Department of Physics and Astronomy
University of Heidelberg

Master’s thesis
in Physics
submitted by
Stephan Häfner
born in Essen
2013

ii

A tunable optical dipole trap for 6Li and

133

Cs

This Master’s thesis has been carried out by Stephan Häfner
at the
Physikalische Institut Heidelberg
under the supervision of
Prof. Dr. Matthias Weidemüller

iv

Eine durchstimmbare optische Dipolfalle für 6 Li und

133 Cs

Die vorliegende Arbeit beschreibt die Entwicklung, den Aufbau sowie die Charakterisierung einer gekreuzten, durchstimmbaren optischen Dipolfalle zum Fangen
und Kühlen ultrakalter 6 Li und 133 Cs Atome. Durch die Verwendung der „tuneout“ Wellenlänge von Cäsium bei 880 nm wird ein elementspezifisches Potential
erzeugt. In Verbindung mit einer bereits vorhandenen Dipolfalle können ähnliche Fallenbedingungen für beide Atomarten erzeugt werden und insbesondere ein
optimaler räumlicher Überlapp der beiden Dichteverteilungen erreicht werden.
Die Dipolfalle wurde charakterisiert, indem 104 Cäsium Atome geladen und die
Fallenfrequenzen im Wellenlängenbereich zwischen 875 nm und 879 nm gemessen
wurden. Diese ergaben eine gute Übereinstimmung der relevanten Fallenparamter
mit den Designwerten. Die Untersuchung des differentiellen dynamischen StarkEffekts gab Auskunft über die Polarisierbarkeit der Cäsium Atome und konnte
qualitativ mit einem einfachen Modell erklärt werden. Damit können gezielte Vorhersagen für den späteren Einsatz der Dipolfalle bei der „tune-out“ Wellenlänge
im Experiment getroffen werden und Berechnungen der erwarteten Fallenpotentiale, Streuraten und Heizraten sowie deren Wellenlängenabhängigkeit gemacht
werden.

A tunable optical dipole trap for 6 Li and

133 Cs

This thesis reports on the design, implementation and characterization of a
crossed optical dipole trap with a tunable wavelength for trapping and cooling of
ultracold 6 Li and 133 Cs atoms. The dipole trap was designed to provide a species
selective trapping potential by employing a tune-out wavelength of 880 nm for
cesium. In combination with an already existing dipole trap similar trapping
conditions for both species can be created and, in particular, an optimal spatial
overlap of the two species can be achieved.
The dipole trap was loaded with 104 cesium atoms and characterized in the wavelength range from 857 nm to 879 nm by trap frequency measurements. These
provide information about relevant trapping parameters which are in good agreement with the design values. The differential ac Stark shift measurements give
access to the atomic polarizability and could be quantitatively reproduced with
a simple model. This allows one to precisely predict the trap properties at the
tune-out wavelength for future experiments and to perform calculations of species
dependent trapping potentials, scattering rates and heating rates as well as their
dependence on the wavelength of the trapping laser.
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1. Introduction
The invention of cooling and trapping of neutral atoms by radiation pressure in 1982
[Phillips and Metcalf, 1982] marked the starting point for the developments in the
wide area of quantum gases and was honored by the Nobel prize in 1997 [Phillips,
1998; Chu, 1998; Cohen-Tannoudji, 1998]. It facilitated the production of atoms
at ultracold temperatures close to absolute zero. In 1995, three groups almost
simultaneously succeeded to realize a Bose-Einstein condensate (BEC) [Einstein,
1925] in a dilute alkali vapor [Anderson et al., 1995; Bradley et al., 1995; Davis et al.,
1995]. Only a few years later the first degenerate Fermi gases of 40 K atoms [DeMarco
and Jin, 1999] and 6 Li [Truscott et al., 2001; Schreck et al., 2001; Hadzibabic et al.,
2002] were created.
The first observation of magnetically tunable Feshbach resonances in 1998 [Courteille
et al., 1998; Inouye et al., 1998] marked a milestone in the field of ultracold quantum
gases, since they offer a unique control and tunability of the interatomic interaction
strength via the scattering length a [Chin et al., 2010]. Besides the investigation
of bound few-body systems, the exploration of many-body effects in ultracold gases
[Bloch et al., 2008], such as the Mott insulator to superfluid transition [Greiner et al.,
2002], was one research highlight. In case of two component Fermi gases with repulsive interaction (a > 0) weakly bound bosonic molecules were associated [Jochim
et al., 2003a; Chin and Grimm, 2004] and cooled to a molecular BEC [Jochim et al.,
2003b; Greiner et al., 2003; Zwierlein et al., 2003]. At negative scattering lengths
the system served as a model system for the investigation of pairing mechanisms described by the Bardeen-Cooper-Schrieffer (BCS) theory [Bardeen et al., 1957], where
the pairing occurs in momentum space. A Feshbach resonance connects these two
regimes and enabled the investigation of the so-called BCS-BEC crossover [Regal
et al., 2004; Bartenstein et al., 2004; Bourdel et al., 2004].
Recently Feshbach resonances in heterogene systems were observed [Stan et al., 2004;
Goldwin et al., 2004; Inouye et al., 2004; Silber et al., 2005; Ferlaino et al., 2006;
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Schuster et al., 2012]. By ramping over a Feshbach resonance, weakly bound dimers
can be associated [Herbig et al., 2003; Regal et al., 2003] and transferred to their
ro-vibrational ground state via a subsequent stimulated Raman adiabatic passage
(STIRAP) [Ni et al., 2008; Danzl et al., 2008; Lang et al., 2008]. The long range and
anisotropic character of the dipole-dipole interaction gives rise to the investigation
of new lattice models and quantum phase transitions [Pupillo et al., 2008] and offers
prospects in quantum simulation and quantum computing with ultracold molecules
[Carr et al., 2009].
Another outstanding feature of Feshbach resonances is the existence of the Efimov
effect. In the 1970s V. Efimov predicted an infinite series of three-body bound
states in a system of three identical bosons with near resonant two-body interaction
[Efimov, 1971; Efimov, 1979]. In the universal regime, where the scattering length
a exceeds the length scale of the inter-atomic potential a  r0 , these states emerge
independently of the specific short-range potential of the particles [Braaten and
Hammer, 2007; Ferlaino et al., 2011]. The resonance energies of these trimer states
follow a geometric progression with a scaling factor of eπ/s0 = 22.7, which is the
reason why in a homonuclear case only a single Efimov resonance could be proven
in experiments [Kraemer et al., 2006]. Promising candidates to observe multiple
resonances, are systems with large mass imbalance [D’Incao and Esry, 2006] where
the scaling factor is decreased considerably.
In our experiment a mixture of fermionic 6 Li and bosonic

133

Cs is studied. The

knowledge of the interspecies Feshbach resonances [Repp et al., 2013] offers a precise
control over the inter-atomic interaction strength and enables the investigation of
the aforementioned effects. The LiCs system is particularly suited to investigate
dipolar effects, since LiCs ground state molecules possess a large permanent electric
dipole moment of 5.5 D [Aymar and Dulieu, 2005; Deiglmayr et al., 2010]. On the
other hand, the LiCs mixture offers possibilities for the investigation of the Efimov
effect in a mass imbalanced system. Due to the large mass ratio of mCs /mLi = 22.2
the scaling factor decreases to eπ/s0 = 4.88 for the

133

Cs2 -6 Li trimer state [D’Incao

and Esry, 2006] and hence this combination is a potential candidate to observe a
series of Efimov states.
Experiments with ultracold mixtures of different atomic species pose several challenges. The spatial overlap of the two atom clouds has to be maximized in order to
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achieve a strong interplay between the two species, while the temperatures should
be as low as possible in order to observe effects such as the emergence of Efimov
trimers [D’Incao and Esry, 2006]. State of the art experiments rely on the confinement of the atoms in an optical dipole trap (ODT) [Grimm et al., 2000], which is
based on the interaction of the induced atomic dipole moment with the light field.
Generally, the polarizability differs for both species and thus the two types of atoms
are trapped in different optical potentials. Especially in shallow traps and for a
large mass difference the influence of gravity leads to a separation of the two atom
clouds (gravitational sag).
In the case of a mixture of Li and Cs this is a particularly challenging task. In the
current experimental setup the Li and Cs atoms are prepared in a high power optical
dipole trap (ODT) at a wavelength of 1070 nm. Since the atomic polarizabilities
differ at this wavelength by a factor of four also the trap depths differ by the same
factor UCs ≈ 4 ULi . During forced evaporation this leads to fast losses of lithium
and limits the attainable temperatures to TLi = 2 µK and TCs = 8 µK [Repp et al.,
2013]. Another issue is the large mass difference of Li and Cs which leads to a large
separation of the two clouds due to the gravitational sag. Thus, it is important to
control the trapping potentials and parameters for each species independently. A
very promising concept, which would allow one to individually manipulate the two
atomic species, is the use of a species-specific trapping potential, as introduced by
LeBlanc and Thywissen in 2007 [LeBlanc and Thywissen, 2007]. A so called tuneout wavelength trap does not contribute to the trapping potential of one species
but to the other. In our case this means, that by adding a trap at the tune-out
wavelength of cesium, the optical dipole potential of lithium can be shaped independently and the trap depths can be equalized, thus decreasing the lithium losses
during forced evaporation. Furthermore, the spatial distribution of the two species
can be manipulated individually and the gravitational sag can be compensated.
This thesis covers the design, implementation and characterization of a tune-out
wavelength trap in the existing experimental setup. Chapter 2 outlines the basic
principle of optical dipole traps and calculations of the expected trap parameters
and associated heating rates. Moreover, the concept of a tune-out wavelength is
introduced and the ac Stark shift of the excited state in cesium is calculated. In
chapter 3 the experimental setup of the tunable dipole trap is presented, comprising
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the titanium sapphire laser system, the optical setup as well as the intensity stabilization and control. A first observation of cesium atoms in the new dipole trap as
well as its characterization through trapping frequency measurements is described
in chapter 4. This chapter also exhibits the differential ac Stark shift measurements. The last chapter summarizes the findings and gives an outlook for further
improvements and experiments.
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2. Concept for a tunable dipole trap
Optical dipole traps are capable to trap neutral atoms (almost) independent of
their internal state. Since their functional principle is based on the interaction of
an induced electric dipole moment with the light field of a laser beam, they can be
used to trap different atomic species simultaneously, which makes them an ideal tool
to create ultracold mixtures such as, in our case, fermionic 6 Li and bosonic

133

Cs.

In addition, many different trap geometries, e.g. one and two-dimensional traps or
hollow beam traps, can be realized by manipulating the intensity distribution of the
trapping light.
In the following chapter the basic principles of optical dipole traps are introduced:
first a semi-classical Lorentz model is used to derive the trapping potential (cf.
section 2.1). With this semi-classical result, the trapping potential and photon
scattering rate for atoms in the electronic ground state can be calculated. The model
is extended to the case of multi-level atoms in section 2.1.1. With these results, the
trapping frequencies (section 2.1.2) and heating rates (section 2.1.3) due to elastic
scattering of photons are calculated. In section 2.2 the current trapping situation
in the experiment is depicted and the concept of a so called tune-out wavelength is
introduced. In a second step (c.f. section 2.3) a full quantum mechanical treatment
is presented to calculate the polarizability and the ac Stark shift of the excited
62 P3/2 state in cesium. These calculations are later compared to the experimental
measurement of the ac Stark shift in chapter 4.3. In the last part (section 2.4) the
design criteria for the tunable trap are specified and the expected trap properties
are presented.

2.1. Principle of optical dipole traps
The following semi-classical picture of optical dipole traps follows a review article
by Grimm et al. [Grimm et al., 2000] and lecture notes by Steck [Steck, 2012].
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Since the atomic wavefunction of alkaline-metal atoms is symmetric, these atoms do
not possess a permanent electric dipole moment. Therefore the dipole force is based
on the interaction of an induced dipole moment with the electric field gradient of
the light field. This interaction leads to an ac Stark shift in the electronic ground
state of the atom which can be used to trap the atoms in the light field.
Assuming monochromatic laser light, the oscillating electric field can be written in
the complex notation
E(r, t) = E(+) (r) e−iωt + E(−) (r) eiωt = ê (E (+) (r) e−iωt + E (−) (r) eiωt ) ,

(2.1)

where ê is the unit polarization vector, ω is the frequency of the laser light and E (+) ,
E (−) are the complex amplitudes of the electric field. This oscillating electric field
E(r, t) induces an electric dipole moment d(r, t) in the atom, oscillating at the same
frequency ω as the laser field:
d(r, t) = ê (d(+) (r) e−iωt + d(−) (r) eiωt ) .

