
D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.

DIPLOMARBEIT

Design and setup of a cold atom
experiment with potassium

ausgeführt am Atominstitut

der Technische Universität Wien
Fakultät für Physik

unter der Anleitung von
Ass.Prof. Dr. Philipp Haslinger

durch

Matthias Kolb

Matrikelnummer: 01425976

Johann Böhm-Gasse 4
2201 Gerasdorf

Wien, am 01.09.2020

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Abstract

The development of laser cooling techniques has led to a plethora of exciting exper-
iments, from investigating quantum-mechanical phenomena such as Schrödinger cat
states and Bose-Einstein condensates to basic tests of the standard model of physics
using the unprecedented sensitivity of atom interferometry. This thesis describes the
design and first steps of a cold atom setup with potassium to implement lattice atom
interferometry (LATIN), to investigate light induced atom-atom interactions or to co-
herently drive hyperfine transitions using the near field of a density modulated electron
beam. The laser setup is designed to produce the desired frequencies to cool potassium
atoms, and the controlling system, including DDS frequency generators, has been set
up. Also, simulations for magnetic field coils have been carried out.
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Zusammenfassung

Die Entwicklung von Laserkühltechniken hat zu einer Fülle an Experimenten geführt,
von der Untersuchung quantenmechanischer Phänomene wie Schrödingerkatzenzustände
und Bose-Einstein-Kondensaten bis zu Tests des Standardmodells der Teilchenphysik
mit der beispiellosen Sensitivität der Atominterferometrie. Diese Diplomarbeit beschreibt
das Design und die ersten Schritte des Aufbaus eines Experiments mit kalten Kalium-
Atomen, um geführte Atominterferometrie in einem optischen Resonator zu betreiben
(engl. Lattice ATom INterferometry, kurz LATIN), lichtinduzierte Wechselwirkungen
zwischen Atomen zu untersuchen oder zum ersten Mal Hyperfineübergänge mit dem
Nahfeld eines dichtemodulierten Elektronenstrahls zu treiben. Der Aufbau des Laser-
systems wurde entworfen um die benötigten Laserfrequenzen zu erhalten und das
Experiment-Kontrollsystem mit digitalen Frequenzgeneratoren (DDS) wurde aufge-
baut. Des weiteren wurden Simulationen für die benötigten Magnetfeldspulen ausge-
führt.
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1. Introduction

In the last quarter of the twentieth century, techniques for cooling and trapping neutral
atoms (mostly alkalis due to the favorable transitions since they are “hydrogen-like“)
in the sub-mK regime have been developed [1]. This led to bosonic atoms being cooled
to a common ground state where their wavefunctions overlap. The resulting “quantum
gas” is called a Bose-Einstein condensate (below a critical temperature depending on
the density of the atoms, [2],[3]).

These developments initiated a new area of research where the properties of the
quantum gases where studied, demonstrating effects such as phase transitions and
Higgs and Goldstone modes that resemble phenomena in condensed matter and par-
ticle physics [4]. By trapping atoms in optical lattices, Hamiltonians like the Bose-
Hubbard model can be implemented, making it possible to simulate those systems
(“Quantum Simulator”, [5]).

Furthermore, the feasibility of laser cooling atoms has led to atom interferometry.
Using the recoil momentum h̄keff of a two-photon Raman transition, where keff is the
wave vector of laser light driving the transition, an atomic cloud is split in two parts
and finally recombined. It is important to note that each atom has a 50 % chance to
undergo this transition and its wavefunction is thus split in two parts. The spatial
separation of the two clouds allows to measure accelerations a, e.g. variations of the
gravitational field. The phase difference ∆φ accumulated when recombining the two
atomic clouds is approximately (the leading order in a)

∆φ ≈ keffaT
2 (1.1)

with the evolution time T . Further improvements, such as stronger lasers or the use
of cavities for power enhancement allow for multiphoton interactions (thereby increas-
ing keff ) leading to higher sensitivies, has triggered experiments to check theoretical
models for dark energy [6], to investigate the effect of blackbody radiation on atoms
[7] and precision measurements of the fine structure constant [8].

In addition of increasing the recoil momentum, the evolution time T between the
Raman pulses has been elongated by launching atoms upwards (where T is limited by
the time the atoms are in free fall, [9]), using parabolic flights [10] and drop towers

1
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1. Introduction

ν

e
−

source

modulated beam

atoms

λ =
v

ν

Figure 1.1.: The proposed Quantum Klystron experiment: A density modulated electron
beam with velocity v passes by a cloud of atoms. The frequency ν of the density modulation
(λ is its wavelength) equals the transition frequency of the ground state hyperfine transition
(F = 1 to F = 2 in fig. 2.2). The varying beam current causes an oscillating magnetic field
experienced by the atoms, thereby imitating a photon which is normally used to drive the
transition.

[11]. Recently it was demonstrated that by trapping the atoms of the two arms of an
interferometer into an optical lattice, it is possible to achieve interferometry times of
20 seconds [12].

A theoretical proposal [13] suggests to drive transitions such as the magnetic dipole
hyperfine transitions of alkalis by an electron beam with modulated density. The
varying electron density (where the frequency of the variation equals the frequency
of the atomic transition) leads to a varying electro-magnetic field, which imitates a
microwave photon which is generally used to drive magnetic dipole transitions (see
fig. 1.1). For electrons with a kinetic energy of 18 kV, the de Broglie wavelength is
≈ 1 Å, whereas the wavelength of the photons for these transition is in the range
of centimeters. Driving transitions with electron beams would make it possible to
address smaller regions in an atomic cloud or even single atoms when trapped in an
optical lattice, depending on the beam diameter. The modulation of an electron beam
is known to be used in a Klystron, where an electron beam modulated while passing
through a cavity is used to amplify microwave signals by inducing a voltage in a second
cavity. The proposed experiment can be viewed as a Klystron [14] where the second
cavity is replaced by atoms, and is therefore called Quantum Klystron (QUAK). With
this electron beam, the transitions are driven coherently, and Rabi oscillations should
be observable. This could facilitate applications for quantum computing by driving
and coupling atomic qubits (e.g. atoms trapped in optical lattices or with tweezers,
[15], [16]). In addition, spectroscopic measurements in scanning electron microscopy
could lead to a higher signal when driving transitions in the specimen on resonance,
compared to incoherent scattering processes [13], and in biological electron microscopy,
the radiation damage could be reduced by indirectly driving transitions [17].

The scope of this thesis is to build up an experiment to cool and trap 39K and 41K
to low temperatures needed for lattice atom interferometry. With this setup, called

2
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1. Introduction

LATIN, it is planned to search for new physics e.g. forces caused by dark energy. In
addition, light-induced inter-particle interactions shall be investigated [18]. Finally,
the setup allows for implementation of the proposed QUAK experiment.

The setup consists of a science chamber with a 3-dimensional magneto-optical trap
(MOT), loaded by an atomic beam generated by a 2-dimensional MOT. The 2D-MOT
ensures fast loading rates to shorten the experiment cycle. For the two magneto-optical
traps, laser light stabilized to the D2 line of potassium is needed. To cool the atoms to
even lower temperatures (on the order of a few microkelvins), a gray molasses cooling
scheme on the D1 line is used [19]. If needed, Raman sideband cooling [20] can be
used to achieve lower temperatures and prepare all atoms in one magnetic sub-state.
Afterwards, the atoms can be loaded into an optical lattice (for atom interferometry)
or highly confined in an optical dipole trap (for QUAK). A transfer chamber which
can be separated from the science chamber by a valve will be used to easily exchange
electron sources for the QUAK experiment and also allows for insertion of test masses
or surfaces to measure interactions with LATIN.

In this thesis, the theoretical background of the laser cooling is outlined in chapter 2,
where techniques that will be used in the planned setup to cool and trap atoms are
explained. One subsection also addresses spectroscopy methods, which are needed to
stabilize the lasers on the desired frequencies. In chapter 3 the experimental setup is
shown, with a focus on the optical and electronic systems. Simulations conducted to
design magnetic fields needed to trap atoms are presented as well as first magnetic
field measurements.
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2. Theory

This chapter covers the theory of laser cooling of potassium. Doppler cooling and
magneto-optical traps are explained and the peculiarities of the potassium level struc-
ture are outlined. Different ways of loading the trap are discussed, and possible minia-
turizations of the setup are further explored. Techniques to cool the atoms to tem-
peratures below a few µK are compared. The concept of an optical dipole trap is
presented, making it possible to hold atoms in absence of a magnetic field. Further-
more, two spectroscopy-based laser stabilization methods, which are used in the setup,
are shown.

2.1. Doppler cooling

The Doppler cooling technique can be used to cool atoms at room temperature (T =

300 K implies a mean velocity of ≈ 400 m s−1 for 39K, [21, p.195]) to the sub-mK regime
and is generally the first step in cold atom experiments. The following derivation
mainly follows [22].

In a simplified model, atoms are pictured as two-level systems (see figure 2.1a).
They can be excited from the ground state |g〉 using a laser beam at frequency ωL
matching the transition frequency ω0. The excitation of the atom does not only change
its state to |e〉, but, since the photon is absorbed by the atom, it also exerts a recoil
momentum of h̄kL on the atom (this corresponds to a velocity change of ≈ 1.3 m s−1

in case of 39K atoms, [23]). Thus, if beam and atom are moving towards (with) each
other, the atom it decelerated (accelerated). At nonzero temperatures the Doppler
effect must be considered: An atom moving towards a laser beam with wave vector
~kL at a velocity ~v experiences the laser frequency increased by + ~kL · ~v, as shown in
figure 2.1c [24, p. 249]. Consequently, by detuning the laser by δ to compensate for
the Doppler effect, the atom is excited when moving towards the beam, being slowed
down, but is off resonance when moving in the same direction as the beam. After a
short time in the excited state (the lifetime τ is the inverse of the decay rate Γ and
amounts to 26.4 ns for the D2 line of 39K, [23, p.4]), a photon is spontaneously emitted
in a random direction. The recoil momenta of these photons average out over many
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2. Theory

scattering events (e.g. a slow potassium atom with initial speed of 10 m s−1 needs
to scatter about 800 photons to reach a temperature of 145 µK, which is the lowest
achievable temperature with Doppler cooling, see below). If the light intensity is low
enough, stimulated emission, which would lead to a velocity-independent force (the
stimulated emission by a photon from a similar direction would accelerate the atom),
can be neglected.

The resulting force can be written as

F =
∆p

∆t
= h̄kΓρee, (2.1)

where h̄k ≈ h̄kL is the transferred momentum. Since this force requires spontaneous
emission for the recoil momenta of the emitted photons to cancel out, the rate of this
process is determined by the decay rate Γ and the population ρee of the excited state
|e〉, which is, according to the optical Bloch equations [22, p.23ff].

ρee =
s0/2

1 + s0 + (2δ
Γ
)2

, (2.2)

with detuning δ, the saturation parameter at resonance s0 = I
IS

and the saturation
intensity at resonance IS = πhcΓ

3λ2
(h is Planck’s constant, c the speed of light, λ is the

wavelength of the atomic transition). Inserting equation 2.2 into equation 2.1, and
considering the Doppler effect, one gets

~F(~k) = h̄~ks0Γ/2

1 + s0 +
[

2(δ−~k~v)
Γ

]2 . (2.3)

This equation corresponds to the force exerted on atoms with velocity ~v by one laser
beam with frequency ωL detuned by δ from the atomic resonance ω0. In figure 2.1b,
the blue dotted curve is the force of a laser beam with detuning δ = −Γ (the decay
rate Γ was taken from table 2.1 for the D2 line), moving in positive z-direction, thus
slowing down atoms propagating in −z-direction. Adding a second laser in the opposite
direction (with the same detuning but the opposite ~k vector, drawn in orange in
fig. 2.1b) results in the radiation pressure force ~FOM = ~F(~k) + ~F(−~k) shown as the

green curve in figure 2.1b. Neglecting terms of order
(

~k~v
Γ

)2

gives for small velocities

~FOM = ~F(~k) + ~F(−~k) ≈ 8h̄k2δs0~v

Γ
[

1 + s0 +
(

2δ
Γ

)2
]2 = −β~v, (2.4)
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2. Theory

shown in the red dashed curve in figure 2.1b. This force is proportional to the velocity
~v, can thus be regarded as a damping or friction force and is often referred to as optical

molasses.

As mentioned above, spontaneous emission plays a key role in the Doppler cooling
process. However, the scattering of photons also sets a limit to the temperatures that
can be achieved, since it causes heating. When the frictional force and the heating are
in equilibrium, one can calculate the minimal achievable temperature, known as the
Doppler cooling limit. For the optimized detuning δ = −Γ

2
, the Doppler temperature

is TD = h̄Γ
2kB

. In case of potassium TD = 145 µK (see tables 2.1 and 2.2).
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2. Theory

|g〉

|e〉

ωL ω0

δ

(a)

−20 0 20

−100

0

100

Atom velocity (m/s)

A
cc

el
er

at
io

n
(m

/s
p

er
m

s)

(b)

~v~k

δ = ωL − ω = −~k · ~v 〈∆p〉 = 0

z

(c)

Figure 2.1.: (a) A two-level system. The laser with frequency ωL is detuned by δ relative to
the atomic transition with frequency ω. If δ < 0, the laser light is red-detuned, for δ > 0 one
refers to blue detuning. (b) The Doppler cooling force generated by a laser beams propagating
in +z direction (the blue dotted line) and −z direction (in orange), giving the total radiation
pressure force (in green) with the saturation parameter s0 = 2 and the detuning δ = −γ.
On the ordinate, the acceleration on a potassium atom is given. The values of γ and λ

where taken from table 2.1 for the D2 line. For small atomic velocities, the force can be
approximated as a linear friction force (the red dashed curve). (c) The Doppler cooling
process: the laser beam is detuned from the atomic transition by δ to compensate for the
Doppler effect. Thus, only atoms propagating in opposite direction to the laser beam are
retarded. Through spontaneous emission, the atoms gets a kick of h̄k in a random direction,
but are heated.
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2. Theory

2.2. Potassium

The Doppler cooling process discussed in the previous section was explained for a two-
level atom. However, real atoms have more energy levels, leading to effects that must
be taken into account in order for Doppler cooling to work. This section will mainly
focus on the atomic species chosen for the setup presented in this thesis, namely 39K
and 41K.

Alkali atoms are preferable for laser cooling, since they only have one valence elec-
tron in the outer shell. The excitations of this electron form a relatively simple level
structure, as shown in figure 2.2. The main structure is similar for the other alkali
atoms: the 42S1/2 ground state can be excited to two excited states (42P1/2 and 42P3/2)
with a different spin-orbit coupling. This gives the D1 and D2 line different properties,
which are shown in tables 2.1 and 2.2 for 39K and 41K respectively. Their frequen-
cies are typically in the visible / near infrared part of the spectrum, which makes it
easier to generate light, since appropriate lasers are readily available (CD and DVD
drives used laser diodes at 780 nm and 650 nm respectively [25]). Most alkali isotopes
have two hyperfine ground states due to the spin-spin interaction of the nucleus and
the unpaired valence electron [22, p.39ff]. Assuming laser cooling is mediated on the
D2 line via the F=2 ground state to the F’=3 excited state, the atom cannot decay to
the F=1 ground state, due to dipole selection rules. This is called a cycling transition.
But due to the detuning of the cooling laser from the transition, a fraction of atoms
are excited to the F’=2 state as well. From F’=2 they can decay to the F=1 ground
state and become transparent to the cooling light, resulting in atom loss. To account
for this, a second laser on the F=1 to F’=2 transition is needed to pump the atoms
back to the F=2 ground state. This laser is generally referred to as repumper, while
the main cooler laser is called cooler [26, p.84].

Potassium shows one peculiarity which impacts laser cooling; the narrow hyperfine
splitting in the 42P3/2 excited state of less than 35 MHz, compared to ≈ 496 MHz for
the widely used 87Rb [27], resulting in even more atoms decaying to the F=1 ground
state (compared to 87Rb, [28]). Thus, the repumper beam has to be much stronger
than for Rubidium, sometimes equally strong as the cooler [29]. In this case, both
cooling beams are red detuned to the whole excited state manifold. Other experimental
realizations used ratios (cooler : repumper) of about 2:1 [19] or 3:1 [30]. Consequently,
the term repumper is not adequate anymore, it should rather be referred to two cooler
beams that form a closed cooling cycle. Since the majority of the publications still
name them cooler and repumper, these notions will be used in this thesis too. However,
it should be kept in mind that the repumper plays a more significant role when laser
cooling potassium compared to other alkalies.
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2. Theory

42S1/2 461.7 MHz 254.0 MHz

F=1 (0)

F=2 (461.7)

F=1 (129.8)

F=2 (383.9)42S1/2

42P1/2

D1 line
770.108 nm

42P3/2

F’=1 (0)

F’=2 (55.5)

F’=1 (3.3)
F’=2 (12.7)
F’=3 (33.8)

F’=0 (0)

D2 line
766.701 nm

39K

F’=1 (251.1)

F’=2 (281.6)42P1/2

F’=1 (247.2)
F’=2 (250.6)

F’=3 (264.0)

F’=0 (247.2)

41K

42P3/2

Cooling transition

Repumping transition

93.3% abundance
I = 3/2

6.7% abundance
I = 3/2

δ

δ

δ

δ

Figure 2.2.: The D1 and D2 lines of 39K and 41K. For each S/P-state, the relative frequencies
between the hyperfine states in brackets are given in MHz. The cooler and repumper tran-
sitions are colored red and dark red, with small detuning δ. I is the nuclear spin quantum
number.
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2. Theory

2.2.1. Feshbach resonances

Scattering properties are important to consider for these types of experiments, even
more so when creating Bose-Einstein condensates using evaporation cooling. In this
section, the concept of a Feshbach resonance is explained and the experimental benefits
are shown.

