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Abstract: The diploma thesis describes the first detection of ultra-

cold Lithium-Cesium-molecules in their electronic ground state. The

molecules are photoassociated in a magneto-optical-trap and detected

by two-photon ionisation with subsequent time-of-flight mass spec-

troscopy. The molecule formation rate coefficient for photoassociation

is estimated in the range between 10−18 cm3s−1 and 10−16 cm3s−1. The

atom-oven is characterised and the signal of the ion detector calibrated

as well as the control unit of the ionisation laser. A new data acquisi-

tion of the detector’s signal is necessary for further measurements. Its

development, implementation and testing are described.

Zusammenfassung: In dieser Diplomarbeit wird der erste Nach-

weis von ultrakalten Lithium-Cäsium-Molekülen im elektronischem

Grundzustand beschrieben. Sie werden durch Photoassoziation in

einer Magneto-Optischen-Falle gebildet und durch zwei-Photonen Ioni-

sation mit anschließender Flugzeit-Massenspektroskpie detektiert. Der

Ratenkoeffizient zur Bildung der Moleküle durch Photoassoziation wird

im Bereich zwischen 10−18 cm3s−1 und 10−16 cm3s−1 abgeschätzt. Neben

der Beschreibung der Molekülbildung enthält die Arbeit eine Charakter-

isierung des Atomofens, Kalibrierungen des Signals des Ionendetektors

und der Steuerung des Ionisationslasers. Ferner ist für zukünftige Mes-

sungen eine andere Datenerfassung des Detektionssignals notwendig.

Ein entsprechender Aufbau wird entwickelt, implementiert und getestet.
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Chapter 1

Introduction

The interest in ultracold gases at temperatures of 100mK and below has rapidly in-

creased over the last few years [Doyle04, Masnou-Seeuws01, Bethlem03]. Especially

samples of ultracold molecules are expected to open a new field of precision measure-

ments with significant advances in molecular spectroscopy [Hudson02], collisional

studies [Chin05, Staanum06] and in the long run quantum computation [DeMille02],

and quantum-degenerate gases of ultracold molecules in their ground state. In this

context polar molecules are most favourable because they offer additional external

interaction possibilities due to their permanent electric dipole moment.

In contrast to atoms, molecules do not possess a relative simple system of closed

electronic transitions applicable for laser cooling. Several other methods exist to

reduce the translational energy of molecules, e.g. collisions with Helium buffer gas

[Weinstein98, Maxwell05] and collision with an atom beam [Elioff03] as well as coun-

terrotating nozzles [Gupta99]. Other methods use the Stark effect in order to slow

molecules in pulsed electric fields [Bethlem03] and for velocity filtering [Rangwala03].

These techniques yield molecules in the electronic ground state but the minimal

translational energy is reached at 1mK, which is not enough in the ultimate quest

for degenerate molecular quantum gases.

As well as cooling molecules also their synthesis out of already ultracold atoms pro-

duces ultracold molecules. They have the same translational temperature as their

educts. In this approach established techniques such as Feshbach resonances and

photoassociation are exploited to generate ultracold molecules [Bahns00, Masnou-Seeuws01,

Jones06], which de-excite into their electronic ground state. This scheme benefits

1



2 Chapter 1. Introduction

from applicable laser cooling for the molecular constituents and links experimen-

tally atoms and molecules due to their coexistence in the trap. Photoassociation

was successfully used in recent years to create ultracold bialkali dimers namely

RbCs [Kerman04], KRb [Wang04, Mancini04] and NaCs [Haimberger04]. One tech-

nical challenge is the low formation rate of ground state heteronuclear molecules

via photoassociation due to the small overlap of continuum and bound molecular

wavefunctions. From all possible bialkali dimers, LiCs shows the largest dipole mo-

ment of approximately 5.5Debey in the singlet ground state [Aymar05]. It leads to

strong interaction with electric fields. External fields are proposed in order to sup-

press or enhance certain features such as inelastic collisions [Krems05, Avdeenkov06],

whereas intermolecular interactions are discussed to be exploited in quantum com-

putational schemes [Rabl06].

In this diploma thesis the first the detection of ultracold LiCs molecules is described.

A detailed discussion is given in [Kraft06a, Kraft06b]. The LiCs molecules are syn-

thesised via photoassociation in two spatially overlapped magneto-optical traps. De-

tection is achieved by two-photon ionisation and time-of-flight mass spectroscopy.

The molecular formation rate and rate coefficient is calculated. Technical challenges

to achieve a trapped cloud of two atom species are addressed. The source of atoms,

a two-species atom-oven, is characterised and the determination of atom numbers

and densities in the trap are discussed. Methods are presented to investigate the

number of ions detected as well as a calibration of the control unit of the ionising

laser. Due to the low formation rates of LiCs, a new scheme to trace the detected

ions is developed, implemented and tested in the experimental setup for further in-

vestigation of ultracold LiCs molecules.

The thesis is structured in four main chapters next to the Introduction. The second

chapter, Photoassociation of ultracold LiCs molecules, introduces the main con-

cepts needed to understand the later described formation of molecules. An overview

is given over the atomic properties of Lithium and Cesium and potentials of het-

eronuclear molecules are presented. Molecule-formation via photoassociation and

the method used to verify the existence of LiCs are explained. A short overview of

the experimental setup is also given.

The third chapter deals with the process of preparing two spatially overlapped clouds

of ultracold atoms as a starting point for the formation of molecules. The source of
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the atoms and a method for quantitative statements about the Cs flux is presented.

This technique allows for easy and reproducible way to characterise the atom flux

and is therefore described in detail. The trapping of atoms in a magneto-optical-trap

is described and an overview of the complex laser system is given. The last section

deals with the behaviour of both atom species when trapped together, in order to

deduce the number of atoms and densities in the trap.

The creation of LiCs molecules and their detection are discussed in chapter four.

Special attention is given to the laser used in the ionisation process of the detection

scheme. The determination of its wavelength by scaning atomic resonances of Cs

in order to calibrate the laser control is not only important in the context of the

experiment described in this thesis, but of general interest for conducting future ex-

periments. The first detection of ultracold LiCs in its ground state is reported and

the molecular formation rate of LiCs is calculated. Problems, namely the low for-

mation rate and the corresponding difficulties to detect resonances between different

states of LiCs are pointed out. A new scheme to record and analyse the detected

signals in future measurements is presented. It is implemented into the experimental

setup and a test measurement is conducted.





Chapter 2

Photoassoziation of ultracold LiCs

molecules

2.1 Lithium and Cesium

The atomic species used in the later explained experiment are Lithium and Ce-

sium. This section introduces atomic characteristics concerning energy levels of

both atomic species and discusses the for the experiment relevant transitions . Spe-

cial attention is paid to so called closed transitions. They form a system where only

selected states of an atom are populated by exploiting transition rules and light

induced transitions. Otherwise from the light field decoupled states are populated,

which prevents effective laser cooling.

Lithium

Lithium is the lightest of the alkali atoms and is stable in two isotopes. 6Li with

a nuclear spin of I=1, abundance of 7.5% and 7Li with I=3
2

and an abundance of

92.5%. As an alkali metal, Li has only one electron outside closed electron shells.

Together with this electron, the lighter isotope becomes a fermionic and 7Li a bosonic

system. In the experiment only 7Li is used and therefore it is denoted as just Li in

this work.

In figure (2.1) the for the experiment relevant energy levels of Li are shown: Fine

splitting only occurs in the excited 22P-state, where the multiplet consists of 22P3/2

and 22P1/2 with an energy difference of 10.053GHz. The transition from the 22S1/2

5
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Figure 2.1: Level scheme of the ground and first excited states for (a) lithium and
(b) cesium.

ground state to the 22P1/2 excited state is denoted as D1-line, whereas the 22S1/2 to

22P3/2 transition is labelled as D2-line. Their intensity ratio is 162/332 (values taken

from [Radziemski95]). Because high photon absorption rates are needed for efficient

cooling and trapping of atoms, the D2-line is favourable. The 22P3/2 level further

splits into four hyperfine states F=0,...,3. This opens two possibilities for closed

transitions, 22S1/2 (F=2) ↔ 22P3/2 (F’=3) and 22S1/2 (F=1) ↔ 22S2/3 (F’=0). The

ground state splits into an F=1 and F=2 state with an energy difference of 804MHz.

Because the hyperfine splittings in the 22P3/2 level are of the order of the natural

linewidth Γ/(2π) = 5.9 MHz and cannot be resolved by the setup, one has an actual

three level system consisting of the not resolvable excited state 22P3/2 and the 22S1/2

(F=1) and (F=2) state. Table 2.1 summarises the most important parameters of

Lithium and Cesium.

Cesium

Cesium is the heaviest of the alkali metals. 133Cs is the only stable isotope. It has

a nuclear spin of I=7
2
. In the following it is denoted as just Cs.

The first exited state 62P splits into 62P3/2 and 62P1/2 with an energy difference

of 16,613GHz. The D1-line denotes transitions between the 62S1/2 ground state

and the 62P1/2 excited state, whereas transitions between 62S1/2 and 62P3/2 are

labelled as D2-line. The excited states have further hyperfine splittings into 62P3/2
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A I λD2 Γ/2π ∆HFS ∆∗
HFS TDoppler Trec αstat

( nm) (MHz) (GHz) (MHz) (µK) (µK) (Asm2/V)

Li 7 3/2 671 5.9 0.8 ∼ 8 140 3 2.7× 10−39

Cs 133 7/2 852 5.3 9.2 ∼ 200 130 0.1 6.63× 10−39

Table 2.1: Important parameters for cooling and trapping Li and Cs: A atomic
mass, I nuclear spin, λD2 wave length of D2-transition, Γ/2π natural linewidth of the
excited state, ∆HFS hyperfine splitting of the groundstate, ∆∗

HFS average hyperfine
splitting of the excited state, TDoppler = ~Γ/kB Doppler limit, Trec = (~k)2/(2kB)
“recoil limit”, αstat static polarisability.

D2 (62S1/2 ←→ 62P3/2) transitions

S45 11/18 S34 15/56

S44 7/24 S33 3/8

S43 7/72 S32 5/14

D1 (62S1/2 ←→ 62P1/2) transitions
S44 5/12 S34 3/4

S43 7/12 S33 1/4

Table 2.2: Cesium relative hyperfine transition strength factors SFF ′ [Steck98]

F=2,..,5 and 62P1/2 F=3,4 with energy differences in the order of a few 100MHz

and can be well resolved. The ground state 62S1/2 splits into F=3 and F=4 with

an energy difference of 9.193GHz. Therefore two possible closed transitions exist:

62S1/2 (F=4) ↔ 62P3/2 (F’=5) and 62S1/2 (F=3) ↔ 62P3/2 (F’=2). In table 2.2 the

Cs relative hyperfine transition strength factors SFF ′ are shown. They provide a

measure of the relative strength of the F ↔ F ′ transitions. Further details can be

found in [Steck98]. The intensity of the first transition above has a relative strength

of 11
18

compared with the other transitions into the F=4 ground state. It is therefore

approximately 1.7 times as strong as the other one with a relative intensity of 5
14

.