(2.2)

The induced dipole moment d increases linearly with the electric field
d(+) (r) = α(ω) E (+) (r) ,

d(−) (r) = α∗ (ω) E (−) (r) ,

(2.3)

where α(ω) is the complex polarizability of the atom, which depends on the frequency ω of the laser light. It can be shown that the dipole potential is given by
Udip = − 21 d · E. Note the factor of 21 , which is due to the fact that the dipole
moment is induced and not permanent. Inserting equations (2.1) and (2.2) one
obtains:

Udip (r) = −

 

1  (+)
d (r) e−iωt + d(−) (r) eiωt · E (+) (r) e−iωt + E (−) (r) eiωt .
2

(2.4)

By time averaging over the fast oscillating terms of the form d(±) · E (±) exp (∓i2ωt)
and replacing the dipole moment by the linear dependence from equation (2.3) one
arrives at the following result:
Udip (r) = −

6


1 
α(ω) E (+) (r) · E (−) (r) + α∗ (ω) E (−) (r) · E (+) (r) .
2

(2.5)

2.1. Principle of optical dipole traps
Finally one obtains:
2

Udip (r) = −Re[α(ω)] E (+) (r) = −

1
Re[α(ω)] I(r) .
2 0 c

(2.6)

As we see, the dipole potential is proportional to the intensity I(r) = 20 c E (+) (r)

2

of the laser light and the real part of the polarizability α(ω), where c is the speed of
light and 0 is the vacuum permittivity. Therefore, the trap shape is directly given
by the intensity distribution of the laser beam. The dipole force can be calculated
from the gradient of the potential
Fdip (r) = −∇Udip =

1
Re[α(ω)] ∇I(r) .
2 0 c

(2.7)

To determine the mechanical effect on the atoms, we still have to calculate the
polarizablity α(ω). For this, we use the simple Lorentz model in which the atom is
considered to be a classical harmonic oscillator, where the electron e− with mass me
and charge e is bound elastically to the nucleus of the atom. The problem can be
described as a damped harmonic oscillator with the following differential equation:
ẍ + Γω ẋ + ω02 x = −

e E(t)
,
me

(2.8)

where x is the displacement of the electron from the core, ω0 is the eigenfrequency
of the atom and Γω is the classical damping rate which is due to electromagnetic
radiation of an accelerated charge. The damping rate is given by:
Γω =

e2 ω 2
.
6 π 0 me c3

(2.9)

By inserting d(t) = −e x(t) and making the ansatz x(t) = x0 e−iωt one can solve
equation (2.8) for the polarizability
α(ω) = 6 π 0 c3

Γ/ω02
.
ω02 − ω 2 − i(ω 3 /ω02 ) Γ

(2.10)

Here Γ represents the on-resonance damping rate Γ = (ω0 /ω)2 Γω . As long as the
saturation is negligible, the classical expression of the damping rate Γ is the same as
the quantum mechanical result. Assuming very low saturation the dipole potential
can be calculated from equation (2.6)
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Udip (r) = −

(ω0 + ω)∆
3 πc2 Γ
 · I(r) ,

2
ω0 ((ω0 + ω)∆)2 − ω23 Γ 2
ω

(2.11)

0

where ∆ = ω − ω0 is the detuning of the laser from the atomic resonance. By assuming that the detuning is much larger than the natural linewidth of the transition
|∆|  Γ, the expression can be further simplified to
1
3 πc2 Γ
1
3 πc2 Γ
Udip (r) ≈ −
−
· I(r) .
·
I(r)
≈
2 ω03
ω + ω0 ∆
2 ω03 ∆




(2.12)

In the second part of the equation, the so called rotating-wave approximation (RWA)
is used. It is assumed that the detuning of the laser is much smaller than the
resonance frequency |∆|  ω0 . Therefore, the counter rotating term ω + ω0 can be
neglected and one obtains the simple relation in equation (2.12).
The potential of the electronic ground state in the light field scales with I/∆. Depending on the sign of the detuning the potential is either attractive or repulsive.
First consider a red detuned ∆ < 0 dipole trap. The potential is negative, and the
atoms are pulled towards the high intensity regions, e.g. the focus of the laser beam
or the anti-nodes of a standing wave. In the blue detuned case ∆ > 0, where the laser
frequency is higher than the atomic resonance frequency, the dipole force pushes the
atoms away from the laser light. This can be used in so-called hollow-beam traps
or light-sheet traps [Grimm et al., 2000].
Another critical parameter for optical dipole traps is the off-resonant scattering rate
of trapping light. Due to the absorption and re-emission of photons, momentum is
transferred to the atoms. This leads to heating of the atoms (cf. section 2.1.3) and
their lifetime in the trap is reduced. The essential parameter here is the scattering
rate Γsc which can be computed from the absorbed power of an oscillator
Pabs = hḋ · Eit =

ω
Im[α(ω)] I(r) .
0 c

(2.13)

This expression is again received by time averaging over the fast oscillating terms
of the form ∝ e∓i2ωt . By considering the absorbed power as an absorption and
re-emission of photons with energy ~ω with a rate of Γsc we can write
Γsc (r) =

8

Pabs
1
=
Im[α(ω)] I(r) .
~ω
~0 c

(2.14)

2.1. Principle of optical dipole traps
The scattering rate is proportional to the light intensity and the imaginary part of
the polarizability. By inserting the result of the complex polarizability from equation
(2.10) we can write the scattering rate as
Γsc (r) =

6πc2
~ω0



ω
ω0

Γ2

3

((ω0 +

ω)∆)2

−



ω3
ω02

2

I(r) .

(2.15)

Γ

By applying the same approximations as in case of the dipole potential, the relationship between scattering rate and detuning ∆ becomes rather simple
3πc2
Γsc (r) =
2~ω03

Γ
∆

!2

(2.16)

I(r) .

Since the dipole potential scales with I/∆ and the scattering is proportional to I/∆2
it is favorable to choose a large detuning of the laser light. In this case the scattering
rate can be reduced, while the potential depth can be kept constant by increasing
the laser power. However, the achievable output powers are technically limited.

2.1.1. Multi-level atoms
The simple description of the optical dipole force from the previous section assumes
a two-level atom. However, a real atom has multiple sub states, which have to be
taken into account. Here we only consider the case of alkaline-metal atoms. Due to
spin-orbit coupling the degeneracy of the excited states 2 P1/2 and 2 P3/2 is lifted with
a fine structure splitting of ∆0FS . This leads to the well known D1 - and D2 -lines in
the spectrum of alkaline-metal atoms. In case of an unresolved hyperfine structure,
but resolved fine structure, ∆0HFS  |∆D1 |, |∆D2 |  ∆0FS the coupling to the nuclear
spin F can be neglected. Here ∆D1 = ω − ωD1 and ∆D2 = ω − ωD2 are the detunings
from the D1 - and D2 -lines, respectively. For linear polarized light the F and mF
states remain degenerate and the polarizability can be calculated with the oscillator
strength factors of 1/3 for the D1 -line and 2/3 in case of the D2 -line, respectively.
By inserting (2.12), the total potential reads
3 πc2
Udip (r) =
2

1 ΓD1
2 ΓD2
+
3
3
3 ωD1 ∆D1 3 ωD
∆D2
2

!

· I(r) .

(2.17)
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The case of 6 Li and

133

Cs

With the results for the trapping potential and the scattering rate derived in the
previous sections, we are able to predict the wavelength dependence of different
quantities: the polarizability and correspondingly the trap depth, trapping frequencies and the heating rate due to elastic scattering of photons.
In case of lithium the fine structure is not resolved, since the detuning is much larger
than the fine structure splitting of 10.056 GHz between the 22 P1/2 and 22 P3/2 states
[Gehm, 2003]. Therefore we can neglect the line strength factors in equation (2.17).
However, the detuning from the D-lines is too large (ω/ω0 ≈ 0.76) to justify the
rotating wave approximation. Hence, we use the exact expression from equation
(2.11) for our calculations. The spectroscopic data can be found in the appendix in
table A.1.
For cesium we cannot neglect the fine structure. The D1 -line has a wavelength
of λ = 894.59295986(11) nm and the 62 S1/2 → 62 P3/2 transition is resonant at
λ = 852.34727582(27) nm. Since the dipole trap is operated at a wavelength of
around λ = 880 nm the detuning is smaller than the fine structure splitting and
we have to take the relative line strengths into account. For cesium we calculate
the trapping potential according to equation (2.17) but without the rotating-wave
approximation. For the calculations the data from table B.1 are used.

2.1.2. Trapping frequencies
By a measurement of trapping frequencies the shape of the trapping potential can be
mapped out and knowledge of trapping parameters is gained. Moreover, they serve
to compute collision times, phase space densities and the Fermi temperature TF of
a fermionic gas. Therefore, it is important to calculate the trapping frequencies and
compare them with measurements (see section 4.2).
The trapping potential of the atoms in the optical dipole trap is according to equation (2.6)
Udip (r) = −

1
Re[α(ω)] · I(r) ,
2 0 c

(2.18)

where α(ω) is the polarizability of the atoms calculated from equation (2.10). The
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intensity distribution is assumed to be described by a Gaussian beam traveling in
y-direction [Saleh and Teich, 1991]
"

2P
exp −2
I(x, y, z) =
π wx (y) wz (y)

x2
z2
+
wx2 (y) wz2 (y)

!#

,

(2.19)

where wx/z (y) is the Gaussian beam radius in the radial x- and z-direction, where
the intensity decreases to 1/e2 of its peak value and P is the total power. The beam
radius is given by [Saleh and Teich, 1991]:

wx/z (y) = w0x/z

v
u
u
t

y
1+
yr

!2

(2.20)

.

w0x/z is the minimal beam waist in x- and z-direction at the focus position of the
beam. The Rayleigh range yr = πw02 /λ is defined as the distance from the focus
√
position where the beam radius increases by a factor of 2.
In the vicinity of the trap center (x = 0, y = 0, z = 0) the potential can be
approximated by a harmonic oscillator with U (x, y, z) = U0 + 12 m(ωx2 x2 +ωy2 y 2 +ωz2 z 2 ).
Exemplarily, we derive a Taylor expansion of the trapping potential in the x-direction
around y = z = 0:
1
4P
2P
U (x) ≈ −
−
· x2
Re[α(ω)] ·
3
2 0 c
π w0x w0z π w0x w0z

!

.

(2.21)

By comparing the coefficients with the potential of the harmonic oscillator we can
directly read off the trapping frequency ωx for a single beam in radial (x) direction
s

ωx (ω, w0x , w0z , P ) = 2

Re[α(ω)]
0 c π m

s

P
.
w0z

3
w0x

(2.22)

The trapping frequency is proportional to the square root of the laser power
and the real part of the polarizability

q

√

P

Re[α(ω)]. Assuming a symmetric beam with

wx (y) = wz (y), the trapping frequency scales with 1/w02 .
Since the crossing angle of the dipole trap is 90◦ (cf. section 2.4), the confinement
is dominated in x- and y-direction by the radial beam profile of a single laser beam.
Hence, the trapping frequency is isotropic in the horizontal x-y-plane. In the vertical
(z) direction both laser beams equally contribute to the confinement and the cur-
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vature of the trapping potential. For this reason the trapping frequency is expected
√
to be a factor of 2 larger in the vertical direction.
In figure 2.1 the trapping frequency for cesium is plotted versus the wavelength. The
graph shows the trapping frequency in x-direction for three different laser powers
of 0.1 W, 0.5 W and 1.0 W. A beam waist of w0x = w0z = 60 µm was assumed
in the calculation. The trapping frequencies are in the rage of 100 Hz to 1500 Hz,
depending on the wavelength and laser power. The respective trapping frequencies
for lithium are ω = 2π · (775, 775, 1096) Hz for λ = 880.25 nm and P = 1 W.

10000

power
0.1 W

Ω x 2Π HHzL

8000

0.5 W

6000

1.0 W
4000
2000
0

855

860

865

Λ HnmL

870

875

880

Figure 2.1.: Trapping frequency for Cs versus the laser wavelength λ. The assumed beam
properties are w0x = w0z = 60 µm and powers of 0.1 W, 0.5 W and 1.0 W per beam.

2.1.3. Heating rates
An important issue are heating effects due to off-resonant scattering of trapping light.
The absorption and spontaneous emission provokes fluctuations in the radiation
force, which leads to heating. In the far-detuned case, each scattering event increases
the thermal energy by twice the recoil energy Erec =
where Trec =

~2 k2
m

kB Trec
2

[Grimm et al., 2000],

is the recoil temperature. In a first step the atom absorbs a photon

in the beam direction. This process is anisotropic and leads to an energy increase
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of Erec . By spontaneous emission of a photon in a random direction the thermal
energy is increased again by the same amount. The heating power can be calculated
by multiplying with the average scattering rate Γ̄sc from equation (2.15)
Pheat = 2 Erec Γ̄sc = kB Trec Γ̄sc .

(2.23)

Taking the trap geometry into account, the heating rate Ṫ can be calculated. For a
three dimensional harmonic trap one obtains:
Ṫ =

1
Trec Γ̄sc .
3

(2.24)

The expected heating rates due to scattering of trapping photons (cf. figure 2.2(a))
are shown in figure 2.2(b). For the calculation, the peak scattering rate in the center
of the trap was taken, which gives an overestimation of the heating rate. Again,
the two scattering rates for the D-lines were added according to their line strength
factor as described in section 2.1.1. The heating rate is given in µK/s for a typical
intensity of 104 W/cm2 . Fortunately the minimum of the heating rate for cesium is
close to the desired tune-out wavelength of cesium at λ = 880.25 nm with a heating
rate of 0.5 µK/s. In case of lithium, the heating rate at this wavelength is about
one order of magnitude lower compared to cesium (cf. figure 2.2(b)). The relatively
high heating rate (despite the much lower scattering rate) is due to the lower mass
and therefore higher recoil temperature of lithium (cf. tables A.1 and B.1).

heating rate HΜKsL

scattering rate Hs-1 L

1000
100
10
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1
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Λ HnmL
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(a)
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wavelength

1.00
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0.10
0.05

Cs

0.1
600

10.00
5.00

600

Li
Cs
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700
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800

Λ HnmL

850

900

950

(b)

Figure 2.2.: Expected scattering rates (a) and heating rates (b) for lithium (red) and
cesium (blue) versus the laser wavelength λ. The values are calculated for a typical
intensity of 104 W/cm2 .
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The scattering of photons is only a fundamental limit for the heating rate. Besides,
heating can also have technical reasons. As described in [Savard et al., 1997] fluctuations in the laser intensity or pointing instabilities can excite atomic motion inside
the trap and thus increase the internal energy. Particularly oscillations at twice the
trapping frequency lead to heating. This effect is called parametric heating and can
also be exploited to determine the trapping frequencies.

