption beam was blocked with the EOM, but
the additional shutter was missing. This lead to a leakage of the absorption
beam of ≈ 2%, causing a significant signal integrated over the exposure time
on the CCD chip.
The background images are obtained by switching off both the absorption
beam and the magnetic field. Furthermore, the missing shutter results in
a very high sensitive to fluctuations of the transmitted absorption beam.
This caused additional problems and made it almost impossible to reconstruct the original data.

17
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Data storage
A LabView interface controls the data acquisition and the necessary switching of the lasers. Both the background picture and the division picture
were taken before acquiring several absorption images. Unfortunately both
pictures are processed internally but not permanently saved. For each absorption image the background picture is subtracted and the result is divided
by the division picture. The result of this calculation is saved.
As the background was not saved during the measurements, it was neither
possible to reconstruct the original absorption picture, nor the division picture. The overestimation of the background and the fluctuations even lead
to negative pixel values, especially in the cloud’s centre. This caused severe problems when fitting to the logarithm of these pictures. The simple
model of eq. 2.14 was thus not applicable and had to be extended in a more
sophisticated algorithm.

2.5.3

Data evaluation

In this section the evaluation algorithm for both single absorption pictures
at resonance and density scans is presented. The large amount of data each picture consists of 1024x1024 pixels - made it necessary to put some
emphasis on the performance of the scripts.

General absorption model
On the basis of eq. (2.12) one can deduce a more general model for the acquired images, taking the overestimated background into account. Therefore
(2.13) has to be modified:
I0′ (x, y) = I0 (x, y) − Ibg (x, y)
= Imax exp −

(2.17)

(x − X0 )2 (y − Y0 )2
−
2
2
2σbeam,x
2σbeam,y

!

− Ibg (x, y)

where X0 and Y0 are the centre coordinates of the beam and σbeam,x , σbeam,y
are the widths of the beam. The absorption image eq. (2.12) becomes
˜ y) − I˜bg (x, y)
I ′ (x, y) = I(x,

(2.18)

(x − x0 )2 (y − y0 )2
= I˜max exp − 2
−
2
2σbeam,x
2σbeam,y
√
−
· exp −n0 2πσabs (ω)σz e
−I˜bg (x, y)
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The peak intensity may vary between taking the division and the absorption
image, therefore Imax 6= I˜max . The background can change between the
two pictures as well, which is indicated by the tilde. To take the incorrect
background subtraction into account, the following model was used to fit
the images:
−

ãe
I′
=
I0′

(x−x0 )2
(y−y )2
− 2 0
2σ 2
2σ
beam,x
beam,y

e

e−n0

√

2πσabs (ω)σz e
!

(y−y )2
(x−x )2
− 2 0 − 2 0
2σ
2σ
beam,x
beam,y

2
x2 + y
2 2σ 2
2σx
y

+ Õ1

.

(2.19)

+ Õ2

Compared to the simple model in eq. 2.14 the number of fitting parameter
has increased from 3 to 12. The individual paramters have the following
meanings:
hcloud : scaled peak density of the atomic cloud
σx , σy : width of cloud in x and y direction
x0 , y0 : centre position along x and y direction
ã: constant to take fluctuations of beam intensity into account
X0 , Y0 : x and y coordinates of centre of the absorption beam
σX , σY : width of the absorption beam in x and y direction
Õ1 : background of absorption image
Õ1 : background of division image
Due to the large search space, the performance of the fits is much poorer
than for the simple model in (2.14) and some emphasis had to be put on
performance.
Initial values
The convergence of high dimensional optimisation problems depends strongly
on the initial guesses for the fitting parameters. The CCD chip has a resolution of 1024x1024 pixels, therefore a total amount of approx 1 million
data points is acquired with each picture. To improve the initial guesses
on the fitting parameters, the picture was first smoothed using a median
filter which sets the value of each pixel to a weighted average of a defined
neighbourhood - in this case a 9x9 window. This method has the advantage
of preserving the contrast and for small windows doesn’t cause significant
information loss.
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The guess for the centre of the cloud was performed similarly to the calculation of the centre of mass in classical mechanics:
P
~ri mi
(2.20)
~rcm = Pi
i mi

The full width at half maximum (FWHM) is estimated by the calculating
the mean of an averaged background and a average of the centre part of the
cloud. The FWHM-value is subtracted from the image and zero crossings
in x and y direction are determined. The FWHM in x direction is set to the
difference between the first crossing on the left and the first crossing on the
right of the cloud’s centre, the FWHM in y direction is deduced analogically.
To improve the quality of all initial values a second technique was used. In
a first run, not all available pixels were used. Instead a regular grid of
pixels was taken from the smoothed picture, in most cases a 4x4 grid. This
reduces the amount of data enormously and allows for a rough estimation
of the fitting parameters. Nevertheless ≈ 65000 pixels are used to deduce
the 12 fitting parameters, which is sufficient in most cases.
The results of this pre-fitting were used as starting values for the actual fit.
It turned out, that - depending on the fitting method - the values deduced
by this second fit didn’t differ much from those acquired by pre-fitting,
e.g. the variation for the density was normally less than 5%. For further
measurements this method could probably be used for an ad hoc analysis
on the density and the atom number in the cloud.
Detuning scan
The second method that was used to deduce the cloud’s density was the
evaluation of detuning scans. The dependence of the absorption on the detuning was derived in eq. 2.16.
The bad background subtraction lead to severe problems for the detuning
scans as well. However, one can use the additional dependence on the detuning and assume, that for large detunings the height of the atomic cloud
should be zero. This allows a rescaling of the deduced heights, the scaling
Factor can be calculated by:
rscaling =

1
√
.
− 2πn0 σabs (ω0 )σz

(2.21)

Error estimations

Cross-section The uncertainty on the scattering cross-section introduces
a large error in the calculation of the atomic density. If the system can be
described as a perfect two level system it is convenient to use the crosssection calculated in (A.29) σabs,σ (ω0 ) = 2.907 · 10−13 m2 . In our experiment
we use σ-polarised light to optically pump the |F = 3, mF = ±3i → |F =
20
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4, mF = ±4i-transitions.
The assumption of a pure two level system is reasonable but not an exact description for the system, mainly due to off-resonant scattering to the
excited |F = 3, mF = ±3i state (see section 2.2.1). The actual crosssection is not known, but upper and lower bounds can be estimated by
the two cross-sections for σ-polarised and π polarised light . Therefore
1.246 · 10−13 m2 < σ < 2.907 · 10−13 m2 .
Background subtraction In our experiment the poorly performed background subtraction leads to the biggest uncertainty. A rough estimation of
this error can be obtained from the rescaling of the detuning scans. The
scaling factor was varied and the quality of the fits was assessed. This allows to deduce a upper and a lower limit for the scaling factor and thus for
the density.
Due to the large influence of the uncertainty on the cross-section and
the problems with the background subtraction all other systematic errors
like shot to shot fluctuations, can be neglected and we estimate our region
of confidence to be ≈ 50%.

2.5.4

Results

Bright MOT
For the bright MOT non divided images were saved and analysed. An exemplary absorption image, together with the 2 dimensional fit is shown in
figure 2.8 The density was found to be n0 = (2.4 ± 1.2) · 1010 cm−3 , the
number of atoms in the trap is N = 8.4 · 106 .
Dark SPOT
For both the detuned and the forced dark SPOT the dependency of the
absorption on the detuning of the absorption beam was measured and evaluated (see fig. 2.9). For the forced dark SPOT we get a peak density of
n0 = (5.5 ± 2.7) · 1010 cm−3 and a atom Number of N = 3.8 · 108 . The peak
density for the detuned dark SPOT amounts to n0 = (1.4 ± 0.7) · 1011 cm−3
with N = 2.0 · 108 Atoms stored in the trap. The obtained values for all
three trap-configurations are in good agreement with former measurements.
[Eng, 2006].
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Figure 2.8: Non divided absorption images for the bright MOT. Upper row: x- and y-cross section through the centre of the atomic
cloud. Lower row: Smoothed absorption image together with 2 dimensional fit. For details see text.

0.7

0.6
Data
Mean Height
Fit

0.6

Data
Mean Height
Fit

0.5

0.5
relative height of cloud

relative height of cloud

0.4
0.4
0.3

n0=5.50e+10
sn0=1.03e+08

0.2

N=3.07e+08
sN=1.80e+08

0.1
0

chi2=1.75e+02
DoF= 11
σ=7.08e−01mm
sσ=1.38e−01mm

0.2

0.1

n0=1.42e+11
sn0=1.45e+10
N=2.00e+08
sN=9.30e+07
chi2=9.75e+00
DoF= 11
σ=4.47e−01mm
sσ=6.77e−02mm

0

−0.1
−0.2
−25

0.3

−20

−15

−10

−5
0
Detuning/[MHz]

5

10

15

20

−0.1
−30

−25

−20

−15

−10
−5
0
Detuning/[MHz]

5

10

15

20

Figure 2.9: Results of the detuning scans for the forced dark SPOT
(left side) and the detuned dark SPOT (right side). Both data sets
were resacaled (see text).
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Chapter 3

Manipulation of ultrashort
laser pulses
The manipulation of ultrashort pulses in the femtosecond range has become
a standard technique in the last few years. The ability to tailor the spectral
composition and the spectral phases of laser pulses to specific user requirements allows for comprehensive control over ultrafast waveforms for ultrafast
spectroscopy, nonlinear fibre optics, high-field physics, coherent control experiments and many others. Several shaping techniques for ultrafast laser
pulses were developed in both the time and in the frequency domain, see e.g.
Weiner et al. [1990]. For pulse durations in the ps and fs range, direct shaping in the time domain requires devices with response times of the order of
the pulse’s temporal width, e.g. systems of acoustic-optical programmable
dispersive filters (also called “dazzler”) Dugan et al. [1997]; Tournois [1997].
However, the most widely used technique is the manipulation of the pulse
in the frequency domain by means of grating-based pulse-shaping setups
and liquid crystal arrays, introduced by Weiner et al. in 1990 Weiner et al.
[1990]. A comprehensive review on femtosecond pulse shaping using spatial
light modulators can be found in Weiner [2000]. The pulse shaping technique using LC-arrays to manipulate the temporal and spectral structure
of pulses will be explained in some detail in this chapter. The first three
sections contain the mathematical basis to understand and describe linear
filters, laser pulses and their modulation in both the time and frequency domain. In the subsequent sections modulation techniques specific to spatial
light modulators are explained.

3.1

Linear filtering

The modulation of ultrashort laser pulses is based on the concept of linear
filtering, which has, for example, been extensively used in electrical engineering to process electric signal or in the digital signal processing. Although,
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Figure 3.1: Linear filtering in time and frequency domain.
In- and output functions as well as the filter functions are
connected via Fourier transformations.
linear filters are used in many different applications, the mathematical theory of linear filtering is universal. Generally a linear filter applies a linear
operator to a time-varying input signal Saleh and Teich [1991]. The process
itself can be described both in the time or the frequency domain.
In the time domain, the linear filter is described by the impulse response
function H(t) that is defined as the response of the filter to a incoming delta
function. The output of the filter Eout (t) in response to an input Ein (t) is
given by the convolution of the input signal and the impulse response function Weiner [2000]:
Eout (t) = (Ein ∗ H)(t)
Z ∞
=
Ein (t′ )H(t − t′ )dt′ .

(3.1)

−inf ty

Hence, H(t) can be regarded as the output of the system to a delta function
input. For sufficiently short input pulse the production of a desired output
function thus requires just the design of an appropriate linear filter.
The description of the linear filter in the frequency domain is given by the
frequency response H̃(ω), which is just the Fourier transformation of H(t):
Z
1
H(t)e−iωt dt.
(3.2)
H̃(ω) = √
2π
The output function Ẽout (ω) is the Fourier transformation of Eout (t) and
according to the convolution theorem given by:
Z
1
Ẽout (ω) = √
(Ein ∗ H) (t)e−iωt dt
(3.3)
2π
= Ẽin (ω)H̃(ω).
Thus, for a delta input function in the time domain, Ein (t) = δ(t), the
input function in the frequency domain, Ẽin (ω), equals unity and the output
spectra Ẽout (ω) is given by the frequency response of the filter.
With the concept of linear filtering, a desired output function Eout (t) can
be produced by a frequency filter with the appropriate frequency response.
24

Chapter 3. Manipulation of ultrashort laser pulses

3.2

Characterisation of ultrashort laser pulses

Ultrashort laser pulses can be characterised by expressing the electric field
as a function of either time, E(t), or frequency ,Ẽ(ω) Bartelt [2002]; Präkelt
[2003]. Both descriptions are connected via a Fourier transformation:
Z ∞
1
E(t) e−iωt dt.
(3.4)
Ẽ(ω) = √
2π −∞
The temporal description of the field E(t) is real and it follows
Ẽ(ω) = Ẽ ∗ (−ω)

(3.5)

It is thus reasonable to eliminate the negative frequency components and to
define
(
Ẽ(ω), ω ≥ 0
+
Ẽ (ω) :=
(3.6a)
0,
ω<0
Ẽ − (ω) := Ẽ +∗ (−ω).

(3.6b)

This results in a complex description of the time-dependent electric field:
Z ∞
1
+
Ẽ(ω)eiωt dω.
(3.7)
E (t) = √
2π 0
With the corresponding term for negative frequencies, E − (t), the real electric field and the complex Fourier transformation can Berendt and Weimar
[1980] be reconstructed:
E(t) = E + (t) + E − (t)
= 2 ℜ(E + (t))

Ẽ(ω) = Ẽ + (ω) + Ẽ − (ω).

3.3

(3.8a)
(3.8b)

Modulation of laser pulses

3.3.1

Modulation in time domain

The time-dependent complex electric field defined in equation (3.7) can be
denoted by the real envelope E(t) and a phase factor ei ξ(t) :
E + (t) = E(t) ei ξ(t) .

