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Abstract
This master thesis contains a description and characterization of a magneto-optical
trap system for fermionic and bosonic potassium. It is part of a new apparatus for
experiments with mass-imbalance fermionic mixtures of dysprosium and potassium.
The system features a double-stage design, with a two-dimensional magneto-optical
trap (MOT) in a glass cell to load a 3D MOT in the main chamber of our apparatus.
As a potassium source, isotopically enriched dispensers are used. Cooling light at
767 nm is provided by a frequency-doubled fiber-based laser system. Repumping light
is generated by electro-optic sideband modulation in the infrared. The laser system
has proven to be reliable and stable, can be tuned to different isotopes via remote
control and provides a total power of 800 mW for the 2D+ MOT and 400 mW for the
3D MOT. Trapping of up to 1 × 108 bosonic and 3 × 107 fermionic potassium atoms
has been demonstrated, as well as simultaneous trapping of fermionic Dy and K. The
system offers a reliable source of potassium atoms for further laser and evaporative
cooling.
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Kurzfassung
Diese Masterarbeit beinhaltet die Beschreibung und Charakterisierung eines Systems
zum magneto-optischen Fangen von fermionischen und bosonischen Kaliumatomen.
Das System ist Teil eines neuen Experiments zur Erforschung von fermionischen Mischungen im Massenungleichgewicht von Kalium und Dysprosium. Das Design ist
zweistufig und besteht aus einer zweidimensionalen magneto-optischen Falle (MOT)
in einer Glaszelle, die eine 3D MOT in der Hauptkammer des Apparates lädt. Als
Kaliumquelle werden isotopenangereicherte Dispenser verwendet. Das Kühllicht bei
767 nm wird durch ein frequenzverdoppeltes Faserlasersystem bereitgestellt. Das Pumplicht wird durch elektro-optische Seitenbandmodulation im Infraroten erzeugt. Das
Lasersystem hat sich als zuverlässig und stabil erwiesen, kann einfach zwischen verschiedenen Isotopen wechseln und gibt eine Leistung von 800 mW in der 2D+ MOT
und 400 mW in der 3D MOT aus. Das Fangen von 1 × 108 bosonischen und 3 × 107
fermionischen Atomen konnte demonstriert werden. Außerdem konnten Dysprosium
und Kalium simultan gefangen werden. Das System stellt eine zuverlässige Kaliumquelle für weiter Kühlschritte dar.
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1 Introduction
1.1 Motivation
In general, particles are divided between bosons and fermions, which show completely
different behavior in an ensemble. Bosons obey the Bose-Einstein statistics whereas
fermions are described by the Fermi-Dirac statistics, which arises from the Pauli exclusion principle. This principle states, that two identical fermions can never occupy
the same single-particle quantum state. The effects of the statistics become sizable
only at low enough temperatures and lead to completely different qualitative behavior. Fermions include in particular electrons, protons and neutrons, among others, and
they are the basic building blocks of matter. Systems of interacting fermions can be
found nearly anywhere and contain for example the electron gas in a metal, the core of
neutron stars or the quark-gluon plasm, which describes a state of the early universe,
shortly after the big bang.
A particular interest lies in the field of superconductivity. Superconducting materials
can carry current without losses and are therefore of great interest. The BardeenCooper-Schrieffer (BCS) theory [1, 2] describes how electrons can pair up to form
correlated Cooper pairs below a certain critical temperature TC , which gives rise to
superconductivity. But the required TC is in general only a few K and cooling to those
temperatures with liquid helium is costly. A lot of effort goes into the search for hightemperature superconductors (high-TC SC) and materials with a TC of about 100 K
have been found in the past years, which can be reached more easily by cooling with
liquid nitrogen. While this is already a considerable improvement, a room-temperature
SC would naturally be a big achievement with potential use in industry, economy and
research.
However, strongly interacting fermions are theoretically not fully understood yet and
simulations are computationally impractical. Furthermore, systems like neutron stars
are not accessible experimentally, and electrons in a metal couple to the environment
and are hard to probe, so these systems can usually not be studied directly. This
makes testing new theoretical descriptions difficult. But in the last 20 years, new
systems of ultracold neutral atoms have become available to study isolated ensembles
of particles. Ultracold Fermi gases are in fact very similar to the above-mentioned
systems, despite the difference in e.g. temperature, pressure or mass. It is possible to
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study these systems in a controlled environment that offers the ability to tailor specific
situations and tune the interaction between two fermions. In a certain interaction
regime, scattering processes in a two-component fermionic gas depend only on the
scattering length as a single parameter. In this universal regime, all of the abovementioned systems are in fact equivalent, which means that we can study their behavior
in our labs. In the past 20 years, the field of cold atoms has developed a toolbox of
techniques to control and investigate neutral atoms as an ideal model system. This
allows us to check new theories and give valuable input to theorists and other research
fields.

1.2 Ultracold Fermi gases
The experimental investigation of quantum-degenerate atomic gases begins with the
realization of Bose-Einstein condensates of Rb [3], 7 Li [4] and Na [5] in 1995, and
the study of collective quantum phenomena. In the years following, the first degenerate Fermi gases of 40 K [6] and 6 Li [7, 8] were achieved. Cooling of fermions to very
low temperatures is harder than cooling bosons. In a single-component gas the Pauli
principle prevents the s-wave collision between two identical atoms in the same internal state. As higher partial-wave interactions freeze out at low temperatures, the
ensemble can not thermalize1 . To achieve low temperatures efficiently, a second component is needed, which is usually another spin state. The interaction between the
two components can be controlled via the use of magnetic Feshbach resonances [9].
These allow to change the s-wave scattering length a both in sign and magnitude,
thereby altering the behavior of the system. On the one side, at large positive scattering length, Feshbach resonances were used to create diatomic molecules out of two
fermions [10–13]. These molecules are composite bosons, which can be condensed to a
molecular Bose-Einstein condensate (mBEC) [14, 15]. On the other side, in the BCS
regime at attractive interactions, pair creation between atoms on opposing sites of the
Fermi surface was observed [16, 17]. Furthermore, the regime of strongly interacting
Fermi gases [18, 19] was investigated and it was shown, that the gas maintains its
superfluidity throughout the crossover from the BEC to the BCS regime [20].
Until here, experiments were usually carried out using nearly equal numbers of one
atomic species in two spin states. Introducing an imbalance (e.g. in mass or in atom
number) changes the Fermi surfaces and energies of the constituents of the mixture
and leads to new effects in the mixture. With the study of population-imbalanced
systems, new phenomena became accessible. Phase separation was observed [21, 22]
1
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In dipolar systems, higher partial waves are still present at realistic experimental conditions because of universal dipolar scattering. Here, also single-component systems can be cooled to low
temperatures.

and the phase diagram of the unitary Fermi gas was investigated more closely [23].
Experiments concerning impurity physics and polarons were carried out [24]. Recently,
mass-imbalanced systems have been considered both theoretically and experimentally.
Mass imbalance allows the investigation of pairing between two species with unmatched
Fermi surfaces and is expected to result for example in the formation of a Fulde-FerrellLarkin-Ovchinnikov (FFLO) state [25, 26] or the Sarma [27] and the breached-pair
phase [28]. The FFLO phase is a state occurring in superconductors in large magnetic
fields, making the study of these systems relevant for the search for high-TC SC.
Furthermore, mass imbalance changes the few-body interaction properties, which can
lead to long-lived trimer states or mediated interactions [29]. Its effect on the phase
diagram is subject to numerous theoretical predictions.
Such systems can be realized by combining two different fermionic atomic species.
This also adds the opportunity of species selective-control over the atoms, for example
optical lattices that only affect one species [30]. As of now, fermionic mass-imbalanced
systems with tunable interactions were realized with the mixture of 6 Li and 40 K [31–
35], which resulted in a vast selection of studied phenomena and new insights, but its
lifetime properties are not favorable [36] for experiments related to superfluidity.
With the recent achievement of degenerate Fermi gases of Er [37] and Dy [38],
strongly dipolar species became accessible. The anisotropic, long-range interaction
adds a new knob in experiments, potentially leading to new exotic phenomena, further altering the phase diagram. This includes for example supersolidity [39] and
droplet formation [40] in the case of bosons. Topological superfluids [41] and p-wave
superfluidity are predicted for fermions.

1.3 Dysprosium and potassium mixture
The goal of the currently constructed experiment in Innsbruck is the realization of
a strongly interacting, mass-imbalanced, fermionic mixture. We hope to be able to
access a wide range of the above-mentioned phenomena, including regimes that were
not accessible up to now. In the early stage of the experiment, following considerations
were made to determine which species should be used. Looking at the fermionic species
that have been cooled to degeneracy (3 He*, 6 Li, 40 K, 53 Cr, 87 Sr, 171/173 Yb, 161 Dy, 167 Er),
one can rule out several combinations. First, the species characteristics in terms of
laser cooling and control have to be considered. Helium and chromium are known to
be challenging to cool with lasers. Furthermore, Sr and Yb2 exhibit no (or only weak)
magnetic Feshbach resonances in the electronic ground state [9], which means that
control over the scattering length between the atoms is difficult.
The next criterion is the mass ratio of the mixture. From the remaining species, the
2

A novel type of resonance has only been observed recently in

173

Yb [42].
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following mixtures can be formed: Li-K with a ratio of about 7, Li-Dy with 27, Li-Er
with 28, K-Dy and K-Er with 4 and Er-Dy with 1. However, from earlier experiments
and theoretical calculations [43] we know, that an additional loss channel becomes important in mixtures with high mass ratios. The competition of the exchange potential
and the centrifugal force leads to a change in the overall potential and significantly
alters the scattering behavior. At ratios higher than 8.2 and a positive scattering
length, bound p-wave trimer states of two heavy and one light particle can form. At a
ratio of 13.6, Efimov trimer states begin to exist, which lead to three-body losses. The
centrifugal barrier, which prevents Efimov trimer formation, gets weaker, the closer
the mass ratio is to 13.6. It is therefore desirable to stay well below this value to avoid
losses and achieve a stable mixture, but at the same time, the mass ratio should be
big enough to be able to see its effect on the pairing mechanism. From the remaining possibilities, Li-K has already been studied extensively in different experiments.
However, it is required to prepare K in the third-to-lowest spin state to access a suitable Feshbach resonance for strong interactions. Through spin relaxation, the mixture
decays after a few ms, which makes experiments on longer timescales difficult, but is
sufficient to study the dynamics of such systems.
The possible remaining mixtures are K-Er and K-Dy, both with a mass ratio of
about 4. This is expected to be big enough to see strong asymmetries while avoiding the regime of strong three-body losses. The lanthanides dysprosium and erbium
have recently been cooled to bosonic and fermionic degeneracy [37, 38, 44, 45] and
offer a rich optical spectrum with usable laser-cooling transitions, including a narrow intercombination line for magneto-optical trapping and an even narrower line for
narrow-line cooling close to quantum degeneracy. Their magnetic dipole moment of
10µB and 7µB , respectively, are the largest of all laser-cooled atoms and the resulting
dipolar potential deforms the Fermi surface [46]. It gives access to more exotic phenomena like droplet formation [40] and can facilitate cooling [37]. Furthermore, the
chaotic Feshbach spectrum is very dense, with broad s-wave resonances and narrow
p-wave resonances overlapping [47]. Although erbium is very similar, there is only one
stable fermionic isotope. The two fermionic and three bosonic isotopes of dysprosium
add further flexibility to the mixture.