2.2. Tune-out wavelength
In the existing experimental apparatus, the two species are both trapped in a red
detuned optical dipole trap. The potential is generated by a Ytterbium fiber laser
(IPG YLR-200-LP-WC) with a wavelength of λ = 1070 nm and a maximum output
power of 200 W. The two beams intersect under an angle of 8.4◦ and the beam waist
is approximately 60 µm. The detailed setup is presented in the Master’s thesis by
R. Heck [Heck, 2012]. Due to the difference in the polarizability of lithium and
cesium at 1070 nm, the trapping potentials ar significantly different. Profiles along
the horizontal and vertical direction of the trapping potential are shown in figure
2.3. The trapping parameters are: a beam waist of 60 µm and a power of 0.9 W
per beam. As can be seen, the trap depth for Cs is roughly four times larger than
for Li. Therefore, the temperature of Cs is also a factor of four higher (TCs = 8 µK,
TLi = 2 µK). This leads to a fast loss of lithium during thermalization when cooling
the 6 Li-133 Cs mixture down towards quantum degeneracy [Repp et al., 2013].
Due to this reason we need to think about a more elaborate trapping scheme. Thus,
we take a closer look on the wavelength dependence of the atomic polarizability
α1 . According to equation (2.12), the dipole potential is inversely proportional to
the detuning Udip ∝ Re[α(ω)] ∝ 1/∆. Therefore, it is intuitive that there is a
specific wavelength where the contributions from different optical transitions cancel
each other and the potential becomes zero. In an alkaline-metal atom with two
dominating D-lines it is obvious that this wavelength must be in between the two
transitions. In this case, the laser is blue detuned for one transition and red detuned
with respect to the other. Depending on the optical properties, e.g. oscillator
strength and natural linewidth Γ, the exact position of this specific wavelength is
1

Unless otherwise stated by polarizability the real part Re(α) is meant.
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Figure 2.3.: Profiles of the potential in horizontal (a) and vertical (b) direction for Li
(red) and Cs (blue). The potential was set to zero in the trap center. Gravity points in
the −z-direction (see arrow in (b)). The dipole trap has a wavelength of λ = 1070 nm, a
waist size of 60 µm and a power of 0.9 W per beam.

determined. This concept was first introduced by LeBlanc and Thywissen in 2007
[LeBlanc and Thywissen, 2007] and was termed tune-out wavelength. These traps
have particular advantages in two-species mixtures since they allow to control the
confinement of each species independently [Arora et al., 2011]. The use of a tune-out
wavelength trap in our experiment was previously discussed in a Bachelor thesis by
T. Kirchner [Kirchner, 2011].
A plot of the atomic polarizability α of the electronic ground state of 6 Li and

133

Cs

is presented in figure 2.4. For the calculation, only the two D-lines were taken into
account. In a more precise calculation by Arora et al. [Arora et al., 2011] also
transitions to 7P and 8P states (for Cs) were taken into account.
From the diagram in figure 2.4 we can directly read off the tune-out wavelengths
λzero for lithium and cesium. The tune-out wavelength for lithium is λzero,Li =
670.9869997 nm and λzero,Cs = 880.18 nm for cesium, respectively. More accurate
calculations, including transitions to higher states and the contribution of the atomic
nucleus, yield λzero,Li = 670.987445(1) nm and λzero,Cs = 880.25(4) nm [Arora et al.,
2011]. The small detuning of the tune-out wavelength in lithium leads to a high
scattering rate of trapping photons and thus a high heating rate (cf. section 2.1.3).
Therefore, it is convenient to use the tune-out wavelength for Cs in the experiment.
This wavelength is detuned approximately 14 nm from the D1 -line and 28 nm from
the Cs D2 -line. Thus, the scattering rate is much lower and the heating effect
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polarizabilityHa. u.L

6000
Cs tune-out
wavelength

4000
2000
0
-2000

Li

-4000
-6000
600

Cs
700

Λ HnmL
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900

1000

Figure 2.4.: Polarizabilities for lithium (red) and cesium (blue) for laser wavelengths
between 600 nm and 1000 nm. The calculation only includes the contributions of the D1 and D2 -lines. The tune-out wavelengths are λzero,Li = 670.9869997 nm for lithium and
λzero,Cs = 880.18 nm for cesium, respectively. The polarizability is plotted in atomic units
2 4
where the conversion factor to SI units is α[ Akgs ] = 4π0 a30 ·α[a.u.] = 1.65648·10−41 α[a.u.].

is reduced. In the experiment the cesium and lithium atoms can be trapped in
the 200 W dipole trap. By tuning a second laser to the tune-out wavelength for
cesium the trap depth for lithium can be increased independently and it is possible
to achieve the same trap depth for lithium and cesium, thus reducing the lithium
losses.
Another special wavelength is λ = 879.23 nm. Here the polarizabilities of lithium
and cesium are equal (intersection point of the curves in figure 2.4) and thus the
trapping potential for both species is the same.
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2.3. ac Stark shift and polarizability of the excited
state in Cs
The optical dipole potential for atoms in the ground state was already discussed in
section 2.1. Up to now we have treated the atom-light interaction in a semi-classical
way and assumed a pure two level atom. Now we want to introduce a more complex
quantum mechanical model, including several atomic energy levels. The interaction
Hamiltonian HI is given by:
HI = −d · E ,

(2.25)

with the electric dipole operator d = −er and the oscillating electric field E of the
trapping light. In the case of far-detuned light, the energy shift of an atomic energy
state α can be calculated by time-independent perturbation theory [Steck, 2012]
∆Eα = −
where ωβα = (Eβ − Eα )/~

2

2ωβα |hα|ê · d|βi|2 |E (+) (r)|2
,
2
~ (ωβα
− ω2)

(2.26)

is the transition frequency of the atomic line, E (+) is

the complex amplitude and ê the unit polarization vector of the electric light field.
This shift is called ac Stark shift or light shift. In a pure two level system the shift
of the groundstate is the same as the dipole potential obtained inm equation (2.11).
The excited state is shifted by the same amount, but in opposite direction (cf. figure
2.5).
In order to calculate the light shift in a multilevel atom we have to sum equation
(2.26) over all other states |βi
∆Eα = −

X
β

2ωβα |hα|ê · d|βi|2 |E (+) |2
.
2
~ (ωβα
− ω2)

(2.27)

With the previous result for the dipole potential ∆E = −Re[α(ω)] |E (+) |2 in equation (2.6) we obtain the polarizability α of level α as
α(ω) =

X
β

2

2ωβα |hα|ê · d|βi|2
.
2
~ (ωβα
− ω2)

(2.28)

The sign is essential, since it determines if the potential is trapping or repulsive.
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E
I=0

I≠0

Gaussian laser beam
ΔEe

ℏω

0

excited
state

ground
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ΔEg

Figure 2.5.: ac Stark shift in a two-level atom. For red detuned light, the ground state
is shifted down by ∆Eg and the excited state is shifted up by the same amount ∆Ee . A
laser beam with a Gaussian intensity distribution produces a trapping potential for ground
state atoms. Graphic adapted from [Grimm et al., 2000].

This expression can also be written as a tensor of rank two αµν (ω) [Steck, 2012],
such that:
(+)
hd(+)
)ν ,
µ (ω)i = αµν (ω)(E

(2.29)

with the energy shift of the energy level of
∆E = −Re[αµν (ω)](E (−) )µ (E (+) )ν ,

(2.30)

where (E (−) )µ and (E (+) )ν are the components of the electric field vectors already
defined in equation (2.1). By this definition, the polarization vector is omitted and
the orientation of the field with respect to the atom is governed by the tensor nature
of the polarizability. This tensor is called Kramers-Heisenberg polarizability tensor
[Steck, 2012]
αµν (ω) =

X
β

2ωβα hα| dν |βi hβ| dµ |αi
,
2
~ (ωβα
− ω2)

which can also be written in the F, mF basis
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αµν (F, mF ; ω) =

X
F 0 , mF 0

2ωF 0 F hF mF | dν |F 0 mF 0 i hF 0 mF 0 | dµ |F mF i
.
~ (ωF2 0 F − ω 2 )

(2.32)

To simplify this result, we can decompose the rank-2 tensor in its irreducible parts
[Budker et al., 2008], namely a rank-0 tensor (scalar), a rank-1 tensor (vector) and
a rank-2 tensor. Finally, we obtain the total energy shift of a state F, mF as [Steck,
2012]

∆E(F, mF ; ω) = − α(0) (F ; ω) |E (+) |2 − α(1) (F ; ω) (i E(−) × E(+) )z
3|Ez(+) |2 − |E (+) |2
− α (F ; ω)
2
(2)

mF
F

3m2F − F (F + 1)
,
F (2F − 1)

(2.33)

where the scalar, vector and tensor polarizabilities are defined as
α(0) (F ; ω) =

X
F0

2ωF 0 F |hF ||d||F 0 i|2
,
3~ (ωF2 0 F − ω 2 )
s

α(1) (F ; ω) =

X

(−1)F +F

F0

0 +1

(2.34)






1

1 1 2ωF 0 F |hF ||d||F 0 i|2
6F (2F + 1)
,
2
2


F +1

F F F 0  ~ (ωF 0 F − ω )
(2.35)

α(2) (F ; ω)

v
u
X
u
0
F +F t 40F (2F
= (−1)
F0



1





1 2 2ωF 0 F |hF ||d||F 0 i|2
+ 1)(2F − 1)
,
2
2


3(F + 1)(2F + 3) 
F F F 0  ~ (ωF 0 F − ω )
(2.36)

where F is the angular momentum in hyperfine notation, mF is the magnetic quantum number and F 0 is the total angular momentum of the other states. The { }
are the Wigner 6j symbols [Budker et al., 2008]. Here, the z-axis is chosen to be
the quantization axis. The total derivation can be found in the lecture notes by A.
Steck [Steck, 2012].
The energy shift has three contributions: the scalar part, the vector part and the
tensor part. The scalar shift is independent on the orientation of the atom with
respect to the field. Therefore, this causes a shift independent on mF . The second
term, the vector term, leads to a shift, which is linear in mF . By writing out
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(+)

(+)

(+)

(+)

(i E(−) ×E(+) )z = |E−1 |2 −|E+1 |2 , where |E−1 |2 and |E+1 |2 are the field amplitudes
of σ + and σ − light, respectively. Thus, the vector term only appears in case of
circular polarized light. The tensor term keeps track of the relative orientation
of atom and field. It induces a shift, which depends on the absolute value of the
magnetic quantum number |mF |.
In case of a far detuning of the ac field from the atomic resonances we can simplify the
above expression. Since the dipole operator does not couple to the nuclear spin I, the
polarizabilities are only determined by the reduced matrix element hJ||d||J 0 i3 . In the
case of a large detuning compared to the hyperfine splitting ∆HFS the approximation
ωF 0 F ≈ ωJ 0 J is justified. By summation over F 0 we can simplify the result [Steck,
2012]

α(0) (F ; ω) ≈

X
J0

2ωJ 0 J |hJ||d||J 0 i|2
,
3~ (ωJ2 0 J − ω 2 )
s

(1)

α (F ; ω) ≈

X

−2J−J 0 −F −I+1

(−1)

J0



1


J

1

(2.37)
6F (2F + 1)
(2J + 1)
F +1


1

2ωJ 0 J |hJ||d||J 0 i|2
×



~ (ωJ2 0 J − ω 2 )
J J J 0 
F F I 
α(2) (F ; ω) ≈

1

J

,

(2.38)

v
u
u
−2J−J 0 −F −I t 40F (2F
(−1)

+ 1)(2F − 1)
(2J + 1)
3(F + 1)(2F + 3)

X
J0



1


J

2



2

2ωJ 0 J |hJ||d||J 0 i|2
×
.

~ (ωJ2 0 J − ω 2 )

F F I 

J J J 0 
1

Calculation for the case of

133

J

(2.39)

Cs

With the results for the dynamic polarizability, the ac Stark shifts of the excited
and the ground state of

133

Cs are calculated. Figure 2.6 shows the levelscheme

of the D2 -line of Cs. In the experiment, absorption imaging is performed on the
62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5 transition. Therefore, we only calculate the shift
of these two energy levels. The transition wavelengths and reduced matrix elements
3

(k)
0 0
2k
0 0 0
Here, the reduced matrix element is defined
√ as hαj||T ||α0 j0 i 0:= (−1) hαjm|α j m i. Another
(k)
0 0
common definition is (αj||T ||α j ) := 2j + 1 hαjm|α j m i.
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used in the calculations are listed in table B.2, where only the transitions closest to
the tune-out wavelength at 880 nm were considered.
F'=5
F'=4

251 MHz

F'=3
F'=2

201 MHz
151 MHz

imaging

D2=852.347 nm

62P3/2

F=4

62S1/2

9.2 GHz
F=3

Figure 2.6.: Level scheme of 133 Cs. The absorption imaging is performed on the
62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5 transition.

In figure 2.7(a) the scalar α(0) and tensor α(2) polarizability of the excited 62 P3/2 , F 0 =
5 state and the scalar α(0) polarizability of the ground state4 are calculated according to equations (2.37)-(2.39) and plotted versus the wavelength. The ground state
polarizability agrees with the polarizability calculated from the classical model in
section 2.1 within < 1%. The total polarizability α(F 0 , mF 0 ; ω) = α(0) (F 0 ; ω) +
α(2) (F 0 ; ω)

3m2F 0 −F 0 (F 0 +1)
F 0 (2F 0 −1)

of the excited state for all |mF 0 | = 0, ..., 5 and the ground

state polarizability is plotted in figure 2.7(b). The intersection point of the excited
and ground state polarizability mark the so-called magic wavelengths. This concept
was first introduced in 1999 by Katori and Ye [Katori et al., 1999; Ye et al., 1999]
in the context of optical atomic clocks. For atoms confined in a magic wavelength
trap both levels (excited and ground state) shift by the same amount and thus the
clock transition has the same wavelength as in free space. State-insensitive trapping
of Cs atoms could be demonstrated by McKeever et al. [McKeever et al., 2003].
4

For all J = 1/2 states the tensor polarizability vanishes since the Wigner 6j symbol in equation
(2.39) is zero. Therefore, the F and mF states are degenerate.
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Moreover, one can think of many more applications [Safronova et al., 2013], such
as novel cooling schemes using transitions in the ultraviolet [McKay et al., 2011;
Duarte et al., 2011].
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Figure 2.7.: Polarizabilities of the excited 62 P3/2 , F 0 = 5 state and ground state versus
the wavelength. In (a) the scalar α(0) and tensor α(2) polarizability of the excited state
and the scalar α(0) polarizability of the ground state is shown. Figure (b) depicts the total
polarizability of the |mF 0 | = 0, ..., 5 in the excited state and the ground state polarizability.
The intersection points of the ground and excited state polarizabilities mark the magic
wavelengths.

