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Abstract:
In this thesis, photoassociation, trapping and interaction of an ultracold
molecular gas is described. Cs2 molecules are photoassociated in an
optical dipole trap from a gas of ultracold Cs atoms. Saturation of the
photoassociation rate, which at high laser intensities is determined by
the number of available atom pairs only, is investigated.
Furthermore, collisions between trapped Cs atoms and Cs2 molecules
in the a3 Σ+ potential are analyzed. Measurements with molecules in
two different binding energy regimes are performed yielding in a state
independent unitarity limited collision cross section.
Finally, photoassociation of LiCs molecules in a magneto-optical trap
via photons of the trapping light is examined.
Zusammenfassung:
In dieser Dissertation werden die Photoassoziation, das Fangen sowie
Wechselwirkungen ultrakalter Moleküle vorgestellt. Dazu werden Cs2
Moleküle in einer optischen Dipolfalle aus ultrakalten Cs Atomen photoassoziiert. In der Falle kann eine Sättigung der Photoassoziationsrate,
die bei hohen Intensitäten des Photoassoziationslasers nur von der Anzahl der vorhandenen Atompaare abhängt, untersucht werden.
Im Folgenden werden Messungen der Stöße zwischen gefangenen ultrakalten Cs Atomen und Cs2 Molekülen im a3 Σ+ Potential beschrieben.
Dazu wurden Messungen mit zwei verschieden stark gebundenen
Molekülensembles durchgeführt. Es zeigte sich, daß der Koeffizient der
Stoßrate, unabhängig von den Anfangszuständen der Moleküle, unitär
begrenzt ist.
Am Ende der Dissertation wird über die Photoassoziation von LiCs
Molekülen in einer Magnetooptischen Falle durch Photonen des Fallenlichts berichtet.

Contents
1 Introduction

1

2 Ultracold molecules
2.1 Interaction potentials . . . . . . . . . . . . . .
2.1.1 Short range interaction . . . . . . . . .
2.1.2 Long range interaction . . . . . . . . .
2.1.3 Transitions between different molecular
2.2 Production of ultracold molecules . . . . . . .

. . . . . .
. . . . . .
. . . . . .
potentials
. . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

3 Photoassociation of Cs2 in an optical dipole trap
3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Photoassociation in a magneto-optical trap and an optical dipole
3.3 Rate coefficients and Franck-Condon factors . . . . . . . . . . .
3.3.1 Trap loss model . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Franck-Condon modulation in the 0−
g outer well . . . . .
3.4 Saturation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.1 Semianalytic model . . . . . . . . . . . . . . . . . . . . .
3.4.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

5
5
6
8
12
14

. . .
trap
. . .
. . .
. . .
. . .
. . .
. . .

19
20
26
29
30
34
38
39
40

.
.
.
.
.

.
.
.
.
.

4 Detection of ground state molecules
47
4.1 Production of molecular ions . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Design of a time-of-flight mass spectrometer . . . . . . . . . . . . . . 49
4.3 Characterization of the spectrometer . . . . . . . . . . . . . . . . . . 55
5 Ultracold atom-molecule collisions
63
5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2 Classical versus quantum scattering . . . . . . . . . . . . . . . . . . . 65
VII

VIII

CONTENTS

5.3
5.4

5.5
5.6
5.7

Production of Cs2 ground state molecules . . . . .
Collisions with atoms in F=3 . . . . . . . . . . .
5.4.1 Comparison of different vibrational states
5.4.2 Comparison of different rotational states .
Collisions with atoms in F=4 . . . . . . . . . . .
Molecule-molecule collisions . . . . . . . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . .

6 Formation of ultracold heteronuclear molecules
6.1 Motivation . . . . . . . . . . . . . . . . . . . . . .
6.2 Molecule formation in a MOT . . . . . . . . . . .
6.3 Measurements . . . . . . . . . . . . . . . . . . . .
6.3.1 Two-species oven . . . . . . . . . . . . . .
6.3.2 Two-species MOT . . . . . . . . . . . . .
6.3.3 Detection of LiCs molecules . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

67
71
74
76
78
79
81

.
.
.
.
.
.

85
85
86
89
89
93
95

7 Conclusion and outlook
103
7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
A Laser System

109

B MCP detector

113

C Properties of Cs and Li

115

Chapter 1
Introduction
The investigation of molecular gases at ultracold temperatures of a few hundred µK
has become a rapidly developing field in the past years [Doyle04, Masnou-Seeuws01,
Bahns00, Bethlem03]. Compared to atoms, molecules have a much more complex
structure which leads to additional degrees of freedom, such as internal vibrations
and rotations. In the case of heteronuclear molecules consisting of different atomic
species, the molecule can even have a permanent electric dipole moment. The variety
of new degrees of freedom gives rise to complicated interactions such as collisions
and chemical reactions among the molecules. At room temperature many different
quantum states contribute in an interaction process and it is only possible to observe
an average behavior of the molecules. To understand the underlying physics, it is
desirable to prepare a molecular ensemble in one specific quantum state.
It is possible to gain control over the different quantum states, if the molecules
are cooled to low temperatures. Cooling below 1 K can be achieved with different technics, such as collisions with a helium buffer gas [Weinstein98] or an atomic
argon beam [Elioff03], sympathetic cooling with ions [Mølhave00] or helium nanodroplets [Goyal92] and by trapping cold molecules from a slowed beam [Bethlem99].
At these temperatures all vibrational and rotational degrees of freedom are frozen
out and the molecule is left in the absolute rovibronic ground state. Then it is
possible to prepare a molecular sample in one specific quantum state.
A molecular gas at even lower temperatures below one mK can be produced
either via a Feshbach resonance [Courteille98] or by photoassociation of two cold
atoms [Lett93, Miller93]. The kinetic energy of molecules at these temperatures is
1
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so low that it is now possible to control molecules with a permanent electric dipole
moment via external fields because the interaction energy of the molecules with the
field exceeds their thermal energy. If the field is strong enough, e.g. a pendular
state can be created by aligning the molecules [Rost92]. Furthermore, the scattering
process between two molecules can no longer be described with a classical theory,
but only in terms of quantum mechanics. In the scattering process more and more
partial waves freeze out, until the temperature reaches a value where only s-wave
scattering is allowed [Weiner99].
If the kinetic energy of the molecule due to their temperature becomes smaller
than the interaction energy between two colliding partners in the sample, the two
partners cannot overcome an energetic barrier in the interaction potential any more.
Therefore, only barrier free reactions among molecules and atoms can occur. In this
case, small changes in the interaction potential, for example caused by additional
external fields, can influence the reaction of the two partners and open or close
reaction pathways [Krems05, Krems06].
This thesis reports on the first observation of collisions between trapped molecules
in deeply bound vibrational states and atoms at translational temperatures below
100 µK [Staanum06, Zahzam06]. To investigate these collisions, new techniques had
to be developed which made it possible to gain a deeper inside into the physics
underlying the production of ultracold molecules.
In an optical dipole trap Cs2 molecules are formed via photoassociation [Wester04,
Takekoshi98]. In this trap the atom density is more than one order of magnitude
higher than the density in a MOT which enhances the photoassociation rate by
more than two orders of magnitude. In addition, no dissipative processes take place,
which allows to accumulate the atom loss due to photoassociation during a long
photoassociation time. This made it possible to observe atom loss even for deeply
bound excited molecular states. By analyzing the atom loss, photoassociation rates
and Franck-Condon factors were determined. Before, this could only be observed indirectly via ionization of the produced ground state molecules [Fioretti99, Drag00a].
Furthermore, it was possible to study the photoassociation process at high laser
intensities in the strong coupling regime and to observe saturation of photoassociation [Kraft05b, Schlöder02, McKenzie02]. These results help to understand the
dynamics underlying the formation of the molecules and show that the photoassociation rate is only limited by the number of available atom pairs [Bohn99].

3

In order to observe the produced ground state molecules, a new time-of-flight
mass spectrometer was designed [Kraft05a]. The spectrometers used so far for the
detection of ions created from ultracold molecules have a poor mass resolution, which
is only good enough to resolve the mass of a diatomic molecule from the mass of
its atomic constituents (e.g. Cs from Cs2 [Fioretti99]) or in some cases the mass
of heteronuclear diatomic molecules from the mass of the initial atoms, if the mass
difference is not too large (e.g. Rb and Cs from RbCs [Kerman04]). In order to
improve the resolution a spectrometer which combines a high mass resolution with
a good optical access was build and implemented in the experimental setup. With
this spectrometer, based on an idea of Wiley and McLaren [Wiley55], which is widely
used in molecular physics, it is now possible to separate even Cs (mass: 133 amu)
from LiCs (mass: 140 amu).
Using the spectrometer, interactions between molecules and atoms trapped in an
optical dipole trap could be investigated [Staanum06]. Previous experiments which
have stored a gas of ultracold molecules had either insufficient molecular densities
[Takekoshi98, Vanhaecke02] or insufficient storage times [Fioretti04] to observe any
interactions.
We were able to trap the molecules long enough to observe an atom-molecule
interaction, due to a low background gas collision rate in our experiment. The
measured rate coefficients for inelastic collisions between atoms and molecules in
different rovibrational states are independent of the initial molecular state. It turned
out that the investigated temperature range represents the crossover regime, where
collisions can be either described by the classical Langevin capture theory or in terms
of quantum mechanics. This result is compared to theory. Theoretical predictions
for atom-molecule and molecule-molecule collision rates are difficult to perform due
to the complex structure of the atoms and molecules and are therefore ambiguous.
While Balakrishnan and co-workers predict an increasing collision rate coefficient
for higher vibrational states [Balakrishnan97, Quéméner04, Cvitas05], Stwalley and
coworkers calculate very small collision rate coefficients for these states [Stwalley04].
In an optical dipole trap many different atomic and molecular species can be
trapped at high densities simultaneously. Thus molecules and atoms in such a
trap represent an excellent sample for the investigation of more complex reactions,
e.g. the exchange reaction LiCs + Cs → Cs2 + Li. A step further towards reaching this complexity is the detection of ultracold LiCs molecules [Kraft06]. This

4
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molecule has the largest predicted ground state electric dipole moment of all alkali
dimers [Aymar05]. Even though the production rates are very low, it was possible
to detect LiCs molecules in the X 1 Σ ground state and the a3 Σ metastable state,
which represents an excellent starting point for future trapping of a dipolar gas.
The thesis is organized as follows. In chapter 2 the concepts which are important
to understand the performed experiments are briefly explained. The first part of
chapter 3 introduces into the experimental setup, compares photoassociation in a
MOT and an optical dipole trap and analyzes photoassociation rates and FranckCondon factors. Chapter 3.4 investigates the photoassociation saturation effects in
the strong coupling regime. The new ion detector is explained and characterized in
chapter 4 and atom-molecule collisions are evaluated in chapter 5. Finally, chapter 6
describes the first observation of LiCs molecules produced in a MOT.

Chapter 2
Ultracold molecules
Ultracold atoms have been widely investigated in the past 20 years since laser cooling
was available. About ten years ago, ultracold molecules could be detected for the
first time [Lett93, Miller93]. In contrast to atoms, molecules have a much larger
variety of internal states, opening up new possibilities for investigations.
This chapter gives an introduction into the molecular physics required for the
interpretation of photoassociation experiments. In Section 2.1 the basic features of
molecular dimer potentials are explained. The production of ultracold molecules,
especially photoassociation which is used in the experiments described in this thesis,
is discussed in section 2.2.

2.1

Interaction potentials

If two atoms approach each other, they interact and thus feel a force which can be
described by an interaction potential [Hirschfelder67]. The interaction is dominated
by different effects, depending on the distance of the atoms. If they are far apart and
there is essentially no overlap of the electron orbitals, the interaction is caused by
the long range coulomb force. As they approach each other, the interaction becomes
dominated by the overlap of the electron orbitals.
This section explains the different concepts used to describe the potential. The
discussion is constrained to diatomic molecules as only these are produced in the
experiments reported in this thesis. First short range interaction between two atoms
is discussed (section 2.1.1) followed by a description of the long range potential (sec5

6

Chapter 2. Ultracold molecules

tion 2.1.2). Finally, selection rules for transitions between states in different molecular potentials are given (section 2.1.3), concentrating on the features which are
important for the photoassociation experiments presented in this thesis. The description follows mainly the book of Herzberg [Herzberg50], further introductions in
molecule potentials can be found e.g. in the textbook of W. Demtröder [Demtröder03]
or in the review article of E. Tiemann in [Weidemüller03].

2.1.1

Short range interaction

In the short range part of the interaction potential the wavefunctions of the electron
orbitals overlap and the coupling energy of the electron orbital angular momentum to the internuclear axis of the molecule exceeds the spin-orbit coupling energy
of the electrons. This region can be described in the terms of Hund´s coupling
case a) [Hund26].
Figure 2.1 shows a molecule described by Hund´s case a). The coupling of the
electron orbital momentum to the internuclear axis is stronger than the spin-orbit
coupling, and hence the orbital angular momentum of the electrons add up to a
resulting orbital angular momentum L which rotates around the internuclear axis.
The projection of L onto this axis gives the quantum number Λ which can take values
of Λ = 0, 1, 2, ..., L. Corresponding to the different quantum numbers Λ, these states
are labeled in analogy to the atomic states as Σ, Π, ∆, Φ... states.
The spins of the electrons couple to a total electron spin S. If Λ 6= 0 the molecule
has a magnetic field along the internuclear axis and the spin can precess around the
axis. The corresponding quantum number Σ is given by the projection of S onto
the internuclear axis1 and can take values of Σ = -S, -S+1, ..., S-1, S. Thus to each
spin S there are 2S+1 different sub states with different energies. In a molecule,
the electron spin Σ and the orbital angular momentum Λ add up to a total angular
momentum of the electron Ω = |Λ + Σ| and every state is classified by its quantum
numbers as
2S+1

Λ±
Λ+Σ

(2.1.1)

where ± denotes the parity according to a reflection at any plane containing
1

This notation can be confusing, because Σ either describes the projection of S onto the internuclear axis or is the label of a state with Λ = 0.

2.1. Interaction potentials

Figure 2.1: Hund´s case a): If the interaction energy is larger than the spin-orbit
coupling energy, the total electronic angular momentum L and the spin S can be
projected onto the molecular figure axis separately, yielding the quantum number Λ
and Σ, respectively. Together with the angular momentum N of the molecular rotation
around the internuclear axis they couple to the angular momentum J.

the internuclear axis. A molecule with Λ = 0 has no magnetic moment along the
internuclear axis and the spin projection Σ onto the axis is not defined. Nevertheless,
one still defines the multiplicity of the states as 2S+1.
Additionally, the molecule can rotate around an axis perpendicular to the internuclear axis with an angular momentum N. The total angular momentum J of
the molecule is the vector sum of the total angular momentum of the electrons Ω
and N. Since N is perpendicular to the internuclear axis and thus to Ω, J can only
take values equal or higher to Ω, i.e. J= Ω, Ω + 1, Ω + 2... The rotational energy of
the molecule can be expressed by Erot = Brot [J(J+1)-Ω2 ] with a rotational constant
Brot (v) which has the same value for all rotational states within one vibrational state
v, if the stretching of the molecule due to its rotation can be neglected.
The rotational energy of Σ states (Λ = 0) has to be calculated in terms of Hund´s
case b) (see Fig. 2.2) which is used for a spin coupled weakly to the internuclear axis
since these states do not have a magnetic field caused by the orbital angular momentum of the electrons. Λ and N couple to an angular momentum K with the values K
= Λ, Λ + 1, ... The spin S couples to K resulting into a total angular momentum J. If
small energy contributions due to the coupling are neglected, the rotational energy
Erot can by written as Erot = Brot K(K+1) with a rotational constant Brot .

7
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Figure 2.2: Hund´s case b): The projection of the electron orbital angular momentum Λ couples with the molecular rotation N to the momentum K. The electronic spin
couples to K forming a total angular momentum J.

For Σ states N is equal to K and J defined as J = (K + S) , (K + S − 1) , ..., |K − S|
can be written as J = (N + S) , (N + S − 1), ..., |N − S|. For alkali dimers the spin S
can have either the value 0 or 1 resulting in a 1 Σ or a 3 Σ state, respectively. For the
1
Σ state J is equal to N and the rotational energy is only determined by the rotation
of the molecule around its axis. In the case of the triplet state, J can take values of
N or N ±1 and a rotational energy level with a certain energy corresponding to one
N can be composed out of several different values of the total angular momentum J.

2.1.2

Long range interaction

At larger distances the spin-orbit coupling becomes stronger than the coupling of
the orbital angular momentum to the internuclear axis. In this case, described by
the Hund´s coupling case c) (Fig. 2.3), the electron angular momentum L and the
spin S couple to a total angular momentum of the electrons Ja . Thus, Λ and Σ
are no longer good quantum numbers and only the projection of the total angular
momentum Ω of the electron is conserved. In this case, the different states are labled
as
Ω±
u,g ,

(2.1.2)

9
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Figure 2.3: Hund´s case c): The total electronic angular momentum L and the total
spin S couple to the angular momentum Ja . The projection of Ja onto the molecular
figure axis gives the quantum number Ω resulting together with N in a total angular
momentum J.

where Ω is the projection of J onto the internuclear axis and ± and u/g labels for
the symmetry to the plane and the behavior of the wave function due to exchange
of the nuclei, respectively. The rotational energy Erot = Brot N(N+1) is given by the
same formula as for states described by Hund´s case a).
If the atoms are very far apart, the long range part of the interaction potential
is governed by the Coulomb force. In this case, it is useful to expand the potential
in a series yielding
V (R) = D −

X Cn
n

Rn

,

(2.1.3)

where D denotes the dissociation energy and R is the internuclear distance. The
coefficients Cn which can be calculated via perturbation theory correspond to the
different electric multipoles [Hirschfelder67]. The coefficients C1 , C2 and C4 characterize the ion-ion, ion-dipole interaction and the interaction of an induced dipole
with an ion, respectively. Since they are only nonzero if at least one colliding partner
is charged, they can be neglected in the further discussion. The coefficients with
odd coefficient numbers n ≥ 3 correspond to resonant intermolecular forces. The
C3 /R3 term gives the strength of resonant dipole-dipole interaction, the C5 /R5 term
the quadrupole-quadrupole interaction and so forth. The terms with even n C6 /R6 ,
C8 /R8 and C10 /R10 originate from an induced dipole-dipole, dipole-quadrupole and

10
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Figure 2.4: Interaction potentials for the ground and the first excited state. The
left graph shows the potentials for homonuclear dimers. The two excited states are
degenerate and thus the potential is proportional to R−3 . The right graph shows the
potentials of a heteronuclear dimer. Depending on which atom is excited, the potential
curves are attractive or repulsive.

quadrupole-quadrupole interaction, respectively and are sometimes referred to as
dissociative terms in the literature.
Two alkali atoms in the electronic ground-state do not have any permanent
electric moments and thus all terms with odd n vanish. The leading term in the
expansion (2.1.3) of the potential is given by the van-der-Waals interaction, a dipoledipole interaction induced by vacuum fluctuations and scales as 1/R6 .
The value of the C6 coefficient can be obtained by treating the two atoms A and
B in a two-level system consisting of the ground state |gi i, the exited state |ei i and
the transition frequency between those states ωi = 2πc/λi (i = A, B). In this case
perturbation theory yields
C6 ' −

4d2A d2B
,
~(ωA + ωB )

(2.1.4)

for the C6 coefficient in the ground-state, where di = hgi |e~r|ei i is the electric
dipole moment of the atoms [Weidemüller00]. Thus ground-state interaction potential are always attractive as depicted in figure 2.4.
For an optically excited molecule with one atom in the ground-state and the
second atom in an excited state, one has to distinguish between homonuclear and

11
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heteronuclear molecules. The C3 coefficient of the excited potential describing the
resonant dipole-dipole interaction can by written as
C3 ' ±2 hgA |e~r|eB i2 .

(2.1.5)

While the dipole moment dA,B = hgA |e~r|eB i is zero for a heteronuclear molecule,
it does not vanish, if both atoms are of the same species and thus the excited
states |eA i and |eB i are energetically degenerate. For degenerate states |eA i and
|eB i resonant dipole energy transfer leads to an asymptotic 1/R3 -dependence of the
molecular potential. For heteronuclear molecules this dipole moment is zero and
therefore the 1/R6 term dominates the long-range behavior. One exception should
be mentioned, if the energy difference ∆E for the two exited states is very small, the
potential still behaves as 1/R3 , as long as ∆E is small compared to the interaction
energy. This is the case for the interaction potential of different isotopes like 6 Li
and 7 Li.
Equation (2.1.5) shows another difference between the exited and the groundstate potentials. While all curves in the electronic ground state are attractive, in
the exited potential half of them are repulsive and thus have no bound molecular
states.
In the case of heteronuclear dimers the excited states are non degenerated, and
thus C6 /R6 is the leading term in equation (2.1.3). Here, perturbation theory yields
C6∗ '

4d2A d2B
.
~(ωA − ωB )

(2.1.6)

In contrast to the ground-state (equation (2.1.4)), the C6∗ coefficient for the excited potential can be positive or negative, depending on which atom is exited.
Excitation of the atom with the lower transition frequency leads to attractive potentials while the potentials are repulsive if the atom with the higher frequency is
excited (Fig. 2.4).
The intermediate part of the potential is described by the transition from the
Hund´s case a) to the Hund´s case c) potentials. Cohen and Schneider[Cohen74,
Spiegelmann89] have derived a semi-empirical approach to calculate the Hund´s case
c) potentials with perturbation theory from the Hund´s case a) potential, yielding

12
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Ã
0− =

V (3 Π) −
SO

Ã
0+ =

ASO
2

− A√2

V (3 Π) −
SO

ASO
2

,

(2.1.7)

SO

− A√2

,

(2.1.8)


,

(2.1.9)

!

