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ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit wurde ein Apparat zum Kiihlen und Fan-
gen von Lithium- und Rubidiumatomen aufgebaut. Dies ist Teil eines
neuen Doppelelement-Rydberg Experiments mit ultrakalten Quanten-
gasen. Heutzutage werden mit kalten und ultrakalten Quantenga-
sen Fragestellungen zur Bose-Hubbard-Physik [1, 2], zu Quantensys-
temen im Nichtgleichgewicht [3] und zu dipolare Vielteilchensyste-
men [4] untersucht. Ein physikalisches System, welches in den letzten
Jahren betrachtliche Aufmerksamkeit erfahren hat, sind Rydbergato-
me in ultrakalten Quantengasen. Bei Rydbergatomen befindet sich
mindestens ein Elektron in einem hoch angeregten Zustand. Durch
die hohe Anregung sind Rydbergatome sehr grof3. Bei einer Haupt-
quantenzahl des Rydbergelektrons von n = 200 besitzt das Atom die
etwa 40.000-fache Grofse des Grundzustandsatoms. Dadurch besitzen
Rydbergatome eine hohe Polarisierbarkeit, welche mit n” skaliert und
sie stark untereinander und mit ihrer Umgebung wechselwirken ldsst.
Diese Eigenschaft macht Rydbergatome zu sensitiven Sensoren, wel-
che zum Beispiel einzelne Photonen zerstdrungsfrei detektieren kon-
nen [5].

Werden Rydbergatome in einem Hintergrundgas angeregt, konnen
sich viele neutrale Atome des Hintergundgases innerhalb des Ryd-
bergorbits des Elektrons befinden und durch Streuung mit diesem
wechselwirken. Im Jahr 2000 wurden durch Greene, Dickinson und
Sadeghpour Rydbergmolekiile vorhergesagt, bei denen eine Bindung
zwischen neutralem Atom und Rydbergatom aufgrund der Streuung
des Rydbergelektrons am neutralen Atom entsteht [6]. Solche homo-
nuklearen Rydbergmolekiile wurden 2009 zum ersten Mal in Stutt-
gart von Bendkowsky u. a. in einem ultrakalten Gas aus Rubidiuma-
tomen nachgewiesen [7]. Heutzutage wurden auch Rydbergmolekiile
der Elemente Casium [8] und Strontium [9] nachgewiesen.

Diese Arbeit handelt von dem Entwurf und Aufbau essenzieller
Teile eines neuen Rydbergversuchsaufbaus, mit Hilfe dessen ultrakal-
te Rubidium- und Lithiumquantengase erzeugt werden kénnen und
welcher die Erforschung von heteronuklearen Rydbergmolekiilen er-
moglicht. Diese konnten im Gegensatz zu homonuklearen Rydberg-
molekiilen bislang noch nicht nachgewiesen werden und sollen als
Ausgangspunkt fiir weitere Experimente dienen. Unter anderem sol-
len mit Hilfe von Rydbergmolekiilen rdaumliche Korrelationen in ul-
trakalten Quantengasen untersucht werden [10]. Aufserdem eroffnet
sich die Moglichkeit mit Hilfe von D-Zustands-Rydbergmolekiilen ul-
trakalte Jon-Atom Stofie zu untersuchen. In einem schwachen magne-
tischen Feld lassen sich diese Molekiile ausrichten und durch Pho-
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toionisation ein Ion-Atom-Paar in einem definierten Anfangszustand
erzeugen. Im Rahmen dieser Arbeit wurde ein Zeemanabbremser ent-
wickelt und gebaut, der es ermdglicht, gleichzeitig schnelle Lithium-
und Rubidiumatome auf niedrige Geschwindigkeiten abzubremsen,
sodass sie in einer magneto-optischen Falle (MOT) gefangen wer-
den konnen. Die dafiir nétigen Spulen wurden simuliert und aufge-
baut. Eine weitere Vorgabe fiir das Experiment war die Moglichkeit,
hohe homogene Magnetfelder von bis zu einem Kilogaufs zu errei-
chen, um mit Hilfe von Feshbachresonanzen die Wechselwirkungs-
starke zwischen den Atomen zu variieren. Hierfiir wurden Simula-
tionen durchgefiihrt und die nétigen Spulen aufgebaut. Fiir einen
sicheren dauerhaften Betrieb wurde eine mikroprozessorgesteuerte
Temperatur- und Stromiiberwachung realisiert. Zusatzlich wurden
Spulen auf allen drei Raumachsen zur hochprizisen Kompensation
storender Streufelder, wie zum Beispiel dem Erdmagnetfeld, entwi-
ckelt und simuliert. Im spdteren Experiment sollen Rubidium und
Lithium in einer optischen Dipolfalle bis zur Quantenentartung ge-
kiihlt werden. Hierzu wurden verschiedene Fallengeometrien berech-
net und simuliert, um einen moglichst groSen Uberlagerung der bei-
den Atomwolken zu gewdhrleisten.

In Kapitel 2 dieser Arbeit werden die theoretischen Grundlagen
der Laserkiihlung und das Fangen von Atomen erklart. Hierzu wird
zundchst die Atom-Licht Wechselwirkung und der Einfluss magne-
tischer Felder auf die atomaren Zustidnde behandelt. Der Fokus des
Kapitels liegt auf der Erlauterung verschiedener Kiihimethoden. Un-
ter anderem wird der Zeemanabbremser, die MOT, optische Molas-
sekithlung und Verdampfungskiihlung in optischen Dipolfallen be-
schrieben.

Kapitel 3 handelt von dem Versuchsaufbau und Lasersystem des
Experiments. Es wird zuerst ein Uberblick tiber die Vakuumkammer
gegeben und danach detaillierter auf den Ofen und die Hauptkam-
mer eingegangen. Im Folgenden wird das zum Kiihlen und Abbilden
verwendete Lasersystem beschrieben und es werden Berechnungen
fiir eine optimale Dipolfallengeometrie vorgestellt. Die Entwicklung,
Simulation und der Aufbau des Zeemanabbremsers werden detail-
liert beschrieben und bilden den Hauptteil dieses Kapitels. Weiterhin
werden Rechnungen und Simulationen zu den MOT- und Feshbach-
spulen diskutiert. Die Spulen zur hochprazisen Kompensation von
Streufeldern werden am Ende des Kapitels vorgestellt.
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INTRODUCTION

In the past century scientists discovered a variety of new physical
effects during their quest for lower and lower temperatures. In 1911
Kamerlingh Onnes observed a sudden drop in the electrical resistiv-
ity of mercury at T = 4.3K when cooling it with liquid helium. This
was the first observation of superconductivity, an effect based on the
superfluidity of the bosonic Cooper pairs of fermionic electrons. Lig-
uid helium-4 was first produced only three years earlier and did not
only serve as a coolant, but showed interesting effects itself, e.g. in
its density around 2.2K [11]. This behavior was explained in 1938
by Kapitza [12] and independently by Allen and Misener [13] with
the occurrence of a phase transition of the bosonic helium-4 to a su-
perfluid state. Both superconductivity and superfluidity are macro-
scopic manifestations of quantum many body physics of fermions
and bosons, respectively.

These two kinds of particles behave crucially different in quan-
tum mechanics. The statistical behavior of bosons is described by
Bose-Einstein statistics and at zero temperature all bosons of a non-
interacting ensemble occupy the lowest energy state, forming a Bose-
Einstein condensate. In contrast Fermions, described by the Fermi-
Dirac statistics, occupy the available energy levels up to the Fermi en-
ergy with a maximum of one particle per level. Quantum mechanical
effects caused by the different statistics were first studied in liquid he-
lium and solid state systems. A prominent example is the BCS theory
by Bardeen, Cooper and Schrieffer [14] published in 1957, describing
type-I superconductivity.

The technological improvement of lasers and the invention of laser-
cooling lead to a new approach to ultra-cold physics: the study of di-
lute atomic gases. First attempts of laser cooling immediately achieved
temperatures of 1K for atoms slowed by a Zeeman slower [15] and
reached temperatures on the order of microkelvin in optical molas-
ses [16]. With the development of magneto optical trapping, atoms
could not only be cooled, but also trapped at temperatures well be-
low 1mK. Sub-Doppler cooling [17] opened the door to temperatures
in the low microkelvin range. However, even at such low tempera-
tures the achievable densities in the atom clouds are too low to reach
quantum degeneracy. The recoil energy of a single photon sets the
lower limit in the energy scale reached by light-based cooling tech-
niques. As a consequence evaporative cooling in magnetic traps was
developed. This allows temperatures well below 1 uK. In 1995 groups
in Boulder at the University of Colorado [18] and at MIT [19] ob-
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served the first Bose-Einstein condensation of rubidium respectively
sodium atoms. This opened the door to a new approach to explore
many body quantum physics. Quantum gases offer a high degree
of control and tunability. Interactions for example can be tuned via
Feshbach resonances and crystal-like structures can be created with
optical lattices. Today, not only alkali atoms have been cooled to de-
generacy, but also some alkaline earth metals, chromium, helium and
the three lanthanides dysprosium, erbium and ytterbium.

Today, cold and ultracold quantum gases are employed to study
Bose-Hubbard physics [1, 2], quenched quantum systems [3], dipo-
lar many-body physics [4] and many more topics. One system which
attracted considerable attraction in the past years is the excitation of
Rydberg atoms in ultracold gases. Rydberg atoms possess at least one
highly excited electron with a large principle quantum number n. In
these atoms the electron is bound very weakly to the atomic core and
is, in a classical picture, on an orbit far away from the atomic core. For
a principle quantum number n = 200 its size is 40.000 times larger
than its ground state. As a consequence, Rydberg states possess large
polarizabilities scaling with n” and interact strongly with each other
and their surrounding. This property makes Rydberg atoms very sen-
sitive probes, for example capable of nondestructively detecting sin-
gle photons [5].

Rydberg atoms excited in a background gas can have thousands
of neutral ground state atoms inside the orbit of the Rydberg elec-
tron. Shifts of the spectroscopic Rydberg lines in a dense background
gas at high temperatures were observed already in 1934 [20]. These
shifts are explained with Fermis theory of low-energy scattering of
an electron with a neutral atom [21]. In the year 2000 Greene, Dickin-
son, and Sadeghpour [6] applied this model to a single atom sitting
within the orbit of a Rydberg electron and predicted molecules con-
sisting of a Rydberg atom and a neutral atom. Such homonuclear
Rydberg molecules were first observed in Stuttgart by Bendkowsky
et al. [7] in an ultracold gas of rubidium atoms. Today, Rydberg
molecules have been produced also in cesium [8] and strontium [9].
Moreover not only S-state molecules, but also D-state molecules [22,
23] and molecules with more exotic shapes, such as trilobite and but-
terfly molecules with a large permanent electric dipole moment [24,
25] have been observed. The production of heteronuclear Rydberg
molecules however has not been realized yet.

This thesis reports on the setup of a new dual-species Rydberg ex-
periment, enabling the study of heteronuclear Rb*Li-Rydberg molecules.
These molecules consisting of a rubidium Rydberg and lithium ground
state atom are well suited as in-situ probes to study spatial correla-
tions in ultracold gases [10]. Since the size of the Rydberg molecule
and the Fermi length are on the same order for typical parameters
in the experiment, spatial correlations are expected to manifest itself
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in the spectrum of trimers and higher order multimers. Moreover
in the strongly interacting regime close to a Feshbach resonance in
lithium [26], the scattering length can be tuned to length scales on
the same order as the binding length of the Rydberg molecule, which
is expected to manifest itself in a change of the Rydberg molecule
spectrum.

Furthermore heteronuclear D-state Rydberg molecules provide ex-
cellent starting conditions to study ultracold ion-atom collisions in
the quantum regime. Until now, significant work on ion-atom colli-
sions has been done with various ion-atom combinations [27] in the
cold classical Langevin regime, but not in the ultracold regime of
quantum scattering. The hybrid traps mainly used by the ion-atom
experiments combine a Paul trap for the ion and a magnetic or opti-
cal trap for the atoms. The use of Paul traps leads to micromotion of
the ion, setting a limit for the minimum collision energy [28] and pre-
vents leaving the classical regime. By optical trapping of the ion [29]
the heating of the Paul trap can be avoided. The use of D-state Ryd-
berg molecules follows a different path to enter the ultracold quan-
tum regime by avoiding the use of a Paul trap. D-state molecules
can be produced in atomic clouds trapped in an optical or magnetic
trap. With a small magnetic field, these D-state molecules can be well
aligned in the laboratory frame and provide a small and by the prin-
ciple quantum number tuneable initial distance of the scattering part-
ners. After photoionizing the Rydberg molecule, a short electric field
pulse accelerates the ion to the desired collision velocity and initiates
the scattering. The small initial distance permits to stay in the s-wave
regime, even if small stray electric fields accelerate the ion. Due to
the small reduced mass, the Rb*-Li scattering partners have a s-wave
scattering limit of kg- 9 uK, which is much higher than the s-wave
limit of other available mixtures of ultracold gases.

About this thesis: This thesis reports on the design and setup of
pivotal parts of a new dual-species Rydberg experiment, which will
allow for the production of ultracold degenerate quantum gases of
rubidium and lithium, in which heteronuclear Rydberg molecules can
be studied. In chapter 2 of this thesis the theoretical background of
laser cooling and trapping is explained. The focus of the chapter lies
on atom-light interaction and the influence of magnetic fields on the
level structure of an atom. Subsequently, different cooling concepts
are explained, namely the Zeeman slower, the magneto-optical trap,
optical molasses and evaporative cooling in an optical dipole trap.

The topic of chapter 3 is the experimental setup with its vacuum
chamber and the cooling laser system. Furthermore, a scheme of effi-
cient evaporative cooling of lithium and rubidium in an optical dipole
trap is presented. The main part of the chapter is dedicated to the
simulation and setup of a dual-species Zeeman slower to decelerate
lithium and rubidium simultaneously. The design of coils capable of
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producing high magnetic fields an later used for the magneto-optical
trap and as Feshbach coils, is presented. Additionally several mag-
netic field compensation coils which will be later used to compensate
stray fields and the earth magnetic field, are discussed.



THEORY

2.1 LITHIUM AND RUBIDIUM

Lithium and rubidium will be both used in the new experiment. They
are both alkali metals and have one electron in their outermost s-
shell. Lithium has two stable isotopes of which °Li is a fermion with
nuclear spin I = 1 and “Li is a boson with a nuclear spin of I = 3/2.
In this experiment 61 will be used, which has a natural abundance
of 7.6% and a mass of m = 6.015u = 6.008 x 1026 kg, where u is the
atomic mass unit [30].

Rubidium has two bosonic isotopes: the stable 8°Rb and 3/Rb with
an natural abundance of 72.2% and 27.8%, respectivly. The latter one
is used in the experiment. It is radio active but the half time is in
the order of 10'° years which makes it in practice stable. Its mass is
86.909 u and the nuclear spin is 3/2 [31, 32]. It is more often used in
cold atomic experiments than 35Rb because of its positive scattering
length, which prevents the collapse of the Bose-Einstein condensates.
In the following lithium will refer to the ®Li isotope and rubidium to
the 87Rb isotope.

The energy levels of °Li and 8”Rb are shown in figure 2.1. The
optical transition used to cool lithium is the 25-2P and for rubidium
the 55-5P transition. The wavelength of these transitions is around
671 nm for lithium and 780 nm for rubidium. The natural line width
of these transitions is about I' = 27t - 5.9 MHz for the lithium D1 >-line
and Ip; = 27r- 5.8 MHZz for the D1-line respectively I'y; = 27t- 6.1 MHz
for the D2-line of rubidium [33, 34].

With the hyperfine splittings of the 22P;3 /,-state in lithium being
smaller than its natural linewidth, the single levels of this state cannot
be resolved and the open transition ZZS]/ZF =3/2 —» ZZPS/ZF =
3/2 is excited additionally to the cooling transition. Thus a strong
repumper is needed for cooling. To pump back to the 2257 /,F = 3/2-
state, the D;-line with the 2231/2F =1/2 — 22P3/2F = 3/2 transition
is used.

In the case of rubidium, the hyperfine splitting of h - 267 MHz be-
tween the 52P3/2F = 3 state and the 52P3/2F = 2 is large compared to
lithium, with h the Planck constant. However it is still small enough
to allow off resonant excitation to the F = 2 state. This state decays
with equal probability to the two 52S; ,, hyperfine states. The 6.8 GHz
splitting between these levels makes the atom in the F = 1 state not
accessible to the cooling light. The loss of atoms via this channel is
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Figure 2.1: The hyperfine level scheme of lithium 6 and rubidium 87 which
are used in this experiment. The relevant transitions for cool-
ing the two atomic species are marked in blue. The hyperfine
levels in the °Li 22P3 /, state are not resolved because the hy-
perfine splittings are smaller than the natural line width I' =
2m- 5.9 MHz.
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prevented with a repumper laser on the 52S; ,F = 1 — 52P3 ,F =2
transition.

2.2 ATOM LIGHT INTERACTION

To cool and manipulate atoms, the interaction between the light and
the atoms is of great interest. In general the interaction splits broadly
speaking into two forces!'. The dipole force is based on coherent ab-
sorption and stimulated emission of photons and the scattering force
based on spontaneous emission.

To get an idea of these effects, we can treat the electric field as a
classical monochromatic field

E(r,t) = E(r)cos (wt+¢) = EE (r)e "t 4 c.c. (2.1)

with frequency w, amplitude E (r) and polarization vector ¢ inducing
an atomic dipole moment. The dipole moment

d(t) = a(W)E(t) = e - &(t) (2.2)

oscillates with the same frequency as the field and is connected to
it via the polarizability a(w). The induced dipole moment is created
by an electron with charge e and mass m., which is displaced by
x. In the equation 2.2, the electric field was assumed to be spatially
constant. This is a reasonable assumption, because the atom is usually
small compared to the wavelength of the light. In the Lorentz model
the atom is treated as a damped oscillator

E(t)
Me

@+ (W) + wiz = —e (2.3)
The electron is driven by the electric field but looses at the same time
energy by radiation with the classical damping rate

e?w?