Hence the 62S1/2 (F=4)↔ 62P3/2 (F’=5) transition is used for trapping and cooling

of the atom. A second laser field with a wavelength corresponding to the 62S1/2

(F=3) ↔ 62P3/2 (F’=4) is needed to recycle atoms from the other hyperfine ground

state. In table 2.1 important parameters of Cs are listed.
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2.2 Heteronuclear potentials

The electronic angular momentum L = Σili is not a constant of motion in molecules,

because the electrons are not moving in spherically symmetric field of force. Different

symmetries, e.g. for linear molecules axial symmetry along the internuclear axis,

have to be taken into account. In the later case only the axial projection Λ of L is

a constant of motion. Positive and negative projections of L onto the internuclear

axis are degenerate in the electric field of the nuclei. The quantum number Λ can

take L+1 integer values Λ = 0, 1, 2, ..., L and is analog to atomic angular momentum

denoted with Σ, Π, ∆, Φ, ..., where all Λ 6= 0 are doubly degenerate. The molecular

fine structure results as well as the atomic one from the electronic spin, which the

the sum of the individual spins of the electrons. For Σ-states the spin S = Σisi is

fixed in space if no rotation of the molecule or external magnetic fields are present.

For Λ 6= 0 an internal magnetic field along the internuclear axis exists due to the

motion of the electrons. The spin precess around this axis with a constant angular

momentum and the spins projection on the axis Σ will be a constant of motion

with quantum number Σ. The quantum number Σ labelling the projection of spin

should not be confused with the Σ-state of the electron angular momentum. Σ can

take 2S+1 values and is not defined for λ = 0, the above mentioned Σ-state. The

total angular momentum Ω is the sum of molecular angular momentum and spin.

Because both lie along the same axis only the value Ω = |Λ + Σ| is needed. For

Λ = 0 no splitting is present, whereas for Λ 6= 0 a multiplicity of 2S+1 states exists.

With these quantum numbers the state of a molecule can than be denoted as

2S+1ΛΛ+Σ (2.2.1)

To be able to fully describe the electron eigenfunctions its symmetry has to be

considered. Dependend of the symmetry of the field in which the electrons move the

eigenfunction of the Σ-state may change signs when reflected at planes of symmetry

and their energy is nondegenerate. In diatomic and linear molecules a plane through

the nuclei is always a plane of symmetry. If the eigenfunction is unchanged at this

plane it is marked as a plus state Σ+, if it changes sign it is described as Σ−. For

the other states this notation (Λ+, Λ−, ∆+, ∆−, ...) can also be used, but because for

Λ 6= 0 + and - states have the same energy it is usually omitted. If the molecule

is composed of nuclei with the same charge, an additional centre of symmetry at



2.2. Heteronuclear potentials 9

11700

14900

3/2

1/2

R

V(R) [cm   ]-1

0

-5800

Re

Σ3 +

11700

Σ1 +X

Li(2S   ) + Cs(6P   )1/2 3/2
*

Li(2S   ) + Cs(6S   )1/2 1/2

V(R) [cm   ]-1

14900

a

*Li(2P   ) + Cs(6S   )3/2 1/2

Re

(b) Li Cs

R

R0

Σ3 +a

CsCs

R

Cs(6S   ) + Cs(6P   )1/2
*

Cs(6S   ) + Cs(6S   )1/2

-3650 Σ1 +X g

u

(a)

852 nm 852 nm

671 nm

Figure 2.2: Potentials of Cs2 and LiCs in electronic ground state and first excited
state.

the midpoint between both nuclei exists. Depending on the point symmetry of the

electronic wavefunction with respect to this new symmetry the eigenfunctions are

labelled as even (g - gerade) or odd (u - ungerade). The electron spin does not

influence this symmetry and all components of a given multiplet are either even

or odd [Herzberg50, Demtröder03]. For different internuclear distances, different

coupling strengths between the angular momenta have to be taken into account.

For these Hund’s coupling cases the reader is referred to standard molecular physics

books [Herzberg50, Demtröder03].

Potentials of dimers at large internuclear distances

If the two alkali atoms are very far apart, the interaction between them can be

expressed as a sum of different electrical multipol interactions. Depending on the

states of the atoms involved, the potential can be described [Hirschfelder67] as

V (R) = DE − C3

R3
− C6

R6
− C8

R8
− C10

R10
− ... (2.2.2)

where Ci are the dispersion coefficients and DE the dissociation energy. The term
C3

R3 describes the dipole-dipole interactions between the atoms. It is only different

from zero for homonuclear molecules in an excited state. The Van-der-Waals inter-

action is represented by the C6

R6 term. It is the interaction between two neutral atoms



10 Chapter 2. Photoassoziation of ultracold LiCs molecules

without permanent dipole moments. This signifies that the ground state potential

of a dimer consisting of alkali metals will show an R−6 dependence. Potentials of

excited states will be dominated by R−3 for homonuclear and R−6 for heteronuclear

molecules. Dispersion coefficients for heteronuclear alkali dimers have been calcu-

lated by e.g. [Marinescu99].

To stress the difference between the excited potentials of homonuclear and heteronu-

clear dimers figure 2.2 is shown. Not only the dependence on internuclear distance

for excited dimers scales with R−6, but the potential is either attractive or repulsive

respective to the atomic species excited.

2.3 Photoassociation out of a mixed trap

Several techniques exist to produce cold molecules in their electric ground state.

Molecules can be cooled down by e.g. collisions with Helium buffer gas and col-

lision with an atom beam as well as counterrotating nozzles, using the Stark ef-

fect in pulsed electric fields, etc. By these techniques molecules in their electric

ground state with a translational temperature between 1mK and 1K are achieved

[Weinstein98, Bethlem03, Veldhoven04, Junglen04]. Another method to create ul-

tracold molecules consist in their synthesis out of allready translational ultracold

atoms via Feshbach resonances or photoassociation. The molecules formed will have

the same translational energy as their constituents, but are in excited states. Sub-

sequent spontaneous or induced transitions into the electronic ground state are nec-

essary ([Doyle04] and references therein). Photoassociation is a reliable technique

to synthesise cold molecules from cold atoms. The group of P. Pillet were the first

to report ultracold molecules in their ground state produced by photoassociation

in 1998 [Fioretti98]. Since then it has been established as a primary mechanism to

produce cold molecules.

The kinetic energy of atoms at T=1mK is in the range of 20MHz, which is less than

the linewidth of an excited molecular state. Photoassociation opens the possibility

to investigate chosen rotational-vibrational states and perform state selective chem-

istry. In figure (2.3) the general photoassociation process is shown. Two ultracold

atoms are formed to an excited molecule in a discrete rotational-vibrational level by

absorbing a photon with an energy slightly red detuned to the respective transitional
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Figure 2.3: Photoassociation. A molecule is formed with the energy ~ω of a photon
and can afterwards decay into two unbound atoms and a photon of energy ~ω′ or into
a molecular state plus photon with ~ω′′

energy ~ω = V ∗(R)− V (R), figure 2.3.

A + B + ~ω → AB∗ (2.3.1)

This is only possible as long as the atoms are ultracold, meaning that their kinetic

energy is much smaller than the energy difference between rotational-vibrational

levels of the same state of the molecule.

To be more specific: According to the Frank-Condon principle, the probability for

photoassociation depends on the overlap of the wavefunctions of the excited molecule

and the two atoms at their respective internuclear distance. The Frank-Condon

factors are a measure of the overlap. The wave functions have their maximum at

the turning points of the oscillation, which favours photoassociation at internuclear

distances of the outer turning points of the rotational-vibrational levels of the excited

molecules. Because densities are low in the atomic trap, only excited molecules

in high rotational-vibrational levels are produced. Homonuclear molecules have a
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much higher probability to be photoassociated due to their longer range of excited

potential (R−3) than heteronuclear molecules (R−6) like LiCs. Once the molecules

are photoassociated, only few decay into the desired ground state. Most of them

undergo radiative decay into two free atoms and a red detuned photon with respect

to the one leading to molecule formation. The energy difference is transformed into

kinetic energy of the atoms, leading to loss of atoms from the trap. If there is a

sufficient Frank-Condon overlap between rotational-vibrational levels of ground and

excited state, the molecule can also radiatively decay into the ground state. The

overlap between the wavefunction from one rotational-vibrational level of an excited

state stretches in general over several rotational-vibrational levels of the ground

states. Therefore state selective photoassociation of excited molecules is possible,

but only a distribution of rotational-vibrational excited ground states is produced.

AB∗ → A + B + Ekin + ~ω′ radiative decay into unbound atoms (2.3.2)

AB∗ → AB + ~ω” radiative decay into bound molecule (2.3.3)

Fortunately for the formation of LiCs, the overlap of Frank-Condon-Factors is favourable

for heteronuclear molecules, because excited and ground state scale with R−6. For

homonuclear molecules the overlap is worse, because the excited state scales with

R−3 and the ground state with R−6.

2.4 Detection

A standard technique to detect educts and products in magneto-optical traps con-

sists of ionising the involved species by photodetachment and recording their ionic

products. In the experiment a tunable dye laser is used to produce atomic and

molecular ions via resonance-enhanced-multi-photon-ionisation (REMPI). The ions

are detected by a time-of-flight spectrometer, discriminating mass differences ∆m

of about m/∆m = 1000 (section 4.2.2).

In general, one photon ionisation is more probable than a two or more photon pro-

cess, especially if the energy of the photons is not resonant to the transitional energy

between states of the atom or molecule. The ionisation probability will become much

greater if the photons are resonant to the first transition and possibly subsequent

ones. This marks REMPI as a powerfull tool to investigate transitional energies
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Figure 2.4: Two photon ionising scheme

state selectively when used in the ultracold regime. To detect ground state LiCs

molecules two photon ionisation was used in the experiment. Because the linewidth

of the laser only covers few rotational-vibrational levels, much information concern-

ing the population of the ground state rotational-vibrational levels can be gained by

scanning the wavelength of the laser.

2.5 Overview of the experiment

The setup of the experiment for producing LiCs molecules in their ground state con-

sists of certain stages, which are described briefly to give an overview. The single

elements are described in more detail in later sections. The description will follow

the chronological order in which the single parts of the experiment are used in the

whole setup. In figure (2.5) the vacuum chamber is shown. This picture was taken

during an early stage, where the experiment was build up, and thus no laser system

can be seen on the optical table, yet.
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Figure 2.5: Experimental setup without laser systems. From right to left: The atom
oven contains a reservoir of the atomic species and supplies a beam of hot atoms. They
are slowed down in the Zeeman-slower before being trapped by a magneto-optical-
trap in the main vacuum chamber. Here the experiments take place, molecules are
formed, atoms and molecules are ionised. The ions are detected by the time-of-flight
spectrometer

In this experiment Li and Cs are supplied by an two-species atom oven. It con-

tains a reservoir with Cs and a reservoir with Li. It is necessary to heat the oven

to create an atom vapour of the necessary pressure. Usual oven temperatures are

in the range of 100 to 365 ◦C. This produces an atomic vapour with a pressure in

the order of 10−3 mbar, which pushes the atoms through a nozzle into the vacuum

chamber. When they leave the oven, the atoms have a Maxwell-Boltzmann velocity

distribution with a mean velocity in the order of a few hundred m/s. Further infor-

mation of the two species oven can be found in [Kraft06a] and section 3.1.
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Before the atoms can be trapped and cooled it is necessary to slow them down

during their way to the main vacuum chamber. This is achieved by a Zeeman-slower,

where the atoms interact with a laser beam counter-propagating to their flight di-

rection. By absorbing photon momenta from a defined direction, but spontaneously

emitting photons isotropically, the atoms experience a force in the direction of the

laser beam. The Doppler shift of atomic resonances has to be regarded for a mov-

ing atom. To keep the atoms in resonance with the laser beam, a spatially varying

magnetic field is used. This introduces a Zeeman splitting in the atomic states. If

the splitting of the excited and the ground states scale differently, the resonance

frequency of the transition can be tuned. The magnetic field is tailored to balance

the Doppler shift between atoms and light field. The field is generated by a a current

IZee, which runs through number of coils with different windings. The laser light

has to be slightly detuned with respect to the resonance of atoms at rest, otherwise

cooled atoms are pushed out of the trap by the slowing light. Further technical

details of the used Zeeman slower are given in [Engler97] and [Mudrich03].