(3.9)

The spectral composition of ultrashort laser pulses in the ps or fs range
consists of a narrow frequency range around the centre frequency ω0 called
carrier frequency of the pulse. Due to this, it is convenient to change to
25

3.3. Modulation of laser pulses

a system rotating with the actual carrier frequency and to split the phase
angle ξ(t) into ω0 and the additional time-dependent phase χ(t):
E + (t) = E(t)eiω0 t eiχ(t) .

(3.10)

Beyond the pulse maxima, the spectral amplitude of the pulse vanishes
rapidly and generally the width of the pulse is much smaller than the actual
carrier frequency and the inequality ∆ω ≪ ω0 holds. Thus, the temporal
phase χ(t) can be expanded in a Taylor series:
1
1
χ(t) = a0 + a1 (t − t0 ) + a2 (t − t0 )2 + a3 (t − t0 )3 + O(t4 ).
2
6

(3.11)

The instantaneous frequency of the pulse, i.e. the frequency of the electric
field at a particular time, is given by the sum of the carrier frequency and
the derivative of the phase χ(t)
ω(t) = ω0 + χ̇(t) = ω0 + a1 + a2 (t − t0 ) + ... .

(3.12)

With this, the importance of the individual expansion coefficients can be
analysed: The first term a0 is a constant phase offset and determines the
carrier phase, i.e. the relative position of the pulse envelope and the fast
oscillation of the electric field.
The second expansion coefficient a1 changes the carrier frequency of the
pulse and leads to a shifted carrier frequency ω0 + a1 . a2 is called linear
chirp and defines the linear change of the instantaneous frequency ω(t) =
ω0 − a2 (t − t0 ). a3 and the higher order terms are responsible for non-linear
temporal frequency changes. A chirp that produces a increasing frequency
with time is called up-chirp or positive chirp. The counterpart is referred as
down-chirp or negative chirp. The (n-1)th chirp parameter is usually given
in units of fs−n .

Non-linear response
In non-linear optics a different viewpoint on the non-linear phase-modulation
is common. In this framework, the phenomenon is describes as the non-linear
response of a modulating system on a input pulse with a carrier frequency
ω0 . The time dependent phase φ(t) that is acquired in a medium of length
d is then given by a non-linear refractive index n(t):
φ(t) = −

ω0
n(t)d.
c

(3.13)

An important application of this non-linear effect is the production of whitelight via self-phase modulation in non-linear crystals. The time-dependence
of the refractive index is here caused by the intensity gradient of the pulse
envelope.
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3.3.2

Modulation in frequency domain

Analogous to (3.9) the pulse in frequency domain can be expressed by a field
˜
envelope E(ω)
and a phase function φ(ω):
iφ(ω)
˜
Ẽ + (ω) = E(ω)e
.

(3.14)

Again, the phase function can be divided into a constant phase φ0 , a term
depending on the carrier frequency and the additional frequency dependent
phase ψ(ω):
φ(ω) = φ0 + ψ(ω).

(3.15)

The spectral intensity of the laser pulse is directly given by the pulse envelope:
I(ω) = 2ǫ0 Ẽ 2 (w).

(3.16)

Conversely, the envelope can be obtained from the experimentally measured
spectral intensity.
In (3.2) we introduced the frequency response function, which defines
the complex response of the considered modelling system. The complex
response function can be written in polar coordinates and thus decomposes
to a real amplitude R(ω) and a phase factor Ψ(ω):
H̃(ω) = R(ω)e−iΨ(ω) .

(3.17)

In this notation R(ω) denominates a pure spectral amplitude filter, while
Ψ(ω) is the modulating phase factor.
In the following, we assume a system that operates as a pure phase
modulation device, the amplitude filter in this case is just unity R(ω) = 1.
The spectral components of a pulse sent through the linear filter acquire
a phase according to the modulating phase factor Ψ(ω). For a sufficiently
narrow spectral width of the pulse this phase factor can be expanded in a
Taylor series around the central frequency ω0 :
1
1
Ψ(ω) = b0 + b1 (ω − ω0 ) + b2 (ω − ω0 )2 + b3 (ω − ω0 )3 + O(ω 4 ). (3.18)
2
6
n

The bn = ddωΨ
n ω for n ≥ 2 are the chirp parameters in frequency space.
0
The meaning of b0 and b1 becomes clear, when the modulated output func+
(ω) is back transformed to the time domain:
tion of an arbitrary input Ein
+
Eout
(ω)

1 −i(b0 −ω0 t)
e
=
2π

Z

+
R(ω)Ein
(ω)ei(ω−ω0 )(t−b1 )

∞
Y

1

n

e−i n! bn (ω−ω0 ) dω.

n=1
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(3.19)
The term e−ib0 is a constant phase shift defining the relative phase of the
fast oscillations to the envelope, whereas b1 enters as a time offset and corresponds to the group velocity dispersion (GVD) of the pulse.
All higher order components change the pulse envelope and lead to chirp.
The coefficient of the quadratic term b2 is referred to as linear frequency
chirp, the higher order terms bn are called (n − 1)th frequency chirp parameter.
To illustrate the phase modulation in frequency domain, we regard an unchirped Gaussian input pulse with a central frequency of ω0 and a temporal
width of σ:
t2
1
+
E0 e− 2σ2 eiω0 t
(3.20)
Ein
(t) =
2
2
σ
1
2
+
E0 σe− 2 (ω−ω0 ) .
(3.21)
Ẽin
(ω) =
2
A linear frequency chirp b2 applied on this pulse in the frequency domain
leads to a
b2
σ2
2
2
1
+
(3.22)
(ω) =
Ẽout
E0 σe− 2 (ω−ω0 ) e−i 2 (ω−ω0 ) .
2
The back transformation to the time domain results in:
“
”
E0 − t22 i 12 arctan σb22 +ω0 t− 4σb24 z t2
+
√ e 4σ z e
Eout (t) =
.
(3.23)
24z
b2

Here z is given by z = 1 + σ24 . Two main effect of a linear frequency chirp
can be seen from this equation: The pulse envelope is broadened by a factor
1
2z and exhibits a additional phase which is quadratic in time:
χ(t) =

b2
b2
1
arctan 2 − 4 t2 .
2
σ
4σ z

(3.24)

From this it becomes clear that a linear frequency chirp also leads to a linear chirp in the time domain. This coincidence, however, doesn’t hold for
chirp of arbitrary order. To illustrate the pulse modulation in frequency it
is instructive to plot the temporal and spectral amplitudes and phases. This
is depicted in fig. 3.2 and 3.3 for a linear coefficient b1 = 10 fs and a linear
frequency chirp b2 = 2000fs2 In fig. 3.2 only the linear coefficient b1 is nonzero. Depending on the sign of b1 the pulse is brought forward or delayed
while the temporal shape and phase of the pulse are not affected. However, if a linear frequency chirp b2 = 2000 fs2 is applied, both the temporal
and spectral phase show a quadratic behaviour. Compared to a un-chirped
Gaussian pulse (solid black line), both the up chirped (red dashed line) and
the down chirped pulse (blue dashed line) are broadened in the time domain
and exhibit a quadratic time-dependent phase.
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Figure 3.2: Group delay b1 = ±10fs. The chirped pulses in the time domain are shifted by the time-span corresponding to b1 , without introducing
a temporal phase. In frequency space the chirped pulses exhibit a linear
spectral phase.
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Figure 3.3: Group velocity dispersion b2 = ±2000fs2 . The envelope of the
pulse in the time domain is broadened and the temporal pulse also shows a
quadratic phase dependence.
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Dispersion
An optical system that leaves the pulse spectra unaffected, but only leads
to a linear phase modulation can be described by a (time-independent) refractive index n(ω). A light pulse passing through such a system acquires
additional phases. For a optical medium of thickness d this phases are given
by
ψ(ω) =

ω
n(ω)d.
c

(3.25)

The most common example of phase modulation is material dispersion for
instance if a laser pulse passes through a transparent medium (e.g. glass). In
such a material, the optical path length depends on the frequency dependent
and thus a group velocity dispersion is introduced.

3.4
3.4.1

Femtosecond pulse-shaping based on liquid crystal modulators
Zero-dispersion compressor

Figure 3.4: Zero dispersion compressor.
Figure 3.4 shows the basic setup for a pulse shaping apparatus based on a
Fourier optical 4f-setup. This so-called zero dispersion compressor consists of
a pair of gratings, two lenses and a mask Froehly et al. [1983]; Weiner et al.
[1988a]. The individual frequency components of the incident pulses are
angularly dispersed by the first grating and subsequently focused by the first
lense, which is placed at a distance equal to the focal length after the grating.
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In other words, the first lens performs a Fourier transformation and converts
the angular dispersion of the spectral components to a spatial separation.
The angle between the incoming beam and the dispersion grating has to be
chosen such that the direction of the diffracted central wavelength matches
the optical axis. The Fourier plane can now be used to apply phase and
amplitude masks to the individual frequency components of the pulse. Most
commonly, spatial light modulators (SLMs) are used that are programmable
and therefore allow the computer controlled synthesis of waveforms (see
3.4.2). Double arrays allow the independent and simultaneous shaping of
both phase and amplitude. This will be explained in more details in section
3.4.3. After the Fourier plane, a symmetric arrangement of lens and grating
performs the reverse Fourier transformation.
Without a mask in the Fourier plane, the temporal and spectral shape of
input and output pulse should be identical. This requires a setup that is
entirely free of dispersion. For perfect optical components, this is assured if
the two lenses make up a unit magnification telescope, with the two gratings
placed at the outer focal planes of the telescope. Of course, the dispersion
of the system is not only influenced by the geometry, but also by several
other factors, e.g. the finite thickness of the lenses, spherical aberrations
and chromatic dispersion of the optical elements. Especially for very short
pulses with pulse durations of the order of 10 fs corresponding to a spectral
width of some 100 nm, the wavelength dependence of the refractive index
becomes important and dispersion and chromatic aberration play a crucial
role Weiner et al. [1988b]. This can almost entirely be avoided by using
concave mirrors instead of lenses to focus the individual spectral components
Reitze et al. [1992].

3.4.2

Liquid crystal modulator

Figure 3.5: Orientation of liquid crystals in electric fields.
Liquid crystals are substances that exhibit properties of both conventional liquids and solid crystals, e.g. are fluid, but have a crystal-like structure. SLMs use the same technique as liquid crystal displays (LCDs): The
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single liquid crystal cells consist of a thin layer of a nematic liquid crystal
between two parallel glass plates containing transparent Indium Tin oxide
(ITO) conductors. On the inner surface the glass plates are coated with
an alignment layer. Nematic liquids don’t posses a regular crystal structure, but due to their prolate shape the molecules are oriented parallel to
each other (see fig. 3.5). When no electric field is applied to the cell, the
molecules are oriented parallel to the adjacent glass plates (x-direction, see
fig 3.5) by the alignment layer. However, when a electric field is applied to
the ITO electrodes along the z-direction, the orientation of the molecules
changes and light travelling in z-direction experiences birefringence. This
can be understood by regarding the polarisation components along the xaxis (extraordinary axis) and the y-axis (ordinary axis) separately. While
the refractive index for the ordinary polarisation direction, no , is not effected by the electric field, the extraordinary refractive index, ne , changes
and leads to a retardation of the extraordinary polarisation components.
The light components polarised along the extraordinary axis thus acquire a
relative phase and the polarisation of the outcoming beam changes.
The birefringent properties of the LC are characterised by the anisotropy,
which is defined as the difference of extraordinary and ordinary refractive
index:
∆n = ne − no .

(3.26)

With this, the phase difference between the ordinary and the extraordinary
ray acquired by transmission through a birefringent media of thickness d is
given by:
d
(3.27)
∆φ = 2π∆n ,
λ
where λ is the wavelength of the incident light. As the extraordinary refractive index of the LC, ne , depends on the applied voltage, U , the phase
difference also becomes a function of U :
∆n(U ) = ne (U ) − no

(3.28)

and hence the phase difference between the ordinary and the extraordinary
ray caused by a LC layer of thickness d becomes
2πd
(ne (U ) − no ) .
(3.29)
λ
For convinience, the voltage dependence of the phase retardation is suppressed in the following disscussions.
The extraordinary refractive index depends on the tilting of the molecular
axis and with Θ(U ) being the angle between incident ray and the molecular
axis at a particular voltage, U , can be calculated Jenopitk [2006]:
∆φ(U ) =

sin2 Θ(U )
cos2 Θ(U )
1
+
=
.
n2e (U )
n2o
n2e (U = 0)
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A intuitive description of the influence of birefringent materials on polarisation can be given in the Jones-formalism (see e.g. Saleh and Teich
[1991]). In this notation, the LC-cell is represented by the following matrix:
TLC =




1
0
.
0 ei∆φ

(3.31)

The ordinary and the extraordinary ray correspond to the vectors
 
1
ǫ̂x =
0

and

 
0
ǫ̂y =
.
1

(3.32)

The transformation of an incident beam, is now simply given by the multiplication of the appropriate Jones-vector with the matrix of the LC-cell.
The birefringent properties and the possibility to change the optical porperties by applying electric fields makes LC-cells a suitable device to shape
the phase and/or amplitude of ultrashort laserpulses. For this purpose,
many cells (typically 128 or 640) are arranged in a computer controlled array and used as a mask in a shaper setup as explained in section 3.4.1. The
appropriate setups for the different applications will be reviewed in the next
section.