Regarding an atom at low energies (with a large de Broglie wavelength) scattering
another atom, the scattering length a describes the scattering probability (its modulus)
and a potential phase shift (its sign). The interaction potential between two atoms
distanced by R can be described by the Lennard-Jones potential

V (R) ∝ 1

R12
− 1

R6
(2.5)

shown in figure 2.3a. For shorter interatomic distances, the atoms can form a molecule,
represented by a bound state in the potential well [24, p.314ff]. At small energies, the
collision process will take place in the entrance channel, or open channel Vo (the
intermolecular state with energy ≈ 0). Coupling the open channel with the bound
state of the closed channel Vc (an intermolecur state at higher energy) leads to a
Feshbach resonance. Using a magnetic or optical field, the energy difference between
the entrance channel and the bound state can be controlled. By changing the coupling
between the states, the scattering length changes dependent on the magnetic field B

(see figure 2.3b) as:

a(B) = abg

(

1− ∆

B − B0

)

. (2.6)

The Feshbach resonance occurs at magnetic field B0, the width of the resonance is
∆. All known resonances of 39K are listed in table 2.3. Compared to other atomic
species, several Feshbach resonances at comparably low magnetic field facilitate the
experimental implementation.

There are various applications of Feshbach resonances. In order to allow evapora-
tion cooling to form a Bose-Einstein condensate, some atoms have unfavorable collision
properties (e.g. 133Cs or 39K). By tuning a with a magnetic field, large positive scat-
tering lengths needed can be achieved. By adiabatically changing the magnetic field
the atoms are transferred to a molecular state to form Feshbach molecules. Finally,
the zero-crossing can be used to reduce the interactions to minimize systematic errors,
for example in atom interferometry with Bose-Einstein condensates [31].
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2. Theory

0 1 2 3

−1

−0.5

0

0.5

1

Interatomic distance R

V
(R

)

Vo

Vc

(a)

0 0.5 1 1.5 2
−5

0

5

∆ = 0.4

B/B0

a
/a

B
G

a

aBG

(b)

Figure 2.3.: (a) The Lennard-Jones potential describes the interaction between two atoms.
If they are close, they might be bound in a molecular state. Coupling of the entrance channel
Vo to the bound state of Vc leads to a Feshbach resonance which can be controlled with a
magnetic or optical field. The values on the abscissa and the ordinate are a relative measure
from a Lennard-Jones-Potential V ∝ 1

R12 − 1
R6 . (b) The scattering length can be tuned as

a consequence of the coupling between Vo and Vc. This allows to control the interaction
between the atoms. At a distance ∆ from the resonance B0, a zero crossing appears. The
scattering length is given relative to the background scattering length aBG (i.e. the scattering
length in absence of the coupling).

Table 2.1.: Important transitions of 39K. Data were taken from [23].

Property D1 line D2 line
wavelength λ 770.108 385 049(123) nm 766.700 921 822(24) nm
lifetime τ 26.72(5) ns 26.37(5) ns
Decay rate Γ = 1

τ
37.43 s−1 37.92 s−1

Natural linewidth Γ/2π 5.956(11) MHz 6.035(11) MHz
Doppler temperature TD 145 µK 145 µK
Recoil temperature Trec 0.414 367 02 µK 0.414 367 02 µK
Recoil velocity vrec 1.329 825 973(7) cm s−1 1.335 736 144(7) cm s−1

Saturation intensity IS 1.75 mW/cm2
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2. Theory
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Figure 2.4.: The Feshbach resonances for 39K from table 2.3 are plotted for the various
mF states. For atom interferometry, the resonances of the mF = 0 state are of particular
interest because this state is insensitive to magnetic fields as a first order approximation
(data were taken from [32], the background scattering length abg, which varies with B, was
interpolated).

Table 2.2.: Important transitions of 41K. Data were taken from [23].

Property D1 line D2 line
wavelength λ 770.107 919 192(123) nm 766.700 458 70(2) nm
lifetime τ 26.72(5) ns 26.37(5) ns
Decay rate Γ = 1

τ
37.43 s−1 37.92 s−1

Natural linewidth Γ/2π 5.956(11) MHz 6.035(11) MHz
Doppler temperature TD 145 µK 145 µK
Recoil temperature Trec 0.414 082 79 µK 0.414 082 79 µK
Recoil velocity vrec 1.264 957 788(6) cm s−1 1.207 057 966 2(7) cm s−1

Saturation intensity IS 1.75 mW/cm2
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2. Theory

Table 2.3.: Feshbach resonances of 39K. “exp.” and “th.” refer to experimental / theoretical
values. Data were taken from [32].

mF B0 (G) exp. B0 (G) th. ∆ (G) th. abg (a0) th.
1,1 25.85(10) 25.9 −0.47 −33

403.4(7) 402.4 −52 −29
745.1 −0.4 −35

752.3(1) 752.4 −0.4 −35
0,0 59.3(6) 58.8 −9.6 −18

66.0(9) 65.6 −7.9 −18
471 −72 −28
490 −5 −28
825 −0.032 −36
832 −0.52 −36

-1,-1 32.6(15) 33.6 55 −19
162.8(9) 162.3 −37 −19

562.2(15) 560.7 −56 −29

2.3. Spectroscopy

Laser cooling requires precise control of the laser frequencies. Therefore, it is necessary
to run the lasers at the desired frequencies and to correct frequency drifts. One way to
achieve this is by locking the laser frequency to an atomic transition using spectroscopy
of the atomic species that are to be cooled. Below, the most commonly used technique
to see a spectrum is explained. Then, two methods for generating a feedback signal
for the laser which are used in the experimental setup are shown.

2.3.1. Saturation spectroscopy

When a laser beam is sent through a vapour cell with potassium atoms, it is absorbed if
its frequency ωL is on resonance with one of the atomic transition lines. However, since
the atoms in the vapour cell have a nonzero temperature (at room temperature T ≈
300 K), they are moving at velocities given by the Maxwell-Boltzmann distribution
with a most probable velocity of about 350 m s−1 (see equation 2.24 and below). This
gives rise to a Doppler shift, i.e. in the reference frame of an atom moving with
velocity ~v, a photon’s frequency appears shifted by ∆ωD = −~k~v, where ~k is the wave
vector of the photon. Consequently, the observed linewidth of the atomic transition
is broadened by the Doppler shifts for the various velocities, resulting in a Gaussian
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2. Theory

K vapour cell

Pump
Probe

(a)

−750 0 750

0.6

0.7

0.8

0.9

1

relative frequency (MHz)
tr

an
sm

is
si

on
(a

rb
.

u
n
it

s)

(b)

−20 −10 0 10 20

relative frequency (MHz)

tr
an

sm
is

si
on

(a
rb

.
u
n
it

s)

peak
derivative

(c)

relative frequency

ωL − ωM
ωL ωL + ωM

(d)

Figure 2.5.: (a) The pump-probe scheme used in saturation absorption spectroscopy to over-
come the Doppler broadening (777 MHz FWHM for potassium) caused by the temperature
inside the vapour cell. The pump beam saturates the atoms at velocity v it is in resonance
with, while the probe beam, propagating in the opposite direction, is absorbed by atoms at
−v. If the laser is on resonance, both beams interact with the same atoms, thereby increas-
ing the transmission of the probe beam, due to on average half of the atoms in the excited
state, due to the saturation. (b) The transmission signal obtained by scanning the frequency
of the probe beam. The blue curve denotes the Doppler valley caused by absorption, the
orange peak denotes the real transition with a linewidth Γ ≈ 2π · 6 MHz for potassium. (c)
To stabilize the laser on the transition, frequency drifts must be compensated for. However,
due to the symmetry of the peak (in blue) one does not know in which direction it deviated.
This could be solved by generating the derivative (in orange). (d) To generate the derivative
of the spectrum, one beam is phase modulated with a frequency ωM , creating two additional
sidebands ωL±ωM with the central carrier frequency ωL. The sidebands experience different
absorption, the interference with the carrier yields the derivative.
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2. Theory

profile with the Full Width at Half Maximum (FWHM)

∆ωD =
ω0

c

√

8kBT ln 2

m
. (2.7)

ω0 is the transition frequency, T the temperature of the atoms and m the atomic mass
[24, pp.249–250].

For potassium, the Doppler width is 777 MHz (FWHM) at room temperature. For
laser cooling, a stability better than the natural linewidth of about 6 MHz is required to
be able to resolve the hyperfine transitions (which is not entirely possible for potassium
D2 line). Consequently, some form of Doppler-free Spectroscopy is needed. The main
idea is shown in figure 2.5a. A pump beam is sent through the vapour cell and gets
absorbed which gives a Doppler valley when scanning the frequency (the blue curve
in fig. 2.5b). The probe beam, at much lower power, passes through the cell from the
opposite direction. Now assume that the laser beams are not on resonance. The pump
beam is absorbed by atoms with velocity v, saturating them (on average half of the
atoms with v are in the excited state). The Doppler shift can equal the detuning
from resonance. The same happens in case of the probe beam, but with different

atoms at speed −v, because it is propagating in the opposite direction. Thus, off
resonance, scanning the probe beam gives the same blue curve as in fig. 2.5b. On
resonance however, atoms with v = 0 are excited by both pump and probe beams
thus less absorptive for the probe beam. This causes increased transmission, resulting
in the orange peak in figure 2.5b, the lamb dip. This peak has a Lorentzian shape,
and is mainly limited by the natural linewidth of the transition. Therefore saturation
spectroscopy is a viable option for laser stabilization [33].

The D1 and D2 lines of alkali atoms have multiple excited states and thus multi-
ple transition lines. When the laser is set to a frequency (ωA + ωB)/2 between two
transition A and B at frequencies ωA and ωB, it is possible that the pump beam is
absorbed by an atom with velocity v > 0 on the A transition, while the probe beam
is resonant with the B transition. Because atoms with velocity v are saturated by the
pump beam (thus in the excited state A), the atoms are transparent for the probe
beam, resulting in a crossover peak, which is generally larger than the real transition.
For the D2 lines, the three allowed transitions from each hyperfine state (F = 1 and
F = 2 for 39K and 41K), form three crossovers, resulting in a total of six peaks in the
spectrum. The formation of the crossovers is possible because the excited state energy
splittings are small compared to the width of the Doppler valley. For 39K and 41K,
with its narrow hyperfinesplittings of 461.7 MHz and 254.0 MHz, a crossover appears
between the two hyperfine ground states is formed. This is not a peak but a hole, since
atoms that have been excited by the pump beam e.g. from the F = 2 hyperfine ground
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2. Theory

vapour cell

frequency mixer

PD

Sabs or Sdisp

filter

Pump beam
Probe beam
frequency ωL

ωM

Local oscillator
frequency ωM

IPD T (ω)
phase modulator

E(t)

ET (t)

Figure 2.6.: Frequency modulation spectroscopy: the probe beam with frequency ωL is
modulated in a phase modulator with frequency ωM , resulting in the frequency sidebands
shown in fig. 2.5d. When passing through the vapour cell, the sidebands experience different
transmission T (ω). The interference of the sidebands with the carrier on the photodiode
PD leads to parts of the signal proportional to the derivatives δ′ and φ′′ of absorption and
dispersion, which are extracted by mixing the signal with a Local Oscillator (at frequency
ωM ) and a filter. Depending on the phase between Local Oscillator either the absorptive
(Sabs) or dispersive (Sdisp) part of the signal is obtained.

state can decay to the F = 1 ground state, and more atoms in F = 1 cause greater
absorption of the probe beam. In addition, the Doppler valleys of the two isotopes
overlap, causing crossover peaks between isotopes. The narrow hyperfine splittings in
the excited state is sometimes lower than Γ causes peaks to be unresolvable, as does
the smaller abundance of 41K [34].

Saturation spectroscopy produces a Doppler free spectrum. In order to stabilize the
laser on a certain transition, the direction of the deviation has to be known. Since
the Lorentzian lamb dip is symmetric, it is convenient to use the derivative depicted
in figure 2.5c. Subsequently, two techniques to generate a suitable feedback signal are
introduced.

2.3.2. Frequency modulation spectroscopy

Frequency modulation spectroscopy (FMS) modulates the frequency of the probe beam,
resulting in frequency sidebands (see fig. 2.5d). The transmission through the vapour
cell is frequency dependent (fig. 2.5b), and the interference between carrier (the center
frequency) and sidebands on a photodiode can be extracted electronically, giving the
derivative of the saturation absorption spectrum.
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2. Theory

Below, the generation of the error signal is derived, mainly following [35]. It is
depicted in fig. 2.6. The electric field of the probe beam with frequency ωL

E(t) = E0e
iωLt (2.8)

is phase modulated with ψ(t) = M sinωM t, the modulation index M describes the
strength of the modulation. The resulting field is

E(t) = E0e
i(ωLt+ψ(t)) = E0e

i(ωLt+M sinωM t), (2.9)

which can be rewritten for small M as

E(t) ≈ E0e
iωLt (1 + iM sinωM t) = E0

(

−M
2
ei(ωL−ωM )t + eiωLt +

M

2
ei(ωL+ωM )t

)

.

(2.10)
It consists of a carrier frequency ωL with two frequency sidebands ωL±ωM , as depicted
in figure 2.5d. The transmission through the vapour cell is described by

T (ω) = e−δ(ω)−iφ(ω), (2.11)

with absorption δ(ω) and dispersion φ(ω). After passing through the vapour cell, the
probe beam electric field becomes

ET = E0

(

−M
2
T (ωL − ωM)ei(ωL−ωM )t + T (ωL)e

iωLt +
M

2
T (ωL + ωM)ei(ωL+ωM )t

)

.

(2.12)
When detected on a photodiode, neglecting terms on the order of M2, the measured
intensity is

IPD = E∗

TET ∝ T 2(ω0)

− M

2

(

T ∗(ωL − ωM)T (ωL)e
+iωM t + c.c.

)

+
M

2

(

T ∗(ωL + ωM)T (ωL)e
−iωM t + c.c.

)

.

(2.13)

E∗ and T ∗ denote the complex conjugates of E and T respectively, “c.c.” the complex
conjugate of the preceding term. Considering that δ(ω) and φ(ω) are small, second-
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2. Theory

order terms can be neglected giving the simplified expression

IPD ∝ 1− 2δ

− M

2
(1− δ(ωL − ωM)− δ(ωM)) (1 + iφ(ωL − ωM)− iφ(ωL)) e

+iωM t + c.c.

+
M

2
(1− δ(ωL + ωM)− δ(ωM)) (1 + iφ(ωL + ωM)− iφ(ωL)) e

−iωM t + c.c.
(2.14)

Rearranging gives

IPD ∝ 1− 2δ(ω)

− M

2
[(1− δ(ωL − ωM)− δ(ωM)) 2 cosωM t− (φ(ωL − ωM)− φ(ωL)) 2 sinωM t]

+
M

2
[(1− δ(ωL + ωM)− δ(ωM)) 2 cosωM t+ (φ(ωL + ωM)− φ(ωL)) 2 sinωM t] ,

(2.15)

and further

IPD ∝ 1− 2δ(ω)

+M cosωM t (δ(ωL + ωM)− δ(ωL − ωM))

−M sinωM t (φ(ωL − ωM) + ωL + ωM)− 2φ(ωL)) .
(2.16)

Introducing the derivatives δ′ and φ′′ yields

IPD ∝ 1− 2δ(ωL) + 2ωMδ
′M cosωM t− 4ω2

Mφ
′′M sinωM t. (2.17)

The first two terms represent the transmitted power, terms two and three are the in-
terferences of the carrier with the sidebands yielding (double-)derivatives of absorption
and dispersion respectively. Multipling IPD electronically with a signal at the modu-
lation frequency (called Local Oscillator) and filtering out frequencies higher than ωM
gives (applying basic trigonometric identities)

Sabs = IPD · cosωM t ∝MωMδ
′ (2.18)

and
Sdisp = IPD · sinωM t ∝MωMφ

′′, (2.19)

the absorptive and dispersive signals depending on the phase of the Local Oscillator.
These signals describe the deviation from the transition and are thus called error sig-

nals. When using the Sabs signal for stabilization, it must be considered that the phase
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2. Theory

modulation causes a residual amplitude modulation, which shifts the zero-crossing of
the derivative. In addition, fluctuations of the laser intensity might shift the signal.
Consequently, it is difficult to stabilize the laser exactly to the desired transition. In
the following section, a technique is presented which overcomes these challenges.