1.4 Outline of the thesis
With the choice of the constituents, a new setup is now developed, to facilitate the
production of ultracold samples of dysprosium and potassium. The subject of this
master thesis is the realization of a double-stage source for cold potassium atoms,
consisting of a two-dimensional and a three-dimensional magneto-optical trap (MOT).
This system acts as the first step on the pathway to degenerate gases of potassium
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and hence is required to provide large numbers of trapped atoms.
The thesis is organized as follows: Chapter 2 will give some basic considerations
for the system. This includes a short characterization of the physical and optical
properties of potassium. Furthermore, the basic principle of magneto-optical trapping
is discussed, with a focus on multi-level atoms. Different loading schemes for a 3D
MOT are compared and the principle of the 2D+ MOT is introduced.
In chapter 3, the experimental apparatus is presented. The vacuum setup and the
main chamber are discussed. The focus lies on the 2D MOT vacuum setup and the
potassium laser system. The laser system consists of frequency-doubled fiber-based
lasers and amplifiers. An important feature is the generation of the repump frequencies
via sideband modulation.
Chapter 4 contains experimental results of the performed tests on the MOT. The
results of the parameter optimization as well as measurement curves of some of the
parameters are presented. Furthermore, loading and decay curves for the MOTs of 39 K
and 40 K are discussed. The observed limitations of the potassium system due to the
currently used potassium source are explained and an improved design is discussed.
Finally, the thesis is concluded in chapter 5. Problems and possible improvements
of the whole system are discussed. Furthermore, an outlook on the near future of the
experiment is given. The next steps in the experimental sequence are introduced as
well as next steps in the characterization of the Dy-K mixture.

5

2 Basic considerations
2.1 Potassium properties
Potassium is an alkali metal and was one of the earlier species to be used in coldatom experiments. It has three (meta-)stable isotopes. Especially the fermionic 40 K,
besides 6 Li the only fermion among the alkali atoms, was extensively used in some of
the first fermion experiments [6, 15], despite its low natural abundance. The natural
abundances are listed in table 2.1. The low abundance of 40 K is a major limitation
for trappable atom numbers, but commercially available enriched samples can contain
up to 10 %. Although the fermionic isotope is slightly radioactive, its half life is about
1.2 × 109 years and it can be regarded as stable for the timescales of our experiment.
Potassium has one valence electron and is very similar to hydrogen. As for other
alkali species, the main transition from the 2 S to the 2 P state is split in the D1 line at
770.1 nm and the D2 line at 766.7 nm because of the fine structure. The main cooling
transition is the D2 line, which is shown in figure 2.1. The important properties are
summarized in table 2.2. The natural linewidth Γ/2π is 6.035(11) MHz, which gives a
h̄Γ
Doppler temperature of T = 2k
= 145 µK. The corresponding saturation intensity is
B
πhc
2
Is = 3λ3 τ = 1.75 mW/cm .The nuclear angular momentum results in the ground state
being split in two hyperfine states and the excited state in four hyperfine states. For
39
K, the splitting of excited hyperfine states is not much larger as the natural linewidth,
which results in partial overlapping of the transitions. Off-resonant excitation of the
nearby levels makes cooling more difficult compared to other alkalis. For the fermionic
isotope, the hyperfine splitting is much larger in both the ground and excited state
and thus is easier to cool. Furthermore, 40 K has an inverted hyperfine structure,
originating from the interaction between nuclear and electron spin. For imaging and

Table 2.1: Natural abundances and value of the nuclear angular momentum I for potassium
isotopes [48].

Isotope
K
40
K
41
K
39

I
3
2

4
3
2

Natural abundance
93.2581(44) %
0.0117(1) %
6.7302(44) %

7

Table 2.2: Optical properties of the

Property
Frequency
Wavelength
Lifetime
Natural linewidth
Doppler temperature
Saturation intensity

Symbol
ν
λ
τ
Γ/2π
TD
Is

39

39 K

and

40 K

K
391.016 170 03(12) THz
766.700 921 822(24) nm
26.37(5) ns
6.035(11) MHz
145 µK
1.75 mW/cm2

D2 lines [48].
40

K
391.016 296 050(88) THz
766.700 674 872(173) nm
26.37(5) ns
6.035(11) MHz
145 µK
1.75 mW/cm2

cooling, usually the 39 K F = 2 → F 0 = 3 and the 40 K F = 9/2 → F 0 = 11/2
transitions of the D2 lines are used, since those transitions are closed. Selection rules
prevent the atom from decaying to another state than the original hyperfine state.

8

Figure 2.1: Level structure of the 39 K and 40 K D2 lines, figure modified from [48]. Note
the narrow hyperfine splitting of the 39 K excited state, and the inverted hyperfine structure
of 40 K. Numbers in parentheses are frequencies in MHz.

9

2.2 Magneto-optical traps
The central figure of merit in ultracold atomic gases is the phase-space density ρ. It
compares wave packet size and interparticle distance in a gas, for a thermal gas it is
much smaller than 1. Bose-Einstein condensation and collective quantum phenomena,
for example, start to be observable at ρ ≈ 1. Because ρ is approximately 10−18 for
a potassium gas at 293 K, in our case, ρ has to be increased by about 19 orders of
magnitude to reach this regime. This can be achieved via laser and evaporative cooling.
The basic example of laser cooling is an atom traveling counterpropagating to a red
detuned laser beam and is extensively covered in references [49, 50]. In this technique,
which is called Doppler cooling because it relies on the optical Doppler effect, the
atom gets slowed down by absorbing photons from the beam. Adding a second beam
counterpropagating to the first one results in cooling the atom in this direction. The
force the lasers impose on the atoms depends only on the atom’s velocity. As a result,
they will eventually diffuse out of the beams, as there is no position dependent force
that traps the atoms at a defined place. A magneto-optical trap (MOT) combines
inhomogeneous magnetic field and laser radiation to exert a velocity- and positiondependent force on the atoms [51].

2.2.1 One-dimensional magneto-optical trap
The basic principle of a one-dimensional magneto-optical trap is shown in figure 2.2, a
detailed description can be found in references [49, 52]. By applying a magnetic field
gradient, the energy levels of the atom are shifted dependent on its position due to
the Zeeman effect. If the g-factor is positive (as for potassium), for a magnetic field
aligned to the quantization axis of the atom, states with quantum number m > 0 or
m < 0 get shifted up or down in energy, respectively, while states with m = 0 do
not get affected. At positive field, for a transition between F = 0 → F 0 = 1, the
transition frequency between the m = 0 → m0 = −1 transition gets detuned to the
red (lowered in frequency) compared to m = 0 → m0 = 0. The counter-propagating
laser beams in a MOT have opposite circular polarization (in terms of σ + and σ − ) and
are detuned to the red in respect to m = 0 → m0 = 0. This means that, at positive
fields, the transition to m0 = −1 gets tuned closer to resonance with the laser. This
transition can only be driven by σ − -light, which means that the atom scatters more
photons from one beam than from the other, since they have opposite polarization.
If the polarization and field are set up properly, the radiation pressure will push the
atoms back to the point of zero magnetic field. From this it is clear that the forces in
a MOT are also position dependent and result in a trapping and cooling mechanism
simultaneously. This scheme also works for other F → F + 1 transitions, the atoms
will then be pumped between the Zeeman levels of the ground state and accumulate
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in the m = ±F states.
E
m0 = +1
m0 = 0
m0 = −1
σ−

σ+

m= 0
B<0

B=0

B>0

z

Figure 2.2: Schematic level structure inside the MOT. The red dashed line corresponds to
the Energy E = h̄ωL , where ωL is the laser frequency. The solid lines correspond to the
energy of the Zeeman states, which depend on the position in the trap. The Zeeman effect
will tune the atoms closer to resonance with one of the two beams coming from left and
right, which results in a force driving the atoms to the trap center. The polarization of
the beams is in both cases right-handed, which corresponds to σ + -(σ − -)polarization for the
beam coming from the left (right).

The total force on the atom is given by
F = −fc v − κr

(2.1)

and is dependent on its velocity v and distance to the center r. The friction coefficient
fc =

8h̄k 2 δs0
Γ(1 + s0 + (2δ/Γ)2 )2

(2.2)

depends on the detuning δ, the linewidth Γ, the saturation parameter s0 , which is the
ratio between laser intensity I and saturation intensity I0 , and the wavenumber k.
The spring constant is given by
µ0 A
κ=
fc .
(2.3)
h̄k
Here, µ0 it the magnetic moment of the exited state and A the magnetic field gradient.
The force acting on the atoms results in a strongly over-damped harmonic motion and
captured atoms will accumulate in the center of the trap. This scheme can easily be
extended to 2D and 3D by adding an additional molasses and a magnetic gradient in
each direction.
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2.2.2 Multilevel atoms in a trap
Because of the selection rule ∆F = 0, ±1 for electric dipole transitions, F → F + 1
transitions are closed when F + 1 is the state with the highest quantum number of the
excited state manifold. The excited state can only decay to the hyperfine state with
quantum number F . But when other hyperfine states are close by, there is a nonzero
chance that these states get excited off-resonantly, which can pump the atoms into
a dark state. For example, cooling 39 K on the F = 2 → F 0 = 3 transition will also
excite some atoms to the F 0 = 2, 1 levels, which can then decay into the F = 1 ground
state. Due to the ground-state splitting of 461.7 MHz, they can not be addressed
by the cooling light. Eventually, the whole population will be optically pumped into
this dark state. This can be prevented by the additional use of a repumping beam
which is (near-)resonant with the F = 1 → F 0 = 2 transition. Usually, in other alkali
species, a small fraction of the total laser power, tuned to the repumping transition
and overlapped with the cooling beams, is sufficient to pump the atoms back into the
cooling cycle. However, the hyperfine splitting of the excited state of 39 K is small,
leaving the four states only spanning 5.6 Γ in total. As a result, Zeeman levels from
other hyperfine states can be excited and the transitions can no longer be viewed as
isolated [53]. The cooling force is then a result of both frequencies. This demands
the use of a strong repumper. Some experiments even divide the total power nearly
equally between cooling and repumping. For 40 K, the exited state hyperfine splitting
is larger and a few percent of the total power in the repumper is sufficient.