3.4.3

Phase and Amplitude shaping

In the Fourier-plane of zero-dispersion compressors LC-arrays can be used
to influence the phase and/or amplitude of the spectral components passing
through the individual cell. This corresponds to a (discrete) linear filter in
Frequency space as described in section 3.1 and the effect of each pixel can
be described by a impulse response function.
Depending on the actual setup, a single array can be used to shape either
phase or amplitude. When two arrays are placed behind each other the
indepenent modulation of both phase and amplitude is possible. The specific
setups will be explained in the following, together with the mathematical
description in the Jones-formalism and in the framework of linear filters.
Pure phase modulation
With a single LC-array it is possible to modulate the relative phase between
the spectral components transmitted through the individual cells. For this
purpose the polarisation of the incident beam has to be oriented such, that
the polarisation has no components parallel to the ordinary axis of the LC:
~ǫin = ǫ̂x E(t, z) = ǫ̂x E0 ei(ωt−kz) ,

(3.33)
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According to equation 3.29, the spectral components passing through a paritcular cell acquire a phase depending on the applied voltage. In the Jonesvector the output beam of a single pixel can be calculated by multiplying
the vector of the incident beam with the matrix defined in (3.31):
~ǫout = TLC E(t, z)ǫ̂x = E0 ei((ω+∆φ)t−kz) ǫ̂x = E(t, z)ei(∆φ) ǫ̂x .

(3.34)

The output exhibits a additional phase, ∆φ, without any change of polarisation.
In the language of linear filtering, a pure phase modulation of the i-th
pixel corresponds to the frequency response function:
H̃i = Hi,0 ei∆φi

i = 1, 2, ..640.

(3.35)

For a ideal system the transmission coefficient is equal to one and the amplitude filter Hi,0 is unity. For a real system, however, only a fraction of the
light is transmitted and the amplitude filter amounts to a constant value.
Pure amplitude modulation
In a slightly different setup a single LC-array can also be used to perform
a pure modulation of the spectral amplitude. Here, the orientation of the
LC is rotated by 45◦ relative to the polarisation of the incident beam. The
appropriate Jones matrix is thereby given by

 

 


1
0
cos π4  sin π4 
cos π4  − sin π4
T45◦ =
cos π4
cos π4
0 ei∆φ
sin π4
− sin π4


1 1 + ei∆φ 1 − ei∆φ
=
(3.36)
2 1 − ei∆φ 1 + ei∆φ
Again, the polarisation components along the the ordinary and the extraordinary axis are considered separately. The modulation of the extraordinary
refractive index allows to change the output beam’s polarisation. A polarisation filter behind the LC-array can then be used to choose a particular
polarisation and hereby to attenuate the beam. For a filter oriented perpendicular to the polarisation of the incident beam, the output of the sytem to
the incident beam of equation 3.33 is given by:



1 0
1 + ei∆φ 1 − ei∆φ
~ǫout =
~ǫ
1 − ei∆φ 1 + ei∆φ in
0 0


(3.37)
=
1 + ei∆φ E(r, t)ǫ̂x




∆φ
∆φ
exp i
E(r, t)ǫ̂x
(3.38)
= cos
2
2
The amplitude of the transmitted electric field is thereby modulated by a
cosine function depending on half of the phase retardation introduced in
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(3.29), ∆φ. This allows to attenuate the transmitted amplitude between 1
and 0 by changing the phase retardation from 0 to π. At the same time,
the output function (3.37) exhibits a additional phase which is also given by
half of the phase retardation, ∆φ. From this, it becomes clear, that every
amplitude modulation entails a phase modulation.
Again, a LC used for amplitude modulation is a linear filter and can
hence be described by the frequency response function of the i-th pixel:





i
1
1
H̃i = êx cos
∆φi + iêy sin
∆φi e 2 ∆φi .
(3.39)
2
2
Independent phase and amplitude modulation

Figure 3.6: Independent modulation of phase and amplitude.
The independent modulation of phase and amplitude requires a setup of
two independently controlled LC-arrays. In principal it is possible to place
an amplitude modulator directly after the polarisation modulator. However,
the independent control of phase and amplitude in this configuration is not
possible, due to the additional phase that is introduces by the amplitude
filter.
A more sophisticated setup uses two LC-arrays that are tilted by ±45◦ with
respect to the incident polarisation plane, such that the extraordinary axes
of the two displays are perpendicular. As in the case of a pure amplitude
modulation, a polarisation filter is placed behind the second display. In this
configuration it is possible to compensate the phase retardation between the
two orthogonal polarisation components introduced by the first LC-array,
∆φ1 , by the retardation of the second array, ∆φ2 . In the Jones-formalism
the two arrays are represented by the matrix:



1 1 + ei∆φ1 1 − ei∆φ1
1 + ei∆φ2 −1 + ei∆φ2
T2 =
−1 + ei∆φ2 1 + ei∆φ2
2 1 − ei∆φ1 1 + ei∆φ1

 i∆φ
1 e 1 + ei∆φ2 −ei∆φ1 + ei∆φ2
=
(3.40)
2 −ei∆φ1 + ei∆φ2 ei∆φ1 + ei∆φ2
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A incident beam polarised parallel to the x-axis (see eq. (3.33)) and a
polarisation filter along the x-axis behind the two arrays results in:


  i∆φ
1 0
e 1 + ei∆φ2 −ei∆φ1 + ei∆φ2
~ǫout =
~ǫin
−ei∆φ1 + ei∆φ2 ei∆φ1 + ei∆φ2
0 0


(3.41)
=
ei∆φ1 + ei∆φ2 E(r, t)ǫ̂x




∆φ1 − ∆φ2
∆φ1 + ∆φ2
= cos
exp i
E(r, t)ǫ̂x
(3.42)
2
2
The rotation of polarisation and hence the attenuation of the transmitted beam depends on the difference of the two retardations ∆φ1 − ∆φ2 ,
while the phase shift is given by one half of the mean of the two values
1
2 (∆φ1 + ∆φ2 ). For this reason it is possible to indepently shape the phase
and the amplitude of the transmitted light. For example setting ∆φ1 = ∆φ2
leads to a pure phase modulation, while ∆φ1 = −∆φ2 corresponds to a pure
modification of the transmitted amplitude.
In the framework of linear filerts, the corresponding frequency response
of the i-th pixels is given by:


i
1
H̃i = cos
(∆φi,1 − ∆φi,2 ) e− 2 (∆φi,1 +∆φi,2 )
i = 1, 2, ..640. (3.43)
2
Realisation of spatial light modulator

Figure 3.7: Liquid crystal
modulator consisting of two
separately controllable displays Jenopitk [2006].

Figure 3.8: Design of the ITO
stripe-electrode of a Liquid
crystal cell Jenopitk [2006].

In our shaper setup we use a commercial SLM modulator (Jenoptik SLMS640d) which contains two separately controllable LC displays arranged in
the configuration described above to allow for the independent modulation of
spectral phase and amplitude. In figure 3.7 the basic setup of the modulator
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is shown. Each display consist of 640 stripe electrodes with a length of
10 mm and a width of 97 µm. The stripes are separated by 3 µm (see fig.
3.8). The voltage of each single cell can be adjusted between 0V and 5V
with a resolution of 12-bit.

3.4.4

Characterisation by autocorrelation measurement

Figure 3.9: Schema of auto-correlator APE [2006].
The most common method to deduce the pulse duration is the autocorrelation measurement, a method that relies on the second harmonic generation
in a non-linear crystal. In fig. 3.9 the working principal is sketched. A incident pulse is split into two replica pulses that are overlapped in a nonlinear
crystal with a defined and adjustable time delay τ . The intensity A of the
second harmonic is measured as a function of τ and one obtains the so-called
second order intensity autocorrelation:
Z ∞
I(t)I(t − τ )dt.
(3.44)
A(τ ) =
−∞

This function is symmetric in τ and therefore doesn’t allow the reconstruction of the actual pulse form. To deduce the pulse duration, a pulse form
has to be assumed. In the cases of un-chirped and linearly chirped pulses,
a Gauss function or the quadratic secans hyperbolicus (sech2 ) are good approximations and allow the deduction of the autocorrelation FWHM ∆τ .
Depending on the assumed function, the actual FWHM of the pulse, ∆t,
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can be reconstructed Bartelt [2002]. In case of a gaussian intensity distribution,


4 ln 2 t2
,
(3.45)
I(t) = I0 exp −
∆t2
the ratio of the widths of the autocorrelation and the gaussian is given by:
√
∆τ
= 2.
∆t

(3.46)

For a mathrmsech2 with a intensity distribution corresponding to
I(t) =

2I
 0
1.76t
exp ∆t + exp −

this retio amounts to
∆τ
= 1.55.
∆t
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∆t



!2

,

(3.47)

(3.48)
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Chapter 4

Femtosecond
photoassociation
Photoassociation is the process of forming a bound molecule from a free
pair of colliding ground-state atoms A and B, that absorb a suitable photon
~ω1 and are transfered from the collision state to a bound excited molecular
level. From there, this bound excited molecule can either decay to a bound
ground state molecule or decompose back into two free atoms.
(
AB + ~ω2
A + B + ~ω1 → AB ∗ →
A + B + ~ω1

(4.1)

In this chapter, the basic principles of molecular dynamics and light assisted
collisions will be introduced. In the first section the appropriate molecular
quantum dynamics concepts will be explained, followed by a section on
photoassociation experiments using cw-lasers. The last section is dedicated
to the application on ultrashort laserpulses in photoassociation, treating the
nuclear dynamics of the coupled system and the theoretical proposals to use
coherent control techniques to optimize the process.

4.1

Molecular quantum dynamics

In order to understand the principals of the photoassociation process, some
basic concepts of molecular physics are necessary. These concepts, namly the
Born-Oppenheimer approximation and the Franck-Condon principal, will be
explained in this section .
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4.1.1

Born-Oppenheimer approximation

A system of N nuclei and n electrons coupled by Coulomb-interaction can
be described by a general Hamiltonian
X  P 2  X  p2 
α
i
+
+ V (Rα ) + V (ri ) + V (Rα , ri ),
(4.2)
H=
2M
2m
α
α
i

where Pα is the momentum operator of the αth nuclei with mass Mα , pi is
the momentum of the ith electron with mass m and V (Rα ), V (ri ), V (Rα , ri )
describe the nuclei-nuclei, electron-electron and nuclei-electron Coulomb interaction. Rα and ri denote the position of the αth nuclei and the ith electron, respectively. The corresponding time independent Schrödinger equation (TISE) HΨ = EΨ can’t be solved analytically. However, due to the
large disparity between the electron mass and the mass of the nuclei, one
can assume that the electrons instantaneously follow the motion of the nuclei and use an adiabatic approximation to solve the Schrödinger equation
of the electron for a fixed configuration of the nuclei. For this purpose the
general molecular wave function Ψ(Rα , ri ) is separated into an electronic
wave function ψ(Rα , ri ) depending on the coordinates of the electrons and
on the coordinates of the nuclei and a term depicting the nuclear motion
|ν(Rα )i that only depends on the Rα :
|Ψ(Rα , ri )i ≈ |ψ(Rα , ri )i|ν(Rα )i.

(4.3)

For the electronic part of the Hamiltonian the Schrödinger equation including the electron-nuclei interaction can now be solved:
!
X p2
i
+ V (ri ) + V (Rα , ri ) |ψn (Rα , ri )i = Enel (Rα )|ψn (Rα , ri )i (4.4)
2m
i

Note, that the nuclear coordinates only enter parametrically into this equation, as none of the operators on the left side acts on them.
By solving the Schrödinger equation for fixed values of Rα one obtains
effective electronic potentials Enel (Rα ) that depend on the coordinates of the
nuclei. This coordinate dependent eigenvalues of the electronic Hamiltonian
can now be used to determine the nuclear TISE:
!
X P2
α
+ V (Rα ) + Enel (Rα ) |νi (Rα )i = ǫi |νi (Rα )i
(4.5)
2M
α
α
As a result of the Born-Oppenheimer approximation each electronic eigenstate of the molecular system consists of several vibrational levels, representing bound states of the nuclei in the effective potential.
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4.1.2

Franck-Condon principal

To understand the photoassociation process quantum mechanically one has
to examine the coupling matrix element between the initial state |Ψi (r, R)i
and the final state |Ψf (r, R)i
M = hΨf (ri , Rα )|d · E|Ψi (ri , Rα )i.

(4.6)

Here d denotes the dipole operator and E the electric field operator. Using
the Born-Oppenheimer wave function defined in equation (4.3) and assuming, that the electronic wave function varies slowly as a function of internuclear distance this can be written as
M = hψf (ri , Rα )|d · E|ψi (ri , Rα )ihνf (Rα )|νi (Rα )i.

(4.7)

Instead of the full electronic wavefunction, the average wavefunction |ψ(ri , Rα )i
is used, which allows us to express the matrix element as a product of a
electronic and a nuclear matrix element. The electronic matrix element is
similar to the case of a free atomic transition and is often known from experiments or very accurate calculations. The nuclear overlap integral has to
be calculated from the vibrational wave functions. The coupling strength of
a transition is therefore given by the square of the nuclear matrix element
|hνf (Rα )|νi (Rα )i|2 , which is called Franck-Condon factor, and the atomic
coupling. The vibronic wave functions have their maxima near the inner
and outer classical turning points of the potential, the transition strength
will therefore strongly depend on the overlap of the initial and final wavefunction at their turning points. Classically this can be understood as a
transition at a fixed internuclear separation RC , called the Condon radius,
corresponding to the turning points of the initial vibrational level. A strong
transition will occur if RC is nearly equal to the turning point in the final
state’s vibrational level. [See e.g. Sage, 2006; Demtröder, 2003].)
In the case of trapped and cooled alkali atoms in a MOT, the collision dynamics are controlled by long-range electrostatic interactions and the
Condon radii are typically of the order of some ten to some hundred Bohr
radii [Weiner, 2003]. As the orbital angular momentum in the ultracold
sample is very low the scattering process is dominated by only few partial
waves, in most cases only s-wave scattering. Due to large near-threshold
free-bound Franck-Condon factors, the photoassociation rate for collisions
at lowest collision energies can be much higher than at room temperature.
Here according to the Franck-Condon principal, highly excited vibrational
states are favoured [Hutchinson and George, 1982].
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4.2

Cw-photoassociation

The first free-bound photoassociation signals were measured by Scheingraber
and Vidal [1977], long before magneto-optical traps were invented. They
used an argon ion laser to excite Mg2 in a heat pipe oven from the thermal
1 +
continuum population in the X1 Σ+
g ground-state to bound A Σu states and
observed the corresponding UV emission. The first direct measurement of
a photoassociation spectrum was carried out five years later by Inoue et al.
[1982] in collisions between Xe and Cl at 300K.
Nowadays, photoassociation is one of the most important methods to explore
molecules and the molecular production process itself in ultracold samples.