M(w) (2.4)

- 6mmeepcs
Here € is the vacuum permittivity and c the speed of light. Solving
the equation of motion for the damped harmonic oscillator leads to a

solution for the polarizability
e? 1

 2me. wi —w? —iMw)w’

o(w) (2.5)

This complex polarizability is connected to the mechanical forces be-
tween light and atom in the following way.

1 This is only true for atoms with vanishing vector or tensor polarizabilties [35].
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2.2.1 Scattering force

The energy absorbed and remitted per time by the atom in the Lorentz
oscillator model is given by

P=(dE) = Im[o L (2.6)
€ocC

The dot denotes the time derivative and I = 2eoc|E|? is the intensity
of the light. The out of phase part of the dipole oscillation, which
corresponds to the imaginary part of the polarizability, is therefore
responsible for the absorption of the light. With the absorbed energy
and the energy per photon, one can calculate the number of scattered
photons per second

P _ ]
hw  hepc

[sc = Im [o I(7). (2.7)
This expression is valid not only for atoms but in general also for all
polarizable particles in electric fields. For low saturation the classical
Lorentz model gives already a good description. Taking equation 2.5,
the scattering rate becomes

3nc? [ w \® I I 2
[sc = — I 2.8
5 2hw8<wo> (wo—w+wo+w) (r) 28)

where I' = I'(wy) is the on resonance scattering rate and wy the fre-
quency of the atomic transition [36]. Here one can see also the scaling
of the scattering rate with the detuning. For a detuning which is much
smaller than the transition frequency, equation 2.8 can be simplified
by the rotation wave approximation to

r _STECZFZ I(r) ~ I(r)
T g (w—wp)® 8

2.9)

where § = w — wy is the detuning of the laser frequency in respect
to the transition frequency. This will be important for dipole traps,
which will be discussed in section 2.2.2.

If an atom scatters lots of photons, it is a considerable amount of
time in the excited state, not absorbing any further photons. This
causes saturation effects, which are not covered by the classical linear
Lorentz model. In the case of large scattering rates, the classical treat-
ment of the atom is not sufficient anymore. This is is important when
using the scattering of the light to slow and cool atoms.

In a theoretical description for such a case, the atom is treated as a
two level system, whereas the light field is still classical. Initially de-
veloped to describe the nuclear magnetic resonance, the optical Bloch
equations provide a useful framework. The derivation is omitted here
but can be found in [37].



2.2 ATOM LIGHT INTERACTION

The excited state population pee can be derived from the stationary
solution of the optical Bloch equation, because the timescales for trap-
ping and slowing are much longer than the lifetime T of the excited
state. In contrast to the Bloch equations for magnetic resonance, the
damping factor I' = 7! has to be phenomenological introduced to
the formalism. In magnetic resonances the decay rates are negligible
because of their frequency scaling w3. As a solution one gets

I

1 Tt 1 s
pee_21+‘§t+§m:21+4§’§+so (210
with the saturation parameter
I
S0 = L (2.11)
The saturation intensity at resonance
Lat = ?2:?2 (2.12)

gives an energy scale for the laser intensity. For example at I = Isut
the atom is a fourth of the time in the excited state. For rubidium the
saturation intensity for isotropic light polarization is 3.58 mW/em? for
the D5>-line, which means even with modest intensities, the transition
can be strongly driven.

The scattering force is caused by the photon momentum p = hk,
which is transferred to the atom in the absorption and emission pro-
cess. If both, the absorption and emission process, would be com-
pletely random in their direction, the atom would undergo a random
walk, but no net force would be present. Instead the direction of ab-
sorbed photons is defined by the laser beam and only emission hap-
pens in all spatial direction. This gives a net force of

(Fsc) = hklse = hklpee. (2.13)
I So

hk21+4r%z+so . (2.14)

The scattering rate T is expressed as a product of the damping
coefficient and the probability to be in the excited state and is shown
in figure 2.2. This is possible for a steady state, in which the atom
is interacting with a monochromatic light at constant intensity and
the absorption and emission rate are in equilibrium. For the D line
of rubidium the excited state lifetime is around 26 ns. Thus for high
intensities, one atom can scatter up to 19.1 x 10° photons per second.
Other alkalis have similar lifetimes of their cooling transitions and
thus scattering rates. This is important for the scattering force, be-
cause for I — oo the ground and excited level population approaches
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Figure 2.2: Spontaneous scattering rate I of an atom plotted versus the
detuning 4 of the light for different saturation parameters sq. For
high intensities the scattering rate saturates and becomes power
broadened.

one half and limits the scattering force to Fnax = 1l'/2. The maximum
acceleration

Fsc hkl
Qmax = ﬁ =5 (2.15)

is 0.11 x 10° m/s2 for rubidium and 1.8 x 10° m/s2 for lithium, about
10% to 10° stronger than gravitational acceleration. This is used for
example in the Zeeman slower, which slows atoms down from hun-
dreds of meters per second to several meters per second on a distance
less than one meter and is described in section 2.4.

The recoil momentum of one photon sets a limit to the minimum
velocity of an atom cooled with laser light. This minimum velocity is
called recoil velocity:

o
m

vy (2.16)

where m is the mass of the atom. For rubidium the recoil velocity is
0.6 m/s and for lithium 9.8 cm/s,

2.2.2  Dipole force

Due to the induced dipole moment, the atom has the following en-
ergy in the electric field averaged over many laser oscillations

Viip(r, t) = —%(d(r,t)E(r,t)) (2.17)
1
= “2eoc Re [a(w)] I(7,t) . (2.18)

Because the dipole moment is induced and not a permanent one, the
factor 1/2 has to be considered. This potential is proportional to the
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intensity I = 2eqc|E|?of the light and the real part of the polarizability,
which is describing the in phase oscillation of the dipole with the field.
For a spatial varying intensity, the atoms are attracted to the lowest
potential energies. The force acting on the atom is then

F(r) = =V Vqp(r) Re [x(w)] VI(7r) (2.19)

- 2€epcC
and thus proportional to the gradient of the intensity.

Combining equation 2.4 and equation 2.5 the dipole potential be-
comes

3mc? I I
Viio(r,1) = — I(r,t 2.20
(0 = —goes (o ) 1 .20
rwa 32T I(r,t) I(r,t)
= . 2.21
2w w—wo 7% (2.21)

In the second step, the equation was simplified by using the rotating
wave approximation (rwa). This is only valid for light not too far
detuned.

Looking at the sign of the potential with respect to the detuning
d = w — wy, the potential is negative for red detunings (wo > w,
d < 0) and positive for a blue detuning (wo < w, & > 0). The red
detuning attracts atoms into the light field to regions with maximum
intensity, whereas the blue detuning repels atoms out of the field.

As mentioned in section 2.2.1, the stochastic scattering process of
the spontaneous force introduces a heating mechanism of the cold
atoms. Increasing the detuning reduces the spontaneous scattering
rate, but also the trap depth. Nevertheless large detunings are more
preferable, because of the different scaling (Vqip o< 1/9, Tsc o< 1/ 5?%) of
the trap depth and the scattering rate. The downside is the need of
high laser power up to some hundred Watts, to create deep enough
traps. In contrast to the scattering force in section 2.2.1, the dipole
force does not saturate for increasing intensities.

Multilevel atoms

Real atoms have a much more elaborated level structure than the
simple two levels, assumed in the model system above. To calculate
the exact trapping potential for a real atom, this structure have to be
taken into account. As in the classical case, the electric field can be
assumed to be homogeneous over the extent of the atom, because the
wavelength of the visible light is much larger than the atom. How-
ever the interaction Hamiltonian between the light and the atom is
approximated by the dipole interaction

Iint = —dE (2.22)

with the dipole operator d. With time independent perturbation the-
ory, the energy shift of the eigenstates of the atom-light system can

11
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be calculated. Because of the induced dipole moment the first order
perturbation is zero and the second order gives an energy shift of the
i-th eigenstate [i) of

| 1 Fine 1) 12
i#] )

Here E; are the unperturbed eigenenergies of the states. The eigen-
states |1) of the combined atom-light system are called dressed states [38].
Applying this to a two level atom results in same the energy shift of
the ground state as the dipole potential calculated in the previous
section [36]. This shift is also known as light shift or ac-Stark shift.

In this experiment lithium and rubidium are used. For infrared
light, mostly the two transitions from nS 1 = nPy (D7) and from
ns 1 = nPs (D32) contribute to the energy shift. This is true for the
other alkalis as well. For a detuning larger than the hyperfine splitting
and for using linear polarized light, the ground state energy shift
calculated with equation 2.23 is [36]

2 1 1
AE(r 1) = <1 D1 n I(r,t) (2.24)
2w}, \w—wp1 w4+ wpi

2

acoad b 2 2

+ 3D2 + I(r,t).
Ztz w—wp2 w—+ Wwp2

In this chapter linear polarized light was used because for a detuning
exceeding the hyperfine splitting, all magnetic sublevels of one state
are shifted by the same amount. For circular polarized light the dif-
ferent sublevels shift differently and only for much larger detunings,
this can be neglected [36].

The scaling of the scattering rate and the dipole potential with re-
spect to the detuning stays the same as in the classical treatment. So
the same rules for small heating rates and deep potentials apply: large
detunings combined with high laser power.

2.3 ZEEMAN SHIFT

For slowing and trapping the atoms, it is important to understand the
dependency of the energy levels of the atom on an external magnetic
field. The interaction is described by the Hamiltonian

_ BB
T h
with pg the Bohr magneton, S the total electron spin, L the total an-
gular momentum and I the momentum spin of the core. The Landé
factor for the electron spin gs is close to 2 and has been measured
with high precision. The electron orbital Landé factor gr is approxi-
mately 1. A correction for the finite nuclear mass is given by

Hg (955+9LL+91I)-B (2.25)

Me
=1- , 2.26
I Mnuc ( )
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where m. is the electron mass and my,. is the mass of the atomic
nucleus [39]. A higher precision is not required to calculate the mag-
netic field for the Zeeman slower. For the nuclear g-factor the complex
structure of the nucleus has to be taken into account and measured
values are used.

The fine structure of an atom is the result of the coupling between
the spin S and the angular momentum L to a total angular momen-
tum of J = S + L. If the energy shift in the external magnetic field
is weaker than the coupling, ] (describing the magnitude of J) is a
good quantum number and the Hamiltonian simplifies to

L2

h g]]Z+gIIZ) ‘B2 . (2-27)

H B,strong =

The quantization axis was chosen to point in the direction of the mag-
netic field (z-direction). The Landé factor gj is given by

_JJ+D) =SS+ +L(L+T1)
9 =9 2]+ 1)
JO+1)+S(S+1)—L(L+1)
2J(J+1)

+9s

(2.28)

In the same manner the total electron angular momentum J and the
angular momentum of the core I can couple, which gives a total
angular momentum of

F=J+1. (2.29)

The quantum number F describes the magnitude of [F| = h\/F(F+ 1)
and defines mr the projection on the quantization axis. F is conserved
as long as the coupling to external fields is smaller than the coupling
of ] and I. This means, the energyshift caused by the external field
must be smaller than the hyperfine splitting. The Hamiltonian then
becomes

Haweak = 9 F:Bs (2:30)

with a hyperfine Landé factor in the weak magnetic field regime
which can be calculated similarly to gj

_ FF+D)—-II+1)+JJ+1)
IF=9 2F(F+1)

F(F+1)+I(I+1)=J(J+1)

o 2F(F+ 1)

(2.31)

The second term is often neglected because the core Landé factor
g1 ~ gy x 1073 is very small compared to the total electron Landé
factor.

With perturbation theory, it is possible to calculate the energy shift
of the zero field hyperfine eigenstates. In lowest order this gives a

13
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ELEMENT CONSTANT VALUE [MHZ]| REF.

°Li Aszs, 152.136 [41]
614 As2p, , —1.155 [41]
°Li Bs2p, , —0.10 [41]
87Rb Asis, , 3417.341 [42]
87Rb As2p, , 84.7185(20)  [43]
87Rb Bsp, , 12.4965(37)  [43]

Table 2.1: The magnetic dipole and quadrupole constants of ®Li and 8”Rb.

linear energy shift proportional to the magnetic quantum number
mg

Eftman = HBGFMEB, (2.32)
which breaks the degeneracy of the different mr eigenstates.
The same can be done for equation 2.27 in the high field regime,
which would give an energy shift

Epg > = ug(gymy + gim)B (2.33)

proportional to m; and m; instead of m¢. In the lithium 2%P; /, state,
the so called hyperfine Paschen-Back regime is already entered at mag-
netic fields greater ~ 3 G. Hence we will have a look at a more de-
tailed treatment. In a high magnetic field, the hyperfine Hamiltonian

Ly . %(I.J)z—i-%(Iw])—l(l‘f'])](]"i_l)
nz T Burs 2121 N)J(2] — 1) ’

(2.34)

Hurs = AHrs

with the magnetic dipole constant Axrs and the magnetic quadrupole
constant Byrs (listed in table 2.1), can be treated as a perturbation to
the high field eigenstates [40].

In first order perturbation theory, the energy shift is

EFBFS = (glm] +grmp)ugB + AHFsmIm]

9(mumy)? = 3J(J+ 1)mf =311+ 1)mZ + I(I+ DJ(J + 1)
4J(2] —DI21—1)

+ Brrs
(2.35)
The hyperfine Hamiltonian contribution to the energy shift is inde-

pendent of the magnetic field, but for the correct splittings of the
levels, the hyperfine interaction cannot be dropped.
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The hyperfine splitting of lithium 6 in a magnetic field. The mag-
netic field mixes the eigenstates of the zero field Hamiltonian
and the eigen energies are shifted. In the upper figure the 22P3 /2
excited state is shown and below the 22S; ,, ground state is plot-
ted. Colored lines represent the states used for optical cooling.
The calculations were done numerically.

Figure 2.3:

Note that very strong magnetic fields can result in further effects,
for example if the coupling between S and L is weaker than the cou-
pling to the magnetic field. In even stronger fields also the coupling
of the electric dipole of the atom starts to interact with the magnetic
tield which leads to the quadratic Zeeman effect. These effects do not
play a role for this thesis and will not be explained here, but a de-
tailed treatment can be found in [44].

Until now, only the low and high field regime is characterized. The
intermediate regime is more difficult to describe and has to be treated
numerically. Only for the ground state manifold of the alkali metal
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Figure 2.4: The hyperfine splitting of rubidium 87 in a magnetic field. The
magnetic field mixes the eigenstates of the zero field Hamilto-
nian and the eigen energies are shiftet. In the upper plot the
52P; /2 excited state is shown and below the 528, /2 ground state
is plotted. Colored lines represent the states used for optical cool-
ing. The calculations were done numerically.

atoms, the Breit-Rabi formula can used for the hole range of the mag-
netic field[45]

AE AE m

gHFs _ __Sto Bio-\/1 2

20141)  MIMBEETS ot
(2.36)

with
g7 — 91

_ 991, g 2.37
X AF, 1B (2.37)

and AE, being the hyperfine splitting of the two ground state hyper-
fine states.

The hyperfine splitting of lithium 6 and rubidium 87 in a magnetic
field is depicted in figure 2.3 and figure 2.4 which was calculated
numerically. This can be done by calculating the hyperfine and the
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B-field interaction Hamiltonian in their respective eigenstates. With
Clebsch-Gordan coefficients one of these can be transferred into the
basis of the other Hamiltonian and then the total Hamiltonian can be
diagonalized. In both figures the levels of the cooling transition are
marked. In lithium 6 the ]F = %,mp = —%> to ’F’ = %,mp = —%> is
used. Whereas for rubidium 87 the cooling transition is [F = 2, m = —2)
to |F = 3, mp, = —3). Because the energies of both, the lower and up-
per leves, are shifted, the difference of the shift is from interest for
laser cooling. For the Zeeman regime the shift of the energy differ-
ence is

AE]Z_le];rsnan = (g]e:xm%x - ngg)HBB (2.38)
= MetfB,
whereas for the Paschen-Back regime the shift is
AERg S = (gf*m§* — gfm{)upB
+ (Ale—l)l%srnfxnljeX - A%Fsm?m?)- (2.39)
= HesfB + Eof

In the case of rubidium and lithium the states used for cooling shift
linearly with the magnetic field. These so called stretched states do
not mix with the other states, if a magnetic field is applied. Looking
at figure 2.4 and figure 2.3 one can see, that for the complete range
of magnetic fields in our setup (up to 700 G in the Zeeman slower)
equation 2.38 can be used. The effective magnetic moment for the
cooling transitions in Rubidium and Lithium is peg = —ug.

24 ZEEMAN SLOWER

When the atoms leave the oven, they have a modified Maxwell-Boltz-
mann velocity distribution [46]. For rubidium with an oven tempera-
ture of 170 °C, the mean velocity is 360 m/s. That means, that only a
fraction of 107° of all atoms would be captured in a magneto opti-
cal trap with a typical capture velocity of 40 m/s. To achieve a higher
number of atoms with low velocities one could reduce the oven tem-
perature, but at the same time, the vapour pressure would decrease
and the total atomic flux as well. The other solution is, to slow the
fast atoms using the scattering force of light (see section 2.2.1). To
slow down a rubidium atom from 300m/s to 20m/s, it has to scatter
about m%]f" = 5 x 10% photons. Here k is the wave vector and v
the velocity of the atom. With a narrow band laser, a Doppler shift
on the order of the natural line width I" of the employed transition
brings atoms initially resonant out of resonance and leads to a strong
decrease of the slowing force. This corresponds to a velocity change
of Av = { = 4.5m/s. To be able to scatter many photons in a short
time, one has to compensate the Doppler shift and optical pumping
to dark states, which cannot be accessed by the slowing laser.
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To overcome this problem, a time dependent frequency shift of the
laser can be used. This is known as chirp cooling, where the frequency
of the slowing light is changed to stay in resonance, with the slow-
ing atoms [47]. Another concept is the use of a very broadband light
source to stay always resonant with the atoms, but this requires high
intensities of the light. A third concept is the Zeeman slower [15],
which is used in this experiment and described in this chapter.