In figure 2.8 the ac Stark shift from equation (2.33) is plotted versus the laser
intensity for the excited 62 P3/2 , F 0 = 5, |mF 0 | = 0, ..., 5 and the ground state 62 S1/2 ,
respectively. For the calculation a laser beam linearly polarized in z-direction was
assumed. Thus, the contribution due to the vector polarizability vanishes and the
shift only depends on |mF 0 |. The calculated shifts are on the order of a few MHz
and therefore justify the use of the F, mF basis, since the ac Stark shift is much
smaller than the hyperfine splitting ∆EHFS of the excited state.
Differential ac Stark shift
As we have seen in the previous section, the ac Stark shift of the excited state
depends on the orientation of the laser polarization with respect to the atom, whereas
in the ground state this energy shift is independent on the specific substate and all
mF states remain degenerate. In the experimental procedure, presented in chapter
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Figure 2.8.: Energy shift of the 62 P3/2 , F 0 = 5 for |mF 0 | = 0, ..., 5 and the ground state
versus the laser intensity at a wavelength of 860 nm. The energy shift is smaller for
increasing |mF 0 |.

4.3, the ac Stark shift is measured via in situ absorption imaging of atoms confined
in the optical dipole trap. The energy shift is reflected in the shift of the atomic
resonance frequency with respect to the atoms released from the optical dipole trap.
This shift is composed of the ground state and excited state shift. Therefore, we
can only measure the differential ac Stark shift ∆Ediff :

∆Ediff = ∆Ee − ∆Eg

(2.40)

where ∆Ee is the ac Stark shift of the excited state and ∆Eg the shift of the ground
state due to the trapping light. The differential shift is plotted versus the wavelength in figure 2.9. Here a typical intensity of 1 · 104 W/cm2 was assumed for the
calculation. The differential energy shift is on the order of a few to 25 MHz and thus
should be observable in the experiment. However, the measured shift depends on the
polarization of the probing beam on the quantization axis which will be discussed
later in chapter 4.3.
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Figure 2.9.: Differential ac Stark shift versus the wavelength. The differential shift
corresponds to the difference of the energy shift of the excited and ground state ∆Ediff =
∆Ee − ∆Eg . The plot shows the shift for |mF 0 | = 0, ..., 5 for a typical intensity of 1 ·
104 W/cm2 .

2.4. Design criteria of the tunable dipole trap
In a standard experimental sequence a sequential loading scheme is applied (cf.
figure 2.10): First, a lithium MOT is loaded with help of a Zeeman slower [Repp,
2013] followed by a compression phase during which the gradient of the magnetic
field is increased and the power in the MOT beams as well as the detuning are
decreased. Now the lithium atoms are transferred into a high power optical dipole
trap which can create effective trap depths of up to 1.7 mK [Heck, 2012]. Forced
evaporation is performed at a magnetic field of 760 G by decreasing the laser power
in two evaporation ramps to a power of 0.9 W. After thermalization the 6 Li atom
cloud has a temperature of TLi = 2.5 µK.
In a second step the Cs sample is prepared (details see section 4.1). The pre-cooled
atoms from the Zeeman slower are captured in a Cs MOT. After a compression
phase, similar to the one for lithium, the atoms are loaded into a Raman lattice,
where degenerate Raman-sideband cooling (DRSC) is performed and temperatures
of TCs ≈ 1 µK are attained. Now the Raman lattice beams are switched off and the
cesium atoms are transferred into the optical dipole trap. During the transfer of the
133
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Cs atoms into the dipole trap, the temperature increases to TCs = 8 µK due to

2.4. Design criteria of the tunable dipole trap
conversion of potential energy into thermal energy. Potential profiles of the dipole
trap at a laser power of 0.9 W were already shown in figure 2.3. Due to the four
times larger polarizability of Cs compared to Li for light at 1070 nm, the effective
trap depth is also a factor of four higher (ULi,eff = 10 µK and UCs,eff = 40 µK).
Therefore, the temperature of the Li is a factor of four smaller than for Cs. This
leads to a loss of Li atoms due to interspecies collisions and prevents thermalization
of the two species.

LoadingGofGLiGMOTG

LoadingGandGcompressionGofGCsGMOTG

TransferGofGLiGintoGODT

DRSCGofGCs

EvaporationGofGLi
atGB=760GG

ThermalizationGofGCs

Figure 2.10.: Sequential loading scheme to transfer 6 Li and 133 Cs into the optical dipole
trap. For further details of the cooling scheme refer to the text and [Repp, 2013]. Illustration adapted from [Repp, 2013].

In order to circumvent Li losses, the potential for Li has to be increased. This can be
achieved with the previously mentioned concept of a tune-out wavelength. At this
wavelength, the laser light does not contribute to the trapping potential of cesium.
Nevertheless it increases the heating rate of cesium (cf. section 2.1.3). For this
reason the intensity should be kept as low as possible to avoid heating of the cesium
sample. This allows us to independently increase the trapping potential for the 6 Li
atoms.
The trapping light is provided by a tunable titanium-sapphire laser (the details of
the setup can be found in chapter 3) which is able to generate up to 1.3 W at the
center of the experimental chamber in the wavelength range around 880 nm. In
order to get a good spatial overlap with the 200 W dipole trap the design value for
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the beam waist (1/e2 radius) is 60 µm. In case of a single beam trap the spatial
confinement along the axial direction of the beam is very low and we decided to
built up a crossed dipole trap. Due to limitations by viewports and other beams a
crossing angle of 90◦ was planned.
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Figure 2.11.: Predicted dipole trap potential for lithium at the tune-out wavelength for
cesium λ = 880.25 nm. For the calculation a power of 1.3 W, a beam waist of 60 µm and
a crossing angle of 90◦ was assumed. This generates an effective trap depth of 20 µK.

A plot of the predicted dipole potential for a laser power of 1.3 W per beam and a
waist of 60 µm at the tune-out wavelength for cesium λ = 880.25 nm is depicted in
figure 2.11. The dipole trap generates an additional effective trap depth5 of 20 µK
which is sufficient to increase the trap depth to the same value as for cesium. The
predicted trapping frequencies for lithium are ω = 2π · (884, 884, 1250) Hz and the
heating rate accounts to 0.1 µK/s (λ = 880.25 nm and P = 1.3 W). For cesium
the tune-out wavelength trap does not create a potential minimum. However, the
heating rate of 2.2 µK/s is not negligible.
The profiles of the combined potential along the horizontal and vertical direction
are shown in figure 2.12. By adding up the contributions of the high power trap at
5

The effective trap depth is only half of the maximum value, since the atoms can leave the center
of the trap along the beam directions.
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1070 nm and the tune-out wavelength trap, the potential depth for lithium can be
significantly increased. For a beam power P200W ≤ 0.6 W of the high power laser,
the potential depths for both species can be matched. However, even at higher
powers, where the potential for lithium is lower than for cesium, the lithium losses
are expected to be reduced.
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Figure 2.12.: Potentials in the horizontal (a) and vertical (b) direction for lithium (red)
and cesium (blue). The beam power of the λ = 1070 nm light is 0.6 W and 1.3 W at
λ = 880.25 nm. The potential for lithium is given by the high power laser (orange dashed)
and tune-out wavelength trap (purple dashed). The potential for cesium is only created
by the high power laser. By adding up the two potentials for lithium, the potential depth
can be significantly increased.
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In this chapter the titanium sapphire laser system and its characteristics are presented. In section 3.2 the optical setup of the tunable dipole trap is explained. The
last part describes the working principle of the feedback loop for intensity stabilization. This allows us to reliably control the beam power of the new dipole trap.

3.1. Laser system
As seen in the previous chapter, we need a laser system which is capable to provide
an output power of at least 1 W at wavelengths around 880 nm. At the moment,
only tunable dye lasers and titanium sapphire lasers are capable to produce such
high powers at this wavelength. Therefore, we decided to use a commercial titanium
sapphire laser (Coherent MBR-110). The setup of the laser system is shown in figure
3.1.
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Figure 3.1.: Schematic setup of the titanium sapphire laser system. The Coherent MBR110 is pumped by a Coherent Verdi V-18 at a wavelength of 532 nm and a maximum power
of 18 W. The Ti:Sa can be continuously tuned from 700 nm to 1030 nm and produces a
maximum output power of 3 W at 880 nm.
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The laser is pumped by a diode-pumped solid-state laser (Coherent Verdi V-18)
with a maximal output power of 18 W. The output of the neodymium-doped yttrium
vanadate Nd:YVO4 crystal is frequency doubled by a LBO (lithium triborate) crystal
to a wavelength of 532 nm. The bow-tie design and the intra cavity second harmonic
generation yield high conversion efficiencies and high stability. The Verdi provides a
collimated beam with a 1/e2 diameter of approx. 2.25 mm and vertical polarization.
With the two steering mirrors T1 and T2 the pump beam is guided into the titanium
sapphire crystal. An additional half-wave plate allows to adjust the polarization such
that the reflections from the laser crystal are minimized and the output power is
optimized.
The green pump beam passes a telescope (L1 and L2 ) and is focused in the laser
crystal. The active medium is a titanium-doped (Ti3+ ) sapphire (Al2 O3 ) crystal
and has to be temperature stabilized to 20◦ C with an external water chiller. The
advantage of this crystal is its broad gain spectrum which allows to tune the laser
over a wide wavelength range from 700 nm to 1030 nm. In order to tune the laser over
the whole range, the output coupler M4 has to be exchanged and the birefringent
filter (BRF) has to be adjusted1 .
The four cavity mirrors M1-M4 build the bow-tie cavity. M1 and M2 are parabolic
mirrors which focus the beam into the Ti:sapphire crystal. Mirror M4 is the output
coupler. It has to be exchanged for each wavelength range (690 nm to 800 nm,
750 nm to 880 nm and 840 nm to 1030 nm) and there are two versions, one for low
and one for high power. In the current setup the "long wavelength" output coupler
for high powers is installed. The whole laser is constructed on a single monolithic
aluminum block which guarantees high stability. By making adjustments to the
horizontal and vertical position of the four cavity mirrors, the cavity is closed and
lasing can be observed at a pump power of 7 W. By optimizing the position of the
two lenses L1 and L2 the output power could be increased to 3 W at a wavelength
of 880 nm. This is still a bit lower than the specified output power of 3.5 W, but is
sufficient for our purposes.
Besides the cavity mirrors, the MBR-110 exhibits various optical elements to select
the wavelength and to ensure single mode operation. An optical diode prevents that
the beam inside the cavity travels in both directions, which would lead to a lower
1

For more information about the adjustment of the BRF see [Coherent Inc., 2002].
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efficiency. The two Brewster plates ensure a horizontal polarization of the output
beam. With the birefringent filter the laser can be tuned coarsely. A thin etalon
is used to precisely tune the laser frequency and to ensure single mode operation.
It is necessary to align the laser beam in such a way that the etalon is hit on the
right position in order to generate the necessary signal on the etalon photodiode.
The correct position can be found in the manual of the laser [Coherent Inc., 2002].
The position on the etalon can be corrected by walking the beam with mirrors
M3 and M4. Additionally, the laser can be frequency stabilized onto the internal,
temperature stabilized high finesse cavity. With the two cavity photodiodes (one is
for normalization of the signal) an error signal is generated. This error signal drives
the piezo-mounted mirror M3. By enabling etalon and reference cavity lock, the
linewidth should be reduced to less than 75 kHz [Coherent Inc., 2002] and the laser is
stabilized to a certain frequency. With a commercial wavemeter (HighFinesse WS-7)
the longterm wavelength fluctuations were measured to be 3·10−4 nm over a duration
of 5 hours. These fluctuations are negligible, since they influence the trapping
potential for cesium only on the 1% level. However, the modulation of the etalon
leads to fluctuations in the output power. At the etalon shake frequency of 92 kHz
an amplitude modulation of ±2% can be observed. These intensity modulations can
lead to parametric heating of the atoms inside the trap and thus have to be avoided.

3.2. Optical setup
In order to ensure high pointing stability of the trapping beam and easy realignment,
the trapping light is guided to the experimental chamber via an optical fiber. Therefore, the alignment of the beam is less susceptible to thermal drifts and mechanical
vibrations. It allows us to place the laser system on a separate optical table and
thus save space around the vacuum chamber. Moreover, the beam profile is cleaned
by the optical fiber and we expect a pure TEM00 mode.
The optical setup of the dipole trap, depicted in figure 3.2, consists of two main
parts: The first part, where the light is produced and coupled into the fiber and the
second part, where the beam is focused and guided onto the atom cloud.
A periscope brings the output beam of the Coherent MBR-110 on our standard beam
height of 75.4 mm. The Ti:sapphire laser supplies a nearly collimated beam with a
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Figure 3.2.: Optical setup of the dipole trap. First, the output from the Ti:sapphire laser
is deflected by an AOM. The beam power in the first order is controlled by regulating the rfpower in the AOM. Then the beam is coupled into an optical fiber, the polarization can by
adjusted by an achromatic half-wave plate to the main axis of the fiber. A little reflection
from a beam sampler is guided to a wavemeter via a fiber. On the small breadboard the
beam is expanded by a 1:3 telescope and then focused by a f = 500 mm lens into the
chamber. The position of the focusing lens can be adjusted with a translation stage. A
small transmission from a mirror is used to stabilize the beam power.