4.2.1

Photoassociation in ultracold gases

Thorsheim et al. [1987] recognised that free-bound photoassociation spectroscopy in ultracold atomic samples should be possible with very high resolution. They calculated absorption spectra for the X → A transition of Na
at 10mK and predicted that due to the narrowed Boltzmann distribution
of the ultracold Sodium cloud, individual rotational transitions should be
resolvable (see fig. 4.2.1). Furthermore they noticed that photoassociation

Figure 4.1: Left: Calculated free-bound photoassociation spectra
for Na2 . Due to the narrow Maxwell-Boltzmann distribution individual rotational transitions can be resolved. The slight asymmetry
in the peak’s line shapes, with the tails towards lower energies, reflects the energy distribution of the colliding atoms at 10mK.
Right: Normalised absorption rate coefficient for the singlet
1 +
3 +
3 +
X 1 Σ+
g → A Σu and triplet a Σu → 1 Σg molecular transitions.
The envelop shows Franck-Condon modulations reflecting the overlap between the ground continuum state and the vibrational levels
in the excited state. Thorsheim et al. [1987]; Weiner et al. [1999]
in ultracold atomic samples allows accurate investigations on molecular dynamics, e.g. the determination of excited-state potential parameters, line
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profile measurements and the characterisation of ground state potentials,
scattering wave functions and s-wave scattering lengths.

4.2.2

Basic experiments

Following Thorsheim et al. [1987], the basic photoassociation experiment
consists of a cloud of ultracold atoms and a cw photoassociation laser tuned
to a frequency ω1 . Photoassociated molecules can decay to a bound ground
state molecule and thereby emit a photon of a different frequency ω2 :
Na + Na + ~ω1 → Na∗2
Na∗2

(4.8)

→ Na2 + ~ω2 .

For a free-bound transition, the energy of the second photon is generally
higher: ω2 > ω1 .
The photoassociation spectra is acquired by measuring the spontaneous
emission rate as a function of ω1 by changing the frequency of the photoassociation laser. Assuming a density of 1011 cm−3 , a temperature of 10mK
W
an a laser intensity of 1 cm
2 s , Thorsheim deduced a fluorescence rate for a
′
single vibrational level ν = 130 of 108 cm−3 s−1 , which is high enough to be
detected with standard techniques.

Rate equation and pair density
A rough estimation of the number of the formed molecules in the photoassociation process can be given by a simple rate equation. For a homogeneous
laser radiation the molecular formation rate Ṅmol is given by [Schlöder,
2003]:
Z
Ṅmol = −2β n(r)2 d3 r,
(4.9)
where β denotes the photoassociation rate coefficient, which depends on
the matrix element (4.7), the intensity of the photoassociation laser and
the number of atoms in the trap. It can be seen that the photoassociation
rate depends quadratically on the atomic density n(r). It is therefore clear,
why a dark SPOT with a density that is one order of magnitude higher
than in a standard MOT is a great improvement for the investigation of the
photoassociation processes.

4.3

Photoassociation using ultrashort laser pulses

In recent years, ultrashort laser pulses have become an important tool of
quantum control [Rice and Zhao, 2000; Shapiro and Brumer, 2003]. The
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ability to influence spectral amplitude, phase and polarisation [Plewicki
et al., 2006] offers a tremendous amount of control and allows the use of
computer-controlled feed-back experiments. Several applications in the control of chemical reactions have been reported, e.g. optimisation of the
branching ratios of photodissociation reaction channels with evolutionary
algorithms [Assion et al., 1998], the selective breaking and rearrangement of
chemical bonds in polyatomic molecules [Levis et al., 2001] or the selective
multi-photon excitation of two distinct dye molecules in solution [Brixner
et al., 2001].
The use of ultrashort laser pulses to manipulate ultracold samples can overcome important limitations. For instance, the influence of spontaneous decay can be strongly suppressed, as the life time of the excited state is typically in the range of ns and orders of magnitude longer than the pulse
durations of a pico- or femtosecond pulse .
Additionally, an enhancement of the photoassociation rates is predicted by
using shaped picosecond pulses [Vala et al., 2001]. Furthermore two timedelayed pulses allow time resolved pump-probe experiments, where the first
pulse creates an excited state molecule from a free colliding pair and the subsequent probe pulse facilitates detection by further transferring the molecule
to a target state, e.g. to an ionic state [Gensemer and Gould, 1998; Fatemi
et al., 2001].
Two pulses can moreover be used to actively stabilise a molecule to bound
ground state levels by photoassociating with the first pulse and stimulating
the excited state wave-packet down to the ground state in a coherent dumping process. [Koch et al., 2004; Poschinger et al., 2006].
To understand the schemes of pump-probe and pump-dump experiments, a
basic knowledge of molecular dynamics is essential. The appropriate concepts play an important role in the interaction of the pulsed laser field with
the ultracold matter and will be briefly discussed.

4.3.1

Vibrational dynamics

Due to the spectral width of ultrashort laser pulses, many vibrational levels in the excited state are coupled to the continuum collision state by a
single pulse. As the pulse duration is short compared to the time scale
of the spontaneous decay, the photoassociation process for the different vibrational levels is coherent and the individual vibrational wave functions
create a coherent superposition, hence forming a wave-packet. Following
the Franck-Condon principal (see 4.1.2) this wave-packet is typically formed
around the outer turning points of the vibrational levels that are addressed
in the excited state. This wave-packet starts to oscillate in the excited electric potential, and, due to the anharmonicity of this potential, especially at
the outer turning points, the vibronic wave functions acquire differnt phases
leading to a dephasing (or rephasing) of the resulting wave-packet dephases
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Figure 4.2: Left side: Rb2 potentials corresponding to the 5s5p.
The solid lines correspond to singlet states, the dashed lines to the
triplet states.
Right side: Classical round trip times in the potentials. On the
x axis, the binding energy relative to the particular asymptote is
depicted.
The oscillation time of the wave-packet can be estimated by classical
round trip times. The oscillation periods for the potentials relevant to our
experiment are depicted in fig. 4.3.1. The calculations were performed by
numerically solving the classical Hamilton equations using the Runge-Kutta
method in MatLab. (see fig. 4.3.1). Depending on the multiplicity of the collisional ground state, the diatomic system couples to different excited state
potentials. The Rubidium dimer has two radiative stable ground states: the
1 Σ singlet state and the 3 Σ triplet state. Due to the molecular selection
g
u
rules, the singlet state with gerade parity can only couple to the ungerade
states at the 5s5p asymptote, the triplet ungerade state only couples to
excited states with gerade parity.

4.3.2

Coherent control

Adiabatic following
Vala et al. [2001] proposed the use of chirped picosecond laser pulses to steer
the photoassociation process and predicted an enhancement of the molecular
formation rate compared to cw-photoassociation. This is achieved by fulfilling adiabatic following conditions [Cao et al., 1998; Sawicki and Eberly,
1999]. This can be understood by regarding wavepackets propagating on
two electronic potential surfaces (see fig. 4.3.2). Probability amplitude is
transfered between the to states, whenever the instantaneous frequency of
the pulsed electric field (see eq. 3.12) is resonant with the vertical transition.
When the the excited state shows a different dependence on the internuclear
distance, R, as the ground state, the resonance frequency depends on R.
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Figure 4.3: The initial wave-packet, modeled by a Gaussfunction, is projected on the excited potential surface by a appropriate transform limited laser pulse covering the frequency
range that resonantly couples the ground state wavepacket
to the excited state . The minimal frequency bandwidth is
determined by the Franck Condon principal. In the time domain this corresponds to a propagating wave packet. [Taken
from Vala et al., 2001]

For ultracold collisions, the initial state is a slowly moving continuum wavepacket
above the relativly flat asymptote and the timescale of the coupling is determined by the pulse duration. The excited state potential however is much
3
more sloped (in case of Rb2 the 0+
u excited state potential exhibits a 1/R
dependency). Due to the coordinate dependence of the energy difference between ground and excited state, a ultrashort laserpulse with a certain width
∆ω can address a certain range of internuclear distances, hence projecting
the ground state wave function onto several vibrational levels of the excited
state, as is depicted in figure 4.3.2. The appropriate vibrational wave functions are coherently superpossitioned and form a wave packet which, due to
the slope of the excited state potential, starts to move inwards and gains
momentum (see fig. 4.3.2).
Applying a linear frequency chirp now allows, to continously vary the instantaneous frequency (see section 3.3.2). For a positve chirp leading to a
increase of the instantanous frequency, the transfered excited state population can still be coupled resonantly to the ground state and the probabilty
of cycling Rabi-oscillations back to the ground state rises. The overall efficieny of the process is hence lower. For a negative chirp, however, the wave
packet on the excited state potential surface moves towards lower energy differences of the two potentials, while the instantanous frequency of the pulse
increases. The laser pulse thus cannot stimulate the excited state popula46
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tion back to the ground state, but only transfers more probabilty amplitude
from the ground to the excited state.

Figure 4.4: Adiabatic following.
By sweeping the frequency of the laser pulse and tailoring the chirp
parameters to the potentials and initial conditions, it is possible to adiabatically transfer the population from the ground to the excited state at a
wide range of internuclear distances without driving Rabi-cycles. Numerical
simulations show, that this should result in significantly higher photoassociation rates compared to the case of cw-photoassociation [Vala et al., 2001;
Koch et al., 2006a].
Formation of stable ground state molecules
On the way to the long-term goal of molecules that are both translationally
and cold, photoassociation of a colliding pair of atoms to a weakly bound
molecule in an electronically excited state is a crucial first step. The formed
bound dimers are cold in their motional degree of freedom, but still occupy
high-lying vibrational levels in the excited state and are internally “hot”.
As aforementioned, photoassociated molecules can decay to bound levels of
the molecular ground state. However, according to the Franck-Conon principal, high-lying vibrational states are preferably occupied. Furthermore,
the coherence of the formation process is lost by the spontaneous emission
process and one has no experimental control over the population distribution among the ground state vibrational levels.
A second pathway to bound ground state molecules in photoassociation experiments with ultrashort laser pulses are molecules that are created from
a free colliding pair and subsequently transfered to the ground state in a
Raman-type process within the same pulse. This process can be simulated
and will be described in chapter 6. Other than the spontaneous decay to
the ground state, this process preserves the coherence of the photoassociation step. However, only vibrational states close to the asymptote of the
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Figure 4.5: Photoassociation pump-dump scheme. For a negative chirp of the pump pulse the vibrational level ν1′ is populated at time t1 at the beginning of the pulse while the
population transfer to ν2′ takes place later at time t2 , when
the instantaneous frequency is resonant. If the chirp is adjusted such, that the partial wave packets of the vibrational
states ν1′ and ν2′ with oscillation periods Tvib (ν1′ ) and Tvib (ν2′ )
arrive at the same time at the inner turning point an effective stabilisation to deeply bound ground state levels is
possible with a second pulse arriving at t3 . This is fulfilled if
t3 = t2 + 21 Tvib (ν2′ ) = t1 + 21 Tvib (ν1′ ) [Taken from Koch et al.,
2006b].
potential are populated by the Raman process.
Theoretically it is proposed to overcome the limitations of spontaneous
decay by a second pulse, that coherently transfers the molecular wave-packet
in the excited state deeply into the ground state potential. Koch et al. [2004]
proposed the use of shaped picosecond laser pulse to dump the population
to bound ground state levels and to employ optimal control theory [See e.g.
Brixner and Gerber, 2003]) to tailor the optimal waveform. This scheme is
not limited to photoassociated molecules, but also applicable to molecules
formed by Feshbach resonances in a first step. In the case of photoassociation with ultrashort laser pulses, the second pulse is applied in a pumpdump scheme (see fig. 4.3.2)[Koch et al., 2006a,b]. Molecules are formed
by a first shaped pulse in the first electronically excited state. A second
shaped pulse, which follows with some delay, can stimulate the molecular
excited state population to bound ground states. In the ideal case, the temporal and spectral shape of the pump and the dump pulse have different
central wavelength and are optimised independently. While the photoassociation process takes place at large internuclear distances (see 4.1.2) and
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requires frequency components with energies below the dissociation limit,
the stabilisation process to deeply bound ground states is most efficient at
small internuclear separations near the inner turning points and, in order
to transfer the excited molecular population at low-lying vibrational levels
in the ground state potential, requires frequencies to the blue of the dissociation limit. For 87 Rb2 an efficiency of up to 50% is predicted to dump
the excited state population to a single vibrational level in the ground state
[Koch et al., 2006a].
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Chapter 5

Pump-probe measurements

Figure 5.1: Pump-probe scheme. The pump pulse transfers
two Rb atoms in their ground state to bound vibrational
levels in potentials associated with the 5s5p asymptote. The
produced molecules are ionised by a subsequent probe pulse.
Together with the group of Prof. Ludger Wöste at the Freie Universität
Berlin, we achieved the first realization of ultracold molecule photoassociation by shaped femtosecond pulses in a pump-probe experiment. The
experimental setup consists of the femtosecond laser system provided by the
group of L. Wöste and the transportable high-density rubidium magneto51
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optical trap built at the Institut für Physik at the Universität Freiburg (see
section 2.4).
In fig 5.1 the process under investigation is depicted. A first fs laser pulse
transfers a free colliding pair from the 5s5s asymptote to a bound molecular
potential at the 5s5p asymptote. The produced molecular wave-packet is
probed by a time delayed second pulse creating molecular ions.
This chapter is organised as follows: First, the experimental setting is explained in detail. In the second section, the results of the pump-probe
measurements will be presented. The last section further investigates the
coherent features of the pump-probe signals.