2.3.3. Modulation transfer spectroscopy

Modulation transfer spectroscopy (MTS) uses a nonlinear process in the vapour cell
to transfer the sidebands of the modulated pump beam to the probe beam. This is
achieved via the third-order susceptibility χ

(3)
ijkl, which causes a polarization (using

index notation)
Pi = χ

(3)
ijklEjEkEl (2.20)

by three light fields [36, p.312]. The coupling to a fourth field Pi ·Ei gives the four-wave

mixing. In MTS, the nonlinear mixing of the pump beam with (ωL)pump, (ωL±ωM)pump
with the unmodulated probe beam (ωL)probe results in the creation of sidebands on
the probe beam, (ωL ± ωM)probe. Because the four-wave mixing process only happens
when both beams are resonant with atoms at a certain velocity, resulting in a flat
baseline. After detection of the probe beam on a photodiode, a signal in line with
equ. 2.17 is obtained. For ωM ≤ Γ, both absorptive and dispersive components have
a similar lineshape [37].

Compared to FMS, the slopes are steeper and some transitions are enhanced. For
instance, the mixing process works better on closed transitions, while other (especially
crossover) peaks are suppressed. This is an advantage in case of potassium, since the
narrow splitting of the excited state transitions makes it impossible to differentiate
them [34]. Depending on the polarization (which is generally circular for MTS), the
opposite effect might be achieved [38, p.59].

In conclusion, saturation spectroscopy is a powerful technique that allows the tran-
sitions with linewidths below the Doppler width to be resolved. By modulation of
either pump or probe beam, an error signal can be generated that specifies the devia-
tion of the laser frequency from the resonance. Both techniques are used in the setup
(see sec. 3.2).

2.4. Magneto-optical trap

In section 2.1, the Doppler cooling process, which uses radiation pressure to cool
neutral atoms, was explained in one dimension. The resulting damping force leads to
lower temperatures. However, the atoms are not captured. To simultaneously cool
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2. Theory

and trap atoms at a certain point in space, a magnetic field can be used to perform
trapping in addition to the optical Doppler cooling. This is the most common used
configuration in laser cooling and known as a magneto-optical trap. In this section,
the concept is first explained in one spatial dimension and then extended to three
dimensions.

2.4.1. 1-dimensional magneto-optical trap

The idea of a magneto-optical trap (MOT) is to use a spatially varying magnetic field
to alter the damping force making it position-dependent. The principle is shown in
figure 2.7 for a two-level system with a ground state |g〉 with zero magnetic moment,
F = 0, and the excited state |e〉 with F = 1, with a Zeeman splitting occurring only in
the excited state |e〉 due to a magnetic field gradient A along z (the magnetic field being
B = Az). The two laser beams are circular polarized, with opposite polarizations in
the laboraty frame. σ+-polarized light propagating from the left excites atoms to the
|e,mF = +1〉 state (the blue line). Considering the detuning of the laser beams with
frequency ωL, atoms at z ≤ 0 are pushed towards the center. For z > 0, the force
gets weak due to the larger detuning. There, the σ−-beam is less detuned and pushes
the atoms towards the center. Close to z = 0, the overall radiation pressure force is
smaller, so the atoms are trapped around z = 0 [22, pp. 156–157].

In the frame of a photon moving towards the center, the magnetic field decreases. A
photon with σ+ polarization, whose spin is pointing towards the center (antiparallel to
the magnetic field), will excite the atom to the Zeeman substate with decreased energy.
Photons that passed through the center moving outwards, have their spin parallel with
the magnetic field, exciting to the Zeeman substate with increased energy, which is
further detuned and therefore unlikely. The polarization in the frame of the laser beam
is the same for both beams.

The additional detuning caused by the Zeeman splitting field is ±µ′B/h̄, with the
effective magnetic moment µ′ = (geme − ggmg)µB (gg and ge are the Landé factors of
the ground respesctively excited state, mg and me are the magnetic quantum numbers,
and µB is the Bohr magneton). The resulting force is

~F = −β~v − κ~r, (2.21)

with the spring constant κ = µ′A

h̄k
β. This is a damped harmonic oscillator with fre-

quencies
√

κ
m

and damping coefficient β

m
. The damping coefficient is usually larger

than the frequency, thus the system is overdamped [22, p. 158].

In the damped harmonic oscillator model, potential and kinetic energy are ex-
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2. Theory

Position z

Energy E (resp. magnetic field B)

|g,mF = 0〉

|e,mF = +1〉

|e,mF = 0〉

|e,mF = −1〉

B = Az

0

ωLωL
σ+ σ−

Figure 2.7.: The principle of a magneto-optical trap in one dimension: a magnetic field
gradient (black) causes a Zeeman splitting in the excited state. With circularly polarized
light, a spatially varying detuning is present, leading to a position-dependent force: the
σ+-beam on the left-hand side is closer to resonance for z < 0, exciting the atoms to the
|e,mF = +1〉 state, while for z > 0 it is further detuned from resonance, so the force gets
weaker. The same applies for the σ−-beam and |e,mF = −1〉, finally the atoms are trapped
around the zero of the magnetic field.

changed periodically. Assuming the energy for the oscillation is E = kBT [21, p. 268],
one can give an estimate of the size ∆z and velocity spread ∆v of the MOT:

kBT = m(∆v)2 = κ(∆z)2. (2.22)

m and κ are mass of an atom and the spring constant of the MOT respectively. For
39K atoms at the Doppler temperature, the size of the MOT is estimated about 0.1 mm
at a gradient A = 10 G cm−1 (for δ = −Γ), ∆v is approximately 20 cm s−1 [22, p. 159].
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2. Theory

2.4.2. 3-dimensional MOT

To extend the scheme of a magneto-optical trap to three spatial dimensions, six laser
beams are used (as in fig. 2.9) and magnetic field gradients in three dimensions are
needed. From Maxwell’s equations, it follows that the magnetic flux Φ through the
surface ~S of the MOT volume V (which is defined by the sphere formed by the six
overlapping beams) Φ =

∮

~B ·d~S =
∫

∇·~BdV is conserved [39, p.86]. Consequently, it
is not possible to provide the same magnetic field gradient along all three dimensions.
Creating a magnetic field with a positive gradient on the x and y-axis and a negative,
twice as large gradient on the z-axis

~B = A





x

y

−2z



 , (2.23)

with magnetic field gradient A, is possible. This can be achieved using the anti-

Helmholtz configuration (two coils of radius R at a distance R with currents flowing in
opposite directions) shown in figure 2.9. The resulting magnetic field is a quadrupole

field (its name stemming from the four poles observed in the cross section of the
magnetic field) plotted in fig. 2.8a [26, pp.62–63], [39, pp.92–93], [22, pp.157–158].

The magnetic field gradient on the z-axis requires a different polarization on the
two beams along z-axis since it has a negative gradient. In figure 2.9, the polarizations
are given relative to the propagation direction of each laser beam. In this description,
both beams would have σ+ polarization in the one-dimensional case described above.
Since the magnetic field is now pointing towards the center in z-direction, the polar-
ization has to point outwards to excite the Zeeman substate closer to resonance, and
is therefore σ−.

For now, an atom with a |F = 0〉 ground state and an |F = 1〉 excited state is
assumed. Real atoms might have more complex level structures, e.g. the cooling
transition of potassium is |F = 2〉 to |F = 3〉. Considering the selection rules, each of
the five |F = 2,mF = n〉 ground states (n = ±2,±1, 0) together with the respective
three excited states |F = 3,mF = n− 1〉, |F = 3,mF = n〉 and |F = 3,mF = n+ 1〉
corresponds to the simplified case described above. Since the spontaneous decays are
not restricted to one σ-transition, atoms can make transitions between the differentmF

ground states. Atoms mainly interacting with σ+(σ−)-polarized light can only increase
(decrease) their mF quantum number and will end up in the mF = +2(mF = −2)
state [22, pp.157–158].

In addition, the repumping light is more important for laser cooling potassium than
for other alkali metals, as described in section 2.2.
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2. Theory
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Figure 2.8.: (a) The cross section of the magnetic field resulting from the anti-Helmholtz
configuration (two coils of radius R = 100 mm with their axis in z-direction are at a distance
of R): the field is pointing towards the origin on the z-axis, and outwards on x- and y-axis
(because of the cylindrical symmetry, the magnetic field is the same in x- and y-direction),
so the magnetic flux is conserved. The coil current is 10 A for 100 windings. (b) Magnetic
field and gradient on the x-axis (y = z = 0) for the magnetic field from 2.8a. The field
gradient is 5.4 G cm−1, which is a typical value for a MOT [40, p.42]. Along the z-direction
the gradient is negative and twice as steep.

2.4.3. Single-beam magneto-optical trap

There are a few attempts towards minituarization of magneto-optical traps. Using
only one laser beam, one can save laser power and the setup is more stable in terms
of the alignment of the beam.

The most notable is the pyramidal MOT. The idea is shown in figure 2.10: a mirror
with a concave pyramidal structure works as a retroreflector, so light that enters is
reflected twice and returns in the exact direction which it came from. After the first
reflection, the beam propagates along the x-direction, creating two beams along the
x-axis. The same happens along the y-axis, resulting in six “effective” beams. Now,
one has to check whether this setup can produce the desired polarizations. Again, the
polarizations are defined with respect to the propagation direction of each laser beam.
For the anti-Helmholtz coils above (again aligned along the z-axis), σ−-polarization
is needed in z-direction. With each reflection, σ−-polarization is changed to σ+ and
vice-versa. This can be easily checked by projecting the direction of rotation of the
incident and reflected beam onto the reflecting surface. It follows that the “effective
beams” in x- and y-direction have the required σ+-polarization [41].

The pyramidal MOT simplifies the setup and alignment. However, the atoms are
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2. Theory
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Figure 2.9.: The 3-dimensional magneto-optical trap: six laser beams are used for Doppler
cooling in all spatial dimensions. A pair of anti-Helmholtz coils with radius R = 100 mm
at a distance R along z produce magnetic field gradients along all three dimensions. The
polarization of each beam is given relative to its propagation direction. In the radial direction
(on the x and y-axis), the magnetic field is pointing outwards from the origin, so the photon
spin has to point inwards to excite the excited state with lower energy (the Zeeman shift is
∝ ~µ · ~B and the photon spin is transferred to the magnetic moment ~µ of the atom), which
is closer to resonance with the red-detuned laser beam (cf. fig 2.7). The magnetic field in
the z-direction is pointing inwards (cf. fig. 2.8a), therefore the polarization is σ−. The red
sphere in the middle represents the cloud of trapped atoms, its radius is typically less than
a millimeter.
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2. Theory

−10 −5 0 5 10

0

5

10

15
σ
−

σ
−

σ
−

σ
−

σ
−

σ
+

σ
+

x (mm)

z
(m

m
)

Figure 2.10.: The pyramidal MOT. A single beam is reflected on a mirror with a pyramid-
shaped hole. The beam is reflected twice, propagating along the x-direction (and analogously
the y-direction) in between, resulting in effectively six beams. Because the mirror is retrore-
flecting (angled incident beams are reflected in the very direction they came from), a slight
misalignment of the laser beam does not significantly affect the MOT. At the reflection, the
polarization (defined with respect to the propagation direction of each beam) changes from
σ− to σ+ and vice-versa, giving the polarizations needed for a MOT with anti-Helmholtz
coils along z-direction.

trapped inside the pyramidal shape, which limits the optical access e.g. for imaging.
There are other variants of single-beam MOTs, for instance using a grating that creates
the additional beams by reflection. It should also be mentioned that only four beams
are strictly necessary to form a MOT, known as tetrahedral MOT [42], [43].

To sum up, a quadrupole magnetic field creates a Zeeman splitting that can be
used to trap atoms by making the Doppler cooling force position-dependent when the
laser beams are circularly polarized. The magnetic field can be generated by a pair
of coils with opposite current flow, called the anti-Helmholtz configuration. Finally, it
is possible to create a MOT with only one beam by using concave pyramidal mirrors
that reflect parts of the beam to generate six beams, thereby simplifying the alignment
and saving laser power.

2.5. MOT loading

In the previous section it was shown how to cool atoms and trap them in a magneto-
optical trap. This has to be done in vacuum to prevent external influence on the
atoms. There are different techniques for bringing atoms into the MOT volume where
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2. Theory

they can be finally trapped. Several techniques will be presented and discussed in this
section.

2.5.1. Loading from background gas

One possible source of atoms is to use the solid state of the element. At room tem-
perature, some atoms can leave the solid state giving a partial vapour pressure of
1.3 × 10−8 mbar for potassium [23]. By heating up the metallic sample, the vapour
pressure increases and can thus be controlled. The easiest way to load a MOT is by
using the vapour pressure in the vaccum chamber caused by the background gas. At
temperature T , the atoms have velocities according to the Maxwell-Boltzmann distri-
bution, resulting in the density n of atoms with velocities between v and v + dv [21,
p.195]

n(v)dv = N ·
(

m

2πkBT

)3/2

· 4πv2 · exp
{

− mv2

2kBT

}

dv, (2.24)

with atomic mass m. The most probable speed vp (derived by maximizing n(v)) is

about 350 m s−1 for 39K at room temperature (vp =
√

2kBT
m

,[21, p.196]).

The maximum velocity at which atoms can be trapped in a MOT, called capture
velocity vc, can be estimated by requiring that an atom of velocity v has to lose its
kinetic energy Ekin when passing through the MOT beams, which overlap on a sphere
of radius z′. Assuming large beam powers (where the saturation parameter s0 → ∞),
the Doppler cooling force (equ. 2.3) can be assumed to be the maximum possible
Fmax = h̄kΓ/2. For the atom to be captured, it is required that

Ekin = 2z′ · Fmax. (2.25)

This gives a capture velocity

vcap =

√

2z′h̄kΓ

m
. (2.26)

For beam diameters of 20 mm, vc is around 100 m s−1.

The loading of a MOT is described by

N(t) = N0

(

1− e−
t

τ

)

. (2.27)

The atom number N(t) increases until the steady state number N0 is reached at t = ∞.
The loading rate τ is the inverse loss rate due to collisions of the trapped atoms with
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2. Theory

atoms from the background gas (39K atoms and other residual atoms). The mean free
path in the background gas is [24, p.27]

l =
1√
2 nσ

=
kBT√
2 pσ

(2.28)

where n is the density, p the pressure and σ the cross section of the atoms, which can
be approximated with a hard sphere model [24, pp.27, 109] as σ = π(2aB

n2

Z
)2 with

the Bohr radius aB, the main quantum number n and the atomic number Z (n = 4

and Z = 19 for potassium). The velocity of the atoms divided by the mean free path
gives the loading/loss rate of the MOT

1

τ
=
vK

lK
+
vnonK

lnonK
, (2.29)

where contributions from potassium (K) and residual (nonK) atoms are considered.

The atom number in equilibrium N0 can be written as (with the MOT surface
area S of the MOT volume and the mean velocity of the Boltzmann distribution

vavg =
√

8kBT
πm

, [21, p.196])

N0 = 0.1 S
σK

(

vc

vavg

)4

(2.30)

when the K background pressure is much larger than the pressure by the caused by
the residual atoms.

When the background pressure of the non-potassium atoms is low, the loading
loading rate is proportional to the background pressure (this is not true for higher
MOT densities, where reradiation has effects, see section 2.6.1. At a pressure of
10−8 mbar, the loading rate of potassium is ≈ 200 s. Heating up the metallic sample
to its melting point at 336.8 K gives a vapour pressure of more than 10−6 mbar allows
for loading times of ≈ 3 s. In practice, the loading is stopped when only a fraction of the
N0 ∼ 1012 atoms is loaded, leading to shorter effective loading times. When performing
experiments, collisions with other atoms are unwanted systematic effects. Low vapour
pressures imply long loading times though, which leads to one run of the experiment
taking minutes. Fast repetition rates facilitate the alignment of optical components,
magnetic fields etc. A few techniques that have been developed to shorten loading
times while keeping ultra high vacuum in the experiment chamber are presented in
the following subsections [44].
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2. Theory

2.5.2. Zeeman slower

A Zeeman slower is used to create cold atomic beams [45]. A collimated beam exits
an oven and is then cooled by a counterpropagating beam. During the cooling, the
atoms slow down and lose resonance with the laser beam, requiring the adjustment
of the laser frequency. This is possible when creating only pulses of atoms (called
chirped cooling). Alternatively, the atoms can stay on resonance using a magnetic
field gradient that produces Zeeman shifts, thus the name Zeeman slower. The atoms
leave the oven attached to a tube (which is about 50 cm long) with coils generating
the magnetic field. When entering the latter, those with a certain velocity v0 are in
resonance and are subsequently cooled down. Slower atoms are moving unaffected until
they are on resonance and are slowed down afterwards. Therefore, atoms with speed
v < v0 are cooled down into one velocity group with speeds as low as 10 m s−1 (this
was achieved for 87Rb; for potassium, the velocity would be higher due to the smaller
mass). The presence of a magnetic field has another advantage: it creates a cycling
transition. In case of 39K, this would be the |F = 2,mF = +2〉 to |F ′ = 3,mF = +3〉
excitation (for σ+ light). Because of the circularly polarized light, atoms excited to
|F ′ = 3,mF = +3〉 can only decay back to |F = 2,mF = +2〉 and are therefore in a
closed cooling cycle without the need of a repumper [45], [46].