The Zeeman slower produces an inhomogeneous magnetic field
along the flight direction of the atoms, which shifts the atomic lev-
els via the Zeeman effect (see section 2.3) depending on the posi-
tion in the slower. This makes it possible to cancel the Doppler shift
Spoppler = Vk for a wide range of velocities. The effective detuning of
the light is

AE HeftB

6eff:60+6Doppler+?:w—w0+V'k+ _—

(2.40)

where b is the difference between the transition frequency wg at zero
magnetic field and the laser frequency w and AE is the differential
energy shift of the ground and excited states caused by the Zeeman
effect. The effective magnetic moment pe = pup(geme — ggmyg) de-
pends on the Landé factor g; and the magnetic quantum numbers
m; of the excited and the ground state (see section 2.3).

For a constant deceleration a, the velocity of the atom in the Zee-
man slower is given by

v(z) = \/vé —2az. (2.41)

Combining equation 2.40 and equation 2.41 the spatial dependence
of the magnetic field is

B(z) = 3(60 + kq /vé —2az). (2.42)

A constant deceleration a also fixes the required stopping distance of

2.2
Lo= 20 Vend (2.43)
a

for a maximum capture velocity vp and end velocity venq. With the
maximum deceleration for rubidium amax rp = 112 X 103 m/s2 this
implies a stop after 0.4m for small end velocities. Due to its lighter

mass, lithium can be slowed on an even shorter distance.
In principle there are three possibilities for the realization of the
Zeeman slower. The magnetic fields of these different types are shown

in figure 2.5.

In the first case the light is resonant with the atoms at rest (9 = 0)
and the magnetic field at the beginning of the slower shifts the energy
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Figure 2.5: The theoretical optimum magnetic field of a Zeeman slower cal-
culated for rubidium 87 with a maximum capture velocity of
300 m/s. The theoretical maximum acceleration achievable by the
scattering force was assumed. Three different detunings of the
slowing light are used. Increasing field Zeeman slower in blue
with zero detuning. A detuning of —35I" for a spin flip Zeeman
slower and —64T" for an increasing field version (increasing with
respect to the absolute of the field).

levels to compensate the Doppler shift for the fastest atoms. This im-
plies that the maximum magnetic field value selects the maximum
velocity which can be slowed. With decreasing velocity, also the mag-
netic field has to become smaller. This decreasing field Zeeman slower
has the advantage, that close to the magneto-optical trap, the mag-
netic field is small and only little compensation is needed to cancel
stray magnetic fields. These could otherwise disturb efficient cooling
(e.g. optical molasses cooling) and measurements, where good con-
trol over the magnetic field is needed. Also less heat is produced
near the experiment chamber. A disadvantage, however, is the small
detuning of the slowing light to the cooling transition for atoms at
rest in zero magnetic field. Because of geometric reasons the slowing
light has to pass the trapped atoms in the MOT to counter propagate
relative to the incoming atoms. This heats the sample because of the
scattering of photons and less light will be available in the slower to
decelerate atoms.

The spin flip Zeeman slower is another possible realization. The mag-
netic field starts at a lower value than the decreasing field configu-
ration. This means the slower light has to be red detuned from res-
onance. At some point in the slower the magnetic field crosses zero.
The position of the zero crossing is determined by the detuning 8, as
one can see in equation 2.42. A larger detuning shifts the zero cross-
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ing to the beginning of the slower. The advantage of this concept
is a lower maximum magnetic field, which simplifies the construc-
tion because it requires less current. A drawback of this design is
the larger region of small magnetic fields. In the case of lithium the
cooling transition is closed for magnetic fields exceeding 100G. In
smaller fields, however, this is not the case anymore. Especially in the
intermediate regime between the Zeeman regime and the Paschen-
Back regime, their cooling transitions are not closed and transitions
into the dark state [22S; ,F = 1) are possible. In general, a repumper
laser is used to pump the atoms back to the bright [2%S, ,,F = %> state.
However, the effective magnetic moment pis (see equation 2.38 and
equation 2.39) for the repumping transition is different to that of the
slowing transition. This makes it impossible to keep the repumper
beam on resonance over the total magnetic field range. In a spin flip
Zeeman slower the region with absolute magnetic fields smaller than
a hundred Gauss is twice as large as in the other two configurations
and there is more time for atoms to decay into dark states.

In an increasing field Zeeman slower the detuning of the light is as
large as the Doppler shift of the fastest atoms being captured. The
absolute value of the magnetic field has then the highest value close
to the MOT. This results in a stronger residual magnetic field in the
region, where the atoms are trapped and cooled. As a consequence
one needs an additional compensation coil. In this experiment, the
chamber design sets a minimum distance of approximately 12 cm be-
tween the end of the slower and the center of the MOT. Therefore
the leaking field is not a major problem in our case and can be com-
pensated. In contrast to the decreasing Zeeman slower, the light is far
detuned for atoms in the MOT. For lithium and rubidium the calcu-
lated detuning in the final design is around

5RP87 — 875 MHz ~ 144 T
§5° =1.1GHz ~ 177T.

For these detunings, the influence of the slowing light on the trapped
atoms can be neglected. Another benefit is, that atoms fall out of res-
onance very quickly after they leave the Zeeman slower. This ensures
that the atoms are not further slowed down and eventually get accel-
erated back to the oven. As a consequence of the above points, we
decided to use the increasing field design for the Zeeman slower.

As mentioned in section 2.2.1, the scattering force has a maximum
value because of the finite scattering rate. This limits the maximum
deceleration and constrains the minimal length of a Zeeman slower.
Hence there exists a maximum allowed gradient of the magnetic field,
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which is often expressed with the so-called adiabatic slowing criteria.
It is derived by differentiating equation 2.40

hkamax
Hegtv(2)”

(2.44)

0B(z)
' 0z

where a = v% was used. For the construction of Zeeman slowers a
fraction of the maximum acceleration a.¢ = Namax iS used for sev-
eral reasons. First, the scattering of photons is random and the time
between two scattering events varies. A gradient too close to the max-
imum would rise the chance, that between two scattering events an
atom flies out of the region where the adiabatic slowing condition is
fulfilled. This means that the magnetic field shifts the cooling tran-
sition out of resonance. Second, the Zeeman slower coil cannot be
produced perfectly, which results in unevenness in the magnetic field.
And third, current fluctuations cause noise in the magnetic field, caus-
ing field variations, which could lead to violations of the adiabatic
slowing condition. All this could increase the gradient to much, and
all atoms slowed before such a point, would fall out of resonance and
would be lost for the cooling.

25 OPTICAL MOLASSES

The Zeeman slower described in section 2.4 uses the scattering force
to slow down the atomic beam in one direction. However, in a trapped
gas, the movement of the atoms is in all directions. Using counter
propagating laser beam pairs on three orthogonal axes is one possi-
ble solution to cool the atoms in all three spatial directions. Since the
frictional like force acting on the atom is similar to the force experi-
enced by a particle in honey or any other viscous fluid, this technique
is called optical molasses [16]. In figure 2.6 this is illustrated for an
atom and one spatial dimension. For a moving atom, a red detuned
laser gives an imbalance in the number of scattered photons of each
beam. In the reference frame of the atom the laser beam frequency
is increased, if it is moving towards the beam and the frequency is
closer to the resonance. The number of scattered photons increases as
opposed to the scattered photons of the other beam. The total force
acting on an atom in light beams with wave vector k and —k is

Frolasses = F(w —Wwo — kV) - F(w — Wo + kv) (2-45)
- hkg SO& kvy2
1+ 50+ (280K
r
~ ks 305 — (2.46)
1+ 50 + (22055

—25

ST _ani?s, o/ v=—0v (2.47)

(1+s0 + (250/m)%)°
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Figure 2.6: Principle of a one dimensional optical molasses of a two level
system. (a) For an atom at rest both lasers (thick black arrows) are
detuned by the same amount from resonance. (b) For a moving
atom with velocity v, the detuning of each laser beam is different
because of the Doppler shift kv. This difference causes a force F'
contrary to the velocity.

with drag constant (. The linearization in equation 2.47 is only valid
for Doppler shifts smaller than the line width (k-v < T). Further-
more, the whole treatment above is only valid for intensities well
below the saturation intensity. Otherwise stimulated emission cannot
be neglected and the forces are not independent of each other any-
more [37]. The molasses force (equation 2.45) is frictional for a red
detuning of the light (50 = w — wp < 0) and leads to a damped mo-
tion of the atoms. In figure 2.7 the force is plotted for velocities of
—2T/x to 2T'/k, a detuning of 69 = —1/2I" and a saturation parameter
so = 1/10. In addition the force of each beam is plotted in dashed
lines separately.

The maximum damping in a molasses is achieved for a maximum
of ¢ at a detuning of 69 = —T/ (2v/3). As we will see in equation 2.50,
the minimum temperature is not achieved with the maximum damp-
ing coefficient. From figure 2.6 and figure 2.7 one can already see
that the cooling mechanism only works for a certain velocity range
of £5/k ~ +T/x. For rubidium 87 this is in the order of £5m/s and
+4 m/s for lithium. Thus only already slow atoms can be cooled with
this technique. Furthermore there is no spatial confinement (the force
depends only on the velocity) which makes it not suitable to cap-
ture atoms at the end of a Zeeman slower. This obstacle can be over-
come by the magneto-optical trap, which is used and explained in
section 2.6.

From the simple model introduced above, it looks like the move-
ment of the atoms is completely damped away, which is not the case
in a real system. That is, because only the average force was consid-
ered in the model. The fluctuations of the force lead to heating of
the sample, caused by the gained momentum hk of emitted photons,
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Figure 2.7: The velocity dependent total force in the one dimensional mo-
lasses is plotted in a black solid line. The dashed gray lines rep-
resent the force of each light beam with wave vectors £k. The
detuning is 69 = —1/2I" and the light intensity in each beam is
1/10 of the saturation intensity. The dotted gray line is the lin-
earized force expressed in equation 2.47.

which leads to a random walk in momentum space. In other words,
the atom gains the recoil energy each time it emits a photon

Erec = = how, . (2.48)

The emission of the photons is determined by the scattering rate T,
which gives an expression for the heating rate

Epeat = 2 - hawrTye = Ry T——9 (2.49)
1425 + 50

The factor of 2 arises, since there are two counter propagating laser
beams involved in the process. This heating process prevents a re-
duction of the atomic velocity to zero and limits the minimum tem-
perature of the sample. In the steady state, the cooling rate E.oo =
Fiolasses - V and the heating rate should be equal and the temperature
can be estimated by

hr1+(25/1)°

kgT = y—ryTe (2.50)
A detuning of = —I'/2 minimizes the temperature to the so called
Doppler temperature
hl’
Tp=-—. 2.51
D=3k (2.51)

For lithium 6 and rubidium 87 the Doppler temperature for the D,-
line is around Tp ~ 140 pK.
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In experiments it turned out, that laser cooling can achieve temper-
atures well below the Doppler limit, because the assumption of two
independent light beams oversimplifies the system. The two circular
polarized counter propagating light beams form a position depen-
dent polarization direction. A moving atom has then a difference in
the scattering probability of photons from the two beams [48]. This
mechanism cools the atoms to temperatures close to the recoil tem-
perature

(hk)®  Erec

Trec = = .
ree ZkB m kB

(2.52)

The momentum of the photon hk transferred to the atom in the
scattering process defines the lower limit. Because of its small mass,
lithium has a very high recoil temperature of 3.5 uK compared to the
heavier alkalies like rubidium with T... = 362nK. A different cooling
mechanism with two perpendicular polarized laser beams (polariza-
tion gradient cooling) also have the recoil temperature as a limit [48].

2.6 MAGNETO-OPTICAL TRAP

The optical molasses technique described in section 2.5 is very effi-
cient for cooling atoms. However, the force which acts on the atoms
does only have a velocity dependent component. To trap atoms in
space, a spatial dependent force is required. It turns out that with
a simple magnetic field configuration and the same laser setup as
in the optical molasses, this requirement can be fulfilled. Hence the
name magneto-optical trap (MOT), which was first experimentally real-
ized in 1987 by Raab et al. [49]. In the following section, the principle
and characteristics are explained. A magnetic field gradient produces
a spatial dependent splitting of the different magnetic hyperfine sub-
levels of the atom (see equation 2.38). This by itself does not confine
the atoms as it is done in magnetic traps, because of the much smaller
gradients. However the energy shift makes the scattering rate depen-
dent on the position of the atom and the polarization of the light, be-
cause the effective detuning of the light from resonance includes the
Zeeman shift (see equation 2.40). In an experiment the magnetic field
is produced by two coils in anti-Helmholtz configuration as shown in
figure 2.8. The trapping mechanism is illustrated for one dimension
in figure 2.9. A two level atom with ground state |F = 0) and excited
state [F = 1) (gr > 0) is placed at a distance z’ > 0 from the center
of the MOT. The linear increasing magnetic field shifts the excited
|[F =1mg = 1) state further away from the resonance in contrast to
the [F = 1 mg = —1) state, which gets closer. The counter-propagating
laser beams with o+ and o~ polarization and a red detuning have
now different scattering probabilities. A photon of the o~ laser beam
is more likely absorbed than one of the ot beam. This pushes the
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Figure 2.8: Model of a three dimensional MOT. Two coils in anti-Helmholtz
configuration, symbolized by the blue arrows, provide a mag-
netic quadrupole field (black arrows). The trapping force is gen-
erated by three counter propagating pairs of 6& polarized laser
beams.

atom towards the center of the MOT. It is worth noting that this is not
only working for a [F=0,mf =0) — [F/ =1, Amp, = £1) transition
but for any other |[F) — |[F' = F+1) transition as atoms get pumped
to states with maximum |mg|, forming a closed cooling transition. For
a position z’ < 0 the situation is converse. Photons of the o beam
have a higher probability to scatter as photons of the 0~ beam and
the force is pointing still to the trap center. The resulting force for
small Doppler and Zeeman shifts (89 >> [kv| + |pegB/hl) is then

FMOT =—(v—Kz (253)

with a spring constant of

Heff OB
K = hek 3.0 (2.54)

The damping coefficient
—28/r

¢ = 4hk?so 5
(1+s0+ (28/r)%)

(2.55)

is already known from equation 2.47. The equation 2.53 describes a
damped harmonic oscillator with a oscillator frequency of

Wose = 1/ —. (2.56)
m
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Figure 2.9: Modell of a one dimensional magneto-optical trap for a system
with ground state F = 0 and an excited state F = 1. The magnetic
field has a linear gradient in z-direction and is zero at the center.
Shifts the energy levels (Zeeman effect). The two counter propa-
gating circular polarized beams have a frequency w = wq + 8.
At a distance of the capture range R, the Zeeman shift is the
same as the detuning of the lasers.

Because the damping rate 3 = ¢/(2m) is much higher than the os-
cillator frequency, the atomic motion in the MOT is over damped.
For example typical values for a lithium MOT with & = 2T, so = 4,
0:B, = 15G/cm and pes = pp result in a oscillation frequency of
Weose =44 x10%sTand B =6.7 x 10°s~ L.

Compared to the optical molasses the temperature in a MOT is
higher. This has mainly two reasons. For the sub Doppler cooling ef-
fects one needs very good compensation of the magnetic fields. Even
the weak earth magnetic field with about 0.5G is already disturbing
this process because the Zeeman shift exceeds the light shift. Second
the density in a MOT is high and a lot of light gets absorbed and
scattered. In this high densities multiphoton scattering processes can
heat the atomic cloud [50, 51].

2.6.1 Capture range and velocity

The maximum possible distance from the MOT center to capture an
atom is defined as the capture range R.. At the capture range, the
Zeeman shifts brings the atom at rest in resonance with one of the
two beams:

Re = —o-. (2.57)
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The magnetic quadrupole field gradient in the experimental setup is
not the same in all directions. In axial direction of the coils the gra-
dient is two times larger than in the radial direction due to Maxwell
equations:

B, OB B
divp — 2Bx 4 9By 0B:

0x oy oz 0

When choosing the z-axis as the axial direction and x,y as the radial
directions of the coil this leads to

0B _ _, B,

0z or

The gradient in x and y direction have to be the same due to symme-
try reasons. This causes different capture ranges for the different axes.
A second important quantity is the maximum velocity of an atom to
be captured in the MOT. This means that an atom at —R. has to have
such a low kinetic energy that it is stopped until it reaches +R.. This
limits the maximum velocity to

Ve =/ 2Ein/m = %%RC . (2.58)
A larger capture range makes it possible to catch more atoms from the
diverging atomic beam after the Zeeman slower, increasing the load-
ing rate of the MOT. For the same number of atoms, a bigger MOT al-
lows lower densities which reduces two body losses. For beam waists
smaller than the capture range, the restriction of the atomic cloud is
given by the beam size. A higher capture velocity has also several ad-
vantages. The atoms leaving the Zeeman slower can be faster, which
reduces the spread of the atoms before they reach the center of the
MOT. Also more atoms which gain energy due to inelastic collisions
can be trapped in a MOT with higher capture velocity.

2.7 DIPOLE TRAP

In cold atom experiments it is common to transfer the atoms from the
MOT to a magnetic trap or an optical trap to avoid the limitations for
the temperature by spontaneous emission and density limitations by
radiation trapping effects [52]. With the ability to modify the beam
shape of the laser beam, optical dipole traps allow a great number of
trap shapes, for example double well potentials, one or two dimen-
sional shaped systems or crystal-like structures.