Gaussian diameter of roughly 1.1 mm in horizontal and 1.4 mm in vertical direction.
This is a good beam size to achieve high deflection efficiencies in the acousto-optic
modulator (AOM) (Crystal Technology 3100-125, center frequency 100 MHz) of 90%
in the first order. The deflected beam is then coupled into a polarization maintaining
single-mode fiber by use of a commercial fiber coupler (Schäfter und Kirchhoff 60FC4-A8-07). Here coupling efficiencies of 65% were obtained. In order to adjust the
laser polarization to the principle axis of the single-mode fiber a half-wave plate is
needed. In our case an achromatic waveplate (Thorlabs AHWP05M-980) is used.
This waveplate has a retardance of (0.5 ± 0.02)λ over a large wavelength range from
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690 nm to 1200 nm. This allows to tune the laser and still maintain a constant
polarization and good polarization extinction ratios of up to 1:2000 in the fiber.
The laser wavelength is measured with a wavemeter. A small amount of the zeroth
order from the AOM is picked up with a beam sampler and coupled into a multimode
fiber. This allows us to tune the laser to the desired wavelength and monitor its
longterm stability.
The second part of the optical setup was built on a separate breadboard with a
size of 15 cm × 25 cm. In this way, the optics could be aligned in a test setup
and then placed at the experiment. Due to the limited space around the vacuum
chamber, the module was placed upright. The light is collimated to a beam radius
of 0.63 ± 0.02 mm (λ = 880 nm) with a fiber coupler (Schäfter und Kirchhoff
60FC-4-A8-07). Since the focusing lens has a focal length of f = 500 mm, which
is necessary to place the module far enough away from the chamber, the beam
has to be expanded in order to attain the desired focal spot size of 60 µm. By
simulating the beam propagation with the ABCD matrix method [Saleh and Teich,
1991] the optimal expansion factor of 1:3 was determined. Therefore, the beam is
first de-focused by a plano-concave lens with a focal length of f = −50 mm and recollimated with a positive lens of 150 mm focal length. After passing the telescope,
the beam is expanded to 2.03 ± 0.05 mm in horizontal and 1.92 ± 0.02 mm in
vertical direction. The small ellipticity of the beam profile is most probable due
to imperfections in the lenses or small misalignment. The beam is now focused to
the desired beam waist of 60 µm with a f = 500 mm lens. This lens is mounted
onto a one inch translation stage (Newport M-423 with micrometer screw SM-25)
in order to precisely adjust the focus position onto the atom cloud. The beam is
aligned through the experimental chamber with help of two additional mirrors. This
allows to align the trapping beam independently of the focusing lens and therefore
no effects on the beam profile are expected. Stainless steel mirror mounts (Newport
M-SN100-F2K) are used to increase the mechanical stability and reduce thermal
drifts.
Additionally, the beam intensity is monitored with a photodiode. Therefore, the
small transmission (0.02%) through a backside-polished mirror is focused onto a
Si photodiode (Hamamatsu S5972). Low noise is achieved by using an amplifier,
designed in S. Jochims group, which shows a lower spectral noise density and no
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thermal offset drifts compared to the commonly used V-179 photodiode amplifier
from the electronics workshop. A bandpass filter with a center wavelength of 880 nm
and 10 nm FWHM is installed to avoid effects due to residual stray light2 .
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Figure 3.3.: Position of the trapping beams relative to the vacuum chamber. The tunable
dipole trap (DT) beams pass the viewport under an angle of 10◦ . After the chamber the
light is recycled, re-collimated and again focused into the chamber. The returning beam
intersects the first beam under an angle of 90◦ . In between the polarization is rotated
from the x-y-plane into the z-direction by an achromatic half-wave plate.

The position of the trapping beams relative to the experimental chamber and other
laser beams, such as magneto optical trap (MOT) beams, the Raman lattice (cf.
section 4.1) and the high power dipole trap [Heck, 2012], can be seen in figure
3.3. The aforementioned focusing module is placed next to the MOT-module in
the upper right corner of the figure. The beam enters the chamber 23 mm to the
right with respect to the center of the viewport, which corresponds to an angle
of approximately 10◦ . After the chamber the beam is recycled to create a crossed
dipole trap. Therefore, the beam is first re-collimated with a plano-convex lens with
a focal length of 400 mm and then focused with another f = 400 mm lens onto the
atoms. This lens is again mounted on a translation stage in order to position the
focal spot onto the atoms. In between the polarization is rotated from the x-y-plane
2

The bandpass filter was removed during the measurements presented in chapter 4 since the laser
was tuned from 857 nm to 879 nm.
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to the z-direction by an achromatic half-wave plate. Otherwise interference effects
would reduce the lifetime of the trapped atoms dramatically.
The axial beam profiles for the first and second focus are shown in figure 3.4. The
beam radius (1/e2 ) was measured at various distances from the focusing lens with a
homebuilt camera beam profiler [Couturier, 2012]. For this, a Gaussian distribution
was fitted to the horizontal and vertical profiles of the camera image.
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Figure 3.4.: Radial beam profiles of the first (a) and second focus (b). The Gaussian
(1/e2 ) radius for the horizontal (black squares) and vertical (red dots) direction is plotted
versus the distance from the focusing lens. The respective fit results are listed in table 3.1.

A non-ideal Gaussian beam with a quality factor M 2 [Saleh and Teich, 1991] of the
form
w(z) = w0

v
u
u
t

1 + M2

λ (z − z0 )
πw02

!2

(3.1)

was fitted to the data. Here, w0 is the beam radius at the focus, λ is the wavelength
and z0 is the focus position. The results of the fit can be found in table 3.1. The
measurements agree well with the expected values from the ABCD-matrix calculation. The slight ellipticity and astigmatism is probably due to misalignment or
tilt of the lenses. The deviation between the focal spot position in horizontal and
vertical direction, which is a measure for the astigmatism, accounts to 0.2% (first
focus) and 14.5% (second focus) of the Rayleigh range zR = 12.8 mm. Tests with
a viewport installed after the focusing lens only showed minor effects on the beam
propagation. The beam waist was affected on the order of < 1 µm and the focal
point was shifted by approximately 1 mm.
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parameter

first focus

second focus

w0,horz (µm)

62.6 ± 1.0

59.7 ± 1.1

w0,vert (µm)

61.5 ± 1.2

60.2 ± 1.0

z0,horz (mm)

500.84 ± 0.17

401.06 ± 0.19

z0,vert (mm)

500.87 ± 0.18

402.92 ± 0.19

2
Mhorz

1.28 ± 0.04

1.26 ± 0.04

2
Mvert

1.36 ± 0.04

1.22 ± 0.04

Table 3.1.: Measured Gaussian waist radii w0 , focal spot positions z0 and beam quality
factor M 2 for the horizontal and vertical direction. The values were measured for the first
and second focus in a test setup.

3.3. Intensity stabilization
Fluctuations in laser power or pointing of the trapping beams lead to heating of the
atoms and reduce their lifetime inside the trap [Savard et al., 1997]. In the setup of
the tunable dipole trap pointing instabilities are reduced by guiding the trap light
trough an optical fiber and by mechanical stability of the optical components. A
feedback loop is used to both minimize intensity fluctuations and control the intensity level with the experimental control. Therefore, the beam power is monitored
after the optical fiber with a photodiode and the intensity is then regulated with a
feedback loop.
A schematic setup of the feedback loop is depicted in figure 3.5. The power in the
trapping beams is regulated with an acousto-optic modulator (AOM). It is placed in
front of the optical fiber to avoid instabilities in the beam pointing or beam profile
due to thermal effects in the AOM. The power is monitored with a Si photodiode
after the fiber as described in the previous section. By placing the photodiode after
the fiber the actual beam power is measured. Therefore, fluctuations in the fiber
coupling efficiency due to thermal lensing in the AOM or small misalignment of the
mirrors do not affect the trapping potential and can be compensated by a higher rf
power in the AOM. However, when the coupling efficiency decreases due to pointing
instabilities in the first order deflection from the AOM, the maximal power can
not be achieved any more. In the experimental procedure the thermal effects are
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circumvented by switching the dipole trap to a high power during the loading phase
of the magneto optical trap (MOT) as shown in figure 4.1, which did not show a
significant influence on the trapping process. During the MOT compression and
the degenerate Raman-sideband cooling the trap is switched off, in order not to
disturb the cooling process (the full experimental sequence is described in chapter
4.1). A more sophisticated technique is described in [Fröhlich et al., 2007]. Here,
the AOM driver generates two frequencies f1 and f2 with powers P1 and P2 within
the bandwidth of the AOM. The AOM generates two first order beams, which are
deflected into different directions. Only one of the deflected beams is used afterwards
in the experiment. By changing the ratio of the two powers P1 and P2 , the light
intensity in the beam can be controlled. The two powers P1 and P2 are controlled
such that the rf power in the AOM-crystal is constant. Therefore, thermal effects
are reduced and the pointing stability during intensity ramps is greatly enhanced.
The signal from the photodiode is used as the feedback for a PID controller (electronics workshop A368Na). Here the signal is compared to an external set value
(Offset IN ) given by the experimental control or a function generator. The output
of the PID (Regler OUT ) controls the output power of the AOM driver (electronics
workshop A413) via a variable attenuator, which reduces the amplitude of the voltage controlled oscillator (VCO) signal. This is then amplified and delivered to the
AOM. By calibration of the photodiode, the beam power can be directly controlled
with the experimental control.
In order to achieve a good intensity lock, the proportional, integral and differential
gain of the feedback has to be adjusted. In our case the differential part of the
controller was disabled and the regulation was only achieved with the P- and I-part
of the controller. For this purpose a square-wave signal (frequency 20 Hz, offset
1.8 V and amplitude 1.6 Vpp ) was applied to the Offset IN of the controller by a
function generator (Agilent 33220A). The difference signal between the photodiode
voltage and the external offset was observed on an oscilloscope (Tektronix TDS
2024B, bandwidth 200 MHz, sampling rate 2 GS/s) at the Monitor OUT of the
PID controller. The parameters were optimized in order to achieve switching times
as short as possible for the rising and falling slope, respectively. Care has been
taken that the overshooting is minimal and that the feedback loop does not start
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Figure 3.5.: Schematic setup of the intensity stabilization. The signal on the photodiode
is compared to the external set value in a PID controller. The PID then regulates the
rf power emitted by the AOM driver accordingly to achieve the desired intensity on the
photodiode.

oscillating. A typical step function response can be found in figure 3.6(a). For this
configuration the regulation time is approximately 36 µs.
The bandwidth of the feedback loop can be measured with a similar test arrangement. For this, the external offset is modulated with the function generator. A
sinusoidal signal with an offset of 1.5 V and a peak-to-peak voltage of 2.0 V is applied. The light impinges on a second, fast photodiode and the amplitude of the
signal is recorded. In figure 3.6(b), the attenuation with respect to the low frequency
amplitude is plotted versus the frequency of the sine. The 3dB bandwidth is defined
as the frequency where the power drops to 1/2 of its initial value at low frequencies
√
(10 · log 12 ≈ −3.02 dB). Here, the measured amplitude decreases to 1/ 2. With
a newer version of the AOM driver the 3dB bandwidth could be increased from
33.5 kHz to 75 kHz. In the new version, the variable attenuator is replaced by a fast
four-quadrant multiplier, which greatly enhances the modulation bandwidth.
As previously mentioned, there are various heating mechanisms which limit the
achievable temperatures and lifetimes. Beside off-resonant scattering of trapping
light treated in chapter 2.1.3, fluctuations in intensity and beam position can lead
to momentum transfer to the atoms. In [Savard et al., 1997] these two noise sources
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Figure 3.6.: Step function response of the feedback loop for optimized PID settings (a).
The control time is approximately 36 µs. In (b), the 3dB bandwidth of the circuit is
measured to be 75 kHz.

are treated as a perturbation to the Hamiltonian of a trapped atom. Especially
fluctuations at twice the trapping frequency lead to exponential heating of the atoms.
The relative intensity fluctuations were measured with a second, fast photodiode and
recorded with an oscilloscope (Tektronix TDS 2024B) for different time scales. The
root-mean-square noise amplitude Anoise was measured to be 1.3 mV at a DC signal
of Asignal = 316 mV. This corresponds to a signal to noise ratio (SNR) of


SNR =
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Asignal
Anoise

2



= 20 log

Asignal
dB ≈ 59086.4 = 47.7 dB .
Anoise


4. Characterization of the optical dipole trap
For the characterization of the tunable crossed optical dipole trap, described in
chapter 3,

133

Cs atoms have been used. In contrast to lithium, the polarizability of

cesium changes in the wavelength range from 852 nm to 880 nm changes from zero
at the tune-out wavelength at 880.25 nm to very high values near the resonance of
the D2 line. Therefore, also the trapping frequency is expected to change drastically
in this range. In future experiments the trap is operated a the tune-out wavelength
of cesium. First the transfer of the

133

Cs atoms into the crossed dipole trap and

the alignment procedure is explained (cf. section 4.1). As a consistency test with
calculations, trapping frequency measurements are shown in section 4.2. In section
4.3 the ac Stark shift in the optical dipole trap for various wavelengths and beam
powers is measured and compared to theoretical calculations. In the measurements
the precooled

133

Cs atoms are loaded into the optical dipole trap at six different

wavelengths between 857.48 nm and 879.09 nm.

4.1. Transfer of

133

Cs into the dipole trap

This section outlines the experimental sequence to create an ultracold gas of

133

Cs

atom and its transfer into the optical dipole trap. The sequence described is used
for all further experiments presented in this chapter.
A schematic representation of the procedure is shown in figure 4.1. Details of the
experimental setup can be found in [Repp, 2013]. The experimental sequence starts
with the loading of the Cs magneto optical trap (MOT) for 1 s. The atoms emerge
from the double-species oven and are decelerated in the Zeeman slower before they
are trapped in the MOT. The position in the MOT can be adjusted by an homogeneous magnetic field offset generated by magnetic field coils. During the MOT
the magnetic field gradient amounts to ∂B/∂x = ∂B/∂y = 10 G/cm in the horizontal plane and ∂B/∂z = −20 G/cm in the vertical direction. The gradient in
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the z-direction in twice as large and points into the negative z-direction. This is
due to the cylindrical symmetry and Maxwell’s equation ∇B = 0. The power of
the crossed dipole trap is set to a high value (P ≈ 1 W) during the MOT loading.
Therefore the AOM is heated and thermal effects, which decrease the fiber coupling
efficiency, are reduced (cf. section 3.3).
MOTDloadingD1000Dms
MOTDcoils

compressionD70Dms DRSCD10Dms atomsDinDODT abs.Dimage
30Dms
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time

MOTDpower
MOTDdetuning
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RamanDpolarizer
RamanDcoils
Ti:SaDpower

TOF

Figure 4.1.: Preparation sequence of cold cesium atoms and loading into the optical
dipole trap. The time axis is not to scale. A detailed description of the single steps is
given in the text.