V (1 Σ+ )
SO

V (3 Π) − A2
 ASO
1= − 2
V (1 Π)
ASO
2

!

V( Σ )

− A√2



A√SO
2
3 +

ASO
2

ASO
2
ASO
2
3 +



V( Σ )

for the different potentials, where ASO is the fine structure splitting. The 0−
potential is a mixture of triplet potentials, while the 0+ and the 1 potential have
triplet as well as singlet character.

2.1.3

Transitions between different molecular potentials

As it is the case for atoms, certain selection rules for electric dipole transition in
molecules exist. The quantum number of the total angular momentum cannot be
change by more than one unit (∆ J = 0, ±1 with the restriction J = 09 J’=0)
Further selection rules are:
symmetry:
+ ↔ −, + 9 +, − 9 −,
parity:
g ↔ u, g 9 g, u 9 u,
orbital angular momentum:
∆Λ = 0, ±1,
electron spin S:
∆S=0
projection of the electron spin:
∆Σ = 0,
total electron angular momentum: ∆Ω = 0, ±1.
total angular momentum:
if Ω = 0 → Ω = 0 than ∆ J 6= 0
Thus dipole transitions from a singlet to a triplet state are not allowed. For
transitions between a Hund´s case c) potential and a potential of either Hund´s
case a) or Hund´s case b), the c) potential has to be written in the basis of Hund´s
case a) and c), respectively. Since the 0− state has no contribution from a singlet
potential, transitions to a state in the 1 Σ potential are not allowed, whereas both
a 0+ and a 1 state can decay into singlet as well as triplet states. In the following
transitions between different rovibrational states of the optically excited 0−
g and the

2.1. Interaction potentials

Figure 2.5: Possible rotational transitions between a vibrational state in the 0−
g
potential to a state in the 3 Σ potential: Transitions are allowed if J changes by ±1 or
stays the same.

a3 Σ potential, which are important in chapter 5, shall be discussed in more detail.
Figure 2.5 shows the different rotational levels of two vibrational states. The upper
3
−
levels belong to the 0−
g , the lower levels to the Σ potential. In the 0g potential
we have Ω = 0 and thus J equals N. The energetically lowest rotational state is J
= 0 followed by J = 1. The situation is more complicated for the 3 Σ state. The
rotational states with the lowest energy is the K = 0 state, which is formed by the
J = 1 state. The next states with K = 1 and K = 2 consist of states with J = 0, 1,
2 and J = 1, 2, 3 respectively. Thus the lowest state in the 0−
g potential (J = 0) can
decay into the states with K = 1, 2, 3 and the state with the next higher rotational
energy (J = 1) decays into K = 0, 1, 2, and 3.
The transition probability is determined by the overlap integral of the two involved states, the Franck-Condon factor [Franck26, Condon26, Condon28]. Since the
wavefunction of a vibrational state has a significant amplitude only at the classi-
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cal turning points, transitions between states with a similar extension of the wave
function are preferred.

2.2

Production of ultracold molecules

While many different atomic species have been successfully cooled to temperatures
below one mK by applying laser-cooling techniques, laser-cooling is not possible for
molecules due to the complicated level scheme. Therefore other methods had to
be developed to produce cold molecules. These techniques can be divided into two
groups. The first group starts with ”hot” molecules and cools the molecules down to
low temperatures, a second group starts with ultracold atoms and turns these atoms
into molecules.
This section gives a brief overview over the different techniques used today. The
main part (section 2.2.1) will concentrate on photoassociation, the method that we
use in our experiment.

Buffer-gas cooling
Neutral molecules can be cooled down to temperatures of about 300 mK in a cryostat filled with cold helium buffer-gas [Weinstein98, deCarvalho99]. The molecules
collide with the cold helium atoms and hence the kinetic energy of the molecules is
transferred to the helium which has a temperature of a few hundred mK. Molecules
with a magnetic moment can even be trapped in magnetic traps after cooling. It has
been shown, that the paramagnetic molecule CaH as well as atomic Cr and Eu could
be cooled and trapped in a magnetic trap at densities between 108 and 1012 cm−3 .
Although this method is quite general and it should be possible to cool and
trap all paramagnetic species, it has some disadvantages. The experiments have to
be performed in a cryostat in order to achieve the low temperatures. In addition,
relatively large magnetic fields are required. Even though the trapped species had
magnetic moments larger than one Bohr magneton, magnets with a strength of a
few tesla where needed. Finally, molecules cannot be cooled to a temperature lower
than the temperature of the helium in the cryostat which is about 200 mK.

2.2. Production of ultracold molecules

Stark deceleration
A further method to trap cold molecules is Stark deceleration of a pulsed fast beam
of polar molecules [Bethlem99]. An electric radio frequency field is applied to a stack
of electrodes. While the molecules fly through the different sets of electrodes the
field is switched every time the molecules pass through an electrode. Thus it can
be achieved that part of the molecules always have to climb up a potential hill from
one electrode to the next one. With this technique 105 OH radicals could be slowed
down from 420 ms−1 to 21 m/s and trapped in an electrostatic trap at densities of
107 cm−3 [Meerakker05].

Sympathetic cooling of trapped molecular ions
In 2000 Mølhave and Drewsen reported on sympathetic cooling of MgH+ and MgD+
ions in a linear Paul trap [Mølhave00]. About 1000 ions where formed out of Mg and
H2 and D2 , respectively in a photochemical reaction and cooled down sympathetically with laser-cooled Mg+ ions. This cooling is quite efficient due to the strong
coulomb interaction between the ions resulting in a crystal of molecular ions with a
temperature below 100 mK which can be stored over many minutes in the ion trap.
Although the ions where translationally cold, their vibrational temperature was
still about 300 K due to interactions with the blackbody radiation of the vacuum
chamber walls.

Billiard like collisions
Elioff and co-workers cooled NO molecules in a single collision with Ar atoms to
temperatures below 0.5 K in a crossed beam experiment [Elioff03]. In their setup,
an argon beam intersects with a beam containing NO molecules under an angle of
90◦ with a relative velocity of 818 m/s and a center of mass velocity of 404 m/s in a
vacuum chamber.
The velocity and the angle are chosen such that a NO molecule comes to a
stop after one collision with an Ar atom from the intersecting beam, like an inverse
billiard stroke. In the reported experiments up to 109 molecules could be cooled in
one quantum state.
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Helium nanodroplets
Cold molecules can be formed on Helium nanodroplets [Goyal92]. He nanodroplets
in beam evaporate to a temperature of ∼ 380 mK. The droplets can pick up other
molecules which than are cooled to the temperature of the droplet. The energy
of the molecules is carried away by evaporation of He atoms. With this technique it was possible to observe LiCs excitation spectra of the 23 Π → a3 Σ+ transition [Mudrich04a].
Feshbach resonances
The methods described so far all started with hot molecules that are subsequently
cooled to low temperatures. In contrast, the production of ultracold molecules via a
Feshbach resonance starts with ultracold atoms [Courteille98]. The scattering wave
function of a potential corresponding to a certain atomic asymptote can have an
energy close to the energy of a bound state in a potential corresponding to another
asymptote with a different magnetic moment. The two energies can be brought to
degeneracy by applying a magnetic field. Thereby the atoms can be adiabatically
transformed into molecules. The resulting molecules have the same temperature as
their atomic constituents. This is a very efficient way to transform cold atoms into
molecules in a single rovibrational state.
Until now, Feshbach resonances are used in many different systems to produce
ultracold molecules. The drawback of this technique is, that not all mixtures of
ultracold atoms have a Feshbach resonance which is accessible by fields which can
be produced in a laboratory. In addition, only one particular rovibrational state can
be populated which is normally the highest excited state in the potential.

2.2.1

Photoassociation

Photoassociation formes a bound excited molecule out of two free atoms with the
help of a resonant laser photon. The atoms approach each other in the electronic
ground state with almost no kinetic energy. A photon with a suitable energy can
excite the atom pair from the ground state potential into an excited bound molecular
state (right arrow in figure 2.6). The energy of the photoassociation laser photon has
to be equal to the energy difference between the free wave function and the bound
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Figure 2.6: Photoassociation of ultracold molecules. A pair of colliding atoms is
excited into a bound molecular state by a photon. The molecule can decay either
spontaneously into two free atoms or into a bound ground state molecule.

state, yielding
~ω = V ∗ (R) − V (R),

(2.2.1)

where ω is the frequency of the laser photon while V ∗ (R) and V (R) are the
potential energies of the excited and the ground state potential, respectively. This
shows, that photoassociation allows a very good spectroscopy of the molecule. The
kinetic energy of the colliding atoms corresponds to a frequency νkin of only ∼ 2 MHz,
much smaller than the linewidth of the excited rovibrational states, hence one can
gain spectra resolving the structure of the bound states. In addition it is possible
to populate one vibrational state at a time by choosing the right photoassociation
laser wavelength.
The probability to photoassociate a molecule into a certain vibrational state
depends on the overlap of the wavefunction of this state with the scattering wavefunction of the two atoms. Therefore, a molecule is formed preferably out of two
atoms with an internuclear distance equal to the distance of the outer turning point
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of the excited molecular state, since the wavefunction of the bound state has the
largest amplitude there. The probability two find two atoms in the distance R scales
with R2 . Therefore, mainly high lying vibrational states in the excited potential,
which have a large extension, are photoassociated. This has consequences for the
photoassociation of heteronuclear dimers. In contrast to homonuclear dimers, the
excited potential is proportional to R−6 and thus has not such a large extension as
the homonuclear dimer potential scaling with R−3 . This shows, that one expects
much smaller photoassociation rates in heteronuclear photoassociation compared to
the homonuclear case.
The optically excited molecules decay with a rate which is approximately twice
the rate of the corresponding asymptotic atomic state. In most cases they will decay
into two free atoms. The emitted photon does not necessarily have the same energy
as the photon which was used for photoassociation but is practically in all cases red
detuned. The remaining energy is converted into kinetic energy of the atoms causes a
trap loss in nearly every case. If the excited state has a good Franck-Condon overlap
with a rovibrational state in the electronic ground state potential, the molecule can
undergo a bound-bound transition emitting a photon with an energy equal to the
energy difference between the two molecular states. In this case, a molecule in the
electronic ground state is formed.
In reality, the upper state v will have a similar large Franck-Condon factor for
a whole distribution of vibrational states v 0 in the lower potential. Thus not one
specific state v 0 will be populated but a distribution of states, even if only one state
v is photoassociated.
For the production of ground state molecules the different form of the upper
potential for heteronuclear dimers is preferable to the form of the homonuclear potentials as seen before. In contrast, the decay of excited molecules into ground state
molecules is favored for heteronuclear molecules because both the upper and the
lower potential have a R−6 dependence on the internuclear distance, leading to a
similar extension of the states in both potentials. Thus the Franck-Condon factors
are much larger than in the homonuclear photoassociation case and a large fraction
of the excited molecules decays into ground state molecules.

Chapter 3
Photoassociation of Cs2 in an
optical dipole trap
Photoassociation of molecules has become an important tool in the field of ultracold quantum gases. Accurate spectroscopic data on molecules could be obtained
and potential curves were reconstructed revealing information on the atomic interactions [Masnou-Seeuws01]. On the other hand, photoassociation turned out to be a
powerful tool to create ultracold ground state molecules [Fioretti98]. In many cases,
especially near to the atomic resonance frequencies where a strong photoassociation
signal can be obtained, it is possible to gain information on the excited molecule
formation process directly by investigating the atom loss from the trap. However,
going further away from the resonances, the photoassociation signal decreases and
trap loss is no longer visible in a MOT. Thus, the only way to study molecule formation with a photoassociation laser far detuned from an atomic resonance was by
ionizing the resulting ground state molecules. This detection technique entangles two
different processes: the photoassociation of excited molecules and the deexcitation
into ground state molecules.
This chapter reports on the first measurements studying the production of excited
Cs2 molecules formed by photoassociation in an optical dipole trap where the atoms
have a much higher density than in the magneto-optical trap (MOT) [Wester04].
Photoassociation is detected by recording the atom loss from the trap and thus the
measurements are sensitive to the formation of exited molecules only. For the first
time it is possible to obtain photoassociation rates for all vibrational states of the
19
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0−
g 6p3/2 outer potential well and Franck-Condon factors as well as saturation effects
can be investigated [Kraft05b].
The first section of this chapter (3.1) gives a brief overview of the experimental
setup. In the following section photoassociation in a MOT and a dipole trap are
compared (3.2) and photoassociation rate coefficients as well as the wave function
overlap of the bound molecular states with the ground state scattering wave are
determined (3.3). The last section of this chapter deals with saturation effects of
the photoassociation rates (3.4).

3.1

Experimental setup

Nowadays, experiments investigating ultracold gases require more and more complex
apparatuses. This section is thought to give the reader a brief description of the
experimental setup used for the measurements described in this thesis. To gain a
deeper inside the reader is referred to previous work, especially to the PhD thesis of
Marcel Mudrich [Mudrich03].
Fig. 3.1 shows a photograph of the vacuum system taken during the rebuild in
Freiburg in 2003. On the left hand side, the main vacuum chamber with numerous
viewports is visible, connected to the oven section on the right hand side. While the
picture was taken, the oven was not yet mounted and a turbo molecular pump is
missing on the flange covered by aluminum foil. From the oven the atoms enter the
main chamber passing the mechanical atom beam shutter and flying through the
Zeeman slower region. From the left hand side a counter propagating laser beam
enters the vacuum chamber and slows down the atomic beam. In the main chamber
the atoms are cooled, trapped and transformed into ultracold molecules. The laser
beams forming the MOT enter the vacuum chamber through four CF 64 viewports
in the horizontal plane and through two CF 100 viewports on top and at the bottom
of the chamber. The CO2 laser forming the optical dipole trap crosses the chamber
through two ZnSe viewports in the horizontal plane tilted with an angle of 45◦ to
the MOT beams. Photoassociation of the atoms is performed by a Ti:Sapph laser
entering under an angle of 22.5◦ to the long axis of the dipole trap.
Detection can be done optically either by recording the fluorescence light or the
absorbtion of a resonant laser beam by the atomic cloud. To take absorption images,
a CCD camera is placed above the chamber and the atom cloud is illuminated by
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Figure 3.1: Photograph of the vacuum chamber: The atom beam enters from the
oven on the right hand side through the Zeeman slower into the main chamber where
the experiments take place. The main chamber has many viewports needed for laser
beams, photo diodes and CCD cameras to control and detect of the atoms. To detect
molecules, the gas can be ionized and the ions are accelerated upwards through the
drift region onto the microchannel plate detector.
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a laser beam through the two CF 100 viewports. During the rebuild in Freiburg
a time-of-flight spectrometer was added (tube on top of the chamber). Ground
state ions can be detected by ionizing the molecules. After ionization, the ions
are accelerated upwards and fly through the drift region onto a microchannel plate
detector attached to a flange.
The experiments described in the first chapter where performed while the group
was still at the Max Planck Institut für Kernphysik in Heidelberg. Before performing the experiments described in chapters 5, 4 and 6, the apparatus was rebuild in
Freiburg with small modifications: Besides the implementation of the time-of-flight
spectrometer the stabilization of the laser system was changed and the diameter
of the laser beams were slightly increased and a new oven (chapter 6) was implemented. Rather than describing the two setups in this chapter, the new parts will
be introduced when they become relevant to the experiments.
Cs MOT
The Cs MOT is formed by one retroreflected beam in the vertical direction and four
pairwise counterpropagating beams in the horizontal plane with a total power of
24 mW and a 1/e2 radius of 7 mm. The cooling light is provided by a distributedBragg-reflection (DBR) laser diode, which is locked with a detuning of ∆ = −1.5 Γ
to the red of the F=4 to F’=5 transition near 852 nm. A second diode laser is used for
repumping the atoms from the F=3 state. A more detailed description of the laser
system can be found in appendix A. All beams intersect in the zero of a magnetic
quadrupole field with a gradient of 7 G/cm in the horizontal plane and 14 G/cm
along the vertical axis. To achieve long storage times in the dipole trap [Engler00],
the main chamber is evacuated with a remaining pressure below 10−11 mbar.
The MOT is loaded from a thermal atom beam coming out of an oven heated to
a temperature of typically 110◦ C. The atoms are slowed in a Zeeman-slower with a
laser beam stabilized to the red of the F=4 to F’=5 transition. With this setup we
can load up to 108 atoms within a loading time of one second.
Loading the optical dipole trap
After loading the MOT for about 1 s, we have accumulated about 108 Cs atoms.
Now the atoms are transferred into an optical dipole trap formed by the laser beam
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of a commercial 120 W CO2 laser. Using a CO2 laser with a wavelength of 10.6 µm
to produce an optical dipole trap has several advantages: The laser beam is far red
detuned to all atomic transition relevant in laser cooling experiments. Therefore,
the trap stores all alkali species and even molecules are trapped with a negligible
photon scattering rate.
The CO2 laser beam is focused to a waist of w0 = 86 ± 4 µm resulting in a
harmonic trapping potential with a depth of 0.8 mK · kB for the Cs atoms. The
corresponding trap frequencies, defined as
s
ωrad =

s
4U0
,
mω02

ωax =

2U0
mzR2

(3.1.1)

are 625 Hz and 12.8 Hz, respectively.
After accumulating the atoms in the MOT, the magnetic fields for the MOT and
the Zeeman-slower are turned off and the detuning of the cooling laser is changed to
−80 Γ in order to perform an optical molasses. After a period of ∼ 5 ms the lasers are
turned off and we end up with typically 5 × 105 atoms trapped in the optical dipole
trap. With an additional cooling pulse they are cooled to a temperature of 30 µK at
a density of ∼ 1011 cm−3 . For the cooling pulse, the MOT cooling laser is detuned
blue to the F=4 → F’=4 transition and both the cooling and the repumping laser
are turned on for a few ms. To switch the laser beams we use mechanical shutters
as described in [Singer02].
In thermal equilibrium the density distribution of the atoms in the trap is given
by a cylindrically symmetric Gaussian distribution with standard deviations of
600 µm and 13 µm in the axial and radial directions, respectively. Depending on
the laser we turn off first (repumping or cooling laser), the atoms are pumped in the
F=4 or F=3 hyperfine state, respectively.
In the hyperfine ground state only elastic collisions between the atoms are possible which do not lead to trap loss. Hence we have very long storage times of up to
100 s [Engler00]. Atoms in the upper hyperfine state can gain kinetic energy by an
inelastic collision during which the atoms change their internal state. The gained
energy is equal to the Cs ground state hyperfine splitting of 9.2 GHz and sufficient
for both atoms to leave the trap. These collisions lead to additional trap losses
resulting in a non exponential decay [Mudrich04b].
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Ti:Sapph laser
The photoassociation light is provided by a widely tunable Titanium:Sapphire laser
(Coherent MBR 110) system pumped by an argon ion laser (Coherent Inova 90),
which delivers a typical output power of 200 mW with a line width of about 100 kHz,
after passing through an optical isolator and a single-mode optical fibre. Relative
frequency changes are monitored by measuring the transmission signal of a fraction of the Ti:Sapphire laser beam through a confocal cavity made of fused silica
with a free spectral range of 1000 MHz. In order to decrease the frequency spacing
of the transmission peaks, two side-bands are modulated onto the cavity path of
the Ti:Sapphire beam using a double-pass AOM (Chrystal Technologies 3080-120)
setup [Donley05]. The adjustment of the beam through the AOM is done in such a
way, that the first, the minus first and the zeroth order can pass the AOM twice.
The AOM is driven with a radio frequency of 83.3 MHz creating two sidebands at a
frequency of ±166.6 MHz, dividing the free spectral range of the cavity by a factor of
three. The length of the cavity is stabilized by locking one of the cavity mirrors with
a piezo actuator to the fringe of the transmission signal of a cesium-spectroscopy
stabilized diode laser. The two laser beams have orthogonal polarities and are superimposed on a polarizing beam splitter. After passing through the cavity they are
separated again with a second beam splitter and each beam is monitored on separate
photodiode. This provides a relative frequency accuracy of about 5 MHz [Staudt03].
The absolute laser frequency is measured with a commercial wavemeter (Burleigh
WA 1000) with an accuracy of 500 MHz.
The photoassociation laser is passed through the trapped cesium cloud in the
focus of the CO2 laser at an angle of θ = 22.5◦ with respect to the CO2 laser beam.
The width of the Ti:Sapphire beam at the trap center is 150 µm, the typical intensity of the photoassociation beam is 50 W/cm2 and was increased for the weakest
vibrational transitions up to 300 W/cm2 .
Atom and molecule detection
For a quantitative analysis it is crucial to know the atom number, temperature
and the densities as precisely as possible. In our experiments we use two different
techniques to determine these quantities: fluorescence and absorption measurements.
The fluorescence light of the atoms can either be detected with a photodiode or
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with a CCD camera. We use a PIN photodiode to record the fluorescence of the
atom cloud. The light passes a band pass filter and is filtered spatially by focusing
it with a lens through a pinhole to reduce the stray light. By the signal of the
photodiode the atom number can be monitored on-line.
Additionally we use three CCD cameras, two mounted under an angle of 90◦ ,
to monitor the atomic cloud the whole time. The third CCD camera mounted
above the vacuum chamber can be triggered. With this cameras we can determine
the size of the cloud and thus the density. Measuring the fluorescence light, we
obtain a relative atom number better than 5%. Nevertheless, since the atoms are
not illuminated with resonant laser light, it is difficult to determine an absolute
atom number. Therefore, the fluorescence signal is calibrated to the atom number
determined from absorption images, as described in the next section.
The second method used to determine the atom number and the density is absorption imaging. The cloud is illuminated with a weak laser beam on the atomic
resonance and the shadow of the cloud is detected on a CCD camera. Every pixel
of the camera is illuminated with the intensity
I(x, y) = I0 (x, y)e−αN (x,y) ,

(3.1.2)

where α the absorption coefficient and N (x, y) the atom number distribution gained
by integration of the atomic density n(x, y, z) over the direction z, parallel to the
laser beam. Thus the logarithm of the ratio of a camera image with atoms and a
picture without atoms is proportional to the atom number. The temperature of the
atoms is detected by time-of-flight (TOF) thermometry. The trap is turned off and
the ballistic expansion of the cloud is monitored. From this expansion the velocity
distribution of the atoms and thus their kinetic energy is determined.
We have no possibility to detect the produced excited molecules directly. Their
lifetime in the excited state is very short and other molecule detection techniques
such as ionization (see chapter 5) only detect ground state molecules. Thus, the
number of photoassociated molecules is detected indirectly by analyzing the atom
loss from the dipole trap. Therefore, the CO2 laser light is extinguished after photoassociation and all remaining atoms are recaptured into the MOT. In these measurements, for every data point the dipole trap has to be refilled with new atoms
yielding a shot to shot fluctuation of 5%.
In Freiburg we implemented a system to detect the number of produced ground
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state molecules. The molecular cloud is ionized and the ions are detected with a
time-of-flight mass spectrometer. This method will be described further in chapter 4.