When the collimated beam leaves the oven, it can pass through a small tube acting
as a differential pumping stage [47]. In this manner, a pressure difference can be
maintained between the oven and the remaining vacuum system. Both sides of the
differential pumping stage can have vacuum pumps to sustain the desired pressure
difference. The lower vacuum on the MOT side results in fewer atom losses and
the lower atom velocity facilitates the capturing. However, altough Zeeman slowers
can produce beams with low longintudinal speed, the transversal velocity components
cause the beam diameter to increase when passing through the 50 cm long magnetic
field gradient, indicating the need for additional transverse cooling.

2.5.3. The low velocity intense source

Another approach to the problem posed in section 2.5.1, namely that high loading
rates imply low MOT lifetimes, is to use a double-MOT system: the first MOT is
loaded from background gas, and the atoms are then transferred through a differential
pumping stage to the second MOT, which operates at low pressure with long lifetimes.

One particular setup is the Low Velocity Intense Source (LVIS, [48]). The setup is
the same as for a MOT, except for one beam, which has a dark spot (zero intensity) in
the middle so the atoms can exit towards the second MOT. The dark spot is achieved
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2. Theory

by reflecting the beam from a mirror with a hole in its center. In continuous mode,
the atoms are trapped in the LVIS and can continuously exit towards the MOT. In
pulsed mode, a plug beam is shone sideways in the beam with the dark spot, keeping
the atoms from exiting. After the LVIS is loaded, the plug beam is turned off and
the second MOT is loaded. With this method, continuous beams with 1 × 109 atoms
per second and pulsed beams with a flux of 1 × 1010 s−1 are achieved. Due to the
dark spot in one beam, the atoms are cooled less in the forward direction, resulting in
longitudinal velocities of around 14 m s−1 for 87Rb atoms. Again, for potassium, one
expects higher velocities because of the lower mass. The divergence of the beams is
less than 50 mrad, corresponding to a temperature of a few mK [48].

2.5.4. 2D MOT

A different method to generate atomic beams is the 2D MOT [49], where the atoms are
cooled and trapped only in transversal directions. The principle is shown in figure 2.11:
two pairs of rectangular anti-Helmholtz coils are aligned such that they compensate
each other along the z-axis (the rectangular shape enables to create magnetic fields
gradients more efficiently for the rectangular geometry of the 2D MOT). Four laser
beams are used for transversal cooling. In the easiest configuration, there are no
longitudinal beams. Through a small hole (indicated by the gray mirror at z =

+100), which has a diameter on the order of a mm, atoms can exit towards the
3D MOT. In order to leave through the hole, the atoms’ transversal temperature
must be lowered sufficiently when passing through the beams. This filters out atoms
with higher longitudinal velocity, since they scatter fewer photons. In practice, the
beams are shaped elliptically, which extends the interaction times with the light [50].
An atomic beam is formed along the z-axis leading to the exit, whose atomic flux is
roughly proportional to the vapour pressure. For 39K, loading rates of 1 × 109 atoms/s
can be achieved ([51]). It was reported that 2D MOTs have loading rates comparable
to a LVIS, however, much less laser power is needed. One drawback of the 2D MOT
is that atoms can exit on both sides along the z-axis, and thus half of them are lost
[50].

2D+ MOT

To prevent atoms from escaping in the wrong direction, an additional beam, called
push beam can be used [50]. It also pushes the atoms towards the exit leading to the
3D MOT, hence the name. A counter-propagating beam (CP beam), which is retrore-
flected by a mirror with a hole leading to the 3D MOT, can be further used to recycle
atoms which fail to hit the outlet and to reduce the longitudinal velocity of the formed
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2. Theory
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Figure 2.11.: The 2-dimensional magneto-optical trap: two pairs of anti-Helmholtz coils are
used to eliminate the magnetic field along the z-axis. Transversal elliptically shaped beams
cool the atoms in the x- and y-directions to form an atomic beam. The atoms can leave the
2D MOT through an aperture (on the gray mirror at z = 100 mm). To prevent atoms from
leaving in −z-direction, a push beam is used. Together with a counterpropagating beam (CP
beam), which cools the beam in longitudinal direction and recaptures atoms that did not
hit the exit hole, they form a 2D+ MOT.
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2. Theory

atom beam. This setup is called 2D+ MOT. Both push and CP beam are smaller in
diameter compared to the MOT beams, as indicated in the drawing (fig. 2.11). The
optimal detunings of those beams might be different, some experiments only use ei-
ther repumping or cooling light. For potassium, fluxes up to 1 × 1011 atoms/s with
longitudinal velocities of around 30 m s−1 have been reported [52].

Tilted 2D MOT

The Tilted 2D MOT [53] is an approach to realise a 2D+ MOT without the need
for two additional beams. The two beams along x- and y-axis are tilted slightly with
respect to the z-axis, therefore emulating push- and CP-beam. The optimum tilting
angle was reported to be 4°, loading rates of nearly 1 × 1010 atoms/s were achieved
with low laser power.

2.5.5. Pyramidal LVIS

It should also be mentioned that analogous to the pyramidal MOT, concepts to sim-
plify the setup and alignment using pyramidal shapes with a hole to form a LVIS have
been implemented with a flux of 1 × 109 atoms/s [54], [55]. However, for technical rea-
sons that are explained in the experimental part of this thesis, the one-beam setups
are not a suitable option (see sec. 3.3).

2.5.6. Conclusion

To sum up, loading a magneto-optical trap from the background gas is not a viable
option because neither high loss rates nor long MOT loading times are acceptable for
the planned experiment. Zeeman slowers are rather large in size (the length of the
magnetic field is typically 50 cm), while a MOT as an atom source is more compact
and those more suitable. From a technical point of view, the LVIS has been superseded
by the 2D MOT, which is the most commonly used option nowadays. Because it can
be easily improved by either tilting the beams or adding additional beams to form a
2D+ MOT in case higher loading rates are needed, it constitutes a reasonable solution
and was thus chosen for the setup presented in this thesis.
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2. Theory

2.6. Compressing the MOT

After the MOT is loaded, the atomic cloud can be compressed by the subsequent
methods, facilitating the loading of the atoms into a magnetic or optical trap. In
addition, the lower intensities and larger detunings simplify the transition to cooling
mechanisms that reach temperatures below the Doppler cooling limit.

2.6.1. CMOT

As outlined in section 2.4.1, atoms in the MOT are trapped by a magnetic field gra-
dient A, which causes a position-dependent Zeeman splitting, resulting in a harmonic
oscillator potential with spring constant κ ∝ A. There are two limiting factors on
the density that have to be considered. Firstly, the thermal energy of the atoms
counteracts the trapping force

1

2
kBT =

1

2
κ(∆z)2 (2.31)

in each spatial dimension, leading to the peak density np ∝ N
(

κ
kBT

)3/2

. Secondly,
photons emitted from atoms in the cloud might be absorbed by other atoms, which is
called reradiation. If the resulting force is in equilibrium with the trapping force, the
reradiation density limit is given by nr ∝ κ

I
, I being the intensity of the cooling light.

Both limits depend on κ and thus on the magnetic field gradient. By increasing A the
MOT can be compressed, hence the name compressed MOT (CMOT). The reradiation
can be also reduced by descreasing the intensity and increasing the detuning. Axial
MOT gradients of 10 G cm−1 as well as the detuning are ramped up (to 60 G cm−1 and
7Γ in [56] for 85Rb), leading to densities of 1 × 1011 atoms/cm3, an order of magnitude
higher than in a MOT. The shape of the CMOT is Gaussian (which is not strictly
the case for a MOT), though for even higher gradients, a diffuse shape can appear
outside of the Gaussian. This might be attributed to sub-Doppler cooling forces (see
section 2.7) which are active in the center at low magnetic field, while outside the
Doppler cooling force is still significant [56].

For potassium, similar gradients and detunings are used [30, p.78] and the suspected
sub-Doppler cooling forces can be enhanced by adding light from the D1 transition
which is needed for the gray molasses cooling described in section 2.7.2 [19].
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2. Theory

2.6.2. Dark SPOT

As mentioned above, reducing the intensity of the cooling light helps to increase the
density of the MOT. To further reduce the radiation pressure, the repumper can be
turned off. Consequently, atoms that decay back to the lower ground state (|F = 1〉 for
potassium) are out of resonance and therefore dark. Instead of turning the repumper
off (or reducing its intensity), repumping beams with a dark spot (therefore dark

SPOT, which also stands for spontaneous-force optical trap, a general concept that
includes the MOT, [57]) in the middle can be used. The overlapping beams form a
dark sphere in the center of the MOT. Faster atoms, which move out of this region,
are recaptured by the repumper beams before they leave the MOT. With this concept,
densities of 1 × 1012 atoms/cm3 could be achieved for sodium atoms. The hyperfine
splitting of the ground state of alkali atoms impacts the dark SPOT, since for a higher
splitting fewer atoms decay to the lower ground state. Using a depumping beam, this
can be done in a controlled way and large splittings are therefore advantageous [58].

Because the setup with the dark spot in the repumping beams is rather complicated
(in [58], the repumping light was sent to the MOT in two extra beams). It is easier to
reduce the repumping light , which is also used in potassium experiments ([30, p.75],
the second phase of the CMOT cooling stage).

2.7. Sub-Doppler cooling

In section 2.1, the Doppler cooling limit was introduced. However, in experiments even
lower temperatures are achieved [59]. This lead to theoretical models being developed
to explain these surprising results. While the Doppler cooling force relies on a two-
level system, the explanation of the mechanisms shown below consider the fact that
real atoms have magnetic sublevels leading to further cooling forces [60]).

The Doppler temperature of potassium is 145 µK. Because sub-Doppler cooling is
also based on spontaneous emission, the recoil of the last emitted photon with wave
vector k gives the minimal temperature Trec for an atom with mass m, called recoil

temperature,

Trec =
(h̄k)2

2kBm
(2.32)

which is about 0.4 µK for 39K and 41K. Consequently, much lower temperatures can
be reached, which is needed to do precision measurements or as a further step towards
the formation of Bose-Einstein condensates.
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2. Theory

z
σ+ σ−

(a)

|g, 0〉|g,mF = −1〉 |g,+1〉

|e,−2〉|e,−1〉 |e, 0〉 |e,+1〉|e,+2〉

1

1
√

2
√

2

3

1
√

2

1

1
√

2

1
√

2

1
√

6

1
√

6

F=1

F=2

(b)

|g,−1〉

|g, 0〉

|g,+1〉

∆EL
−1

∆EL0
∆EL+1

(c)

Figure 2.12.: Polarization gradient cooling with circular polarization: (a) The polarizations
of the two laser beams. Together, they give a linear polarization that rotates around z.
(b) The magnetic substates with the Clebsch-Gordan coefficients for a F = 1 to F = 2
transition. For the |g,∓1〉 states, the coefficients differ by a factor six between σ+ and
σ− beams. Therefore, a motion-induced imbalance between the two state causes a slowing
force. (c) The light shifts of the ground states, which are different due to the Clebsch-
Gordan coefficients for the π-transitions. The gray spheres denote the atom distribution in
the steady state, with 9/17 in |g, 0〉 and 4/17 in each |g,±1〉 state. If an atom moves fast
enough so it cannot follow the polarization of the light, it experiences a magnetic field along
z that introduces a coupling between the ground states, denoted by the blue arrows. This
results in a population imbalance between the |g,±1〉 ground states.

2.7.1. Polarization gradient cooling with circularly polarized light

While sub-Doppler cooling was first observed in optical molasses with linearly polar-
ized light [59], magneto-optical traps require circular polarizations. Therefore, the
following cooling scheme uses circular polarization. It is limited to cooling in one di-
mension, where theoretical explanations are available without the need for numerical
calculations.

The spatial part of the electrical field of the σ+ and σ− light with equal powers
propagating along z (as shown in figure 2.12a) with wave vector k can be written as

~E(z) ∝ ~ǫ+eikz + ~ǫ−e−ikz (2.33)
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2. Theory

where ǫ+ and ǫ− are the polarization vectors of the laser beams moving in +z and −z
directions respectively. They can be written in terms of x and y-components ~ǫx and
~ǫy:

~ǫ+ ∝ −(~ǫx + i~ǫy)

~ǫ− ∝ ~ǫx − i~ǫy,
(2.34)

giving
~E(z) ∝ ~ǫx sin kz + ~ǫy cos kz. (2.35)

This is a linear polarization that rotates along the z-axis forming a helix, as shown in
figure 2.12a. The polarization changes in space, forming a polarization gradient. The
level system considered (see fig. 2.12b) is the simplest possible, formed by a F = 1

to F ′ = 2 transition, but works for higher F too. The number beside the transition
lines indicate the relative transition strength, also called Clebsch-Gordan coefficients

[22, pp.50–56] These lead to different populations between the ground states. |g, 0〉
contains 9/17 of the population, while the |g,±1〉 contain each 4/17.

An important effect for sub-Doppler cooling is the light shift. It is an AC Stark shift
caused by the electromagnetic field of the wave, resulting in shifts of [22, pp.8, 25]

∆EL =
h̄Ω2

4δ
(2.36)

in the low-intensity limit (Ω ≪ |δ|) for the ground state (the excited state is shifted
with −∆EL). Ω is the Rabi frequency, which is the inverse of the time a two-level
system needs to be excited to its excited state and driven back by stimulated emission
when driven by a laser field. It is related to the saturation parameter s0 (see section 2.1)
by s0 = 2Ω2/Γ2. Γ and δ are the natural linewidth of the transition and the detuning
of the laser to the transition frequency respectively.

The different Clebsch-Gordan coefficients of the π-transitions in fig. 2.12b form the
level scheme in fig. 2.12c. It is required that the light shift is much larger than Γ,
so the splitting between the ground states is considerable. Now consider an atom
moving in +z-direction with speed v. At a velocity close to v = 0, it can adiabatically
follow the rotation of the light field polarization. If it is faster however, because of the
nonadiabaticity, the preferred orientation of the atom is different from the polarization
of the light field. In the reference frame of the atom, the light field resembles a magnetic
field along z, with a Larmor frequency ∝ kv. This introduces a coupling between the
ground states (the blue arrow in fig. 2.12c) limited by the energy splitting between the
|g,±1〉 and |g, 0〉 states with energies ∆EL±1

and ∆EL0
, pumping the atom towards
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2. Theory

the |g,−1〉 state. For v > 0, this leads to a population difference

Π−1 − Π+1 =
kv

∆EL±1
−∆EL0

. (2.37)

between |g,−1〉 and |g,+1〉 with populations Π−1 and Π+1. Because in |g,−1〉 the
Clebsch-Gordan coefficients are different for σ+ and σ−, more counterpropagating σ−

photons are scattered (the atom being excited to |e,−2〉 and decaying back) and thus
slowed down.

To calculate the force, the population difference from equ. 2.37 caused by the ground
state coupling is multiplied with the scattering rate

γ =
Ω2

δ2
Γ. (2.38)

For each scattering process, the atomic momentum is reduced by h̄k, thus giving a
force

FP ∝ h̄k2
Γ

δ
v. (2.39)

As in case of the Doppler cooling force, it is proportional to the velocity, damping the
atoms. However, it does not depend on the light intensity, although the capture range
does (and we required the intensity to be low). The velocity v is assumed to be small,
since for larger velocities Doppler cooling becomes the dominant process. The tem-
perature limit is Trec, but extending the semiclassical treatment here with quantized
momenta, temperatures below Trec are theoretically possible in one dimension [61].

In real atoms, the situation is more complex. Atoms have more sublevels (F = 2 and
F ′ = 3 for 39K and 41K), there is a second hyperfine ground state which might need
repumping, and the polarizations are more complicated in three dimensions. Because
the beams overlap, linear polarizations might play a role, leading to Sisyphus cooling

[61], a different sub-Doppler cooling mechanism. With potassium, the narrow excited
state manifold makes the hyperfine pumping (atoms are decaying back to the F = 1

state) more impactful. This can also be of advantage, as with low or no repumping
light, F = 1 is a dark state, which limits the reradiation (the number of atoms leaving
the trap can be controlled by setting the intensity of the repumping light), as discussed
in section 2.6.2 [62].

In [62], a strategy for sub-Doppler cooling with potassium is explained. After the
CMOT phase, the repumping light is reduced to 1/100 of the intensity of the cooling
light. The detuning of the latter is set to 0.5Γ, and 10 ms later the intensity is reduced
to zero while the detuning is increased to about 2.5Γ. Temperatures of 25(3) µK and
47(5) µK have been reached for 39K and 41K respectively, well below the Doppler limit
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2. Theory

of 145 µK.

In conclusion, polarization gradient cooling with σ-polarized light uses the non-

adiabatic movement of atoms through a light field with rotating linear polarization to
produce population differences between ground states so the atoms perceive a damp-
ing force. This damping force is independent of the light intensity (which is required
to be low), but the capture velocity depends on the intensity. For potassium, the nar-
row hyperfine splitting degrades the effectiveness of this cooling mechanism, however,
schemes exist which make it possible to reach sub-Doppler temperatures.

2.7.2. Gray molasses cooling

The problem of the narrow hyperfine splitting in the excited state of the D2 lines of 39K
and 41K can be overcome by using the D1 line instead (see fig. 2.2). The transition from
F = 2 to F ′ = 2 allows for gray molasses cooling, a technique that combines velocity-

selective coherent population trapping (VSCPT, [63]) and a nonadiabatic force.