5.1

Experimental setup

Figure 5.2: Experimental setup.

5.1.1

MOT-system

A detailed description of our transportable MOT-setup was already given
in chapter 2. For the pump-probe experiments we trap a cloud of approximately 108 85 Rb atoms in the background vapour loaded dark spontaneousforce optical trap (dark SPOT, see section 2.3)at temperatures around 100µK.
By retaining 90% of the atoms in the lower F = 2 hyperfine ground state,
where they are not affected by the trapping lasers, densities of 2 · 1011 cm−3
are reached. This is achieved by physically blocking the repumping light
in the trap centre and by detuning the repumper ≈ 30M Hz red to the
F = 2 → F ′ = 3 transition. More details about the MOT laser system can
be found in section 2.4.1.
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5.1.2

Femtosecond Laser system.

Figure 5.3: Femtosecond laser system.
The femtosecond laser source consists of a self-mode locked Ti:Sapphire
oscillator (Coherent Mira Seed) seeding a regenerative Ti:Saphphire amplifier (Coherent RegA 9050). The Mira seed laser is pumped by a 5W
(Coherent Verdi-5), the regenerative amplifier by a 10W (Spectra Millennia X) diode laser. The RegA selectively amplifies pulses produced by the
Mira seed laser in a multi-pass process at variable repetition rates between
10 and 250 kHz. The actual output power depends on the repetition rate,
throughout our experiment the repetition rate was set to 100 kHz generating pulses with a energy of 6 µJ. The pulse injection and ejection into
and out of the amplifier is performed by a fast AOM. Before and after the
regenerative amplifier, the pulses are sent through the stretcher-compressor
setup (Coherent) to avoid damage to the amplifiers Ti:Sapphire crystal and
to recompressed the amplified pulses to a full width half maximum of 80 fs.
10% of the output power from the amplifier is split of and sent through a
zero dispersion pulse shaper setup (see 3.4) which is used to manipulate the
spectral amplitudes and phases. The pump pulses are centred at 12500cm−1
(800nm), 79cm−1 red to the atomic D1 line. Nevertheless, due to the large
bandwidth of 390cm−1 , the spectra of the raw pulses covers both the atomic
D1 (5s → 5p1/2 ) and D2 (5s → 5p3/2 ) transitions. In earlier experiments it
has been shown, that resonant spectral components lead to a massive trap
loss via resonant photon pressure Salzmann et al. [2006]. To suppress atomic
depletion from the trap, we use a zero dispersion compressor (see 3.4.1) to
apply a low pass filter to the spectra by physically blocking the D1 line and
all frequencies to the blue with a razor blade. The cut has a resolution of
1cm−1 and can be moved in the Fourier plane by a precision stage. It is
typically situated a few cm−1 red to the D1 line. The atomic resonance is
determined by monitoring the fluorescence of the atomic cloud as a function
of the position of the cut off and fitting a error function to the curve.
The residual 90% output power of the regenerative amplifier are used to
create probe pulses in a non-collinear optical parametric amplifier (NOPA)
with a central wavelength of 496nm (20161cm−1 ). The produced pulses have
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a spectral FWHM of 932cm−1 (25nm) and a non-transformlimited temporal
width of 600fs. After passing a motor-driven high-precision delay stage, this
pulses are subsequently superimposed with the pump beam.
The two beams are focused onto the atomic cloud to a waist of 100µm,
the corresponding peak intensities are 2.5 · 1010 W/cm2 for the pump and
1.4 · 109 W/cm2 for the probe pulses.

5.1.3

Detection

Our detection scheme comprises of two simultaneous and complementary
approaches. First, molecular Rb+
2 and atomic ions that are produced within
the trap are extracted by an electric field of 40 V/cm. A Rf-quadruple mass
spectrometer allows the selective detection of Rb+
2 molecules on a channeltron. The radio frequency applied to the quadrupole has a frequency of
2.9 MHz and an amplitude of xxx V. With this, we achieve a mass resolution of xxx and a transitions efficiency of approximately 50%. After the ion
signal from the channeltron is high pass filtered and amplified, it is digitised
by a constant fraction discriminator. The signal is integrated over 100 ms
by a digital counter and registered by a computer.
Our second detection method is a photodiode monitoring the fluorescene of
the trapped sample and indicating atomic trap loss.

5.2

Pump probe spectra

Figure 5.4: Observed fluorescence and Rb+
2 rate. In region I (negative delays) the ion signal exhibits a constant level. When the pump
and the probe pulse overlap in time (region II) the ion signal rises
steeply and levels of for positive delays (region III) at a higher level,
revealing a dumped oscillation with periods of some picoseconds.
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We performed pump-probe scans for different positions of the spectral
cutoff in the pump-pulse. For each position of the spectral cut pump-probe
spectra are acquired by varying the delay time between the pump and the
probe pulse with the motor-driven delay stage at a speed typically corresponding to 15 fs/s. Both the trap fluorescence and the Rb+
2 rate are
constantly monitored throughout the pump-probe scans. Typical spectra of
both the fluorescence and the molecular ion rate are shown in Fig. 5.4.

5.2.1

Molecular ion signal

The lower graph in fig. 5.4 shows the detected molecular ion signal. At
negative delays (region I), when the probe pulse precedes the pump pulse,
we observe a almost constant molecular ion signal of up to 500 Hz. The ion
detection rate in this region doesn’t depend on the actual delay between
the pump and the probe pulse. However, if the two pulses overlap in time
around zero delay (region II), a steep rise of the ion count rate is observed
and the signal shows a sharp peak of approximately 1 ps FWHM. For positive delays (region III), the signal is higher than for negative delays and
reveals damped oscillations with periods of some picoseconds. In order to
obtain quantitative information from the ion signal at positive delay, we fit a
damped oscillatory function to the data. The experimental results together
with the fits are shown in figure 5.5 for different positions of the optical
low pass filter. When the spectral cutoff is moved further to the red of the
atomic D1 resonance, the ion count rate decreases for both positive and negative delays. Furthermore, the oscillation at positive delays exhibits shorter
periods and is damped faster. This observations will be discussed in more
detail in section 5.2.3

Figure 5.5: Pump-probe spectra for different positions of the spectral cutoff, together with fits for positive delays. The position was
situated at 6, 8, 10 and 12cm−1 .
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The molecular ion signal can be understood in terms of femtosecond
photoassociation (see section 4), where two free 5s atoms form a excited
state molecule in a photon-assisted collision. Femtosecond photoassociation
of ultracold atoms was for the first time observed in this experiment, the
results are described in Salzmann et al. [2007b,a].
The photoassociated molecules are formed in potentials associated with the
5s5p1/2 assymptote and can be ionized by the subsequent probe pulse. The
molecular ions are mass selectively detetected on the ion detector. Molecules
that are not ionized can either decay to a bound level in the molecular ground
state or decompose back to two unbound ground state atoms.
The interpretation of the molecular ion signal in the framework of photoassociation is strongly supported by quantum dynamical simulations of the
molecular formation process. These simulations are in very good agreement
with our results and will be discussed in detail in section 6.1. The contribution of other processes to the signal will be examined in section 5.2.6.

5.2.2

Fluorescence

The trap fluorescence mirrors the behaviour of the molecular ion signal, thus
indicating an influence of the ionisation laser on the atomic population. In
region I, the fluorescence exhibits a constant level while in region II, when
the two pulses overlap in time, the light emission of the atomic cloud is
reduced by approximately 5%. For positive delays in region III the fluorescence remains lower and exhibits oscillations similar to the ion signal,
though often with a lower contrast and higher fluctuations.
Again, one contribution to the change of fluorescence can be attributed
to the production of molecules from free colliding pairs during the interaction with the pump pulse and subsequent ionisation by the following probe
pulse. A simple rate equation allows an estimation of the trap loss rate
corresponding to the observed drop of the fluorescence to be XXX at a cut
position of XXX. Though, the measured molecular ion rate is of the order
of some kHz, which is a factor of 1000 lower than the trap-loss rate.
An additional loss mechanism can be contributed to atoms that are excited by the pump pulse and depleted by a subsequent probe. Possible
pathways are the off-resonant ionisation of 5p atoms or the excitations of
these atoms to longliving Rydberg states lying within the bandwith of the
probe pulse, i.e. states with principal quantum numbers bigger than n = 8.
In both cases the cut dependent coherent oscillations of the fluorescence have
to be explained by atomic dynamics in the first excited state. Furthermore,
it is evident, that both the molecular dynamics of the observed photoassociation process and the atomic effect causing the drop of fluorescence reveal
similar behaviour.
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Simulations on a simple two level system reveal the physical meaning of
the observed behaviour and allow for a deeper understanding of both the
atomic and molecular signals. This simulations are described in more detail
in chapter 6.

5.2.3

Dependence on spectral cutoff

Both the Rb+
2 signal and the fluorescence of the atomic cloud show characteristic oscillations at positive delays. As depicted in figure 5.5, the structure of
the oscillations depends on the position of the spectral cutoff, which turned
out to be an important control parameter in our experiment.
Dependence on cut position
The postion of the spectral cutoff was varied between 2 and 12 cm−1 red of
the D1 transition. Although a shift of the cutoff doesn’t change the pulse
power significantly, it has a substantial influence on the oscillatory behaviour
of the pump-probe spectra at positive delays as can be seen in figure 5.5.
When the cut is moved further than 20 cm−1 red to the D1 transition, the
pump-probe signal vanishes.
In figure 5.6 the ion signal for different positions of the razor blade is
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Figure 5.6: Ion signal vs. cut position.
depicted. Clearly, the average count rate for positive delays (red triangles)
decreases as the relative distance of the knife edge is moved further to the
red of the atomic resonance. The level for negative delays (green triangles)
shows a similar behaviour, though exhibiting lower count rates. The curve
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progession is well reproduced by quantum mechanical simulation, depicted
as solid lines (see section 6.1).
Oscillation periodes
Beside the ion count rate, also the periode of the oscillations for positive
delays depends on the cut position. Plotting the experimentally found oscil-
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Figure 5.7: Oscillation period vs. cut position.
lation frequency as a function of the position of the spectral cutoff reveals a
linear dependency, and, if both the position relative to the D1 line and the
oscillation periode are expressed in the same units, the slope of the linear
dependency is one (see fig. 5.7). Beside the ion count rate, also the periode
of the oscillations for positive delays depends on the cut position. This suggests a connection of the the observed coherent oscillation dynamics on the
actual shape of the pump pulse, the actual mechanism will be discussed in
section 6.2 and 6.3.
A comparison of the experimentally found periods to the expected classical round trip times (see section 4.3.1) reveals, that the observed oscillation
frequencies are neither explained by vibrational motion of the molecules in
the excited state, nor in the ground state potential, as is depicted in 5.8.

5.2.4

Power dependence

We further investigated the pump-probe spectra by systematically changing
the power of both the pump and the probe pulses. (see fig. 5.9) depicts
the dependence of the observed molecular ion signal on the power of the
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Figure 5.8: Oscillation periods versus detuning. The experimentally deduced periods (red dots) are depicted versus the
position of the cutoff. The lines are the calculated classical
round trip times (see section 4.3.1).
infrared pump pulse. For negative delays (green triangles), the mean ion
count rate is depicted, for positive delay (red triangles) the mean level after the oscillation are completely damped is used. For both positive and
negative detuning, the Rb+
2 count rate rises with higher pump-power and
in both cases shows a strongly non-linear behaviour. A similar behaviour is
predicted by the quantum dynamical simulations as indicated by the solid
lines.
Obviously, the non-linear dependence cannot be understood in a simple,
pertubative model of the excitation process, where the molecules are formed
by absorption of a single photon, as this would lead to a linear power dependency. However, the non-linear power dependence is evidence to suggest
a dominant role of high-power effects in the observed process, a assumption
that is also supported by the simulated population distribution among the
vibrational levels in the excited state, as will be discussed in section 6.1.3.
A systematical exploration of the oscillation frequencies reveals no significant sensitivity on the power of the pump pulses. The dynamic structure
of the pump-probe spectra at positive delays is clearly visible for the whole
power range covered by experimental data.
Likewise we investigated on the dependence of the ion signal on the
power of the green ionisation pulses. Again, for both positive and negative
delays, the signal rises as the power is increased, the observed dependence,
however, is consistent with a linear relationship (see fig. 5.10).
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5.2.5

Chirp dependence

Theoretical studies suggested the use of chirped photoassociation pulses to
enhance the molecular production rate (see 4.3.2). In order to make use
of the proposed coherent control mechanisms we applied linear frequency
chirps to the pump-pulses, ranging from -90000 fs2 to +90000 fs2 . In fig. 5.11
the mean count rate for positive delays is plotted versus linear chirp. Other
than theoretically predicted Vala et al. [2001], we observe a maximum of the
photoassociation rate for zero chirp. For positive and negative chirps the
data shows an asymmetric dependence on linear chirp with distinct levels
for positive and negative chirps. Similar measurments were performed at
the atomic D2 transition and revealed a similar decrease of the molecular
ion signal with chirp, but no assymetrie for positive and negative chirps.
Furthermore, the assymetrie is not reproduced by the simulations and can
presumably be contributed to a slight misalignment of the zero dispersion
compressor. Nevertheless, the signal decrease with chirp can be attributed
to a decreased peak intensity of the pump pulse. At zero chirp, the peak
intensity of the pump-pulse has the highest peak intensity which causes the
high photoassociation signal. For non-zero chirps the pulse broadens in time
and the lower peak intensity result in a reduced photoassociation signal.