3.2

Photoassociation in a magneto-optical trap and
an optical dipole trap

Once the cesium atoms are loaded into the dipole trap, the shutter of the photoassociation laser is opened and the atom cloud is illuminated for up to 1000 ms.
For some data sets a short molasses cooling pulse is applied after half of the photoassociation time to lower the temperature of the atoms and thereby increase the
photoassociation rate.
To measure photoassociation spectra in the dipole trap the frequency of the
Ti:Sapphire laser is scanned and the loading, photoassociation and recapture cycle
is repeated. The frequency range scanned during one cycle is 3 MHz.
Fig. 3.2 shows the comparison of two photoassociation spectra around −450 GHz
detuned from the Cs(6s1/2 )Cs(6p3/2 ) asymptote. The upper trace shows photoassociation in a Cs MOT. It is recorded with a lock-in amplifier (SR850 Stanford
Research Systems) analyzing the change of fluorescence of the MOT while detuning
the photoassociation laser. The lower trace is obtained by photoassociation in the
dipole trap. The trace consists of over 6000 individual points, each obtained by
transferring atoms in the dipole trap, photoassociation and recapture of the remaining atoms. Both spectra show three different vibrational progressions in the 0−
g,
+
0u and 1g molecular states that correlate to the 6s1/2 +6p3/2 asymptote. The offset
between the two frequency axis of 18,2 GHz is due the fact, that the atoms photoassociated in the MOT are in the upper hyperfine ground state while the atoms
in the dipole trap are pumped to the lower hyperfine state in order to achieve long
photoassociation times. Although both traces show the same progressions, there are
striking differences. The lock-in signal shows a maximal signal-to-noise ratio of four
which gets even worse as the detuning of the photoassociation laser is increased.
Since the losses caused by photoassociation get smaller with increasing detuning
from the atomic resonance, the change in fluorescence on a photoassociation resonance compared to the off-resonant signal decreases. In the lower trace, the signal
to noise value has a much higher value and stays the same over the whole frequency
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Figure 3.2: Photoassociation spectra taken in the MOT (upper trace) and the dipole
trap (lower trace). The lower trace consists of several measurements merged together.
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range. The larger signal in the dipole trap is due to a much higher atomic density
(∼ nCO2 = 1011 cm−3 ) than in the MOT ∼ (nM OT = 1010 cm−3 ) which enhances
the photoassociation rate. In the dipole trap the atom loss due to background gas
collisions is negligible on the timescales of the photoassociation . Therefore, it is
possible to compensate for small photoassociation rates by longer photoassociation
times. The difference in relative height of the lines in the two spectra is caused by
the different hyperfine states of the photoassociated atoms.
Comparing both traces in Fig. 3.2 it is clearly visible that atoms trapped in an
optical dipole trap are a superior starting point for quantitative measurements on
the photoassociation rates.

3.2.1

Photoassociation into the 0−
g 6s1/2 6p3/2 outer well

During the measurements described in the following section, we only performed photoassociation into rovibrational states of the 0−
g 6s1/2 6p3/2 outer potential well. Due
−
to coupling of different potentials, the 0g potential has an additional outer well with
a potential minimum at ∼ 23a0 which is well suited for photoassociation due to its
large extension. This state is chosen for several reasons. A detailed photoassociation
spectroscopy of the potential was already performed by P. Pillet and co-workers in
Orsay, France, and the position of all vibrational levels is well known [Fioretti99]. In
addition, the Orsay group has already measured photoassociation rates in a MOT
for this potential [Drag00a] which can be compared to the rates in a MOT presented
in this thesis. A third feature of the potential will become important in the chapter
on atom-molecule collisions (chapter 4), it has been predicted, that the wavefunctions of the lower rovibrational levels in the outer well of the 0−
g potential have good
Franck-Condon factors with levels in the a3 Σ+ potential, yielding a high production
rate of molecules in the electronic ground state [Drag00a].
In the optical dipole trap, even the lowest vibrational states in the 0−
g potential
can be measured via atom trap loss. Fig. 3.3 shows the second, the sixth and the
tenth vibrational state as an example. The assignment of the states is based on the
analysis performed by Fioretti and co-workers [Fioretti98]. All states show a well
resolved rotational progression with at least four rotational states. On a resonance,
the fraction of recaptured atoms drops to 40% whereas no losses are visible if the
photoassociation laser is off resonance. From the rotational progression for each
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vibrational level the following rotational constants are extracted, which are found
to be in good agreement with previous studies.

v
2
6
10

Brot (GHz)
49.3 (1.0)
45.6 (1.0)
44.6 (1.0)

It is interesting to note that we observe rigid rotor states of the cesium molecule
up to J = 4. For pure s-wave scattering angular momentum conservation predicts
a maximum rotational excitation of J = 2 for optical dipole excitation from the
triplet ground state. This is indeed the strongest rotational line in all the photoassociation spectra. Larger rotational states can be explained by additional angular
momentum contributions, such as from orbital angular momentum due to p-wave
or d-wave scattering or from the total nuclear spin of the atom pair. The height of
the p-wave centrifugal barrier is in fact estimated to be 35 µK, assuming that the
initial collisional channel proceeds via the a3 Σ+
u (6s + 6s) state only. Given the initial temperature of the cesium atoms of 40 µK, this leads us to attribute the J = 3
resonances to p-wave collisions. During the photoassociation time in the trap the
temperature increases to about 60 µK, as described in detail below. The origin of
the weak J = 4 component may therefore be a d-wave collision (barrier height about
200 µK) of two fast atoms in the thermal distributions that either tunnel through
or surmount the barrier, even though both the p- and d-wave barriers are found
too weak to support a shape resonance that could increase the tunneling probability. Light-induced mechanisms such as “flux enhancement” which are important
in magneto-optical traps [Comparat99] do not play a role in a far-detuned optical
dipole trap.

3.3

Rate coefficients and Franck-Condon factors

Investigation of photoassociation via trap loss can reveal many interesting properties
such as photoassociation rates and Franck-Condon factors. Previous experiments in-

29

30

Number of recaptured cesium atoms

Chapter 3. Photoassociation of Cs2 in an optical dipole trap

8,0x106

8,0x106

6,0x106

6,0x106

4,0x106

4,0x106

2,0x106

V=2

V=6

V=10

0,0

2,0x106
0,0

-2207,5 -2207,0 -2206,5

-2008,0 -2007,5 -2007,0 -1821,5 -1821,0 -1820,5
Detuning [GHz]

Figure 3.3: Trap loss spectra of three vibrational states in the 0−
g potential curve.
All three levels show a clearly resolved rotational structure with up to 5 rotational
levels. To obtain each spectrum approx. 450 full experimental cycles were performed.

vestigating low lying levels in the outer well of the 0−
g potential where only able to investigate molecule formation by photoionizing the produced ground state molecules.
Since not every excited molecule decays into a bound ground state molecule, this
methods entangles the information of two processes: the photoassociation of excited
molecules and the decay into ground state molecules.
Due to the high sensitivity of our experiment for the formation of molecules it was
possible to directly gain information from the photoassociation process itself without
making any assumptions in order to disentangle the formation steps of ground state
molecules as shown in the following sections.

3.3.1

Trap loss model

Photoassociation in the optical dipole trap can easily lead to trap loss exceeding
50% as seen in Fig. 3.2 and 3.3 and hence reduces the atomic density in the trap.
This reduction is caused by two different effects: formation of molecules leads to an
atom loss decreasing the atom number. In addition two atoms have to come close to
each other to form a molecule and thus a high atomic density is preferable for cold
molecule formation. Therefore, mainly slow atoms in the high density parts of the
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trap are removed and the temperature of the atom cloud increases. The reduction of
the atomic density slows down the photoassociation process during the illumination
of the atomic sample by the photoassociation laser and thus a dynamical model is
needed to reveal the photoassociation loss rate coefficient. The model developed to
describe this process is based on a previous model used to analyze the atom loss due
to inelastic atom-atom collisions in an optical dipole trap [Mudrich03, Mudrich04b].
This model assumes thermal equilibrium of the atoms in the trap and expresses the
local change in density depending on the loss rate coefficient G as
ṅ(x) = −2G(x, T )n(x)2 .

(3.3.1)

Integrating equation (3.3.1) over the whole trap yields an loss of atoms out of
the trap
dN
= −2
dt

Z
G(x, T ) n2 (x, T ) d3 x.

(3.3.2)

In addition to the temperature dependence, G(x, T ) also varies spatially in the
dipole trap due to the varying intensity of the photoassociation laser. In the experiment the width of the PA laser of w = 150 µm is much larger than the radial
extension of the atomic cloud (13 µm), but smaller than the axial extension (800 µm).
The intensity therefore changes only along the axial direction, denoted z, and has
a Gaussian profile. The density profile is described by a cylindrically symmetric
Gaussian distribution. Taking into account that the photoassociation laser and the
CO2 laser creating the dipole trap are not totally superimposed but intersect under
an angle θ = 22.5◦ , one obtains a rate coefficient
2

G(x, T ) = G0 (T )e−2 sin

θ z 2 /w2

,

(3.3.3)

as one can assume that the rate coefficient is proportional to the laser intensity
in the limit of low intensities [Bohn99]. The peak rate coefficient G0 (T ) corresponds
to the peak intensity 2P/(πw2 ) of the photoassociation laser with power P .
Integration of Eq. (3.3.2) yields a differential equation for the particle number
N,
dN
N2
= −2G0 (T )
,
dt
V (T )

(3.3.4)
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where the effective volume V (T ) depends on the PA laser and CO2 trap parameters and is given by
µ
¶2 √
2πkB T
8 sin θ
√
V (T ) =
= V0 T 2 .
(3.3.5)
mCs ωrad ωax
πw
The mean total energy of the atom pair participating in the collision is given by
hEkin iColl = 2 · 6/2 · kb T = 6kB T . In the model it is assumed, that one collision
removes on average qhEkin i. The empirical parameter q has to be obtained by a fit
to the data yielding q = 0.5 ± 0.05. From this we obtain
T
N q−1
=
.
(3.3.6)
T0
N0
Wigner’s threshold law [Wigner48] shows the temperature dependence of the photoassociation rate coefficient to be G0 (T ) ∝ T −1/2 . Thus, one can integrate equation (3.3.4) analytically and obtains an equation for the dependence of the number
of trapped atoms and the temperature on the storage time. Inverting this equation,
the rate coefficient G0 can be written as
³
´
V0 T02
−9/4
G0 (T0 ) =
(N (tP A )/N0 )
−1 ,
(3.3.7)
(9/2)N0 tP A
with tP A being the length of the photoassociation pulse. In some sets of measurements an additional cooling pulse, applied after half of the photoassociation time,
has to be taken into account. This cooling pulse leads to a reduction of the temperature and the atom number by a factor α ∼ 0.75. In this case equation (3.3.7) is
not valid any longer and equation (3.3.4) has to be solved for the two time intervals
independently. Calculations show that the rate coefficient G0 in equation (3.3.7)has
to be corrected by a factor of 1(1 + α3/2 ) ∼ 0.4.
To obtain rate coefficients, equation (3.3.7) is fitted to various data sets. Fig. 3.4
shows the v = 20, J = 2 resonance as an example with a very long photoassociation
time. During 10 s of photoassociation the atom number decreases from ∼ 4 × 105 to
∼ 6 × 104 atoms. In the same time the temperature rises from 40 µK to 80 µK. The
solid lines represent a fit of our depletion model to the data showing a very good
agreement of theory and experiment.
We use this model to calculate absolute rate coefficients for different rotational
states of the v = 2 vibrational state (Fig. 3.3). In these measurements the photoassociation laser has an intensity of 90 W/cm3 and illuminates the atomic cloud for

3.3. Rate coefficients and Franck-Condon factors

Figure 3.4: Density depletion during photoassociation of the v = 20, J = 2 resonance
of the 0−
g outer well in the dipole trap: The left graph shows the decrease in atom
number, the right one the temperature of the remaining atoms measured by the radial
expansion of the cloud after turning off the trap. The lines represent fits of the
depletion model to the data.

1 s, increasing its temperature to ∼ 60 µK. The temperature is measured by analyzing the radial expansion of the atom cloud after turning off the dipole trap. The
photoassociation time in these measurements is short compared to the 10 s as shown
in Fig. 3.4 since the formation rate of the molecules gets very small at low densities.
The measured photoassociation rate coefficients are between (5 ± 2) × 10−12 cm3 s−1
and (3 ± 0.8) × 10−11 cm3 s−1 for v = 2, J = 0 and v = 2, J = 2, respectively. The
error arises mainly due to an uncertainty in the absolute atom number (±30%), a
smaller contribution is due to the error of 10% in the temperature measurements.

Comparison with photoassociation in a MOT and theory
Absolute rate coefficients for Cs photoassociation where measured a few years ago for
Cs atoms in a MOT in the group of P. Pillet (Orsay) [Drag00a]. The measurements,
−
examining states in the 0+
u and 0g potential curves, could only be performed with a
small detuning of up to −15 cm−1 from the (6s1/2 +6p3/2 ) asymptote. As discussed
above, due to the competition between the loss rate and the MOT loading process,
only strong photoassociation transitions producing many excited molecules are seen
in trap loss measurements from a MOT. In all cases rate coefficients between 1 ×
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10−11 cm3 s−1 and 5×10−11 cm3 s−1 were measured with a laser intensity of 55 W/cm2
in agreement with a theoretical model presented in the same paper. For deeply
bound molecular states as examined in this work, this model predicts production
rates of about one order of magnitude less than for the high lying states at the same
photoassociation laser intensity. However, in the measurements discussed in this
chapter, the intensity exceeds the intensity in the Orsay experiments by a factor of
1.5. In addition the temperatures are almost a factor of four lower. This leads to
an increase of the expected rate coefficient by roughly a factor of three, leading to
a coefficient in the order of 10−11 cm3 /s [Pillet97]. This is in reasonable agreement
with the values measured in our experiment.

3.3.2

Franck-Condon modulation in the 0−
g outer well

Since photoassociation is a quantum mechanical process the formation rate for ultracold molecules depends crucially on the overlap of the initial as well as the final
state given by the Franck-Condon factor and the intensity of the photoassociation
laser. Bohn and Julienne have derived a semianalytic model [Bohn99] connecting
the photoassociation probability |S|2 to the coupling constant between the scattering wavefunction |φg i and the wavefunction of the bound state |φe (v)i, Γ. In the
limit of weak coupling, |S|2 is proportional to Γ, which can be written as
Γ = 2πVeg2 |hφe (v)|φg i|2 .

(3.3.8)

In this equation Veg2 denotes the squared Rabi frequency given by the coupling
q
d where I is the phostrength between the two states |φe (v)i and |φg i Veg = 2πI
c
toassociation laser intensity and d is the molecular electric dipole moment which can
be treated as a constant at the distance where photoassociation takes place. The
squared Franck-Condon factor |hφe (v)|φg i|2 , where the brackets denote an integral
over the internuclear distance, is determined by the overlap of the two wavefunctions. Since the wave functions of the bound molecular states |φe (v)i are strongly
peaked at the outer turning points, the integrals |hφe (v)|φg i|2 only give a significant
contribution at the these points (Franck-Condon points).
In photoassociation measurements with small detuning the Franck-Condon points
of the excited bound states are at large internuclear distances. In this region the
scattering wave function |φg i can be described as a sinus wave with a long period
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compared to the extension of the region where the wave function of the bound excited state |φe (v)i is peaked. Thus a modulation in the photoassociation rate reflects
the modulation of the scattering state wave function. The exact modulation of this
wave function depends crucially on the elastic scattering length a0 , therefore an
exact knowledge of this function reveals the scattering properties of the two participating atoms [Drag00b, Cote95, Thorsheim87]. When going to a very large laser
detuning, one has to take both the modulation of the scattering and of the bound
state wave function into account if the oscillation frequencies reach of the same order
of magnitude.
Previous experiments with ultracold Cs atoms performed by Fioretti et al. in
Orsay [Fioretti99] measured the variation of ground state molecule production by
photoionizing the ground state molecules and detecting the molecular ions. However,
a product of two Franck-Condon factors for the photoassociation process and the
following bound-bound transition into the ground state was measured. Côté and
coworkers deduced the singlet and the triplet scattering length from trap loss spectra
with a photoassociation laser detuning of up to −27 cm−1 .
In this work we present direct measurements on the modulation of the FranckCondon factor for the lowest vibrational states (v = 0 to v = 23) in the 0−
g outer
well potential. For all vibrational states the third rotational level (J = 2) shows
the strongest photoassociation line and hence was chosen for this analysis. The
measurements start with an unpolarized ensemble of Cs atoms prepared in the lower
hyperfine state (F=3) and the number of produced molecules is determined via
atom trap loss. In the measurements involving the states J = 0 to J = 10 a
second cooling pulse is applied for which the rate coefficient was corrected afterwards
(see section 3.3.1). According to equation (3.3.8), Franck-Condon factors could be
calculated which afterwards were normalized to the strongest transition (v = 4)
to eliminate the energy-normalization of the continuum wavefunction |φg i. The
Franck-Condon factors can be determined with an uncertainty of 40% caused mainly
by the uncertainty of the scattering rates. To check the assignment according to
Ref. [Fioretti99] additional measurements are performed with a larger detuning as
required for the v = 0 state searching for a vibrational state with even lower potential
energy. However, such a state is not observed.
The obtained squared Franck-Condon factors are shown in Fig. 3.5. From v = 0
to v = 4 a strong increase by more than two orders of magnitude is observed. After-
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Figure 3.5: Modulation of the squared Franck-Condon factors for the lowest vibrational states in the 0−
g outer well: The upper panel shows the experimental obtained
values, normalized to the highest observed value. The lower panel shows theoretical
values for a multiple component sample or for a spin polarized ensemble.

3.3. Rate coefficients and Franck-Condon factors

wards the Franck-Condon factors decrease to a minimum 1.5 orders of magnitude
below the value of v = 4 at v = 18 and rise again in the last measured transitions.
In this smooth modulation the transition probability of v = 13 sticks out with a
very high Franck-Condon factor only a factor of two lower than the maximal factor.
Theoretical modeling of the Franck-Condon factor modulation has been carried
out for comparison with the experimental results by O. Dulieu from Orsay. This requires the computation of the |φe (v)i and |φg i radial wave functions. The vibrational
wavefunctions of the 0−
g external well are easily obtained from a standard Numerov
integration using the Rydberg-Klein-Rees (RKR) potential of Ref. [Fioretti99]. In
principle, the main task is the integration of the continuum wave function. Only
when the atoms are prepared in the fully stretched states F = 4, mF = 4, the collisional entrance channel is fully correlated to a single state, i.e. the lowest a3 Σ+
u
state: it is described accurately enough by an available theoretical potential curve,
P
connected at large distances to an accurate
Cn /Rn asymptotic expansion (see for
instance Refs. [Amiot02, Vanhaecke04]), and adapted to reproduce the measured
cesium triplet scattering length [Kerman01]. This type of calculations has been performed in Ref. [Drag00b] and is referred to in the following as the single-component
calculation.
In the present experiment the atoms are not polarized, so that many channels
with different internal hyperfine quantum numbers contribute to the process. Moreover, each collisional channel is described by a radial wavefunction which results
1 +
from the coupling between components of both a3 Σ+
u and X Σg electronic states,
interacting through the hyperfine Hamiltonian. Indeed the vibrational motion of
the excited levels presented here proceeds over the range from 15-30 a0 , which is
the recoupling range for the hyperfine interactions in cesium. The complexity of
this coupled channel problem has lead us to perform the calculation for two colliding atoms occupying the F = 3, mF = 3 state. The total continuum wavefunction
is then a three-component molecular wavefunction characterized by the projection
mF = 6 of the total angular momentum. With this multi-component wavefunction
the Franck-Condon modulation is calculated.
In the lower panel of Fig. 3.5 the Franck-Condon factors are shown which are
calculated using the multi-component wave function (full squares) together with
the result for the single-component wave function (open squares). Again all values
are normalized to the maximum Franck-Condon factor. Both calculations clearly

37

38

Chapter 3. Photoassociation of Cs2 in an optical dipole trap

show a strong increase for small vibrational levels similar to the observation in the
experiment. For the multi-component calculation the steepest increase is observed
between v = 2 and 3 in contrast to the experimentally found step between v = 1
and 2, which is also found in the single-component calculation. For larger vibrational levels the Franck-Condon factors of the multi-component calculation exhibit
a somewhat larger amplitude variation than the measured data, but overall the
Franck-Condon factors are fairly constant. Even though the atoms in the experiment are not polarized in contrast to the calculation, a similar trend is observed
in the experimental data. A local minimum near v = 18 is found in the multicomponent calculation, similar to the measurement, but other local minima near
v = 7 and 11 are not observed in the measurement. The single-component calculation shows much deeper minima for v = 14 and 21, which are not present in the
more accurate multi-component calculation. Thus one may speculate that also the
minima in the multi-component Franck-Condon calculation may become averaged
out by angular momentum components that are not included in the calculation but
certainly present in the experiment. To resolve this a full Franck-Condon calculation
or a measurement with polarized atoms would be necessary.