Velocity-selective coherent population trapping

Consider a F = 1 to F ′ = 1 transition as shown in figure 2.13a. In addition to the
electronic state, the momentum p of the atom in one dimension (along z) is quantized
and written in units of h̄k, k being the wave vector of the cooling light. Using the
same laser beam configuration as in fig. 2.12a, |g,mF = −1, p = −1〉, |g,+1,+1〉 and
|e, 0, 0〉 form an effective Λ-system. This can be understood by considering that atoms
residing in |g, 0, 0〉 are pumped to |e,±1〉 and partly decay into |g,±1〉, which depumps
the |g, 0〉 level over time. The coupling of the two ground states via the excited state
results in the formation of the stationary states

|±〉 = |±,mF = 0, p = 0〉 = 1√
2
(|g,−1,−1〉 ± |g,+1,+1〉) (2.40)

The electric dipole matrix element of those states with |e, 0, 0〉 is

〈e, 0, 0|~d|±〉 = 〈e, 0, 0|~d|g,−1,−1〉 ± 〈e, 0, 0|~d|g,+1,+1〉 , (2.41)

with the dipole moment operator ~d. The momentum of the atom has no effect on
the matrix element, and the magnetic quantum number causes a −1 for the first term
(due to the Clebsch-Gordan coefficients), giving

〈e, 0, 0|~d|+〉 = 0. (2.42)
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2. Theory

|g, 0, 0〉|g,−1,−1〉 |g,+1,+1〉

|e,−1,−1〉 |e, 0, 0〉 |e,+1,+1〉

Ω
−

Ω+

(a)

|+〉

|−〉

|e〉

v

Ω′

λ/2

(b)

Figure 2.13.: (a) The easiest level scheme for VSCPT is a F = 1 to F ′ = 1 transition
considering the mF states as second and the momentum p quantized in units of h̄k as third
parameter of the ket-vector. Two ground states are coupled by two σ-polarized beams. The
coupling between |g,mF = 0, p = 0〉 and |e,∓1,∓1〉 is not considered because atoms excited
on these transition can decay to |g,∓1,∓1〉, thereby emptying the |g, 0, 0〉 ground state. The
coupling results in two dressed states |±, 0, 0〉. Only the |−〉 = |−, 0, 0〉 state couples to the
light field, |+〉 = |+, 0, 0〉 is a dark state. Therefore, atoms at p = 0 remain in the dark
state avoiding photon scattering. For p > 0 the dark state |+〉 evolves to the bright state

|−〉 and scatters photons. After a random walk in momentum space reaching p ≈ 0, it can
decay to the dark state. (b) The VSCPT technique can be improved by using the fact that
the bright state experiences light shifts. When two beams form a standing wave, light shifts
cause a periodic variation of the energy. Atoms evolving from the dark to the bright state
have to climb a potential hill where they lose kinetic energy, resulting in a friction force. It
is therefore called Sisyphus cooling.
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2. Theory

This means that |+〉 is not coupled to the excited state, and is therefore called a
dark state. Both |±〉 have the same energy, and |−〉 (which is referred to as bright

state) is coupled to |e〉 with the Rabi frequency Ω′ =
√

Ω2
+ + Ω2

− (Ω± refers to the
Rabi frequency of the coupling between |g,∓1,∓1〉 and |e, 0, 0〉). For now, only spe-
cific momenta have been allowed in the Λ-system. Assuming states |g,+1, p+ 1〉 and
|g,−1, p− 1〉 with some p 6= 0, their kinetic energies would be different, preventing
the formation of the dark state because the system is no longer steady-state. From
(p+1)2

2m
= (p−1)2

2m
follows p = 0. This can be interpreted by noticing that due to the

different momenta, the Doppler shift is different for the two beams, which leads to os-
cillations between the dark and the bright state at a frequency 2kp/m, which is twice
the Doppler shift (m is the atomic mass, k the wave vector of the laser beams). For
p > 0, the atoms in |+〉 will thus evolve to |−〉, and can thus be excited to |e〉. The
spontaneous emission from the decays leads to a random walk in momentum space.
At lower velocities, atoms will be in the dark state |+〉 for longer times. At the end
of the cooling process, the majority of atoms occupy the dark state. In momentum
space this gives two peaks at +h̄k and −h̄k [22, pp.251–156], [63].

Additional nonadiabatic force

The following derivation mainly follows [64]. Consider two counterpropagating beams
with linear polarizations that form a standing wave. The angle φ describes the phase
between those beams, φ = 0 being the case of constructive and φ = π/2 destructive
interference. A similar level scheme causes the formation of dark states as in VSCPT.
The light waves couple |−〉 to |e〉 with the Rabi frequency Ω′. This results in a light
shift which is, because the light intensity varies in space, position-dependent, giving the
level scheme in figure 2.13b. One important change is that now the Ω+ and Ω− beams
are both blue-detuned (the laser frequency is larger than the transition frequency)
with respect to |e〉 by δ, where δ > Γ (Γ is the natural linewidth) is required for
the detuning to be effective. This is necessary because in case of red detuning, the
light shift (see equ. 2.36) would be negative and |−〉 would be energetically below |+〉,
which would cause heating.

The cooling process depicted in fig. 2.13b works as follows: atoms in the non-
coupling state |+〉 with non-zero velocity v > 0 evolve to the coupled state |−〉 with
probability (assuming δ2 ≫ ω2)

P ∝
(

kv sinφ
EC/h̄(1− cosφ)2

)2

, (2.43)

which was calculated by the overlap between the reverse time evolution of |−〉 with
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2. Theory

|+〉. As expected intuitively, it becomes larger with increasing velocity and is reduced
for large energy differences between the two levels , which is on average EC = h̄Ω2

4δ
.

The φ dependence is due to the different amplitude of the energy variation of |−〉.
Atoms in the |−〉 state have to climb a potential hill until they are excited to |e〉. The
energy difference ES that is overcome is up to

∆ES =
h̄Ω2

4δ
cosφ, (2.44)

which is the light shift reduced by the dependence on φ. This process takes place
during the optical pumping time τP , until the atom is transferred to |e〉. The atoms
move by about one quarter-wavelength with velocity v, giving the proportionality
(with λ = 2π

k
)

1

τP
= γP ∝ kv. (2.45)

γP is the photon scattering rate, which is defined as the inverse of τP . From |e〉, the
atom can decay back to the dark state |+〉. The overall cooling force can be estimated
by calculating the dissipated power in one cooling cycle which is

dW
dt =

∆ES
τP

· P = −Fv. (2.46)

Inserting equs. 2.43, 2.44 and 2.45 into equation 2.46 and considering that −Fv =

−F γP
k

, results in

F ∝ h̄k
δ3

Γ
· (kv)

3

Ω4
· sinφ2 cosφ
(1− cosφ)4 . (2.47)

This force vanishes for φ = π/2, which is clear since the light fields cancel out. At
φ = 0, it diverges at the cost that |+〉 and |−〉 overlap and also atoms at v = 0

are coupled to the bright state, undermining the VSCPT process. Consequently,
0 < φ < π/2 is required.

The gray molasses cooling scheme has been successfully implemented [19], [65], [66]
on the D1 line of 39K where both the cooling (F = 2 to F ′ = 2) and the repumping
beam (F = 1 to F ′ = 2) are detuned by 3.5Γ to 5Γ. This can be viewed as gray
molasses on the cooling line (which works analogously to the level system assumed
above but has multiple dark states because of multiple Λ systems that exist), with
a repumping beam that couples the F = 1 ground state to the system forming even
more dark states. One should note that a gray molasses scheme is not possible on the
D2 line because the F = 2 to F ′ = 3 transition forbids the formation of dark states
(states generated by coupling in Λ-like systems would still couple to the light field).
Temperatures lower than 10 µK have been achieved with intensities varying between
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2. Theory

tenths of the saturation intensity IS and a few IS. For 41K, temperatures of 42 µK
have been achieved for similar detunings and intensities [67].

Summing up, light-induced coherence between magnetic sublevels causes the forma-
tion of dark states, for atoms at zero velocity. Atoms with v > 0 can interact with the
light field, being slowed down by a Sisyphus cooling process, climbing up a potential
hill formed by the light shift due to the standing wave generated by the two counter-
propagating laser beams. For potassium, gray molasses cooling on the D1 line allows
for lower temperatures to be reached compared to conventional polarization gradient
cooling.

2.8. Optical dipole trap

Atoms captured in a MOT are continuously undergoing photon scattering, which limits
the achievement of temperatures lower than the Doppler limit TD or the recoil limit
Trec for sub-Doppler cooling techniques. To keep the atoms trapped, they can be
loaded into magnetic or optical traps. While the former requires the atoms to be in a
specific magnetic substate, the latter is more flexible and is introduced in this section.

This derivation mainly follows [68]. The idea of a dipole trap is that a light field
~E(~r) with frequency ω induces dipole moments ~p in the electronic shell of the atoms,
giving

~p = α · ~E (2.48)

with the polarizability α, which is a complex number with a real (dispersive) and
complex (absorptive) component. This induced dipole moment couples to the electric
field, resulting in a potential energy (〈·〉 is the time average) Udip = 1

2
〈~p · ~E〉 which

gives (with the electric field intensity I = 2ǫ0c|E|2, ǫ0 is the vacuum permittivity)

Udip = − 1

2ǫ0c
Re{α}I(~r). (2.49)

On the other hand, the absorption probability given by Pabs = 〈~̇p · ~E〉 = ω
ǫ0c

Im(α)I(~r),
where ~̇p is the time-derivative of ~p, still causes a scattering rate

γsc =
Pabs

h̄ω
=

1

h̄ǫ0c
Im{α}I(~r). (2.50)

Each atom’s electron can be modeled as a Lorentz oscillator with a position x which
evolves as ẍ + γDẋ + ω2

0x = −eE
me

with resonance frequency ω0 and damping rate γD.
From classical optics, the polarizability for such an oscillator is known to be [39,
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2. Theory

pp.184, 221–223]

α = 6πǫ0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
, (2.51)

where γD = (ω/ω0)
2Γ is the damping coefficient of a radiating harmonic oscillator. For

large detunings δ = ω0 − ω and small population of the excited state and considering
that 1

ω2

0
−ω2

= 1
(ω0−ω)(ω0+ω)

≈ 1
2ω0(ω0−ω)

, the potential energy of the dipole trap becomes

Udip(~r) =
3πc2

2ω3
0

Γ

δ
I(~r). (2.52)

For red-detuning δ < 0, this causes an attractive force ~Fdip = −∇Udip. By focussing
the light on a few tenths or hundreds of micrometers, atoms can be trapped in the focus
of the light beam. Uind is also called trap depth, typically given in Kelvin, implying
that atoms at temperatures below this temperature can be captured. The scattering
rate becomes

γsc(~r) =
3πc2

2h̄ω3
0

(

Γ

δ

)2

I(~r). (2.53)

The frequency ω0 is the atomic transition frequency. It is important that while the
trap depth scales with δ−1, the scattering rate scales with δ−2. Consequently, the
scattering by single photons can be reduced by using a far detuned light beam. For
greater detunings, the trap depth can be preserved by increasing the intensity. The
heating due to the scattering processes can be estimated by

Ṫ =
1

3
Trecγsc. (2.54)

In the derivation above, only one resonance frequency ω0 was assumed. However,
alkali atoms like potassium have two important transition lines, D1 and D2. Thus,
both detunings have to be incorporated, replacing 1

δ
by 2

δ2
+ 1

δ1
and 1

δ2
by 2

δ2
2

+ 1
δ2
1

(the
2 in the numerator is due to the different line strengths) with detunings δ2 and δ1 for
the D2 and D1 line respectively. This is valid as long as the detuning is much larger
than the ground state hyperfine splitting. Otherwise, the mF substates might lose
degeneracy for circular polarization and have to be treated as separate transitions.

In a nutshell, a light field used to polarize atoms couples to the induced dipoles
creating an attractive force for red-detuning and a repulsive force for blue-detuning.
The larger the detuning of the light frequency from the atomic transitions, the fewer
photon scattering events happen, which prevents heating of the atomic sample. This
comes at the cost of a weaker trapping potential, which can be compensated for by
increasing the light intensity. The formed potential resembles that of a harmonic
oscillator, its quantization opens the possibility of cooling below the recoil limit which
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2. Theory

is shown in the following section.

2.9. Raman sideband cooling

Raman sideband cooling is a ground state cooling technique which enables cooling
below the recoil limit Trec. Although this has not yet been achieved in practice with
potassium, lower temperatures can be reached. Below, degenerate Raman sideband

cooling (dRSC, [69]) is introduced.

As outlined in section 2.8, light can be used to trap atoms in a harmonic oscillator
potential. The level spacing is determined by its eigenfrequency ωE, which is given by
Udip =

1
2
mωE~r2 [24, p.135] with the atomic mass m. This leads to vibrational states

~n in the oscillator potential with energies

En =

(

n+
1

2

)

h̄ωE, (2.55)

as depicted in figure 2.14. Using standing waves, a lattice can be created with mul-
tiple lattice sites, each one being occupied at most by one atom and being described
by a harmonical oscillator. A magnetic field is applied to shift the magnetic sublevels
such that the states |g,mF = 0,n〉, |g,−1,n+ 1〉 and |g,−2,n+ 2〉 are degenerate (the
third number in the states denotes the vibrational state of the harmonic oscillator).
Then, the following cooling cycle is performed: atoms in the |g,−2,n〉 state are trans-
ferred via |g,−1,n− 1〉 to |g, 0,n− 2〉 by Raman coupling. This is achieved using the
lattice light, which is far detuned from the excited state. Then, a σ− polarized beam
called polarizer excites the atoms to |e〉, from where they decay preferentially (due to
the Clebsch-Gordan coefficients) to |g,−2,n− 2〉. The vibrational state is conserved
as long as the level splitting of the harmonic oscillator is much larger than the recoil

energy from spontaneous emission, i.e. the Lamb-Dicke parameter η =
√

Erec

h̄ωE

≪ 1.
This is called the Lamb-Dicke regime, where the photon recoil is passed on to the lat-
tice. At the end of the cooling cycle, some atoms might end up in the |g,−1, 0〉 state.
A slight π-polarization component is thus added to the polarizer which empties it. Fi-
nally, all atoms are in one state, |g,−2, 0〉, which is advantageous when commencing
experiments [20].

In practice some obstacles remain [70]. Firstly, the σ− beam causes a light shift and
broadening of the |g,−2,n〉 states, which might cause the states to lose degeneracy.
In the case of potassium, the narrow hyperfine splitting requires a repumper for the
cooling to function. In [20], the cooling is done on the 39K D1 line, where mainly the
F = 2 to F ′ = 1 transition is used with blue detuning (+1.25Γ). The repumper is
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2. Theory

|g,mF = 0〉 |g,−1〉 |g,−2〉

|e〉

σ
−

π

n=0

n=1

n=2

n=0

n=1

n=2n=0

n=1

n=2

Figure 2.14.: The principle of degenerate Raman sideband cooling: atoms are trapped in an
optical lattice (one per site), which can be described as a harmonic oscillator potential, where
they occupy vibrational states n. The different mF states are shifted by a magnetic field such
that different vibrational states are degenerate. The cooling cycle is as follows: atoms in
|g,−2,n〉 are transferred to |g, 0,n− 2〉 by Raman coupling by the lattice light (denoted by
the blue arrows), which is far-detuned from the atomic transitions. Then, a σ−-beam excites
the atoms, which preferably decay to |g,−2,n− 2〉. The vibrational state is preserved for
vibrational level splittings much larger than the recoil from the spontaneous decay, thereby
facilitating cooling below the recoil limit. Finally, all atoms are in the |g,−2,n = 0〉 dark
state, atoms ending up in |g,−1〉 are pumped towards the dark state with the π-polarized
component of the laser beam.
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2. Theory

operated on F = 1 to F ′ = 2, slightly red-detuned (−1.3Γ). Both beams have very
low power (on the order of µW) and are shone towards the atoms along the magnetic
field axis, with a slight tilt to generate the π-component needed. With this setup,
temperatures as low as 1.5 µK were achieved.

2.9.1. Raman sideband cooling to BEC

The capabilities of Raman sideband cooling go so far that a Bose-Einstein condensate
(BEC) of 87Rb was created without the need for evaporative cooling, the commonly
used mechanism [71]. dRSC was performed in a 2-dimensional lattice (on the D1 line
with a large red detuning of the σ− beam of about 100Γ to reduce heating due to
scattering processes), of which the confinement along one axis was turned of thereafter
to compress the sample on the other axis. After another dRSC phase, the compression
was repeated in the other direction followed by a final dRSC phase, after which a
BEC of 1400 atoms was obtained in only 300 ms. This is fast compared to evaporative
cooling which needs seconds to create a BEC (although the achievable atom number
is larger for evaporative cooling, [72], [73]).