2.2.3 Atom number dynamics
To understand the atom number dynamics in a MOT, we can set up a simple rate
equation
Z
dN
= α − γN − β n2 dV
(2.4)
dt
for the trapped atom number N . The first term accounts for the loading from a
constant flux of atoms with the loading rate α. The second term describes the atoms
that are lost because of collisions with the background gas. The inverse of the onebody loss-rate coefficient γ then gives the lifetime τ . Losses arising from collisions of
two trapped atoms are described by the third term, which contains the two-body lossrate coefficient β and becomes important at high densities n = N/V . The effective
volume V depends on the cloud shape. If we assume a Gaussian density distribution,
the volume becomes V = (4π)3 σ 3 , where σ is the Gaussian width. After integrating
we then get
dN
β
= α − γN − N 2 .
dt
V
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(2.5)

We can now consider two cases. When the trap is initially empty and loading begins,
we can, for short loading times, neglect the loss terms. In this stage the loading is
linear with
Nl (t) = αt.
(2.6)
However, at high loading rates, the density and therefore one-body and two-body
losses become significant, which means that equation (2.6) will not describe the real
behavior anymore. When these terms are included, a numerical solution of the full
differential equation is required to describe the loading behavior.
When the loading is switched off and α is set to 0, then the losses lead to a decay of
the atom number in the MOT. The solution of the differential equation is then given
by
N0 e−γt
N (t) =
.
(2.7)
1 + NV0γβ (1 − e−γt )
N0 now is the initial atom number at t = 0. Characteristic for the decay are the two
different timescales. One results in a fast initial decay with timescale V /βN , when
the density is still high and losses are dominated by two-atom collisions. The second,
longer timescale of 1/γ is due to collisions with the background gas and given by the
quality of the vacuum. A MOT with background pressure of 10−10 mbar will typically
have a lifetime of about 100 s, if collisions with the background gas is the dominating
loss mechanism. A decrease in pressure of about one order of magnitude will give an
increase of the lifetime by the same factor.

2.3 Loading of a magneto-optical trap
There are several ways to load atoms into a MOT. It is possible to load from the background gas, although this usually requires a fairly high pressure in the MOT chamber.
This increases the losses that arise from collisions with atoms from the background gas
and from equation (2.7) we can see that this decreases the lifetime of the MOT and
all other traps which are situated in the same chamber, subsequently making further
experiments difficult. Two-stage loading schemes circumvent this problem by shifting
the atom source to another vacuum chamber that can have a higher pressure. The
chambers are then separated by differential pumping tubes, which protect the main
chamber from the high pressure. There are several different designs for this source.

Zeeman slower
Zeeman slowers originate from early atomic laser cooling and trapping experiments
[54]. In a Zeeman slower, a beam of thermal atoms, generated by an oven, is slowed
by the use of an inhomogeneous magnetic field and a laser beam. The Zeeman shift
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thereby compensates the change in Doppler shift, as the atom is slowed. A disadvantage is that, depending on the setup, the magnetic gradient of the slower reaches into
the MOT region, disturbing the field generated by the MOT coils. Furthermore, the
velocity in the transversal directions is not decreased, resulting in a large spread at the
end of the slower. Although Zeeman slowers in general give a higher flux compared to
other designs, they are very inefficient for isotopes with low abundance, since atoms
from other isotopes will not be resonant with the light and therefore not be slowed. If
an enriched sample with 5 % of 40 K is used, only those 5 % of the atoms exiting the
oven will be slowed by the Zeeman slower. The other isotopes, which make up 95 % of
the flux, will not be affected by the slower and will enter the main chamber as thermal
background, leading to a higher pressure and higher losses in the MOT.

Two-dimensional magneto-optical trap
While a Zeeman slower is often the only possible way for species that have a high
sublimation point, a 2D MOT [55–58] in a separate chamber can be more efficient for
atoms that have a low sublimation point. The basic scheme can be seen in figure 2.3.
A 2D MOT has beams and gradients in only two directions, restricting the movement
of the atoms in those. Atoms flying through the region of the beams are slowed and
driven to the symmetry axis. The third direction points to the main chamber, so the
atoms diffuse out and can be trapped there. In this way, a 2D MOT produces slow
atomic beams. Unlike the Zeeman slower, a 2D MOT can separate the desired isotope,
avoiding the thermal background of the unused isotopes in the main chamber.
Atoms with high velocities along the axial direction scatter few photons in the
trapping fields, resulting in a higher divergence of the beam. To prevent this, a third
pair of cooling beams (also referred to as push and retarding beam, see figure 2.3) can
be used in a molasses configuration along the axial direction. It will also decrease the
velocity in z-direction, which increases the interaction time with the 2D MOT beams.
This configuration is also referred to as 2D+ MOT and has first been implemented by
the group of Jook Walraven in Amsterdam [59]. Several groups have since adapted
this design and have achieved high loading rates and atom numbers of their MOTs,
while keeping a low pressure in the main chamber. Different variations for the axial
molasses exist. Usually, a mirror in vacuum is used to be able to position the molasses
correctly. This mirror has a hole, where the atoms pass to the main chamber, and
part of the molasses that coincides with this hole is used as a push beam to accelerate
the atoms in this direction. Variations of this design include artificial shadows in the
beams that overlap with the mirror hole, or a separate push beam that is overlapped
with the molasses. This gives more flexibility for different detunings, optical power
and polarization. Very high loading rates for fermionic potassium have so far been
achieved by the group at ENS in Paris [60].
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For the sake of completeness, it should be noted that also a 3D MOT is possible
as a first stage [61]. In this double MOT operation, atoms are first accumulated in a
higher pressure chamber and then transfered to the second chamber by a short laser
pulse. A variation of this is the low-velocity intense source (LVIS), essentially a 3D
MOT with a hole in one of the beams, which can be operated continuously. According
to reference [59], the LVIS has a loading rate of almost an order of magnitude lower
than the 2D+ MOT configuration. Following these findings, it was decided to build a
2D+ MOT of similar design to [60], with the ability to use a separate push beam. The
apparatus is referred to as the 2D MOT in the following.
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MOT

Retarding

Push

Figure 2.3: Schematic drawing of a 2D MOT. The coils generate a gradient in the transversal
directions. The transversal beams have opposite direction and polarization. σ rh and σ lh
stand for right-handed or left-handed polarization, respectively. A push and a retarding
beam can be added to cool the atoms axially. The retarding beam is positioned with a
mirror in vacuum, that has a hole in the middle. The push beam pushes the atoms through
the hole in the mirror towards the MOT in the main chamber. For bigger flexibility, a
separate push beam passing through the mirror hole, can be overlapped (not shown here).
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3 Setup
A two-species cold atom experiment implies a certain level of complexity for the whole
apparatus. Since each species requires its own techniques and different schemes to
handle and control, the technical effort rises, compared to a single-species experiment.
In this chapter, first, the concept of the vacuum system and the main chamber will be
described. Then, the optical as well as the vacuum setup of the 2D MOT is explained.
Finally, the laser system is introduced.

3.1 Concept of the apparatus
Figure 3.1 shows a schematic of the vacuum setup of our experiment. The different
parts are introduced in the following.

Figure 3.1: Schematic of the main vacuum setup. The main chamber can be seen in orange.
The light blue colored part shows the dysprosium oven and Zeeman slower. The 2D MOT
glass cell for potassium is drawn in red. The pump section, containing also the mirror for
the Zeeman slower, is colored in dark blue.

Main chamber
The main chamber, supplied by Kimball Physics, is the heart of the apparatus. For
both species, the main cooling steps up to quantum degeneracy will happen there,
as well as most of the experiments. To provide good optical access, the chamber is
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equipped with four CF-60 viewports for the horizontal MOT beams, and two CF-160
reentrant viewports on the top and the bottom, which are inverted and sunk into the
chamber, and have a window the size of a CF-60 viewport. This way, we achieve a
high numerical aperture for imaging in this axis and the magnetic coils for the MOT
as well as the Feshbach coils are as close to the atoms as possible. The Feshbach coils
can generate a homogeneous magnetic field of up to about 300 G. The large diameter
of the viewports also enhances the possible diameter of the beams and therefore the
trapping volume of the MOT. Furthermore there are six CF-16 viewports to provide
access for optical dipole traps, optical transport and optical lattices. All viewports
have anti-reflection coatings for multiple different wavelengths in the ranges of the
main cooling transitions and common dipole traps. A gate valve gives the opportunity
to add a science cell later.
Dysprosium atomic beam
Because of the high melting point of dysprosium, the atoms are supplied by an oven
and a Zeeman slower. The slower consists of multiple separate coils to allow good
control over the magnetic gradient, as well as coils to partially compensate the effect
of the field in the MOT chamber. The light for the slower is positioned via a mirror
in the pump section.
Pump concept
Pumping in the main chamber is done with a combination of non-evaporable getter
(NEG) and ion pumps1 . They offer pumping rates of about 6 L/s for inert gases and
500 L/s for active gases. The 2D MOT and the Dy oven section each have separate
pumps and are connected to the main chamber via differential pumping tubes. This
results in a pressure of low 10−11 mbar in the main chamber.
Three-dimensional magneto-optical trap
The 3D MOTs for potassium and dysprosium are overlapped and situated in the main
chamber. Two coils with opposite current directions generate a quadrupole magnetic
field. In the z-direction, which is the strong direction, the gradient is 1.25 G/(cm A).
All optical elements have anti-reflection coating for both wavelengths. Because of the
CF-60 viewports, large beams with diameters of up to 40 mm can be used to increase
the trapping volume. The light for both species is already overlapped on the laser
table and comes through the same optical fibers. Each of the horizontal beams is
retro-reflected via mirrors and passes through an achromatic λ/4 waveplate twice, to
ensure, that the handedness is conserved. To compensate for losses due to reflection
1

SAES NEXTorr pumps
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on the viewports, the beams are slightly focused. In the vertical axis, two individual
beams are used to save optical access for imaging and other trapping beams.
Imaging
For imaging we use a standard absorption imaging technique. A collimated beam is
sent through the trap region in the horizontal direction, counter-propagating to a small
magnetic field applied by the compensation coils. The polarization is σ + . We use two
lenses to generate a magnified image, which is then analyzed with a CMOS camera2 .
Imaging in the z-direction will be implemented in the near future.

3.2 Two-dimensional magneto-optical trap
The 2D MOT is designed to have a large trapping volume as well as to provide a
high atom flux for loading into the 3D MOT in the main chamber, while keeping
the pressure in the main chamber low. It is expected to provide an independent, ondemand atom source. The vacuum setup, the coil and the optical setup are explained
in the following.