The loading of the MOT is stopped by switching off the decelerating beams and the
magnetic field of the Zeeman slower. In order to increase the density in the MOT a
compression phase is performed. Therefore, the magnetic field gradient is increased
to 22 G/cm. At the same time the powers of the MOT beams are decreased and
the detuning from the atomic resonance is increased, thus repulsive forces due to
multiple scattering of photons are reduced. Hence the density of the atom cloud
increases and cooling to sub-Doppler temperatures is achieved. In the compressed
MOT typical temperatures of 7 µK and 4·107 Cs atoms were obtained.
As a last step to prepare an ultracold Cs cloud, degenerate Raman-sideband cooling
(DRSC) is performed [Kerman et al., 2000]. Additionally, the atoms are spin polarized in the energetically lowest spin state 62 S1/2 |F = 3, mF = 3i. The schematic
principle is shown in figure 4.2. The atoms are confined in a three dimensional
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optical lattice ("Raman lattice"). The periodic potential leads to vibrational energy levels νi with an energy spacing of Evib = ~ω. A homogeneous magnetic
field, applied by the "Raman coils", of magnitude B = Evib /gF µB , where gF is the
Landé factor and µB is the Bohr magneton, leads to degeneracy of the |mF , νi i
and |mF ± 1, νi ± 1i states. By absorption of lattice photons Raman transitions
(red) between |mF , νi i and |mF ± 1, νi ± 1i are excited. With a strong σ + polarized
laser beam ("polarizer") the cesium atoms are transferred into the 62 P3/2 |F 0 = 2i
state (blue). The atoms spontaneously decay back into the F=3 manifold (green).
Thereby the magnetic quantum number changes by mF = 0, +1, +2. During one
pumping cycle the vibrational quantum number νi is not changed, since we are in the
Lamb-Dicke regime. Therefore, the atom ends up either in the |mF , νi i, |mF + 1, νi i
or |mF + 2, νi i state. Eventually, after several cycles, the atoms are pumped into
the dark states |mF = 3, νi = 0i, |mF = 3, νi = 1i and |mF = 2, νi = 0i. A weak
π polarized component (blue) of the polarizing laser beam finally pumps the atoms
in their energetically lowest state |mF = 3, νi = 0i. Eventually, we end up with
1.2 · 107 atoms with a temperature of approximately 1.5 µK.
F′ = 2
σ+

π

F=3

EZee
mF = 1

mF = 2

ν=3
ν=2
ν=1
ν=0
mF = 3

Figure 4.2.: Schematic principle of degenerate Raman-sideband cooling. A homogeneous
magnetic field leads to a Zeeman shift EZee and thus to degeneracy of the |mF , νi i and
|mF ± 1, νi ± 1i states. The atoms can be transferred between these states by Raman
transitions (red) with ∆mF = ±1 and ∆ν = ±1. Optical pumping via the 62 P3/2 |F 0 = 2i
state (blue) reduces the vibrational and magnetic quantum number. After several cycles, the atoms are pumped into the energetically lowest state 62 S1/2 |F = 3, mF = 3i.
Illustration taken from [Repp, 2013].

During the degenerate Raman-sideband cooling, the power of the crossed optical
dipole trap (crossing angle 90◦ and beam waist of w0 ≈ 60 µm, details see chapter
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3) is ramped up within 3 ms to an effective trap depth of 6.7 to 7.8 kB µK. Depending
on the wavelength the beam power ranged from 10 mW (λ = 857.48 nm) to 440 mW
(λ = 879.09 nm). The ramp up starts 5 ms seconds before the end of the Raman
cooling. Effective loading was also possible when ramping up the trap beams already
during the compression phase. When transferring the atoms at higher beam powers,
the atoms were also trapped along the "arms" of the crossed dipole trap. The effective
trap depth of approx. 7 kB µK is also consistent with the temperature of the atoms
after the Raman sideband cooling of 1.5 µK. In order to keep the cesium atoms spin
polarized in the mF = 3 state, a small magnetic field, generated by the Raman coils,
is left on. Now various experiments in the optical dipole trap can be performed (cf.
the following sections of this chapter).
At the end of each experimental cycle all magnetic fields were switched off and
the atoms were released from the optical dipole trap (except for the ac Stark shift
measurements presented in section 4.3). After a time of flight (TOF) the atom cloud
was probed via absorption imaging [Ketterle et al., 1999] in the x-y- and x-z-plane
(definition see figure 3.3). Therefore, three images were taken: an absorption image,
a division image and a background image. From these three images, the optical
density of the atom cloud could be deduced. From Gaussian fits to the absorption
profile, the atom number and peak density can be extracted.
Influence of the radiation pressure
The alignment of the trapping beams of the optical dipole trap were optimized in
multiple steps on the atom cloud. First, the beams were aligned coarsely, using
the two turning mirrors, with help of masks for defined angles which were placed
on the viewports. The absorption images were used to optimize the first trapping
beam onto the Raman cooled cesium cloud. Here the atom number and peak optical
density were maximized. The position of the f = 500 mm focusing lens was optimized
as following: the cloud was observed for various holdtimes of up to 500 ms. The
axial focus position was optimized such that the atoms remained at the position of
the Raman cooled atom cloud before transfer into the ODT.
However, this procedure proofed to be misleading. Due to the large light pressure of
the near resonant trapping light, the atoms were pushed along the beam direction
and therefore out of the focal position. In order to estimate the shift of the atom
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cloud we have to include the radiation pressure in the trapping potential. The force
is provoked by the absorption and spontaneous emission of dipole trap photons.
Each photon transfers a momentum of ~k onto the atom. Therefore, the force due
to radiation pressure can be calculated by [Weidemüller and Zimmermann, 2009]
Frad (r) = ~ k Γsc (r)

(4.1)

where Γsc is the scattering rate of photons from the trapping beams calculated from
equation (2.15). The radiation pressure force points in the same direction as the
beam propagation direction. To estimate the shift of the equilibrium position of the
atoms, we take a closer look on the total potential. This potential is an addition
of the dipole potential Udip and the potential due to the radiation pressure force
Urad . For the calculation a single beam, traveling in x-direction, with a beam waist
of 60 µm was assumed. The potential was obtained by one dimensional integration
of Frad = −∇Urad . The combined potential for wavelengths in the interesting range
between 857.48 nm to 879.09 nm is plotted in figure 4.3(a) for a beam power of 1 W.
The position of the potential minimum depends on the laser wavelength. Since
both, the radiation pressure and the trapping force scale with the beam power,
the equilibrium position is independent on the laser intensity. In figure 4.3(b) the
position of the potential minimum is plotted versus the wavelength. The shift is
in the range of a one to a few mm. A minimum shift of 0.8 mm is observed for a
wavelength of 867.3 nm. The shift diverges at the resonance, since the radiation
pressure scales with 1/∆2 compared to the force which only scales with 1/∆. The
same argument holds for the divergence at the tune-out wavelength. Here, the
dipole potential drops to zero while the radiation pressure force has a finite value.
Therefore, the atoms are pushed out along the beam direction. This effect has to be
taken into account even when operating at the cesium tune-out wavelength, since
it leads to a shift of the cesium cloud with respect to the lithium atoms. In a
crossed dipole trap the effect is expected to be much smaller. However, it has to be
considered for future experiments.
Since the equilibrium position of the atoms after a long holdtime is not a good
indication of the focal position, the trapping frequency in the vertical direction was
used to optimize the focal spot. The radiation pressure only affects the trapping
potential in the horizontal x-y-plane and has no influence in the vertical direction.
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Figure 4.3.: Potential of a single beam dipole trap including the radiation pressure
force (a). The total potential is plotted along the beam direction for six different laser
wavelengths from 857.48 nm to 879.09 nm, a power of 1 W and a beam waist of 60 µm. In
(b) the shift of the potential minimum is plotted versus the wavelength. As explained in
the text, the shift is independent of the beam power. The shift is in the order of 0.8 mm
to a few mm.

The maximal trapping frequency in z-direction is measured, when the focal points
of both trapping beams overlap. Therefore, the focusing lens was adjusted in order
to obtain a maximal trapping frequency (measurements see section 4.2). The same
procedure was used to adjust the returning beam. Using the last mirror, the second
beam was overlapped with the first one. Again, the atom number and peak optical
density was maximized. The polarization of the returning beam was fine tuned with
a λ/2 waveplate (cf. figure 3.2) to obtain maximal lifetimes in the optical dipole
trap.
The atoms trapped in the crossed dipole trap are shown in figure 4.4. Here, the
optical density (in false colors) obtained from an absorption image after a time of
flight of 2 ms is plotted. The effective pixel size is in the order of 7.84 µm × 18.4 µm1
[Repp, 2013]. With this procedure approximately 1 · 104 cesium atoms have been
transferred into the dipole trap for all wavelengths. This corresponds to a transfer
1

The magnification of the camera system was not re-calibrated after the move to the new institute.
Therefore, the actual pixel size might be slightly different. The given value of 7.84 µm × 18.4 µm
should only give the order of magnitude of the cloud extension.
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Figure 4.4.: Cesium atoms trapped in the crossed optical dipole trap. The dipole trap was
operated at a wavelength of 868.15 nm and a power of 48 mW per beam. The absorption
image was taken 2 ms after the trap was switched off. The image shows a cloud of 9.4 · 103
cesium atoms. The effective pixel size is 7.84 µm × 18.4 µm [Repp, 2013].

efficiency from the degenerate Raman-cooling of 0.8 %. The small loading rate is
due to the small volume of the optical dipole trap.

4.2. Trapping frequencies
The measurement of the trapping frequencies is an important characterization of an
optical dipole trap. They serve e.g. to compute collision times, phase space densities
and the Fermi temperature TF of a fermionic gas. Therefore, a consistency check
with theoretical calculations is necessary for further experiments. In the harmonic
approximation, where it is assumed, that the temperature of the gas is much lower
than the depth of the potential kB T  U0 , the trap shape can be deduced from
trapping frequency measurements. Hence, they serve to estimate the alignment of
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the beams and can be used to adjust the focus spot of the two beams as explained
in section 4.1.
There are different methods of determining the trapping frequency. One possibility
is to cause losses by parametric heating [Savard et al., 1997]. For this, the laser
intensity is modulated with a certain frequency. When the modulation frequency
is twice the trapping frequency, the momentum transfer from the moving potential
walls is maximized and exponential heating is observed. The trapping frequencies
correspond to loss maxima in atom number scans over the modulation frequency.
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Figure 4.5.: Principle of the trapping frequency measurements. The atoms are loaded
into the optical potential (dark blue line). Suddenly the laser intensity is increased (blue
line). Due to the gravitational potential, the potential minimum is shifted upwards and
the atoms begin to oscillate in the new trapping potential.

In our case the trapping frequencies are determined by direct excitation of mechanical motion (the dipole mode) of the atoms in the dipole trap. The principle is
depicted in figure 4.5. The atoms are loaded into the trap at a low trap depth (dark
blue line). Suddenly the laser intensity is ramped up non-adiabatically (blue line).
Since the gravitational potential breaks the symmetry in the vertical direction, the
potential minimum is shifted upwards and the atoms start to oscillate in the new
trapping potential. This shift is in the order of 10 µm which is in agreement with
the measured data in figure 4.6. In the vicinity of the trap center the potential can
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be approximated by a harmonic potential and therefore the atoms start an oscillatory motion with z(t) = z0 sin(ωtrap t). Now the center position of the atom cloud
is recorded for various delay times after the excitation. From this the trapping
frequency can be determined.
In our experimental sequence the atoms were loaded into the crossed dipole trap
as described in chapter 4.1. The trap depth was held constant for 100 ms in order
to let the atoms equilibrate. Then the beam power was suddenly increased. After
a holdtime of 0.2 ms to 15 ms the optical dipole trap was switched off and 2 ms
later an absorption image was recorded. A typical measurement of the trapping
frequency in vertical direction is shown in figure 4.6. A damped sine of form z(t) =




z0 + A exp − τt sin(ω(t − t0 )) was fitted to the data.
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Figure 4.6.: Measurement of the trapping frequency in vertical direction. The trap
parameters are: λ = 873.18 nm and P = 200 mW. A damped sine with a frequency of
196 Hz was fitted to the data.

The trapping frequency in the vertical direction was measured for six different wavelengths (857.48 nm, 862.49 nm, 868.15 nm, 873.87 nm, 876.18 nm and 879.09 nm)
and various beam powers. The position of the two focusing lenses was only optimized
once in order to obtain the maximal trapping frequency. In all measurements the
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position was kept fix. The data are plotted in figure 4.7(a). According to equation
(2.22) the trapping frequency in the vertical direction is given by

ωz (ω, w0 , P ) = 2πνz (ω, w0 , P ) = 4

v
u
u
t

√
− 2 10 c Re[α(ω)] P
.
π mCs
w02

(4.2)

Here it was assumed, that the beam waist w0 is equal in both radial directions
and the same for both trapping beams. Besides, the beam power and the beam
waist the trapping frequency depends on the wavelength through the wavelengthdependent atomic polarizability α(ω). In order to compare the trapping frequency
measurements for the different wavelengths, the values are scaled by
νscaled =

√
1 P
! =
r
.
1
Re[α(λ)]
2π w02
2 0 c
4 − π mCs
ν

(4.3)

By this scaling the scaled trapping frequency is only dependent on the beam power P
and the beam waist w0 and does not depend on the wavelength any more. Therefore,
all data points can be plotted
into one graph and directly compared. The unit of
q
kg
the scaled frequency is m2 s3 .
Additionally, the trap frequency is plotted versus the laser wavelength (cf. figure
4.7(b)). Here the experimental data were scaled by

νscaled =

ν
 q

4

P
πmCs



1
=
2π

q

− 2 10 c Re[α(ω)]
w02

,

(4.4)

which are only dependent on the polarizability and on the waist of the trapping
√

beams. The unit of this scaled frequency is

s
.
m

The dashed curves represent theo-

retical curves for a beam waist of w0 = 62 µm, 69 µm and 72 µm.
By fitting a function of form νscaled =

√
1
P
2π w02

to all data points shown in figure 4.7(a),

the focal spot size w0 can be determined. For all wavelengths together a beam
waist of w0 = 69.1 ± 0.6 µm was extracted. This is a bit off from the value of
approx. 59.7 µm to 62.6 µm measured in the test setup (cf. table 3.1). On the other
hand, the determination of the beam waist is very critical on the alignment and the
overlap of the two crossed beams of the dipole trap. In the fitting function, perfect
vertical and horizontal overlap of the two beams is assumed. Additionally, we can
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Figure 4.7.: Scaled trapping frequency measurements versus beam power (a) and laser
wavelength
(b). In (a) the measured trapping frequencies are scaled by νscaled =
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1
retical curves for 2π
− 2 10 c Re[α(ω)]/w02 with w0 = 62 µm, 69 µm and 72 µm are shown.
The error bars in both plots represent the 95% confidence interval of the damped sine fit.
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not distinguish different focal spot sizes of the first and second beam as well as a
elliptic beam profile by these measurements. Therefore, the fitted beam waist is a
"mean" beam waist2 .
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Figure 4.8.: Fitted beam waist versus wavelength. The beam waist extracted from the
trapping frequency measurements drops with increasing wavelength. The beam waist
ranges from 61.9 µm at λ = 876.18 nm to 72.7 µm at λ = 862.49 nm. The error bars
represent the uncertainty in w0 of the fit.