3.4

Saturation

Photoassociation can be a very efficient way to produce ultracold molecules as shown
in section 3.3. In contrast to molecule formation using feshbach resonances, photoassociation allows to populate specific rovibrational levels even deeply bound in the
molecular potentials. In section 3.3 molecule formation at low photoassociation laser
intensities was investigated. For future experiments with ultracold molecules it will
be extremely helpful to understand the dynamics underlying the photoassociation
process at high intensities. The dependence of the rate coefficient on the photoassociation laser intensity is of specific interest since it determines on which timescales
the molecules can be formed.
In the past, several investigations of the photoassociation rate have been performed in various samples: in Cs in a MOT [Drag00a], in quantum degenerate
Na [McKenzie02] and 7 Li [Prodan03], and in a mixture of 6 Li and 7 Li [Schlöder02]. In
Cs2 photoassociation from a MOT no saturation was observed because the measurements were still performed in the low field regime below 200 W/cm2 in agreement
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with the measurements presented here.
McKenzie and coworkers performed photoassociation in a pure Na Bose-Einstein
condensate (BEC) with intensities of up to 1.2 W/cm2 limited only by perturbations
caused by the dipole force created by the photoassociation laser beam. Over the
whole range of intensities a linear dependence of the photoassociation rate with
increasing laser power was seen. This can be explained by the model of Bohn
and Julienne since the photoassociation rate was still below the unitarity limit.
Nevertheless, they observed a light shift of the photoassociation resonance, which
they explained by the influence of a d-wave shape resonance. In photoassociation
experiments in a 7 Li BEC very high rate coefficients of up to 2.2 ± 0.2 cm3 /s were
found due to a big Franck-Condon factor and a large inelastic scattering rate. Here a
saturation intensity of 90 W/cm2 was found while measurements in a 6 Li7 Li mixture
revealed a saturation intensity of 40 W/cm2 . All investigations of photoassociation
saturation effects reported so far could be explained in the simple semianalytic two
body theory of Bohn and Julienne, without taking many-body effects into account.
In the following, we investigate the Cs2 photoassociation rate in an optical dipole
trap for various laser powers. Chapter 3.4.1 describes a theory of laser-assisted cold
collisions [Bohn99]. The performed measurements are described in section 3.4.2.

3.4.1

Semianalytic model

In the regime of low laser intensity the photoassociation rate is proportional to the
laser power as shown e.g. by Pillet and coworkers [Pillet97] and used in section 3.3.
For the high intensity regime a semianalytic model of the photoassociation rate
was derived in [Bohn99], treating the scattering process in a dressed molecular state
picture [Cohen-Tannoudji98].
The photoassociation rate coefficient G used in section 3.3 can be written as a
averaged product of the relative velocity vr , the maximal inelastic cross section β
and the scattering probability |S|2
π
vr i |S|2
(3.4.1)
2
k
According to equation (3.4.1) the upper limit of the photoassociation rate is the
inelastic scattering rate. At maximum rate, in every scattering event the atom
pair absorbs a photon and is converted into a molecule. The scattering probability
G = hβvi |S|2 = h
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between the free scattering wave function and a bound molecular state is calculated
to have a Lorentzian shape and can be written as
|S|2 =

γΓ
[E − (∆ + E1 )]2 +

¡ γ+Γ ¢2 .

(3.4.2)

2

In this equation, γ is the decay rate of the bound excited state, E denotes the
energy difference between the two states, E1 is the new energy after an eventually
induced light shift, ∆ the laser detuning from resonance and Γ the absorbtion rate
stimulated by the photoassociation laser (see equation (3.3.8))
Γ = 2πVeg2 |hφe (v)|φg i|2
According to equation (3.4.2) the scattering probability has a maximum of
|Smax |2 =

4γΓ
(γ + Γ)2

(3.4.3)

and its broadened width is δF W HM = γ + Γ.
Introducing the saturation intensity Is as the intensity where the induced rate Γ is
equal to the spontaneous decay rate γ, one obtains a maximal scattering probability
|Smax |2 =

4IIs
(I + Is )2

(3.4.4)

and a width of
µ

δF W HM

3.4.2

I
=γ 1+
Is

¶
.

(3.4.5)

Measurements

To reveal saturation effects in the photoassociation of Cs2 molecules, we perform
measurements on the v = 6, J = 2 rovibrational state of the 0−
g outer potential well.
This particular state has a strong photoassociation rate and hence is a good choice
for saturation measurements. The intensity of the laser is varied between 28 W/cm2
and nearly 500 W/cm2 by more than an order of magnitude.
The upper panel of Fig 3.6 shows the different amount of recaptured atoms for
four photoassociation laser intensities. The atom loss increases and the peak gets
broader with increasing laser power. On the other hand, the peak position seems to
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Figure 3.6: Photoassociation of the v = 6, J = 2 state in the 0−
g potential curve: The
upper panel shows the trap loss signal at different laser intensities. The trap loss is
clearly not linear in the intensity and the peak hight saturates. The lower panel shows
the rate coefficients calculated from the trap loss signal. Even these values, although
corrected for density depletion effects, show a saturation. The solid lines represent fits
to the data.
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remain unchanged. To obtain information on the photoassociation rate coefficients,
the depletion model described in section 3.3.1 is used and from every atom number
a rate coefficient G according to the laser intensity and the detuning is calculated
(lower panel of Fig. 3.6). Even though the model corrects for the saturation effects,
the broadening of the line shape is still not fully compensated.
For a quantitative analysis, Lorentzian curves are fitted to the rate coefficients
of each laser intensity, as indicated by the solid lines in the lower panel of Fig. 3.6,
and a maximum photoassociation rate as well as a width of the photoassociation
resonance is obtained. The width of each line had to be corrected for the 3.5 MHz
inhomogeneous ac stark shift caused by the trapping laser. The temperature of the
atoms trapped in the CO2 laser dipole trap causes a spatial distribution inside the
trap and thus all atoms experience a different electric field strength caused by the
focused CO2 laser beam, leading to different ac stark shifts [Mudrich03].
Scattering Probability
In order to obtain a saturation intensity Is , a scattering probability |Smax |2 has to
be calculated. As seen in equation (3.4.1), the scattering probability can be written
as
|Smax |2 = Gh

k2
G
i=
.
πvr
Gunitary

(3.4.6)

Here Gunitary denotes the maximal possible scattering rate, the so called unitary
limit with
r
Gunitarity = ~

2

2π
.
µ3 kB T

(3.4.7)

Fig. 3.7 shows the different scattering probabilities for photoassociation laser intensities up to ∼ 500 W/cm2 . A clear saturation is seen for higher laser intensities.
The solid line represents a fit of equation (3.4.4) to the data yielding a saturation
intensity of (460 ± 90) W/cm2 . It is not possible to obtain a reasonable fit to the
data without introducing the scattering probability as a second fit parameter yielding a maximum scattering probability of 1.36±0.07. This unphysical result can have
different reasons. The photoassociation rate coefficients are only deduced within an
uncertainty of 40% mainly due to uncertainties in the measurements of the atomic
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Figure 3.7: Saturation of the scattering probability: At low intensities the scattering
probability scales linear with the photoassociation laser intensity while it saturates in
the high intensity regime.

density. Thus the high value of |Smax |2 obtained in the fit could origin in a systematic error in the determination of the rate coefficients. On the other hand the
equation given for the maximum rate coefficient Gunitarity = h πv
i is only valid at very
k2
low temperatures in the s-wave scattering regime. At temperatures as we achieve
them in our experiment, one does not expect a pure s-wave scattering and therefore
the maximum photoassociation rate could be higher than the rate assumed here.
However, since this correction factor would just scale the scattering probability axis
the obtained saturation intensity is not influenced.
Linewidth
Fig. 3.8 shows the linewidth of the photoassociation rate curves shown in Fig. 3.7.
The data shows a linear dependence as expected from equation (3.4.5). The fit
represented by the straight line yields a saturation intensity of (450 ± 150) W/cm2
in good agreement with the value obtained by fitting the scattering probabilities.
The extrapolation to a laser intensity of 0 W/cm2 should give the natural linewidth
γ of the bound molecular state, which can be estimated to be about twice as large
as the atomic linewidth [Côté98]. This estimation yields a value of Γ = 10.4 MHz
which is significantly smaller than the linewidth of 17 ± 2 MHz derived from the fit.
This can be due to the strong electric field created by the focused CO2 laser. This
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Figure 3.8: Dependence of the photoassociation resonance width on the photoassociation laser intensity: As predicted by Bohn and Julienne the width increases linearly
with the laser intensity.

field is strong enough to lift the energetic degeneracy of the different magnetic sub
levels of the J = 2 state [Rost92]. Assuming that the molecular polarizability is
twice the atomic polarizability we have estimated the energy difference between the
different mj levels to by on the order of 7 MHz.
Ref. [Bohn99] predicts an additional line shift at high intensities as observed
e.g. in [Schlöder02]. In Fig. 3.9 the different positions of the photoassociation resonance are plotted. From this data, no shift in position can be seen.
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Figure 3.9: Relative position of the photoassociation resonance: In the measurements
no dependence of the resonance position on the laser intensity is observed.
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Chapter 4
Detection of ground state
molecules

In the previous measurements described in chapter 3, molecules where only detected
indirectly via atom loss from the trap. This method yields detailed information
on the photoassociation process but does not distinguish between excited molecules
decaying into two fast atoms which leave the trap and excited molecules forming
bound electronic ground state molecules. Many experiments, such as atom-molecule
collisions as reported in chapter 5, require a detection of molecules in the electronic
ground state.
A very efficient detection technique for molecules is described in the following:
instead of detecting the neutral molecules, the sample is ionized via a resonanceenhanced multi photon ionization scheme (REMPI [Petty75]) and the number of
ions is recorded with an ion detector. Since even single ions can be detected, this
method is much more sensitive to small molecule numbers than the detection of
neutral molecules. This chapter describes the time-of-flight mass spectrometer we
have developed combining a high mass resolution with good optical access [Kraft05a].
Section 4.2 describes the design of the spectrometer and section 4.3 reports on its
characterization.
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4.1

Production of molecular ions

In our experiment, positive ions are produced by removing an electron from the
neutral particle with photons from a pulsed dye laser beam with a wavelength of
ca. 700 nm. The ionization energy of Cs2 , i.e. the energy difference between the
−1
Cs(6s1/2 )Cs(6s1/2 ) asymptote and the lowest Cs+
2 ionic state, is ∼ 25 000 cm . Thus
one laser photon (carrying ∼ 14 300 cm− 1)is not sufficient to produce a Cs+
2 ion and
a second photon from the laser beam is needed (Fig. 4.1). In general a two photon
ionization is less probable than a one photon ionization. However, the process becomes strongly enhanced, if the first photon is resonant with a molecular transition.
It is even possible to saturate the first transition of the ionization process by laser
intensities accessible with a pulsed dye lasers like we use in our experiments, leading
to an overall ionization probability close to 100%.
The enhancement of the ionization on resonance causes another effect: REMPI
is a state selective detection method. The resonance condition is normally fulfilled
only for very few rovibrational levels of the electronic ground state for a certain
ionization laser wavelength due to the linewidth of the ionization laser. Therefore,
mainly molecules populating these states are ionized. Scanning the ionization laser
reveals information on the different vibrational and rotational states populated by
the ground state molecules. Each time the laser wavelength is resonant to a molecular transition the ionization is enhanced.
Using a wavelength of approx. 700 nm suppresses the production of Cs+ compared
to Cs+
2 ions. Since the ionization energy of Cs from the 6s1/2 ground state is larger
than 28500 cm−1 , even two photons are not sufficient to ionize the Cs. Additionally,
the wavelength of the dye laser is detuned such, that the photon energy is not in
resonance with an atomic transition, thus only a nonresonant three photon ionization
is possible.
Even though the production of molecular ions is strongly enhanced by the wavelength of the ionization laser, off resonant ionization of atoms cannot be suppressed
completely. Therefore, it is necessary to distinguish between the different ions, which
can be achieved e.g. with a mass spectrometer.
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Figure 4.1: Resonance-enhanced multi photon ionization: A Cs2 molecule is ionized
by two photons resulting into a bound Cs+
2 ion. This process is enhanced, if the first
photon is resonant to a molecular transition.

4.2

Design of a time-of-flight mass spectrometer

A distinction between different ions can be achieved in several ways: One possibility
is to use a quadrupole mass spectrometer [Paul58] and separate the different ions
spatially. In this type of spectrometer ions are accelerated by an electric field and
fly through a magnetic quadrupole field. Because ions with a different charge to
mass ratio q/m fly on different trajectories, only singly positive charged ions with
one specific mass hit onto the detector placed behind the magnetic quadrupole field.
A second possibility to distinguish between different ions is to separate them
by their different arrival times at the detector using a time-of-flight (TOF) mass
spectrometer [Weickhardt96]. In a TOF spectrometer, ions are produced in a pulsed
scheme, e.g. with a pulsed laser, and accelerated onto a detector by an electric field.
For singly charged ions accelerated in the same electric field and hence of the same
kinetic energy, the arrival time on the detector scales with the square root of the
mass. Hence, ions produced by a short laser pulse with different masses but the
same charge starting in one place have a different time-of-flight to the detector.
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A TOF mass spectrometer has several advantages compared to a quadrupole
spectrometer. It is possible to record the whole range of masses in one shot. This
allows to monitor the change in the ratio of atoms to molecules in the trap, which
can be a helpful tool in optimizing the production of molecules. In addition it can
be used insensitively to magnetic fields needed to operate a magneto-optical trap.
Thus a TOF spectrometer is more suitable for the photoassociation experiments we
perform in a MOT and in a dipole trap.
The easiest implementation of such a spectrometer is an ion detector set to a negative voltage next to the ionization region in the vacuum chamber. The atoms and
molecules, ionized for example with a short laser pulse, are accelerated onto the detector and can be distinguished by their different arrival times. Mass spectrometers
of this type are employed today in many experiments with ultracold gases. However,
the cloud of atoms and molecules has a spatial extension before ionization and thus
the ions are not all produced in the same place. Due to large field inhomogeneities
in the spectrometer this leads to different trajectories with different time-of-flight
and hence to a poor mass resolution of the spectrometer. A good measure of the
mass resolution is the ratio of the ion mass m to the mass difference to the next
resolved mass ∆m
m
t
=−
,
(4.2.1)
∆m
2∆t
where t is the arrival time and ∆t the width of the ion arrival time distribution.
The described spetrometers achieve a resolution of (m/∆m ' 10) which is sufficient
to separate homonuclear alkali dimers [Fioretti98, Gabbanini00, Nikolov99] and in
some cases even heteronuclear dimers from their atomic constituents [Kerman04,
Mancini04b, Wang04, Haimberger04]. Our experiment aims at the production of
LiCs molecules. The mass difference between LiCs and atomic Cs is only 5% resulting in a 2.5% difference in the flight time of the ions. Thus we need a much better
mass resolution.
The mass resolution of the spectrometer can be improved by accelerating the
ions with two field plates placed around the ionization region [Cameron48]. This
geometry has a separate acceleration region between the field plates and a field free
drift region with an ion detector at the end. Even though the field plates have
holes to let the ions pass, the electric field created ny this geometry is much more
homogeneous than a field just generated by a biased detector. The field homogeneity
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Figure 4.2: Wiley McLaren type mass spectrometer: The ions are accelerated by
two different electric fields El and Eu . After passing a drift region they hit onto an
ion detector.

can be enhanced by mounting grids across the holes. Since commercial grids with
97% transparency exist, ion loss due to the grids is no problem. Nevertheless, all ions
produced in different places between the field plates have different kinetic energies
and thus can arrive at the detector at different times, limiting the resolution of the
spectrometer.
By using three field plates instead of only two (see Fig. 4.2), the mass resolution
can be increased even further as proposed by Wiley and McLaren[Wiley55]. The
ions are produced between the first two field plates and accelerated by an electric
field El given by the potential Ul and Um on the first and the second field plate,
respectively and their distance 2dl . After passing the second electrode they enter the
electric field Eu between the second and the grounded third electrode before flying
through the field free drift region. By adjusting the ratio of the two fields Eu /El , it is
possible to time-focus ions onto the detector, i.e. ions with the same mass produced
at the same time but at different places with different initial kinetic energies arrive
at the detector at the same time. This kind of spectrometer is used in numerous
experiments up to date, e.g. with gas cells or molecular beams, and achieves mass
resolutions high enough to separate LiCs (m=140 amu) from Cs (m=133 amu) or to
distinguish between different isotopomers, e.g. 7 Li and 6 Li and is hence chosen for
our experimental setup.
Experiments with ultracold gases require a much better optical access than most
of the experiments performed with Wiley-McLaren type mass spectrometers so far,
posing a challenge to the construction of the spectrometer. In our apparatus for
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Figure 4.3: Sketch (not to scale) of the central part of the time-of-flight mass spectrometer. Ions produced by photoionization of trapped atoms and molecules between
the two lower field plates are accelerated upwards. After 30 cm they are deflected off
the vertical axis onto a microchannel plate detector (MCP).

example we operate a Li and a Cs MOT loaded from Zeeman slowed atomic beams.
Additionally we need viewports for detection of the atomic cloud with CCD cameras, for the photoassociation laser, the ionization laser and the 100 W CO2 laser
forming the optical dipole trap. Due to these constraints, a linear arrangement of
the spectrometer with the field plates, the drift region and the ion detector in one
row as presented in Fig. 4.2 is very difficult to include into our setup.
This problem was solved by implementing a spectrometer with an off axis detector (Figs. 4.3 and 4.4). The ions are produced between the lower and the middle plate
and accelerated upwards along the vertical axis by applying a voltage Uu = 300 V to
the lower and typically Um = 200 V to the middle plate while grounding the upper
plate. The stainless steel field plates are 2 mm thick, have a diameter of 80 mm, and
a central hole of 30 mm diameter. The lower and the middle plate are separated
by 2 dl =40 mm and centered vertically around the MOT, the upper electrode is
separated from the middle one by du =20 mm. No grids are mounted across the
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Figure 4.4: Photo of the ion detector along the vertical axis of the vacuum chamber:
In the upper part the detector with the deflection electrodes is visible. Further down
one can see a field plate with a hole in the middle.

holes. In this way, laser beams necessary to form the MOT and to detect the atoms
can pass through the field plates undisturbed. The holes in the electrode create a
slightly inhomogeneous field which gives rise to a further effect as shown by simulations with SIMION [Sim]: the inhomogeneous electric field acts as an electrostatic
lens for the ions focussing them spatially onto the detector [Drummond84].
After passing the field free drift region of 30 cm length, the ions arrive at the
detection part of the spectrometer. This part is composed of a deflection electrode
and a microchannel plate (MCP) detector mounted on a single CF63 flange ensuring
an easy attachment to the vacuum chamber. Two grounded electrodes are placed
next to the quadratic deflector and at the opposite side. This construction prevents
the electric field of the deflector to leak to far into the drift region. The detector is
mounted off the vertical axis to allow for optical access along this axis. The voltage
applied to the deflector is typically -1.2 kV. A grounded grid is placed in front of
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the MCP to prevent background gas ions from being pulled onto the detector. This
design leaves full optical access in the entire horizontal plane, through the viewports
tilted 30◦ from the horizontal and along the vertical axis.
As ion detector we use a matched pair of MCP plates (Burle Industries) [Wiza79].
The front of the first plate is held at a potential of -2.1 kV, the back of the second
plate at -100 V. The produced electrons hit an anode plate behind the MCP connected to ground through a 100 kΩ resistor. AC signals from the anode are coupled out through a capacitance of 1 nF and referenced with 50 Ω to ground (see
appendix B for a circuit diagram). A single ion arriving at the MCP produces a
pulse of about 7 ns width at an amplitude of about 3 mV. The deflection electrode
is mounted electrically isolated from the grounded plates using poly-ether-etherketone (PEEK), which is a high quality plastic and sustains bakeout temperatures
over 200◦ C without mechanical distortion and outgassing.
According to Wiley and McLaren the resolution of a TOF spectrometer with
an acceleration region consisting of three field plates can be calculated as follows
[Wiley55]. The total kinetic energy at the detector U of ions starting with an
energy U0 in the middle of the first two electrodes can by written as a sum of the
initial energy and the energy gained in the acceleration region
U = U0 + qdl El + qdu Eu .
Time focusing ions starting at different positions inside the spectrometer at the
dt
time-of-flight t requires the condition dd
= 0. Calculating the highest resolved mass
l
mmax , i.e. the mass where the difference in time-of-flight t for two ions with the mass
difference of one atomic unit (tm+1 -tm ) is equal to the spread in arrival time of ions
∆t created within a sphere with the radius ∆dl (tm+1 − tm = ∆t), one obtains the
formula
mmax ∼ 16k0 (dl /∆dl )2
(4.2.2)
where

Um
dl El + du Eu
=1+
dl El
Ul
gives a measure of the ratio of Eu /El .
The limitation of the mass resolution by different initial velocities of the ions
does not play a significant role in experiments with ultracold gases. Since the kinetic
energy of molecules and atoms (∼ 1×10−8 eV) is by many orders of magnitude lower
m
), it can be neglected.
than the final kinetic energy of the ions ( Ul +U
2
k0 =
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Calculating the mass resolution with equation (4.2.2), one obtains a resolution
on the order of m/∆m = 4 × 104 for the ionization of ultracold atoms in a MOT
assuming a temperature of 100 µK and a MOT radius of 1 mm. The ionization
region for ultracold molecules in our experiment can be much bigger than the MOT
since they are not trapped and thus the ionization volume is given by the size of the
ionization laser beam. Still, for the ionization of ultracold molecules from an volume
of 1 cm diameter the resolution would be 400 to 500, high enough to separate LiCs
from Cs.
Compared to the theoretical resolution of m/∆m ' 4 × 104 for a linear setup
of the mass spectrometer as shown in Fig. 4.2, in our design the resolution is limited to about 103 . This originates mainly in two effects as shown by simulations
with SIMION [Sim]: The main decrease in resolution of about one order of magnitude is due to the deflection of the ions onto the detector in the upper part of the
spectrometer. In addition, the configuration of the field plates around the trapping
region leads to a decrease in mass resolution by a factor of three, because the large
distance between the field plates and the large holes to accommodate the laser create a rather inhomogeneous acceleration field. To avoid this effect one could think
of mounting grids across the holes. This would lead to interference effects of the
laser beams passing through the grids. which would make an efficient cooling of the
atoms impossible. Enlarging the outer diameter of the plates or mounting the plates
closer to each other would reduce the optical access to the MOT which is needed for
more than 10 laser beams including the 100 W CO2 laser beam passing through the
atomic cloud in the horizontal plane.