3.2.1 Vacuum setup and glass cell
The vacuum setup can be seen in figure 3.2. Because of limited access to the main
chamber, the 2D MOT is connected at an angle of 12◦ . We use a 158 mm × 58 mm ×
58 mm glass cell from Japan Cell to enhance the trapping volume. It is AR coated
on the outside and on the inside to minimize losses. Therefore, the different faces of
the cell have to be glued together instead of optically contacted. Inside of the cell,
a mirror for the axial molasses is mounted. It has a conical hole, with a diameter of
1.8 mm on the mirror surface, which is connected to the differential pumping tube,
which links the 2D MOT with the main chamber. This is necessary to protect the
vacuum in the main chamber from the higher pressure in the glass cell. In this setup,
the differential pumping gives four orders of magnitude in pressure difference. The
differential pumping tube passes through a cube, which holds the glass cell and connects it to the ion pump with CF-40 flanges. Gate valves are mounted at the pump
and at the differential pumping tube to be able to control the different vacuum parts
separately. A 20 L/s ion pump maintains the vacuum.
As a potassium source, special dispensers are used. The dispensers, provided by alvatec, should contain very clean samples and provide good control over the amount of
potassium that is released into the chamber. Potassium is stored in form of a metallic
compound (Bi2 K3 ) with a higher sublimation temperature, which means that they can
2
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Dispenser
Glass cell

Main chamber

Differential pumping tube

CapaciTorr
Ion pump
Gate valve
Figure 3.2: Vacuum setup of the 2D MOT and pumps connected to the main chamber
on the left. The dispensers are located in the cube connecting pump section, glass cell and
differential pumping tube.

be baked to more than 200 ◦C. Unlike ampules, which are broken in the beginning and
need to be heated to raise the partial pressure of potassium in the chamber, the dispensers only have a small slit where the atoms can escape when heated. Furthermore,
with ampules, the isotope mixture cannot be changed. With dispensers it is possible
to include different samples. Two of the four mounted dispensers are enriched with
5.5 % of 40 K, one with 4.5 % and one contains the natural isotope mixture. Heating
is provided by just passing a current of about 4 A through a feed-through in one of
the flanges. Evaporation happens with a short delay of a few seconds after turning
on the current. As a result, in general, the dispensers should be a good on-demand
source and enable us to keep the pressure lower as compared to a system with ampules.
Fluorescence measurements suggest that the atoms come out in something like a very

20

divergent atomic beam, and not in a vapor. By pointing the beam in direction of the
glass cell, we hope to get the majority of atoms into the 2D MOT instead of having a
vapor, coating the inside of the cube.

3.2.2 Coils
We use two pairs of self-built, symmetric, rectangular, racetrack-shaped coils to provide
the magnetic gradient. Each of the coils has 40 windings and is placed in an aluminum
holder. The dimensions are 162 mm × 54 mm. The windings are glued together with
heat conducting epoxy to increase heat flow to the air-cooled holder. By using three
individual power supplies, the zero line of the magnetic field can be shifted and aligned
with the axis of the chamber, the mirror and the differential pumping tube. One coil
of each pair has its own power supply, whereas the two remaining coils are connected
in series and driven by only one power supply together. For figure 3.3, the gradient
was measured at different currents, always using the same current for all coils. Each
gradient was determined by measuring the magnetic field as a function of the position.
From the fit we get a slope of 2.57(4) G/(cm A). Each of the power supplies is able to
deliver 20 A, which is more than sufficient to generate a gradient of 20 G/cm. However,
at a current of 7 A, the temperature of the coils and the aluminum holder rises to about
100 ◦C. It may be necessary to add some cooling if the coils are used at higher currents,
to avoid air movement on the main table.
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Figure 3.3: Gradient measurement of the 2D MOT at different currents. Each coil is
driven with the same current. The red line is a linear fit to the data. The coils generate
2.57(4) G/(cm A).

3.2.3 Optics
To exploit the large glass cell and have a big trapping volume, the dimensions of the
main beams were chosen to 90 mm × 22.5 mm (1/e2 diameter). The setup is shown
in figure 3.4. After exiting the large mode field fiber (used to handle the high optical
power, see section 3.3.2) through a f = 18.4 mm collimator3 , a telescope consisting
of a −6 mm lens and two cylindrical lenses (50 mm and 200 mm) widens the beam
to the desired dimensions. The polarization is cleaned in a polarizing beam splitter
and a λ/4 waveplate ensures the right polarization (right-handed in horizontal and
left-handed in vertical direction). The beams are retro-reflected by prisms, which are
coated with protected silver on the back side. Being reflected two times by 45◦ on
a metallic surface, the back coming beam has the same handedness as the incoming
beam. The axial molasses is generated by two counter-propagating beams with a
diameter of about 20 mm. Inside the glass cell the parabolic mirror (PM) is used to
collimate the beam going away from the main chamber. The parabolic mirror was
chosen because it was the easiest to mount inside the vacuum. An independent push
beam is overlapped with the beam going towards the main chamber via another mirror
with a hole (MH) and aligned to pass through the hole in the mirror inside the cell,
and the differential pumping tube.
3
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Figure 3.4: Optical setup around the glass cell for the horizontal MOT beam, axial molasses
and push beam. L: lens, HWP: half waveplate, QWP: quarter waveplate, PBS: polarizing
beam splitter, M: mirror, PM: parabolic mirror with hole, MH: mirror with hole.

3.3 Laser system
The overall concept as well as the vacuum setup also influence the laser system. We
want to have the following features for the potassium laser system:
• The system should be able to switch between the bosonic and more abundant
39
K and the fermionic 40 K easily.
• The system has to be tunable over a range of a few natural linewidths. 2D and
3D MOT have to be independently tunable, as well as the imaging part, which
should in general stay on resonance.
• The repumper frequency has to be set independently for 2D and 3D MOT and
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the ratio between repumping and cooling light can range from a few percent to
equal powers for both, depending on the used isotope.
• The system has to provide enough power for 2D and 3D MOT as well as imaging.
According to the Paris experiment [60], the atom flux provided by the 2D MOT
increases with light intensity. We also expect that a big trapping volume will
increase the flux. For beams with the planned dimensions, 600 mW of light will
be needed to match the light intensity of the Paris experiment. Furthermore,
since the MOT beams of K are overlapped with the huge MOT beams of Dy (in
comparison with other alkalis) and therefore have the same diameter of 40 mm,
approximately 350 mW are needed for the 3D MOT.
• The system should be stable over long measurement periods. Therefore it should
stay in lock for at least a day and be able to run through the night.
In early experiments, potassium laser light was usually generated with either Ti:Sapphire lasers or laser diodes in combination with tapered amplifiers. Diodes at 767 nm
are normally cooled down to temperatures below 0 ◦C [62] or anti-reflection-coated
[63]. By now, low power diodes designed for 767 nm are available. In combination
with tapered amplifiers, these systems are fairly complex and require some effort,
especially the generation of the repump frequency of 40 K. Table 3.1 summarizes the
estimated frequencies (including the detunings) needed for trapping the two isotopes.
While for 39 K all frequencies lie within about 450 MHz, the frequencies needed for
40
K span about 1.3 GHz. With the acousto-optical modulators (AOM) available in
the group, 200 MHz can be shifted with an efficiency of maximally 90 %. For the
repumper, six AOMs in series would be necessary, leading to a loss of about half of
the initial optical power. This is very inefficient and makes tapered amplifiers or high
initial powers necessary. Given the above-mentioned requirements, we decided to use
frequency-doubled fiber lasers [64, 65]. Fiber lasers near 1550 nm are fairly inexpensive
and fiber amplifiers are able to supply large amounts of power, which is a result of their
use and constant improvement in telecommunications. Unlike extended cavity diode
lasers, the lack of moving parts means they are insensitive to vibrations, acoustics,
misalignment etc. which gives a higher level of stability.
In figure 3.5, the schematic laser setup is shown. A Keopsys erbium-doped fiber
laser4 , operating at a wavelength of 1533.4 nm seeds two 10 W erbium-doped fiber
amplifiers5 . The seed laser can give up to 100 mW of power, the minimum required
input power of the amplifiers is 0.25 mW. To avoid extensive frequency shifting (for
40
K the repumper transition is more than 1.2 GHz lower than the cooling transition)
with AOMs, which would increase the size of the optical setup and induce power
4
5
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Figure 3.5: Schematic setup for the generation of the red light and repumper sidebands via
a fiber-based seed laser and amplifiers.

Table 3.1: Frequencies needed for trapping of 39 K and 40 K, measured from the 39 K crossover
resonance. The values have been estimated with the information given in references [48, 58,
60, 66]. Note that especially the frequencies needed for 40 K span about 1.3 GHz in total,
which is difficult to shift efficiently with AOMs.
39

40
K
K
3D MOT
−228 MHz
582 MHz
2D MOT
−245 MHz
579 MHz
Imaging
−210 MHz
600 MHz
Repumper 3D
211 MHz −671 MHz
Repumper 2D
207 MHz −656 MHz

losses, repumping light is provided via sideband modulation. This is usually done by
modulating the diode current [67, 68] or via an electro-optical modulator (EOM) [69].
In our case, a fiber-coupled EOM6 is used to imprint sidebands [70]. The applied
voltage to the EOM changes the refractive index in the crystal, imposing a phase shift
to the laser light traveling through. When modulating the voltage sinusoidally with
frequency Ω, the light field E(t) of amplitude E0 and frequency ω can then be written
as
#
"
∞
∞
X
X
Jk (β)eikΩt +
(−1)k Jk (β)e−ikΩt ,
E(t) = E0 ei(ωt+β sin Ωt) = E0 eiωt J0 (β) +
k=1

k=1

(3.1)
where Ji is the Bessel function of i-th order. For small modulation index β, we can
approximate by


β i(ω+Ω)t β i(ω−Ω)t
iωt
E(t) ≈ E0 e + e
− e
,
(3.2)
2
2
6
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which gives weak sidebands with frequencies of ω±Ω. One of the sidebands is then used
as a repumper. Developed for the telecommunication sector, the EOM has a bandwidth
of 12 GHz, which allows easy switching between 39 K (the repumper is about 440 MHz
away) and 40 K. At this point it should be emphasized, that the sideband frequency
of the ±1st order after the frequency doubling is still ±Ω and not ±2Ω (resulting
from a mixing between sideband and carrier), although higher order sidebands will
be generated by mixing between the sideband modes. The advantage of this system
is the high stability and flexibility, and the fact that repumper and cooling light are
overlapped from the beginning. We avoid the extensive use of AOMs and tapered
amplifiers. The system also offers the ability to change isotopes via a mouse click.