5.2.6

Relevance of other processes

Molecules in magneto-optical traps
In the atomic vapor stored in the magneto-optical trap dimers are constantly
produced, either by cw-photoassociation by the trapping laser itself or by
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Figure 5.10: Dependency of the molecular ion rate on the
power of the probe beam. The laser power was measured
directly after the NOPA, at the position of the trap, it is
reduced by approximately 55%.

three body collisions. Caires et al. Caires et al. [2005] found the photoassociation by trapping light to be the dominant process. They state, that
the molecules are formed in potentials below the 5s5p3/2 asymptote, from
where they, due to a larg Franck-Condon overlap, preferably decay to highlying vibrational levels in the a3 Σ+
u triplet ground state within the natural
lifetime of 12 ns.
Part of our signal could thus be contributed to direct ionization of the MOTproduced ground state molecules.
The molecular formation by cw-photoassociation is dependent on two important factors. First, the formation process is proportional to the square
of the atomic density. Secondly, as the photoassociation process is controled
by absorption of a photon from the trapping lasers, the molecular formation rate thus depends on the fraction of atoms in the cooling cycle. As
was stated in section 2.3 our dark SPOT can be used to control the relative population p (2.7) in the “bright” F = 3 hyperfine ground state (see
section 2.3.2 for details). This also has a strong influence on the density of
the atomic sample, which has a maximum for p = 0.1 Townsend et al. [1996].
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Figure 5.11: Femtosecond photoassociation signal from pos−1
itive pump-probe delay Rb+
2 levels, spectral cutoff 8 cm
below 5s+5p1/2 .

Dye laser measurments
In a separate experiment we examined the dependence of the molecular
ground state production rate on the parameter p, which influences both the
atomic density and the propability of photon absorption from the trapping
laser. This was done by probing the spontaneously formed molecules in a
two photon resonantly enhanced multi photon ionization (REMPI) with a
dye laser for different values of p. The central frequency of the laser was
tuned to 602 nm with a repetition rate of 10 Hz and an energy of 10 mJ per
pulse.
The results are shown in figure 5.12. The molecular count rate rises when
p is increased from 0, has a maximum arround 0.5 and slowly drops for larger
values of p. If the process would only depend on the atomic density in the
trap, one would expect a maximum ion rate at p = 0.1 Townsend et al.
[1996], where the atomic density is highest. However, the photoassociation
process requires the absorption of a trapping photon, which is only possible,
when at least one collision partner is in the bright F = 3 state, leading to
a additional dependence on p. In case of femtosecond photoassociation, the
molecular creation rate should only depend on the atomic density, as no additional photon absorption from the trapping laser is required. Due to the
large bandwidth of the photoassociation pulse, the femtosecond photoassociation is not sensitive to the population distribution to the dark hyperfine
ground state. In figure 5.13 the averaged Rb+
2 signal for positive delays is
shown for different values of p. Compared to the MOT produced molecules,
the signal rises much steeper when p is increased from 0 to 0.2, where it
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Figure 5.12: Dependency of photoassociation rates by trapping light
on the bright state fraction p.
already reaches its maximum. A further increase of p results in a decrease
of the mean ion count rate at positive delays. Hence, the curve progression
reflects the dependence of the atomic density on p Townsend et al. [1996].
Throughout the pump-probe measurments, the bright state fraction p was
set to 0.1 where the photoassociation rates by the trapping light are small
and can be negelected compared to the femtosecond photoassociation rates.
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Figure 5.13: Pump probe signal vs. bright state fraction.
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Chapter 6

Analysis and interpretation
In order to get a deeper inside to our experimental findings, especially on
the oscillatory behaviour of the pump-probe spectra at positive delays, we
supported the experiment with further theoretical investigations. In the first
section of this chapter the results of a full quantum mechanical simulation
of the light assisted collisions are presented. The second section introduces
a dressed state approach explaining the oscillations at positve delay times.
The last section illustrates the observed dynamics in a intuitive framework
of a field-dipole interaction.

6.1

Full quantum mechanical simulation

As described in the last chapter, our experimental findings differ from the
theoretical expectations, especially concerning the enhancemend of molecular formation by chirped pulses. To get a better understanding of the
ongoing processes during the interaction of the photoassociation pulse with
atomic pairs, we performed simulations of the pump excitation step in a nonperturbative model by numerically solving the time-dependent Schrödinger
equation (TDSE) of the diatomic system interacting with the femtosecond
laser field. The Hamiltonian of the system is given by:


T + Vg (R)
~Ω(t)
H=
(6.1)
−~Ω∗
T + Ve (R) + δ.
Here the kinetic energy operator T , the potential energies of ground and excited state Vg (R) and Ve (R), both depending on the internuclear separation
R, are considered. Ω(t) denotes the Rabi frequency and δ the detuning of
the laser’s carrier frequency relative to the asymptotic energy of the 5s5p1/2
state.
The TDSE is numerically solved using algorithms based on a mapped Fourier
grid method Kosloff [1988]; Willner et al. [2004]; Poschinger et al. [2006] and
the Chebyshev propagator method Poschinger [2005]. As model potentials
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+
the 1 Σ−
g electronic ground state and the excited 0u potentials were used. The
inital state of two scattering atoms with a kinetic energy corresponding to
100µK was modulated by a unbound continuum state above the asymptotic
ground state energy. The simulations allows to deduce relative excitation
efficiencies at any time by projecting the wave-packets, which propagate in
both involved manifolds, on molecular eigenstates. However, it is not possible to calculate absolute rates from the simulations as the amplitude of the
initial scattering state depends on normalisation to the box used to represent the continuum state.

Positive delays: Femtosecond photoassociation
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Figure 6.1: Pump-probe spectra for cutoff detunings of 6 cm−1 , 8 cm−1 , 10
cm−1 and 12 cm−1 . Black lines: experimentally measured Rb+
2 rates. Red
lines: Simulated 5s+5p1/2 population. For comparison, the simulated data
is rescaled and convoluted with a probe pulse of 600 fs FWHM.
In fig. 6.1 the simulated dynamics of the total excitation of atom pairs
to bound vibrational levels below the 5s5p1/2 asymptote is compared to the
observed molecular ion rates for four different positions of the cutoff. As
mentioned above, it is not possible to deduce absulte rates from the simulations. Therefore, the simulated 5s5p population is scaled to fit the measured
Rb+
2 rate at positive delays to faciliate the comparison to the experiment.
Furthermore, the simulated data is convoluted with a probe pulse of 600 fs
FWHM.
Obviously, the agreement between the simulations and the measured molec66
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ular ion signal is very good for positive delays. The same coherent oscillation
dynamics occure in the simulations and both the amplitude of the signal and
the periods are consistent.
Moreover, the dependence of the molecular formation rate both on the power
of the pump pulses and the position of the spectral cutoff for positive detunings is reprodued by the rescaled simulations, as can be seen by the
comparison of the experimental and simulated dependences in figures 5.6
and 5.9.
For this reasons, the simulations suggest the ion signal to reflect the excited
molecular population created by the interaction of atom pairs with the light
field of the pump pulse. Thus, our molecular ion signal can be attributed
to photoassociation by the spectrally shaped femtosecond pulses.

6.1.2

Negative delays: Molecule formation in the electronic
ground state

For negative delays, the simulated 5s5p population deviates from the measured ion signal and the excited state population is undervalued by the simulation for the region where the pump precedes the probe pulse. However,
the ratio of the average levels for positive and negative delay is constant at
about 0.3, independent of the postion of the spectral cutoff and the actual
power of the pump pulse. Taking this ratio into account, the power dependency and the influence of the cut position are also reproduced for negative
delays, as can be seen from the dashed lines in 5.9 and 5.6.
On this account, the ion signal at negative delays has to be attributed to a
previous pair of pulses. The natural lifetime of the excited molecular 5s5pstate is 12 ns and thereby three orders of magnitude smaller than the time
between two successive pump-probe sequences which at a repetition rate of
100 MHz amounts to 10 µs. This assures, that any population in the excited
state created by the interaction with one pulse pair will have been decayed
before the next pulses arrive. Hence, we ascribe the signal at negative delays
to ground state molecules which were photoassociated during the interaction
with a pump pulse at the 5s5p asymptote and have spontaneously decayed
to their electronic ground state. Possible ionisation pathways for the bound
5s5s ground states include excitation by the green probe pulse to intermediate states below the 5s4d asymptote and ionisation by the adjacent infrared
pump pulse.
In this interpretation, the constant ratio of the averaged signal for negative
and positve delays of 0.3 reflects the probability for a decay of the photoassociated molecules to bound ground states and the detection efficiency via
the intermediate 5s4d state.
The formation of stable ground state molecules by spontaneous decay
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is well understood in cw-photoassociation for homonuclear dimers Fioretti
et al. [1998]; Nikolov et al. [1999]; C.Gabbanini et al. [2000]; Dion et al.
[2001]; Lozeille et al. [2006] and heteronuclear molecules Kerman et al.
[2004]; Mancini et al. [2004]; Wang et al. [2004].

6.1.3

Population of vibrational levels

The quantum mechanical simulations allow a detailed study of the photoassociation process driven by the time-dependent field of the spectrally cut
femtosecond laser pulse. Of great importance is the detailed population
distribution among the vibrational eigenstates of both the excited and the
ground state.
In a simple perturbative approach one would expect the population of

Figure 6.2: Simulated level-distribution of excited state population.
the specific vibrational levels to be determined by the spectral composition
of the coupling pulse and by the free-bound Franck-Condon factors. Our
calculations, however, reveal a different mechanism, which turned out to be
driven by strong coupling of the diatomic systems by the intense femtosecond
pulse. We find that the largest fraction of the population is concentrated
within a small band of about 0.01 cm−1 just below the dissociation limit
and above the actual cutoff frequency of the low pass filter. This high-lying
states correspond to very long range eigenstates with a high probability
density at large internuclear separations (see fig. 6.1.3). The distribution
is determined by the overlap of the initial wavefunction and proportional
to the absolute squared free-bound Franck-Condon factors. The spectral
shape of the pump-pulse has no significant effect on the distribution of the
population, changing the spectral cutoff only effects the absolute population
transfer.
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According to the simulations, a small fraction of the population is predicted
in states, whose energy is covered by the spectra of the pump pulse (see
inlay in fig. 6.1.3). The absolute population in this states, however, is much
smaller than in the small band just below the asymptote, as the excitation of
these deeper bound states is strongly suppressed by Franck-Condon factors
that are four orders of magnitude smaller than for the states close to the
dissociation limit. Most of the molecular population in the first electronically excited state can thus be attributed to a non-linear high power effect
and is transfered to non-resonant vibrational levels, that are not covered by
the pulse spectra, but favoured due to large Franck-Condon factors.
The dependence on the pulse energy ((see fig. 5.9)) is well reproduced by
the simulations. The population of the highest vibrational levels shows the
non-linear power-dependence we observed in the experiment. Though, the
small population lying within the pulse spectra depends linearly on the pump
power, as one would expect from a perturbative approach.

Coherent transfer to the electronic ground state
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Figure 6.3: Coherent population of vibrational levels in the
electronic ground state.
One striking result of the simulations is the prediction of coherently
formed molecules in the electronic molecular ground state. These molecules
are photoassociated from a free pair by the femtosecond pump-pulse and
subsequently transfered to bound molecular ground states in a Raman process within the same pulse. According to the simulations these molecules
populate the highest vibrational states and are bound by less than 1 cm−1 .
The predicted relative rates, however, are three orders of magnitude smaller
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than for the molecular formation in the excited states. The good agreement
between our experimental results and the simulations proposes, that this
ground state molecules should be formed in the experiment. Though, the
expected rate is roughly 1 Hz which is far to low to be distinguished from
other processes.
The agreement between our experimental observed pump-probe scans
and the simulation of the molecular excited state population for positive
delay is excellent. Assuming, that the probe pulse transfers molecules from
this state to an ionic state, the molecular signal can be explained by this
simulation. However, the discrepancy between the molecular rate of some
kHz and the loss rate corresponding to the drop in the fluorescence signal is
not explained. Furthermore, the simulation doesn’t provide a physical picture, that would explain the coherent oscillations in the pump-probe spectra
at positive delays. Both issues can be clarified with simple models based on
the interaction of a two-level system with the spectrally formed femtosecond
probe pulses, as will be explained in the next two sections.

6.2

Dressed state Picture

A deeper understanding of the the coupling process between the atom and
the laser field can be obtained by a dressed state (DS) approach CohenTannoudji [1977]; Cohen-Tannoudji and Reynaud [1977]. In the case of the
interaction between atoms and a cw-laser field, the dressed states diagonalise
the compound system of atom and light field. In this picture, the eigenstates
of the uncoupled two level system |gi and |ei are “dressed” with the number
n of photons in the laser field. In the following, the mathematical description
of the two level system will be given, together with a detailed introduction
to the dressed state picture for both constant and time-dependent couplings.

6.2.1

Two level system and dressed states for constant coupling

To understand the physics of the dressed state model, it is instructive to
first consider a simple two-level system with ground state |gi and excited
state |ei, coupled by a single light mode of frequency ωL . The electric field
is given by
~
E(t)
= ǫ̂x E0 cos(ωL t),

(6.2)

where ǫ̂x is the polarisation vector. In the rotating wave approximation the
Hamiltonian of the coupled two-level system, expressed in the basis rotating
with the eigenfrequency of the system, can be written as (for details see e.g.
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Sakurai [1994]; Scully and Zubairy [1997]; Helm [2005]):


~ δ Ω
H=−
.
2 Ω −δ

(6.3)

Here δ corresponds to the detuning of the laser from the resonance of the
two level system, δ = ω0 − ωL and Ω is the general Rabi-frequency:
q
Ω = δ2 + Ω20 .
(6.4)
Ω describes the coupling strength between the two states and is given by
the detuning and the Rabi-frequency at resonance:
Ω0 =

~
d~ · E
,
~

(6.5)

~ the electric field operator.
with d~ being the dipole operator and E
The corresponding time independent Schrödinger equation can be solved
analytically and for ce (t = 0) = 0 the population in the excited state is given
by:
1 Ω20
(1 − cos(Ωt)) .
(6.6)
2 Ω2
This equation reflects the characteristic oscillations with a periode corresponding to the inverse of the Rabi-frequency. For a resonant coupling,
δ = 0, the population is completely inverted after half a periode. For δ 6= 0
the maximum population in the excited state is given by the ratio of the
resonant and the general Rabi-frequencies, Ω0 and Ω.
|ce |2 =

In the dressed basis, the compound system of two-level system and light
field is regarded. The two eigenstates of the two-level system are “dressed”
with the number of photons in the light field, n. The resulting states are
described by two quantum numbers, one defining the state of the two level
atom and one corresponding to the numbers of photons in the lightfield.
In case of a resonant laser beam, the compound states |e, ni and |g, n + 1i
are energetically degenerate. If the laser frequency ωL is detuned relative
to the two level transition ω0 , the energy of the two states differs by δ =
ωL − ω0 . The appropriate Hamiltonian is diagonalised by the so called
“dressed states”:
|1, N i = sinΘ|g, n + 1i + cosΘ|e, ni

|2, N i = cosΘ|g, n + 1i − sinΘ|e, ni.