In conclusion, Raman sideband cooling is a technique to reach sub-recoil temper-
atures, even enabling the creation of Bose-Einstein condensates. Atoms are trapped
in the vibrational states of an optical lattice, which prevents heating from recoil mo-
menta. A cooling cycle consisting of Raman coupling between degenerate states and
optical excitation transfers the atoms to low vibrational states. In the experiment,
Raman sideband cooling might be used to reach even lower temperatures after gray
molasses cooling if needed.
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3. Experimental setup

As mentioned in the introduction, the experimental setup is designed to be able to
perform different experiments, including:

• Lattice atom interferometry to perform precision measurements such as tests
of gravity, fundamental constants, search for dark matter or dark energy to
find physics beyond the standard model. The potential energy landscape close
objects can be probed, and novel effects due to thermal radiation (e.g. objects
in a thermal radiation bath) can be measured.

• Investigatation of interactions between electrons and atoms. In particular the
implementation of the Quantum Klystron (QUAK) experiment, which uses a
modulated electron beam to drive hyperfine transitions. This requires the in-
stallation of an electron source in the vacuum chamber. Furthermore, atoms
with a small ground state hyperfine splitting are favorable, because it is easier
to modulate the electron beam at lower frequencies.

To perform these experiments, a magneto-optical trap is needed with further cooling
mechanisms to reach lower temperatures. Thus, a vacuum chamber is needed for
the MOT, with a 2D MOT as an atom source attached to it. The design of the
chambers should allow for the realization of sub-Doppler- and Raman sideband cooling.
Furthermore, the LATIN experiment requires a cavity to produce a standing wave
which forms the lattice used to trap and hold the atoms during interferometry [74],
[75], [12]. After performing experiments, it is necessary to read out the atomic state
to observe the phase for LATIN or the transitions caused by the modulated electron
beam. A blowaway beam is needed, resonant with the cooling transition, that spatially
separates the atoms in the F = 1 and F = 2 ground states. This allows for the
determination of the atom number in both states using fluorescence imaging [76].
Potassium atoms are used as the atomic species because of the small ground state
hyperfine splitting of both the 39K and 41K isotopes, which is advantageous for the
QUAK experiment. For LATIN and blackbody radiation experments, the 39K isotope
will be used because the cooling techniques are more advanced and it should be easier
to reach lower temperatures (see secs. 2.7.2 and 2.9). Concerning the electron beam,
it might be necessary to replace the electron source to achieve the required density
modulation and beam diameter. For maintenance and to exchange between different
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3. Experimental setup

electron sources, a transfer chamber with a separate vacuum pump is used which can
be detached from the science chamber. In addition, the transfer chamber might be
useful to insert objects into the chamber, e.g. test masses or a heated cylinder as in
[7].

To drive hyperfine transitions with ultra high frequency (UHF) waves (which is
needed e.g. for Ramsey interferometry, [77]), antennas will be placed outside of the
vacuum chamber. In addition, after using Raman sideband cooling, it is necessary
to move the atoms from a magnetically sensitive Zeeman substate to the mF = 0

state. This can be achieved with UHF waves using stimulated rapid adiabatic passage
(STIRAP) [78] or adiabatic passage [79, pp.49–50]

Subsequently, the vacuum setup is described briefly. The optical setup and gener-
ation of the desired laser frequencies are shown and the principle of the experiment
control system is explained. Finally, simulations made to design the magnetic fields
needed for the 2D and 3D MOT are presented as well as first measurements of the
fields generated by the 2D MOT coils.

3.1. Vacuum setup

The vacuum chamber, shown in figure 3.1, consists of the following parts:

The science chamber (marked A in fig. 3.1), with the 3D MOT in its center, is where
the experiments will take place. Three larger windows ensure optical access for
imaging and additional light beams if needed. Plus, the atoms can be released
into free fall and be imaged below the center. The laser beams for the 3D MOT
and sub-Doppler cooling are fiber coupled and fixed to the vacuum chamber for
higher stability, except for the two beams along the z-direction.

The 2D MOT (marked C) generates a beam of atoms to load the MOT. It is sepa-
rated from the science chamber by a differential pumping stage, which maintains
the pressure ratio of about 10−4 to capture many atoms from the background
gas in the 2D MOT while keeping the pressure low in the science chamber to
reduce collision losses during experiments. The 2D MOT ensures short loading
times and thus fast experiment cycles (see section 2.5). It is pictured in more
detail in fig. 3.2.

The transfer chamber (B) is separated from the science chamber with a valve (F).
It can therefore be opened without losing the vacuum in the science chamber.
This is useful to change electron sources or insert other objects into the chamber.
A wobble stick (G) can be used to align inserted objects under vacuum. The
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3. Experimental setup

A
G

H
1

H
2

H
3 E E

E

D

D

F
C

B

I

J
J

X

Y

Z

g

Figure 3.1.: The vacuum chamber: the experiments take place in the center of the science
chamber (A): a 3D MOT is loaded using a 2D MOT (C), the light is supplied with cage
systems (E) attached to the vacuum chamber and placed in front and back of the science
chamber (not shown). The transfer chamber (B), separated from A with a valve (F) can be
used to place electron sources for the QUAK experiment, which can be moved in the science
chamber with a wobble stick (G). The two mirrors forming the cavity needed for LATIN
are placed above and below the science chamber (D). Vacuum pumps (one turbomolecular
pump, H1, and two mostly hidden ion getter pumps, H2 and H3) provide ultra-high vacuum
< 1 × 10−10 mbar. The MOT coils are placed in the reentrance flange (I), additional vacuum
windows (J) allow for the installation of a lattice for dRSC.
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3. Experimental setup

transfer chamber features its own set of vacuum pumps (a turbo and ion pump,
H1 and H2) to reach pressures as low as in the science chamber (≈ 10−11 mbar).

The cavity in the vertical direction (D) consists of two mirrors localted in the upper
and lower part of the setup. The distance between the two mirrors has to
be a multiple of half the wavelength of the hyperfine ground state transition.
This ensures that both wavelengths needed for the Raman transition can be
cavity modes. The wavelength of the hyperfine transition of 39K (41K) is 32.4 cm
(59 cm), so a cavity length of about 60 cm is thus needed in our setup. For
fine adjustment, piezo controlled mirror mounts are used. To change between
isotopes however, manual adjustment would be required. The bottom part of
the cavity setup can also be used for imaging with a light sheet in the future, to
detect single atoms [80].

Below, further details on the science chamber and 2D MOT are given.

3.1.1. Science chamber

The laser light for the MOT and sub-Doppler cooling is provided by six cage systems
(see fig. 3.8), of which four are directly mounted on the vacuum chamber (E in fig. 3.1).
Two are providing light along the z-axis and are placed next to the chamber. In
addition, a pair of anti-Helmholtz coils which creates the magnetic field gradients
for the MOT and CMOT will be mounted inside the reentrance flange of the science
chamber (I). Three pairs of compensation coils form a cage around the science chamber
to compensate for magnetic fields from the earth, vacuum pumps etc. to reach zero
magnetic field during the gray molasses phase and when performing experiments (not
shown).

A turbomolecular pump from Pfeiffer Vacuum attached to the transfer chamber (H1)
with a 300 l s−1 pumping rate is used to reach pressures of about 10−7 mbar, subse-
quently ion getter pumps (H2 and H3) from Gamma Vacuum with 75 l s−1 and 100 l s−1

pumping rates respectively shall reach pressures lower than 10−10 mbar. Pumps H1
and H2 allow for the recovery of the vacuum after exchanging electron sources, for
instance. Meanwhile, vacuum pump H3 holds the vacuum in the science chamber.

3.1.2. 2D MOT

The 2D MOT is pictured in fig. 3.2. Two pieces of metallic potassium in natural abun-
dance (1 g each) in glass ampoules are put in a bellow (A) and are broken in vacuum.
By heating the bellow, the vapour pressure inside the glass cell from Precision Glass-
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3. Experimental setup

A

B

CD

Figure 3.2.: The 2D MOT: a metallic potassium sample is heated up in (A). This results in
a vapour pressure in the glass cell (B), where a 2D MOT captures the atoms (shown as a
purple ellipse) which leave through a small hole in a copper tube (the differential pumping
stage) towards the science chamber. The face of the tube forms an angle of 45° with its axis
such that it can be used to reflect a counter-propagating beam (see sec. 2.5.4).

blowing (B) is controlled. Two retroreflected beams form a 2D MOT therein (with
optional push- and counterpropagating beam, or the possibility to tilt the beams, see
sec. 2.5.4). The atomic beam (colored in purple, D) exits towards the science chamber
through a differential pumping stage formed by a copper tube with 2.4 mm diameter.
Its face is chamferred at 45°, which allows for a counterpropagating beam to be used.

3.2. Laser setup

To be able to perform the experiments described above, laser light is needed:

• Laser light on the D2 line of 39K and 41K is needed for the 2D- and 3D MOT. A
survey of different existing setups with potassium [30], [51], [81], [38], [29], [40]
lead to the conclusion that less than one Watt of optical power for both the 2D-
and the 3D MOT should be sufficient. It was therefore decided to purchase a TA
pro 765 from Toptica, which provides 2.7 W at the output and 1.8 W coupled
into an optical fiber. The narrow ground state hyperfine splitting of potassium
allows us to generate all desired (cooling and repumping) frequencies from one
single laser using acousto-optic modulators, as explained in section 3.3.

• Because the sub-Doppler cooling on the D2 line of potassium is difficult due
to the small hyperfine splitting in the excited state (see sec. 2.7.1), additional
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3. Experimental setup

light on the D1 line is needed to perform gray molasses cooling (sec. 2.7.2). It
is also required to perform Raman sideband cooling (sec. 2.9). The laser diode
of a Toptica DL 100, which was previosly used at 780 nm was replaced by a
LD-0790-0120-AR-2 diode with a large tuning range to operate at 770 nm. A
BoosTA 315 seeded with 25 mW optical power amplifies the light, resulting in
1.2 W of power at the output and about 700 mW fiber-coupled.

Below, the setups of both lasers including their stabilization is shown.

In figure 3.3, the Toptica TA pro 765 used to produce the D2 light (at 766.7 nm)
called Tom Turbo is pictured as a blue rectangle. As sketched, it contains a laser,
a tapered amplifier (TA) and two optical isolators (also called Faraday isolators). A
small fraction of the light from the laser is split off and is mostly used to stabilize the
laser. The laser is an external-cavity diode laser (ECDL), which consists of a laser diode
(at a p-n-junction, electrons and holes recombine, emitting radiation, [24, pp.284–
285]), whose wavelength is controlled by the supplied current and its temperature, and
an external grating, which forms a resonator together with the diode. The resonator
length is controlled by applying a voltage to a piezoelectric actuator [82]. The laser
diode provides an overall power of ≈ 45 mW, which is not sufficient for our purpose.
Thus, a TA increases the optical power by a factor of 100. It functions similarly to
a laser diode except that the faces are not reflective and the shape is optimized to
sustain the produced heat [73, p.20]. Two optical isolators prevent damage to the
diode and the TA chip from backreflected light. The amplified laser power is coupled
into a fiber leading to the setup described in section 3.3. The TA pro [83] is controlled
by a Toptica DLC pro rack [84], which features not only the current and piezo supplies
and the temperature stabilization, but also a locking module (DLC pro Lock) for laser
stabilization. The latter is realized by modulating the laser current at low frequency
ωM = 2π · 20 kHz. This is well below the natural linewidth of potassium ≈ 2π · 6 MHz
and should therefore not affect the atoms when interacting with the D2 light. The
small fraction that is split off after the first optical isolator (about 2 mW optical power)
is sent through an acousto-optic modulator (AOM), which is needed to prepare the
desired frequencies as described in section 3.3. Afterwards, the beam is split in a
pump and probe beam to perform saturation absorption spectroscopy, cf. section 2.3.1.
The modulation of the beam is analogous to the frequency modulation spectroscopy
described in sec. 2.3.2, except that the probe beam is modulated as well, which should
not have a noticeable effect. The probe beam is detected by a photodiode (denoted
PD in fig. 3.3) and the signal is fed back to the DLC pro, which generates the error
signal using a lock-in-amplifier. To obtain a frequency spectrum, the piezo voltage is
scanned. The stabilization of the laser (also known as locking) on the F = 2 to F ′ = 3

cooling transition (see fig. 2.2), is done on the DLC’s touch screen or in a graphical user
interface on a connected computer. Two internal PID-regulators are used to adjust the
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3. Experimental setup

diode current and piezo voltage to correct for changes of the laser frequency. Because
the potassium in the vapour cell (Thorlabs GC25075-K) is in its natural abundance,
the laser is always stabilized to the cooling transition of 39K because 41K transitions
are difficult to see due to the low occurence of the 41K isotope.

The ECDL laser used to produce the laser light for the D1 line (at 770.1 nm) is a re-
purposed Toptica DL 100 [85] named Mimi. It is controlled by a Toptica SYS DC 110
rack [86], as shown in figure 3.4. The temperature and current of the laser diode are
controlled by the DTC 110 and DCC 110 modules. The piezo voltage is generated
in the PID 110 module, which generates a ramp to scan the spectrum (the function
generator symbol “~”) and includes a PID regulator for stabilzation of the laser fre-
quency. To prevent modejumps which could occur when adjusting only the position
of the grating (by changing the piezo voltage), the feed forward function allows the
current to be changed simultaneously which, when appropriately adjusted, allows for
a large mode-hop-free tuning range [85]. The majority of the output power is sent
to the Toptica BoosTA 315 through a fiber, from which it is delivered to the main
optical setup (see sec. 3.3). A small fraction is used for spectroscopy. After shifting
the frequency by +90 MHz with an AOM, the light is split into a pump beam which
passes through the vapour cell (a Thorlabs GC25075-K) after being phase modulated
by an electro-optical modulator (EOM, a resonant PM7-NIR_T from Qubig is used)
with frequency ωM = 2π · 5 MHz, and an unmodulated probe beam which passes
directly through the cell before being detected by a photodiode (a Thorlabs PDA36A-
EC with 10 MHz bandwidth. Inside the vapour cell, the sidebands of the pump beam
are transferred to the probe beam by four-wave mixing if both beams are on reso-
nance with atoms of the same velocity v. This technique is called modulation transfer
spectroscopy (MTS) and was explained earlier in section 2.3.3. Because the nonlinear
four-wave mixing only occurs on resonance, the signal detected on the photodiode
resembles equation 2.17. The DC component of the PD signal, which contains the
absortion spectrum, is split off with a Bias-T (Minicircuits ZFBT-6GW+) and shown
on an oscilloscope. Afterwards, the generation of the error signal is done by applying
the Pound Drever Hall method on the AC component. The photodiode signal is mixed
with a local oscillator, a signal with frequency ωLO = ωM generated by the same func-
tion generator that drives the EOM (Rigol DG832). The mixing circuit (a Minicircuits
ZRPD-1) is the electronic analogue of mathematical multiplication. Together with the
2.5 MHz low-pass filter (Minicircuits BLP-2.5+), the error signal results in what was
yielded in equations 2.18 and 2.19, depending on the phase between the photodiode
signal and the local oscillator. The PID regulator of the PID 110 module is finally
used to “lock” the laser on the coinciding 39K crossover transitions of the F = 1 to
F ′ = 2 and F = 2 to F ′ = 1, and F = 2 to F ′ = 1 and F = 1 to F ′ = 2, with
a frequency offset of +90 MHz created by the AOM. This is done by applying the
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3. Experimental setup

current, temperature
and piezo control

Photodiode signal of probe beam

Faraday
Isolator

Pump beam

Probe beam

TA pro 765
Tom Turbo

DLC pro lens

AOM
−70 MHz λ

4
λ
2

K vapour cell

PD

Laser
Polarizing
beam splitter

Tapered
Amplifier

Legend:

fiber to AOM
lines (sec. 3.3)

Figure 3.3.: Setup and stabilization of the TA pro 765 used to generate the D2 light for the
experiment: the light of the laser seeds a tapered amplifier (TA), which generates the power
needed for the experiment. A small fraction is used to perform spectroscopy. After passing
twice through an AOM operating at −70 MHz frequency, it is split into pump and probe
beam and sent through a vapour cell with potassium in its natural abundance. The probe
beam is detected by a photodiode and the signal is sent to the DLC pro. An error signal is
obtained by modulation of the laser diode current at 20 kHz and a lock-in amplifier inside
the DLC pro. The laser is stabilized to the cooling transition of 39K (F = 2 to F ′ = 3), with
a frequency offset of +140 MHz due to the AOM.
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3. Experimental setup

error signal to the laser’s piezo voltage and diode current instead of the ramp used to
obtain an absorption spectrum. Again, due to the low abundance of 41K, the locking
transition remains the same when changing the isotope. However, the AOM will be
turned off when using 41K (see fig. 3.7).

To sum up, two lasers producing light on the D2 and D1 lines of potassium are
stabilized using saturation absorption spectroscopy. The error signals are obtained
using FMS with a low modulation frequency and a lock-in amplifier, and MTS with
an EOM and a self-built Pound-Drever Hall detector. The lasers are stabilized to
the cooling transition and the crossover transition between the ground states of 39K.
In order to get the needed cooling and repumping frequencies, the laser frequency is
shifted by AOMs, as explained below.