The slow atoms are trapped in the main vacuum chamber with a magneto-

optical-trap (MOT). It uses the same light forces on atoms as the Zeeman slower.

In a MOT six laser beams are used in three mutually perpendicular directions meet-

ing in the trap centre. Two counter-propagating laser beams differ in the circular

polarisation of their light. A magnetic quadrupole field is produced by two coils

of equal distance to the centre of the trap. Therefore the magnetic field is zero in

the centre. If the atom is not in the centre, the induced Zeeman-effect leads to

an enhanced absorption of one of the counter propagating laser beams due to their

different polarisation. Thus the atoms are pushed back towards the trap centre.

Hence the atomic cloud is not only trapped and cooled but also compressed. A brief

description will be given in section 3.3. A detailed theoretical description of MOTs

is given in [Weidemüller00, Metcalf99].

The trapped atoms can now be studied further and molecules can be produced

by photoassociation . Information about the potential curves of the molecules is

given by the ionising wavelength. For ionisation at different energies a tunable

dye laser is used. Once ionised, the species are registered by a time-of-flight mass

spectrometer (TOF). The ions are accelerated upwards by an electric field. All
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ions will have gained the same energy by the electric field, but their velocity is

proportional to the square root of their mass. With time resolved detection of the

ions, it is possible to assign a certain time-of-flight to certain mass and therefore to

different kinds of ions. After a certain drifting distance they are detected by a multi-

channel-plate (MCP). At the MCP a voltage is measured, from which the number

of ions can be deduced (section 3.2.2). The TOF mass spectrometer is presented in

detail in [Kraft05a, Kraft06a]. Measurements for signal calibration are explained in

section 3.2.2, whereas necessary adjustments for the detection of LiCs are discussed

in section 4.2.2.



Chapter 3

Loading the two species

magneto-optical-trap

3.1 Two-species atom oven

For trapping two different atomic species it is favourable to separately control the

flux of each species. A single oven can not fullfill these requirements because the

ratio of different vapour pressures of the atomic species depends on the temperature.

Thus the ratio of atom flux of both atomic species is defined by the temperature.

Two avoid this commonly two separate ovens with different beam paths to the main

chamber are used with subsequently two different Zeeman slower. Atom flux can

be controlled by the respective temperature of each oven. The main drawback is

the space consumed by such a setup and hence the reduced possibilities for optical

access. A two-species atom oven, where the temperature of the atom reservoirs can

be controlled independently, faces the problem of only one atom beam path with

one Zeeman slower for two species. The force on atoms in a Zeeman slower depends

on the atomic species. Therefore controll over the atom flux for each atomic species

is traded versus a compromise for slowing both species. Such a two species oven has

been described by [Stan05] and with a slightly different setup been realised in the

LiCs experiment [Kraft06a].

The oven consists of two tubes acting as reservoirs with a capillary in between and

a nozzle at one end as exit. A cross section of the oven is shown in figure (3.1).

The four parts of the oven, Cs chamber, capillary, Li chamber and nozzle, can be

17
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Figure 3.1: Cross section through the two species oven

heated separately to give control over the vapour pressure of both species. To keep

this control, it is essential that Li and Cs are kept separated in their chambers and

no mixing between the atomic species occurs. This is achieved by having different

conductivities of capillary and nozzle and taking into account the different vapour

pressures of Li and Cs (appendix A). The nozzle has a larger conductivity than

the capillary to ensure that atoms in the front chamber will leave the oven through

the nozzle rather than diffuse into the back chamber. Secondly, the species with

the higher vapour pressure is put into the back chamber. The vapour pressure of

Cs is higher by orders of magnitudes than the vapour pressure of Li. Therefore

the Cs reservoir will be in the back chamber whereas Li is put in the front one.

No flux from Li into the back chamber occurs. Cs does not condensate in the

front chamber because its vapour pressure can not saturate in there. This ensures

that the temperature of the respective chamber only controls the particular atomic

species and not a mixture of both. Independent control over both atomic fluxes by
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temperature is given.

Further technical details and calculations can be found in [Kraft06a].

3.2 Oven flux measurements

To characterise the oven it is important to know how the atomic flux depends on

the temperature. This is also of huge practical value in daily laboratory work. For

example a low loading rate of atoms in the MOTs (section 3.3) may be caused by

low atom flux, misaligned laser, etc. To be able to exclude possible sources can save

days of searching for the error. In the following sections only the oven flux of Cs

will be determined. No Li oven flux could be measured due limits of the wavelength

of the ionisation laser respectively the availability of dyes for the Dye laser (section

4.2.1). A discussion of the ionisation process is given in section 3.2.1.

In general flux is defined as particles per Area and time.

F =
Number of particles

Area · time
(3.2.1)

Its value can directly be derived by the number of atoms N with average velocity v in

a known volume V. Due to our experimental setup, atoms are detected by ionisation

and subsequent recording at the TOF-spectrometer 4.2.2. Therefore the oven flux

can be derived by ionising a number of atoms in a known ionisation volume Vion.

The number of ions Nion detected is given by the number of atoms N, their ratio of

ionisation Nion

N
= ηion and the detector efficiency ηdet.

Nion = N · ηion · ηdet (3.2.2)

The detector efficiency is known to be ηion = 0.2 [Kraft05a]. The number of ions

Nion is measured. To deduce the ionisation probability, a method by [Burkhardt88]

will be presented as needed in the following paragraph:

The total charge Q produced by an ionising pulse of energy per shot U and photons

of energy ~ω is given by

Q = eρVion

[
1− exp

(
− σU

2~ωA

)]
(3.2.3)

where e is the electronic charge, ρ the density of atoms in the ionising volume Vion,

A the cross sectional area of the ionising laser beam and σ denotes the absolute
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cross section for photo ionisation. With the total number of ionised atoms given by

N = Q/e, the number of ions can be related to the total number of atoms in Vion

by

Nion = N

[
1− exp

(
− σU

2~ωA

)]
(3.2.4)

The exponential term in 3.2.4 will become zero for an ionisation probability of 100%,

Nion = N . The total number of atoms in a volume Vion can therefore be deduced

directly by recording the number of ions vs. varying intensity of the ionisation pulse

and extrapolating N with the function

Nion = N
[
1− e−b·U]

(3.2.5)

b =
σ

2~ωA

The ionisation process will be described in detail in the following section 3.2.1, fol-

lowed by calibration measurements of the detection device 3.2.2 and the investigation

of the ovenflux 3.2.3

3.2.1 Ionisation process

The Cs atoms coming from the oven are ionised by REMPI (section 2.4) at the centre

of the MOT. Neither Zeeman-slower nor MOT magnetic fields are turned on, because

the atoms shall not be slowed or trapped. The ionising scheme is depicted in figure

(3.2). As pump light for the first transition 62s1/2 → 62p3/2 the Cs MOT laser (see

3.3) and the Cs Zeeman-laser with a wavelength of λCsMOT
=852 nm are used. From

the 62p3/2 excited state the Cs atoms are ionised by two photons via a resonant

dipole transition to the 72d5/2 state with a wavelength of λion =697.5 nm. The

ionisation laser (section 4.2.1) is focused to an cross sectional area of 1.4×0.3mm2

at the centre of the MOT. Ionisation of Cs with two lasers is chosen, because the

first two transitions can be induced on resonance to enhance the the number of ions

produced.

The Cs MOT laser has a high enough intensity to saturate the transition 62s1/2 ↔
62p3/2, meaning that excitation and de-excitation rates are comparable. Therefore

ground and excited state have the same population rate 1
2

before the ionising pulse.

The probability for producing ions out of the ground state with three photons of the

ionisation laser is very small compared to resonance enhanced two photon ionisation
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Figure 3.2: Ionising scheme for Cs oven flux measurements. As the MOT light
saturates the 62s1/2 ↔ 62p3/2 transition the population density for both states is 1

2

before the dye pulse.

from the 62p3/2 state. Hence the approximation is valid that only half the atoms

can be ionised and equations 3.2.2 has to be modified accordingly:

Nion =
N

2
· ηion · ηdet (3.2.6)

Ovenflux measurements of Li can not be performed due to wavelength limits of

the ionisation laser. For a sufficient ionisation probability of Li and subsequent de-

tection, resonance enhanced ionisation is mandatory. Allthough trapping light can

be used to excite Li in the 2P-state, no further resonant transition can be exploited

in the range of 665 nm to 720 nm. The range is given by the dye used in the laser. To

the range closest electric dipole transitions exist at 610 nm (2P→3D) and 812.9 nm

(2P→3S).

3.2.2 Calibrating the detector

The problem addressed in this section is the number of ions detected. The produced

ions are recorded with a TOF-spectrometer (section 4.2.2), where the different plates
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Figure 3.3: Failed attempt to determine the integral under one peak by just recording
all ion signals and seeing distributions for one, two and more ions per shot.

of the accelerating and detecting stage are set to a voltage of Vup = 0 V, Vmiddle =

214 V, Vlow = 297 V, Vdef01159 V, VMCP = 2050 V. An ion produces a peak with an

amplitude and width of ca. 5mV and 10 ns. A separate amplifier boosts the signal

by a factor of 60. The integral of the peak is proportional to the kinetic energy of the

ion. If n ions are detected at the same time, only one peak with approximately an

integral equals to n times the integral of a single ion will be recorded. It is therefore

necessary to determine the average integral under a single ion peak to deduce the

total number of ions detected.

The energy of the ions vary depending on their initial velocity, the length of their

accelerating path in the TOF-mass-spectrometer, point of impact on the detector,

etc. The initial velocity can be neglected, because at the temperatures of the oven

the mean initial energy of the ions is in the range of 1 · 10−2 eV, whereas the energy

gained in the accelerating stage of the TOF-mass-spectrometerthe spectrometer is

≈ 6 eV. The other variables can not be determined so easily and therefore the integral

of a single ion peak is deduced from statistical measurements.

Two different approaches are taken: The first one is to record a number of ion signals
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without discriminating between different numbers of ions. From the distribution of

peak integrals one should be able to distinguish the mean peak integrals belonging to

different amounts of ions. In the second approach only single ion peaks are recorded.

The distribution of integrals is analysed and fitted to a Poisson distribution. To

record the background 107 measurements without ionising light are taken.

For the first approach the integral of ion peaks are recorded without discriminating

between the number of ions detected. For this measurement a boxcar-integrator was

used. It is an electronic device which integrates its input signal in a certain time

gate (the ”boxcar”) after a trigger signal. The output is a voltage proportional to

the integral measured during the boxcar interval. The time window is set to a width

of 1 ns after 21.24 µs of the ionising light pulse, detected by a photodiode. This

corresponds to to the mean arrival time of Cs+ ions after the ionising pulse.

A set of 1700 measurements is recorded, which are shown as a histogram in figure

(3.3). For a successfull analysis, different distributions of integrals are expected

centred at equal distance. They should correspond to different numbers of ions

recorded. As can be seen from the histogram, it is not possible to clearly discriminate

different numbers of ions. Therefore this method of calibrating the ion signal of the

detector is discarded.