3.3.1 Second Harmonic Generation
The light coming from the amplifiers, which, after the EOMs, already contains the
repumper, is frequency-doubled in a periodically poled lithium niobate crystal (PPLN)
from Covesion. Second harmonic generation (SHG) is a second-order process, which
can happen in nonlinear crystals, where two pump photons with the same energy Ep
generate a photon with 2Ep . To avoid destructive interference between two outgoing
photons generated at different points in the crystal, one normally has to fix the phase
relation between pump and outgoing beam at every point in the crystal, which is
referred to as phase matching. This can for example be done by engineering the
wavelength dependent refractive indices of the two components in a way, that they
are equal for the two wavelengths. Periodically poled refers to a type of crystal that
is engineered to provide quasi phase matching. Here, the orientation of the crystal is
periodically inverted to avoid destructive interference. The periodicity to be used is
set by the distance at which a maximum of frequency-doubled photons is accumulated
and is dependent on the wavelength. It can be controlled via the temperature of the
crystal, which typically consist of several grating periods that span different wavelength
intervals.
The setup used for SHG is shown in figure 3.6. The 40 mm long crystal is placed
in an oven to control and stabilize its temperature. According to Boyd-Kleinmann
theory [71], the highest conversion efficiency can be achieved with a focused Gaussian
beam with the ratio of
l
= 2.84.
(3.3)
2zR
between crystal length l and Rayleigh range zR . Taking the refractive index of the
crystal into account, we use a 125 mm fused silica lens to focus into the crystal. The
crystal is mounted on a translation stage to control the position of the focus inside.
Furthermore the polarization of the pump light has to be aligned with the dipole moment of the crystal. Behind the crystal, two dichroic mirrors are used to separate the
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Figure 3.6: Setup of the SHG-box. AMP: fiber-based amplifier, BD: beam dump, L: lens,
LP: long pass mirror Thorlabs dm950lp, M: mirror, PBS: polarizing beam splitter, PPLN:
periodically poled lithium niobate crystal in oven, WP: λ/2-waveplate.

pump from the frequency-doubled light. The pump is then dumped in a water-cooled
beam dump to limit the amount of hot air on the optical table. After scanning the
temperature, at the full power of 10 W of the amplifiers we get approximately 1.4 W
and 1.1 W of red light from the two crystals. The manufacturer gives an approximate
efficiency of 0.3 %/(W cm). From that we would expect 1.2 W. Note that with the
sideband modulation, the frequency-doubled light still contains sidebands at the modulation frequency. The light is then coupled to fibers and distributed to a spectroscopy
setup, mixed with the Dy light and sent to the 3D MOT, or again distributed for the
2D MOT. This way, the high power SHG is decoupled from the rest of the optical
setup and can be made safe.

3.3.2 Lock and frequency shifting
For a stable system, an absolute frequency reference is needed for the laser. This
can either be an atomic line, a line from a highly stable Fabry-Perot interferometer
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or another laser. In this experiment, the D2 line of potassium is used. In figure
3.7 the Doppler-free saturated absorption spectrum of the potassium D2 line can be
seen. The spectrum was obtained by using a standard setup as seen in 3.8. The basic
principle of saturated absorption spectroscopy is explained in [50] and [52]. Feature A
comes from the 39 K, F = 2 → F 0 = 1, 2, 3 transitions and feature C shows the 39 K,
F = 1 → F 0 = 0, 1, 2 transitions, which overlap with the 41 K crossover. Because of the
narrow excited state hyperfine splitting (compared to the natural linewidth), the single
excited state hyperfine levels can not be resolved. In the middle of these features lies
the ground state crossover of 39 K (B). Crossover resonances appear, when atoms have
a velocity class, so that, because of the Doppler effect, the pump beam is resonant with
one hyperfine transition and the probe beam with another one. For this to happen, the
laser frequency has to be exactly in the middle of the two addressed transitions. The
hole-burning mechanism, which is the underlying principle of saturated absorption
spectroscopy, leads to decreased absorption of the probe beam if the crossover occurs
between two excited state hyperfine levels. For ground state hyperfine levels, this leads
to a pumping effect and therefore to enhanced absorption of the probe beam, as can
be seen with feature B.

Figure 3.7: Spectrum and error signal obtained with saturation and modulation transfer
spectroscopy. Frequency is measured from the crossover resonance (feature B). The 39 K,
F = 2 → F 0 = 1, 2, 3 transitions (feature A) and 39 K, F = 1 → F 0 = 0, 1, 2 transitions,
overlapped with the 41 K crossover resonance (feature C), are also shown.

To be able to lock on this reference spectrum, we use modulation transfer spectroscopy (MTS) [72, 73] to generate an error signal for the feedback loop. In this
technique, the pump beam used to generate the Doppler-free spectrum, passes through
an EOM, which imprints sidebands on the laser at the modulation frequency. These
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Figure 3.8: Setup for spectroscopy, locking and shifting the laser. L: lens, M: mirror, HWP:
λ/2-waveplate, QWP: λ/4-waveplate, S: mechanical shutter, PBS: polarizing beam splitter,
SFPI: scanning Fabry-Perot interferometer, SC: heated spectroscopy cell containing K vapor,
FG: RF function generator, PD: photodiode, PS: phase shifter.

sidebands now get transferred over the atoms by a fourth-order mixing process to the
probe beam. At the photodiode, the different frequency components beat with each
other. After demodulating the signal again with the local oscillator, one gets an error
signal which resembles the derivative of the line shape of the atomic resonance. Close
to resonance, the signal is linear, its sign changes in the middle of the resonance and
the background is flat and around zero, which is not the case for some other techniques. Furthermore, this method is insensitive to intensity noise. The obtained error
signal can be seen in figure 3.7. The photodiode signal is cleaned by a DC-block and
then amplified, and demodulated in a phase detector7 . The phase between signal and
reference can be controlled via a self-build phase shifter, which consists of a so-called
allpass. The signal is then fed into a Toptica DigiLock PID box. The DigiLock is
an FPGA (field-programmable gate array) based digital locking device, which is set
up to act as a digital PID controller, an oscilloscope and a scan controller. We can
control and monitor the PID-Controller, the lock point and the scan control via remote control from a PC outside of the lab. The included scan control is connected
to the piezo element in the seed laser, which stretches the fiber and thereby changes
its length and the laser frequency. Because the laser is extremely stable on its own
7
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and only drifts thermally, the slow feedback loop is enough to get a nicely working
lock. The linewidth of the bare laser is 50 kHz, so a fast feedback is not needed, as the
natural linewidth of the transition is 6 MHz. The lock system has proven to be stable
for more than 24 h.
Sideband removal
The sidebands used as a repumper are an issue in the saturated absorption spectroscopy and MTS. Since the spectroscopy cell mainly contains 39 K, running the sidebands at the frequency of 40 K is no problem because they are far away from transitions
in 39 K. But if the sidebands are at around 450 MHz, they overlap with other transitions.
For example: at 450 MHz if an atom has a velocity class such that its F = 2 → F 0 = 2
transition is resonant with the lower sideband, the F = 1 → F 0 = 2 transition will be
resonant with the upper sideband coming from the other direction. Also the carrier
will be resonant with the F = 2 → F 0 = 2 transition, giving an additional subDoppler feature near the crossover position. If the sideband frequency coincides with
the ground state splitting, these features will overlap and not shift the error signal.
But if the frequency differs by a few MHz, the error signal will be shifted by half of the
difference in the direction of the strongest transition, which is the F = 2 → F 0 = 3.
This results in a changing lock point that depends on the repumper frequency and
power. To overcome this, we tested two schemes to extinguish the sidebands in the
spectroscopy section. One can use a Fabry-Perot interferometer (FPI) and set it
up in a way that it only transmits the carrier. In this case, the FPI was of the
plano-confocal type with a mirror radius of 500 mm and a length of about 100 mm.
In this configuration, the different spatial modes are not degenerate, which makes
locking to the Gaussian mode easier. The corresponding free spectral range is 1.5 GHz.
The linewidth was chosen to about 15 MHz. This is enough to be sure that the
sidebands cannot pass when the carrier is resonant with a cavity mode. To overcome
thermal drifts and vibrations, the mirrors are mounted on a slow piezo element for
low-frequency, large drifts and a fast piezo element to be able to compensate for faster
but smaller fluctuations. For the lock, a Pound-Drever-Hall scheme [74, 75] is used,
the error signal is split and fed to the fast and slow port of a laser PID box. The slow
PI-controller acts on the slow piezo element and the fast PID-controller on the fast
one. While this setup in principle works fine, it adds another lock, which in our setup
turned out to be much more susceptible to external disturbance than any other part
of the laser setup. Especially vibrations on the optical table can cause the cavity to
unlock, which then also leads to an unlocked laser. In this way, the laser, which on its
own is completely insusceptible to vibrations, becomes affected.
As a much more elegant alternative, we added a second fiber-coupled EOM8 in the
8
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fiber going to the spectroscopy setup. As in equation (3.1), we add a second term to
the light field, which gives
E(t) = E0 ei(ωt+β sin Ωt+β

0

sin(Ω0 t+∆φ))

.

(3.4)

β 0 and Ω0 correspond to the modulation strength and frequency used for the second
EOM. ∆φ describes the phase difference between the two frequencies. If β 0 = β,
Ω0 = Ω and ∆φ = π, the two terms cancel, which can be seen as the demodulation
of the sidebands, leaving behind the bare laser field with frequency ω, also containing
the power that was previously in the sidebands.
In our case, the two EOMs are situated before and after the SHG. The setup can
be seen in figure 3.9. The signal of the function generator is split into two. One part
is amplified and then fed to the IR-EOM (FEOM 1), which generates the repumper
sidebands. To be able to control the relative phase, three voltage controlled phase
shifters from Mini-Circuits9 are used in series (VCPS) to be able to span about 3π of
relative phase. The second part passes the phase shifters, is also amplified and then
fed to the EOM in the red (FEOM 2). If the repumper frequency is changed, the
relative path length for the two signals is also changed, which can be compensated by
adjusting the voltage Vset on the phase shifters. The light is then demodulated, shifting
the power in the sidebands back to the carrier again. It should be emphasized that
this scheme works even with the SHG in between the modulating and demodulating
EOM and that Ω0 = Ω is still given, because the two EOMS are driven from the same
function generator. Furthermore, also higher-order sidebands can be removed, as the
total modulation is compensated. This setup is much more stable and elegant than
the filter cavity. A simple commercial scanning FPI can be used after FEOM2 to set
the phase and amplification levels for the demodulation or to check the power ratio
between cooling and repumping light.

9
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Figure 3.9: Setup for the demodulation scheme. FEOM: fiber-coupled EOM, FG: function
generator, PD: photodiode, VCPS: voltage controlled phase shifter.