4.3

Characterization of the spectrometer

For the characterization of the mass spectrometer we produce Cs+ ions from atoms
in a MOT by photoionization with a pulsed dye laser (Radiant Dyes, Narrowscan,
7 ns pulse, 20 mJ/pulse, 20 Hz repetition rate, operated at 716 nm). For these measurements, typically 107 Cs atoms are trapped at a atomic density of 1010 cm−3 . In
addition Cs2 molecules are formed via photoassociation and ionized as described in
section 4.1. Fig. 4.5 shows a typical time-of-flight spectrum for Cs+ and Cs+
2 . Ions
arriving at the detector cause a dip in the MCP voltage. The atomic ions arrive
21.2 µs after the ionization laser pulse, the flight time of the molecular ions is 29.7µs,
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Figure 4.5: TOF spectrum of Cs+ and Cs2 + ions: Both atoms and photoassociated
molecules were ionized by a dye laser pulse. Cs+ arrives at the detector after 21.2 µs,
Cs2 + after 29.7 µs.

√

2 times longer, as expected from the mass ratio.

To optimize the time focussing of the ions on the detector, we vary the ratio
of the electric field strengths Eu /El by applying a fixed voltage of Ul = +300 V on
the lowest field plate, keeping the upper one on ground and varying the voltage Um
applied to the middle plate. This measurement was done with only very few ions
produced per pulse (< 15), to avoid interaction among the ions through Coulomb
repulsion and saturation effects of the MCP. Fig. 4.6 shows the rms peak width of
the MCP signal for the atomic ions as a function of Um . The width is extracted from
an average of 128 single TOF traces. The signal depends strongly on the voltage
Um with a minimal rms peak width of about 10 ns at Um = 202 V. The peak width
corresponds to a mass resolution of ∆mmrms = 1000. This is in good agreement with
the width of 15 ns obtained from the SIMION simulations. Fig. 4.6 shows that the
voltages applied to the field plates have to be controlled on the one percent level for
having optimal resolution.
Broadening of the signal due to Coulomb repulsion among the ions on their
way to the detector is negligible for small ion numbers. However, it becomes the
dominant broadening process for larger ion numbers. The influence of the Coulomb
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Figure 4.6: Peak width of the Cs+ peak at the MCP: The ions are time-focused with
a voltage of 202 V to a 10 ns wide peak dominated by the single ion pulse peak width.

repulsion is investigated in two distinct ways. First, the number of ions produced in
the extraction field is varied in a controlled way, second, a constant number of ions
is produced in a field free environment and a variable delay between production and
extraction of these ions is applied.
The number of ions, which is estimated from the peak area of the MCP signal,
is varied by changing the power of the dye laser. The peak width increases with
increasing ion number as shown in Fig. 4.7, hence the mass resolution decreases.
The larger the ion number, the larger is the space charge density which leads to
a stronger repulsion in the ionic cloud. Therefore the peak width on the detector
grows with the number of produced ions. Since the ion number is varied by two
orders of magnitude, special care must be taken to prevent saturation of the MCP
for large ion numbers. Hence, we lowered the voltage applied to the MCP for larger
ion intensities and used a relative calibration in order to compare the MCP signals
at different MCP voltages.
In a second measurement at a constant ion number, a variable delay is inserted
between the time of production of the ions (time of dye laser pulse) and the begin of
their acceleration towards the detector. The voltages on the lower and middle field
plates are switched with fast HV-switches (Behlke Electronic) and delays of 0-100 µs
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Figure 4.7: Peak width for different ion numbers: By increasing the ion number the
peak on the MCP gets broader.

are generated with a delay generator (Berkeley Nucleonics Corporation, Model 555
Pulse/Delay Generator). This gives the ion cloud more time to expand under the
influence of the Coulomb force and leads to a broader temporal distribution of the
ions on the detector. Since the temperature of the ions is only a few hundred µK
thermal energy can be neglected and the expansion is due to the Coulomb interaction
only. For small ion numbers almost no effect is visible for small delay times (Fig. 4.8
(a)). For delay times beyond 40 µs the signal becomes broader starting from less
than 25 ns up to almost 250 ns after 95 µs delay. One would expect the peak area to
be constant for a constant ion number. The slight increase is due to a saturation of
the MCP. For large delays the ions hit a bigger area of the MCP and hence saturation
is reduced. For large ion numbers (Fig. 4.8 (b)) the peak width at zero delay is much
larger than for the small ion numbers because the ions repel each other significantly
on their way to the detector. The insertion of a delay has only little influence on the
peak width, however, the total number of detected ions decreases rapidly. Under
these conditions the strong Coulomb repulsion enlarges the cloud too much to map
all ions onto the detector any longer and some of them hit the electrodes or the
chamber walls.
Even if almost all Cs+ ions arrive during a time interval of 70 ns, a few ions
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Figure 4.8: Coulomb repulsion for 10 ions a) and more than 150 ions b)

can be found as a broad background of ions around the Cs+ peak in a time interval of a few hundred ns around the Cs+ arrival time tCs . Fig. 4.9 a) shows several
time-of-flight traces are laid on top of each other. Besides the sharp Cs+ peak a
broad ion background is visible. The detection rate of such background ions is
only about one per ten dye pulses compared to one Cs+ ions arriving during the
sharp pulse, but nevertheless, they constitutes an important source of background
events near the expected LiCs+ peak. These ions can be attributed to fast Cs+ ions
formed by ionization of fast Cs atoms: Weakly bound electronic ground state Cs2
molecules (formed by photoassociation induced by Cs MOT light) are photodissociated by a first dye laser photon. After dissociation the two atoms are either in the
Cs(6s1/2 )Cs(6p3/2 ) or in the Cs(6s1/2 )Cs(6p1/2 ) states. Depending on the state they
each have a kinetic energy of 0.18 eV or 0.22 eV, respectively. The resulting Cs(6p)
atom is ionized by two-photon ionization. Cs+ ions emerging from this process have
a velocity of about 500 m/s and 550 m/s, respectively, which leads to a broad distribution as observed in the measured time-of-flight trace. To avoid the fast Cs+
ion background at the expected arrival time of the LiCs+ ions tLiCs , we reduced the
width of the broad distribution ∆t = 500 ns by applying large absolute voltages Ul
and Um to the field plates, which in turn decreases the ratio tLiCs∆t− tCs .
The arrival time of the fast ions can be shifted to shorter arrival times relative to
the narrow Cs+ peak by adjusting the ratio of the field plate voltages (Ul /Um ) at the
cost of a slightly non-optimal time-focussing. Under these conditions the ions with
an initial velocity pointing away from the detector gain in the acceleration region
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Figure 4.9: Time-of-flight traces laid on top of each other. The arrows indicate the
sharp peak caused by ionized ultracold Cs atoms. The ion background can be shifted
either to the right or the left side with respect to the peak.

that much energy, that they catch up with the ions starting in rest and eventually
overtake the other Cs+ ions on the way to the detector. Fig. 4.9 shows this effect:
depending on the ration of the field plate voltage, the broad background is either
shifted to the right, or to the left of the sharp Cs+ peak.
A REMPI spectrum for Cs+
2 photoassociated in a MOT can be seen in Fig 4.10.
In this measurement, the dye laser was scanned over a region from 703 nm to 705 nm.
The variation in the signal is due to the different populated molecular levels and
several resonant ionization events are visible, e.g. around 703.2 nm and 704.8 nm.
This shows, that it is possible to gain information about the rovibrational states
populated by the ground state molecules.
An analysis of the spacing between the resonances in a REMPI spectrum reveals
information on the vibrational and rotational level progression in the electronic
ground state as well as in the excited state. For each level in the electronic ground
state several resonances can be observed to different states in the excited level. This
resonance pattern is repeated for different levels in the electronic ground state. The
exact positions of these states depend critically on the shape of the potential curves,
therefore this information could help reconstructing accurate molecular potentials.
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Figure 4.10: REMPI spectrum of Cs2 : At certain laser wavelengths of the ionization
laser the number of produced Cs2 ions increases resulting in a drop of the MCP voltage.
Several resonances can be seen, e.g. around 703.2 and 704.8 nm.
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Chapter 5
Ultracold atom-molecule collisions
This chapter reports on investigations of ultracold atom-molecule collisions involving
deeply bound molecules in the electronic ground state [Staanum06, Zahzam06]. For
the first time, ultracold molecules could be trapped together with atoms at densities
high enough to examine collisions between molecules and atoms in the quantum
scattering regime. The molecule changes its initial quantum state (v 0 , J 0 ) to a lower
state (v 00 , J 00 ) and the released kinetic energy removes both products from the trap.
We have investigated collisions involving both high-lying and low-lying vibrational
states in the a3 Σ+ ground state potential yielding high collision rates, independent of
the rovibrational molecular state. These measurements represent the first ultracold
collisions between atoms and molecules and open a window to controlled ultracold
chemistry.
With the spectrometer described in chapter 4 it is now possible to detect even
small amounts of molecules in the electronic ground state even if they are embedded within many atoms, due to the good mass resolution and the high detection
efficiency. This improvement of the apparatus allows an accurate determination of
the temporal evolution of the number of stored ground state molecules in the trap.
Hence inelastic atom-molecule collision rates can be determined by monitoring the
molecule loss rate.
Section 5.1 summarizes the current status of theoretical and experimental investigations of ultracold collisions, while section 5.2 gives a brief overview over the
differences between ”hot” collisions at room temperature and collisions in the quantum scattering regime. The ultracold collision experiments are described in section 4,
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while section 5.7 gives a short comparison with predictions from quantum mechanical as well as classical theories. In the following section, the experimental scheme is
described (5.3) and rate coefficients for collisions involving high lying as well as low
lying vibrational states with atoms in both hyperfine states are measured.

5.1

Motivation

Ultracold collisions between atoms have been intensively investigated in the past
[Weiner99]. However, in the last years the focus in experiments with laser-cooled
gases has moved more and more from atomic samples to ultracold molecules. After the first production of alkali dimers through photoassociation [Lett93, Miller93]
and Feshbach resonances [Courteille98], trapping in optical and magnetic traps was
achieved [Takekoshi98, Vanhaecke02]. In the last years the first molecular BoseEinstein condensates could be produced [Jochim03, Greiner03, Zwierlein03] and even
molecule-molecule collisions between homonuclear alkali dimers in the highest vibrational state of the electronic ground state where investigated [Mukaiyama04, Chin05].
On the other hand cold collisions at temperatures below 0.5 K between He buffergas cooled CaF and He have been studied [Maussang05] and electrostatic trapping
of slowed OH molecules has been shown [Meerakker05, Bethlem99].
Up to now, there were no experiments investigating scattering in the quantum
regime involving deeper bound molecules. Even though trapping of deeply bound
molecules could be achieved in both magnetic and optical traps, these experiments
where not able to achieve high enough molecular and atomic densities needed for a
significant amount of scattering processes. Experiments with high densities either
could not reach ultralow temperatures (e.g. buffer-gas cooling) or formed very weakly
bound molecules in the highest vibrational state via Feshbach resonances.
Theoretical calculations have been performed for a few systems involving alkali
dimers (Li-Li2 [Cvitas05], Na-Na2 [Quéméner04] and K-K2 [Quéméner05] collisions).
Additionally, calculations exist for systems like He-H2 [Balakrishnan98] and H-H2
collisions [Balakrishnan97]. The energy dependence of the inelastic cross-section is
predicted to be in good agreement with Wigner’s threshold law, nevertheless all
calculations are based on one single potential surface and do not take into account
effects, which arise from a resonant coupling of two potential surfaces [Brue05]. In
the current state of theoretical investigations a general dependence of the collision
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rate coefficient on the vibrational and rotational quantum state is not clear. In
the case of He-H2 as well as for H-H2 collisions the rate coefficients increase for
higher vibrational states [Balakrishnan98, Balakrishnan97], while Stwalley predicts
very small rate coefficients for high lying vibrational states [Stwalley04]. However,
until now it is only possible to perform full quantum dynamical calculations for
collisions involving few electrons, full quantum dynamical calculations between the
heavier alkali dimers such as Rb-Rb2 or Cs-Cs2 are still too computationally challenging. Therefore, experimental investigations are needed to determine the collision
properties at ultralow temperature and to test the existing theories.

5.2

Classical versus quantum scattering

Scattering properties between two particles are of high interest in the field of ultracold gases. Efficient evaporative cooling depends on high enough elastic scattering
cross-sections to ensure a fast thermalization among the atoms [Luiten96]. The sign
of the scattering length determines whether a stable Bose-Einstein condensate can
be formed or not since an attractive interaction leads to a collapse of the condensate [Sacket98]. Furthermore, the scattering length plays an important role in sympathetic cooling of an atomic species which requires a sufficient strong inter species
interaction [Modugno01, Mudrich02].
Collisions in ultracold gases differ a lot from collisions at room temperature.
At high temperatures collisions are well described by classical theories, such as the
Langevin capture theory [Langevin05, Levine05] while they have to be treated in
quantum mechanical terms in the temperature range of laser-cooled atoms [Weiner99].
In the following, the two different regimes, first the classical and then the quantum
mechanical scattering regime, are discussed.
In the classical scattering theory, the effective interaction potential Vef f between
the colliding partners can be separated into an radial interaction part V (R) and a
centrifugal part, given by the relative angular momentum L and the reduced mass
of the colliding partner µ adding a repulsive term to V (R)
Vef f (R) = V (R) +

L2
.
2µR2

(5.2.1)

By introducing the impact parameter b, i.e. the minimal distance between the
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two partners, one can write equation (5.2.1) as
Vef f (R) = V (R) +

Ekin b2
.
R2

(5.2.2)

In the classical theory a reaction, e.g. a scattering process, only takes place if the
relative kinetic energy Ekin of the two colliding partners is larger than the potential
barrier of the effective potential Vef f (Rmax ), i.e.
Ekin b2
≥ 0.
2
Rmax

Ekin − V (Rmax ) −

(5.2.3)

Using only the long range part of the ground state potential which can be described as V (R) = −C6 /R6 and determining Rmax by differentiating equation (5.2.2)
one can calculate the largest possible impact parameter bmax at which scattering can
occur. The corresponding scattering cross-section σ, defined by a disk with the radius bmax , yields
µ
σ=

πb2max

2/3

= 3π2

C6
Ekin

¶1/3
.

(5.2.4)

The total rate coefficient β for a reaction depends on the cross-section and the
relative velocity v of the two partners and can be written as β = σv. Investigating
a thermal gas, it is necessary to average over all velocities present in the gas. These
definitions yield a total rate coefficient
*
β=

µ
3π

C62 Ekin
2

+

¶1/6
µ−1/2

(5.2.5)

where the brackets denote an averaging over all thermal energies. From equation (5.2.4) it is clear, that the scattering cross-section, treated as a classical quantity,
should decrease with decreasing energy and finally vanish at zero kinetic energy.
The classical theory holds no longer when reaching temperatures where the thermal deBroglie wavelength becomes of the order of the interparticle distance and the
scattering process has to be treated in terms of quantum mechanics [Weiner99]. In
quantum mechanics it is useful to expand the scattering wave function in different
angular momenta l. The lower the temperature gets, the more wave functions with
high angular momenta l freeze out until only s-wave scattering is allowed near 0 K.
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Wigner’s threshold law [Wigner48] predicts a non vanishing inelastic cross-section
with a maximal value (unitary limit) of
σmax =

X π
(2l + 1),
k2
l

(5.2.6)

when partial waves up to the quantum number l contribute, where k denotes
the wave number of the colliding partners. In this case, the s-wave scattering rate
coefficient
βs = hσs vi =

π
v
k2

(5.2.7)

increases for small velocities v, in contrast to the classical theory. At even lower
temperatures, well below the p-wave barrier, the inelastic cross-section becomes
proportional to 1/v and thus the inelastic scattering rate is constant [Bethe35].

5.3

Production of Cs2 ground state molecules

The measurements investigating ultracold atom molecule collisions are performed in
the dipole trap. About 2 × 105 Cs atoms (F=3) are transferred into the dipole trap.
After transfer into the dipole trap, the atoms are pumped into the upper hyperfine
state (F=4). No additional cooling pulse is applied, resulting in a typical mean
atomic density of nat = 1011 cm−3 and an atom temperature of T = 60 ± 20 µK. The
atoms are photoassociated from the upper hyperfine state into Cs2 molecules with a
photoassociation laser beam intensity of ∼ 600 W/cm2 [Wester04]. After a variable
storage time either with or without atoms the molecules are ionized by a pulse of
the unfocussed dye laser beam (∼10 mJ per pulse, wavelength 712.5 nm).
Since the CCD camera used to determine the atom temperature in the previous
experiments was broken, the atomic density could not be measured with absorption
images. An alternative way to determine the density is to analyze the inelastic
hyperfine changing collision rate of the atoms inside the trap. Therefore, the trap
is loaded with atoms in the upper hyperfine state. During a collisions, the atoms
can change the hyperfine state. The gained kinetic energy is high enough that both
partners leave the trap. These collisions are a two body process and thus the rate
depends on the atomic density.
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A model describing the loss due to inelastic collisions has been developed earlier
in our group [Mudrich04b, Mudrich03]. In contrast to the measurements presented
together with the model, we now have a lower atomic density and a higher background gas pressure and thus the model has to be extended and background gas
collisions have to be taken into account, yielding
·
−Γt

N (t) = N0 e

¢
AN N01.75 ¡
1+
1 − e−1.75Γt
Γ

¸1/−1.75
(5.3.1)

where N0 is the initial atom number, Γ represents the collision rate with hot
background gas atoms, and AN is given by the inelastic collisions rate coefficient G,
the trap frequencies ωr and ωa , the atom mass m and the initial temperature T0 as
µ
AN =

−2Gωr2 ωa

mN00.5
4πkB T0

¶3/2
.

(5.3.2)

The mean density n = N/V 0 (T ) can be expressed by the quotient of the atom
number and an effective volume
µ
0

V (T ) =

4πkb T
m

¶3/2

1
ωr2 ωa

.

(5.3.3)

Inserting (5.3.2) and (5.3.3) in (5.3.1), yields
·
N (t) = N0 e

−Γt

¢
2Gn0 ¡
1+
1 − e−7/4Γt
Γ

¸−4/7
(5.3.4)

for the time dependance of the atom number and
µ
T =

ωr2 ωr N0
n0

¶2/3

m
4πkB

(5.3.5)

for the initial temperature T and the initial mean density n0 .
In the measurements, equation (5.3.4) was fitted to the data using the collision
rate coefficient G for inelastic Cs(F=4) Cs(F=4) collisions determined in [Mudrich04b]
to be G = 1.1 ± 0.1 ± 0.2 × 10−11 cm3 /s and a background loss rate Γ = 0.5 s−1 .
Calculating the atom number from fluorescence measurements with a photodiode,
the only remaining free parameter in the fit is the atomic density n0 . The initial
temperature of the trapped atoms can then be calculated.
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Figure 5.1: Production of ground state molecules: The number of detected molecules
rises until it reaches an equilibrium after creation and loss of molecules reach an
equilibrium around 100 ms. The number of produced ions is higher, since not all
produced molecules are detected in this measurement.