However, the measurement in the test setup was performed at the tune-out wavelength of 880.25 nm. By fitting the trapping frequencies for each wavelength separately, the beam waist dependence on the wavelength can be mapped out. The
fitted focal spot size in dependence of the laser wavelength is depicted in figure 4.8.
The measured beam waist tends to decrease with increasing wavelength (except for
λ = 862.49 nm). The maximum size was determined to be 72.7 ± 1.2µm measured
at a wavelength of λ = 862.49 nm, whereas the minimal value of 61.9 ± 0.4µm was
obtained at λ = 876.18 nm. As the trapping frequency cannot be measured at the
tune-out wavelength (no trapping potential for cesium), we cannot directly compare
these values with the direct measurements of the beam waist from section 3.2. However, these data seem to be consistent with the expected values from the test setup,
taking into account the negative trend. The change of the fitted beam waist might
2

2
2
), where w0,1 and w0,1 are
Precisely the fitted value corresponds to 1/w02 = 1/(2w0,1
) + 1/(2w0,2
the beam waists of the first and second beam, respectively.
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be due to chromatic effects in the focusing optics. On the one hand the chromatic
aberrations of the lenses lead to a shift of the focal spots. Since the position of the
two focusing lenses was not re-adjusted for each wavelength, the crossing point of
the two laser beams is not necessarily at the focal spot of both beams. On the other
hand the change in the wavelength can directly cause a change in the beam waist
of both trapping beams.

4.3. ac Stark shift
In the following, the measurements of the differential ac Stark shift of the Cs
62 S1/2 → 62 P3/2 transition are presented. The measurement was performed for
wavelengths ranging from 857.48 nm to 879.09 nm and powers, depending on the
wavelength, of 10 mW to 1 W of the trapping light. For the differential ac Stark
shift measurements 133 Cs atoms were transfered into the dipole trap as described in
chapter 4.1. Directly after loading, the beam power was ramped up to the desired
value within 300 ms. The Cs atoms were held for 98 ms in the dipole trap and then
an in situ absorption image of the trapped cesium image was recorded. For this, the
small magnetic field in vertical direction is switched off 10 ms prior to the imaging
sequence. In this sequence the repumper is shone in for 80 µs and transfers the
atoms in the 62 S1/2 , F = 4 state. 20 µs later the imaging pulse with a duration of
10 µs probes the atom cloud inside the optical dipole trap. The image was taken in
the horizontal plane with an angle of 17◦ with respect to the second trapping beam
(see figure 3.3). The frequency of the imaging beam was scanned in 40 steps by ±
10 MHz (± 1.9 Γ) with respect to the unperturbed atomic resonance position. In
order to calibrate the frequency, a reference spectrum was recorded for atoms after
release from the optical dipole trap (ODT). Therefore, the ODT was switched off
4 ms before the absorption image was taken.
A typical absorption image is shown in figure 4.9. In order to suppress fringes and
thus improve the quality of the images a fringe removal algorithm [Ockeloen et al.,
2010] was used in post processing, which is convenient for low atom numbers.
In figure 4.10, the optical density in the trap center is plotted versus the detuning
of the absorption light. Only the optical density of the center pixel was considered
and thus we can extract the ac Stark shift of the atoms in the trap center, which
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Figure 4.9.: In situ absorption image of trapped 133 Cs atoms. The trap was operated at
a wavelength of λ = 873.87 nm and a power of 75 mW. The imaging beam was detuned
by 0.6 MHz with respect to the atomic resonance.

is expected to be the maximal shift. The data show the absorption spectra for a
wavelength of λ = 873.87 nm and trapping powers ranging from 75 mW to 500 mW.
Beside the shift in the peak position of the absorption spectra a broadening, compared to the natural linewidth of the D2 -line of 5.2 MHz, can be observed. This can
be either explained by several allowed imaging transitions experiencing different ac
Stark shifts or by probing of atoms away from the trap center. These atoms "observe" a lower light intensity and therefore exhibit a smaller shift in the transition
wavelength.
From the data in figure 4.10 the peak of the absorption spectrum was determined
by fitting a Lorentzian distribution. This shift corresponds to the differential ac
Stark shift (cf. section 2.3) of the atoms in the center of the trap. By plotting the
shift versus the laser power (figure 4.11) the expected linear behavior of the ac Stark
shift is observed. From a fit, the differential ac Stark shift per laser power can be
determined.
This measurement was performed for 6 different wavelengths in the range from
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Figure 4.10.: ac Stark shift measurements for λ = 873.87 nm and powers ranging from
75 mW to 500 mW. The optical density in the trap center is plotted versus the detuning of
the absorption light. The peak position was determined by fitting a Lorentzian distribution
(red) to the absorption spectra.
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Figure 4.11.: ac Stark shift versus laser power per beam for a wavelength of λ =
873.87 nm. The red line represents a linear fit to the datapoints with a slope of
12.8 kHz/mW. The error bars describe the uncertainty (95% confidence interval) in the
peak position of the fitted Lorentzian distribution in figure 4.10.

857.48 nm to 879.09 nm. For each wavelength the ac Stark shift per laser power is
extracted by a linear fit as shown in figure 4.11. This shift can now be plotted versus
the laser wavelength together with theoretical calculations (cf. figure 4.12) of the
differential ac Stark shift for transitions 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5, |mF 0 | =
0, ..., 53 . The values were calculated using formula (2.33) and the polarizability terms
according to equation (2.37) and (2.39). The intensity was calculated by assuming
a beam waist of 69.1 µm as obtained in section 4.2.
In figure 4.12 the measured shift and the calculations of the differential ac Stark
shift for transitions between 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5 are depicted.
Possible reasons for the discrepancy are systematic errors in the measurement procedure. The photodiode was calibrated for each wavelength using a commercial power
3

The 62 S1/2 , F = 4, mF states are degenerate since the ac Stark shift in the ground state does
not depend on mF as explained in chapter 2.3 and since the magnetic fields were switched off
before imaging.
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Figure 4.12.: Differential ac Stark shift versus laser wavelength. The measured peak
shifts were converted into a shift per laser power by a linear fit as shown in figure 4.11.
The error bars represent one standard deviation of the linear fit. The curves describe
theoretical calculations of the differential ac Stark shift for transitions 62 S1/2 , F = 4 →
62 P3/2 , F 0 = 5, |mF 0 | = 0, ..., 5. For the calculation a beam waist of 69.1 µm was assumed.

meter (Coherent FieldMaxII-TO, uncertainty ±1% and Sensor Coherent PM10V1,
uncertainty ±1%). The power was measured after the first beam passes through
the chamber, thus the power in the first beam is slightly higher than in the second
beam due to losses in the optical elements. In the experimental sequence, the beam
power can be well controlled by the intensity stabilization. However, this uncertainty of approximately ±2% cannot explain the discrepancy. The uncertainty in
the laser wavelength can be neglected, since it was monitored with an wavemeter
(HighFinesse WS7) with an absolute accuracy of 60 MHz.
For the calculation of the ac Stark shift the intensity in the trap center has to be well
known. Therefore, the measured beam waist of 69.1 µm (cf. section 4.2) was used in
the calculation. However a wavelength dependency of the beam waist was observed
as shown in figure 4.8. The uncertainty of ∆w0 = 69.1 µm − 61.9 µm = 7.2 µm leads
to a relative uncertainty of 21% in the calculations of the ac Stark shift.
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Open questions remain for the polarization of the trapping light. In the trap center
the two trapping beams with crossed linear polarizations overlap which leads to an
elliptic polarization at the position of the atoms. The magnetic field was switched
off prior to the imaging sequence. Therefore, the 62 S1/2 , F = 4, mF states are
degenerate and the atoms are pumped by the repumper in all mF sublevels. In the
subsequent absorption imaging transitions to several mF 0 states of the 62 P3/2 , F 0 = 5
level are possible, which also manifests in the broadening of the absorption spectra
observed in figure 4.10. Additionally the polarization of the σ + imaging light has to
be projected on the quantization axis. One possibility is the concept of the Wigner
D-matrices [Auzinsh et al., 2010], which correspond to the quantum mechanical
rotation-matrices. However, this is beyond the scope of this work.
For future measurements of the differential ac Stark shift the following changes
to the experimental configuration and sequence are suggested. The measurement
should be performed in a single beam trap with a linear polarization along the
magnetic field axis (z-axis), a small magnetic field should be applied also during
the imaging sequence and the in situ absorption image should be taken along the
z-direction with a right circular polarized beam. In an external magnetic field the
degeneracy in the 62 S1/2 , F = 4, mF states is lifted and therefore the atoms can
be optically pumped with the repumper into the stretched F = 4, mF = 4 state.
In the imaging only the transition to the excited F 0 = 5, mF 0 = 5 state is allowed,
which significantly simplifies the analysis of the measured shifts and comparison to
theoretical calculations.

4.4. Extrapolation to a tune-out wavelength trap
In the previous sections the tunable dipole trap was characterized using 133 Cs atoms.
In order to investigate the wavelength dependence of the trapping frequency and the
ac Stark shift, the laser wavelength was tuned in the range between 857.48 nm and
879.09 nm. However, in future experiments the trap will be operated at the cesium
tune-out wavelength. With the cesium atoms the exact properties of the dipole
traps at the tune-out wavelength can not be measured, since it does not create an
attractive trapping potential at this wavelength. From the measurements we can
extrapolate the characteristics of the tune-out wavelength trap. For this we assume
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a beam waist of 60 µm at the tune-out wavelength of 880.25 nm (cf. figure 4.8).
In a later measurement, using lithium atoms, the trap can be fully characterized.
This was not possible, because, without the high power trap, the Li atoms cannot
be cooled evaporatively and thus they are not cold enough to be loaded into the
tunable dipole trap.
In case of cesium, the tune-out wavelength trap does not create a potential, but
increases the heating rate due to off-resonant scattering of trapping light. The
expected scattering rates Γsc , recoil temperatures Trec and maximal heating rates in
the trap center at the tune-out wavelength for both species are listed in table 4.1.
species
6

Li

133

Cs

scattering rate Γsc

recoil temperature Trec

heating rate

0.11 s−1

2.05 µK

77 nK/s

55 s−1

93 nK

1.7 µK/s

Table 4.1.: Scattering rates Γsc , recoil temperatures Trec and heating rates for 6 Li and
133 Cs at the tune-out wavelength λ = 880.25 nm. The scattering rate and heating rate is
calculated for a beam waist of 60 µm and a power of 1 W per beam and scales linearly
with the power.

For lithium, the tune-out wavelength trap increases the potential by up to 40 kB µK
(1.3 W per beam and 60 µm waist), which corresponds to an effective trap depth of
20 kB µK. However, due to the different crossing angle of the tune-out wavelength
trap and the high power trap, the potential shape is different for both species. The
tune-out trap was designed with a crossing angle of 90◦ and thus shows a symmetric
profile in the x-y-plane. The high power trap in contrast, has only a small crossing
angle of 8.4◦ and features an elongated shape. The potentials for lithium and cesium
in the combined traps (Phigh

power

= 0.9 W, Ptune−out = 1.3 W) are shown in figures

4.13(a)-(b). Profiles of the respective potentials can be found in figures 4.13(c)-(e).
Especially in the y-direction (the long axis of the high power trap) the potentials
for lithium and cesium differ substantially. Due to the configuration of the tuneout wavelength trap the lithium atoms are much more confined in this direction
compared to the cesium atoms.
The expected trapping frequencies for lithium for different beam powers are represented in figure 4.14. By measuring the lithium trapping frequencies in the tune-out
wavelength trap, the beam waist at 880.25 nm can be determined accurately. Al-
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Figure 4.13.: Trapping potentials for lithium (a) and cesium (b) in the combined tuneout and high power traps for Phigh power = 0.9 W and Ptune−out = 1.3 W. (c)-(e) show
profiles along the x-, y- and z-direction.