In contrast to magnetic traps, optical dipole traps provide a trap-
ping potential for all magnetic substates of an atomic species, whereas
magnetic traps confine only low field seeking states. This offers the
opportunity to trap in the lowest magnetic hyperfine state (which is
always high-field seeking) to avoid inelastic collisions. It also keeps
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the possibility open, to use the magnetic field as an additional tool
for accessing Feshbach resonances.

Evaporative cooling in optical traps offers an easy method to in-
crease the phase space density in order to reach low temperatures up
to degeneracy. The Zeeman slower and the MOT are still important
to provide good starting conditions with high numbers of precooled
atoms for more efficient and faster cooling.

2.7.1 Single beam trap

A single focused Gaussian laser beam is one of the simplest realiza-
tions of a dipole trap. With red detuned light of power P propagating
along the z-axes the atoms are soaked into the intensity maximum
(see section 2.2.2) which is given by the beam profile

2
I(z,p) = mj;(z) exp (—2 P ) (2.59)

w?(z)

with p as the radial distance to the z-axes and the 1/e? radius

22
w(z) =woy/1+ .
ZR

The waist minimum is given by wo and the Rayleigh length is de-
noted by zg = mw3/A. A relation to the potential is given by equa-
tion 2.20. For small dimensions of the cloud (z,p <« zg,wp) which
means a thermal energy smaller than the trap depth Uy, the poten-
tial can be simplified by a Taylor expansion and approximate as a
harmonic potential

TZ ZZ
Wo o ZR

The trap depth is given by the deepest value of the potential at z, p = 0
and the radial and axial trapping frequencies

wy = 1/4Uo/(mw3) (2.61)
w, =4/2Uy/(mz3) . (2.62)

2.7.2  Evaporative cooling

To reach temperatures cold enough to generate Bose-Einstein conden-
sates and degenerate Fermi gases, the standard technique is evapora-
tive cooling. Its fundamental principle, also well known for example
from a cup of tee, is based on the removal of the hottest (fastest)
atoms of the cloud, in atomic physics by lowering of the trap depth
and the rethermalization of the remaining ones via elastic scattering.
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—— low temperature

high temperature

atom number

velocity

(a) Atom number versus velocity in a non interacting classical gas
for two different temperatures. The evaporation can be realized
by a rf-knife in magnetic traps or by lowering the trap depth of
optical dipole traps.

(b) Trap depth is lowered in dipole traps to enable the atoms with
highest energy to escape from the trap.

Figure 2.10: Principle of evaporative cooling. Atoms with high energy (high
velocity at trap minimum) are removed from the trap. The re-
maining atoms rethermalize and the gas has a smaller tempera-
ture than before.

This leads to more slow atoms than before and the average kinetic
energy drops, reducing the temperature of the cloud far below any
temperature reachable by optical cooling.

In magnetic traps the lowering of the trap depth is done by chang-
ing the magnetic substate of the hottest atoms with a radio frequency
to an untrapped state. Because the trap potential rises with the mag-
netic field, the fastest atoms reach the highest magnetic field. Mak-
ing the rf frequency resonant to the transition at these fields removes
only the fastest atoms. By changing the frequency the threshold of the
evaporation can be lowered (forced evaporation). This is necessary be-
cause the probability to have atoms with an energy ¢ greater than the
potential depth U, is supressed approximatly by exp (—Uo/kgT) [53].
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This means, that for smaller temperatures the evaporation process
slows down, because an exponentially decaying part of the atoms
is able to leave the trap. The cooling process even comes to an end,
if the loss or heating rate (by scattered photons or intensity fluctua-
tions) are on the same order. Loss can occur by three body collisions
or collisions with the background gas. In optical dipole traps the
evaporation threshold can be changed by lowering the power of the
laser beam. However this has one important side effect. Because the
trap frequencies are proportional to the square root of the trap depth
(equation 2.61, 2.62), they will also decrease and make the rethermal-
ization process slower.

2.7.3  Scaling properties of evaporative cooling

The scaling laws described here are results from kinetic theory, treated
in detail in [53-55]. In this section the essential parts are discussed to
understand the the evaporative cooling process. The assumption of a
classical gas is sufficient because in most of the cases the thermal en-
ergy of the atoms is much higher than the energy level spacing of the
trap. For atoms loaded from a MOT into the ODT, the phase space
density

0 = nAgp < 1 (2.63)

is much smaller than one and classical behaviour can be assumed.
Here n = N/v is the number density with N the total number of
atoms in the volume V and Agg = /27h/(mkgT) is the thermal de
Broglie wavelength for an atom with mass m. Only at the end of
the evaporation process when Bose Einstein condensation or degen-
eracy is reached, this model breaks down. With this assumptions a
simple model gives insight in the scaling behaviour of the number of
atoms N, the collision rate 'y and the peak phase space density po, if
the trapping potential Uy is changed [55]. The ratio of the potential
and the temperature n = ]}é—(’T is in general between 6 — 10 for experi-
ments. This allows us, to approximate the potential, created by Gaus-
sian beams with a harmonic oscillator (equation 2.60). Of course the
following scaling laws are also valid for any other potential, which
can be approximated by a harmonic potential.

The mean energy carried away by an evaporated atom consists of
the potential energy Uy and a kinetic part xkg T depending on the
temperature T with 0 < x < 1 [53]. For temperatures small compared
to the harmonic potential depth x is given by x = (n—5)/(n —4) [55].
This gives an energy loss rate of £ = N (Up + CkgT), depending on
the evaporation rate of atoms N from the trap. One has to keep in
mind that in this treatment, three-body losses and background gas
collisions are neglected. By lowering the trap potential in a single
beam optical dipole trap, the trap characteristics are changing. Thus
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an adiabatic change in the potential influences the trap frequencies
w x v/Up and the mean energy of the atoms in the harmonic potential
E/2 oc @. Here @ is the mean trap frequency. For magnetic traps the
change in trap depth does not influence the trap frequencies. This is
modelled in kinetic theory with [54]

B = 3NkBT% - VEHZ : (2.64)
The total energy E of gas in a harmonic trap is given by E = 3NkgT in
the classical limit and the parameter v takes account for the change
in the trap frequencies with respect to the potential depth. For a mag-
netic trap v is zero, whereas for a harmonic trap the parameter is 1/2.
All together this results in a total energy change of

. u
E =N (Uo+xkgT) +vEu—°. (2.65)
0
On the other hand the total energy change can be written as
E =3NkgT+3NkgT (2.66)

and combined with equation 2.65 result in

. u . :
N (Up + xkgT) + vEu—O = 3NkgT + 3NkpT. (2.67)
0
Assuming a constant ratio 1, which implies a fast rethermalization
compared to the change in potential depth, one can arrange equa-

tion 2.67 to

N Uo 3—3v
—_—=— . 2.68
N Upn+x—3 ( )

Solving this equation one get a scaling law for the atom number

N _ 110 #%§2% _ 44};7 ﬁ%ﬁ%ﬁ
N(0) (UO(O)) B (T(O)) (2.69)

with N(0), U(0) and T(0) as the initial atom number, trap depth and
temperature. It is also important to know the scaling for the phase
space density, because this quantity defines for example at which
point a non interacting Bose gas undergoes the phase transition to
a Bose-Einstein condensate (p = 2.612 [56]). As adiabatic expansion
can cool the atoms, by definition it does not change the phase space
density. Thus the parameter of interest is the phase space density and
not temperature. In a classical regime, the phase space density for a
harmonic potential is p = N(h(b)3 / (kBT)3 with @ as the mean trap
frequency. Using equation 2.69, the scaling law for is

n+x—4

P Up (Bv=3)n5=3 B N 4—m—x
p(0) <u0(0)> = <N(0)) - (2.70)
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For an 1 of 10, p scales as N~7. This means that already a small
number of evaporated atoms lead to a huge increase in the phase
space density. This scaling gets even better for higher 1.

For a fast and efficient cooling process, it is important to have a
large elastic collision rate y = nooV for the rethermalization process.
The collision cross section o is assumed to be constant in the tempera-
ture range of interest (s-wave cross section) and v is the mean relative
velocity of two atoms. With the peak space density no = p/Agp the
scaling of the elastic collision rate is

(3v=1)(n+x)—12v+6

Y Up T atx-3
v(0) <uo(0)> : (2.71)

For a focused laser beam (v = 1/2) this equation reveals a decrease
for the elastic collision rate with decreasing potential depth (y o
(U/u(O))O‘69 for 1 = 10). If the collision rate is to low in the begin-
ning, the cooling process stagnates before the final desired tempera-
ture is reached. Reducing the trap depth with constant trap frequen-
cies (v = 0) the rate increases with smaller traps y o (U(O)/u)o'63 .
This is the so called runaway regime with an increasing speed in
evaporation.

2.7.4 Realization methods of dipole traps

As shown in section 2.7.1 it is possible to use one laser beam as a
dipole trap [57]. However for evaporative cooling the large aspect
ratio of the trapping frequencies

Or _ 2R

Wz Wo
is not favourable, because it permits efficient rethermalization. The
ratio is around 208 for a typical wavelength of 1064 nm and a beam
waist of 50 um. For bigger waists, the ratio increases and for effective
evaporative cooling, small waists (below 50 um) are necessary to en-
sure high atomic densities. On the other hand, a small waist means
little overlap of the dipole trap with the MOT, hence inefficient trans-
fer of the atoms.

A very common approach is a crossing of two laser beams [58,
59] to generate a much tighter confinement of the atoms in all di-
rections. Providing higher densities increases the elastic collision rate
and makes the evaporation process faster. Nevertheless the trapping
frequencies will decrease with lower trap potentials making it neces-
sary to work with small beam waists. More sophisticated solutions
were therefore developed.

In [60] a crossed dipole trap with a movable lens was realized to
adjust the overlap of the two beams. This makes it possible to load
the atoms in a large trap and then compress the atoms during evapo-
ration to have fast rethermalization.
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The group of R. Grimm realized a crossed ODT with an additional
tightly focused beam [61]. This makes it possible to catch the atoms in
a large trap and increase the density with the dimple for fast cooling.

Both methods have one thing in common. Forcing evaporation by
changing the trap depth also influences the shape and the trap fre-
quencies. The setup in [62] uses a magnetic field gradient to lower
the trap depth and force evaporation cooling. The trap confinement
is unaffected, keeping the atoms at high collision rates. Even runaway
evaporation is achieved, where the collision rate increases during the
cooling process. A more flexible way in reference [63] uses a mis-
aligned dipole beam instead of the magnetic field gradient, leaving
the opportunity to use the magnetic field as an independent tool. A
tightly focused beam offers a large trap depth and high trap frequen-
cies. The misaligned large beam creates a potential gradient, which
pulls the atoms out of the confined trap. By varying the laser power,
the effective trap depth can be changed without changing the trap fre-
quencies. This is in analogy to the radio frequency knife in magnetic
traps.
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EXPERIMENTAL SETUP

In fall 2014 our group started the design of a new ultracold, dual-
species Rydberg experiment. Within this thesis, which started in April
2015, parts of this new experiment were designed and built up. The
new experiment is build as a successor of the first generation exper-
iment [64], at which the first Rydberg molecules were detected in
2009 [7], the permanent electric dipole moment of homonuclear Ryd-
berg molecules was investigated [65] and single Rydberg atoms in a
BEC could be studied [66]. A second generation single species setup
was built up from 2011 to 2014 in our institute [67, 68]. It offers, in
contrast to the first generation experiment, an optical resolutions bet-
ter than the Rydberg blockade of typically several micrometer [69]
and can detect single ions with temporal resolution.

The third generation setup partly designed, built up and envisaged
within thesis is a further development aiming at the extension of ex-
perimental possibilities. It is designed as a two species experiment
featuring the elements rubidium and lithium and will enable to ex-
perimentally realize the first heteronuclear Rydberg molecules. These
molecules are envisaged to be used as a sensitive in-situ probe for spa-
tial correlations in fermionic and bosonic quantum gases and to study
ion-atom collisions in the ultracold quantum regime. An elementary
feature of the experiment will be a delay line detector, enabling single
ion detection with high temporal and spatial resolution. An ion mi-
croscope column in front of the delay line detector further increases
the spatial resolution to better than the Rydberg blockage radius.

This chapter gives an overview over the experimental setup and
conceptional ideas behind it. The main part of this master thesis was
the design of a dual-species Zeeman slower to provide a high flux of
rubidium and lithium atoms. Furthermore, a magnetic field control
for low and high fields was designed. In the following detailed calcu-
lations and simulations for the Zeeman slower and the magnetic field
coils are presented. Additionally, calculations for an optical dipole
trap with minimum relative shift of two elements due to the gravita-
tional force and the laser system necessary for cooling the atoms are
described.

3.1 THE VACUUM CHAMBER
Experiments with ultracold gases require an ultra high vacuum with

pressures of 107" mbar to 10~"2 mbar. At higher pressures collisions
with the background gas heat up the trapped atoms and remove them
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Figure 3.1: CAD drawing of the vacuum setup. The oven section provides
a collimated atomic beam of rubidium which is slowed down to
velocities smaller 30 m/s and trapped in the MOT chamber. After
precooling the atoms are optically transported into the experi-
ment chamber for the measurements. A delay line detector in
combination with an ion microscope provides high spatial and
temporal resolution to detect ionized Rydberg atoms.

from the trap. To reach such low pressures, an elaborated vacuum
chamber is required.

The complete vacuum chamber is shown in figure 3.1. The rubid-
ium and in a later stage of the experiment lithium are heated up in
the oven section. This section can be separated from the other parts of
the vacuum chamber to provide access to the rubidium and lithium
reservoirs, while keeping the vacuum in the rest of the setup. The ru-
bidium and lithium atoms leaving the oven are too fast to be trapped
in the magneto-optical trap and therefore get simultaneously slowed
in the dual species Zeeman slower. A small differential pumping tube
at the end of the oven section and the long Zeeman slower tube re-
duce the flux of background gas to the MOT chamber.

After precooling the atoms, they are transported over a length of
18 cm to the experiment chamber with a 300 W Ytterbium fiber laser
with 1070 nm wavelength. The focus of this laser beam can be shifted
by a lens mounted on a air bearing translation stage, which can be
controlled by a computer. After the transport the atoms will be evapo-
rative cooled in the optical dipole trap. The multiple frequency modes
of the transport laser can induce heating of the atomic cloud by driv-
ing two-photon Raman transitions. Nevertheless, successful evapora-
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(a) CAD drawing of the oven section. (b) Picture of the assembled oven with
a rubidium reservoir

Figure 3.2: The oven section of the experiment to produce a high flux of ru-
bidium and lithium. The lithium reservoir is not mounted to the
oven and will be added later. Rubidium is placed in the lower left
tube of the vacuum system and the Zeeman slower is connected
on the right side to the gate valve.

tive cooling with rubidium 87 in a multifrequency laser was demon-
strated in reference [70].

After evaporative cooling in the optical dipole trap to an ultracold
thermal or degenerated gas, the Rydberg excitation and measurement
can be performed. Ionized Rydberg atoms can be imaged on a de-
lay line detector via an ion microscope with three electrostatic lenses.
This magnifies the ion beam over 100 times, increasing the resolu-
tion to 1 um which is smaller than the Rydberg orbit for high quan-
tum numbers. Several feedthroughs on the lower right of the experi-
ment chamber (figure 3.1) and in the supply octagon allow to connect
the electric field control inside the experiment chamber and the ion
lenses.

3.1.1 The oven section

There are several solutions for an atomic source to load MOTs. Load-
ing the trap with background gas atoms from a dispenser [67], with a
double MOT system [71, 72], a 2D MOT [73] or with an effusive oven
and a Zeeman slower is possible. The effusive oven with the Zeeman
slower has the advantage to produce the highest atomic fluxes at low
background gas pressures in the trapping region. It also requires a
low amount of cooling light compared to the other solutions.

The oven produces a flux of lithium and rubidium atoms. A schematic

view and a picture of the oven is shown in figure 3.2. It can be sepa-
rated from the Zeeman slower by a gate valve which provides access
to the lithium and rubidium reservoirs, while keeping the vacuum in
the rest of the setup. The reservoir for the rubidium on the left side
in figure 3.2 is heated up to 160 °C, to produce a high flux of atoms.
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The lithium reservoir will be added later to the setup and can be con-
nected to the vacuum system at the rubidium reservoir tee. It has to
withstand 400 °C because of the smaller vapor pressure of Lithium.
The pressure in the oven is calculated with

pro(T) = 10931775 and (3.1)

pui(T) = 101325 « T0-68106

0103854 8345574 -0.0000884. T
760 ’

x 1

(3.2)

where temperature is given in Kelvin and pressure in Pascal. At the
given temperatures, the pressure for rubidiumis 1- 102 mbar and for
lithium 8.6 - 10~ " mbar. Due to the reactive nature of lithium and the
high temperature, the copper gaskets have to be replaced with sealed
nickle gaskets to prevent corrosion by the reactive lithium vapor.

A nozzle, which is in our case an aperture with 3.5mm diameter,
together with a cooling shield collimates the atomic beam. The cool-
ing shield is made of copper and is cooled by a Peltier device! to
approximately 0 °C. This reduces the amount of atoms, which are not
directed towards the slower and get stuck in the oven section, pre-
venting a rapid filling of the ion pump. A venting valve is placed at
the four-way cross, necessary when refilling the rubidium or lithium
reservoirs. After the cooling shield a six-way cross enables optical ac-
cess on the horizontal axis, allowing optical pumping and an easier
alignment of the slower beam. On the vertical axis the ion pump?
is connected. A rotatable shutter in this cross interrupts the atomic
beam after loading the MOT to prevent collisions of the fast atomic
beam with the trapped atoms. A differential pumping tube with a
diameter of 6 mm and a length of 120 mm reduces the pressure in the
Zeeman slower and MOT chamber and additionally causes a more
collimated atomic beam in the slower.