At first, we investigate the dynamics of ground state molecule formation to determine the optimal length of the photoassociation time. Fig. 5.1 shows the number of
detected molecular ions depending on the photoassociation time in the dipole trap.
The molecule number rises the first 60 ms and reaches a maximum of 140 detected
molecules. At this time the number of produced molecules is equal to the molecule
loss. After 100 ms the molecule number decreases again caused by a decrease of
the atomic density due to inelastic collisions and the photoassociation process itself. In the further measurements presented in this chapter we therefore choose a
photoassociation time of 100 ms in order to achieve a maximum molecule number.
To get a better understanding of the molecule formation, the time development
of the molecule number Nmol is written as a rate equation. Neglecting background
gas collisions it can be written in terms of the densities nat and nmol and the atom
number Nat as

Ṅmol = αNat (t)nat (t) − βNmol (t)nat (t)

(5.3.6)
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where α and β are the rate coefficients for molecule formation and molecule loss,
respectively. In the described measurements only very few atoms were transformed
into molecules, therefore the atom number Nat (t) and the atomic density nat (t) can
be treated as time independent giving rise to an equilibrium molecule number of
Nmol =

α
Nat .
β

(5.3.7)

Surprisingly, Nmol does not depend on the atomic density but only on the total
atom number and the ratio of α and β. Aiming at as much ground state molecules
as possible it is necessary to maximize the atom number in the trap whereas a high
atomic density only influences the dynamic of the process.
An estimate of the upper limit of the absolute molecule number can be given
by analyzing the atom loss. The atomic density was chosen such, that during the
first 100 ms of photoassociation only about 5% of the atoms are lost. Assuming
that the loss of atoms is only caused by photoassociation of molecules and not by
inelastic atom-molecule or atom-atom collisions, this gives a maximal number of
5000 produced molecules in this time.
The temperature of the produced ground state molecules could not be measured
directly, but can be easily calculated. A molecule is formed out of two atoms with a
momentum p. The resulting molecule has to have twice the atomic momentum, since
no momentum can be carried away by the involved photons. Therefore, the velocity
of the atoms and the molecule are the same and the molecular temperature Tmol =
2Tat is in the same range as the atomic temperature. With this temperature and
an assumed number of 5000 trapped molecules one calculates a maximum density
of nmol ∼ 109 cm−3 .
After photoassociation, the remaining atoms in the trap can be either optically
pumped to the F=3 hyperfine state (> 99% efficiency with negligible atom loss),
be left in the F=4 state or be pushed out of the trap. For pushing out the atoms,
the laser beam used for zeeman slowing was applied for a few ms. After shining in
the laser beam, no atoms could be detected in the trap by fluorescence any longer.
Thus, we estimate that at least 99% of the atoms have left the trap.
We deduce the inelastic collision rate coefficient by measuring the number of
trapped molecules Nmol as a function of storage time τ . Each measurement of
Nmol (τ ) is an average over typically 48 cycles. Nmol (τ = 0) is determined before and
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after each measurement to correct for drifts in the experiment, mainly small frequency drifts of the photoassociation laser. The error bars of the detected molecule
number combine the corresponding statistical and uncertainties and the error of the
applied corrections.

5.4

Collisions with atoms in F=3

Atom-molecule collisions with atoms in the lower hyperfine state (F=3) are investigated in two different regimes: with molecules in highly excited and in deeply bound
vibrational states of the a3 Σ+
u potential. The preparation of the molecules in the
different states is achieved by photoassociation either through the v = 6, J = 2 state
in the outer well of the 0−
g (6s1/2 6p3/2 ) potential [Fioretti99] or through v = 79, J = 2
state, decaying mainly into v 0 = 32 − 47 or v 0 = 4 − 6 in the a3 Σ+
u ground state
potential, respectively [Azizi, Vatasescu]. In the following sections, the levels in the
optically excited states will be denoted by v and J as vibrational and rotational
quantum number, whereas the levels in the ground state are given by v 0 and J 0 .
Fig. 5.2 shows the two different situations. On the left a sketch of the photoassociation process in the two different vibrational states can be seen, in 5.2 b)
the squared Franck-Condon factors calculated by O. Dulieu [Azizi, Vatasescu] are
shown. Molecules formed in v = 6 decay due to large Franck-Condon factors into
a broad distribution of vibrational states centered around v 0 = 40. The resulting
molecules in the electronic ground state are in high vibrational states with binding
energies of ∼ 10 cm−1 . Electronically excited molecules in v = 79 of the outer well
of the 0−
g potential can tunnel through the energy barrier into the inner part of the
potential [Vatasescu00] and decay into the low lying vibrational states v 0 = 4 − 6 in
the triplet ground state with a binding energy of ∼ 185 cm−1 .
The storage of molecules in the dipole trap together with atoms leads to additional losses as shown in Fig. 5.3. In this example molecules in v 0 = 32 − 47 are
stored without atoms (black squares), or with atoms in the lower hyperfine state
(red circles). In the latter case, the atomic density is nat = (9.1 ± 0.4stat ± 2.4syst ) ×
1010 cm−3 ). Molecules stored without atoms show a clear exponential decay with a
lifetime of ∼ 0.5 s, caused by collisions with hot background gas atoms. The resulting collision rate for thermal collisions with background gas is roughly a factor of
two larger than the background gas collision rate for trapped Cs atoms. This can
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Figure 5.2: Production of ground state molecules in different vibrational states:
Molecules photoassociated into the v = 6 state populate primarily the v 0 = 32 − 47
states while molecules in v = 79 decay mainly into v 0 = 4 − 6. b) shows the different
squared Franck-Condon factors for the transitions.

5.4. Collisions with atoms in F=3

Figure 5.3: Storage time measurement for Cs2 (v 0 = 32−47) molecules with Cs(F=3)
atoms in the dipole trap at a mean density of nat = (9.1 ± 0.4stat ± 2.4sys ) × 1010 cm−3
(black filled squares) and with only molecules in the trap (red filled circles). The lines
represent fits to an exponential decay.

be explained by the larger geometrical extension of the molecules compared to the
Cs atoms.
Stored together with ultracold atoms, the molecules decay even faster and the
lifetime is shortened by roughly a factor of 7 compared to the storage without atoms.
Since the fast loss is only observed in measurements with atoms, the underlying
loss mechanism has to be caused by atom-molecule collisions. Dissociation of the
molecule can be excluded because neither the atom nor the molecule can bring up
the required energy. Thus the molecule has to gain enough kinetic energy to leave
the trap after the collision.
The gained kinetic energy can be due to vibrational as well as rotational deexcitation of the molecules. In all cases the released energy largely exceeds the trap
depth of ∼ 2 mK for molecules and ∼ 1 mK for atoms and hence both collision
partners are lost from the trap with practically unity probability.
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5.4.1

Comparison of different vibrational states

The dynamics of atom-molecule collisions can be expressed in a simple rate equation
for the molecular trap loss
¸
8
= − √ βnat (t) + Γmol Nmol .
27
·

Ṅmol

(5.4.1)

Two different terms contribute to the loss. The first term, proportional to the
atom-molecule inelastic collision rate coefficient β and the time varying atomic density nat (t), denotes the molecule loss caused by collisions with atoms. In the calculation of the rate coefficient it is important to take the spacial variation of the
atomic and molecular density into account. In our measurements, we assume an
equal temperature for the atoms and the molecules. The factor √827 originates in
the spatial averaging over the atom-molecule distribution by calculating the overlap
R
integral nat nmol dV. A second loss mechanism, represented by the rate coefficient
Γmol , is due to molecules colliding with the background gas.
Losses caused by molecule-molecule collisions, scaling as βmol Nmol nmol are neglected in the equation. It is not clear from the beginning, that these collisions do
not play a role, but this can be motivated by an estimation of the collision rates.
Because the molecular density is much smaller than the atomic density and since we
have relatively high atom-molecule collision rates, this molecule-molecule loss would
be slower by more than one order of magnitude compared to the atom-molecule loss,
assuming similar rate coefficients. In fact, further measurements show no loss due to
molecule-molecule collisions at these molecular densities, as expected (section 5.6).
Strictly speaking, the atom-molecule collision rate coefficient could vary from one
molecular quantum state to the next one. Therefore equation (5.4.1) is only valid, if
the molecules populate a single state. As we have a distribution of molecules in different states, we are only able to measure an averaged rate coefficient. Nevertheless,
the rate coefficient can be expected to be not too different for neighboring states,
thus equation (5.4.1) should be still a good approximation.
In collisions with Cs atoms in the lower hyperfine state no inelastic Cs-Cs collisions can occur. Under the assumption that no atoms are lost due to collisions with background gas atoms on the timescale of the atom-molecule collisions
(Γat = 0.2 s−1 ) and that the atomic density is not changed by atom-molecule collisions since there are much less molecules present than atoms, one can neglect the
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Figure 5.4: Cs2 loss rate for collisions with Cs(F=3): The straight lines represent
fits to the data (solid: v 0 = 32 − 47, dashed: v 0 = 4 − 6).

time dependence of the atomic density nat . In the case of a constant atomic density,
equation (5.4.1) describes a pure exponential decay of the molecule number with the
loss rate √827 βnat + Γmol .
Two different sets of measurements are performed to determine the rate coefficient of high lying (βv0 =32−47 ) and low lying (βv0 =4−6 ) vibrational states in the a3 Σ+
u
−
ground state potential by addressing v = 6 and v = 79 in the 0g outer well potential,
respectively. In each set of measurements, the atomic density is varied by transferring a different amount of atoms into the dipole trap and changing the temperature
by varying the detuning of the cooling laser during transfer. In this way, the mean
density can be changed by a factor of four starting from 2.5 × 1010 cm−3 to almost
1011 cm−3 . Additionally, we perform measurements without any atoms in the trap,
i.e. with nat = 0. To all measurements equation (5.4.1) is fitted and molecule loss
rates are determined.
Fig. 5.4 shows the loss rates for molecules in v 0 = 32 − 47 (black solid squares)
and v 0 = 4−6 (red circles) for different atomic densities. From fitting a straight line,
=3
the inelastic rate coefficients βvF0 =32−47
= 0.96 ± 0.02stat ± 0.3sys × 10−10 cm3 /s and
=3
βvF0 =4−6
= 0.98 ± 0.07stat ± 0.3sys × 10−10 cm3 /s are deduced (the systematic error is
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due to the uncertainty on nat of which the ratio between collision rate coefficients is
independent). Surprisingly the rate coefficient are the same in both cases in contrast
to predictions made in [Stwalley04].
In contrast to the ultracold atom-molecule collisions, the collisions of the optically
trapped molecules with the background gas at 300 K do depend on the vibrational
state, as seen in the loss rates Γmol (v 0 = 32 − 47) = 1.9(2) s−1 and Γmol (v 0 = 4 − 6) =
1.0(3) s−1 deduced from the fit. The faster loss for the higher vibrational levels may
be attributed either to a larger geometric cross-section for elastic collisions due to the
larger average bond length or to the energetically open channel of collision induced
dissociation (binding energy ∼ 10 cm−1 for v 0 = 32 − 47 compared to ∼ 185 cm−1
for v 0 = 4 − 6). In either case, this observation shows that the molecules are indeed
selectively formed in either high lying or low lying vibrational states of the triplet
ground state.

5.4.2

Comparison of different rotational states

In order to investigate to which extent rotational relaxation contributes to the
molecule loss, we performed molecule storage time measurements with molecules
in the vibrational states v 0 = 32 − 47 but in different rotational states J 0 . In our experiment it is not possible to resolve the rovibrational structure for these levels in the
a3 Σ+
u potential in the REMPI spectra. Thus, we cannot observe the time evolution
of the molecule number in the different rotational states directly. Nevertheless, we
can address a certain rotational state of the v 0 = 2 in the optically excited potential
with our photoassociation laser as shown in chapter 3. Due to selection rules only
transitions to ground states with |J − J 0 | = 0, 1; J = 0 9 J 0 = 0 can occur and
0
0
0
0
hence molecules can be formed in the a3 Σ+
u state in (v , J = 1) and (v , J = J, J ±1)
when J = 0 and J 6= 0, respectively (see chapter 2).
Inelastic collisions in the 3 Σ potential involving rotational relaxation are not
possible in the energetic lowest rotational state, i.e. K 0 = 0, only higher lying states
can decay rotationally and hence gain kinetic energy. The K 0 = 0 state can only
be populated via photoassociation of J = 0, 1, 2 states in the 0−
g potential according
to selection rules. Since the fraction of molecules decaying into K 0 = 0 should have
a much longer lifetime, the averaged loss rate coefficient for molecules produced
via the J = 3 and 4 state in the 0−
g potential should be larger than the loss rate
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Figure 5.5: Molecule loss coefficient for different rotational states J 0 in the a3 Σ+
u
ground state potential, addressed through photoassociation in different vibrational
states J in the 0−
g potential. No significant deviation between the rotational states
can be found.
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coefficients of the other states.
Fig. 5.5 shows the measured molecule loss rate coefficients of molecules photoassociated through different rotational states J of the v = 6, 0−
g potential normalized
to the loss rate coefficient of the J = 2 state. No significant deviation from the
mean value of 1.06 is found. From this result one can conclude, that the molecule
loss is governed by vibrational deexcitation and rotational relaxation only plays a
minor role. Molecular hyperfine changing collision rates are expected to be similar
to atomic ones [Mudrich04b] and therefore about an order of magnitude smaller.
In the v = 79, 0−
g state the rotational spacing is much smaller than in the v = 6
state and the different rotational states overlap in energy. Thus, it is not possible
to resolve the different levels and measurements with different rotational states in
the v 0 = 4 − 6, a3 Σ+
u could not be performed. Nevertheless, the rate coefficients are
as high as for the v 0 = 32 − 47 states and we do not expect a qualitative different
behavior for this state and thus assume vibrational relaxations to be the dominant
process for the trap loss as well.

5.5

Collisions with atoms in F=4

In Cs2 -Cs(F=4) collisions the Cs density nat can no longer be treated as a constant,
fast inelastic atom-atom collisions cause an additional atom loss. The decrease in
density
nat (t) =

nat (0)
1 + 2Gnat (0)t

(5.5.1)

where G = 1.1 ± 0.3 × 10−11 cm3 /s is the rate coefficient for atomic inelastic
hyperfine-changing collisions between Cs(F=4) and Cs(F=4), gives a new term in
equation (5.4.1) (see equation (7) of Ref. [Mudrich04b]) leading to
Nmol (t) = Nmol (0)e−Γmol t [1 + 7Gnat (0)t/2]−16β/(7

√
27G)

.

(5.5.2)

Fig. 5.6 shows a storage time measurement of Cs2 (v 0 = 32 − 47) dimers together
with a fit to Eq. (5.5.2). Several measurements at different atomic densities yield fitted rate coefficients independent of the atomic density as expected for atom-molecule
=4
collisions. Their average is βvF0 =32−47
= 1.38 ± 0.04stat ± 0.4sys × 10−10 cm3 /s. This
=3
rate coefficient is larger than the one for collisions with Cs(F=3) atoms, βvF0 =32−47
,
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Figure 5.6: Cs2 - Cs(F=4) collisions: Storage time measurement for Cs2 (v 0 = 32−47)
in collisions with Cs(F=4). Eq. (5.5.2) is fitted to the data to obtain the inelastic rate
coefficient.

which can be attributed to the additional loss channel of hyperfine-changing collisions [Mudrich04b].

5.6

Molecule-molecule collisions

Taking into account molecule-molecule collisions, a further term has to be added
to equation (5.4.1). The molecule loss caused by these collisions will not only be
proportional to the molecule number, but also to the molecule density nmol , since
every molecule has to find a partner to collide with. Therefore, the loss rate can be
written as
Γmol−mol = βmol nmol
leading to an overall molecule loss of
·

Ṅmol

¸
8
= − √ (βnat (t) + βmol nmol (t)) + Γmol Nmol .
27

(5.6.1)

From this equation it is clear, that the expected molecule loss rate due to
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molecule-molecule collisions is smaller than the atom-molecule loss rate: since the
atom number exceeds the molecule number by a factor of 40 one expects a loss rate
much less than the rate due to atom-molecule collisions Γat−mol βnat assuming rate
coefficients β and βmol in the same order of magnitude. Therefore, it is necessary to
remove all atoms from the trap after photoassociation . In this case (5.6.1) can be
written as
·

Ṅmol

¸
8
= − √ βmol nmol (t) + Γmol Nmol
27

(5.6.2)

describing a non-exponential molecule decay. In particular, the loss rate
8
√ βmol nmol (t) + Γmol
27
depends on the molecular density nmol . If molecule-molecule collisions are observed,
the decay of the molecule number should be much faster at high molecular densities
than at low ones. To examine this, measurements are performed starting with
different molecular densities. In the measurements shown in Fig. 5.7 the molecular
density is varied by photoassociating a different amount of molecules by varying
the photoassociation time. Since the atomic temperature was not changed, the
molecular density should be determined only by the molecule number. All three
curves show the same initial slope, although the molecule number and hence nmol
is varied by a factor of five. Thus, we conclude that the loss rate due to moleculemolecule collisions has to be small compared to the background gas loss rate Γmol
of 2 s−1 .
From this observation, an upper bound for the molecule-molecule collision rate
coefficient can be estimated. The fact, that no collisions are observed leads to
√
27Γmol
βmol ¿
.
(5.6.3)
8nmol
Assuming a molecular density nmol = 1/40nat = 2.5 × 109 cm−3 and a collision
rate much smaller than 2 s−1 one gets
βmol ¿ 5 × 10−10 cm3 /s

(5.6.4)

as an upper limit on the same order as the atom-molecule collision rate coefficient.
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Figure 5.7: Molecule-molecule collisions: The decay of the molecule number of all
measurements is the same although they start at different molecule numbers. Hence
no molecule-molecule collisions can be detected.

5.7

Discussion

The obtained inelastic collision rates can be set in relation to both quantum mechanical and classical scattering theories. In collisions at low temperatures treated
as a quantum mechanical process, Wigner’s threshold law gives an upper bound on
the inelastic scattering rate coefficient βmax
βmax =

X π
h 2 vi(2l + 1),
k
l

(5.7.1)

depending on how many partial waves contribute to the collision [Wigner48,
Landau79] and on the relative velocity v and the wave number k = µv/~.
For collisions between Cs and Cs2 at 60 µK we obtain a s-wave scattering rate
coefficient (l = 0) of β0 = 1.7 × 10−11 cm3 /s, well below the measured coefficient. To
estimate how many partial waves contribute to the scattering process we separate
the effective potential in a centrifugal part added to the ground state potential Vg (R)
Vef f (R) = Vg (R) +

~2 l(l + 1)
.
2µR2

(5.7.2)
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From equation (5.7.2) one can calculate the barrier height for p-wave and d-wave
scattering using Ref. [Cvitas05, Chin04] yielding 16 µK and 83 µK, respectively. At
collisions temperatures of ∼ 60 µK p-waves should fully contribute and even a small
contribution of d-wave scattering can be seen, leading to a total rate coefficient of
about β60 µK = 10−10 cm3 /s in good agreement with the experimental value.
At higher temperatures more and more partial wave contribute to the scattering
and the whole process can be described with a classical scattering model. Cvitas
and coworkers have carried out quantum dynamic calculation of inelastic Li-Li2
collisions [Cvitas05]. They give as a lower bound for the temperature where the
scattering can be treated as a classical process the centrifugal barrier energy for
f -wave scattering, i.e. 235 µK for Cs-Cs2 collisions, well beyond our temperatures of
60 µK.
Calculating the collision rate coefficient with the classical Langevin capture theory (equation (5.2.5)) one gets a value of βat,Langevin ' 7 × 10−11 cm3 /s. Even if the
collision should be fully dominated by quantum dynamical effects, this shows that
equation (5.2.5) gives a good estimation of the scattering rate.
Triggered by the presented results, Bodo and coworkers [Bodo06] have recently
performed numeric calculations for inelastic Cs-Cs2 scattering. Since this system
is to difficult to be treated in a full quantum dynamic calculation they started
with their calculations on H-H2 and He-Li2 scattering. In both cases the inelastic
cross-section rises by many orders of magnitude within the first vibrational levels.
Since both systems have a very small reduced mass, the density of vibrational states
is much smaller than in the Cs-Cs2 system. To investigate the influence of the
density of states, the mass of the colliding H, Li and He is artificially increased in
the calculations, resulting in a much smaller spacing between the vibrational states
and the calculation was repeated. In both systems, the cross-section is much less
dependent on the quantum numbers, suggesting that the different behavior of the
cross-section observed in the Cs-Cs2 measurements and the calculated few electron
systems can partly be explained by the different density of vibrational states.
Similar experiments as described here were performed in Orsay, photoassociat+
ing Cs2 molecules in the 0−
g , the 1u and the 0u 6s1/2 6p3/2 potentials [Zahzam06].
In addition to inelastic collisions involving molecules in the a3 Σ potential investigated here, molecules were photoassociated into the 0+
u and the 1u state decaying
into the X 1 Σ ground state. Fig. 5.8 a) shows the evolution of the Cs2 molecule
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Figure 5.8: Atom-molecule collision measurements performed in the group of
P. Pillet, Orsay [Zahzam06]: a) shows the time development of the molecule number after photoassociation in different molecular potentials with and without atoms
present. b) depicts the storage of molecules without atoms.

+
number photoassociated in the 0−
g (circles), the 0u (stars) and the 1u (triangles)
potential. Closed symbols represent measurements with atoms, open symbols measurements without atoms. In agreement to the experiments described in this thesis,
the rate coefficients in the Orsay measurements do not depend on the molecular
+
state and are similar for molecules in the 0−
g , the 0u and the 1u potential. However,
−10
there is a disagreement in the absolute number (βOrsay = 0.26+0.4
cm3 /s,
−0.03 × 10
βF reiburg = 0.98 ± 0.07stat ± 0.3sys × 10−10 cm3 /s) originating from different measured
density values. In both experiments, the density was determined by measuring the
inelastic collision rate of Cs (F=4) atoms. While the Orsay experiment determined
the density only before photoassociation, we measured the density in the experiments
described here, after photoassociation, directly at the start of the collision measurements. Comparing density measurements before and after photoassociation we see a
significant decrease in density due to the trap depletion during the photoassociation
process (chapter 3).