For the second method 100 measurements of single ion peaks are taken. The boxcar

can not be used in this measurement, because it is necessary to discriminate between

the numbers of ions detected. To do this, the power of the dye laser is reduced in

such a way, that only approximately every second shot a single ion is detected.

These can be clearly distinguished on the oscillator from occasional multi ion peaks.

A sample of peaks from the measurements is shown in figure (3.4).

A MatLab-script was written to allow easy and fast analysis of the data. It is meant

to replace the old converting program ”Tektronix2Area.exe”, which was used to

calculate the integral under peaks as read from the oscilloscope. The drawback with

”Tektronix2Area.exe” is the restriction to convert only files with a given maximum

size one by one. With the MatLab script potent program can be easily adjusted

to the respective needs for similar measurements as well as automating the process

for multiple files and their further analysis. The scripts follow the below described

method:

The amplification of the signal from the TOF-spectrometer is taken into account and

all calculations and results are given for no amplification. To integrate the peaks,
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Figure 3.4: The first five graphs show a single ion signal in different strengths. The
last graph in the bottom right corner three background signals are overlaid and the
mean signal of all 107 background signals is drawn.
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Figure 3.5: Binned integrals of the peak of a single ion

the minimum of every recorded trace is determined to mark the single ion peak.

The mean of the background is subtracted from the trace. The peak is integrated

in a predefined region around the minimum, in this case 150 ns before and 240 ns

after the minimum of the asymmetric shaped peak. The resulting areas are binned

in a histogram. The number of bins is deduced by the Freedman-Rule. The result

is a Poisson distribution, because the histogram represents a discrete probability

distribution. To be able to fit a Poisson distribution to the histogram, it is necessary

to convert the data ”counts versus area” to a ”probability distribution
∑

i pi = 1

versus integer bin number”. The fitted mean λ is recalculated to give the mean

integral under a single ion peak. The distribution of the areas is shown in figure (3.5).

The integral under one ion peak could be determined to be (1.09±0.06) ·10−8 mV/s.

3.2.3 Ovenflux versus temperature

In order to calculate the ovenflux depending on the temperature, seven sets of mea-

surements are taken. In every set the power of the ionisation beam is varied for

a constant temperature. The plates of the TOF-spectrometer are set to the same
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voltages as used for determining the mean integral of a single ion’s peak (section

3.2.2), because the integral depends on the energy gained by the ions in the TOF-

spectrometer. The number of ions is calculated by taking the integral of the peak

recorded at the TOF-spectrometer. By comparing the value to the area under a

single ion peak (see section 3.2.2) the number of ions detected is deduced. The

total number of atoms in the ionisation volume Vion is extrapolated by using equa-

tion 3.2.5 as a fit modell. The flux for a given temperature can now be calculated

with atom number, volume and mean velocity of the atoms given by the Maxwell-

Boltzmann-distribution. The flux for various temperatures depends not only on the

mean velocity of the atoms v ∼ √T , but also on the conductivity C of the oven,

which can be approximated to be proportional to the vapour pressure inside the

oven C∼ eb·T . Thus the ovenflux Fo(T) is estimated by

Fo = y0 + a ·
√

T · eb·T (3.2.7)

where y0, a and b are experimentally determined constants.

The number of ions is measured at an energy of the ionising pulse of 2mJ, 4.5mJ,

8.1mJ, 12.8mJ, 15.5mJ and 20mJ for temperatures at the back of the Cs oven of

78 ◦C, 80 ◦C, 83 ◦C, 90 ◦C, 90.5 ◦C, 101 ◦C and 104 ◦C. The signal from the TOF-

spectrometer is analysed by a MatLab script similar to the one described in section

3.2.2. A difference exists in the determining of the background. The points out-

side the integration borders are used to calculate a straight line approximating the

background under the peak. It is subtracted from the peak before integration. The

script includes the option to determine the background only by taking points to

the left of the peak, because the signal of the TOF-mass-spectrometer can show an

overshooting over the mean background after a peak with very high ion numbers.

The origin of this is not fully understood but assigned to the electronics in amplifier

or TOF-mass-spectrometer. For the ion numbers involved in the measurements, this

approach was not necessary. The number of ions detected is calculated from the area

under the peak with the calibration from section 3.2.2. The ion numbers of a certain

temperature are fitted with the function (3.2.5). As an example, ion numbers at dif-

ferent ionisation energies for an oven temperature of 101 ◦C are shown in figure (3.6).

To calculate the ovenflux it is necessary to investigate the ionisation Volume

Vion more closely. It is given by the cross sectional area of the dye laser beam
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Figure 3.6: Number of ions for different ionisation energies recorded at a temperature
of 101 ◦C at the back of the Cs oven

A ≈ 0.3 · 1.4 mm2 and the thickness of the atom beam datom = 10.2 mm at the

trap centre. The diameter is derived by assuming a point like atom source at the

nozzle of the oven and linear flight paths limited by the Zeeman-slower’s geometry.

If atoms are slowed down on their way from oven to MOT, e.g. when the Zeeman

slower is switched on, their transverse velocity will not change and the atom beams

widens up. Therefore only the minimum volume and consequently maximum flux is

calculated by this means. The cross sectional area of the MOT-laser with a diameter

of dMOT = 13.5 mm is not a limiting factor for the ionisation volume.

The oven flux is therefore given by

Fo =
2v

A · d · ηdet

·Nion (3.2.8)

The 2 in the equation arises from equation 3.2.6. In figure (3.7) the resulting graph

is shown. At a temperature in the region of 100 ◦C the ovenflux can be described by

Fo = −2.04 · 1011 + 2.98 · 109 ·
√

T · e0.053·T (3.2.9)
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Figure 3.7: Ovenflux vs. temperature at the back of the Cs oven. The dependence
is approximated by the model Fo = y0 + a · √T · eb·T (see equation 3.2.8).
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3.3 Two-species magneto-optical trap and inelas-

tic collisions

(a) (b)

Figure 3.8: (a) Schematic setup of a magneto-optical-trap in 1D. An atom with
me = −1 at position z’ is pushed towards the trap centre due to enhanced absorption
of σ− polarised photons coming from the right. (b) Practical realisation of a MOT in
three dimensions with two magnetic coils creating the magnetic quadrupole field and
six laser beams of appropriate polarisation.

The magneto-optical-trap (MOT) applies light induced transitions and magnetic

fields to trap atoms, as is shown schematically in figure (3.8). An inhomogeneous

magnetic fields B(z) = Az is produced by a magnetic quadrupole. In the case of

a simple scheme of an atom with J0 = 0 in the ground state and Je = 1 in the

excited state, the atomic transitions are split into three Zeeman components. The

splitting scales with the field and therefore with the position. E.g. in figure (3.8

(a)) for B> 0 the Me = +1 state is shifted up whereas the Me = −1 is shifted down

in energy. Hence the resonance of the transition from the Me = −1 state is closer

to the wavelength of the trapping light than the ∆M = +1 transition. By shining

σ+ polarised light from the left and σ− polarised light from the right, the atom has

an enhanced absorption of photons which will push it into the centre of the trap.

The atomic cloud is cooled and compressed simultaneously. It is necessary to use

red detuned MOT lasers with respect to the atomic resonance in the trap centre to
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prevent the atoms being pushed out of the trap, as already seen for light used for

slowing atoms.

For realizing a MOT in three dimension it is necessary to reproduce the one dimen-

sional scheme in all three directions of space as depicted in figure (3.8 (b)). The

atom to be trapped and cooled needs a transition with ∆J = ±1 where it is possible

to pump transitions between mg- and me-states within a closed system. Otherwise

hyperfine states are populated which are decoupled from the trapping light and

thus the atom is lost from the trap. The magnetic field is produced by a current

IMOT flowing through two coils at equal distance from the trap centre. A detailed

theoretical description of MOTs is given in e.q. [Weidemüller00, Metcalf99], tech-

nical information about the MOTs used in the experiments are given in [Mudrich03].

The transitions of Li and Cs used are the same as for the Zeeman slower and have

been deduced in section 2.1. To spatially overlap the MOTs, the laser beams were

adjusted separately while detecting the fluorescence light of of the atomic cloud with

two cameras. They observe the trapped atoms from two perpendicular directions

for easy adjustment.

3.3.1 Cs laser system

Figure (3.9) shows the Cs laser system setup. The master laser is locked via Dicroic-

Atomic-Vapour-Laser-Lock (DAVLL) [Corwin98]. This techniques uses a weak mag-

netic field to introduce a Zeeman-splitting into the Doppler broadened absorption

line of a spectroscopy cell. By subtracting the absorption rates of different compo-

nents, an error signal is generated which is less sensitive to drifts in line shape and

absorption, limiting Doppler-broadend frequency stabilisation. Cooling and Zeeman

laser are both beating locked to the master laser [Schünemann99] combining the

stability of a DAVLL and the tuning range of a beating lock. A Doppler-broadend

spectroscopy is sufficient for the repump laser. All beams are going via single-mode

optical fibres to the optical table with the vacuum chamber and Li-laser system.

The laser beams of slowing and repumping in the Zeeman-slower are merged on the

table with the Cs laser system, whereas and cooling and repump laser of the MOT

are merged by polarising beam splitters on the table with the vacuum chamber.
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Figure 3.9: Setup of the Cs laser system on the optical table

Trapping of the Cs atoms occurs by splitting the MOT beam into five parts. The

vertical MOT beam is retroreflected and hence all six beams needed for trapping are

present. If only beams are used which are retroreflected onto themselves, a beam

looses intensity due to the increasing scattering of light when loading the trap. Its

reflected counterpart will therefore have less intensity. This results in a spacial

moving MOT during loading due to unbalanced radiation pressure. In a five-beam-

configuration these shifts are minimised.

More technical information about the lasers can be found in (C.1).

3.3.2 Li laser system

The setup of the Li laser system is depicted in figure (3.10). The Master-laser is

stabilised via Radio-Frequency-spectroscopy to the crossover of the atomic D2 line of
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Figure 3.10: Setup of the Li laser system on the optical table.

Li in a vapour cell heated to 265◦ C. Its beam is then split up into three parts. One

is used for absorption imaging, the others are shifted by ca. ±2 · 200 MHz as they

are send twice through two AOMs. They are used for for cooling and repumping.

The energy shift of 800 MHz corresponds to the hyperfine splitting of the 22s1/2

ground state of Li, because the closed system used consists of these two ground

states and the unresolved 22p3/2 excited state (section 2.1). As the power of the

Master laser is not sufficient in all three paths, the frequency shifted beams seed

two slave lasers with diodes of 16mW (laser C) and 24mW (laser D) power after

the optical isolator at their respective frequency. Laser C is used for a repumping

and laser D for cooling. Their beams are overlapped and the resulting one is split

into MOT light and a beam detuned by -76MHz for the Zeeman slower. A table

containing more information can be found in (C.2)

The MOT beams are in a three-beam-configuration. This means, that the six beams

necessary for trapping are supplied by only three retroreflected beams. A five-beam-
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configuration as used for the Cs MOT is not possible due to power restrictions of

the lasers.

(a) (b)

Figure 3.11: The mount of the laser diode with grating and mirror holder. A rough
adjustment of the grating can be done by the three fine screws holding grating and
mirror mount. A finer tuning is possible by a piezo element between the lower screw
and the mount. The whole laser box is shown in figure (3.11).