54

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

3. Experimental setup

Bias-T

K vapour cell

λ
4
-waveplateλ

2
-waveplate

Legend:

frequency mixer

PD

Polarizing
beam splitter

fiber to
BoosTA 315

EOM

Function generator
CH1 CH2

LO

RF

SYS DC 110

PID 110 DCC
110

DTC
110

Piezo voltage
Diode current

Temperature

Scan

Feed for ward

error signal

DL 100
Mimi

2.5 MHz
LP filter

IF

AOM

+90(0)MHz
DC

Figure 3.4.: Setup and stabilization of the DL 100 laser producing the D1 light needed for
gray molasses and Raman sideband cooling: the majority of the optical power is used to seed
the BoosTA 315 amplifier, from which the light is delivered to the AOM line setup described
in sec. 3.3. A small fraction is split off to perform modulation transfer spectroscopy (MTS).
With an electro-optic phase modulator, frequency sidebands are applied to the probe beam
at a frequency ωM = 5 MHz. In the potassium vapour cell, these are transferred to the probe
beam via a nonlinear process only if both beams are resonant with the same atoms (the same
condition as in Doppler-free spectroscopy). The probe beam is detected on a photodiode
and the DC part containing the saturation absorption spectrum, is split off with a Bias-T
and displayed on an oscilloscope. The oscillating part of the signal is mixed with a local
oscillator signal (LO) at frequency ωM . After a low-pass filter, an error signal is obtained
containing the absorptive and dispersive derivatives of the transmission through the cell
depending on the phase between photodiode signal and local oscillator, cf. sec. 2.3.3. The
PID 110 module of the Toptica SYS DC 110 laser controller provides a sawtooth signal to
scan the laser frequency, as well as a PID regulator to stabilize the laser on a transition using
the error signal. The laser is stabilized on the crossover transition between the hyperfine
ground states of 39K, shifted by +90 MHz by the AOM shown. When using the 41K isotope,
the AOM is turned off.
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3. Experimental setup

3.3. Optical setup

In this section, the optical setup used to generate the laser frequencies needed for the
various cooling techniques is shown. The difficulties of obtaining the correct polariza-
tions and switching between the two isotopes, 39K and 41K, are discussed. Finally, the
system for aligning the beam in the vacuum chamber is presented.

The frequency shifting is done by acousto-optic modulators (AOM), which consist of
a crystal with a piezo transducer attached to it. The piezo driven at frequencies in the
range from 80 MHz up to several hundred MHz produces sound waves or phonons inside
the crystal (see fig. 3.5a). A photon passing through the crystal can absorb or emit
a phonon depending on the angle between their momenta. The photons’ frequency
and propagation direction is thereby changed, leading to different diffraction orders,
comparable to Bragg scattering. The incident angle θ is chosen according to Bragg’s
law

2λS sin θ = mλL (3.1)

where λL and λS are the wavelengths of the photon and phonon, and m is the diffrac-
tion order. Therefore, AOMs enable the precise control of the light frequency and
amplitude by controlling the frequency and power of the sound wave. By turning the
frequency supply on and off, they can be used as fast switches (on the order of 100 ns).
The drivers providing the RF power (radiofrequency power) to the AOMs are dis-
cussed in section 3.4. A commonly used configuration known as double-pass is shown
in figure 3.5b, where the refracted beam is reflected back into the AOM and hence
modulated twice. A lens with focal length f is used to collimate the first diffraction or-
der, assuming they originate from a point source within the crystal. Thereby, changes
of the diffraction angle originating from changes with the modulation frequency do
not change the alignment. The beam itself is focused onto the mirror, which makes it
necessary to position the mirror at a distance f from the lens. The zero-order beam is
dumped and a quarter-waveplate changes the polarization such that the reflected beam
can be separated from the incident beam using a polarizing beam splitter (PBS) [87].
Typical diffraction efficiencies are 70%-90% for a single-pass setup; for a double-pass
setup the efficiency is reduced accordingly [88].

The optical setup was designed to meet the following requirements:

• The power available on the D2 line is only 1.8 W. Compared to other experi-
ments, where additional tapered amplifiers are often used after generating the
frequencies with the AOMs, it has to be used economically.

• The setup should allow for switching between the 39K and 41K isotopes.

• As explained thoroughly in section 2.2, the repumper plays an important role
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3. Experimental setup

0

+1

phonon propagation

AOM

transducer

(a)

PBS
f f

λ
4

(b)

Figure 3.5.: (a) The functionality of an acousto-optic modulator: a piezo attached to a
crystal generates a sound wave of frequency ωS . Photons can absorb or create a phonon
inside the crystal if Bragg’s law is fulfilled. Photons diffracted into the ±1 order have their
frequency shifted by ±ωS . This allows for control of the laser frequency and amplitude, by
changing the wavelength and intensity of the sound wave. (b) The double-pass setup: the
laser beam passes through the AOM twice. After the first diffraction, a lens compensates for
the diffraction angle varying with frequency. A quarter-waveplate is passed twice, changing
the horizontal polarization of the incident beam to vertical, such that the reflected beam
can be separated with a polarizing beam splitter (PBS).

when laser cooling potassium. Therefore, the polarization of the repumper in
the MOT has to match the cooler polarization, which might not be important
in experiments with rubidium of cesium.

• If possible, the setup should be flexible, meaning that as many parameters (e.g.
frequency and intensity of a beam) as possible should be tunable to be able to
optimize the different cooling stages independently.

The first two requirements suggest that each light beam that is generated for a
specific purpose should only pass one AOM to minimize losses and use the available
power efficiently (adding a second AOM in series for the second isotope would cause
additional loss, for instance). This can be seen in figure 3.6, where the setup is shown
(AOMs in double-pass configuration are simplified, the lens and quarter-waveplate
pictured in fig 3.5b are not shown). Several beams are split off the incoming D2 or
D1 light using half-waveplates and polarizing beam splitters, pass through one AOM
and the beams are finally overlapped to achieve the desired frequency combinations
needed for the 2D MOT, 3D MOT etc. The switching between the two isotopes is
accomplished by rotating waveplates (marked with “S”) to guide the light to different
AOMs. These can be motorized to automate the switching process.

The overlapping of the beams is challenging, because the polarization of the over-
lapped beams has to be the same, which is not the case when using a PBS. Alter-
natively, a non-polarizing beam splitter can be used and either half of the power is
blocked afterwards (which is not an option for this setup) or both outputs are used.
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3. Experimental setup

The latter option has the drawback that it is impossible to manufacture a beam split-
ter such that transmission and reflection are exactly equal. Consequently, the beams
are overlapped on a PBS with orthogonal polarization, a λ

2
-plate applies a rotation of

45° and both the cooling and repumping light are split on a second PBS into two. The
intensity might be different in both outputs, which can be compensated by dropping
the power difference if needed. In addition, the D1 and D2 light have to be overlapped,
which is achieved using two interference filters from Radiant Dyes, with a FWHM of
less than a nanometer. The consequence of this solution is that for each application
(2D and 3D MOT) there are always two beams, which make the use of a minituarized
setup such as a pyramidal MOT less beneficial since either 50 % of the power is lost
or the concept has to be adapted to work with two beams (cf. secs. 2.4.3 and 2.5.5).

The last requirement is flexibility. A double-pass AOM configuration is preferred
because its alignment is less sensitive to variations of frequency. However, for the gray
molasses cooling (GMC) the frequency is constant which explains the use of single-pass
setups for the D1 light. Fig. 3.6 also shows the mechanical shutters (the design was
adapted from [89] by our electronic workshop) used to block the remaining light from
leaking into the vacuum chamber to prevent scattering during the experiment, which
would cause systematic error and instabilities. In the 2D MOT part, one shutter is
used to deliver light for the blowaway beam, which is generated by reusing the cooler
AOM of the 2D MOT.

In figure 3.7, the frequencies needed for the 2D-, 3D MOT and GMC are given,
with the laser frequencies at the LOCK points. The detunings were taken from [30]
to provide a starting point when optimizing the setup. The lock point of the D1 laser
is shifted when switching isotopes (the AOM ahead of the spectroscopy is turned off
for 41K, see fig. 3.4), so one repumper AOM can be used for both isotopes.

The six fibers leading to the 3D MOT are connected to the cage system shown
in fig. 3.8. It is connected directly to the vacuum chamber with an adapter. A
Schäfter+Kirchhoff 60FC-T-4-M100S-02 collimator parallelizes the beam to a waist
diameter of ≈ 16 mm. It is mounted on a mirror mount which provides, together with
the gold-coated mirror M, enough degrees of freedom to align the beam such that
they overlap in the center of the science chamber. A quarter-waveplate mounted in
a clear 22.9 mm aperture produces circular polarization and ensures that more than
98 % of the power can pass through. The MOT beams are also used to perform
fluorescence imaging. After the experiment, the atomic cloud will be in free fall for a
few milliseconds. Therefore, one has to ensure that the beam diameter is large enough
to saturate the atoms. This motivates the calculation of an effective beam diameter
wherein the light intensity is above saturation. On resonance, it is larger than the
aperture (24.6 mm), which allows for free-fall times up to 30 ms (this corresponds to
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Figure 3.6.: The optical setup producing the frequencies needed for the 2D MOT, 3D MOT
and GMC. AOMs in double-pass configuration are displayed simlified (without lens and λ/4-
plate). The switching between the 39K and 41K isotopes is done by rotation mounts which
might be motorized in the future (marked with “S”). The push- and counterpropagating
beams might be needed in the future and are thus semi-transparent. The cooling and
repumping beams of the D1- and D2 line are overlapped using interference filters and two
polarizing beam splitters. Mechanical shutters are used to prevent leakage of light during
the experiment and to reuse a part of the 2D MOT light for the blowaway beam.
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Figure 3.7.: Sketch on the frequencies produced by the AOMs in fig. 3.6. The detunings
were taken from [30] to be used as initial values for later optimization.

60

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

3. Experimental setup

Schäfter+Kirchhoff
60FC-T-4-M100S-02

λ
4

Adapter to vacuum chamber

Fiber from AOMs
shown in figure 3.6

mirror M

Figure 3.8.: The cage system which is attached to the vacuum chamber: a collimator from
Schäfter+Kirchhoff is attached to a mirror mount. Together with mirror M, sufficient degrees
of freedom are available to overlap the MOT beam in the center of the vacuum chamber.
The quarter wave plate changes the linear polarization of the light from the fiber to circular
polarization.

a displacement of 4.5 mm).

In conclusion, acousto-optic modulators generate the frequencies for the 2D MOT,
3D MOT, gray molasses cooling and the blowaway beam. The switching between the
two isotopes is achieved by rotating wave plates, thereby selecting different AOMs.
Cage systems attached to the vacuum chamber allow for a stable aligmnment of the
3D MOT beams.

3.4. Frequency generation with direct digital synthesis

The AOMs shown in fig. 3.6 and 3.7 operate at frequencies of 70 MHz to 200 MHz.
Depending on the frequency, 1 W to 2 W of radiofrequency (RF) power have to be
supplied. In this section, the frequency source based on direct digital synthesis (DDS)
is presented.

A DDS is running at a system clock frequency fS which is derived from an external
reference. The signal is synthesized by reading discrete values from a lookup table,
a digital-to-analog converter creates the analog waveform [90]. This is advantageous
compared to voltage controlled oscillators [91], which are LC oscillators tunable with
variable capacitors whose resonance frequency might change with temperature. In
order to stabilize them, phase-locked loops [92] have to be used. Also, instead of
requiring a lot of knowledge of analog circuitry, the main challenge lies in programming.
The DDS is convenient because it allows for applying frequency, phase and amplitude
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3. Experimental setup

sweeps while producing a stable frequency.

For the purpose of generating the RF signal for the AOMs, the Analog Devices
AD9959 DDS chip was chosen [93]. It is clocked at frequencies up to 500 MHz, which
allows us to synthesize sinusoidal signals up to 250 MHz (a limit which is set by the
Nyquist-Shannon theorem, [94, p.419]). Its four channels allow for the generation
of four signals, whose relative phases can be controlled. To avoid the difficulties
involved with the design of a printed circuit board (PCB), the AD9959 Evaluation
Board [95] was chosen, which features 200 MHz low-pass filters for each channel and
outputs with 50Ω impedance [95]. To operate the board, an external power supply
and control of the AD9959 via SPI interface (serial I/O port interface) is needed,
which lead to the design of two PCBs providing the supply (see fig. 2 in the appendix)
and the serial interface (see fig. 3), which allows the control by an Arduino Nano
microcontroller. The internal clock speed fS = 500 MHz is derived from an external
reference clock, which is a sinusoidal signal at 25 MHz generated by a Rigol DG832
function generator. The SPI interface is used to set frequencies and amplitudes of
the four channels and to configure frequency sweeps. The sweeps are triggered by
digital inputs, as suggested by figure 3.9. To protect the inputs of the AD9969 chip,
optocouplers are used (Avago ACPL-772L, on the PCB providing the serial interface,
see also fig. 3). The microcontroller itself is connected to the control computer via
USB and appears as a serial COM port device which allows for communication via
the RS232 protocol. In addition, the laser power has to be controlled (e.g. ramping is
needed for various cooling techniques, see secs. 2.6.1, 2.6.2, 2.7) and be turned on and
off quickly. Because changing the settings via RS232 takes a few 100 µs per channel and
can not be timed precisely, a variable voltage attenuator (VVA, a Minicircuits ZX73-
2500-S+) and a RF switch (Minicircuits ZYSWA-2-50DR+ with switching times of
20 ns) are used. They are placed after the pre-amplifier (Minicircuits ZFL-500HLN+),
which amplifies the DDS output signal of less than 4 dBm (this corresponds to a peak-
to-peak voltage of 1 V, it gets lower with increasing frequency) to less than 15 dBm,
and are controlled with analog and digital signals respectively. In figure 3.9 the setup
is shown for one channel as an example. Pre-amplifiers and RF switches are needed
for all four channels, the VVAs and trigger inputs are only available on two channels
because frequency and amplitude sweeps are not needed for all AOMs (e.g. for the
AOM in the spectroscopy or for gray molasses cooling). Outside of the DDS Box, a
power amplifier amplifies the signal to powers of 1 W (Minicircuits ZHL-3A+) for the
lower frequency AOMs and 2 W (Minicircuits ZHL-1-2W+) for the higher-frequency
(> 150 MHz) ones. An attenuator is placed in front so as not to exceed the maximum
input power of 10 dBm (chosen to account for losses in the VVA and RF switch). To
change between isotopes, a Minicicircuits ZSW2-63DR+ RF switch is used, which is
capable of sustaining 4 W of RF power. The DDS Box can also be used to generate
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3. Experimental setup

the signal for the UHF antennas used to drive hyperfine ground state transition and
to transfer atoms between two different mF states. To achieve higher frequencies, a
Minicircuits FD-2+ frequency doubler is used together with a second Minicircuits ZFL-
500HLN+ amplifier which compensates the losses in the former.

To sum up, signals for driving acousto-optic modulators are generated using direct
digital synthesis (DDS). With additional amplifiers, 1 W to 2 W of electrical power
is provided. Frequency and amplitude can be controlled with a RS232 interface and
by analog and digital signals. This allows for integration in the controlling system
described below.
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3. Experimental setup

Pre-Amplifier
Minicircuits ZFL-500HLN+

VVA
VVA

Minicircuits ZX73-2500S+

RF Switch
Minicircuits ZYSWA-2-50DR+

x4

DDS frequency
generator

attenuator

AD9959
EVAL BOARD

Arduino Nano SPIRS232

AOM for 39K

Power Amplifier
Minicircuits ZHL-3A+ (1W)

or ZHL-1-2W+ (2W)

AOM for 41K

Power RF Switch
Minicircuits ZSW2-63DR+

Trigger for frequency sweep
(Digital Input)

Analog Input

Digital Input

Reference
clock

Figure 3.9.: The frequency generator used to drive the AOMs: an evaluation board from
Analog Devices with an AD9959 DDS chip is used to generate four sinusoidal waveforms. The
internal clock frequency of 500 MHz is derived from a reference clock at 25 MHz. Frequency,
amplitude and frequency sweeps are set via SPI interface by an Arduino Nano. The sweeps
are triggered with a digital input (for two channels). After pre-amplification, a voltage
variable attenuator (usually only available for two channels) and RF switch are used to vary
the intensity and turn the waveform on and off. A final amplifier provides 1 W to 2 W of
RF power, which is delivered to the AOM after passing a switch which selects between the
two AOMs used for the 39K and 41K isotopes respectively.
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3. Experimental setup

3.5. Controlling system

Each experimental run consists of three steps: firstly, atoms are captured, cooled to low
temperatures and prepared in a certain quantum state. After the actual experiment
is performed (e.g. atom interferometry or interactions between atoms and electrons),
atoms in different hyperfine ground states are spatially separated and images of the
atomic cloud are taken to determine the atom number in each state (this is called
imaging, [76]). In order to perform the various laser cooling stages, experiments and
imaging, a controlling system is needed. The Cicero Word Generator software [96]
provides a graphical user interface to control analog and digital output cards from
National Instruments and a plethora of devices using the RS232 serial protocol.