Furthermore, they have analyzed the molecule-molecule collisions. Fig 5.8 b)
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shoes the measured decay of the molecule number versus the storage time in the
dipole trap. The doted line represents a fit only taking collisions with the background gas into account, the solid line a fit additionally taking into account moleculemolecule collisions which seems to fit better. From this fit a collision rate coefficient
of 10−11 cm3 /s can be extracted. Unfortunately, no errors on the measured molecule
number are given and thus the value of the rate coefficient can only be taken as an
estimate of the upper bound.

Chapter 6
Formation of ultracold
heteronuclear molecules
This chapter reports on the first observation of ultracold LiCs molecules in the
electronic ground state, for which the highest dipole moment of all alkali dimers is
predicted. Rate coefficients of (10−18 − 10−16 ) cm3 /s for the spontaneous molecule
formation where found, smaller than the rate coefficients determined experimentally
in other alkali mixtures so far.
The chapter is organized as follows: a short motivation (section 6.1) is followed
by an introduction into spontaneous molecule formation in a MOT (section 6.2).
Section 6.3 is dedicated to the new experimental setup with a two-species oven (6.3.1)
and a Li-Cs double MOT (6.3.2). The last part of this section reports on the
detection of LiCs molecules (6.3.3).

6.1

Motivation

Owing to their permanent electric dipole moment, ultracold heteronuclear dimers
offer many exciting possibilities for studies of interacting dipolar gases. At ultralow temperatures the interaction energy of polar molecules in an electric field
can largely exceed their thermal energy. Hence processes such as elastic and inelastic collisions can be manipulated by applying electric fields [Bohn01, Ticknor05,
Avdeenkov06, Krems05]. On the one hand, an array of cold polar molecules has
been proposed to represent a quantum computation device, where each qubit is
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defined by the orientation of a molecular dipole relative to an external electric
field [DeMille02]. On the other hand, chemical reactions of polar molecules at vanishing thermal energy have been proposed to be controllable by suitable external electromagnetic fields [Krems05, Avdennkov03]. Despite the existence of potential energy barriers, such reactions feature significant rate coefficients at low temperatures
in the Wigner threshold regime [Balakrishnan01, Bodo02]. Interesting complementary trapping concepts for polar molecules are electrostatic [Meerakker05, Rieger05],
magnetic [Wang04] and microwave traps [DeMille04]. Experimentally, inelastic ultracold homonuclear atom-molecule collisions have been studied in optical dipole
traps [Staanum06, Zahzam06, Thalhammer06]. Inelastic and elastic collisions involving polar molecules are now open for similar investigations offering new perspectives.
Large molecular electric dipole moments are required in order to make experiments on dipole-dipole interactions and electric field control of ultracold polar
molecules feasible. At the current state-of-the-art, heteronuclear alkali dimers seem
to be particularly suited. Such ultracold polar dimers can be formed by photoassociation from ultracold samples of their atomic constituents as demonstrated
for RbCs [Kerman04], KRb [Wang04, Mancini04b], and NaCs [Haimberger04]. The
dimer LiCs is predicted to have the largest dipole moment of about 5.5 Debye for low
lying vibrational states of the X1 Σ+ electronic ground state [Igel-Mann86, Aymar05].
Recent theoretical studies demonstrate the possibility for manipulating Li-Cs collisions [Krems06], rovibrational dynamics of LiCs molecules [Gonzalez-Ferez], binary
inelastic collisions between KRb or RbCs [Avdeenkov06] and implementing the mentioned quantum computation proposal using optically trapped KRb or RbCs
[Kotochigova06].

6.2

Molecule formation in a MOT

In a MOT ultracold ground state molecules are produced even without active photoassociating via an additional laser. This molecule formation was first observed
in single species MOTs [Gabbanini00, Fioretti98, Takekoshi99] and more recently in
heteronuclear mixtures of K-Rb [Mancini04b] and Na-Cs [Mancini04b]. Two different
processes can contribute to the spontaneous molecule formation: photoassociation
by the MOT lasers and direct formation of ground state molecules due to three body
recombination.
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Photoassociation takes place, when two colliding atoms are optically excited
by a MOT laser photon into a bound molecular state. Since the photoassociating
MOT laser has a very small detuning to the corresponding atomic asymptote, the
formed excited molecules are in very high lying vibrational levels. A small fraction of
these molecules decays into the Σ singlet or the Σ triplet potentials, forming stable
ground state molecules. The high lying excited levels only have a significant FranckCondon overlap with relatively high vibrational levels in the electronic ground state.
Therefore photoassociation by MOT light creates relatively weakly bound ground
state molecules.
Most of the exited molecules do not decay into ground state molecules but result
in atoms with high kinetic energy which leaves the trap. The production of fast
atoms can occur in two different ways. The atoms can be accelerated towards each
other on the attractive potential and decay into two free ”hot” atoms by spontaneously emitting a photon red-detuned to the atomic transition. In almost all cases
the resulting free atoms have enough kinetic energy to escape from the MOT (radiative escape). As a second possibility, two potential curves corresponding to atomic
states with different energy can show an avoided crossing and are therefore coupled
to each other. The atoms gain kinetic energy by being adiabatically transferred from
the high energy potential to the lower one. The gained kinetic energy is sufficient
for both colliding partners to leave the MOT (fine-structure changing collisions).
All three processes, fine-structure changing collisions, radiative escape and ground
state molecule production, lead to an atom loss from the trap. The rate of the first
step of all three processes, the photoassociation, is proportional to the atom number N times the density n, since every photoassociated atoms needs a second atom
nearby to collide with. Hence the loss can be described as
dN
= −βnN,
dt

(6.2.1)

where β denotes the collision rate coefficient.
In collisions involving two different atomic species, e.g. Li and Cs, one has to
distinguish between two cases: Either the Li or the Cs can be excited by a MOT
laser photon. If a Li atom gets excited by a photon, the atoms are in a potential
corresponding to the Li(2p)Cs(6s) asymptote. In this case, no optically excited
molecules can be formed, since almost all potential curves with this asymptote are
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repulsive1 (see chapter 2). If the atom with the smaller excitation energy, in our case
Cs, is excited, molecules can be formed in attractive potentials corresponding to the
Li(2s)Cs(6p) asymptote.
For a photoassociation process an atom of the species i needs a partner atom of
the species j and thus the decrease of the atom number Ni of species i is proportional
to the density nj of species j and equation (6.2.1) can be written as
dNCs
dNLi
= −βCs,Li nLi NCs ,
= −βLi,Cs nCs NLi .
(6.2.2)
dt
dt
Due to the difference in the potential shape for Li(2p)Cs(6s) compared to Li(2s)
Cs(6p) the rate coefficient βi,j mainly depends on the amount of optically excited
Cs and thus on the detuning of the Cs MOT cooling laser [Schlöder99]. These light
induced collisions where examined in the case of homonuclear dimers theoretically
for more than 15 years [Gallagher89, Julienne91, Mancini04a] and experimentally
in various two species MOT experiments (Li-Cs [Schlöder99], K-Rb [Marcassa00],
Na-Rb [Young00], Rb-Cs [Telles01], Li-Na [Wippel02], Rb-Ar∗ [Busch06].
A second production mechanism for ultracold ground state molecules, is the
formation by three-body recombination. Ground state molecules are formed directly
from two atoms in a three atom collision, while the third atom carries away the
energy and momentum such that energy and momentum conservation are fulfilled.
Nevertheless, this process is considered to be not the dominant process at densities
of 1010 cm−3 .
In order to estimate the expected ground state molecule formation rate, one can
compare the probability of the photoassociation of excited molecules for different
heteronuclear alkali dimers. Wang and Stwalley derive a semi-classical model for
the free bound transitions in the long range part of the optically excited potential
curve [Wang98]. Since the photoassociation in a MOT is done very close to the
atomic resonance, this is exactly the region which is probed by the photoassociating
laser. According to this model, the probability for photoassociation is proportional
to the reduced mass of the molecule to the power of 9/4, which yields a significant
reduction for LiCs as compared, e.g., to NaCs for which molecule formation rates
around (10 − 100) s−1 were observed in a MOT [Haimberger04].
1

Actually, there exists one potential curve with a minimum at 70 Å. However, the potential
well is extremely shallow so that photoassociation into this well is not possible since the Li laser
detunings are much larger than the well depth [Bussery87]
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6.3

Measurements

The LiCs molecules are formed from Li and Cs atoms trapped in two overlapped
magneto-optical traps. The two laser systems are build up separately. The laser light
for the Li MOT is provided by two injection locked diode lasers (Philips, CQL-806),
one detuned 20 MHz below the F=2 to F’=3 transition of the D2 line for cooling,
the other tuned to the F=1 to F’=2 transition for repumping. The two beams
are combined on a beamsplitter. Three mutually perpendicular and retroreflected
beams (4 mW power in each horizontal beam and twice the power in the vertical
direction; 18 mm diameter), derived from the combined beam, form the MOT. The
Cs laser system is essentially the same as described in chapter 5, both systems are
explained in more detail in appendix A. The laser beams forming the Li and the Cs
MOT enter the vacuum chamber under a small angle through the same viewports
and thus can be adjusted separately for optimizing the spatial overlap of the MOTs
while observing the fluorescence light of both MOTs in two perpendicular planes
using two CCD cameras.
Both MOTs are loaded from Zeeman slowed atomic beams, the atomic beams
coming out of the same two-species oven. The laser beams needed for the Zeeman
slower are send through two separate quarter wave plates to create circularly polarized light. In front of a viewport of the UHV chamber they are superimposed
on a dichroic mirror (99,5% reflection at 670 nm, 93% transmission at 852 nm, lens
optics) allowing to adjust the beams independently.

6.3.1

Two-species oven

In a two-species MOT experiment it is advantageous to be able to adjust the loading
flux of each MOT independently, which can be achieved by using two separate atomic
beams coming out of different ovens. This solution yields the possibility to control
the atomic flux in each beam by changing the temperature of the ovens. On the
other hand two ovens consumes more space and reduces the optical access to the
trapping region.
To gain as much optical access as possible, it is desirable to have both atom
beams coming from the same direction. In this case only one oven and one Zeeman
slower is needed. The easiest solution one could think of, would be a reservoir
containing both atomic species. However, it would not be possible to control the
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flux independently. Furthermore, in the case of a two-species MOT containing Li
and Cs the vapor pressure of the two constituents are very different, the Cs pressure
being several orders of magnitudes higher than the Li pressure at a given temperature
(see appendix C). In an oven the atomic flux out of the nozzle is proportional to the
pressure inside the oven chamber. Thus the loading rates for the two MOTs would
be very different.
As an alternative concept we have chosen a two-species oven consisting of two
separate chambers [Stan05], one in the front containing Li and one in the back containing Cs, connected by a capillary (Figs. 6.1 and 6.2). All parts are build out of
316-type stainless steal and can be heated separately which allows for an independent control of the vapor pressure in each chamber. The oven is constructed such,
that the oven nozzle has a much larger vacuum conduction value than the capillary.
Therefore, the gas in the front chamber leaves preferably through the oven nozzle
and no atomic gas penetrates from the front chamber into the back chamber. Thus
the Li flux fLi out of the oven can be adjusted by controlling the temperature of the
front chamber.
Cs vapor is produced in the back chamber by evaporating liquid Cs. The Cs
flux through the capillary into the front chamber is proportional to the difference in
pressure between both chambers. Once in the first chamber, the Cs can leave the
oven through the nozzle, because conductivity of the nozzle is much higher than the
conductivity of the capillary. Thus the Cs vapor pressure in the front part of the
oven will always be lower than in the back and thus the Cs vapor pressure in the front
chamber can be neglected compared to the pressure in the back chamber. Therefore,
the Cs flux from the back chamber into the front chamber, will be determined by
the pressure in the back chamber and can be controlled by its temperature. The
pressure difference between the two chambers has another important consequence:
if the front chamber is heated to an equal or a higher temperature than the back
chamber, the Cs vapor pressure in the front chamber will never saturate. This means
that no Cs will stick to the walls of the front chamber and hence the amount of Cs
entering the chamber through the capillary will be equal to the amount of Cs leaving
the oven through the nozzle. At the temperatures needed to operate the oven for a
Cs MOT, the Li vapor pressure in the front chamber is still very low and no Li MOT
can be loaded. This opens the possibility to control the Cs flux via the temperature
of the back part and independently the Li flux via the temperature of the front part.
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Figure 6.1: Sketch of the two-species oven: A Li chamber in the front is connected
to a chamber containing Cs in the back. This allows an independent control of both
atomic fluxes. At the end of each chamber, bars are welded over the lower half of the
oven to prevent the liquid alkali metals from coming into contact with the flanges.

In designing the oven, special care must be taken to avoid that the atom flux
influences the pressure in the main chamber, since the oven flux is the limiting
factor of the vacuum. In our experiment, we have a differential pumping section
(conductance 0.038 l/s) with a turbo pump (70 l/s) and an ion getter pump (20 l/s)
between the oven and the main chamber [Engler97]. The latter is pumped by a
second ion getter pump (60 l/s) and a Titanium sublimation pump. Given a desired
pressure of 10−10 mbar in the chamber this leads to a maximal flux fmax of 8 ×
10−4 mbar l/s through the oven nozzle.
With this value it is now possible to calculate the highest possible temperature
at which the ovens can be operated. To perform this calculation, the vacuum conductivity of the oven nozzle and the capillary is needed. The conductance C through
a tube with radius r and length l is given by:
C = Cap · Pcyl

(6.3.1)

where Cap is the conductance of an aperture with radius r and Pcyl the probability
for an atom to pass the tube [Wutz00]. Cap can be expressed by the radius r and
the mean atomic velocity v̄
v̄
Cap = πr2 .
4

(6.3.2)
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Figure 6.2: Photograph of the different oven pieces: From left to right: The two oven
chambers for Li and Cs, the intermediate piece with the capillary and the oven nozzle.
In the oven chambers small pieces of metal halfway close the opening to prevent the
liquid alkali metal from reaching the flange. For easier adjustment of the Zeeman
slower laser beams an aperture is attached in front of the nozzle.

This gives a conductance of the oven nozzle of ∼ 0.4 l/s. Hence the pressure
in the front chamber has to be below 2 × 10−3 mbar in order to not exceed the
maximal flux fmax , which corresponds to the Li vapor pressure at a temperature of
TLi = 500◦ C (see appendix C).
To reach a Cs vapor pressure of 2 × 10−3 mbar in the front chamber, the pressure
in the Cs chamber has to be higher, because the Cs passes through the capillary.
In a first attempt the capillary between the Cs and the Li chamber was designed to
be 14 mm long with a radius of 0.35 mm leading to a conductance of ∼ 2 × 10−3 l/s
and thus to a maximum possible vapor pressure of up to 1 mbar in the Cs chamber,
which would be reached at temperatures of TCs = 270◦ C. Operating the oven, it
has to be ensured that the oven nozzle and the capillary are the hottest parts of the
oven to prevent clogging.
During the experiments it turned out that although the capillary was the hottest
part of the oven, it was clogged with a thin layer of Li after the front chamber
had been heated to 400◦ C. Therefore, the radius of the capillary was extended to
0.75 mm. In addition, a cone was drilled into the intermediate piece at the Li end
of the capillary to prevent the Li from sticking to the end of the capillary (Fig. 6.3).
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Figure 6.3: Rebuilt intermediate piece: To prevent clogging the radius of the hole
was expanded and a cone was drilled at the end of the capillary on the side facing
towards the Li chamber.

It is important that the cone points downwards in the front chamber and no liquid
Li can flow into the capillary. The expansion of the capillary leads to an increase
in the conductance of about a factor of five leading to a higher Cs flux into the
main chamber. To reduce the conductance again it is planned to exchange the old
intermediate piece by a new one, 2.5 times longer.
The four oven parts are heated separately by heating bands (Heizschnur, Horst
GmbH, Lorsch) with a power of 150 W for each nozzle and the capillary and 100 W
for the two chambers. Each band is controlled by its own temperature controller.
Special care has to be taken with respect to the gaskets for the oven flanges. Copper
gaskets should not be used at high temperatures because they can react with the
liquid alkali metals and bond to the flanges. Instead we use nickel gaskets which
stand higher temperatures and are more inert to chemical reactions with the alkali
metals. Under working conditions we heat the oven to 365◦ C, 350◦ C, 365◦ C and
150◦ C at the nozzle, the front chamber, intermediate piece and the back chamber,
respectively.

6.3.2

Two-species MOT

Overlapping the two MOTs leads to a reduction of the atom number in both MOTs
due to inelastic interspecies collisions depending on the atomic density (see sec-
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Figure 6.4: Atom number in a Li-Cs double MOT: In the beginning both the Li and
the Cs laser light is blocked. After about 10 s the Cs MOT is turned on, and after it
has reached an equilibrium atom number the Li MOT is turned on as well. After 60 s
the Cs MOT light is blocked and the atom number in the Li MOT increases.

tion 6.2). In the measurements with the Li-Cs double MOT the CCD camera used
for absorption images was broken and hence we could not determine the atom number and density by taking absorbtion images. Inelastic collisions offer an alternative
possibility to determine the densities in the MOTs by analyzing the fluorescence light
from the two MOTs only. This was taken to calibrate the photodiodes recording the
fluorescence of the atoms.
Fig. 6.4 shows the evolution of the atom numbers in the two overlapped MOTs.
First only the magnetic quadrupole field is present. After ∼ 10 s the Cs MOT laser
light is turned on and the Cs MOT starts loading until it reaches a maximum atom
number after a loading time of about 5 s (black filled squares). When the Cs MOT
has reached its equilibrium atom number, the Li MOT lasers are turned on and
the Li MOT starts loading (red filled circles). This leads to a decrease in the Cs
atom number by 8.3% due to inelastic collisions between Li and optically excited
Cs in the two MOTs [Schlöder99]. After 60 s, one Cs MOT laser beam is blocked
and the Cs atoms are pushed out of the MOT-region instantaneously. This stops
the collisions between Li and Cs and hence the loss of Li atoms from the Li MOT
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decreases. Because of a smaller Li loss rate the atom number in the MOT increases
by a factor of 11.3 before reaching a new equilibrium.
To be more quantitative, the evolution of the atom number Ni in a MOT, where
i stands for either Li or Cs, can be written in the following rate equation
Ṅi = Li − li Ni .

(6.3.3)

where Ni , Li and li are the atom number, the loading rate and the loss rate of
the MOT, respectively. In equilibrium the atom number in a MOT is given by
Ni = Li /li

(6.3.4)

In a two species MOT an additional loss channel is introduced caused by inelastic
collisions between Li and Cs. The new loss rate is given by li,new = li + li,j where li,j
denotes the loss rate due to collisions with atoms of the other species j. This leads
to the equation
Ni
li,j
=1+
Ni,new
li
The loss rate li,j can be written in terms of a collision rate coefficient γi,j measured
in [Schlöder99] and the density of the other species nj as
li,j = nj · γi,j
With γLi,Cs = 5 × 10−11 cm3 /s and γCs,Li = 10−10 cm3 /s we find densities of
nLi = 5 × 108 cm−3 and nCs = 2 × 1010 cm−3 for Li and Cs in the double MOT,
respectively. In the measurements, the diameter of the two MOTs was estimated
to be 3 mm. This gives us an estimate within a factor of two for the corresponding
atom number in the double MOT of NLi = 7 × 106 for Li and NCs = 4 × 108 for Cs.