Li master laser

A new laser is implemented in the laser system for trapping Li. The laser (figure

(3.12)) uses a Phillips CQL806 Diode which operates at 671 nm wavelength with

3.3mW after the isolator. The wavelength of the emitted light is determined by an

external grating. This means that the laser cavity lies between the diode and the

grating, which reflects the m = −1 order of the diffraction maxima parallel to the

incoming beam (figure (3.11)). Thus the wavelength of the laser can be adjusted

by changing the angle of the grating. Because the angle α between incoming light

and the normal of the grating is α 6= 0 , it represents a Littrow-grating. A rough

tuning can be done by three fine screws holding the grating and mirror mount, fine

tuning is done by a piezo element between the lower screw and the mount. The

error signal for temperature stabilisation is produced by a Wheatstone bridge with



34 Chapter 3. Loading the two species magneto-optical-trap

Figure 3.12: The Li master laser including box, circuit board, base plate and mount
for the diode with grating and mirror holder. The last part is also depicted in figure
(3.11). The laser is temperature controlled by a peltier element between diode-mount
and base plate. Therefore the whole mount has to be temperature stabilised.

a PT100 temperature depending resistor and a potentiometer to set a temperature of

TL = 16 ◦C. Because the whole block containing the diode is temperature stabilised,

it has a rather long time constant of tstab = 29.0 s for stabilising. The outcoming

beam has elliptical geometry with a horizontal and vertical width of 0.75mm and

3.06mm respectively. A prism pair is used to correct this and achieve a circular

cross sectional area.

It turned out, that the hole in the box for the laser light was a source of constant

disturbance of the laser wavelength, because of resonant sonic waves in the box.

This results in unstable locking via the Radio-frequency-lock due to fluctuations in

the laser’s wavelength. The problem was successfully solved by glueing a glass plate

in front of the hole.
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3.3.3 Inelastic collisions in the magneto-optical-trap

Atoms are lost by from the trap by undergoing inelastic collisions. When two atomic

species are trapped, inelastic collisions between the two species can have large effects

on trapping times and numbers of atoms. In the case of LiCs inelastic collisions were

already studied in 1999 [Schlöder99, Schlöder98].

To deduce the number of atoms trapped in the respective MOT, fluorescence mea-

surements are used as an alternative method to absorption imaging. For only one

atomic species, the atom number in a MOT can be described by the number of

atoms N , the loading rate L and the loss rate l. The general rate equation and the

special case of equilibrium can be written as:

dN

dt
= L− l ·N (3.3.1)

Neq =
L

l
(3.3.2)

If Li and Cs are present in the MOT, the loss rate for collisions with the other atomic

species lLi,Cs and lCs,Li respectively has to be added to the former loss rate. In the

following the new number of Cs atoms in the steady state is derived. The same is

valid for Li, only the indices have to be exchanged:

lCs,tot = lCs + lCs,Li (3.3.3)

NCs,tot = NCs ·
(

lCs

lCs + lCs,Li

)
(3.3.4)

By taking the ratio of both equilibrium states, with only one atomic species trapped

and with both present in the MOT, the loss rate due to inelastic collisions can be

calculated.

NCs

NCs,tot

= 1 +
lCs,Li

lCs

(3.3.5)

lCs,Li =

(
NCs

NCs,tot

− 1

)
· lCs (3.3.6)

It is also possible to express the loss rate lCs,Li as a function of a collision rate

coefficient γCs,Li and the density nLi of Li.

lCs,Li = nLi · γCs,Li (3.3.7)
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Figure 3.13: Atom number in a Li-Cs double MOT: Due to inelastic collisions atoms
are lost from the trap. At first no atoms are present, because both the Li and the Cs
laser light is blocked. After about 10 s the light of the Cs MOT is switched on. When
it has reached an equilibrium in atom number, the light of Li MOT is unblocked as
well. A clear decrease in trapped Cs atoms can be seen. After 60 s the Cs MOT light
is blocked and the atom number in the Li MOT increases.

For Li and Cs this rate coefficient has been measured by [Schlöder99] to be γLi,Cs =

5 ·10−11 cm3/s and γCs,Li = 1 ·10−10 cm3/s. Therefore it is easy to deduce the density

of Li in the MOT by

nLi · γCs,Li =

(
NCs

NCs,tot

− 1

)
· lCs (3.3.8)

nLi =

(
NCs

NCs,tot

− 1

)
· lCs

γCs,Li

(3.3.9)

With the size of the atom cloud, the number of trapped atoms is also given.

To calibrate the fluorescence with the respective number of atoms, the measurement

depicted in figure (3.13) was used. The ordinates allready show the calculated

numbers of atoms. To measure the fluorescence of Li and Cs different photodiodes

are used, which are only sensitive to the respective fluorescence wavelengths, 852 nm
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loading rate [V/s] only Cs / Li present [V] Li and Cs trapped

Cs fluorescence 1.1 1.95 1.80

Li fluorescence 0.025 0.276 0.0245

Table 3.1: measured loading rates and fluorescence of Li and Cs.

signal photodiode

Cs 2.3 · 108 atoms
V

Li 2.8 · 108 atoms
V

Table 3.2: Calibration of the fluorescence signal from the photodiodes

for Cs and 671 nm for Li. The measured fluorescence and loading rates are given in

table 3.1.

The fluorescence of every atomic species and the loading rates are measured with

the same photodiode. The fluorescence F of atoms in the MOT is given by their

trapping time τ = l−1 and loading rate L. Thus the trapping time τ is calculated

by:

F = τ · L (3.3.10)

τ =
F

L
(3.3.11)

Both trapped atom clouds have a radius of ca 3mm. With the values given, the

trap densites and number of atoms in the MOT when both atomic species are loaded

yield NLi = 7·107, nLi = 5·108 cm−3 and NCs = .4·108, nCs = 2·1010 cm−3. With the

number of atoms, the fluorescence signal of the photodiode is calibrated for further

measurements (table 3.2)





Chapter 4

Synthesis and detection of

ultracold LiCs-molecules

4.1 Photoassociation

Photoassociation occurs in the experiment by the light used for trapping the two

atomic species. The MOT lasers are only slightly detuned to the respective atomic

transitions and therefore to the corresponding molecular asymptote. This means

that only molecules in highly excited rotational-vibrational states are produced.

The molecules can either be produced via the molecular asymptote Li(2s1/2)Cs(6p3/2)

or Li(2p3/2)Cs(6s1/2), depending on the photon involved in the formation of the

molecule. The Li(2p3/2)Cs(6s1/2) potential is repulsive beyond 50 Å, with the ex-

ception of a shallow potential well around 70 Å. This well is not suited for photoas-

sociation , because its depth is much smaller than the laser detuning. Therefore,

LiCs will only be photoassociated via the Li(2s1/2)Cs(6p3/2) asymptote.

The excited molecules can undergo radiative decay into two hot atoms leaving the

trap or decay into molecular states (see section 2.3), namely the X1Σ+ ground or

a3Σ+ metastable triplet state. These states will be in highly excited rotational-

vibrational levels as well, because the Frank-Condon overlap between the states

is greatest for large intermolecular distances. The outer turning points of wave-

functions in highly excited rotational-vibrational levels of the lowest Σ-state. The

molecular potential curves are depicted in figure (4.2). To ensure that all molecules

will be in their ground state, the Cs Zeeman and MOT lasers are blocked 4ms and

39
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Figure 4.1: The timing scheme of the LiCs experiment. The laser of the Cs laser
system are blocked before the ionising pulse to ensure that all LiCs molecules are in
the ground state when ionised. The plates of the TOF-spectrometer are only switched
on during every second ionising pulse to prevent a to high ion load on the detector.

2ms before the ionising pulse. The timing scheme for the experiment is shown in

figure (4.1), whereas the number of atoms in the MOT and their densities are listed

in table 4.3, section 4.3, where molecular formation rates are calculated.

4.2 REMPI and detection

4.2.1 Ionisation laser

For ionisation a pulsed dye-laser (NARROWscan, Radiant, [Rad]) is used with a

tuning range of 330-720 nm. The dye-laser is pumped by a Continuum Surelit II20

ND:Yag-laser ([Con]) with an energy of 200mJ at a wavelength of 532 nm, which

represents the upper limit of the dye laser’s wavelength despite its greater tuning

range. The wavelength of the dye laser is defined by two gratings of 2400 l/mm,

which can be turned by an electrical motor to choose the respective wavelength.

Depending on the position of the motor, a wavelength is displayed by the keyboard

used to operate the dye laser. Both, pumping and dye laser can be controlled by an

external TTL signal. The TTL signal for the pump laser triggers the light pulses
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Figure 4.2: Level scheme of LiCs molecules [Korek00]. The letter in front of the
state notation (Hund’s case A) is used to discriminate the different potential curves
by energy. ”X” denotes the ground state, potential curves of singlet states are marked
by capital letters starting with ”A”, whereas potential curves belonging to triplet states
are ordered by minuscules starting with ”a”.
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at 532 nm. The TTL signal send to the dye laser sets the time at which the grating

is turned, the dye laser switches to another wavelength. With a predefined starting

wavelength and step interval a scan is performed. The number pulses for a certain

wavelength is given by the by number of trigger signals send to the pump laser before

the TTL signal send to the dye laser changes the wavelength.

Calibration of the control display

62S1/2 to transition energy start scan interval end scan ionisation by

[cm−1] [cm−1] [cm−1] [cm−1]

92D3/2 2·14414.45 14400 0.01 14420 three photons

92D5/2 2·14418.03 14000 0.01 14200 three photons

52D3/2 14499.49 14490 0.01 14510 two photons

52D5/2 14597.08 14585 0.01 14600 two photons

Table 4.1: Transitions to the intermediate states and scanning ranges. The transi-
tional energies are literature values [NIST], the scanning ranges are listed as shown
by the display of the dye laser.

For conclusions from the experimental data it is necessary to have an exact

knowledge of the properties of the ionising light. I.e. knowledge about the wave-

length of the laser is obligatory and without a known linewidth of the laser it is not

possible to deduce the linewidth of measured resonances. As mentioned above, the

dye laser is controlled by a keyboard with a display, which should show its actual

wavelength. It is necessary to know if the wavelength shown does also represent the

emitted one, otherwise the operator of the laser will not be able to set a correct

scanning range of the dye laser or know at what wavelength light is emitted. For

calibration of the dye laser several options are given. The wavelength can either be

determined by a wavemeter or by scanning over well known atomic resonances. Due

to the lack of suitable wavemeter the later is chosen. Known Cs resonances exist in

the usual scan range between 680 nm and 700 nm, which are also forbidden multipole

transitions with a linewidth much smaller than the linewidth of the dye laser. Hence

they can not only be used for calibrating the dye laser but also for directly deduc-

ing its linewidth. Doppler and pressure broadening of the atomic resonances can be
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omitted at the kinetic energy of ultracold atoms and the density of atoms in the trap.

To calibrate the dye laser a REMPI spectrum of Cs via four forbidden multipole

transitions as intermediate states in the range from 680 nm to 700 nm (≈ 14700 cm−1

till ≈ 14290 cm−1) is taken with a boxcar-integrator (see section 3.2.2). The boxcar-

integrator is read out with a USB-6009 data-acquisition-device (section 4.3.1). The

measured scan ranges, transitions and sweeping intervals are listed in table 4.1.

The other experimental settings are chosen at the same values as the ovenflux

measurements 3.7, except that Cs is ionised from the MOT. The current through the

Zeeman and Zeeman-compensation coils are set to IZee = 1.9 A and IZee−c = 3.4 A.