3.1.2 The MOT and experiment chamber

The main chamber® is shown in figure 3.3. It is split into two parts
and made of 316L steel, offering a very low magnetic permeability.
The UHV MOT chamber is connected to the Zeeman slower and
provides optical access for the MOT cooling and repumping light (in-
dicated in orange in figure 3.3). The slowing light for the Zeeman
slower enters the chamber through a window opposite of the slower.
In experiments with chromium and dysprosium, the windows are
coated quickly with atoms too fast to be trapped in the MOT, re-
ducing the transmission of the slowing light through the window. A
simple solution is to use a mirror and have the window not directly

1 Adaptive ET-161-12-08-E, 100 W
2 Agilent ion pump, Vaclon Plus 40 StarCell
3 MCF800M-Cust-G1F4C13 from Kimball Physics
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Figure 3.3: The main chamber is split into two parts: the MOT chamber
for precooling the atoms after the Zeeman slower and the ex-
periment chamber with electric field control, an in-vacuum lens
for high optical resolution and the ion microscope for the de-
lay line detector. The atoms are transported optically in a fo-
cused 1070nm beam with 300 W. The high magnetic field coils
are placed inside recessed buckets to allow a smaller design of
the coils, reducing the required current and dissipated heat. The
Zeeman slower light enters the chamber through a heated win-
dow.

in the atomic beam path. In the case of chromium, the mirror gets
coated, but remains its high reflectivity. However, a test with dielec-
tric mirrors in lithium vapor was not successful, because the lithium
vapor reacted with the coating and destroyed the mirror. Stainless
steel does not react, however its reflectivity is rather low (around
50% — 60 % [74]) for wavelengths between 600 nm and 800nm. The
reflectivity could increase with time, if a layer of lithium or rubidium
is deposed on the steel, but it is unclear if the atomic beams of ru-
bidium and lithium depose as flat layer on the steel. To reduce the
risk of blocking the window with layers of rubidium and lithium, the
possibility to heat the window is integrated. A gate valve makes it
also possible to change the window, if the coating cannot be removed.
Such a scheme is already successfully used in the group of J. Hecker
Denschlag.

Compensation of residual fields smaller than the earth magnetic
field (~ 0.5G) is necessary for sub-Doppler cooling in the optical mo-
lasses. The magnetic field compensation is realized by three Helmholtz
coil pairs mounted around the MOT chamber. They are not shown in
figure 3.3 for better visibility of the vacuum setup but explained in de-
tail in section 3.4.4. High field coils in Helmholtz and anti-Helmholtz
configuration are mounted in flanges of the MOT chamber. The anti-
Helmholtz coils are generating the field gradient for the MOT and
can be water cooled (see section 3.4.3). The coils in Helmholtz con-
figuration are used to produce fields up to ~ 1kG, to tune the inter-
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action between the lithium atoms via a Feshbach resonance for more
efficient cooling. They are described in detail in section 3.4.2.

After precooling of the atoms in the MOT, they are transported
to the experiment chamber with a 300 W Ytterbium fiber laser with
1070 nm wavelength. This chamber provides doubly-recessed flanges,
allowing high magnetic fields with the Feshbach coils and strong field
gradients with the anti-Helmholtz coils (same design of the coils as
in the MOT chamber). The doubly-recessed design additionally al-
lows an ultra stable electric field control with eight field plates in
clover leave configuration [75]. An in-vacuum lens provides a high nu-
merical aperture for imaging and to write potential landscapes into
the atom cloud. An ion microscope is also connected to the cham-
ber to achieve magnifications greater than 100 for the spatial detec-
tion on the delay line detector. The chamber is surrounded by coils
in Helmholtz and anti-Helmholtz configuration to compensate any
small magnetic field offset and gradients.

3.2 COOLING AND TRAPPING LIGHT

The principle of laser cooling is described in section 2.2. For reliable
operation of the experiment, frequency stabilized laser light is needed.
Not only a high long term stability is required, but also a narrow
linewidth, to enable the addressing of the single hyperfine state of
the atoms in the cycling transition. Additionally the Zeeman slower
and the MOT require intensities larger than the saturation intensity.
With higher laser power, it is also possible to have larger beams for
the MOT at the same saturation parameter. This increases the capture
range and MOT size. Typical values for the intensities of a rubidium
MOT cooling light beam are about eight times the saturation inten-
sity (Isqt = 1.6mW/cm?) in radial and 23 times in axial direction [64].
Because the laser light also passes plenty of optical elements a larger
total laser power is required. Especially accusto optical modulators
(AOMs) have only an efficiency of 60 — 80% and thus reduce the ini-
tial laser power significantly. Hence the laser has to deliver several
hundred milliwatts to allow efficient cooling.

Most of the rubidium cooling laser setup of the old experiment can
be reused. Only the last part before the experiment chamber needs
new components for two reasons. First the A/4 wave plates in front
of the chamber have to work for the wavelengths of both rubidium
and lithium and the beams have to be overlapped. Second the beam
size is increased and instead of one inch optics, mirrors and wave
plates with two inch diameter are required to distribute the light to
the chamber. Also the old repumper laser was replaced by a DFB laser
diode, to increase the stability of the system.

For lithium a complete new laser setup has to be built. In contrast to
rubidium, the amount of reliable commercial laser sources for 671 nm
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Figure 3.4: Scheme of the different frequencies of the rubidium cooling laser
used in the experiment. The frequencies are shifted with AOMs.
This enables flexible detunings during the experiment cycle.

light is much smaller. Especially for powers exceeding several tens of
milliwatt. To set these up will be a future project and is therefore not
described in this thesis.

3.2.1 Cooling and imaging light

The rubidium laser system consists of a Nd:YAG laser*, which pro-
duces up to 10 Watts of 532nm light. It is used to pump a titan-
sapphire laser®, producing approximately 700 mW of light with 780 nm
wavelength at 8.5W of the Verdi-V10 pump light. This light is then

used to cool the atoms in the Zeeman slower and catch them in

the MOT, as well as for absorption imaging. As described in sec-
tion 2.4 the Zeeman slower light needs to be detuned by approxi-
mately 875MHz from the F = 2 — F’ = 3 cooling transition, whereas

the MOT laser beams need to be red-detuned by a couple of linewidths
(~ 20 — 30 MHz). This is achieved by several AOMs in the light path.
The full scheme of the different laser frequencies is shown in fig-
ure 3.4.

Additionally the modulators allow a very fast switching of the laser
power in typically 30ns. However, a small amount of the light can
leak through the modulator, thus mechanical shutters® are placed into
the light path to completely block the light.

To frequency stabilize the laser, a small part of the light is shifted by
400 MHz in frequency with a double pass AOM and sent to an absorp-
tion spectroscopy cell. The shifted laser light is then frequency stabi-
lized with Doppler-free polarization spectroscopy to the 52S; ,,F =2 —
52P3/,F' = 3 transition [76]. The rest of the light is split into several

4 Coherent Verdi-V10
5 Coherent MBR 110
6 LS3ZM2H, Uniblitz, Vincent Associates
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Figure 3.5: The rubidium cooling laser setup. The cooling light is generated
by a pumped Titanium Sapphire laser. The light is frequency
stabilized with Doppler-free polarization spectroscopy. Most of
the laser power is directed to the MOT and the Zeeman slower.
The Zeeman slower light is superimposed with repumper light
(section 3.2.2). The MOT repumper light is superimposed before
it is split up to the different MOT axes. Some light is extracted

for absorption imaging.
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paths by A/2 wave plates and polarizing beamsplitter cubes (PBSCs).
Most of the light is coupled into the MOT path. A lens focuses the
beam through a 200MHz AOM in double-pass configuration for the
required frequency shift. The A/4 wave plate turns the polarization
of the reflected beam by 90° in respect to the incoming beam. This
allows the separation of the incoming beam and the reflected beam
with a PBSC. The driving frequency of the AOM can be shifted dur-
ing the sequence to adopt the detuning for the MOT and molasses
cooling.

The light for the Zeeman slower is shifted by 475 MHz with a mod-
ified double pass AOM. The modulators are made of a crystal, e.g.
TeO,, in which the light beam is Bragg deflected at an acoustic wave.
The frequency of the acoustic beam can be changed by 10 —25MHz
around the specified central frequency, which is on the order of sev-
eral tens to some hundreds of megahertz, without influencing the ef-
ficiency of the deflection. One reason for this limited bandwidth is a
electric resonant circuit inside the AOM. It matches the impedance of
the modulator with the impedance of the cable and frequency source.
Otherwise the rf power is reflected back to the frequency source and
is not radiated into the crystal.

The reflected rf signal of the AOM was measured with a directional
coupler’. The frequency source is connected to the output port of the
directional coupler and the AOM to the input port. The signal re-
turning from the AOM is then directed to the coupled port and can
be evaluated on a frequency analyzer. Such a signal is shown in fig-
ure 3.6a for an unmodified CrystalTec AOM 3225-121. At the specified
driving frequency of 200 MHz most of the power is coupled into the
AOM, but at the required frequency of 235 — 240 MHz for the Zeeman
slower most of the signal is reflected. By changing the impedance of
the circuit one can change the central frequency in some finite range.
In figure 3.6b the resonance circuit with two coils and one capacitor is
shown. The resonance frequency of this circuit can be tuned to higher
frequencies by stretching the two small coils, thus lowering their in-
ductivity. Additionally the variable capacitor has to be adjusted. The
slightly asymmetric resonance curve, shown in figure 3.6a, could be
caused by the circuit board, which is not specified for the higher fre-
quencies. However it is also possible, that the perfect adjustment of
the resonance circuit was not found. The efficiency was measured
with 780nm light from a Toptica DLPro system with a 1/e2 beam
waist of 200 um. The unmodified version has a diffraction efficiency
of 80% at 200 MHz. For the modified version the efficiency of 75 %
at 240 MHz is only slightly less. The frequency can be tuned between
225MHz and 250 MHz without any drop in efficiency larger than 1 %.
This is the required frequency range needed for the Zeeman slower

7 MiniCircuits ZDC-20-3
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Figure 3.6: The modified accusto optical modulator for the Zeeman slower.
The resonance circuit was optimized to work at 240 MHz. The
reflected signal was measured with a directional coupler (Mini-
Circuits ZDC-20-3)

and therefore the asymmetric impedance around the center frequency
in figure 3.6a is no drawback.

For imaging a small amount of light is used. An AOM shifts the
light to the desired frequency. The light is then coupled into a fiber to
transfer it to the vacuum chamber and to get a clean Gaussian mode.
To block any leaking light, a mechanical shutter is placed in front of
the fiber couplers.

3.2.2  Repumper light

A new distributed feedback laser system (DFB) was set up for the
repumper. Compared to normal laser diodes, DFB laser diodes have
a Bragg grating in their gain section. This grating restricts the laser to
work at a single longitudinal mode. This offers better quality of the
beam compared to laser diodes with reflective end surfaces. These
types normally operate with multiple longitudinal modes, if no feed-
back, e. g. by an external cavity, is used. In the old setup such an ex-
ternal cavity diode laser was used which offers a narrower linewidth
(typical smaller 1 MHz) as a DFB lasers (several MHz). However this
is not necessary for the repumper and therefore a DFB diode offers a
stable and compact replacement. To tune the wavelength, the temper-
ature and current of the diode can be changed. Whereas temperature
changes the wavelength on a rather slow timescale on the order of
seconds, a much faster way to modulate the frequency is realized by
modulating the current.
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Figure 3.7: Setup of the rubidium repumper laser. A DFB diode with 80 mW
output power is stabilized via polarization spectroscopy on a ru-
bidium cell.

In our setup a DFB laser diode?, emitting at 780 nm, is used. At
140mA an output power of 80 mW is achieved. It is mounted in a
Toptica TCLDM9 mount with integrated thermoelectric cooler for op-
timal thermal stability. The temperature and current is stabilized with
commercial controllers’. For the frequency stabilization a rubidium
gas cell for Doppler-free polarization spectroscopy and self-built PID
controller are used. The measurement of the laser linewidth was done
with a heterodyne measurement scheme. For the heterodyne detec-
tion, a second very narrow reference laser is needed. The two lasers
interfere and generate a beatnote signal. If the laser frequencies are
close enough, the beatnote signal can be measured with a photodi-
ode. For a narrow reference laser with negligibly narrow linewidth
the width of the beatnote signal peak corresponds to the linewidth
of the laser to be characterized. In this measurement a reference laser
with 3kHz linewidth was used [77] and the linewidth of the DFB
laser diode was measured to be 14 MHz. This makes it suitable for
repumping, because the linewidth is smaller than the hyperfine split-
ting of the 5P3,, state.

8 Eagleyard, EYP-DFB-0780-00080-1500-TOC03-0000
9 Toptica TED200C and Toptica LDC205C

45



46 EXPERIMENTAL SETUP

——————————————————————————————————————————————————————————————— F=3
MOT repumper 266.7 1\IHZI 9
fffffffffffffffffffffffffffffffffffffffffffffffffffffff F=2 i) P32
Laser 156.9 MHz 156.9 MHz
4 o4 B
”””””””””””””””””””””””””””””””” F=0
253 MHz v
Lock Zeeman slower
repumper
—————————————————————————————————————————————————————————————— F=2
2
6.8 GHz 5 Sl 9
,,,,,,,, A 25 F=1

Figure 3.8: Repumper locking scheme for rubidium 87

The complete repumper setup is shown in figure 3.7. An optical
isolator preserves the diode from destruction by back reflections of
the laser light. A small part of the light is then directed to the ru-
bidium cell for frequency locking of the laser, whereas most of the
light is split and send to two AOMs. The locking scheme is shown
in figure 3.8. The frequency of the laser is locked to the 52S; /,F =1
to 52P3 ,,F = 1 transition via Doppler-free polarization spectroscopy.
For the MOT repumping light one AOM shifts the light in resonance
with the 525 nF=1to 52P; ,2F = 2 transition, whereas the Zeeman
slower repumper is shifted with an AOM to the red by 253 MHz to
compensate for the Doppler shift of the atoms leaving the oven with
300m/s.

3.2.3 Optical dipole trap

Dipole traps are, together with magnetic traps, the tool of choice to
cool atoms down to the quantum regime. The principle of optical
dipole traps is explained in section 2.7. However until now we have
not discussed multiple species in one trap.

In general atoms of different species have different light shifts in the
same light field. As a consequence, the different species feel distinct
potential depths in an optical dipole trap. This property is already
used in some experiments for species selective trapping [78, 79].

In this experiment, an ODT for both elements, rubidium and lithium,
is required. For a typical ODT with a 1064 nm laser, the trap depth of
rubidium (equation 2.21) is

u Mkb - 8L - Wo
ORb _ 'Rb-OLi"WoLi _ 5 o (3.3)
Uori  TLi Orb - WoRb

times deeper as for lithium, where wy is the center frequency between
the two D lines and b is the detuning of the laser in respect to this
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frequency. This is mainly due to the higher transition frequency of
the D7 and D3 lines in lithium. The lifetimes of the excited states are
nearly the same. Assuming the same temperature for both elements
in the ODT and a typical trap depth to temperature ratio for evapo-
ration of n = llfg%l = 10 (see section 2.7.2), the evaporation rate for

rubidium is suppressed by

672.6-11

~1.1-1077 (3.4)

e M
compared to the evaporation rate achieved for an n equal to that of
lithium. As a result, evaporative cooling will result in loss of lithium
atoms, whereas rubidium is sympathetically cooled by the lithium. In
magnetic traps this cooling process can be done the other way around,
by choosing the appropriate rf frequency to evaporate rubidium [80]
instead of lithium. For efficient sympathetical cooling a high elastic
interspecies collision rate is important, hence a large spatial overlap
of the two clouds is preferable to allow a high number of elastic colli-
sions.

In general the optical dipole potentials are much stronger than
the gravitational potential, making it possible to neglect gravitation.
For very low trap depths during the evaporation process the high
mass ratio of rubidium and lithium with mui/my, = 14.4 renders the
separation of the clouds. This is called gravitational sag. In the fol-
lowing a setup of an ODT minimizing the relative shift of the two
elements is discussed. The relative shift of the potentials for rubid-
ium and lithium is calculated for a single Gaussian laser beam with
1064 nm. This can be done by inserting equation 2.59 in equation 2.24
and adding the linearized gravitational potential

x2+y2

Upot = Up(z)e ~ w7 —m-g-x (3.5)

with Up as the potential depth, m the mass of the atom, g the grav-
itational acceleration and w(z) as the waist size of the beam. In this
case the gravitation is pointing in x-direction, whereas the beam is
perpendicular, pointing in z-direction. To find the minimum

Uy
Xemin = =2 W | [ ——2— (3.6)
2 g-m-wp

the derivative is set to zero at y = z = 0, where wy is the beam waist
size. W represents the Lambert-W function. In figure 3.9 the relative
shift between the lithium and rubidium potential minimum is plotted
over the waist size and potential depth of lithium. Two conclusions
can be drawn from this. First of all, the relative shift matters at very
low trap depths of around 3-5 pK (8-13 uK for rubidium). These trap
depths are reached for typical degenerate lithium Fermi gases with
temperatures of 200nK to 500nK [81, 82]. Second, the relative shift
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Figure 3.9: Relative shift of the lithium and rubidium potential minima in
respect to waist size and trap depth of lithium.

can be minimized by choosing the beam waist as small as possible.
In the misaligned crossed dipole trap [63] (see figure 3.10) this shift
can be further reduced. Figure 3.10 shows the principle of the crossed
misaligned dipole trap and the potentials for lithium and rubidium in
a 1064 nm laser. The smaller beam has a waist of 40 um and a power of
1.2W, whereas the bigger beam with a waist of 130 um has a power
of 12W. By increasing the laser power of the larger beam to 20 W,
the effective potential depth U for lithium can be lowered to 5 uK
without changing the trap stiffness. The resulting trap frequencies are
calculated by a harmonic potential approximation at the minimum of
the trap and given in table 3.1.

wx/2m [Hz] wy/2n[Hz] w./2nt[Hz] Uy/kp [uK]

Lithium 1015 1015 236 37
Rubidium 438 438 102 100

Table 3.1: Trap frequencies and maximum trap depth of the crossed mis-
aligned dipole trap for 1.2 W in the small trapping beam.