(6.7a)
(6.7b)

|1, N i and |2, N i are compound states, the mixing of the two “bare” states,
|g, n + 1i and |e, ni is expressed by the coupling angle, Θ, defined by:
sin 2Θ = √

Ω
.
Ω2 + δ 2

(6.8)
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Figure 6.4: Energy of dressed states versus detuning.
The energy splitting of the states in 6.7 is directly given by the Rabi frequency, as is depicted in figure 6.4. At zero detuning, it matches the resonant
Rabi-frequency, Ω0 and for very large detunings, δ ≫ Ω, the bare and the
dressed states coincide.

6.2.2

Time-dependent coupling: fs Laser pulses

Up to now, the dressed state formalism was introduced for the case of a
constant coupling, i.e. coupling by a cw-laser. However, the coordinate
transformation is also applicable to the case of timedendent intensities, for
example for ultrashort laser pulses Wollenhaupt et al. [2006]. In the following the mathematical basics and the application to the system under
investigation is explained.
As already discribed in section 3.7 the complex light field E(t) of the laser
can be described by its envelope E(t) and the (constant) carrier frequency
ωL :
E(t) = E(t)e−iωL t .

(6.9)

In general the pulse envelope is a complex function of time which can be
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Figure 6.5: Pulse envelope of spectrally cut laser pulse in
units of Rabi frequency (solid line, left axis) and pulse phase
(dashed line, right axis). The spectral cut is situated 67 cm−1
blue to the carrier frequency.
expressed by a phase factor χ(t):
E(t) = |E(t)|eiχ(t) .

(6.10)

In figure 6.5 an example for a femtosecond pulse which was spectrally cut
67 cm−1 blue to the carrier frequency is shown. The pulse envelope (solid
blue line) is broadened compared to the case of a uncut fourier limited pulse
(dashed blue line). Furthermore, the pulse exhibits a timedependent phase
(green line, scale on the right) with a non-linear behaviour in the region of
the pulse maximum and an almost linear slope beyond this region.
The Hamiltonian of the two-level system is similar to (6.3), however,
the Rabi-frequency becomes a function of time and the off-diagonal terms
exhibit a additional phase, χ(t), introduced by the laser pulse defined in
(6.10):


1
δ
|Ω(t)|eiχ(t)
.
(6.11)
H=− ~
|Ω(t)|e−iχ(t)
−δ
2
In the transformation to the dressed state basis, the time-dependent phase
χ(t) has to be taken into account.The transformation matrix T (t) is hence
given by:
!
i
i
e− 2 χ(t) cos Θ(t) e 2 χ(t) sin Θ(t)
.
(6.12)
T (t) =
i
i
−e− 2 χ(t) sin Θ(t) e 2 χ(t) cos Θ(t)
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Note, that due to the time-dependence of the mixing angle, Θ = Θ(t) (see
equation 6.8), and of the phase, χ = χ(t), the transformation matrix is also
time-dependent.
The state vector in the dressed state basis ΨDS (t) = (dl (t), du (t)) is connected to the state vector in the bare state basis ΨBS (t) = (cg (t), ce (t)) by
the transformation
ΨDS (t) = T (t)ΨBS .

(6.13)

Level-splitting of dressed states
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Figure 6.6: Energies of dressed states
Due to the time-dependence of the transformation matrix, the timedependent Schrödinger equation (TDSE) in the DS basis exhibits an additional term
i~Ψ̇DS (t) = i~T (t)Ψ̇BS (t) + i~Ṫ (t)ΨBS (t)

(6.14)

= (HDS + HT rans ) ΨDS (t)
Far beyond the pulse maximum, the Rabi frequency is essentially timeindependent Ω(t) = const and, as in the case of cw-laserfields, only the first,
diagonal term is non-zero,
thus determining the eigenenergies of the dressed
√
1
2
2
states E1,2 = ± 2 ~ δ + Ω . Explicitly the additional term is given by
HT rans
74

~
=
2



χ̇ cos 2Θ
2iΘ̇ − χ̇ sin 2Θ
−2iΘ̇ − χ̇ sin 2Θ
−χ̇ cos 2Θ.



(6.15)
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Figure 6.7: Population in dressed states.
One can now treat two important parts of the interaction separately: In
the area around the pulse maximum the Rabi-frequency is large compared
to the detuning and derivative of the phase, leading to a large coupling angle Θ. In the bare state basis, this corresponds to a significant population
transfer.
In the region, where the intensity of the pulse has already dropped, the entries in the diagonal part of the Hamiltonian, HDS , are essentially constant
and the dynamics are determined by the part of the Hamiltonian that origins
from the transformation matrix, Htrans . To analyse the role of this additional term and to understand the dynamics beyond the pulse maximum it
is convinient to assume a Rabi frequency that vanishes with 1/t: Ω(t) ∝ 1t .
The total Hamiltonian for large t → ±∞ is therewith given by


~ δ + χ̇ −χ̇ Ωδ
H=
.
(6.16)
2 −χ̇ Ωδ −δ + χ̇
The diagonal terms exhibit an additional contribution proportional to the
time derivative of the phase which corresponds to an additional time-dependent
level splitting. The non-diagonal term are also proportional to χ̇ and introduce a coulping between the dressed states.
As described above, we use a sharp knife edge to block the atomic resonances
in our experiment. This dramatically changes the spectral and temporal
shape of the pulse and introduces a time-dependent phase as can be seen
in fig. 6.5. Compared to a fourier limited pulse our spectrally cut pulse
has a sharp maximum and long tails reaching out to some picoseconds to
both sides of the pulse maxima. In this regions, the phase of the resulting
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pulse is almost linear, the slope changes with the position of the knife edge
in the fourier plane. The derivative of the phase χ̇ corresponds to a (timedependent) shift of the actual carrier frequency. In the linear regions χ̇ is
approximately constant and the slope of χ matches the energy difference
between the laser carrier freqeuency of the uncut pulse and the position of
the cut. The energy difference of the dressed states is therefore given by the
absolute frequency of the cut position.
Furthermore, the non-diagonal terms lead to a coupling of the dressed
states proportional to the Rabi freqeuency and to χ̇. In contrast to a fourier
limited pulse, where beyond the pulse the population in the dressed states
would remain constant, the long tails of the cut pulses lead to a oscillatory
behaviour of the population, that can be understood as Rabi-like oscillations
among the dressed states. Thus, the frequency of the oscillations is given
by the energy difference of these levels and therewith by the cut position.
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Figure 6.8: Energy difference of the two dressed states versus
the position of the cut.
This interpretation is in very good agreement with our experimental
findings. In fig. 6.8 the calculated level splittings are plotted versus the
position of the knife edge (solid line), together with experimentally deduced
oscillation periods for different cut positions.
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Fluorescence signal
The simple two-level model suggests, that the spectrally cut femtosecond
pulse leads to a off resonant coupling of atoms in the trap. The observed
drop of the fluorescence thus can be contributed to excitation of trapped
atoms by the non-resonant laser pulse. As the delay between pump and
probe pulse is much smaller than the atomic lifetime, the excited atoms in
the 5P state can be ionised by a subsequent probe pulse or transfered to
longliving Rydberg states. In both cases, an effective atom loss from the
trap should be observed.
The molecular ion signal can not directly be explained by the same mechanism. However, a full quantum-mechanical simulation of the photoassociation process described in section 6.1 demonstrates, that the produced
molecules are most likely situated in high lying vibrational levels, less than
1cm− 1 below the 5s5p dissociation limit. Although the pulse spectra doesn’t
cover these levels, they are preferable populated due to high Frank Condon
factors (see Salzmann et al. [2007a]). Due to the small bandwidth of the
populated states, they reveal approximately the energy of a free 5p atom,
leading to coupling dynamics very similar to the atomic case.

6.3

Interpretation in terms of field-dipole interaction

A equivalent description of the oscillatory modulation can be given in terms
of the interaction of the molecular dipole with the transient field in the tails
of the photoassociation pulses.

6.3.1

Atomic and molecular dipole

Once the TDSE is solved for the atomic or molecular system, the timedependent dipole can be calculated from the coefficients cg (t) and ce (t). In
the atomic case the expectation value is simply given by
~
~
hψ(t)|d|ψ(t)i
= (cg (t)∗ ce (t) + cg (t)ce (t)∗ ) he|d|gi.

(6.17)

~ = 2.53 · 10−29 Cm.
For Rubidium, the dipole matrix element is he|d|gi
In the molecular case, one has to take the population of the various vibrational levels into account. In section 6.1 it was shown, that the vibrational
distribution of the population in the 5s+5p1/2 state is dominated by levels
close to the potential asymptote. Hence, the eigenfrequency of the molecular
electronic dipole is given by the mean of this distribution, which is, due to
its position and its small energy width of 0.01 cm−1 similar to the atomic
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frequency.

6.3.2

Dipole-laser field interaction

Fig. 6.9 b. shows the amplitude of the dipole induced by the pump pulse
depicted in a. The corresponding population of the excited state is shown in
d. The major contribution to the amplitude of the dipole is created around
x 10
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Figure 6.9: Electric field and dipole for the atomic case.
the maximum of the pump pulse, where the laser intensity is highest. After
this first “kick”, the dipole continues oscillating with its eigenfrequency. For
the two level system, this is simply the energy difference between the ground
and the excited state. For the molecular case, the eigenfrequency again cor78
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responds approximately to the energy of the molecular 5s5p asymptote as
the major part of the population is distributed to vibrational levels less than
0.01 cm−1 below the asymptote.
The instantaneous frequency of the electric field, however, changes to to the
phase introduced by the knife edge, that acts as a low pass filter (see section
6.2.2). In the tails of the pulse the frequency of the electric field corresponds
essentially to the position of the spectral cutoff ((see fig. 6.9)).
Hence, the dipole acquires a phase relative to the electric field, the modulations can thus be attributed to a beating of the transient laser field and the
dipole. Hence, the dumping of the oscillation is related to the decline of the
transient field.
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Conclusion and Outlook
To summerise, we demonstrated the first successful experiments on photoassociation by shaped femtosecond laser pulses in a pump-probe experiment.
Two colliding ground state atoms in a ulracold cloud of 85 Rb are transfered
to bound vibrational states below the 5s5p1/2 asymptote in a light assisted
collision and subsequently ionized by a second femtosecond probe pulse. The
molecular ion rate for positive delays exceeds the signal at negative delays
by some kHz, a fact that we attribute to femtosecond photoassociation. The
pump pulses were centered approximately 80 wavenumbers below the dissociation energy, the atomic D1 and D2 resonances and all spectral components
to the blue are removed from the spectrum by a low pass filter applied in the
Fourier plane of a zero dispersion compressor. This assured high spectral
intensities just below the asymptote without disturbing the trapped atomic
cloud by resonant laser light. The spectral cutoff significantly changed the
temporal structure of the laser pulse, leading to coherent coupling dynamics
with both the atomic sample and the produced molecules. This was observed as a damped oscillation in the molecular ion signal for positive delays.
The experimental findings were supported by full quantum mechanical
simulations on the photoassociation process. Though this simulations didn’t
allow to deduce absolute rates, a rescaling to the measured molecular rates
reveals a distinguished agreement with the observed ion signal for positive
delay times. Experimentally we found a non-linear dependence of the ion
count rate on the power of the excitation pulse. This was well reproduced
by the simulations, as well as the dependence on the spectral cutoff position
that both changed the molecular production rate and the periods of the
described oscillations.
At negative delays, the experimental ion rate was permanently underestimated by the simulations. A comparison of the mean rate at negative and
positive delay times for different energies of the pump pulse and several
postions of the spectral cutoff revealed a constant ratio of 0.33. Hence,
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the discrepancy at negative delays can be attributed to bound ground state
molecules that had been photoassociated by a previous pump pulse and
spontaneously decayed to the electronic ground state.
The simulations further predicts the coherent formation of ground state
molecules in a Raman process within the photoassociation pulse, though
at very low rates. This coherently formed ground states molecules might
contribute to the pump-probe signal at negative delays, however, the signal
cannot be distinguished in the present setup. The results of both the experiment and the simulations shall be published soon Salzmann et al. [2007a,b].
Also in scope of this thesis, a semi-analytic approach to the coupling
dynamics based on a dressed state approach was developed. The model provides a quantitative understanding of the observed oscillatrory behaviour,
whose periods as a function of position of the cut off were well reproduced by
the levelsplitting of the dressed states. Though based on a two-level model,
the approach is not only valid for atoms, but can also explain the coupling
dynamics of the photoassociated molecules that were formed just below the
dissociation limit.
A intuitive picture of the dynamics was given by investigating the interaction of the induced dipole with the far-reaching tails of the femtosecond
laser pulse. During the pulse maxima, the largest population transfer occurs
and a large dipole is induced which starts to oscillate with its eigenfrequency
after the driving field has significantly dropped. In the transients of the laser
field, the induced dipol exchanges energy with the laserfield which in this
reagions oscillates with the frequency of the spectral cutoff. This leads to
oscillations on the pump-probe spectra for positive delays, with energies
corresponding to the difference between the spectral cutoff frequency and
the asymptotic energy of the excited state potential. A publication of the
findings of both the dressed state picture and the interpretation in the framework of dipole-field interaction is intended Albert et al. [2007].
While we proofed femtosecond photoassociation for the first time, crucial
questions couldn’t be answered and many expected improvements remained
unobserved. Most importantly, it was not possible to observe the propagation of a coherently formed wavepacket in the excited state potential
surface. Our simulations show, that most of the molecular population is
formed in vibrational states less than 0.01 cm−1 below the asymptote. On
the timescale of the pump probe measurements, the resulting wavepacket is
stationary and.
Furthermore we didn’t observe the predicted enhancment of molecular production for chirped pulses, but observed a contrary behaviour: the highest
molecular formation rates are measured with fourier limited pulses. This
again has to be attributed to the fact, that the observed formation process
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is steered by a non-linear interaction of the atomic sample with the femtosecond pulse. Chirping the pulse in frequency, however, leads to a strechted
pulse in the time domain and hence to a lower peak intensity.
To overcome this problem a improved experiment is currently designed
and setup. In scope of this thesis a novel design of a zero dispersion compressor was invented and implemented, which allows to extend the well established method of femtosecond pulse shaping using liquid crystal modulators
to pulses in the picosecond regime. The concept was tested by simulations
both using ray tracing and gaussian optics. Robustness and simple handling
is assured by a detailed design of appropriate mounts for the optical components and by consequently disentangle the necessary degrees of freedom in
the alignment procedure. The setup is capable of being used for pulse durations from some pico- to less than 100 femtoseconds. The use of alignment
masks should lead to an easy and flexible alignment of the setup.
Presently, the application for a patent on the novel shaper setup is prepared.
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Figure 8.1: Grating: Definition of angles.
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Appendix A