Frequency shifting
Between the cooling transition of 39 K and 40 K more than 800 MHz have to be bridged.
Light can be shifted in frequency by the use of acousto-optical modulators (AOM),
but the efficiency drops with higher distances. With standard AOMs 200 MHz can be
shifted with an efficiency of about 90 %. In the best case this would mean that the
needed distance could be bridged with an efficiency of about 65 %. By shifting only
the light that is used for spectroscopy, the loss in power can be minimized. However,
AOMs are also used as fast switches in front of fibers. By turning off the RF-power,
the light does not get diffracted anymore, effectively turning off beams after the fibers.
The result of these considerations is the currently used scheme, which can be seen
in figures 3.10 and 3.8. Two double-pass (DP) AOMs shifting the laser frequency
up or down by about 400 MHz are used in series to be able to fix the seed laser’s
frequency for the use of 39 K or 40 K, respectively. To change all frequencies of the
system simultaneously, the double-pass frequency can be modified. For this, only a
small part of the optical power is needed. The single-pass AOMs at around 170 MHz
are used to switch the light on and off and to provide a frequency difference between
different beams. They can all be set individually. To set the system for operation
with 39 K, the 40 K DP is switched off and the light passes unshifted. The first order of
the 39 K DP is then used to shift to the crossover resonance and fix the laser frequency
about 400 MHz below the lock point. To change from 39 K to 40 K, the 39 K DP is
switched off and the minus first order of the 40 K DP is used. The zeroth orders are
blocked by a mechanical shutter when not used. With this setup, it is possible to shift
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the majority of the distance in frequency between the two isotopes only with a few
10 mW of spectroscopy light, instead of shifting the light that is used in the MOTs.
2→3

1→2

CO
455
2x205

Reference
170
3D MOT

39
455

170

K
2D MOT

2x186
Imaging
-170

7/2 → 9/2

9/2 → 11/2
-1223
-2x206

40
Reference

K
170
3D MOT
-1223

170
2D MOT
2x180
Imaging
-170

Figure 3.10: Schematic overview of the frequency shifting. The upper part of the picture
corresponds to 39 K, the lower half to 40 K. Green represents the lock point, which is in
both cases the ground state crossover resonance (CO) of 39 K. Red represents the seed lasers
frequency, gray the position of the atomic lines and black the actual (detuned) frequency
of the light in the traps. Horizontal solid arrows refer to acousto-optical shifting, whereas
horizontal dashed arrows correspond to electro-optical sideband generation (only the used
sideband is shown). The frequencies for 2D and 3D MOT, as well as the repumper of each,
can be set independently. All frequencies are given in MHz. To change between isotopes,
only the double-pass AOMs (Reference) that shift to the CO have to be changed as explained
in the text. The single-pass AOMs stay the same.

3.3.3 Light distribution
The approximately 1.1 W of light for the 2D MOT comes from the SHG through a
polarization maintaining high power fiber and is then split. The majority is used for
the 2D beams. After passing an AOM at 170 MHz, the first order is split and coupled
to two photonic crystal fibers10 . These special fibers have a big mode field area and
10
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lower attenuation, which means that long fibers of 7 m length can be used to bring
the light to the main table. The branches for the axial molasses and the push beam
also go through a separate AOM to be individually switchable. Because of the lower
powers there, normal polarization maintaining fibers are used.
The light for the 3D MOT is split into four beams and overlapped with the dysprosium MOT light via dichroic mirrors at another location. Four end-cap fibers then
bring the light to the table, where it is used for the two horizontal and two vertical
beams of the 3D MOT.
Axial SP
Imaging
M

M
AOM

M

HWP
PBS

M
L
HWP
L
PBS

HWP
HWP

Horizontal
PBS
M

L

L
L

HWP

M
Push
L

HWP

L PBS
AOM

M
HWP
M
Vertical

L

L
Axial
M from SHG

M
HWP

2D SP

L HWP

Figure 3.11: Distribution of light to the 2D MOT and Imaging. L: lens, M: mirror, HWP:
λ/2-waveplate, PBS: polarizing beam splitter.

To be able to image with resonant light, an additional double-pass / single-pass
AOM combination is implemented. The double-pass can be used to compensate for
the detuning used in the 2D MOT and to fine tune the imaging frequency to the
imaging transition. The pulses are then generated by a single-pass AOM in front
of the fiber that goes to the main table. After the MOT phase, the population is
distributed between the two hyperfine states in the ground state. Furthermore, for
39
K the F = 2, which is used for imaging, is not the absolute ground state. In the
dipole trap, the atoms are in the F = 1 (ground-) state. To be able to image all atoms,
they have to be pumped to the F = 2 or F = 9/2 state, respectively, before imaging.
This is currently done by shining a separate laser on the D1 line for a few ms. For 39 K
it would also be possible to add another double-pass in the imaging setup, that shifts
by the ground state splitting.
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4 Optimization and characterization
of the MOT system
In this chapter, the optimization of the 2D MOT is discussed. The results of parameter
optimization for 39 K are shown, as well as loading and decay curves. Then, parameter
scans for 40 K are shown and loading and decay curves are compared to 39 K. Finally,
our experiences with the dispenser setup are discussed.

4.1 2D MOT optimization via fluorescence
In a first step, a preliminary optimization of the 2D MOT and its parameters was done
by looking at atomic fluorescence with a small CCD camera1 . At the dispenser current
specified by the supplier (4.5 A), we could only see fluorescence of the background
gas in a broad frequency range around the D2 transition, corresponding to Doppler
broadening of the hot vapor. We suspected that the vapor coming out of the dispensers
mainly got stuck to the cold parts of the cube (see section 3.2.1). To prevent this, the
cube and the tube to the ion pump were packed in heating tapes and aluminum foil
and heated to about 100 ◦C. This enhanced the background fluorescence, but still a
high current of about 8 A was needed to be able to see the elongated 2D MOT on the
camera and the IR-viewer. This signal enabled a first optimization of the parameters.
Adding the axial molasses greatly enhanced the fluorescence signal. In figure 4.1 one
can see that the cloud shape is essentially a line, with some inhomogeneities. We
suspect imperfections in the polarization of the main beams, which lead to a space
dependent mismatch of the radiation pressure. The equilibrium position then shifts
differently depending on the axial position, leading to this particular shape.

Figure 4.1: Fluorescence of 39 K in the 2D MOT. The field of view is about 50 mm × 4 mm.

Crucial for the loading of the MOT are the alignment of the 2D MOT with the mirror
1

mvBlueFOX
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axis and the power balancing in the axial molasses beam. The alignment can be set
by adjusting the currents of the 2D MOT coils and looking at the atoms with the IR
viewer. It is very important to stabilize the power balancing as a slight deviation can
change the atom number by orders of magnitude. A mismatch in the powers of each
axial beam shifts the cloud to either of the two sides of the glass cell. In combination
with our non-uniform shape, this can also lead to a misalignment with the differential
pumping axis, because atoms can accumulate in one of the bumps.

4.2

39

K MOT

In this section, the 39 K MOT is investigated. Absorption imaging was set up to be
able to measure atom numbers. Parameter scans on the gradient and repumper were
used to increase the atom number. Loading and decay curves were taken to get an
estimate on lifetime and behavior of the atoms in the MOT.

4.2.1 Atom number determination
To get an observable with which we can judge the performance of our system, we
perform absorption imaging to obtain a measurement of the trapped atom number.
We calculate an image of the optical depth OD from two successive pictures, one with
atoms and a weak probe beam and one with only the probe beam. The signal is then
calculated by integrating the OD over the area A of the picture and dividing by the
2
two-level cross section for resonant, circular polarized light σ0 = 3λ
:
2π
Z
Z
1
σ 1
σ
signal =
OD dA =
OD dA = N.
(4.1)
σ0
σ0 σ
σ0
By including the cross section
σ=

1+

I
Is

σ0
,
+ 4( Γδ )2

(4.2)

which accounts for detuning of the imaging light δ and power broadening, we can
R
interpret the signal as the atom number N = σ1 OD dA multiplied with the ratio
between σ and σ0 . We have to ensure that the probe beam is resonant with the atoms,
to be able to interpret the signal obtained by absorption imaging as atom number in
later measurements.
In figure 4.2, the determination of the imaging frequency of 39 K is shown. Frequency
is measured from the lock point of the laser system. The signal we get is N σσ0 , it is
therefore proportional to the actual cross section and includes the information of the
spectrum of the atom. The data were taken in four consecutive series to eliminate
fluctuations and was fitted with a double-Lorentzian model. The two features correspond to the F = 2 → F 0 = 1, 2 and F = 2 → F 0 = 3 transition. The fitted width of
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the latter is 7.5(2) MHz. The deviation of the natural linewidth, which is 6.035 MHz,
is not fully understood and can not be explained by power or Doppler broadening. We
suspect shot-to-shot fluctuation and overall drifts in the datasets to be the reason for
the deviation. The distance of 22.2(2) MHz of the peaks deviates from the values in
[48] (21.1 MHz) but can be explained by broadening and fluctuations in the data. This
measurement gives a more accurate frequency reference than the lock to the crossover
resonance and enables optimization of the other parameters. At the found imaging
frequency, we assume σ = σ0 , since we also image at low intensities (I  Is ), and can
now interpret the signal as atom number N .
During the time of the measurement, the control software was still in a testing status.
It was later found that the imaging light also contained the two sidebands because the
RF source was not switched off. This has two effects: first of all, one sideband is
completely off-resonant, which means that part of the light will never be absorbed,
leading to a different optical depth and therefore a different atom number. Second,
the repumping sideband has the same effect in the beginning, because all atoms are
repumped to the F = 2 state prior to imaging. Since some atoms will be lost to the
F = 1 state, where they can be driven by the repumping light, this light will then also
contribute to the absorption. This issue is present in all measurements taken with the
absorption imaging system. A later performed short test showed that the difference
in obtained atom number for pictures with and without repumper is on the order of
the present fluctuations. Therefore, the obtained values give a good enough estimate
on the atom number for the purpose of optimizing the parameters.
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Figure 4.2: Spectroscopy of the imaging transition in 39 K via the absorption imaging signal.
The points have been taken in four individual runs to eliminate short-term fluctuations. The
presence of long-term drifts in the atom number, possibly originating in drifts of the room
temperature, can be seen. The right peak corresponds to the F = 2 → F 0 = 3 transition,
the left peak to the F = 2 → F 0 = 1, 2 transition, respectively. The data points were fitted
with a seven-parameter double-Lorentzian fit, including a variable background.

4.2.2 Parameter optimization
Gradient and detuning
In figure 4.3, the dependence of atoms trapped in the 3D MOT on the applied gradient is shown. The curve has a maximum at around 5 G/cm and is very steep at
lower currents, whereas the effect is much less at higher values. Its optimum value is
considerably higher than the value we obtained for dysprosium, which likes a shallow
gradient of about 3 G/cm. This is important if loading of both species should happen
simultaneously.
Curves of the cooling light detuning are hard to interpret in this setup, since it
affects 2D MOT cooling, 3D MOT cooling and both repumpers at the same time. Not
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Figure 4.3: Atom numbers in the 3D MOT as a function of gradient generated by the 3D
MOT coils. The data were taken in three runs. Shown is the mean for each point and the
error bars correspond to the standard deviation of the data points.

only are the parameters coupled due to the design of the laser system. The optimum
of one parameter is also dependent on the values of the other ones. For example,
detuning in the 2D MOT mainly has an effect on the position of the cloud, which
again leads to a misalignment with the differential pumping tube. A change of atom
number in the MOT can be caused by a lower atom number in the 2D MOT and/or
the misalignment. It would be difficult to attribute changes in atom numbers to the
different effects that occur and multi-dimensional curves would be needed to find a
global maximum. In preliminary tests, changing only the detuning of the 3D MOT
while keeping the other parameters constant seems to have a smaller effect on the
atom number than the present fluctuations.
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Parameters of the repumper
Figures 4.4 and 4.5 show the atom number dependence on the repumper frequency in
the 2D and 3D MOT, respectively. While repumping in the 3D MOT works well on
a broad frequency range, the impact is much more dramatic in the 2D MOT. Since
cooling and repumping light in 39 K have a similar role due to the narrow hyperfine
splitting (also the repumper adds a significant radiation pressure), this could influence
the alignment of the atom cloud with the mirror hole in a similar way as the cooling
detuning does. In the 3D MOT, repumping works on a much broader range, which
corresponds to the overlap of different possible transitions to the close hyperfine states.
The dependence on the ratio between repumper light intensity Ir and cooling light
intensity Ic is shown in figure 4.6 for the 2D MOT and 4.7 for the 3D MOT. For
the 2D MOT, the optimum is at a ratio of Ir /Ic = 22 %, which is lower than in the
3D MOT (67 %) and lower than in other experiments [58]. We assume that changing
the ratio has a similar effect on the position of the 2D MOT cloud as cooling and
repumping frequency. With a more detailed characterization of the effect of those
parameters, it may be possible to reach higher atom numbers. The parameter value
of the 3D MOT is comparable to other experiments [66, 76]. A major difference in
our setup is that, because of the second, unused sideband, the total available power
in cooler and repumper combined varies with the ratio, as the power in the second
sideband is effectively thrown away. This can lead to two counteracting effects, caused
by changing total power and cooling-to-repumping ratio, and a different maximum
position than in other experiments.
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Figure 4.4: Atom number measured for different detunings of the repump frequency in the
2D MOT. The data were taken in three runs. Shown is the mean for each point and the
error bars correspond to the standard deviation of the data points.
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Figure 4.5: Atom number measured for different detunings of the repump frequency in the
3D MOT. The data were taken in only a single run.