ternatively also the change in the trapping frequency by adding the tune-out trap
to the high power trap can be determined. In future experiments it is planned to
directly overlap the tunable dipole trap with the high power trap. Therefore, the
spatial distribution of the lithium and cesium clouds will be similar. Additionally,
the elongated shape of the high power trap leads to a larger trapping volume and
thus larger atom numbers.
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Figure 4.14.: Expected trapping frequencies versus the power for lithium at the cesium
tune-out wavelength λ = 880.25 nm and a beam waist of 60 µm. The trapping frequencies
ωx and ωy in the two horizontal directions are equal.
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5. Conclusion and Outlook
In the course if this thesis a tunable optical dipole trap was designed, implemented
and characterized. Due to the challenges in trapping of double species mixtures,
as for example a difference in polarizability or mass, species selective control of
the trapping geometry is crucial. The main purpose of the tunable dipole trap is
to individually manipulate the trapping potentials of Li and Cs by combination
with the high power dipole trap at 1070 nm. The introduced setup allows to solely
increase the potential depth for lithium, while introducing only minor effects on
cesium. Based on the calculations of the trapping potentials, the tunable dipole
trap was designed for a beam waist of 60 µm and a crossing angle of 90◦ . With
a maximum power of 1.3 W per beam, this dipole trap generates an additional
effective potential of 20 µK for lithium. Therefore, it is possible to equilibrate the
trap depth for lithium and cesium.
As a first step in the experimental setup a commercial titanium sapphire laser system, featuring a large wavelength tuning range and adequate output powers around
the tune-out wavelength of λ = 880.25 nm, was put into operation. Moreover, an
intensity control and stabilization was realized, which showed a low signal to noise
ratio of 47.7 dB.
Although the trap was designed to trap lithium, it was characterized with cesium
atoms by loading 1 · 104 atoms from a Raman cooled cloud. Care had to be taken
in the alignment of the trapping beam due to the non-negligible radiation pressure
force. The trapping frequency dependence of the laser wavelength was investigated
by observing trapped atom oscillations in the created potential. The wavelength
dependence of the beam waist was also extracted from these measurements. At a
wavelength of λ = 876.18 nm a beam waist of 61.9 µm was obtained whereas at
λ = 862.49 nm it accounted to 72.7 µm.
Additionally, measurements of the differential ac Stark shift were performed by in
situ absorption imaging of trapped cesium atoms and compared to theoretical calcu-
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lations. The observed shifts in the transition frequency were in the range of 0.5 MHz
to 9 MHz. A simple model was able to qualitatively reproduce the observed differential ac Stark shift dependence on the wavelength. In order to facilitate the analysis
of the measured data and the comparison to theoretical calculations, changes to the
experimental sequence and configuration are suggested. Most prominently, a small
magnetic field would lift the degeneracy of the mF sublevels and would ensure a well
defined imaging transition. Moreover, experiments in a single beam trap would lead
to a well defined polarization of the trapping beam, thus reducing the number of
experimental parameters that need to be taken into account and therefore greatly
simplifying the calculation of the full atom-light interaction that is necessary for
proper description.
In future experiments, the tunable dipole trap will be operated at the tune-out
wavelength for cesium and will only affect the lithium potential. As soon as the
high power laser system is installed again, the trap can be as well characterized at
the tune-out wavelength. As already planned, the tune-out wavelength trap will be
overlapped with the high power dipole trap [Heck, 2012] by use of dichroic mirrors
and achromatic lenses. Hence, the spatial overlap of the two dipole traps will be
optimized. Another advantage will be the bigger trapping volume due to the larger
aspect ratio of the trapping configuration with a crossing angle of 8.4◦ .
The tune-out wavelength trap offers individual control over the physical quantities,
for example, temperature and density for each species. Moreover, it allows to optimize the spatial overlap of the two atom clouds by compensating the gravitational
sag. This unique control over both species is crucial for reaching lower temperatures
in the LiCs mixture and therefore allowing to study effects such as polarons or the
Efimov trimers. Especially the two broad s-wave resonances at 843.5 G and 889.2
G [Repp et al., 2013] offer a great tunability of the interspecies interaction via the
scattering length a and might lead to the observation of a series of 133 Cs2 -6 Li Efimov
trimers.
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A. Spectroscopic properties of 6Li
D1 transition: 22 S1/2 → 22 P1/2
wavelength (vacuum)

λD1

670.992421 nm

frequency

ωD1

2π· 446.789634 THz

natural linewidth

ΓD1

2π· 5.8724 MHz

recoil temperature

Trec

3.53565256 µK

D2 transition: 22 S1/2 → 22 P3/2
wavelength (vacuum)

λD2

670.977338 nm

frequency

ωD2

2π· 446.799677 THz

natural linewidth

ΓD2

2π· 5.8724 MHz

recoil temperature

Trec

3.53581152 µK

Table A.1.: Spectroscopic Data of the 6 Li D1 (22 S1/2 → 22 P1/2 ) and D2 (22 S1/2 →
22 P3/2 ) lines. Values are taken from [Gehm, 2003].
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B. Spectroscopic properties of

133

Cs

D1 transition: 62 S1/2 → 62 P1/2
wavelength (vacuum)

λD1

894.59295986(11) nm

frequency

ωD1

2π· 335.116048807(41) THz

natural linewidth

ΓD1

2π· 4.5612(57) MHz

recoil temperature

Trec

180.05 nK

f

0.3438(13)

absorption oscillator strength

D2 transition: 62 S1/2 → 62 P3/2
wavelength (vacuum)

λD2

852.34727582(27) nm

frequency

ωD2

2π· 351.72571850(11) THz

natural linewidth

ΓD2

2π· 5.2227(66) MHz

recoil temperature

Trec

198.34 nK

f

0.7148(13)

absorption oscillator strength

Table B.1.: Spectroscopic Data of the 133 Cs D1 (62 S1/2 → 62 P1/2 ) and D2 (62 S1/2 →
62 P3/2 ) lines. Data are taken from [Steck, 2008].
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133

Cs

λ (nm)

hJ||d||J 0 i (ea0 )

62 P3/2 → 62 D3/2

921.11

1.05

62 P3/2 → 62 D5/2

917.48

3.075

62 S1/2 → 62 P1/2 *

894.59

4.489

62 P3/2 → 62 S1/2 **

852.35

3.162

62 P3/2 → 82 S1/2

794.61

0.7305

transition

Table B.2.: Transition wavelengths and reduced dipole matrix hJ||d||J 0 i elements in units
of ea0 for the calculation of the polarizability of the excited 62 P3/2 state and ground state
√
62 S1/2 of 133 Cs. The reduced matrix elements were divided by 2J + 1 to fit our definition
(cf. page 20). * is only used for the calculation of the ground state polarizability whereas
** is used in both cases. Data taken from [Arora et al., 2007].
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C. Modulation transfer spectroscopy of 6Li
In the context of this Master thesis the spectroscopy setup for the lithium laser
system was rebuilt and changed to a modulation transfer spectroscopy (MTS). The
previously used frequency modulation (FM) spectroscopy setup suffered from thermal effects in the electro-optic modulator (EOM). This led to offset drifts in the
error signal due to changes in the linear background absorption and concomitant
frequency fluctuations of the laser. Modulation transfer spectroscopy has two main
advantages in comparison to FM spectroscopy. The signal is dominated by closed
atomic transitions and it directly produces dispersive-like lineshapes with zero background. Therefore, offset drifts due to fluctuations in laser power or temperature are
nonexistent and do not affect the stability of the frequency stabilization [McCarron
et al., 2008].

C.1. Principle of modulation transfer spectroscopy
Modulation transfer spectroscopy is a Doppler-free spectroscopy technique. It consists of a pump and a probe beam, which are aligned collinearly through a vapor
cell. The pump beam is phase-modulated by an electro optic modulator (EOM) at
the modulation frequency ωm . The electric field can be written in terms of a carrier
frequency ωc and several sidebands separated by ωm [McCarron et al., 2008]

E =E0 sin (ωc t + δ sin (ωm t))
=E0

(∞
X
n=0

Jn (δ) sin(ωc + nωm )t +

∞
X

)
n

(−1) Jn (δ) sin(ωc − nωm )t

,

(C.1)

n=1

where δ is the modulation index and usually δ < 1 and Jn (δ) are the Bessel functions.
The counter propagating probe beam interacts with the pump beam and the lithium
atoms. Here, a four-wave mixing process generates sidebands on the probe beam,
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because the probe beam is mixed with the a sideband ωc ± ωm of the pump beam
and the pump beam ωc itself. The beat signal between the sidebands and the
carrier frequency of the probe beam is measured on a photodiode. From third-order
perturbation theory the beat signal S(ωm ) can be calculated [Camy et al., 1982;
McCarron et al., 2008]

∞
X
C
S(ωm ) = q
Jn (δ)Jn−1 (δ)
2 n=−∞
Γ2 + ωm

× [(L(n+1)/2 + L(n−2)/2 ) cos(ωm t + φ)

(C.2)

+ (D(n+1)/2 + D(n−2)/2 ) sin(ωm t + φ)] ,
with

Γ2
,
Γ2 + (∆ − nωm )2
Γ(∆ − nωm )
=
,
2
Γ + (∆ − nωm )2

Ln =

(C.3)

Dn

(C.4)

where ∆ = ω − ω0 is the detuning from the atomic resonance, Γ is the natural
linewidth and φ is the phase shift between detector signal and modulation signal
applied in the EOM. The cosine term in equation (C.2) represents the in-phase component, whereas the quadrature component is given by the sine term. To obtain a
suitable error signal for laser locking the signal is demodulated with a FM module
(electronics workshop A368M), where the detected signal is mixed with the modulation signal ωm at a phase sensitive detector. A detailed setup of the feedback loop
can be found in [Schmidt, 2011].
The level scheme of 6 Li is shown in figure C.1. As in the previous FM spectroscopy,
the Toptica TA Pro 671 is locked 166 MHz below the 22 S1/2 , F = 1/2 → 22 P3/2
transition. During the compression phase of the magneto optical trap (MOT) the
detuning of the laser is decreased to -125 MHz. The MOT cooler is shifted by 108 MHz and the repumper by +120 MHz with two acousto-optic modulators (AOM)
in single-pass configuration. This corresponds to a detuning of 46 MHz during MOT
loading and 5 MHz in the compression phase. In order to achieve the right frequency,
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22P1/2

Figure C.1.: Level structure of 6 Li and lock point of the lithium laser system. The laser
is locked 166 MHz below the 22 S1/2 , F = 1/2 → 22 P3/2 transition. During the MOT
compression phase the detuning is lowered to 125 MHz. Values taken from [Gehm, 2003].

the double-pass AOM in the spectroscopy setup (cf. figure C.2) has to increase the
light frequency by +166 MHz (+125 MHz).

C.2. Optical setup
The setup for modulation transfer spectroscopy is similar to the setup for the two
Cs laser systems described in [Schmidt, 2011] and [Schönhals, 2013]. A schematic
sketch of the setup can be found in figure C.2. 1.3 mW from the Toptica TA
pro 671 is delivered through a fiber to the spectroscopy setup. The light passes a
polarizing beam splitter (PBS) and an AOM in double-pass configuration, which
allows to change the frequency in the AOM without displacement of the beam. In
order to achieve higher deflection efficiencies the light is not focused in the AOM.
A f = 125 mm lens is placed such that its back focal point lies inside the AOM

67

C. Modulation transfer spectroscopy of 6 Li

mirror

fiberncoupler

λ/4nwaveplate

AOM
photodiode

λ/2nwaveplate

aperture

lens

PBS

f
+125
0thnnnnnn1stnorder
f

+40

TAnpron671

+500

EOM
6Lincell

pump

0thnn1stnorder

probe

Figure C.2.: Schematic setup of the 6 Li spectroscopy. The frequency of the light is shifted
by an AOM in a double-pass configuration by +166 MHz (+120 MHz). The beam is split
into a pump, which is phase-modulated by an EOM at a frequency of ωm = 5.85 MHz,
and a probe beam. The two beams are overlapped in the vapor cell and the modulation
is transferred onto the probe beam, which is detected on a fast photodiode.

and the focus on the surface of the mirror. The first order beam from the AOM
is refracted parallel to the optical axis and focused onto the mirror. The reflected
beam is recollimated by the lens and bend in the direction of the AOM. By this
configuration, the reflected beam coincides with the first beam independently on
the frequency (and thus the deflection angle) of the AOM. In total a double-pass
efficiency of 45% was achieved for all driving frequencies.
Now the beam is split into two parts, the pump and the probe beam, with a polarizing beam splitter. Best spectroscopy signals were obtained with a pump beam
of 402 µW and a probe of 38 µW. The pump beam is phase-modulated with an
electro-optic modulator (EOM) at a frequency of ωm = 5.85 MHz. The modulation
amplitude and frequency was optimized for maximum peak-to-peak voltage and
slope of the error signal. According to McCarron et al. [McCarron et al., 2008] a
modulation frequency of ωm ' ΓD2 yields maximum error signals. After passing the
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EOM, the pump beam is slightly focused into the Li cell with a f = 500 mm lens.
After mixing with the pump beam in the lithium spectroscopy cell, the probe beam
is detected on a fast photodiode (Hamamatsu S5972, amplifier electronics workshop
V-179).
The modulation frequency for the EOM is generated by a FM-module (electronics workshop A368M) and amplified by a rf-amplifier (electronics workshop V177).
Inside the FM-module the AC signal from the photodiode, which is amplified by
+48 dB (MiniCircuits ZFL-500LN and ZFL-500), is compared to the modulation
signal at a phase sensitive detector. The low frequency output is applied to the input
of a PID controller, which controls the feedforward of the laser. An additional high
frequency output can be used to directly modulate the current of the laser diode
[Schmidt, 2011].
Since lithium is solid at room temperature, the 6 Li vapor cell has to be heated to
330◦ C. In the cell enriched 6 Li was used (95% 6 Li and 5% 7 Li). A detailed setup of
the spectroscopy cell can be found in [Müller, 2011].

C.3. Spectroscopy signal
A typical modulation transfer spectroscopy signal of the 6 Li D2 -line is shown in figure
C.3. The laser is scanned over a frequency range of 800 MHz by modulating the
diode current and the voltage at the piezo actuator. The spectrum shows peaks for
the two transitions from 22 S1/2 , F = 1/2, 3/2 → 22 P3/2 and a crossover signature
(X). By adjusting the phase between the modulation and photodiode signal, the
crossover contribution can be changed to a dispersive-like lineshape.
The peak-to-peak voltage of the F = 1/2 signal is 1.78 V and has a slope of
218 mV/MHz. The F = 3/2 signal has an amplitude of 2.20 V and a gradient
of 550 mV/MHz. Additionally to the three peaks from the 6 Li spectrum two small
peaks are visible. The peak close to the right edge of the F = 1/2 signature stems
from the 22 S1/2 , F = 2 → 22 P3/2 , F = 1 transition in 7 Li [Windholz, 1995]. The
contribution in the left part of figure C.3 is a crossover contribution of the D1 line
in 7 Li.
Stable frequency locking over several hours on the F = 1/2 could be proved. By
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Figure C.3.: Typical modulation transfer spectroscopy signal of the 6 Li D2 -line. The
spectrum shows the two transitions from 22 S1/2 , F = 1/2, 3/3 → 22 P3/2 and a crossover
signature (X). Two additional small peaks due to the small abundance of 7 Li are visible.

optimizing the parameters of the PID controller a control response time of approximately 500 µs has been achieved.
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