6.3.3

Detection of LiCs molecules

In a first set of measurements with a very large Li MOT loading flux of 4 × 106 s−1
we record time-of-flight traces ionizing the atoms and the molecules with an unfocused beam of a pulsed dye laser at a wavelength of 682.78 nm. Based on ab initio
potentials [Korek00] and previous spectroscopic studies in a heat pipe [Staanum]
ionization wavelengths in the range of 680 nm to 685 nm seem to be suitable to
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achieve resonance enhanced two-photon ionization of LiCs. The wavelength mentioned above, is randomly chosen within this range. Since the MOT contains many
more atoms than LiCs molecules are expected to be formed, it is necessary to suppress the atomic ion signal as much as possible. Especially the peak created by Cs+
ions, arriving with a time-of-flight only 2.5% smaller than the expected LiCs+ arrival time, has to be as small as possible. In order to avoid two-photon ionization of
Cs(6p3/2 ) atoms populating the optically excited state, we block the laser beams of
the Cs MOT and of the Cs Zeeman slower in a 2 ms period before the dye laser pulse
arrives using mechanical shutters. During this period all excited Cs atoms decay to
the electronic ground state and hence only three-photon ionization of Cs(6s1/2 ) is
possible. With this scheme we suppress the Cs+ signal by a factor of 50, resulting
in about one detected Cs+ ion per dye laser pulse.
Because of the speed of the shutters we cannot run the experiment with the
20 Hz repetitions rate of the dye laser but record the time-of-flight traces only with
a rate of 10 Hz (Fig. 6.5). Therefore, during every second dye pulse half of the Cs
atoms are in the 6p3/2 state and the pulse can produce many Cs+ ions due to two
photon ionization. To avoid damage to the MCP due to a large ion signal, we apply
a voltage on the lower field plate only during the period where all Cs lasers are
turned off. Hence all Cs+ ions produced by the dye laser in the presence of the Cs
MOT laser light are accelerated downwards onto the viewport instead of upwards
onto the detector.
Fig. 6.6 shows an oscilloscope image recorded with only the Cs MOT present, the
laser beams of Li MOT and Li Zeeman slower being blocked. In the upper part of the
image about 1100 time-of-flight traces laid on top of each other are shown. The lower
curve is an average over all traces. Every time an ion hits the MCP detector, a dip
in the voltage is observed. We observe a large, 50 ns wide peak centered at 12.74 µs
originating from about one Cs+ ion per dye laser pulse, produced by non-resonant
three-photon ionization of Cs MOT atoms.
The broad background of ions detected to the left and to the right of the sharp
Cs peak are caused by dissociated Cs+
2 ions as discussed in chapter 4.3. By applying
a fine-adjustment to the voltages on the field plates, we can clearly separate the fast
Cs+ ion background from ions at the expected LiCs+ arrival time. More specifically,
at Ul =800 V, Um =610 V and Udef l =1990 V the rate of Cs+ ions appearing within
100 ns of the expected LiCs+ arrival time at 13.07 µs is about one ion per 4500 dye
+
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Figure 6.5: Timing scheme for the LiCs measurements (not to scale): Every second
ionization laser pulse the Cs lasers are turned off and the Cs atoms decay to the
electronic ground state. Only during this time the voltage on the lower field plate is
turned on and the ions are accelerated towards the detector.
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Figure 6.6: Oscilloscope image of time-of-flight traces for photoionization in a Cs
MOT. The upper part shows about 1100 traces on top of each other. The lower curve
represents an average of these traces. After 12.74 µs Cs+ ions arrive while there are
no ions at the expected arrival time for LiCs+ (13.07 µs).

pulses.
In Fig. 6.7, recorded with both MOTs being present, we observe several ions
in excess of the Cs+ background, which impact on the detector at the expected
LiCs+ arrival time, in addition to the Cs+ peak and a broad background as in
Fig. 6.6. These ions are only observed when both the Li and the Cs MOTs are
present. In a window of 100 ns width around the expected LiCs+ arrival time four
ion signals are counted in 1100 dye pulses. To exclude that these ions are produced
by processes induced by the Li trapping light at 670 nm, such as photodissociation
of Cs2 , we compared the measurements in Fig. 6.6, where all Li lasers are blocked,
to measurements with the Li MOT laser beams present but the Li Zeeman slower
laser beam being blocked, i.e. with no Li atoms being loaded into the MOT.
In both cases only about one ion every 4500 cycles appears within a 100 ns
window around the expected LiCs+ arrival time. Thus, we conclude that the ions
observed in Fig. 6.7 at a much larger rate originate from cold LiCs molecules formed
out of cold Li and Cs atoms in the two-species MOT.
Photoassociation of LiCs molecules induced by the laser light can only occur
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Figure 6.7: Oscilloscope images of time-of-flight traces in a Li-Cs double MOT.
In addition to the Cs+ ions arriving at 12.74 µs several ions arrive at the expected
time-of-flight for LiCs+ (13.07 µs).

via the Li(2s1/2 )+Cs(6p3/2 ) asymptote. Photoassociation to potentials correlating
to the Li(2p3/2 )+Cs(6s1/2 ) asymptote is excluded since all potentials are repulsive
beyond 70 Å(see section 6.2). Since the Cs MOT and Zeeman slower lasers are
blocked in a 2 ms period before the ionization pulse, all molecules formed via the
Li(2s1/2 )+Cs(6p3/2 ) asymptote must have decayed to the electronic ground state
before ionization. In the case of LiCs formation by three-body recombination, which
is unlikely due to the comparatively small pair densities, the molecules would be
formed directly in the electronic ground state. In either case, the detected LiCs+
ions arise from ultracold LiCs molecules in the electronic ground state.
The 2 ms time interval between the blocking of the Cs MOT lasers and the ionization pulse yields an upper bound of the velocity of the molecules. Only molecules
can be ionized which have not left the ionization region resulting in a maximal velocity of 5 m/s. However, the corresponding temperature of 0.3 K can only be seen
as an upper bound. Since the LiCs molecules are formed from ultracold Cs and Li
atoms at temperatures of 100 µK and 1 mK, respectively, they should have a similar
momentum and therefore almost the same temperature as the Cs atoms. This was
confirmed in other experiments with KRb and NaCs [Mancini04b, Haimberger04]
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thus we expect a temperature for LiCs on the order of 100 µK given by the Cs
temperature.
Within the measured 1100 dye laser pulses, we detect (3.6 ± 2.0) × 10−3 LiCs
ground state molecules per ionization pulse after background subtraction and assuming Poissonian statistical uncertainties. In order to estimate the LiCs production
rate several factors must be taken into account. Due to gravity and finite kinetic
energy the molecules leave the ionization volume. Therefore, they can be ionized
only in an interval of 13 ms after their production. Due to the 10 Hz repetition rate
of the ion detection, only 13% of the produced molecules are available for ionization.
Additionally, our detector is estimated to have a detection efficiency of about 20%
[Kraft05a]. Assuming that all molecules within the laser field of the dye laser pulse
are ionized, we derive a production rate of 0.14 ± 0.08 molecular ions per second. As
the ionization process has not yet been further investigated, the ionization probability is estimated to lie between 10% and 0.1%, depending on the proximity of the dye
laser wavelength to an intermediate resonance state. This leads us to an estimate of
the actual molecule production rate between 1.4 ± 0.8 and 140 ± 80 LiCs molecules
per second.
In this experiment the Li MOT is larger than the Cs MOT. In this case the
molecular production rate via photoassociation can be approximately written as
dNLiCs /dt = βLiCs NCs nLi

(6.3.5)

where NCs is the total number of Cs atoms, nLi the Li peak density and βLiCs the
rate coefficient of LiCs molecule production. With the values of this double MOT
of nLi = 1010 cm−3 and NCs = 1.5 × 108 this leads to a molecule production rate
coefficient βLiCs between 10−18 cm3 /s and 10−16 cm3 /s for 10% and 0.1% ionization
probability, respectively. An estimation of the three body Li-Cs collision rate coefficient γ ∼ 10−28 cm6 /s [Weber03, Mudrich02] yields a maximum molecule production
rate of one molecule per second. Assuming that a large fraction of the molecules
in the X 1 Σ ground singlet state and the a3 Σ+ metastable triplet state are ionized,
molecule formation via three body collisions could play a significant role as well.
A second set of measurements was performed with a dye laser wavelength of
681.08 nm. This time the Cs MOT had the same size as above while the Li MOT
was much smaller covered totally by the Cs MOT (1.4 × 108 atoms). In this case the
production rate of molecules is expected to be much smaller than in the previous
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measurements due to the smaller Li atom number. Nevertheless, equation (6.3.5)
can be used by exchanging the role of Li and Cs. Hence we get
dNLiCs /dt = βLiCs NLi nCs

(6.3.6)

leading to a rate coefficient of βLiCs between 1.25 × 10−18 cm3 /s and 1.25 ×
10−16 cm3 /s in agreement with the previous measurements.
The fact, that both rate coefficients at a dye laser wavelength of 682.78 nm and
681.08 nm are the comparable within the uncertainties, gives rise to the assumption
that the ionization does not involve a resonant photon, otherwise it should differ
with the ionization laser wavelength. As reported from measurements on ultracold
KRb molecules, the ionization probability can easily vary by a factor of 30 depending
if the first laser photon is on resonance with a molecular transition or not [Kleinert].
We therefore expect the ionization probability to lye closer to 0.1%, leaving the
possibility for further improvements in the future.
The obtained range of rate coefficients is in agreement with the calculated FranckCondon factors for polar alkali dimer photoassociation [Wang98]. This calculation
predicts for LiCs a rate coefficient of about one order of magnitude smaller as compared to the formation rate of NaCs measured to be 10−15 cm3 /s in a two-species
MOT [Haimberger04]. Both the LiCs and the NaCs formation rates are much smaller
than the observed rate for photoassociation of KRb in the trapping light, measured
to be 8 × 10−12 cm3 /s [Mancini04b], due to the much larger Franck-Condon factor in
the KRb system.

Chapter 7
Conclusion and outlook
7.1

Conclusion

Photoassociation in an optical dipole trap The photoassociation rate of ultracold molecules depends strongly on the initial atomic density. The use of an
optical dipole trap brings significant improvements as compared to photoassociation in a MOT because of a much higher density (chapter 3). In addition to the
higher densities, the dipole traps brings several other advantages. In contrast to a
MOT, there is no competing process to the photoassociation such as MOT loading,
hindering the detection of small photoassociation rates. Therefore, it is possible to
investigate even the formation of molecules in vibrational states with a very small
formation rate. Thus, even the lowest vibrational levels in the outer well of the 0−
g
6s1/2 6p3/2 potential in Cs2 could be observed in trap loss measurements.
It is possible to select the desired atomic state for photoassociation because a
dipole trap traps all hyperfine states of the atoms and does not pump the population
from one state to another. From the photoassociation rates Franck-Condon factors
for the free-bound transition of the photoassociation were be determined. For the
first time, it was also possible to determine these factors for the lowest 0−
g states
since previous measurements did not detect atom loss but ionized the ground state
molecules.
In section 3.4 the scattering probability was derived from the photoassociation
rates and investigated in the strong coupling regime. With the semianalytic model
of Bohn and Julienne a saturation intensity of (∼ 450 ± 150) W/cm2 could be cal103
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culated.
Detection of ground state molecules In order to detect ground state molecules,
a Wiley McLaren type time-of-flight mass spectrometer was implemented into the
experimental setup. The mass spectrometer yields optimal optical access to the
m
= 1000 in good agreement with design
trap region with a mass resolution of ∆m
simulations. With this resolution it is possible to distinguish between atomic Cs+
and molecular LiCs+ ions produced by ionizing molecules photoassociated in a twospecies MOT setup [Schlöder99]. For large ion numbers, however, the mass resolution
is decreased due to Coulomb repulsion between the ions during their flight time.
Therefore, one has to adjust the ion intensity to optimize signal strength versus
mass resolution and suppress unwanted ions (e.g. atomic cesium). In our case, this
was either done by pushing away the atoms with a resonant laser before ionizing
the molecules or by switching on the deflection electrode after the atomic ions have
passed through the deflector region. An ion background around the Cs+ arrival time,
caused by ionized dissociated Cs2 molecules, can be shifted in time with respect to
the Cs+ peak by fine adjustment of the voltage ratio on the field plates.
Atom-molecule collisions For the first time it was possible to determine inelastic atom- molecule collision rate coefficients with deeply bound molecules in
the ultracold regime. Two sets of measurements were performed with molecules
in v 0 = 32 − 47 (binding energy ∼ 10 cm−1 ) and in v 0 = 4 − 6 (binding energy
=3
∼ 185 cm−1 ). Rate coefficients of βvF0 =32−47
= 0.96 ± 0.02stat ± 0.3sys × 10−10 cm3 /s
=3
and βvF0 =4−6
= 0.98 ± 0.07stat ± 0.3sys × 10−10 cm3 /s are deduced for collisions with
atoms in the lower hyperfine state. For collisions with atoms in the upper hyperfine
=4
state a rate coefficient of βvF0 =32−47
= 1.38 ± 0.04stat ± 0.4sys × 10−10 cm3 /s was found.
In contrast to predictions [Stwalley04] no dependence on the vibrational state could
be observed. In all cases the rate coefficients are near maximal possible coefficient
according to Wigner’s threshold low [Wigner48]. No molecule-molecule collisions
were visible at the achieved molecular densities.
Heteronuclear photoassociation We report on the first detection of ultracold
LiCs molecules in the electronic ground state. The molecule formation rate coefficient is estimated to be between 10−18 cm3 /s and 10−16 cm3 /s. This coefficient is
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smaller than the values obtained for NaCs and KRb [Mancini04b, Haimberger04],
which can be essentially explained by the small reduced mass of LiCs and the very
large C6 coefficients for KRb [Wang98, Bussery87]. Future experiments on LiCs will
therefore include photoassociation with a tunable cw Ti:Sapphire laser either in the
two-species MOT or an optical dipole trap [Mudrich02], which should lead to LiCs
production rates larger by orders of magnitude [Azizi04].

7.2

Outlook

Molecule-molecule collisions: After the detection of atom-molecule collisions
(chapter 5) the next step would be the observation of molecule-molecule collisions.From
the measurements performed by the Orsay group [Zahzam06] and the estimation of
the molecular density in our own experiments (chapter 5.6) it should be possible to
observe molecule-molecule collisions if the molecular density is increased by an order
of magnitude. One possible way to produce a higher density is the use of a crossed
dipole trap [Barrett02]. A fiber laser (power: 4 W, wavelength: 1065 nm) and an
AOM to adjust the power of this laser, has been set up and characterized [Müller06].
With this laser it should be possible to increase the density by about a factor of 20.
Photoassociation and storage of LiCs: With the help of spectroscopy experiments performed in a heat pipe in the group of E. Tiemann in Hannover, it was
possible to gain information on the X 1 Σ and the B 1 Π potential of LiCs [Staanum].
This gives us the possibility to make predictions on favorable vibrational levels for
LiCs photoassociation and on the absolute positions of the vibrational levels within
one wave number. A promising candidate for the production is the vibrational state
v = 28 in the B 1 Π potential which can be photoassociated with a laser beam of
a wavelength of 855.54 nm. Fig. 7.1 shows the squared Franck-Condon factors for
transitions of this vibrational state into the X 1 Σ+ potential. From this graph it is
clear that this state has a very large Franck-Condon factor with the v’=50 state in
the X 1 Σ+ ground state potential.
REMPI spectra of ground state molecules: The distribution of both LiCs
and Cs2 molecules over the different rovibrational states in the potentials connected
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Figure 7.1: Squared Franck-Condon factors for transitions between the vibrational
state v=28 in the B1 Π potential and the states in the X1 Σ potential of LiCs.

adiabatically to the electronic ground state of the atoms can be analyzed by performing REMPI spectra. For Cs2 it would be in particular interesting to experimentally
investigate the distribution of molecules photoassociated via the vibrational states
v = 6 and v = 79 of the 0−
g outer well, as described in chapter 5 which could prove the
theoretical predictions. Furthermore, the information gained with REMPI spectra
can be used to find pathways to produce LiCs and Cs2 in the absolute rovibrational
ground state.

Production of molecules in the rovibrational ground state: Molecules populating the rovibrational ground state in the X 1 Σ potential can only undergo elastic
collisions. Then one has a stable molecular sample where the lifetime is limited by
collisions with atom of the background gas only. To produce molecules in this state,
it is possible to either stimulate the deexcitation with a laser beam into a specific
level or to excite the molecule further into a state decaying spontaneously into the
ground state [Sage05]. Recently, a tunable cw dye laser was bought for this purpose.

7.2. Outlook

Femtosecond photoassociation: Coherent control of photoassociation with femtosecond laser pulses is proposed to be a very efficient way to create ground state
molecules [Luc-Koenig04, Koch04]. In contrast to photoassociation with a cw laser,
a fs laser pulse has a spectral width of a few nm and does not excite one but many
vibrational states at the same time. The coherent superposition of the excited state
wavefunctions formes a wavepacket which evolves in the excited potential. With a
self learning algorism it is possible to create a shaped laser puls forming a wavepacket
which has a maximum in amplitude at the inner turning point of the vibrational
states. A second laser pulse can be used to stimulate the molecules into the ground
state. First experiments of fs photoassociation with Rb have already been performed
in our group [Salzmann06, Poschinger06].
Manipulation of LiCs with external electric fields: LiCs in the rovibrational
ground state of the X 1 Σ potential has the highest predicted electric dipole moment
(5.5 Debye) of all alkali dimers [Aymar05]. This makes it possible to manipulate the
molecules with an external electric field. This manipulation could e.g. lead to a
control of the collisions among the polar molecules [Avdeenkov06, Krems06]
Ultracold exchange reactions: If Li or Cs could be stored in the dipole trap
with LiCs or Cs2 and Li2 , respectively it could be possible to observe exchange
reaction, e.g. Li + Cs2 → Cs + LiCs.
This reaction can only take place, if it sets energy free. Fig. 7.2 shows the energy
difference between the vibrational levels of LiCs and Cs2 in the a3 Σ+ potential.
Possible states for such a reaction are in the lower right have of the diagram. Special
care has to be taken in order to detect the products of such a reaction. Since their
kinetic energy can not be less than the energy of the educts, in most of the cases
two fast products will leave the trap almost immediately. Therefore it would be
preferable, if the potential energy of both the products and the educts could be
brought to degeneracy with an external electric or magnetic field. In addition, it
could be necessary to implement a cw detection scheme, e.g. with a cw dye laser
ionizing the molecules and a quadrupole mass spectrometer.
Quantum degenerate dipolar gases: As a long term goal, a quantum degenerate gas of LiCs molecules could be achieved. This could be reached by cooling the
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Figure 7.2: Energy difference between the vibrational states in the a3 Σ+ potential
of Cs2 and LiCs. In the left upper half of diagram the vibrational states of LiCs have
more energy than the states of Cs2 .

Cs atoms to degeneracy via Raman-sideband cooling [Kerman00] and sympathetic
cooling of the Li atoms with the Cs [Mudrich02]. A dipolar quantum gas would
open up many new possibilities. E.g. Santos and co-workers discuss the expected
excitations of a pancake formed dipolar condensate [Santos03]. They find a similar
excitation spectrum as the maxon-roton excitations known from superfluid Helium
and according to Baranow and co-workers a rotating polar Fermi gas should have
states like the fractional quantum Hall effect [Baranov05].

Appendix A
Laser System

Figure A.1: Setup of the laser system used for the Cs MOT in Heidelberg. In
Heidelberg, both the cooling and the repumping laser of the Cs MOT were stabilized
with a doppler broadened DAVLL lock [Corwin98] to a cell containing Cs vapor (see
Fig A.2). The two laser beams which can be blocked by mechanical shutters [Singer02],
are sent through two separate optical fibers. On a breadboard bear the vacuum
chamber the beams are overlapped on a polarizing beam splitter cube before being
separated into the different MOT arms. Additional laser diodes used for slowing and
detecting the atoms are not shown.
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Figure A.2: Laser system used for the Cs MOT in Freiburg. In Freiburg we stabilized a master laser to a Cs spectroscopy cell with a doppler free DAVLL locking
scheme leading to a much better stability compared with a doppler broadened lock.
This laser serves as a reference for the laser used for cooling and the laser used for
slowing the Cs atoms. These two laser are stabilized with a beating lock to the master
laser [Schünemann99]. This locking scheme gives the possibility to stabilize the cooling
and the slowing laser onto a steep flank produced from the doppler free DAVVL lock
of the master laser. It is planned to use a part of the light from the master laser for
absorption images in the future. At the same time, the frequency of both lasers can
be shifted over a wide range via the beating locks. The repumping laser of the MOT
is locked to a separate Cs spectroscopy cell with a doppler broadened lock.

111

Figure A.3: Laser system used for the Li MOT.A master laser is stabilized to the
crossover of the atomic D2 line of Li via a radio frequency lock. The laser light is
divided into three parts: one part is used for absorption images, the remaining beams
are shifted ∼ ± 400 MHz to the red and to the blue, respectively and serve as master
for the cooling and repumping lasers. Afterwards, the two beams are injected into
two slave laser diodes. The overlapped beams of the two diodes are split into a beam
used for slowing the atoms and three beams forming the Li MOT.

Appendix B
MCP detector

Figure B.1: Electronic circuit of the multichannel plate. The front side of the MCP
is held at ∼ 2 kV, the anode is grounded. The front and the back plate of the MCP are
connected via a 10 MΩ resistor. The signal is coupled out with a 1000 pF capacitor.
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Appendix C
Properties of Cs and Li

Figure C.1: Vapor pressure curves for Cs (left diagram) and Li (right diagram) [Lide03].
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Figure C.2: Level scheme of the Cs and Li D2 line. In Cs the two hyperfine states
of the 6s1/2 state have an energy difference of 9.2 GHz. The closed 6s1/2 (F=4)→
6p3/2 (F=5) transition is used for cooling, the repumping laser can be either locked
to the F=3 → F’=4 or the F=3 → F’=3 transition. In the Li MOT, the hyperfine
splitting in the 2p3/2 state is in the same order as the lifetime of the states and thus it
is impossible to address one specific state. Therefore, the cooling and the repumping
laser must have almost equal power.
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(2003).

Molekülphysik.

Oldenbourg Wissenschaftsverlag

BIBLIOGRAPHY

[Donley05]

E. A. Donley, T. P. Heavner, F. Levi, M. O. Tataw, and S. R. Jefferts.
Double-pass acousto-optic modulator system. Rev. Sci. Instr. 76
(2005), 063112.

[Doyle04]

J. Doyle, B. Friedrich, R. V. Krems, and F. Masnou-Seeuws. Quo
Vaids, cold molecules? Eur. Phys. J. D 31 (2004), 149.

[Drag00a]

C. Drag, B. L. Tolra, O. Dulieu, D. Comparat, M. Vatasescu,
S. Boussen, S. Guibal, A. Crubellier, and P. Pillet. Experimental
Versus Theoretical Rates for Photoassociation and for Formation of
Ultracold Molecules. IEEE J. Quantum Electron. 36 (2000), 1378.

[Drag00b]

C. Drag, B. L. Tolra, B. T’Jampens, D. Comparat, M. Allegrini,
A. Crubellier, and P. Pillet. Photoassociative Spectroscopy as a SelfSufficient Tool for the Determination of the Cs Triplet Scattering
Length. Phys. Rev. Lett. 85 (2000), 1408.

[Drummond84] I. Drummond. The ion optics of low-energy ion beams. Vacuum 34
(1984), 51.
[Elioff03]

M. S. Elioff, J. J. Valentini, and D. W. Chandler. Subkelvin Cooling
NO Molecules via ”Billiard-like” Collisions with Argon. Science 302
(2003), 1940.

[Engler97]

H. Engler. Aufbau eines Zeeman-Abbremsers und Inbetriebnahme
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