Absorption model
A.1

Beer’s law

The absorption of an electromagnetic wave of frequency ω propagating in z
direction in a medium is given by Beer’s absorption law (see eq. 2.11), that
depends on the absorption coefficient (see e.g. Budker et al. [2004]; Sage
[2006]; Mudrich [2003]):
α(ω, z) = n(x, y, z) · σabs (ω),

(A.1)

where n(x, y, z) is the density and σabs (ω) the cross-section at a given frequency. In the next section, the derivation of σabs (ω) is accomplished in
detail. Eq. 2.11 is valid only for low intensities. In case of high intensities
one has to take the optical pumping into account.
The rate equation for a two level system can be written as
dng
dne
=−
= −Rng + Rne + Γne .
dt
dt

(A.2)

Here ng and ne are the densities in the ground and in the excited state
respectively, Γ is the spontaneous decay rate and R denotes the pumping
rate:
R = σabs (ω)

I(ω)
.
~ω

For the steady state (
ties is given by
n2 − n1 =

dng
dt

(A.3)
=

dne
dt

= 0) the difference of the population densi-

n1 + n2
n
.
=
R
1
+
S
1 + 2Γ

(A.4)
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In the last step the saturation parameter, S, was introduced:
2I(ω)
2R
= σ(ω)
Γ
~ωΓ
Γ2
2I(ω)
= σabs (ω0 )
2
2
4(ω − ω0 ) + Γ ~ωΓ
I(ω)
Γ2
,
=
Isat 4(ω − ω0 )2 + Γ2

(A.5)

S(ω) =

were (A.12) was used. Isat is the saturation intensity defined in (2.2), for
Rb ≈ 1.6mW/cm2 .
Rb this value is Isat
Due to the fact that at high intensities a non-negligible fraction of atoms
in not in the ground state anymore, the absorption coefficient has to be
modified:
α(ω) = σ(ω)nef f = σ(ω)(n1 − n2 ) = σ(ω)
=

1
1+S

(A.6)

nσ(ω)
1 + I/Isat + (2(ω − ω0 )/Γ)2

In our case the assumption of low energy is satisfied as the power of the
absorption beam is Ibeam ≈ 40nW and with eq. (2.11) the absorption of the
atomic cloud can be written as


Z
I(x, y) = I0 (x, y) · exp −σabs (ω) n(x, y, z)dz
(A.7)
The density distribution in the atomic cloud in the magneto optical trap
(MOT) can assumed to be Gaussian:
x2
y2
z2
n(x, y, z) = n0 · exp −
+
+
2σx2
2σy2 2σz2




(A.8)

Here σx , σy and σz are the widths of the cloud in the three directions in
space.
For a 2 dimensional picture of the atomic cloud one has to integrate over
the observation direction z:
 2

Z
√
x
y2
+ 2
(A.9)
n(x, y, z)dz = n0 · 2πσz exp −
2σx2
2σy
Thus the absorption of the atomic cloud is hence given by:


 2
√
y2
x
+
. (A.10)
I = I0 (x, y) · exp −n0 · 2π · σabs (ω) · σz · exp −
2σx2
2σy2
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A.2

Absorption cross-section

The absorption profile of an stationary atom is given by a Lorentzian distribution (Budker et al. [2004],Demtroeder [2002]):
L(ω) = L(ω0 )

Γ2
4(ω − ω0 )2 + Γ2

(A.11)

Here Γ is the natural linewidth, i.e. the full width at half maximum (FWHM)
of the Lorentzian profile and ω0 is the resonant frequency. In terms of the
absorption cross-section this can be rewritten as
σabs (ω) = σabs (ω0 )

Γ2
4(ω − ω0 )2 + Γ2

(A.12)

where σabs (ω0 ) is the absorption cross-section at resonance. For a two level
system with initial state |ii and final state |f i the absorption cross-section
is given by the ratio of the absorption rate, Weg , and the photon flux, Φ =
cE02
8π~ω0 :

σabs (ω0 ) =

Weg
Φ

(A.13)

The differential absorption rate, dWeg , can be calculated using Fermi’s
golden Rule:
dWeg =

2π
|hf |H|ii|2 ρe (E)P (E)dE
~

(A.14)

with ρe (E) being the density of states and P (E) the energy distribution of
the light field. As we are dealing with a two-level system ρe (E) is just the
delta function
ρe (E) = δ(~ω − ~ω0 ).

(A.15)

and the energy distribution is Lorentzian
P (ω) =

(ω −

γ
(2π)
.
ω0 )2 + ( γ2 )2

(A.16)

Integrating over the energy one obtains for the absorption rate
Weg =

4
|hf |H|ii|2 .
2
γ~

(A.17)

In the electric dipole approximation the Hamiltonian that describes the
absorption of one photon by the atom can be written as
r
i
e
2π~ h
e
~=
a(~
p · ǫ̂) + a† (~
p · ǫ̂∗ ) .
(A.18)
p~ · A
H=
mc
m Vω
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Here p~ is the canonical momentum, ǫ̂ the polarisation vector of the laser
field and V the normalisation volume.
Rewriting (A.18) in spherical coordinates and using the dressed-atoms
approach with
|ii = |g, F, MF i|ni

|f i = |e, F ′ , MF′ i|n − 1i

(A.19)

and the Wigner-Eckart theorem one can calculate the matrix element for
this transition (n is the number of photons in the mode)
r
e 2π~n
he, F ′ , MF′ | (~
p · ǫ̂) |g, F, MF i
(A.20)
hf |H|ii =
m
Vω
r
2π~nω0 X
(−1)q he, F ′ , MF′ |dq ǫ−q |g, F, MF i
= −i
V
q
r
2π~nω0 he, F ′ ||d||g, F i X
= −i
(−1)q hF, MF , 1, q|F ′ , MF′ iǫ−q .
V
2F ′ + 1
q

It can be shown that the result doesn’t depend on a particular choice of
polarisation (isotropy of space). For simplicity one can choose linearly polarised light with polarisation vector along z (ǫ0 = 1, ǫ±1 = 0):
r
2π~nω0 he, F ′ ||d||g, F i
hF, MF , 1, 0|F ′ , MF′ iǫ0
(A.21)
hf |H|ii = −i
V
2F ′ + 1
The number of photons can be related to the intensity which is the product
of photon flux and energy per photon
cE02
n
= ~ωc
8π
V
With (A.17) one finally obtains the absorption rate
I=

Weg =

1 E02 |he, F ′ ||d||g, F i| 2
2
hF, MF , 1, 0|F ′ , MF′ i .
γ ~2
2F ′ + 1

(A.22)

(A.23)

To calculate the resonant absorption cross-section, σabs (ω0 ), one has to take
all possible transitions, i.e. all possible quantum numbers MF and MF′ , into
account:
1 E02 |he, F ′ ||d||g, F i| 2 X X
2
hF, MF , 1, 0|F ′ , MF′ i . (A.24)
Weg =
γ tot ~2 (2F ′ + 1)(2F + 1)
′
MF MF

γtot denotes the total width of the transition, including spontaneous decay to other levels, pressure broadening, etc. The sum of Clebsch-Gordan
coefficients can be calculated
XX
2F ′ + 1
2
.
(A.25)
hF, MF , 1, 0|F ′ , MF′ i =
3
′
MF MF
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The reduced dipole moment expressed in terms of the natural linewidth,
γnat , of the |ei → |gi transition is
hg, F ||d||e, F ′ i

2

= (2F ′ + 1)

3~c3 γnat
.
4ω03

(A.26)

Using (A.13) one finally obtains
σabs (ω0 ) =

λ2 2F ′ + 1 γnat
.
2π 2F + 1 γtot

(A.27)

For a closed transition (F → F ′ , γnat = γtot ) this is simply
σabs (ω0 ) =

λ2
.
2π

(A.28)

In our experiment we use the D2 transition |F = 3i → |F ′ = 4i of 85 Rb
which is at λ = 780.24nm. The MOT Lasers are circularly polarised and
the population is therefore optically pumped to the |F = 3, mF = ±3i and
|F ′ = 4, m′F = ±4i states, respectively. If the energy spacing between the
different hyperfine states is large enough, the system can be treated as a
two-level system and the averaged Clebsch-Gordan coefficient becomes 1.
For the resonant absorption cross-section this means
σabs,σ (ω0 ) = 2.907 · 10−13 m2 .

(A.29)

For linearly polarised light the averaged Clebsch-Gordan coefficient can
be calculated
C(F, MF , F ′ , MF′ )

2

=

9
2F ′ + 1
=
2F + 1
21

(A.30)

and for the absorption cross-section for linear polarisation one obtains
σabs,π (ω0 ) = 1.246 · 10−13 m2 .

(A.31)
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Scully, M. and Zubairy, M. (1997). Quantum Optics. Cambridge University
Press, Cambridge, U.K.; New York, U.S.A.
Shalit, A. D. and Feshbach, H. (1974). Theoretical Nuclear Physics. John
Wiley and Sons Inc.
Shapiro, M. and Brumer, P. (2003). Principles of the quantum control of
molecular processes. John Wiley and Sons.
Spence, D. E., Kean, P. N., and Sibbett, W. (1991). 60-fsec pulse generation
from a self-mode-locked ti-sapphire laser. Optics Letters, 16:42–44.
Thorsheim, H. R., Weiner, J., and Julienne, P. S. (1987). Laser-induced
photoassociation of ultracold sodium atoms. Phys. Rev. Lett., 58:2420.
Tournois, P. (1997). Acousto-optic programmable dispersive filter for adaptive compensation of group delay time dispersion in laser systems. Optics
Communications, 140:245–249.
Townsend, C. G., Edwards, N. H., Zetie, K. P., Cooper, C. J., Rink, J.,
and Foot, C. J. (1996). High-density trapping of cesium atoms in a dark
magneto-optical trap. Phys. Rev. A, 53:1702.
100

Bibliography

Vala, J., Dulieu, O., Masnou-Seeuws, F., Pillet, P., and Kosloff, R. (2001).
Coherent control of cold-molecule formation through photoassociation.
Phys. Rev. A, 63:013412.
Walker, T., Sesko, D., and Wieman, C. (1990). Collective behavior of optically trapped neutral atoms. Phys. Rev. Lett., 64:408.
Wang, D., Qi, J., Stone, M. F., Nikolayeva, O., Wang, H., Hattaway, B.,
Gensemer, S. D., Gould, P. L., Eyler, E. E., and Stwalley, W. C. (2004).
Photoassociative production and trapping of ultracold krb molecules.
Phys. Rev. Lett., 93:243005.
Weiner, A. M. (2000). Femtosecond pulse shaping using spatial light modulators. Rev. Sci. Inst., 76:1929–1960.
Weiner, A. M., Heritage, J. P., and Kirschner, E. M. (1988a). High-resolution
femtosecond pulse shaping. J. Opt. Soc. Am. B, 5(8):1563.
Weiner, A. M., Heritage, J. P., and Salehi, J. A. (1988b). Encoding and
decoding of femtosecond pulses. Opt. Lett., 13(4):300.
Weiner, A. M., Leaird, D. E., Patel, J. S., and Wullert, J. R. (1990). Programmable femtosecond pulse shaping by use of a multielement liquidcrystal phase modulator. Optics Letters, 15:326–328.
Weiner, J. (2003). Quantum collisions. In M. Weidemüller, C. Z., editor,
Interactions in ultracold gases, pages 64–128. Wiley-VCH, Weinheim.
Weiner, J., Bagnato, V. S., Zilio, S., and Julienne, P. S. (1999). Experiments
and theory in cold and ultracold collisions. Rev. Mod. Phys., 71:1.
Weinstein, J. D., deCarvalho, R., Guillet, T., Friedrich, B., and Doyle,
J. M. (1998). Magnetic trapping of calcium monohydride molecules at
millikelvin temperatures. Nature, 395:148–150.
Willner, K., Dulieu, O., and Masnou, F. (2004). Mapped fourier grid methods for long-range molecules and cold collisions. J. Chem. Phys., 120:548.
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