The structure of the controlling system is shown in figure 3.10. At its heart is the
control PC “Fritz Fantom” which is running Cicero, the graphical user interface and
Atticus, the accompanying server that controls the National Instrument cards to out-
put analog (PCIe-6738) and digital (PCIe-6537B) signals. VHDCI cables [97] lead to
a breakout box, where the analog and digital channels (32 each) are interactable via
BNC connectors. The two cards are clocked at 350 kHz (they are synchronised with a
RTSI cable), which results in time steps of 2.86 µs. This is sufficient to perform linear
ramps on analog outputs within several ms (which is needed e.g. for the CMOT and
dark SPOT phases). Furthermore, Atticus can configure devices via the RS232 proto-
col (e.g. DDS frequency generators). In addition, a programme translating Ethernet
VISA to RS232 commands allows the control of Ethernet devices (for instance the
Rigol DP832 power supply). The analog and digital outputs (AO and DO producing
voltage levels from −10 V to 10 V respectively TTL signals of 0 V and 3.3 V) control
the magnetic field of the MOT coils, the mechanical shutters (which were adapted
from [89]) and amplitude and frequency sweeps of the frequency generators for the
AOMs and RF antennas. At the end of the experimental sequence, pictures of the
atoms are taken with a Thorlabs DCC3240N camera, which is trigerred by a digital
signal. The image data is transferred via USB to the Control PC to perform data
analysis. The pictures and the executed experimental sequence are both stored on a
database.

A separate Raspberry Pi 4 computer (called “Das Frettchen”) is used to monitor
environmental conditions such as temperature and humidity and the powers of the
laser beams during the experimental runs. The latter is achieved by measuring stray
light from mirrors or polarizing beam splitters with OP999 photodiodes to detect
power reductions caused by slight misalignments of optical elements. Humidity and
temperatures are recorded every minute (with a Pi-Plates THERMOplate and DHT 22
sensors) in a database on the logging device and can be viewed on a web interface.
During each experimental cycle, the photodiode voltages are acquired with a Pi-Plates
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3. Experimental setup

DAQC2plate and transferred to the Control PC, where they are stored alongside
images and sequence data. In addition, voltages and currents of power supplies can
be retrieved to detect and save indications of errors.
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3. Experimental setup
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Figure 3.10.: The controlling system: analog and digital output card from Nation Instru-
ments (NI PCIe-6738 and PCIe-6537B) are controlled by the Atticus server. In addition,
commands can be sent to devices via RS232. Cicero is a graphical user interface to define
the control sequences, which are finally executed by Atticus. The analog and digital out-
puts (AO and DO) on the breakout box control the magnetic field gradient for the MOT,
mechanical shutters and the DDS-based frequency generators (the analog and digital inputs
in fig. 3.9). The latter is also controlled via RS232, additional coils are programmed via
Ethernet. At the end of each experiment, pictures of the atomic cloud are taken. This is
done with a camera, the image is transferred via USB and saved in a database, together with
the sequence data. A separate programme is used for data analysis. To monitor temperature
and humidity of the environment and vacuum chamber, spectroscopy cells etc., a separate
logging device is set up. During the experimental run, voltages from photodiodes collecting
stray light from mirrors are measured to monitor the powers of the laser beams.
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3. Experimental setup

3.6. Magnetic field coils

For the 2D- and 3D MOT, magnetic field gradients have to be produced with anti-
Helmholtz coils. To decide on coil size, current and number of windings, simulations
were made using the magpylib Python library [98].

3.6.1. 3D MOT gradient coils

The 3D MOT coils have to provide a constant gradient during the MOT loading. In
the subsequent CMOT phase, the gradient is increased during a few milliseconds. In
a dark SPOT phase, the current is then ramped down (again in a few ms) and finally
turned off before the gray molasses. During the molasses, no magnetic field is allowed
(it would lift the degeneracy of the magnetic mF substates), and the turn-off time has
to be fast (less than a ms).

From [40] and [30] it was deduced that radial gradients from 5 G cm−1 to 10 G cm−1

are needed for the MOT, which are increased up to 30 G cm−1 during the CMOT
phase. Since the scope of this experiment is not to create a BEC (where high densities
are needed), the requirement for the CMOT phase was set to 15 G cm−1.

The “speed” of the coil is determined by its time constant τ = L
Rohm

, the ratio of its
inductance L and its internal ohmic resistance Rohm [39, pp.129–130]. Using a voltage
source, it takes about 5τ for the coil to reach the desired current when turning it on
or increasing the voltage. It should be noted however, that a current supply can turn
the coil on much faster by applying higher voltages, but this is limited in practice and
the regulation of a real power supply will cause oscillations of when reaching the set
current. The gradient A of an anti-Helmholtz pair of coils with radius R, N windings
and a current I is approximately ([39, p.92], replacing I with N · I for a coil with
multiple windings)

A =
48

25
√
5

µ0NI

R2
(3.2)

with the magnetic vacuum permeability µ0. For a fixed gradient A and constant
current I it follows that

N ∝ R2. (3.3)

The inductance of a loop with radius R, wire radius a and N windings is approximately
([99], the factor N2 was added by replacing the currents Ii with N · Ii in equ. (2))

L ≈ µ0N
2R

(

ln 8R

a
− 1.75

)

. (3.4)
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3. Experimental setup

for a≪ R and neglecting the skin effect for constant current operation. To first order
and considering equ. 3.3, L is proportional to

L ∝ N2R ∝ R5. (3.5)

Consequently, the size of the coil determines to a large degree the inductance and thus
the possible ramping speed, as required above. Due to the large size of the vacuum
chamber (see sec. 3.1), the coils are placed in a reentrance window, as shown in fig. 3.1
(I). This resulting inductance is on the order of 10 mH, in constrast to about 80 mH
when using coils with radii on the order of the vacuum chamber radii (the inductances
are given neglecting the relative permeability of the vacuum chamber, which is slightly
paramagnetic).

The time constant τ is also determined by the ohmic resistance Rohm of the coil.
It has to be reasonably low to avoid heating the coils too much, but high enough to
allow for small τ .

As a compromise, coils with 125 mm (average) diameter placed at an (average)
distance of 160 mm with 150 windings each are used. At a current of 7 A, the re-
sulting magnetic field and its gradient (5.74 G cm−1 in radial direction) is shown
in figs. 3.11a-3.11c. The dependence of gradient and heat dissipation (in one coil)
on the current is shown in fig. 3.11d. The achievable gradient per unit current is
0.82 G cm−1 A−1. The heat dissipation for gradients smaller than 10 G cm−1 is less
than 75 W per coil (since the CMOT phase is very short, the larger heat dissipation
does not play a significant role). With a wire cross section of 2 mm2 (consisting of
an insulated copper band with 20 × 0.1 mm cross section), the inductance calculated
using equ. 3.4 becomes 8.2 mH. The resistance per coil is 0.5Ω, which results in a time
constant of ≈ 17 ms. This is rather large, but allows us to increase the magnetic field
gradient from 5 G cm−1 to 15 G cm−1 by using the power supply (Delta Elektronika SM
70-22) as a current source. The same applies for decreasing the gradient. To achieve
the fast turn-off requirement in less than a millisecond, a special snubber circuit [94,
pp.38–39] will be developed.

3.6.2. 2D MOT

Concerning the 2D MOT, besides the coils configuration shown in fig. 2.11, an al-
ternative configuration similar to the one shown in [52] was considered. As can be
seen in fig. 3.12, two rectangular coils produce a quadrupole field, and most of the z-
component is compensated with a circular coil. The resulting magnetic field is shown
in figs. 3.13a and 3.13b for a current of 1.5 A with 100 windings on each coil. The
gradient on the z-axis is shown in fig. 3.13d and enlarged in fig. 3.13e. On a length of
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Figure 3.11.: (a) Magnetic field for the 3D MOT in radial and axial directions for the
coils of 125 mm diameter at 160 mm distance with 150 windings at a current of 7 A. (b-c)
Magnetic field and gradient for the 3D MOT in radial and axial directions respectively. (d)
The dependence of the gradient (blue curve) on the current and the corresponding heat
dissipation (orange line) for a 2 mm2 wire cross section.
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3. Experimental setup
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Figure 3.12.: The coil configuration for the 2D MOT, adapted from [52]: two rectangular
coils form an anti-Helmholtz pair, whose gradient along the z-axis is mostly compensated by
the circular coil (see fig. 3.13). By controlling the currents of the three coils independently,
the zero line of the magnetic field can be moved in x- and y-directions such that the atoms
exiting the MOT volume can leave through the differential pumping stage.
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3. Experimental setup

more than 30 mm around z = 0, the gradient is less than one tenth of the gradients
in x- and y-direction. The magnetic field and gradient on the x-axis are shown in
fig. 3.13c, the latter amounts to −17.38 G cm−1 at the origin. In the y-direction it
is positive (17.27 G cm−1) to conserve the magnetic flux. This setup is advantageous
because it allows for shifting the z-axis for aligning it on the 2.5 mm hole leading to
the differential pumping stage by controlling only three coils independently. Changing
the current in one of the rectangular coils shift the axis in x-direction, a variation of
the circular coil’s current shifts it in y-direction. Consequently, only three currents
have to be tuned separately.

The gradients used in potassium 2D MOTs are less than 20 G cm−1 [52],[51]. 100

windings have been chosen to let us use a Rigol DP832 power supply with its maximum
current of 3 A. Gradients up to 30 G cm−1 should be accomplishable with this setup
(see fig. 3.13f). The size was chosen based on a dimension of the glass cell used for
the 2D MOT (100× 30× 30mm) to 94× 38mm for the rectangular coils (the distance
in between is 43 mm) and a radius of 48 mm for the circular coils placed 31.5 mm
from the origin. Windings with copper wires of 0.75 mm diameter have a resistance of
0.04Ωm−1, resulting in heat dissipations of less than 12 W per coil at the maximum
current.

In figures 3.14a and 3.14b, the first measurements of the magnetic fields along the
x- and z-directions are depicted. The measurements were taken with a BCD AH49E
Hall sensor which was coarsely calibrated using a long wire with 10 A of current as
a crude reference (fine calibration will be done later using microwave spectroscopy).
The sensor was moved with a stepper motor and measurements were taken in 2 mm
steps. The measured magnetic field is a bit larger compared to the simulations. This
might be due to the poor calibration of the sensor.

3.6.3. Compensation coils

Finally, three pairs of compensation coils will be used for the 3D MOT to compensate
for external magnetic fields originating from the earth, lab equipment etc. Addition-
ally, it is possible to provide small bias fields (as a quantization axis or to deliberately
cancel the degeneracy of the Zeeman substates) up to 3 G.
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Figure 3.13.: In (a) and (b), the magnetic field resulting from the configuration shown in
fig. 3.12 is depicted for a current of 1.5 A with 100 windings. The radial gradient is displayed
in (c) for the x-axis, on the y-axis the magnetic field is similar but multiplied by −1. Figures
(d) and (e) show the remaining field and gradient on the z-axis, which is negligible for the
purpose of a 2D MOT. In (f), the dependence of the radial gradient on the coil current is
depicted.
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Figure 3.14.: First measurements of the magnetic field of the 2D MOT coils with a current
of 1.5 A along the x- and z-direction, shown in (a) and (b) respectively. The AH49E Hall
sensor which was used for the measurement was coarsely calibrated with a long wire with
10 A of current as reference. This causes a systematic error of 10 % to 20 % due to the
coarse distance measurement between sensor and wire. The measurement uncertainty was
estimated to be up to 200 mG. The uncertainty regarding the step size of the stepper motor
causes an additional systematic error (up to 2 %) for the magnetic field gradient.

3.7. Imaging

At the end of each experimental run, pictures of the atomic cloud are taken to deter-
mine the populations of the two hyperfine ground states. This is achieved by applying
the blowaway beam on the cooling transition to spatially separate atoms in different
states [76]. Finally, the MOT beams are turned on and an image of the fluorescence
is taken to measure the atom numbers of the two distinct clouds.

A Thorlabs DCC3240N CMOS camera is used to take pictures of the fluorescence
imaged by a camera objective with a 50 mm lens. The F number quantifies the lumi-
nosity of an objective defined by the ratio of the lenses focal length f and aperture D:
F = f

D
. When D < f , the solid angle captured from a point source (in the present

case the atomic cloud) becomes [39, p.362]

Ω =
π

4

1

F 2
. (3.6)

This becomes important when measuring the atom number, because smaller F in-
creases the sensitivity (see below). For the purpose of this experiment, objectives with
F = 1.4 or F = 1.1 will be used.
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3. Experimental setup

3.7.1. Estimation of the atom number

The number of photons originating from the atomic cloud is determined by the photon
scattering rate γP = Γρee (see equ. 2.2, [22, p.25]) multiplied by the atom number N .
The objective captures the fraction Ω

4π
(see equ. 3.6) of emitted photons with energy

h̄ωP . The (spatially resolved) image on the camera results in a signal (the sum of all
photons detected on the camera)

U = ǫ ·N Ω

4π
· h̄ωP · γP , (3.7)

which is limited by the detection efficiency ǫ (the DCC3240N has a quantum efficiency
of ≈ 60 %). To determine the latter, a calibration has to be performed using a laser
beam with a known intensity. For the purpose of the experiment presented in this
thesis, two spatially separated atomic clouds are recorded (the different states), from
which the photons are counted separately. To subtract residual features not originating
from the atomic cloud, a second picture is taken after the atoms moved out of view
due to gravity [100, pp.58–66].

3.7.2. Temperature measurement

The temperature of the atoms is measured by observing the expansion of the atomic
cloud as a function of time, which is also called time-of-flight measurement (TOF).
Assuming a Gaussian shape of the cloud, its density distribution is (with the waist w)

n(r) = n0e
−

2r
2

w2 , (3.8)

where a spherical symmetry was presumed with radial coordinate r. The expansion
of the atomic cloud due to the non-zero atomic velocities results in a growth of the
waist following

w2(t) = w2
0 + (∆v)2t2. (3.9)

Using equation 2.22, the velocity spread ∆v can be replaced by temperature T yielding

T =
m

kB

(

σ2(t)− σ2
0

t2

)

(3.10)

with the atomic mass m and the Boltzmann constant kB [100, pp.66–67]. w0 is the
waist at t = 0, measurements are done after different expansion times and the tem-
perature T is obtained by fitting a straight line to multiple datapoints (σ(t) over t).

To sum up, an imaging system consisting of the six MOT beams (causing the atoms
to fluoresce), an objective and a CMOS camera is used to determine the atom num-
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3. Experimental setup

ber and temperature, the former to determine the population difference between the
hyperfine ground states, the latter to characterize the performance of the cooling pro-
cesses and to quantify temperature-dependent systematic effects in experiments.
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4. Outlook

This thesis mostly consists of design and groundwork towards a cold atom experiment
with potassium. At the time of writing, the further setup of the experiment was slowed
down by the Covid-19 pandemic. However, the DDS generators, and the controlling
system (secs. 3.4 and 3.5) have largely been set up. The next steps include the final-
ization of the optical and vacuum setup and the characterization of the magnetic field
coils to eventually trap potassium atoms. Along the way, the UHF antennas have to
be built, and the electron source needed to perform the Quantum Klystron (QUAK)
experiment has to be finished, leading the way to perform first experiments with cold
atoms.
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Appendix

A. DDS Frequency generator design and schematics

In this section, further details on the DDS frequency generator presented in secion 3.4
are given. In fig. 1, the wiring of the components is shown. The Arduino adapter

board (also see the schematic in fig. 3) is attached to the U2 and U13 pin header rows
of the EVAL-AD9959 featuring a SN74LVC541APWR buffer driver which transforms
the 5 V level from the Arduino Nano to the 3.3 V signal level of the AD9959 chip. Two
ACPL-772L optical isolators are used to protect the trigger pins of the AD9959 used to
start frequency sweeps. The power supply board (see fig. 2) produces voltages of 1.8 V
and 3.3 V with LDO regulators (LD117V18 and LD1117V33, Low Dropout Regulators

are linear regulators with a low voltage drop, [94, p.611]) for the AD9959 Eval board
and the VVAs (Minicircuits ZX73-2500(-S)+). Between the 1.8 V supplies for digital
and analog parts of the AD9959, a ferrite bead (Murata BLM41PG750SN1L) is placed
to avoid the 500 MHz clock signal interfering on the analog part of the circuit ([90]).
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Figure 1.: The wiring digram of the DDS frequency generators: The AD9959 Eval board
draws its power from the power supply board (see fig. 2) and is controlled by and Ar-
duino Nano, which is connected via the Arduino Adapter Board. The latter also provides
optocouplers to protect the trigger pins (used for the frequency sweeps) of the AD9959 chip.
The further setup is a more detailed version of fig. 3.9.
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Acronyms / Abbreviations
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BEC Bose-Einstein condensate
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dRSC degenerate Raman sideband cooling

ECDL External-cavity diode laser

FMS Frequency modulation spectroscopy

FWHM Full width half maximum

LATIN Lattice atom interferometry

LVIS Low velocity intense source

MOT Magneto-optical trap

MTS Modulation transfer spectroscopy
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UHF Ultra high frequency

VSCPT Velocity-selective coherent population trapping
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Constants

ǫ0 Electric vacuum permittivity 8.854 × 10−12 F m−1

h̄ Reduced Planck constant h
2π

= 1.055 × 10−34 J s

µ0 Magnetic vacuum permeability 1.257 × 10−6 N A−2

aB Bohr radius 5.292 × 10−11 m

c Speed of light 2.998 × 108 m s−1

h Planck’s constant 6.626 × 10−34 J s

kB Boltzmann constant 1.381 × 10−23 J K−1

me Electron mass 9.109 × 10−31 kg
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