The relative shift of the potential minimum for the misaligned
crossed beam solution compared to the single beam trap is plotted
in figure 3.11. The single beam has a waist size of 40 ym and the
misaligned crossed trap has beam waists of 40 um for the small and
130 um for the large beam. In this configuration the relative shift of
the cloud is strongly suppressed. Instead of a relative shift of 10 %
of the waist size at a trap depth of 3 uK for lithium, the shift only
amounts to 2 %. One can also see in this plot, that the ratio for the
trap depths of rubidium and lithium decreases for lower depths even
below one in the single beam trap. This is due to the increasing ef-
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Figure 3.10: Optical dipole trap potentials for lithium and rubidium in mis-
aligned crossed 1064 nm beams with a waist w of 130 pm for
the wide beam and w = 40 um for the small beam, which is dis-
placed by 65 pm. The larger beam applies a force, pulling the
atoms out of the tight beam and allowing them to escape along
the axial direction of the wide beam. By increasing the power,
the effective trap depth can be reduced.

fect of the gravitational potential (14.4 times stronger for rubidium)
in lowering the trap depth of the optical dipole potential (2.6 times
deeper for rubidium).

3.3 DUAL SPECIES ZEEMAN SLOWER
3.3.1 Creation of the magnetic field

To create the magnetic field for the Zeeman slower, several differ-
ent design possibilities exist. In this chapter different designs are de-
scribed with their advantages and drawbacks.

¢ The permanent magnets design does not require any electric power
and produces no heat. Thus water cooling of the slower is not
necessary. In this sense it makes the design easier. Another ben-
efit is the ability to assemble and disassemble the system at any
time. So it can be removed during the bake out. Two examples
for such a design can be found in [83] and [84]. The trade-off is
the transverse magnetic field, whereas in wire wound designs
the field points solely in the direction of the slower axis. This
transverse field enables atomic transitions other than the closed
cooling transitions of the atoms. Also the magnetic field varies
strongly over the beam diameter in such a system.

* The same transverse magnetic field can be produced with cop-
per bars running along the vacuum tube. This was realized for
85Rb in the group of V. I. Balykin [85]. Despite the easier design
and assembly than a wire wound slower, the transverse magnetic
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Figure 3.11: Shift of the potential minima for lithium and rubidium in a
single beam ODT with 40 um waist size and the misaligned
crossed ODT solution. The shift was calculated up to an trap
depth of around 3 uK for lithium.

field Zeeman slower has the same draw-backs of the field design
as the the permanent magnet design.

* Lengths of Zeeman slowers are typically in the range of 30 cm
to 80 cm. To simplify the production, the coil is often split into
individual segments. Each segment is wound independently and
it is not necessary to rewind the whole slower if it is damaged.
With each solenoid connected independently to a power source,
the magnetic field can be adjusted to an optimized MOT load-
ing rate with the cost of lots of power supplies. Gaps between
the different segments are inevitable and leads to ripples in the
magnetic field.

¢ Inreference [86] a single layer Zeeman slower was used for slow-
ing rubidium. The magnetic field profile is produced by a vari-
able pitch of the winding. Instead of coiling several hundreds of
windings in multiple layers it is reduced to one layer. The draw-
back of such a design is the high current of 110 A to create the
magnetic fields of up to 120G. In the case of lithium fields up
to 700 G are required, which would need much higher currents.

* The continuous wire wound Zeeman slower design only needs a
single power supply for the continuous wound solenoid, but
provides no flexibility in adjustment of the field after the coil
is wound. Only the total field can be changed by increasing or
decreasing the current.

In our design we have chosen to use a mixture of individual seg-
ments and the continuous wire wound design. To reduce the current
we have chosen to wind several layers. Most parts of the slower were
wound continuously to prevent magnetic field ripples caused by the



3.3 DUAL SPECIES ZEEMAN SLOWER

gaps between the individual solenoids. However, always two consec-
utive layers are wound with one consistent wire to provide more con-
nections for fresh cooling water, which is running directly through
the wire. Only the end of our Zeeman slower close to the MOT cham-
ber has separate coils to provide a high magnetic field. Because the
magnetic field in the coil axis drops proportional to the coil radius
squared, only a few windings with small radii are preferable at the
end of the slower. This prevents the magnetic field of the slower to
leak into the MOT region. The further details are discussed in sec-
tion 3.3.4.

In general a Zeeman slower is optimized for one specific element.
The different masses, linewidths and Zeeman shifts of the different
levels change the optimum length and required field strengths. For
example with equation 2.43 one gets a required length of L = 27 cm
to slow lithium with an initial velocity of 700m/s down to 20m/s,
whereas rubidium with an initial velocity of 300 m/s needs a distance
of L = 81cm. The deceleration a = %* used for the calculation is
in both cases half of the maximum allowed deceleration. In the refer-
ences [87, 88] adoptable Zeeman slowers are described. They can load
different species sequentially by changing the current of the coils to
adjust the magnetic field profile to load different species sequentially
into the MOT. A preferable solution is the ability to load simulta-
neously two species, because it reduces the experimental cycle time.
This can be done by using one Zeeman slower for each element with
the cost of reduced optical access to the chamber. By splitting the
Zeeman slower into three distinct slowing segments, two optimized
to slow lithium and one to slow rubidium atoms, only one Zeeman
slower is required. A similar desing is used in the group of Stamper-
Kurn [89]. It is used as a reference design for our setup.

3.3.2 Atom flux

The rate of atoms leaving the effusive oven (cf. section 3.1.1) into the
surface angle i—% with an angle 6 to the surface normal is [46]

do
d®y=-—n-V-AgyenCcosO . (3.7)
47t

The number density n = % = % for a classical Maxwell-Boltzmann

distributed non interacting gas depends on the temperature as well

8kgT
Tm °

as the mean velocity v = The total atomic flux depends then
on the aperture of the oven Agyen = 7TTc2>ven/ the opening angle 9 and
the oven temperature T, as well as the atomic properties like the mass

and the vapor pressure p of the considered element:

=9 2

2t T
Oy = ddy = —oven ., (T sin? 9 . 3.8
0 L 0=/ T 2 p(T) sin (3.8)
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The total atomic flux @ out of the oven is in general not completely
captured in the MOT and is reduced due to three factors [90].

First, the rubidium and lithium samples in the oven consists of
different isotopes of the element. The natural abundance of the iso-
tope used in the experiment is reflected by n¢. For rubidium 87 and
lithium 6 the natural abundance is 0.28 respectively 0.076. This factor
can be increased by using samples with an enriched fraction of the
used isotope.

Second, the Zeeman slower can slow atoms up to a maximum ve-
locity vmax (cf. section 2.4) and covers a finite velocity range of the
atoms emitted by the oven. The velocity distribution follows a modi-
fied Maxwell-Boltzmann distribution [46]

2 1"I'L\)2
f(v) :2<21$T> vie ZkpT | (3.9)

The mass of the isotope is denoted by m, T is the temperature, v
the velocity of the atom and kg the Boltzmann constant. Hence the
fraction of slowed atoms is

Jom f(v)dv _ movday < m-v2 >
=<0 77 _1_ ZkgT [ ] 4 —max | 3.10
127 S ) dv e kT (3.10)

In figure 3.12 the velocity distribution is shown for a temperature of
160 °© C for rubidium and 400 ° C for lithium. Additionally the fraction,
which can be slowed by the Zeeman slower built in this experiment, is
shaded. For rubidium this results in a fraction of 30 % and for lithium
Of 3 %.

Last, the atomic beam expands during the slowing process and its
diameter at the position of the MOT is larger than the MOT capture
radius, hence the captured fraction of atoms is further reduced by

atoms inside capture radius

3= "total slowed atom flux G11)
This blooming of the beam is caused by the transverse velocity of
the atoms. Due to the slowing process in longitudinal direction, they
have a longer time of flight compared to the unslowed motion and
they cover a larger transverse distance. Additionally the spontaneous
scattering of photons during the slowing process leads to a random
walk of the atoms in the plane perpendicular to the slowing direction.
At the beginning of the slower, the transverse velocity v is small
compared to the longitudinal one v;. After the slower the velocities
are on the same order, causing a large diverging beam. To calculate
the spread of the atoms, the atomic beam intensity profile at the MOT,



3.3 DUAL SPECIES ZEEMAN SLOWER

3,0_|""|""|""|""|""|_

2.0F .

—— Rubidium ]

A Lithium
1.0p b

probability [1072]

0.5F ]

0.0f —

0 500 1000 1500 2000 2500

velocity [m/s]

Figure 3.12: Velocity distribution of the rubidium atoms for an oven tem-
perature of 160 °C and for a lithium gas with a temperature of
400 °C. The curve shows the probability to find an atom with
velocity v in the velocity range dv. The colored area under the
curve symbolizes the fraction of atoms which can be slowed by
the Zeeman slower for a capture velocity of 300m/s for rubid-
ium (= 30%) and 700 m/s for lithium (= 3%).

perpendicular to the atomic beam axis (z-axis), is approximated by a
Gaussian distribution

2

1 ey
- e ““Momi 3.12
V2T OMOT i 312

for each velocity class v; of the atomic beam with 0 < vi < vax. The
width opoti of the Gaussian distribution has now two contributions
which we will discuss here, as far it is necessary for the calculation.
A detailed treatment of this topic can be found in reference [90].

Li(x) =

1. The oven limits the divergence of the beam by geometrical re-
strictions to an angle 9, which restricts the transverse velocity
to

Vt, oven,i = O - Vii (313)

for atoms of the velocity class v;;. This velocity stays constant,
hence the transverse spread

Aﬂight,i(t) =Vt oveni -t (314)

is only determined by the time of flight of the atom t. Because
the longitudinal velocity decreases and the atom stays longer in
the Zeeman slower, the spread at the end of the slower is larger
compared to the angle given by the oven.

2. The second contribution to the blooming of the beam is the dif-
fusion of the atoms due to the spontaneous emission. Whereas
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the absorption of the photons from the laser light decelerates
the atoms, the spontaneous emission is isotropic and in aver-
age does not contribute to the momentum. However it leads
to a random walk of the atom in the transverse plane, which
causes the Gaussian beam profile!®. The root mean square dis-
tance (here in momentum space) of the random walk depends
on the square root of the number of steps, which corresponds in
this case to the number of spontaneous emitted photons Ngw.
In each step the momentum hk is transferred to the atom, giv-
ing a transverse velocity of

hk
VRW =V Nrw - (3.15)

The sum of the momentum of all scattered photons Nrwhk at
time t is equal to the longitudinal momentum change of the
atom m - (vi —v(t)) with an initial velocity vi at t = 0 and a
velocity v(t) after the scattering of the photons. This yields to a
transverse velocity of

v (8) = 2 [T (g v(1) (3.16)

The transverse distance covered by the atom depends on the
flight time t and is given by

t

ARW,i(t) = JO VRw(t,)dt/ . (317)

Both of the two above outlined mechanisms contribute indepen-
dently to the width of the atomic beam and have to be added in
quadrature [90]. As a consequence a velocity class vi has a Gaussian
intensity profile at time t with a width of

ovori (1) =/ (Arwi (0)2 + (Asigne (1)) (3.18)

The integral over the intensities for each velocity 0 < vi < Vmax
results in the total intensity of the atomic beam weighted with the
modified Maxwell-Boltzmann distribution function

I(x) = J:m F(vi)T (x)dvs . (3.19)

The fraction of atoms in the MOT capture region with radius r. is
then calculated with

B fo¢ L(r)dr
n3 = W . (3.20)

10 Initially after the collimating apertures of the oven the beam has a trapezoidal beam
shape [46].
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Figure 3.13: Illustration of the lithium and rubidium beam width between
the oven and the MOT.

The radial symmetry of the intensity distribution was used to simplify
the integral and to switch to polar coordinates. The total atomic flux
in the MOT capture region is then expressed by

Opor =11 :M2-n3 - Do -

For lithium the divergence of the atomic beam is much more pro-
nounced than for rubidium. Due to its lighter mass, the larger recoil
hk and the larger initial velocities, equation 3.16 predicts a faster in-
crease for lithium than for rubidium during the slowing process. Es-
pecially at the end of the slower the difference in the spread angle
is significant. The transverse velocity for Lithium slowed down form
700m/s to 60™m/s is 6.4 times larger than the transverse velocity of ru-
bidium slowed from 300m/s down to 30m/s!!. For a high brightness
of both atomic beams at the MOT position, it is crucial for the final
deceleration section of Li to be located close to the MOT. Figure 3.13
shows an illustration of the lithium and rubidium beam widths. Also
a higher capture velocity of the MOT, allowing faster end velocities of
the atoms at the end of the slower, is beneficial for a high beam bright-
ness. Estimating the capture range of the MOT with equation 2.57
and typical values for the detuning (6 = 3I') and the magnetic field
gradient (0B = 10G/cm) gives a capture radius of r. = 1.2cm. If the
deceleration of the atoms in the MOT is conservative estimated to be
half of the maximum deceleration ao, the capture velocity is 35m/s
for rubidium and 140 m/s for lithium. Reference [89] gives capture ve-
locities of 50m/s for rubidium and 80m/s in the case of lithium. The
achievable size of our MOT will depend in the end also on the avail-
able laser power at the position of the MOT. For safe estimations of
the required velocities of the atomic beam, the respectively smaller
value of the capture velocities is used.

3.3.3 Design considerations

The design of the Zeeman slower has to fulfill following specifications,
which are given by the experiment. It should produce an atomic flux

At the end of the slower the longitudinal velocity is mostly dominated by the random
walk of the stimulated emission process. In this case for lithium v¢ gyen,i = 2.8m/s
whereas vgyy = 8 m/s.
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of about 107 to 10'® atoms per second for both elements, to allow
short loading rates of the MOT. The capture velocity for rubidium
was set to 300 m/s and for lithium 700 m/s as such a dual species Zee-
man slower was successfully demonstrated in reference [89]. Further
aspects of the design are discussed here, before the simulation and
construction process is explained.

A laser power of 20mW in the slower beam for rubidium focused
to an area of 1cm? corresponds to 12.5 times the saturation inten-
sity (Isat = 1.6mW/em? for the F = 2,mp = £2 to F/ = 3, mp/ = £3
transition with o= polarized light) and gives a maximum possible
deceleration of 95% of the maximum deceleration at infinite intensity.
For lithium the saturation intensity is 2.54 mW/cm?. For a deceleration
of approximately 90% of the maximum possible deceleration, an in-
tensity of nine times the saturation intensity is required. For lithium
this results in a power of the laser beam of 23 mW.

Geometric constraints

The oven and the MOT and experimental chamber design define fixed
geometric conditions for the Zeeman slower. The distance of the oven
to the beginning of the Zeeman slower is approx 60cm (figure 3.2
and figure 3.13). In between are the cooling shield, the beam shutter,
a differential pumping tube, a gate valve and some space to shift the
movable Zeeman slower (see section 3.3.5). The angle of divergence of
the atomic beam is limited by the oven aperture and the differential
pumping tube to ¥ ~ 0.005°. Also the minimum distance between the
MOT center and the end of the Zeeman slower is constrained by the
size of the chamber and is 10.3 cm. The MOT laser beams are assumed
to have a radius of 1.2 cm, which is setting the limit for the MOT size
and capture range.

Magnetic field

The Zeeman slower is split into three stages which are described
in this section. Comparing the two elements lithium and rubidium,
the maximum allowed magnetic field gradient is much higher (equa-
tion 2.44):

v=300m/s: 0,By; =64.7G/cm,
0,Brp =3.4G/cm.

To slow down rubidium efficiently, the slower needs a long section
with small magnetic field gradients. To stop atoms with viyax = 300 m/s,
the laser has to be red-detuned by & = k - vimax = 385 MHz. This fre-
quency detuning is close to the [F=2) — |[F =1) transition ( ~ 6T,
see figure 2.1) for atoms at small velocities. This is exactly the case
for atoms in the MOT, which would consequently scatter the light
and heat up. Using an additional bias field of 307 G shifts the laser
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frequency 430 MHz to the red and circumvents the above described
heating. The lithium is also slowed in this section, but compared to
the maximum capture velocity of 700 m/s the velocity change is small
(200m/s) Because of its lighter mass, the effects of transverse heat-
ing are mostly influencing the beam brightness of lithium (see sec-
tion 3.3.2). This requires a short section close to the MOT with a rapid
deceleration from 200m/s to the end velocity of 55m/s for lithium by
a steep rise of the magnetic field up to 700G. In this section rubid-
ium is not slowed anymore, because it is shifted out of resonance by
the large magnetic field gradient and does not fulfill the adiabatic
slowing condition anymore. The rise of the bias field for rubidium is
additionally used to slow lithium atoms from 700 m/s to 400 m/s. Their
transverse velocity after this first section is still much slower than
their velocity in the Zeeman slower direction, keeping the diffusion
of the lithium beam small during the longer rubidium section. Due
to the possibilities of variations in the magnetic field, the Zeeman
slower is designed with a smaller deceleration than the maximum
deceleration, which is limited by the spontaneous emission. This di-
mensionless safety factor 1 = @efi/am. is chosen to be 0.55 for lithium
and rubidium. The length of the slower is then still reasonable short
with Lg, = 73.6cm for the rubidium section and L;; = 18.3cm for
the two combined lithium sections. Additionally a 2 cm long section
was added to the beginning of the rubidium part, to allow a smooth
transition from the lithium to the rubidium section.