The magnetic field of the MOT is created by a current of IMOT = 22.1 A. The

ND:Yag-laser pumping the dye-laser was operated with a voltage VFlash = 1.36 kV

of the flashlamps, which coresponds to a pulse energy of 20.5mJ of the dye laser.

The intensity is reduced by an attenuator in the dye laser’s beam path, transmitting

30% of the light. To further reduce the ionisation probability of Cs atoms, MOT

and Zeeman lasers are blocked with mechanical shutters 2ms before the pulse of

the dye laser. By doing this, all atoms are decayed to the ground state from the

excited state 62p3/2 with a lifetime of τ = 30.5 ns and Cs can only be ionised by

three-photon ionisation in contrast to two photon ionisation. Due to frequency

limits of the mechanical shutters (TK-CMD, Densitron, [Den]) only measurements

at 10Hz could be performed. The electronics driving the shutters are shown in

appendix B. The ND:Yag-laser pumping the dye is still triggered by a 20Hz signal

because its power has less fluctuations at 20Hz than at 10Hz. The timing scheme

was realized with a digital pulse-delay generator BNC555 [BN]. The device can

be compared with a multi-channel delay generator, giving the user the freedom to

set delay, width and repetition rate with respect to a trigger signal for up to eight

channels. A trigger signal at 20Hz for the pulse-delay generator is supplied by an

external function generator. The whole timing scheme and the parameters of the

pulse-delay generator are given in figure (4.3).
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A

B

C

D

E

F

G

H

Delay Width

8ms

7.8ms

10ms

11ms

15ms

25ms

0ms

0,01ms

20.2ms

3.2ms

4.3ms

3.6ms

2.8ms

41ms

15ms

11ms

time
t=0s t=50ms

Parameters for the pulse-delay generator

Trigger external with 20Hz

Channel To Pol. Out Divide by n Gate/Pol.

A ND:Yag trigger low TTL/CMOS 1 dis./low

B AND high TTL/CMOS 2 his./high

C Laser A high TTL/CMOS 2 his./high

D Laser D high TTL/CMOS 2 his./high

E Laser A & D high TTL/CMOS 2 his./high

F Laser F high TTL/CMOS 2 his./high

G TOF-spectr. plates high TTL/CMOS 2 his./high

H Dye trigger frequency high TTL/CMOS 2 Dye-laser his./high

200 Counter

Figure 4.3: Timings and parameters of the pulse-delay generator used for
calibration of the display of the dye laser (section 4.2.1) and the testing of the
counter (section 4.3.1) with atomic resonances of Cs. Channel B is only used
for the later. Divide by n gives the nth trigger signal for the respective channel.
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Figure 4.4: Boxcar signal of Cs+ versus wavenumber displayed by the dye laser

The signals recorded are shown in figure (4.4). It is obvious that the wavenumber

displayed by the dye laser is shifted by ∼ 5 cm−1 with respect to the literature values

[NIST]. The measured lines summarised in table 4.2 and shown in the figures (4.5,

4.6) as ”Displayed vs. Literature values” and ”Difference vs. Literature values”

to be able to quickly compare displayed wavenumber with the actual one. The

linewidth of the dye laser is ∼ 0.1 cm−1 at Full-Width-at-Half-Maximum (FWHM).

Because in this measurement only four points are measured, the significance of the

calibration should not be overestimated. If scans are performed in a different range

of wavelengths a corresponding REMPI scan is necessary. For exact designation of

measured peaks it will be necessary to calibrate the display of the dye laser with

a scan over the whole range used in respective experiments. In this way possible

hysteresis effects of the grid motor can be excluded as well.
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62S1/2 to transition energy measured at FWHM displayed - literature value

[cm−1] [cm−1] [cm−1] [cm−1]

92D3/2 2·14414.45 14409.55 0.118 -4.9

92D5/2 2·14418.03 14413.18 0.100 -4.85

52D3/2 14499.49 14494.12 0.090 -5.37

52D5/2 14597.08 14591.33 0.082 5.67

Table 4.2: Result of the Cs REMPI scan with dye laser. The transition energy is
taken from [NIST].

Figure 4.5: Comparison between displayed and actual wavelength of the dye laser.
The abscissa shows the real wavenumbers, the ordinate the wavenumber as shown by
the display of the dye-laser.
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Figure 4.6: The figures depicts the difference between real wavenumber and displayed
one (abscissa) versus the real wavenumber (ordinate). The error bars represent the
measured linewidth at the respective frequency.
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Figure 4.7: Time-of-flight mass spectrometer with the intersecting Li and Cs MOT
laser beams. [Kraft05a]

4.2.2 Time-of-flight mass spectrometer

The spectrometer used to detect the ions has to offer good optical access as well

as a mass resolution sufficient to clearly distinguish Cs+ from LiCs+ ions. This

means discriminate 133 au from 140 au, for which a resolution of at least ∆m
m

= 1
19

is

mandatory. As the mass spectrometers used in experiments with ultracold gases of-

fered good optical access but only a resolution of ∆m
m

= 1
10

, a new spectrometer with

the necessary specifications was needed. In the following, the time-of-flight mass

spectrometer designed explicitly for our experimental setup is briefly presented. A

detailed description can be found in [Kraft05a, Kraft06a].

A time-of-flight mass spectrometer is used in the experiments because it offers the

advantage to record the whole mass spectrum at once and is insensitive to the mag-

netic fields used for trapping. It consists of two parts, one for accelerating and one

for detecting the ions. A Wiley-McLaren design with two step acceleration [Wiley55]

is employed to improve the resolution with respect to only a single accelerating stage.

The setup is depicted in figure (4.7). The ions are accelerated upwards by three field

plates with a diameter of 80mm through a hole in the centre of 30mm. The lower
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and middle ones are placed at equal distance from the centre of the trap, separated

by s=40mm, whereas the top plate is d=20mm above the middle one. This offers

full optical access in the horizontal plane of the trap. After the upper plate follows a

drift region of 300mm. In contrast to the original setup by Wiley and McLaren, the

ions are deflected perpendicular to their flight direction after the drift region and

detected from multi-channel-plates (MCP). Hence the setup offers also full optical

access in the vertical direction as required in the experiment. Between the two lower

plates an electric field Es and between the two upper ones Ed can be applied, given

by the charge differences of the respective fields.

The energy of an ion of initial energy U0 and charge q, which is accelerated in two

stages is given according to [Wiley55] by

U = U0 + qs0Es + qdEd (4.2.1)

In the equation s0 denotes the distance between the ionisation point and a plane con-

taining the middle field plate. Because the ions will be ionised only approximately

at the trap centre, different kinetic energies will be gained due to different distances

used for acceleration. The voltages of the lower and middle plate have to be adjusted

in a way, that all ions will arrive at the same time at the detector to achieve best

time resolution. For best ratio between maximum peak height and minimum width

the voltages of the plates are optimised Ulow = 300V, Umiddle = 203V and Uup = 0V,

at which the peak has a duration of about 10 ns [Kraft05a]. The efficiency of the

detector has been determined to be 20% [Kraft05a]. As the MCP-signal depends on

the ion energy, measurements with different voltages of the plates lead to different

signals. It is therefore necessary to use the same settings if different measurements

shall be compared!

The setup can detect ions of different masses with a resolution of ∆m
m

= 1
1000

, and

therefore more than capable of discriminating LiCs from Cs with a mass ratio of

140:133.

4.2.3 REMPI and Detection of ground state LiCs molecules

The LiCs molecules in their ground state are ionised by two photons. The wave-

length was chosen oriented on previous spectroscopy measurements with hot LiCs
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molecules [Staanum] and calculated ab initio potentials [Korek00]. The intermediate

states with the molecular asymptotes Li(2p)Cs(6s) and Li(2s)Cs(5d) are in a range

of possible wavelengths accessible with the dye laser. The potential well of LiCs+ is

not well known and for the named asymptotes only for the Li(2s)Cs(5d) state exist

preliminary calculations of the D1Π potential (see figure (4.2), making it difficult to

find a exact wavelengths with a good Frank-Condon overlap between the states. A

suitable range of wavelengths with probability to hit a resonance of the intermediate

state is in the range of 680 nm till 685 nm. The ionisation measurements were taken

at 681.08 nm and 682.78 nm, which were randomly chosen out the above mentioned

range. In order to have a large ionisation volume, the cross sectional area of the

dye laser beam was widened to 1.5 cm2. Its power at the respective wavelengths was

measured to 13mJ per shot. As the Cs MOT is blocked 2ms before the ionising

pulse, molecules with a velocity greater then 5m/s will leave the ionisation volume

before being ionised. This corresponds to a temperature of 0.3K. From other exper-

iments involving KRb [Mancini04] and NaCs [Haimberger04], the LiCs temperature

can be approximated to have the same value as Cs, 100 µK.

Because LiCs+ ions arrive very soon after the Cs+ ions at the detector, it is nec-

essary to reduce the number ionised Cs atoms in order to see a clear LiCs+ signal.

Therefore the shuttering of Cs MOT and Zeeman light 2ms before the ionising pulse

was used not only to enable the decay of the molecules into their ground state, but

also to prevent two photon ionisation of Cs atoms from the 62p3/2 excited state.

Thus the Cs atoms are three-photon ionised from the ground state, which reduces

ionisation of Cs by a factor of 50, resulting in about one Cs+ ion per shot. The

timing scheme has allready been shown in figure (4.1).

Despite the above reduction of Cs+ ions, a broad background of one event every 10th

ionising pulse was registered, centred around the arrival time of Cs+ and overlapping

the expected arrival time of LiCs+. Its source were fast Cs+ ions produced from fast

Cs atoms. They are accredited to weakly bound ground state Cs2 molecules, which

are also formed in the MOT by photoassociation . These molecules can be photodis-

sociated by a first photon from the ionising beam, creating Cs
(
6s1/2

)
+Cs

(
6p3/2

)
or

Cs
(
6s1/2

)
+Cs

(
6p1/2

)
with kinetic energies of 0.18 eV and 0.22 eV, corresponding to

a velocity of 500m/s and 550m/s. The atoms in the p-state can be ionised by two

photons and broaden the Cs+ peak due to their initial velocity. To shift the arrival
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Figure 4.8: Two photon ionisation of LiCs. The wavelengths of the ionisation laser
of 681.08 nm and 682.78 nm were randomly chosen out of a suitable range.

times of these ion peaks and shorten the width of the Cs+ peak ∆t, the voltages on

the TOF-plates had to be readjusted to higher values (see figure (4.9) as example)

at the cost of a non optimal time focussing. At Ulow = 800 V, Umiddle = 610 V

and UDefl = 1990 V the ratio ∆t/ (tLiCs − tCs) could be adjusted that only approxi-

mately one Cs+ ion during 4500 ionising pulses was detected in a range of 100 ns of

the expected LiCs+ peak. The fast Cs+ ions can be seen in a range of 300 ns before

and 200 ns after the centre of the Cs+ peak. Because formation and ionisation rates

are expected to be very small, an oscilloscope with permant persistence is used to

discriminate LiCs+ peaks from Cs+ signals.

The first set of measurements is taken at a wavelength of 681.08 nm of the ionising

light. 15 ions can clearly be assigned to LiCs+ in 17,125 pulses. In the second set

of measurements at a wavelength of 682.78 nm of the dye laser, four LiCs+ ions are

counted during 1100 pulses. Further measurements after the 1100 pulses were not
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(a) (b)

Figure 4.9: Shifting the distribution of fast Cs+ ions by adjusting the voltages of
the field plates of the TOF-spectrometer. (a) shows a distribution of overlaid Cs+

peaks with plate voltages Ulow=150V, Umiddle=97V, UDefl=906V. (b) At voltages
of Ulow=560V, Umiddle=840V, UDefl=2000V a clear shift of the distribution can be
seen.

possible, because the Li oven was depleted.