41

Atom number

7e+06

6e+06

5e+06

0,05

0,1

0,15
0,2
2D MOT repump ratio

0,25

0,3

Figure 4.6: Atom number versus ratio of repumper light intensity Ir to cooling light intensity
Ic in the 2D MOT. The data were taken in only a single run.
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Figure 4.7: Atom number versus ratio of repumper light intensity Ir to cooling light intensity
Ic in the 3D MOT. The data were taken in only a single run.
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4.2.3 Loading and decay curves
In table 4.1, the currently used parameters are shown. They were used to measure
the loading and decay curves that are shown in figure 4.8. The 3D MOT was loaded
for 12 s, then gradient and light of the 2D MOT were switched off and the decay of
the 3D MOT was recorded. The dispenser current for this measurement was 5.8 A.
First, the decay curve was fitted using the decay model given in equation (2.7). Then
the initial loading rate was determined by fitting a second-order polynomial to the
loading curve up to two seconds of loading time. To compare the loading curve to the
theoretical prediction, a numerical solution for equation (2.5) was calculated, using
the parameters extracted by the fits. The result is also plotted in the graphs. The two
models fit well to the data.

Loading and decay of 39K
Decay fit
Numerical solution
β/V = 1.16(9)e-8 1/s
γ = 3(1)e-3 1/s
α = 1.9(2)e6 1/s
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Figure 4.8: MOT loading and decay curves for
Loading was switched off after 12 s.

39 K,

measured with the values in table 4.1.

For 39 K, we found a loading rate of 1.9(2) × 106 /s. The lifetime is 3(1) × 102 s,
which shows that the pressure in the main chamber is sufficiently low for experiments
on long timescales. For the two-body loss coefficient we find β/V = 1.16(9) × 10−8 /s.
By estimating the cloud size from a fluorescence picture (including one of the viewports
for reference), we get a volume of 0.2 cm3 , and therefore β = 2.4 × 10−9 /s. This is
about two orders of magnitude higher than the values given in [77] and also unusually
large compared to other alkali MOTs. However, the volume is a very crude estimate.
Since the cloud radius enters the volume in third power, this has a strong effect. In
far-detuned traps, the resonance condition leads to higher fluorescence rate at the
sides of the trap than in the middle. The result is a distorted fluorescence profile,
which does not correspond to the atom density anymore. This leads to a broadening
of the fluorescence profile and to a larger width. We suspect that this results in an
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Table 4.1: Currently used values of important parameters for

39 K.

Parameter
Value
Detuning 3D
−5.2Γ
Detuning 3D Repump
−1.8Γ
Detuning 2D
−5.3Γ
Detuning Axial
−5.6Γ
Detuning 2D Repump
−2.8Γ
Ratio 3D
150 %
Ratio 2D
12 %
Gradient 3D
5.6 G/cm
Gradient 2D
10 G/cm
Power 3D beams (total)
400 mW
Power 2D beams (total)
780 mW
Power axial beams (total)
80 mW

overestimated volume and accounts for most of the deviation to the literature value.
An underestimation of the atom number due to the imaging light still containing
sidebands (as mentioned before) could also contribute to an overestimated two-body
loss coefficient. However, the effect is far too small to account for a deviation of two
orders of magnitude.
It could also be possible that the measured decay rates are really that high and a
result of the additional frequencies present in the MOT light (originating from the unused and higher-order sidebands), leading to enhanced coupling to molecular states. It
should be noted that these measurements were taken with the system being optimized
for high atom numbers after a certain loading time and not for long holding times in
the MOT. In any case, a more careful measurement is necessary to test these theories.

4.3

40

K MOT

Although not expected from the low atom numbers of 39 K, a 40 K 3D MOT was achieved
very fast after adjusting the laser frequencies. It seems to work better than the bosonic
3D MOT, as the atom numbers were only about a factor of 5 lower. From the isotopic
composition of the dispensers, we would have expected a factor of about 20. Similar
measurements were made, however, the stability of the system began to decrease,
probably because the last dispenser began to empty out. Measurements were taken at
a higher dispenser current of 7.2 A, to get comparable atom numbers, and therefore
also at a higher pressure of ∼ 1.3 × 10−10 mbar in the main chamber. The results are
shown in the following.

44

4.3.1 Parameter scans
A scan of the imaging frequency, fitted with a Lorentzian, can be seen in figure 4.9.
The width of the fit is 7.4(3) MHz, which is similar to the value obtained for 39 K. The
distance of 598 MHz to the crossover resonance matches the value calculated with the
data from [48]. By setting the imaging frequency to the determined value, the laser is
on resonance with the imaging transition and the data of further measurements can
again be taken as a value for the atom number N .
Figure 4.10 shows the dependence of the atom number on the gradient in z-direction.
For the fermionic isotope, a smaller gradient of about 4.4 G/cm seems to be better.
For the other parameters, the system was not stable enough to provide meaningful
scans. The currently used parameters are summarized in table 4.2 and are a result
of constantly optimizing the system over a few days. Fluctuations could have led to
values that do not correspond to the combination with the actual best performance.
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Figure 4.9: Spectroscopy of the F = 9/2 → F 0 = 11/2 transition used for imaging of
The blue line is a four-parameter Lorentzian fit, including a variable background.

40 K.
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Figure 4.10: Atom number depending on gradient in z-direction generated by the MOT
coils. The data were taken in three runs. Shown is the mean for each point and the error
bars correspond to the standard deviation of the data points.

4.3.2 Loading and decay curves
Loading and decay curves were done in the same way as for 39 K, but now with 25 s
loading time. At this point, the stability of the system was clearly worse, which can
also be seen in the data shown in figure 4.11. The curves are hard to fit, which becomes
evident when looking at γ, which is negative here. We suspect fluctuations in either
imaging or the atom number itself, which give a wrong background atom number.
Since gradient, dispenser current, optical power, loading time and vacuum in the main
chamber were different than at the time of the measurement of 39 K loading curves,
new curves for 39 K were taken with the same parameters. Here, the fluctuations were
even bigger, but the value of γ is comparable to the one of 40 K. β/V differs by a factor
of about 3.6 and is higher for 40 K. In our case, the measurements were not taken at
the same temperatures of the cloud. Since 39 K is in general hotter, due to the narrow
hyperfine splitting, the trap volume is bigger at the same conditions. A quick analysis

46

Table 4.2: Currently used important parameters for

40 K.

Parameter
Value
Detuning 3D
−3Γ
Detuning 3D Repump
0Γ
Detuning 2D
−3Γ
Detuning Axial
−3.2Γ
Detuning 2D Repump
−0.9Γ
Ratio 3D
13 %
Ratio 2D
10 %
Gradient 3D
4.4 G/cm
Gradient 2D
10 G/cm
Power 3D beams (total)
430 mW
Power 2D beams (total)
620 mW
Power axial beams (total)
80 mW

shows that the volume is about 5 times bigger, resulting in a slightly bigger value of
β for 39 K than for 40 K, which is what we would expect from an earlier measurement
[77]. To further analyze trap losses and decay curves, a more stable system would be
necessary to take more data. Furthermore, it would be favorable to have the same
temperatures for both isotopes or to obtain a more accurate value for the cloud volume.
The difference in loading rates is about a factor of 2.5, indicating that loading 40 K
works more efficiently for a given isotopic abundance. With 25 s loading time, atom
numbers of up to 3.7 × 107 could be reached. We expect that this number will rise
with the planned improvements to the setup. The Paris group has reached loading
rates of up to 1.4 × 109 /s [60].
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Loading and decay of 40K
Decay fit
Numerical solution
β/V = 7.7(3)e-9 1/s
γ = -2.9(2)e-2 1/s
α = 8.6(8)e6 1/s
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4.4 Dispensers
We suspect the dispensers to be the major limitation on the number of trapped atoms
in our system. Our observations are summarized in this section, and an alternative
type of dispensers and a different design is tested.

4.4.1 Problems with the current design
During the optimization progress it became clear that the position of the dispensers is
far from optimal. The dispensers had to be run at higher than specified currents to get
a signal and changing the current often had a bigger effect than changing some other
parameters. After the second dispenser was emptied, we optimized the heating of the
cube and the tube. We noticed that the steel of the differential pumping tube in front
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of the dispensers was discolored. This is a strong indication that the potassium mainly
sticks to the cold tube instead of diffusing into the glass cell. The tube cannot be heated
easily, because there is no direct access and steel has a low thermal conductance. We
tried to shine infrared light from LEDs through the viewports to locally heat this
region. This leads to a 30 % increase in atom numbers initially, however it seems this
effect decreases over time, as the potassium migrates to other cold areas inside the
cube and on the differential pumping tube, which cannot be heated properly. This
results in a very low amount of potassium that ends up in the 2D MOT glass cell. It
is very likely the main constraint on the loading rate and total atom number.
Via light-induced atom desorption [78], atoms stuck to the glass cell can be removed,
raising the partial pressure and optimally using all the atoms that reach the cell. This
was tested by using a UV-LED, which irradiates the cell with about 1.6 W of 385 nm
light. Initially, loading rates and final atom numbers increased significantly, but this
effect decays rather quickly after a few experimental cycles. Since the number of atoms
actually entering the glass cell is small, also the number of atoms stuck on the glass
walls is low.
Furthermore, we suspect that the low vapor pressure in the glass cell results in a
low atom number stability, as small fluctuations in the output of the dispenser have a
bigger impact on the capture number of the 2D MOT. To get decent atom numbers,
the dispensers have to be driven at a high current, which not only reduces the lifetime
of the dispensers. A big problem is that the overall pressure in the glass cell rises
rapidly at high currents, and also affects the pressure in the main chamber. From the
time it needs to decrease again, we think that there is not only potassium but also a
considerable amount of water coming out of the dispensers. Water and other heavy
substances take a long time to pump out of the chamber, which explains the slow
decrease in pressure. Constantly heating the cube also increases pressure inside the
chamber and adds a heat source on the main table, which can induce instabilities in
beam pointing.