3.3.4 Simulation

The Zeeman slower was developped with the help of simulations to
match the requirements described in section 3.3.3. This was done by
treating each winding of the coil as a current loop. A single current
loop with radius R, current I and its axis pointing in z-direction pro-
duces a radially symmetric magnetic field which is in cylindrical co-
ordinates given by

B.(z,p) = Mol 1 K+ P2 =z
)= e (K e
(3.21)
Bolz,p) =0 % (—K(KHWE(K)) |
T p\/(R+p)*+22 (R=p)"+2
(3.22)

Here po is the vacuum permeability and K and E are the complete
elliptical integrals of the first and second kind. Their argument « is
__4Rp

(p+R)>+22
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Figure 3.14: Simulated magnetic field (blue) of the Zeeman slower and
its deviations (green) with respect to the theoretical optimum
value (orange). The deviations in the rubidium section are less
than £2 G. In the lithium section the deviations are higher, but
lithium is not as sensible as the rubidium to small deviations
of the field. A winding plan to produce the magnetic field is
shown at the top.

The magnetic field of the whole coil is the superposition of the mag-
netic fields of every single winding. The final field of the simulation
and the plan for each coil winding is shown in figure 3.14.

The deviations of the simulated field from the ideal theoretical mag-
netic field are on the order of +2 G for the middle part of the Zeeman
slower. In the two parts where lithium is slowed, the deviations are
between —2G and 10G. For the lithium slowing transition, the Zee-
man shift caused by 10 G is about two times the natural linewidth of
the transition. This seems a lot, but the adiabatic slowing condition is
always fulfilled as it is shown in figure 3.15. For the large magnetic
offset in the middle section, four layers with a current of 27.1 A are
used. The last sharp peak is created by a small coil with few windings
and a high current of 116 A. The small coil radius reduces the stray
magnetic field in the MOT chamber. To minimize the ripples in the
magnetic field, several coil layers operated at 19.6 A are placed on top
of the bias field coils. Windings with a 2mm wire with a current of
4.1 A are added to create a smooth magnetic field distribution.

To verify that the calculated magnetic field is suitable to slow the
atoms, the slowing process for atoms with different initial velocities
is simulated. The simulation solves numerically the differential equa-
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Figure 3.15: Magnetic field gradient of the simulated magnetic field (blue)
and the theoretical ideal field (green). The maximum allowed
gradient given by the adiabatic slowing condition is plotted in
red.

tion for the scattering force (equation 2.13) with the effective detuning
of equation 2.40:

hkl” SO

x(t) = :
2m ] 4 & (50 + K (t)k + BB 4 g

(3.23)

The stochastic nature in the scattering events is not taken into account
in this ansatz. However as long as the deceleration is not close to the
maximum value, this can be neglected because the atom is able to
scatter enough photons to fulfill always the adiabatic slowing condi-
tion. The results for initial velocities of 60 m/s to 310m/s for rubidium
and 100 m/s to 700 m/s for lithium atoms are shown in figure 3.16. The
final velocities are around 30™/s for rubidium and 56 m/s for lithium.
The frequency detunings of the slowing laser light for this chosen
configuration is 875MHz for the rubidium laser and 1.09 GHz in the
case of lithium. These final velocities can still be tuned to some extend
by changing the detuning of the lasers and the end magnetic field of
the slower. In the simulation it turned out, that already initially slow
rubidium atoms will come to a complete stop at the transition of the
rubidium slowing section to the last lithium section. If the change of
the magnetic field in the last lithium section is not fast enough, the
initially slow rubidium atoms are stopped before they are shifted out
of resonance due to the finite linewidth of the transition. The simula-
tion was used to optimize the magnetic profile to reduce the fraction
of atoms pushed back into the slower to 0.3% of all slowed rubidium
atoms. Because the magnetic field decreases after the last slowing sec-
tion, this effect does not show up for lithium.

The spread of the atomic beam was calculated by numerically in-
tegrating equation 3.17 and using equation 3.14. In figure 3.17 the
atomic beam width of the fastest velocity class of each element is
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Figure 3.16: Simulated velocity of atoms flying through the Zeeman slower
for different initial velocities. On top the ratio 7= of the effective
deceleration a and the maximum deceleration a is illustrated.
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Figure 3.17: Atomic beam width of the velocity class v; = 300m/s for rubid-
ium and v; = 700m/s. The position of the MOT is marked in a
dotted line, whereas the beginning of the slower and the sepera-
tion of the three different slowing parts is marked with dashed

lines.
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Figure 3.18: Influence of the oven temperature on the atomic flux at the MOT
position. The results were obtained by calculating n3 numeri-
cally.

plotted. These velocity classes were chosen, because they scatter the
most photons during the slowing process, hence they have a wide
spread angle at the end of the slower. Even for an end velocity of
55m/s for the Lithium beam, the radius of 3.2cm at the position of
the MOT is much larger than the capture range. Rubidium in this
case has a radius on the order of the MOT beams, enabling a large
fraction of captured atoms. The parameters and dimension used for
the calculation of the atomic flux are listed in table 3.2.

Ooven = 4 mm Trp = 160°C T =400°C
oMor = 24cm  aRp, eff = 0.5+ ARb max AL, eff = 0-55 * ALi max
dsource = 60 cm VRb,max = 3101/s VLimax = 700™/s
dmor = 10.3cm VRbend = 30 ™/s VLiend = 55 ™/s

Table 3.2: These dimensions and parameters are used for the calculation of
the atomic flux.

With ngp,1 = 0.28, Nrp,2 = 0.30 (cf. equation 3.10) and ngrp3 = 0.74
(cf. equation 3.20) one gets an atomic flux of 1.6-10'! atoms per
second in the MOT plane for rubidium. Lithium has a total atomic
flux of 4.03-10? atoms per second with the following loss factors:
NLi,1 = 0.076, Nz = 0.03 and N3 = 0.002. The atomic flux at the
position of the MOT as a function of temperature is shown in fig-
ure 3.18. Since the vapor pressure increases exponentially, the atomic
flux can be increased with higher temperatures. This increases also
the number of atoms which cannot be slowed, leading to an increase
in collisions with the atoms in the MOT. Hence the atom number in
the MOT saturates.
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Figure 3.19: Self designed split ring for fixing the Zeeman slower vacuum
tube to the gate valve. Here it is mounted in a test setup for a
helium leak test.

3.3.5 Construction

As seen in section 3.3.4, the distance between the end of the Zeeman
slower and the center of the MOT is very critical with respect to the
atom flux. To get the maximum atomic flux, the Zeeman slower has
to be as close as possible to the MOT chamber. A movable mount is
used for the Zeeman slower, to be able to mount the vacuum tube to
the chamber and then shift the slower as close as possible to the MOT
chamber. This allows it to access the screw holes of the CF35-flange
which would otherwise be blocked by the Zeeman slower coils.

The movable mount is made of a 316L steel tube with 22 mm in-
ner diameter and 25 mm outer diameter holding all the windings of
the Zeeman slower. This enables the Zeeman slower to be shifted
over the knife edges of a CF16 rotatable flange which have a diam-
eter of 21.3mm. To connect the CF16 knife edge to another flange,
an inhouse design for a split-ring was used, because no commercial
product was available at this time. This split-ring is shown in fig-
ure 3.19 and was produced in the faculty mechanics workshop. It can
be placed around the vacuum tube like a clamp and presses the knife
edge into the copper gasket.

Two different types of wire are used for the Zeeman slower. A
round enameled copper wire with 2mm diameter is used for the
upper layers carrying a current of 4.1 A. The insulation of the wire
is high temperature durable up to 210°C. This is high enough for
a safe bake out process of the vacuum chamber. The rest of the lay-
ers are wound with a 4 x 4mm? hollow core copper wire. The hol-
low core is 2.5mm in diameter and enables direct water cooling of
the wire. First a Kapton-FN insulated wire was chosen, because of
its high maximum allowed temperature of 205°C and its low thick-
ness. Winding tests revealed that the Kapton insulation peeled of
very easily at small bending radii. As a consequence glass yarn cov-
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Figure 3.20: Measured magnetic field in blue dots and theoretical ideal field
in dashed orange. The difference between the measurement and
the ideal magnetic field is plotted in green dots. The adjusted
windings are on top with the following color code: 116 A red,
39.7 A violett, 27.1 A blue, 19.7 A orange, 4.1 A green.

ered wire is used, which turned out to be much more stable. During
the winding process, short circuits between the layers were regularly
ruled out by measuring the magnetic field with a Hall sensor!? fixed
to a wooden stick. Wood was chosen as the mounting material be-
cause of its low magnetic permeability. The winding process revealed
that the thick copper wire prevented gapless transitions between in-
dependently wound solenoids. As a result, the original simulated
winding plan (see figure 3.14) was changed to the one shown in fig-
ure 3.20. The total thickness per wire, including winding inaccuracies,
is 4.3 mm, whereas the simulations were done with 4.5 mm. This re-
sults in a total length of 89 cm, however the magnetic field could be
matched to the theoretical ideal one at the shorter length by small
adjustments in the currents. The final measured field is shown in fig-
ure 3.20. A larger deviation in the first part of the slower is still much
smaller than the maximum allowed magnetic field gradient and the
adiabatic slowing condition is still fulfilled as shown in 3.21.

The finished slower, mounted to the chamber, is shown in figure 3.22.
The connections for the cooling water are made from 8 mm brass tub-
ing which was brazed to the wire. This allows us to connect 12bar
cooling water via Prestolok connectors to the slower. The water flow is
sufficient to cool the slower and no increase in temperature could be

12 Honywell 55496 Al
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Figure 3.21: Calculated magnetic field gradient of the Zeeman slower (dif-
ference quotient). The adiabatic slowing condition is always ful-
filled.

Figure 3.22: Zeeman slower mounted to the chamber. The connectors for the
cooling water are braze-joined and the connectors for the cur-
rent are special designed copper clamps to minimize the contact
resistance. Because of its heavy weight, the slower is supported
by several braces, unloading the vacuum seals.

measured. The coils are contacted by special designed copper clamps
to minimize the contact resistance and heating of the wires.

34 MAGNETIC FIELDS

Mainly two types of coils are build around the chambers. There are
Helmholtz and anti-Helmholtz coils around the MOT and experi-
ment chamber to compensate small bias fields and gradients. This
is important for molasses cooling or exact field control in precision
measurements. On one axes of the MOT and experiment chamber
water cooled Helmholtz and anti-Helmholtz coil pairs are mounted
to produce large magnetic fields and gradients. The magnetic field
gradients are used for the MOT or for spin sensitive imaging using a
Stern-Gerlach configuration. The Helmholtz coils are capable of pro-
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ducing homogeneous magnetic fields up to 1kG and allow access to
the broad s-wave Feshbach resonance of the two lowest °Li hyperfine
ground states at around 830G [91]. The coils are explained in more
detail in the next sections.

3.4.1 Design considerations

In the experiment, it is necessary to switch the magnetic fields on a
short timescale. For example the time duration for molasses cooling
is only several milliseconds and therefore the magnetic field of the
MOT has to be switched off much faster. The switching time of the
magnetic field is mainly limited for two reasons. First, the inductance
L of the coil gives a switching time T = %, where R is the resistance
of the coil. The second reason for a long switching time are induced
eddy currents in any conductive material by rapidly varying mag-
netic fields. These can decay much slower, depending on the material,
and create magnetic fields itself. Therefore the coil holders and other
possible closed conduction loops in the setup are split to suppress
such effects. One solution would be to place the coils in vacuum, but
this rises other problems. For example wires pressed together could
generate a virtual leak, if small spaces remain between them. Also the
insulation has to be vacuum compatible.

The induced voltage Ujq = —L% depends on the inductance and
the change in the current. By adding an ohmic resistor R, the switch
off time T = ﬁ can be in principle arbitrarily reduced (see Ap-
pendix A). However this implicates a fast current change and high
induced voltages, which can destroy the insulation of the wires or the
connected devices. With lower inductance, a shorter switching time
can be achieved without exceeding the maximum voltage ratings of
the devices. To get an idea of the important design considerations we
first have to look at the magnetic field and how it scales.

The magnetic field B in the center of two coils with radius r and
current I in Helmholtz configuration is

8 I-N

This means that the magnetic field increases with decreasing radius
and increases linear with the number of windings.
The gradient of coils in anti-Helmholtz configuration is given by

5
B 3uNI D/, D) 3
@22 Yl 2 2
0|, 2 12 . r< +4T> (325
3|,LONI
~ 0.705 x = 3.26

for a distance of the coils of D = v/3r (anti-Helmholtz condition),
where the second and third derivative vanish at z = 0. This also im-
plies that for a given current, a smaller radius produces a higher field
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Figure 3.23: CAD drawing of the Feshbach coils (yellow) and gradient coils
(brown) in the recessed bucket at the experiment chamber. The
coil holder is drawn in blue for better visibility.

gradient. For the outlined reason, the coils are placed in recessed
flanges as shown in figure 3.23 to reduce the distance between the
coils and the required radius of the coils to fulfill the Helmholtz and
anti-Helmholtz conditions.

With this in mind, the next step is to look at scaling properties
of the dissipated power, inductance, switching time constant and in-
duced voltage with respect to the winding number. These scaling
laws are both valid for the Feshbach and gradient coils. For a given
gradient or magnetic field, the required current scales with I oc N™
The inductance of the coil can be estimated by the formula of a
solenoid L o« 7?N2. In the experiment the MOT and Feshbach coils
are always pairs of coils which means the total inductance is between
2L and 4L depending on the mutual inductance of the coil pair. For
the scaling laws, this does not play a role. Because the resistance of
the coil is proportional to R the time constant T = LR™" o N scales
with the winding number. The induced voltage is proportional to
U;ng o< N for changing the current in a fixed time (then I oc T N—h.

In summary one can say, that for fast switching times and lower
induced voltages during switching, a low number of windings is im-
portant. The downside is the increase in the required current and
more dissipated power (P = RI? o« N~1). With hollowcore wire coils,
as used in this setup, the heat can be easily managed and therefore a
small number of windings is best suited for our setup. The coils are
described in detail in the following sections.
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Figure 3.24: Picture of a stack of a MOT and a Feshbach coil mounted on the
coil holder. The inset shows the transition between the different
layers.

3.4.2  Feshbach coils

The Feshbach coils have to produce a high homogeneous magnetic
field to access the broad lithium Feshbach resonance of the two low-
est hyperfine states at approximately 830 G. They should also feature
as low inductivity as possible to allow fast switching times, which
means as less windings as possible with as small radius as possible
(see section 3.4.1). To produce the desired homogeneous field, two
coils are set in a Helmholtz configuration. This means that two round
coils with radius R are placed symmetrically in axial distance R to
each other. This leads to a magnetic field, which has ideally no devi-
ations up to the second derivative (32B/dx? = 0) at the center. Inho-
mogeneities in the field could otherwise lead to a lowering of the trap
depth of the dipole trap.

The magnetic field was calculated as described in section 3.3.4. For
still manageable currents of 400 A the coils have to be placed in re-
cessed flanges to match the criteria mentioned above. The recessed
bucket of the experiment chamber with the coils is shown in fig-
ure 3.23. The symmetry axis of the coil pair is showing in horizontal
direction, whereas in the MOT chamber the axis is pointing vertical
in the direction of gravitation.

The Feshbach coils are wound with the same 4 mm x 4 mm-wire
as the Zeeman slower. Each one has four radial windings and three
layers with an inner diameter of 70mm and an outer diameter of
103 mm. A picture of a Feshbach and a MOT coil mounted on a coil
holder is shown in figure 3.24. These coils create magnetic fields of

=251~ (3.27)

B(r,z=0) G
I A
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Figure 3.25: Magnetic field of the Feshbach coils for an operating current
Io =400 A. Distances are given with respect to the center of the
Helmbholtz configuration

TYPE VALUE

max. current 400 A
max. magnetic field 1002G
power dissipation 1.3kW

max. temperature rise 8K

Table 3.3: Estimated specifications of the Feshbach coils. The maximum cur-
rent is limited by the current supplies.

(see figure 3.25) with very small gradients. For 1 mm off-centered, the
simulation gives
0B G

— =—0.014 — (3.28)
0z

r=0,z=1mm cm

at 400 A. For a 100 pm wide dipole trap placed 1 mm off-centered in
the magnetic field, this generates a potential gradient of

AU = 00142 g - 100 pm = ks - 100K,
cm

which is negligible in the context of our planned experiment. Further
specifications of the coils are listed in table 3.3. The wire is water
cooled with 12bar cooling water to reduce the heating of the coil. At
400 A a temperature increase of less than 8 K above the surrounding
temperature was calculated. In the long term, a larger temperature
increase could damage the glue of the coil and heating of the flange
could reduce the vacuum quality in the chamber.

The coils are connected to two power supplies!® working parallel
in master-slave configuration to supply the high currents. The con-
nectors are larger versions of the copper clamps used for the Zee-
man slower. Fluctuations in the magnetic field could cause heating

13 Delta SM-30-200
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of the atoms, so small current noise of the power supplies is nec-
essary. The Delta power supplies have a rms ripple and noise of
20mA at 200 A, which corresponds to a stability of 10~* and causes
magnetic field noise of maximum 0.07 G. The coils can be switched
off by IGBTs'¥(see Appendix A). To be able to have short switching
times, an ultra low inductive ceramic resistor!® and a flyback diode!®
are placed parallel to the coils to dissipate the energy of the mag-
netic field and limit the induced voltage. The IGBT is controlled by a
Semikron SKHI23/12 R driver, which can supply high gate currents
of up to 8 A necessary for a fast switching.

The wire is glued with Araldite 2012 epoxy adhesive, which pro-
vides strong bonding to metal and has a low thermal expansion coef-
ficient. Furthermore, it can be heated up to 100 °C and still provides
enough firmness. The temperature is monitored by TS NTC 203 sen-
sors from B+B THERMO-TECHNIK and a self build control unit (see
Appendix B), which can switch off the power supplies via an inter-
lock switch in case of a cooling water failure or a malfunction of the
power supplies. The employed sensors are small and react within less
than two seconds to any temperature change.