The second set of measurements figure (4.10) is shown as an example. The overlaid

traces of 1100 shots are pictured as seen on the oscilloscope on the upper curve. The

lower one depicts the average over all traces. The peak at 12.74 µs belongs to Cs+

ions. LiCs+ ions are expected around

√
mLi + mCs

mCs

· 12.74 µs = 13.07 µs (4.2.2)

Four LiCs signals can be seen within a window of 100 ns around the expected arrival

time in the shown graph.

A Poissonian distribution can be assumed for the number of detected LiCs+ ions,

leading to

• (8.7± 3.0) · 10−4 ions/pulse for measurement at 681.08 nm

• (3.6± 2.0) · 10−3 ions/pulse for measurement at 682.78 nm

In both sets is the Li MOT light blocked for comaprison (figure (4.11). Both images

show a clear 50 ns wide peak around 12.74µs, which can therefore only result from
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Cs+. As a second test only the Li Zeeman laser is blocked. Thus no Li atoms are

loaded into the trap. Because the result is similar to figure (4.11) with no ion peaks

in the vicinity of the expected LiCs+ peak, light induced effects by the Li trapping

light at 671 nm can be excluded.
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Figure 4.10: Li and Cs MOTs are present. The upper curve shows 1100 traces. Next
to the Cs+ ions, LiCs+ ions have been recorded around the expected 13.07µs. The
lower curve shows the average over all traces.

Figure 4.11: The ion signal with only the Cs MOT present. The upper curve shows
1100 traces with Cs+ ions at 12.74µs after the Ionising pulse. No ions were recorded
around 13.07µs. The lower curve shows the average over all signals.
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681.08 nm 682.78 nm

MOT fluoresc. number of MOT fluoresc. number of

[V] atoms [V] atoms

Cs without Li 1 2.5 · 108 0.8 1.8 · 108

Cs with Li 1 2.3 · 108 0.6 1.4 · 108

nCs [cm−3] 2.3 · 109 2.5 · 109

Li without Cs 0.25 7 · 107 0.8 2.2 · 108

Li with Cs 0.13 3.6 · 107 0.58 1.6 · 108

nLi [cm−3] 1010 1010

Table 4.3: Fluorescence of Li and Cs with and without the other atomic species
present. The numbers of atoms was calculated using the calibration from section
3.3.3. The densities are typical values when both, Li and Cs, are loaded in the MOT.

4.3 Molecular formation rates

The two sets of measurements are performed under different conditions regarding

the number of atoms trapped, their density and spatial dimensions of the MOTs.

The fluorescence and loading rates are given in table 4.3 The great increase in the Li

fluorescence for the second measurement can not be fully explained. No parameters

next to the ionising wavelength were changed. The depletion of the Li oven after

the measurement indicates that it might have been the sudden vapourisation of the

last Li left in the oven.

The loading rates of the Li MOT are 0.016mV/s and 0.240mV/s for the respective

measurements at 681.08 nm and 682.78 nm wavelength of the ionisation laser. The

densities of the MOTs are calculated with equation 3.3.9 and the given coefficient

for inelastic collisions γLi,Cs = 5 · 10−11 cm3/s and γCs,Li = 1 · 10−10 cm3/s.

To deduce the number of molecules produced, one has to take into account gravity

and the finite velocity of the molecules. This leads to a time window of 13 µs before

a newly formed molecule will leave the ionisation volume, assuming a temperature of

100 µK of the molecules. Because the repetition rate of the experiment is limited to

10Hz, only 13% of the produced molecules can be ionised. Together with a detector

efficiency of 20% and the presumption that all molecules are ionised, only 2.6% of

all molecules are detected. If one assumes 100% ionisation probability, the total

production of molecular ions in the MOT is 0.035 ± 0.012 ions per second for an
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ionisation wavelength of 681.08 nm and 0.14 ± 0.08 ions per second for 682.78 nm.

Both production rates of molecular ions are in the same order of magnitude. Yet

unknown is the ionisation probability for the molecules. It depends on the detuning

of the ionisation laser to molecular resonances. Because it is very unlikely, that in

both cases resonant ionisation takes place, the ionisation probability is assumed to

be in the range between 0.1% and 10%. The total production rate of molecules per

second is therefore

• (0.35±0.12) to (35±12) molecules/second for 0.1% and 10% ionisation prob-

ability; measurement at 681.08 nm

• (1.4± 0.8) to (140± 80) molecules/second for 0.1% and 10%ionisation prob-

ability; measurement at 682.78 nm

In the first set of measurements (681.08 nm) the Cs MOT is larger than the Li

MOT and spatially surrounds it. In this case the molecular rate coefficient can be

approximated with a peak density nCs of the Cs MOT.

NLiCs

dt
= βLiCsNLinCs (4.3.1)

With this equation the molecular formation rate coefficient βLiCs;681 is calculated

to be between 3 · 10−18 cm3/s and 3 · 10−16 cm3/s, corresponding to the different

ionisation probabilities. For the measurements at 682.78 nm the situation is reversed.

A huge Li MOT encloses a smaller Cs MOT.

NLiCs

dt
= βLiCsNCsnLi (4.3.2)

βLiCs;683lies in the range of 1 · 10−18 cm3/s and 1 · 10−16 cm3/s. From both sets of

measurements the molecular formation rate coefficient βLiCs is therefore estimated

to be in the order of 1 · 10−18 cm3/s and 1 · 10−16 cm3/s. This magnitude coin-

cides with the calculated Franck-Condon factors for photoassociating LiCs [Wang98].

The formation rate coefficient for the photoassociation of other ultracold alkali

dimers are e.g. measured for NaCs (βNaCs = 10−15cm3s−1) [Haimberger04] and

βKRb = 8 ·10−12cm3s−1 for KRb [Mancini04]. These coefficients are orders of magni-

tudes larger, which is explained by the smaller reduced mass of LiCs (semi-classical

model by Wang and Swalley [Wang98]) and the larger Franck-Condon factors of

KRb.
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The competing process for molecular formation, three-body-recombination, has a

formation rate coefficient of γLiCs ≈ 10−28 cm6/s, deduced from [Weber03, Mudrich02].

If a large number of molecules are ionised from the X1Σ+ and a3Σ+ states, three-

body-recombination can become a significant process for molecular formation as

well.

4.3.1 Detection of Lithium-Cesium-molecules with a counter

In the previous described detection of LiCs+ ions only one approximately one ion was

detected in 1000 measurements. A scan with a photoassociation laser is not feasible

at this rate. It is necessary to determine a more favourable ionisation wavelength

to enhance the ion production. To use an oscilloscope with permanent persistence

is not practicable for a scan. Therefore, an accurate detection scheme needs to be

developed, dedicated to the detection of LiCs+ ions in very small numbers.

A boxcar-integrator is not usefull, because rare events will not significantly raise the

average area measured. Because the LiCs+ signal can be well discriminated from

Cs+ peaks, a counter is chosen to detect the molecules. A LabView ([NI]) program

is used to program a USB-6009 data acquisition device (DAQ) from National Instru-

ments ([NI]) in order to combine the counting of ions with the acquisition of other

relevant data, especially a change of ionisation wavelength during a scan.

The USB-6009 in general is a data acquisition device controlled by computer software

(LabView, VI-Logger) via a high speed USB interface. The USB-6009 provides eight

analog input channels, which are digitalised in an analog-digital-converter (A/D),

two analog outputs, 12 digital input/output channels and a channel to be used as

counter or trigger.

The analog channels can be used in two modes of operation: In ”Differential mode”

the difference between two channels is recorded with a resolution of 14 bits of the

A/D converter. In ”single mode” the signal of a single channel is measured with a

resolution of 13 bits of the A/D converter. The reference point of the voltage in

”singel mode” is a ground input. The input range for differential mode can be set to

±20 V, ±10 V, ±5 V, ±4 V, ±2.5 V, ±2 V, ±1.25 V and ±1 V, wheres in single mode

the input range is fixed to ±10 V. The maximum sample rate is 48 · 103 samples per

second, depending on the computer used in order to read out the device. The two
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analog outputs have a resolution of 12 bits at a range between 0 and +5V with an

output current of 5mA.

The 12 digital channels can be individually programed as input or output. In order

to be compatible with common digital signals such as TTL, LVTTL and CMOS, the

range of the channels is -0.5 to 5.8V with respect to ground.

One digital channel (PFI.0) is dedicated to be used as a counter or a trigger.

For counter measurements signals are counted at their falling edges with a 32 bit

counter, corresponding to a number of maximum counted events of approximately

4.3 · 109 counts. The maximum counting frequency is 5MHz. The minimum high

and low pulse width is 100 ns, the input high and low voltage 2.0V and 0.8V respec-

tively. Used as digital trigger for analog input tasks defined in LabView, the data

acquisition starts when a rising edge is detected. Because the USB-6009 has only

the channel PFI.0 designated to counting or triggering, it is not possible to imple-

ment both in a measurement with the software libraries supplied by the controlling

software.

The aim is to perform measurements with a LabView program, which uses the

counter of the channel PFI.0 but also reacts on a trigger signal. When performing

a REMPI-scan, the program needs to be able to count LiCs+ signals during n mea-

surements at a certain ionisation wavelength and repeat this after a trigger signal,

which signifies a change of wavelength of the ionisation laser.

To fullfill these requirements, a Labview program is written, which uses another dig-

ital input channel as a trigger in order to count ions between two trigger events. The

fluorescent light of the Cs and Li atom cloud are recorded with analog channels as

well as the power of the dye laser in order to trace possible fluctuations. The digital

input channel PFI.0 is used for counting, the digital channel P1.3 for triggering and

for the analog signals the channels AI1, AI5, AI6 are recorded.

The program written can be described by four stages: In the first one, the starting

wavelength, scanning interval and what kind of data is recorded from the analog

channels is entered. This creates the header of the data file with time and date of

the measurement. After pressing the start button, the program waits for a trigger

signal at the digital channel to start the measurement. Now the second stage is

reached. The counter is armed, meaning that events are counted and their number

is stored in the USB-6009. In the program a loop is reading out the digital channel
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P1.3 as fast as possible. Every time the channel P1.3 is read, its value is being

compared to the one from the loop before with a logical ”imply” function (table 4.4).

The function generates a 0 when the input of the channel P1.3 jumps from 0 to 1.

In this case a if -loop is executed.

X Y Response

0 0 1

0 1 1

1 0 0

1 1 1

Table 4.4: The logical imply function. X denotes the value from the digital channel
in the loop i, whereas Y denotes the loop i-1. The response 0 signifies a rising edge of
the trigger signal with respect to the former loop and can be used to trigger an event.

This if -loop can be described as the third stage of the program. The present

voltage at the analog channels and the counter are read from the USB-6009 and their

values stored in the memory of the computer. The program returns to stage two,

counting and waiting for the next trigger signal corresponding to a change of wave-

length of the ionisation laser. Because it takes more time to reset the counter of the

device than to store its value in the memory of the computer, the data acquisition

device is not reset during the whole measurement. Instead the number of counts

from the former read out is subtracted from the actual one, giving the number of

counts between the trigger events. When all measurements have been taken and the

user presses the stop button, the program writes the data into the in the data file

created in the beginning with number of counts, values of the analog channels and

the respective wavelengths.