4.4.2 Homebuilt dispensers
It was decided to build a small number of dispensers based on the work done in
references [79–81]. The dispensers are filled with a mixture of KCl and Ca and they
rely on a reduction reaction to generate the potassium vapor.
The dispenser is formed out of a sheet of annealed NiCr foil and held by tantalum
rods spot-welded to the foil. Tantalum was chosen because it can withstand the high
temperatures generated by the current. The rods will hold the dispensers in the glass
cell in the experiment. The potassium salt and calcium were ground to a fine dust in
an argon atmosphere to avoid oxidization. They were then mixed whit a 5:1 ratio of
Ca atoms to KCl molecules and filled into the prepared dispensers. The dispensers
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were then closed by clamping the foil.
One homebuilt and one remaining dispenser from alvatec were put in a test-setup,
consisting of a small glass cell, a feed-through and a turbo pump. By sending a
weak probe beam of 767 nm-light through the glass cell, the dispenser output can be
monitored by looking at fluorescence and absorption.
The commercial dispenser starts to output when driving it with a current of about
3 A. As mentioned before, the output is limited to a small region in front of a dedicated
slit. It is initially sealed by an indium layer, which should avoid contamination with
water.
The homemade dispenser has to be driven at higher currents compared to the commercial one. The output starts at around 5 A. This is probably a result of the different
process, which provides the potassium. Furthermore, the vapor exits in multiple places
where the dispenser is not properly sealed. This can be seen by monitoring the fluorescence of the probe beam and by the residue that is deposited on the glass. This
residue starts to become visible at currents of 7 A and has a metallic or white color.
Its composition is unknown for now. We could not generate something similar with
the commercial dispenser, also not when driving it at high currents for longer times.
With the RGA (residual gas analyzer) of the pump, we monitored the output of
the dispensers. The homebuilt one generates a considerable amount of H2 O and H2 ,
which is also a result of the high temperatures and a baking effect. These two gases
dominate the overall pressure in the chamber, which increased by approximately an
order of magnitude to 3 × 10−8 mbar when driving the dispensers at high currents.
For comparable amounts of potassium in the cell, the tested commercial dispenser is
much cleaner, which is probably a result of the indium seal. However, in the current
2D MOT setup, one of the dispensers seems to be contaminated and we can not use
it due to its effect on the pressure. This might be an indication of alternating quality
of the commercial dispensers.
Absorption measurement
Figure 4.12 shows absorption profiles for different currents at the homemade dispenser.
They were taken by monitoring the probe beam on a photodiode after the glass cell and
scanning the laser frequency around the D2 line. While we could never see absorption
in the glass cell of the 2D MOT or in the cube, where the dispensers are located, it
becomes evident in the test setup in the first two minutes after turning on the power
supply. This is another indication that the major limitation on the atom number in
the MOT is given by the position of the dispensers.
With the Lambert-Beer law, we can set up a model for the absorption profile [34]
of a beam traveling a length l in the atomic vapor. The model contains an effective
temperature T and the atom density n of the vapor. Strictly speaking, this model
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Figure 4.12: Absorption profiles of a weak probe beam in the test setup for different
dispenser currents. The photodiode signal has been averaged and normalized. The frequency
axis was calibrated with the spectroscopy signal of the laser lock and zero-point was roughly
set to the middle of the profile. The fits are shown in red and the outcomes are given in
table 4.3.

is only valid for a thermalized gas. Since the temperatures of the dispensers exceed
600 ◦C and the glass cell is slightly above room temperature, this is not given in the
current setup. But we can take the values as an estimate. The fits are shown in red
and are in agreement with the data. We interpret the small deviations as residual
saturation signals, caused by a partial reflex on the glass cell.
Table 4.3: Values for density n and effective temperature T obtained by fitting the curves
in figure 4.12 and pressure P calculated by the ideal gas law.

Current
5A
6A
7A
7.5 A

n (1/m3 )
6.9(4) × 1014
2.0(1) × 1015
4.2(2) × 1015
5.1(3) × 1015

T (K)
374.9(4)
429.5(3)
452.8(2)
449.3(2)

P (mbar)
3.6(2) × 10−8
1.16(7) × 10−7
2.6(2) × 10−7
3.2(2) × 10−7

Table 4.3 shows the values of n and T as given by the fit, and the partial pressure P ,
calculated by the ideal gas law. In general, n increases by a factor of 2 for an increase
in current by 1 A, while the effect on T is small. In the small test setup, a partial
pressure of about 3 × 107 mbar can be reached. Since it is not sensitive on potassium,
we can not verify this number with the RGA.
Nevertheless, the tests show, that, in principle, we are able to build dispensers on our
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own, and suggest possible improvements in the manufacturing process. Furthermore,
we could test new ways to position the dispensers and are confident that we can
improve our atom number in the MOT and lifetime of the potassium supply.
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5 Outlook
The laser system has proven to be stable and easy to use, supply enough optical power,
and is able to switch between isotopes quickly. With the results of chapter 4, we could
identify the causes for some of the early problems and could design changes to the
setup, which are partly already in place or currently in preparation and will be set up
in the near future.
Changes to the potassium MOT system
Most importantly, the setup for the potassium vapor source has to be improved. The
plan is to place the dispensers inside the glass cell [80]. In this way, potassium atoms
immediately enter the capture region of the 2D MOT, which should result in a far
higher atom number, while at the same time enabling us to run the dispensers at a lower
current. This will improve the lifetime of the dispensers and hopefully the vacuum
situation, as we suspect that high currents kick out a lot of dirt and contaminate the
vacuum. As of now, the original supplier of the first dispensers we used is no longer
in business. We successfully tested producing dispensers ourselves and are currently
looking into a new commercial supplier.
In the last days of measuring, the stability of the system decreased considerably
and oscillations in the atom number became evident. As of now it is not clear what
causes this. Possible explanations are, that the dispenser output is not constant at
high currents or at the end of its lifetime. Furthermore, we experienced problems
with the high power fibers after the SHG. It seems that they degrade over time and
partly loose their ability to maintain polarization. A change in polarization leads to
changes in power and balancing and is often dependent on the temperature in the
lab. Stabilization of power could be done with PID controllers correcting for power
fluctuations with the RF power sent to AOMs used for shifting and shutting. However,
this would involve considerable changes in the laser system, as not every optical fiber
has its own AOM now, leading to more complexity and occupied space.
The laser system can be further improved. For example it would be possible to add
low-cost fiber coupled filters after the fiber-based EOMs, which filter out the unwanted
sideband. In this way, more power would be available for cooling and repumping,
because the fiber amplifier does not have to divide the power to the third frequency
component. At the MOT side of the system, this is easily implementable. For the 2D
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MOT side, this would mean that the current scheme of demodulating the sidebands
for the spectroscopy does not work anymore. However, a second filter could be used
instead of the demodulating EOM, to filter out the remaining sideband.
Furthermore, due to the limited amount of potassium, it has not been checked what
effect for example a blue detuned axial molasses or push beam would have. Also,
polarization of the molasses has not been checked, although reference [82] claims that
the effect is not dramatic. Other minor technical details can still be improved. In
this way the system should become more reliable and the cycle time for MOT loading
should be decreased. Furthermore, the single-pass AOM on the MOT side (MOT
SP) has been replaced with a double-pass by now, to be able to shift the 3D MOT
frequency more easily. While this costs about 20 % of optical power, it also enables us
to do fast frequency ramps, for example for a compressed MOT stage. Before, ramps
were only possible by shifting the whole laser. In this case the ramping time is limited
by the bandwidth of the laser’s piezo element and may not be fast enough.
Other new laser systems
New laser systems are currently implemented. For potassium, D1 cooling [83] will
considerably cool down the sample. Temperatures of 11 µK have been demonstrated
with this technique [84]. This is closer to the temperature of dysprosium after the
MOT stage and facilitates loading into the dipole trap, which is also currently tested.
The elongated shape of the dysprosium narrow-line MOT requires a matching trap
geometry in the loading phase. This will be done with an AOM, whose frequency is
modulated, effectively modulating the deflection angle. This leads to a time-averaged
elliptic trapping potential that can be shaped according to the dysprosium MOT.
In the further stages of the experimental sequence, dysprosium will be cooled with
the 741 nm transition, which has a width of only 1.78 kHz [85]. The recoil limit on this
transition is 213 nK, which is already higher than the corresponding Doppler limit. In
a comparable setup as for Sr [86, 87], we want to sympathetically cool K with Dy, while
Dy is constantly laser cooled. We hope to decrease temperature and increase phase
space density for both species without loosing a large amount of atoms. Quantum
degeneracy will then be achieved by a final short step of evaporation cooling.
Future of the experiment
By now, we have realized a dual species MOT that combines the lanthanide dysprosium
with the alkali potassium. This has been achieved with both bosonic and fermionic
isotopes of both species, namely 161 Dy, 164 Dy, 39 K and 40 K. To our knowledge, this has
not been demonstrated before. We have shown that the two species can in principle be
loaded simultaneously. However, the behavior of the mixture is completely unknown
for now, and will be the subject of further preliminary experiments. This will also
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influence our cooling strategy. In case sympathetic cooling does not work, (degenerate)
Raman sideband cooling for K [88, 89] can be used to further decrease the temperature
of the K sample while at the same time polarizing it. The needed lasers are mostly
in place. By using a nonlinear transmission line, the light that is initially sent to the
3D MOT fiber amplifier can be shifted by about 10 GHz. After the second harmonic
generation, the light can be used for the optical lattice for Raman Sideband Cooling.
An imaging system in the z-axis is developed in parallel to the work on the laser
systems. This imaging system is set up to combine the different imaging wavelengths of
potassium (767 nm) and dysprosium (421 nm) as well as the light of the MOTs of both
species, D1 cooling and dipole traps. This results in a rather complex configuration of
optical elements that has to be chosen carefully to maintain a sufficient resolution. The
opportunity to switch to a imaging system based on the 405 nm transition of potassium
is also included. Further improvements in the future include the integration of a science
cell for high-resolution imaging. The main chamber has one port set aside. This cell
can also be used to create a region with better control of the magnetic field once the
Feshbach resonances are characterized, and offers better optical access.
Simultaneously to the preparation of the upgrades, as soon as the ensembles can
be loaded into a dipole trap together, experiments characterizing the mixture and
its interactions will be carried out. Ultimately we hope to find usable interspecies
Feshbach resonances that enable us to access the universal regime.
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