3.4.3 Gradient coils

The gradient coils are used to create the quadrupole field for the
MOT and to provide gradients to spatially split different spin states
of the sample for imaging. The coils are mounted in a so-called anti-
Helmholtz configuration which produces a quadrupole field for cur-
rents running in opposite directions of each coil. The spacing is not
as critical as for a Helmholtz configuration, because they will always
produce a gradient in the center, but the optimum distance is /3
times the radius of the coils. At this distance, the curvature in the
center vanishes.

The coils are mounted inside the recessed flanges as shown in fig-
ure 3.23. A picture of a MOT coil mounted to a coil holder is shown
in figure 3.24. The MOT coils are made of 3 x 4 mm wire!” with a two
millimeter hole inside allowing water cooling. The wire is arranged
in three by three windings with an inner diameter of 84 mm. This
allows to lead out the connections of the Feshbach coils on the inner
side. The wire is insulated by Kapton-FN jacket!®.

14 Insulated-gate bipolar transitor (IGBT): Infinion FZ-800R16KF4
15 Kantal 503SP1ROLG1

16 Infinion BYM300A120DN2

17 Luvata profile 8329, 4x3mm, straight

18 Detakta, Kapton FN with a Teflon FEP layer
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Figure 3.26: Magnetic field of the gradient coils for a current of 40 A, which
creates an axial gradient of 13.6 G/cm in the center.

In this configuration the produced gradient is 0.33 G/(cm A) in axial
direction, leading to a maximum possible gradient of

0B

3 = 81G/cm (3.29)

max,r,z=0

in axial direction and half of it in radial direction at a current of 240 A.
The current is limited by the maximum output current of the power
supply. For a MOT in general 6 — 12G/cm are sufficient, whereas for
compressed MOTs gradients of up to 30 —40G are necessary. The
design is therefore well suited to produce the required magnetic field
for a MOT and even allows for higher gradients. The magnetic field
for a current of 40 A is shown in figure 3.26.

As for the Feshbach coils, the wires were glued with Araldite 2012
(see section 3.4.2) and the temperature of the coils can be measured
with the TS NTC 203 sensors. This is very important, since the coils
could be easily destroyed in the case of cooling water failure. At a
typical operating current of around 40 A, no increase in temperature
is expected.

The current is supplied by two Agilent 240A 21V, each connected
to one pair of coils. They have a rms ripple and noise at full out-
put current of 40 mA. For fast switching times, each coil pair can be
switched by an IGBT'. A flyback diode in series with a very low
inductive resistor? is used to tune the switching time.

3.4.4 Compensation coils

Creating high magnetic fields and gradients is one important aspect
of the experimental setup, which is discussed in section 3.4.2 and sec-
tion 3.4.3. However the possibility to compensate small external fields
and gradients, for example the earth magnetic field or any stray fields
from ion pumps, is important as well. To efficiently use the optical

19 Eupec BSM200GA120DLC
20 Vishay NH025
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(a) MOT chamber (b) Experiment chamber
Figure 3.27: Low-field compensation coils around MOT and experiment
chamber.
MOT EXPERIMENT EXPERIMENT

AXIS MAX. FIELD [G] MAX. FIELD [G] MAX. GRADIENT [G/cm]

X 14.3 9.9 0.38
y 9.6 9.8 0.82
z 11.0 10.0 1.33

Table 3.4: Specifications of the compensation coils around MOT and exper-
iment chamber. All values are calculated for a maximum current
of 10 A for each coil.

molasses cooling technique, the residual fields have to be smaller than
100 mG. A set of Helmholtz coils are build around the MOT chamber
on three orthogonal axes. For the experiment chamber additional to
Helmbholtz pairs, three anti-Helmholtz coil pairs are used to compen-
sate for small offset fields and gradients independently. The setup is
shown in figure 3.27. The coils are wound with the same enameled
copper wire as used for the Zeeman slower. It is two millimeter in
diameter and the insulation can withstand up to 210 °C. The most im-
portant design consideration was the ability to compensate fields up
to 10 G and gradients of 0.5 G/cm with the coils. Additionally, optical
access to all view ports had to be guaranteed. Therefore the dimen-
sions of each coil pair was designed individually to fit around the
octagonal chamber. The calculated magnetic fields and gradients are
listed in table 3.4.

The coils are wound in five by three layers on an aluminum frame
made from a u-profile. This profile is 15mm wide and 15mm high
and has a wall thickness of 2 mm. The frame consists of several pieces
and is installed around the chamber after the bake out. One part of
each aluminum frame is split and connected by a 5mm thick acrylic
glass plate to suppress eddy currents in the frame. Each coil pair
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is connected to an individual power supply?! capable of delivering
up to 10 A with a rms noise of < 2mA. The output current can be
controlled by an analog input voltage from 0 —10V.

3.4.4.1 High-field compensation coils

The coils described in the previous section are mainly to control low
magnetic fields. For a strong magnetic field pointing mainly in one
direction, the need to compensate fields perpendicular to this direc-
tion is highly reduced. In the fifties and sixties magnetic field homo-
geneity in high magnetic fields was discussed for nuclear resonance
measurements [92, 93]. A strong magnetic field B = Bpé, with mag-
nitude By pointing in z-direction and a variation of the magnetic field
OB result in a total field variation of

B +35B| = /(Bo+5B.)? + 5B + 6B (3.30)
5BZ +5B7
=Bo+0B, 4+ —— Y+ (3.31)
2B,

In our case, the magnetic field of the Feshbach coils is on the order
of 103 G, whereas the deviations are on the order of one Gauss. Thus
the expansion of the total magnetic field in equation 3.31 describes the
magnetic field very well. The contributions of the x and y components
of the magnetic field, suppressed by By, contribute less than 1073 to
the absolute value. Only variations in the z-component can have an
impact on the total magnetic field.

To compensate these variations, the anti-Helmholtz compensation
coils cannot be used. Looking at the magnetic field of such a coil
(equation 3.21 for one current loop) it is easy to see, that in the xy-
plane at z = 0 the magnetic field of these coils does not have a z-
component. That means, deviations of the high field in the xy-plane
cannot be compensated with such coils. In reference [92] Anderson
discusses a variety of different coil configurations placed on two par-
allel planes, to correct for gradients and curvatures of B, in different
directions. For a magnetic field with B, o x or B, oc y the paper
proposes the symmetry of the coils, but no optimization has been
performed. The basic principle is shown in figure 3.28. Two coil pairs
with parallel axes produce opposing magnetic fields. These coil pairs
with a coil radius p are displaced by 2D from each other and produce
the desired field gradient. For an optimal ratio of § and § the gradi-
ent of B, can be maximized, whereas higher order gradients vanish.

In our case some constraints for the design were given by our setup.
The coils should not overlap with the inner view port to assure the
possibility to mount lenses as close as possible to the chamber. Ad-
ditionally the outer dimensions are limited by the regular compensa-
tion coils placed around the chamber. Also the distance D has a lower

21 EA-PS 3016-10 B with 0-16V, 0-10 A
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2xD

(a) Working principle for two coil (b) CAD drawing of the compensa-
pairs. tion coils at the experiment cham-
ber. On the back of the cham-
ber, the corresponding pairs of the

coils are mounted.

Figure 3.28: Compensation coils for the Feshbach field capable of producing
a magnetic field with B, o« x and B, o y. This can be used to
compensate gradients of the high field.

bound due to the chamber. Several designs of coils were simulated
to find the best combination of gradient strength and linearity. In fig-
ure 3.29 the magnetic field of round coils and angled coils are shown.
The angled coils are shown in figure 3.28 and will be used in the new
setup. The gradient achievable in z-direction with this angled coils
is 0.09G/(ecmA), whereas the gradient of the round coils is half of this
value.

Comparing the second derivative, the round coils show slightly
larger values in radial and axial direction. For smaller distance D this
could be minimized, however our setup constrains the dimensions.
The angled coils additionally offering enough space for the bracket of
the Feshbach coils and a higher magnetic field gradient as the round
coils. Therefore the angled coils constitute the best suited solution.
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SUMMARY AND OUTLOOK

This thesis reports on the design and setup of pivotal parts of a
new ultracold dual-species Rydberg experiment. These essential parts
comprise a dual-species Zeeman slower, an elaborate magnetic field
control, and a refined dual-species optical dipole trap. Furthermore
the precursor experiment was fully disassembled except for most
parts of the laser system and new infrastructure, including cooling
water and a cage system around the optical table, was designed and
build. The experiment will allow for the production of an ultracold
quantum gas mixture of lithium and rubidium in combination with
the generation, manipulation, and detection of Rydberg atoms and
molecules.

The dual-species increasing field Zeeman slower providing a high
flux for rubidium and lithium was simulated and constructed. A key
design consideration for the Zeeman slower was to place it as close as
possible to the MOT. This ensures that a large fraction of the lithium
is caught despite of the large divergence angle of the lithium beam
due to its light mass. As a consequence a movable design was chosen.
Hollow-core wires were chosen to wind the Zeeman slower for the
possibility of water cooling the coils. Measurements of the magnetic
field show excellent agreement with the desired field profile. The
maximum deviations are -6 G to 20 G in the parts slowing lithium and
-4 G to 10G for the part of rubidium, allowing always the successful
slowing of the atoms. The simulations of the slowing process indicate
a maximum capture velocity of the Zeeman slower of 310 m/s for ru-
bidium and 700 m/s for lithium. At the end of the Zeeman slower, the
rubidium and lithium atoms possess a velocity of 30m/s and 55m/s,
respectively.

To access a broad Feshbach resonance of lithium at 830G [26], wa-
ter cooled Helmholtz coil pairs were designed and built for the MOT
and experiment chamber. Custom-made recessed flanges allow to po-
sition the coils close to the atoms and enable excellent homogeneous
magnetic fields of up to 1kG at an operation current of 400 A. The
design is optimized for a low inductance, allowing fast switching of
the magnetic field. Additional coil pairs at the experiment chamber
allow for compensation of imperfections in the high magnetic field
of the Helmholtz coils. Both MOT and experiment chamber will be
equipped with gradient coils in anti-Helmholtz configuration, pro-
viding gradients of up to 80G/cm in axial direction at an operation
current of 240 A. The design is well suited to generate the magnetic
quadrupole field of the MOT and allows spin-sensitive imaging in a
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Stern-Gerlach configuration. To allow a stable and safe permanent op-
eration of the machine, a safety interlock monitoring the temperature
and currents of the coils was built.

The experiment requires not only high magnetic fields, but also
the ability to compensate for any small stray magnetic fields, e.g.
the earth magnetic field. For this reason, both, MOT and experiment
chamber, will be equipped with Helmholtz coil pairs able to produce
homogeneous magnetic fields up to 10G in all three space dimen-
sions. Three anti-Helmholtz coil pairs at the experiment chamber can
compensate magnetic field gradients of up to 16/em.

In the new experiment the magnetic trap of the precursor exper-
iment is replaced with an optical dipole trap due to stability rea-
sons. Within this thesis, detailed calculations and simulations were
conducted for different geometries of a combined optical trap for
lithium and rubidium. The simulations show, that a good spatial over-
lap between the rubidium and lithium cloud can be achieved in an
asymmetric crossed-optical dipole trap [63]. The proposed configura-
tion allows for efficient evaporative cooling since trap frequency and
trap depth are decoupled. It has previously been employed for the
all-optical production of a degenerate gas [63].

Today, one year after the beginning of this thesis, the experiment is
now ready for a first test of the Zeeman slower and the MOT. The vac-
uum system is assembled, leak-tight and baked, the Zeeman slower
is integrated, almost all coils are wound and the oven is already filled
with rubidium.

Outlook:

The next objective is the realization of a rubidium MOT and the test-
ing of the Zeeman slower. For this the MOT and compensation coils
have to be integrated into the experiment. Moreover, the slowing,
cooling and repumping light has to be delivered to the MOT chamber
and an imaging system has to be set up to measure the atom number
and temperature of the MOT. Further steps include the installation
of our experiment control consisting of an ADwin-proll system and
an inhouse written control software [94]. The experiment control will
allow for the optimization of the Zeeman slower and MOT parame-
ters and will be later used to realize a stable non-stop operation of
the experiment. A successful loading of the MOT allows then to test
the optical transport of the rubidium atoms from the MOT to the
experiment chamber.

After the successful completion of the above mentioned optimiza-
tion and test of the setup, the ion microscope, the delay-line detector
and the electric field control can be integrated. These elements are
not yet built in, in order to reduce error sources and to simplify test-
ing. Furthermore, the cooling laser system for lithium has to be built
from scratch and a lithium reservoir has to be added. After this, the
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Zeeman slower and the MOT have to be optimized for dual-species
operation. Instead of a simultaneous loading of the MOT, a consecu-
tive loading could be more preferable due to light-induced collisions
between lithium and rubidium [95].

The completion of these technical tasks opens the door to the ex-
ploration of a plethora of physical phenomena, as for example the
visualization of Rydberg clusters, the observation of dipole-mediated
energy transport, and the study of heteronuclear Rydberg molecules.
The understanding of these molecules is crucial for further experi-
ments, in which the Rydberg molecules are planned to be used for
probing the spatial correlations of a weakly- and strongly-interacting
Fermi gas and for investigating atom-ion collisions in the ultracold,
quantum regime.
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CURRENT SWITCH

The setup contains two pairs of high magnetic field coils (section 3.4.2,
Feshbach coils) and two pairs of high gradient coils (section 3.4.3,
MOT coils). The Feshbach coils are used to tune the interactions via
Feshbach resonances, whereas the MOT coils can be used for a MOT
and spin-selective imaging in a Stern-Gerlach configuration. Also the
last coil of the Zeeman slower has to be switched off to minimize
the residual magnetic field in the MOT chamber. The coils have to
be switched in below 1ms. High currents of up to 400 A have to be
switched which is done with insulated-gate bipolar transistors (IG-
BTs). Two Delta 30-200 power supplies are connected parallel to pro-
vide the Feshbach coils with the high currents as shown in figure A.1.
Two Infinion FZ-800R16KF4 IGBTs are used to switch between the

MOT Chamber
* H

| |
4 > |
| [} |
| FB 1 I FB 1 :
| [} |
| [} |
| [} |
| FB 2 Il FB 2 I
| [} |
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| |
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| |
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1]
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F7-800 R16KF4::
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Figure A.1: Circuit diagram of the current switch for the high magnetic
field coils. Two Delta 30-200 power supplies provide up to 400 A.
Green indicates a high power 0.5 Q resistor, where as the brown
resistor is 1kQ).

two Feshbach coil pairs. The IGBTs can handle up to 800 A with a
voltage drop of 2.1 V. In the case of the MOT coils, a maximum cur-
rent of 240 A is given by the Agilent power supply (see figure A.2). In
contrast to the Feshbach coils, each coil pair is connected to a separate
power supply. The maximum current of the last coil of the Zeeman
slower is limited to 125 A by the Sorensen power supply. In both cases
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BSM200GA120DLC IGBTs from eupec are used to switch the currents.
The maximum rated forward current is 370 A with a voltage drop of
21V

To limit the induced voltage caused by switching the current of the
coils, flyback diodes (ultra fast rectifier diodes VS85HF120) are con-
nected parallel to the coils. Additional resistors with 0.5 decrease
the switch time of the coils and dissipate the inductive energy. In
the case of the Feshbach coils, non inductive ceramic resistors (Kan-
thal 503SP1ROLG1) are used. These resistors are very robust and can
dissipate the energy of the magnetic field. Additional 1kQ resistors
discharge remnant voltages on the flyback diodes. The IGBTs, diodes
and power supplies are protected against high voltage spikes with
transient voltage suppressor diodes and varistors.

Current transducers monitor the currents and are connected to a con-
trol unit. If the current exceeds set current limits, the unit switches
off the power supplies via an interlock switch.

Sorensen
125A 8V

- N —l
current =7

transducer
HAIS-50

BSM 200GA 120DLC BSM 200GA 120DLC

Agilent
240A 21V

I+
Zeeman slower end
\AAANS

—
current |
transducer

HAIS-100

Figure A.2: The circuit diagram for the switching of the MOT coils and
the last coil of the Zeeman slower closest to the MOT chamber.
Green indicates a high power 0.5 Q resistor, where as the brown
resistor is 1kQ.



MONITOR CIRCUIT

The temperature monitoring system is based on a circuit developed
by Schlagmdiller [67] and is described in his thesis. The circuit was
extended to allow a more flexible way of connecting current transduc-
ers and temperature sensors. The board offers now 16 channels and
has the ability to store the measured values on a SD-card. The Mega
arduino monitors the temperatures and currents. If any of these mon-
itored values exceeds the allowed range, an output is switched from
5V to ground, disabling the power supplies via an interlock circuit.
The schematics and the new board design is shown in figure B.1 and
figure B.2 respectively.
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Figure B.1: The new board layout of the monitor unit to allow a flexible con-
nection of the temperature sensors and current transducers. The
upper conducting paths are drawn in blue, whereas the lower
conducting paths are red.
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and the voltage level shifter for the SD-card operating at 3.3 V.

Figure B.2: The schematic shows the monitor



CAGE SYSTEM

The experiment table is surrounded by a newly designed cage system
to protect the sensitive optics on the one hand and on the other hand
to shield the 300 W laser light of the transport laser. The cage sys-
tem is built with aluminum profiles from Rose Krieger!. Laser safety
tiles can be mounted on the sides to shield the laser light. The cage
is closed from above by painted wooden boards blocking dust and
providing storage space. Two flow boxes are integrated into the cage
to provide a small overpressure inside the cage in order to prevent
the accumulation of dust inside the cage. The whole setup is shown
in figure C.1 and figure C.2.

Figure C.1: CAD drawing of the whole cage system and laser safety plates
on the side. The two flow boxes are not shown in this picture.

1 Blocan F-50x50
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Figure C.2: The assembled cage system with the two integrated flow boxes.
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