Two different versions of the program have been written. The first one includes

two graphic windows, where the last counting numbers and analog signals can be

watched. Because the rate of samples is limited by the system resources of the com-

puter, another version without the windows was developed. It displays only the last

values read from the device. The trigger limit of the first version is a sample rate of

10Hz, whereas for the second version a maximum of 15Hz should not be exceeded.

Otherwise the number of counts can not be assigned to the respective measurement.

Pictures of the user interfaces and the program itself are shown in appendix D.
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Experimental setup and testing

For counting events the signal from the TOF-spectrometer has to be modified. In

order to get a signal which can be used for counting events, a discriminator was

used. This device sends a signal if its input signal exceeds a certain threshold. It

can therefore be used to distinguish ion peaks from the background noise of the de-

tector and change them into countable events. In contrast to the boxcar-integrator,

neither the USB-6009 nor discriminator have the ability to set a time gate. They

can not decide which detector signal corresponds to which mass and are therefore

not able discriminate the different ion species. To count only the ion species wanted,

another signal is produced by using a photodiode to detect the ionzing light as a

trigger for a delay generator. The delay generator sets a time window corresponding

to the detection time of wanted ions. By sending both signals, the one from the

delay generator and the one from the discriminator to a logical AND, it is possible

to detect only the ions wanted.

To test the counter, the measurements are set up in the same way as for cali-

brating the control unit of the dye laser 4.2.1. The scan is also performed over the

same resonances (table 4.2). A difference is, that the ionising light is reduced by

two attenuators of 10% transmittance each instead of only one with 30% trans-

mittance. This ensures that no atoms are ionised off resonance. In contrast to the

calibration with the boxcar-integrator, a certain number of shots have to be taken

at each wavelength before continuing to the next one in order to perform a scan.

Therefore the trigger signal for changing wavelengths from the digital pulse-delay

generator BCN555 has to be changed, too. Over each resonance a scan is taken

with 100 measurements at a respective wavelength, the stepping interval was set to

0.02 cm−1. The delay generator responsible for the setting the time window was set

to a width of 750 ns centred at a delay of 20.75 µs.

A full schematic setup is depicted in figure (4.12), where a second delay gener-

ator after the AND is shown. Its purpose is not to delay the signal further but to

prolong it. Because the peaks produced by the discriminator are only as long as
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Figure 4.12: The setup of the counter measurement. The pulse-delay generator
was set to trigger the next wavelength after every 100th measurements or respectively
every 200th shot of the dye laser.

the ion peaks, they are in the order of 10 ns. The counter of the USB-6009 on the

other hand has a threshold of a peak width of 100 ns to detect events. In addition

to the described counter setup one can also see the digital pulse-delay generator,

which triggers the dye laser pulse and also the controlls the number pulses between

the changes of wavelength. The trigger for the accelerating-plates of the TOF mass

spectrometer has been send to the logical-AND in order to ensure that only those

events are measured when the trapping light is shuttered two prevent two-photon

ionisation. The complete timing scheme can be found in section 4.3.

The result of the measurement is shown in figure (4.13). The respective transi-

tions can be clearly identified at wavenumbers corresponding to the ones measured

for the calibration of the control display of the dye laser. The counter is able to

distinguish very weak resonances from the background, as can be seen from the

62S1/2 → 52D3/2 transition at 14499.5 cm−1, where only up to four events were reg-

istered during 100 measurements. The single ions detected around the resonances

are not background ions but belong to the peaks. The graph does not show the full
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Figure 4.13: Test measurement of the counter program. The resonances measured
coincide with the resonances from the calibration of the control display of the dye laser
(section 4.2.1). For every frequency 100 shots were taken. The wavelengths shown
at the abscissae are not calibrated and the peaks therefore shifted by approximately
−5 cm−1.

scan range, but only the sections with the resonances.

Thus this tool can be used to search for LiCs ionisation resonances. The weakest

link in this detection scheme is the discriminator. Here are the events separated

from the background. Because the accelerating plates of the TOF mass spectrome-

ter are set to higher voltages for the detection of LiCs+ ions than used in this test

measurement, false counts are even less probable.
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Conclusion and outlook

5.1 Conclusion

This thesis addressed the synthesis of ultracold LiCs ground state molecules in

a two species magneto-optical-trap. They were photoassociated via the trapping

light, their ionisation as well as detection with a time-of-flight-spectrometer were

described. The implementation of the Lithium master laser in the experiment was

addressed. Measurements to characterise parts of the experimental setup were pre-

sented. The data analysis could be nearly automated in order to enable future

researchers to repeat these characterisations and calibrations without loosing much

laboratory time. The molecular formation rates of ground state LiCs were investi-

gated. The development of a LabView program to modify a USB-6009 data acquisi-

tion device and its setup in the experiment were explained and a successfull testing

measurement was presented.

Implementing a new laser in the laser system for trapping Lithium: A

new diode laser could be successfully implemented into the Li laser system. Its

purpose is to define the wavelength standard for the other lasers used for slowing,

cooling and trapping Lithium in a magneto-optical-trap.

Ovenflux measurements: The flux of the Cs oven depending on the temperature

could be determined to F = 2.04 · 10−11 + 2.97 · 109
√

T · exp(0.053T ) atoms/(m2s).

In order to analyse the data it was necessary to determine the mean integral under

63



64 Chapter 5. Conclusion and outlook

a single ion peak at the time-of-flight mass spectrometer. From the two different

methods used, the recording of multi-ion peaks could be discarded for future cali-

brations. The recording of single ion peaks led to good results and MatLab scripts

for automating the data analysis were developed to repeat the characterisation of

the ovenflux and the time-of-flight mass spectrometer as necessary.

Calibration of the dye laser’s control display: For all ionisation processes,

investigated so far and future ones, it is mandatory to know the wavelength of the

ionisation laser. The emitted light was shown to have an offset of approximately.

−5 cm−1 with respect to wavelength displayed by the control unit of the laser. The

linewidth of the laser was determined to be 0.1 cm−1. For calibration of the control

unit and the determination of the linewidth a REMPI-spectrum via forbidden mul-

tipole resonances of Cs was used.

Development of a LabView supported counter: The USB-6009 data acqui-

sition device was programmed to be used as a counter in measurements aiming at

the investigation of very weak resonances, e.g. resonances of LiCs by scanning an

ionisation or photoassociation laser. Additional analog input channels are set up to

record analog signals of the experiment such as fluorescence of trapped species and

the power of the ionisation laser to bundle the necessary data for the analyses. Ex-

perimental setup of further necessary devices such as discriminator and delay-pulse

generator has been completed and tested to continue investigating ultracold LiCs.

Formation and detection of ultracold LiCs groundstate molecules: The

first formation and detection of ultracold LiCs molecules in their electronic ground

state was described and their formation rate coefficient estimated to be in the range

between 10−16 cm3/s and 10−18 cm3/s. The values are smaller then formation rates

of ultracold ground state NaCs measured to be 10−15 cm3/s [Haimberger04] and KRb

with 8 ·10−12 cm3/s [Mancini04]. The differences to the molecular formation rate for

LiCs are in the range of theoretical predictions.



5.2. Outlook 65

Figure 5.1: Frank-Condon factors of the X1Σ ↔ B1Π transition in the rotational
ground state. [Staanum]

5.2 Outlook

Photoassociation of LiCs: Measurements of the X1Σ and B1Π LiCs potentials

exist from experiments done in a heat pipe in the group of E. Tiemann in Hannover

[Staanum]. From these curves it is possible to deduce vibrational levels and their

wavelengths for possible photoassociation with an accuracy of one wavenumber. Fig-

ure (5.1) shows Frank-Condon overlaps between X1Σ and B1Π, where favourable

transitions into the X1Σ ground state can be seen. In order to perform further

experiments a stronger LiCs ionisation rate is needed. A TEMPI scan will be used

to determine a suitable ionisation wavelength, before rotational-vibrational levels of

LiCs will be investigated with a scan of the photoassociation laser.

Ultracold exchange reactions between LiCs and Cs2: With the experimen-

tal setup photoassociation of Cs2 and atom-molecule reactions can be studied, as

was done in recent experiments with Cs and Cs2 [Staanum06, Kraft05b]. If the

both atomic species can be trapped in an optical dipole trap to enhance the atom

densities, the experiments will be extended to study LiCs+Cs↔Li+Cs2 exchange

reactions.

Electric fields and LiCs molecules: Because LiCs in its rotational-vibrational
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ground state of X1Σ has the largest calculated electrical dipole moment of dimers

formed out of alkali metals [Aymar05], it offers best conditions to interact with an

external electrical field. E.g. for polar 1Σ-state molecules [Avdeenkov06] predicted

a substantial suppression of dipole-driven inelastic collisions at high values of an

external electric field, which could in principle be used to stabilise ultracold gases

against losses induced by collisions. Other calculations exist for heteronuclear colli-

sions manipulated by electric fields [Krems06].



Appendix A

Vapor pressure of Lithium and

Cesium
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Appendix B

Electronics driving the mechanical

shutter
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Appendix C

Laser system

C.1 Cs-lasers

Laser A Laser F Laser D

Repumper Cooling Zeeman

Type of diode SDL-5712-H1 SDL-5722-H1 SDL-5712-H1

(100mW,DBR) (150mW,DBR) (100mW, DBR)

Beam profil 16.5mm 16.5mm 13mm

(gaussian)

Power in front of the MOT windows

MOT +X 5mW

MOT -X 4mW

MOT +Y 0.5mW 4mW

MOT -Y 0.5mW 5mW

MOT Z 8mW

Zeeman 15mW 15mW

Detuning with respect -32MHz -16MHz -24MHz

to transition 62S1/2F = 3 62S1/2F = 4 62S1/2F = 4

↔ 62P3/2F
′ = 3 ↔ 62P3/2F

′ = 5 ↔ 62P3/2F
′ = 5
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C.2 Li-lasers

Laser C Laser D

Repumper, AOM B Cooling, AOM A

Type of diode CQL 806 (20mW) CQL 806 (30mW)

Power after Isolator 16mW 24 mW

Beam profil 20x15mm 20x15mm

(horizontal x vertical)

Power in front of the MOT windows

MOT +X 2.5mW 2.5mW

MOT -Y 2mW 2mW

MOT Z 4mW 4mW

Zeeman 3mW 9mW

Detuning of AOM’s 201.5MHz 211.3MHz

Transition 803.5/2− 2 · 201.5MHz 803.5/2− 2 · 211.3MHz

22S1/2 ↔ 22P3/2 22S1/2 ↔ 22P3/2

Detuning Zeeman AOM -76MHz



Appendix D

The counter

Figure D.1: The counter user-interface with the graphical representation of counts
and analog signal
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Figure D.2: The counter user-interface of the faster version. Only the last values of
counter and analog signals are shown.

Figure D.3: The program behind the fast counter. In the left frame only the initating
of the USB-6009 is shown, the writing of the header has already been done. The big
frame on the middle-right shows the loop reading out the digital channel for triggering.
In this loop also the if -loop is contained for reading out the data.
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an Christian für entspannte Blödeleien, ebenso an Sebastian. Egal wann und wo

man Hilfe brauchte, ob Physik oder was ganz anderes, sie waren immer da: Janne,

Judith, Thomas, Roland, Marcus, Christoph, Rico, Johannes, Wenzel,

Terry, Jochen, Sebastian und Magnus. Helga und Ulrich sind die zwei, ohne

die hier gar nichts läuft!
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