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Zusammenfassung

Ultrakalte Molekiile bieten eine bahnbrechende Plattform in der Atomphysik, die An-
wendungen in den Bereichen der ultrapréizisen Atomuhren, der Quantensimulationen
und Quantenberechnungen, der Préazisionsmessungen, sowie der kalten und ultrakalten
Chemie hat. Um diese Plattform, insbesondere im Gebiet der Quantensimulationen mit
langreichweitigen dipolaren Wechselwirkungen, weiter auszuweiten, wird die Erzeugung
eines molekularen Bose-Einstein Kondensats (BEC) mit Kalziumfluorid (CaF) Molekiilen
angestrebt. Die Manipulation der Bewegung und der inneren Zusténde dieser Molekiile
durch wechselwirken mit Lasern spielt eine entscheidende Rolle bei der Erzeugung eines
BEC.

In dieser Arbeit werden der Kiihllaser, den X*S* (v = 0) — A’Il; jo(v = 0) Ubergang
von CaF treibend und der erste Riickpumplaser, den X*Y1 (v = 1) — A’Il; 5(v = 0)
Ubergang treibend aufgebaut und charakterisiert. Beide Lasersysteme sind ein Teil der
magneto-optischen Falle (MOT). Sie bestehen jeweils aus einem Diodenlaser, der als
»,deed“-Laser fiir einen Faserverstarker dient, sowie einer Frequenzverdopplungseinheit.
Der Kiihllaser emittiert Licht bei 606,3 nm mit Leistungen bis zu 1,6 W und der erste
Riickpumplaser Licht bei 628,6 nm mit Leistungen bis zu 2,1 W. Dartiber hinaus werden sie
fiir eine Zeitspanne von iiber 25 Minuten mittels eines Fabry-Perot-Interferometers frequenz-
stabilisiert. Des Weiteren wird ebenfalls ein Dipolfallenlaser aufgebaut und charakterisiert,
welcher Licht bei 1064 nm mit bis zu 46,5 W an Leistung emittiert und eine Leistungsstabili-
tat von 0,16 % iiber zwei Stunden aufweist. Ein Leistungsstabilisierungsschema fiir diesen
Laser wird ebenfalls vorgeschlagen. Die MOT-Laser und der bereits zuvor konstruierte
Verlangsamungslaser bilden das Riickgrat unseres neuen Experiments und ebnen nun den
Weg fiir kommende Experimente zur Verlangsamung und Kiithlung des Molekiilstrahls.




Abstract

Ultracold molecules provide a groundbreaking platform in atomic physics with applications
in the fields of ultraprecise atomic clocks, quantum simulation and computing, precision
measurements and cold and ultracold chemistry. Bose-Einstein condensates (BECs) of
dipolar molecules such as calcium monofluoride (CaF) can further extend the capabilities
for simulating quantum systems with long-range dipolar interactions. The manipulation of
the motion and internal states of these molecules through the interaction with lasers play a
crucial part in the creation of a BEC.

In this thesis, the cooler operating on the X*SF (v = 0) — A®Il;2(v = 0) transition of
CaF and the first repumper operating on the X?% (v = 1) — A2H1/2(1/ = 0) transition
are set up and characterized. Both of these laser systems are used in the magneto-optical
trap (MOT) which captures and holds the molecules. Each laser system consists of a
diode laser acting as a seed laser for a fiber amplifier and a frequency-doubling unit. The
cooler emits light at 606.3 nm with powers up to 1.6 W. The first repumper emits light at
628.6 nm with powers up to 2.1 W. Moreover, both lasers are locked on a scanning transfer
cavity for a time span over 25 minutes. Also in this thesis, a dipole trap laser is set up
and characterized. It emits light at 1064 nm with powers up to 46.5 W and has a power
stability of £0.16 % over two hours. A power stabilization scheme for this laser also is
proposed. In combination with the previously constructed slowing laser, the MOT lasers of
this thesis form the backbone of our new experiment, paving the way for upcoming new
CaF molecular beam slowing and cooling experiments.
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1 Introduction

The concept of laser cooling of atoms was first conceived in the 1970s by Arthur Ashkin [1,2],
as well as by the group of Theodor W. Hénsch and Arthur L. Schawlow [3] and by the group
of David J. Wineland and Hans G. Dehmelt [4]. They proposed that the repeated absorption
and spontaneous emission of resonant photons could slow the movement of an atom, which
in an atom ensemble could even lead to temperatures in the microkelvin range [5]. In the
following years, physicists used the newly developed concepts to experimentally cool sodium
atoms to these temperatures [6]. As laser cooling techniques improved, they thought, that
they would be limited by the recoil velocities emerging from many light-matter scattering
processes of a single atom [7]. These recoils act like a heating, that balance the cooling at
low temperatures and therefore an equilibrium should set in at the Doppler temperature.
However, in experiments temperatures lower than the Doppler temperature were soon
found [7,8]. Only later these sub-Doppler cooling techniques, like creating bright molasses
for utilizing a Sisyphus cooling mechanism [9,10] or applying evaporative cooling [11] were
understood. This allowed the groups of Carl E. Wieman, Eric A. Cornell and Wolfgang
Ketterle in 1995 to observe a new state of matter in the ultracold region [12,13], the
Bose-Einstein condensate, which had been proposed 70 years before [14,15]. This exotic
state of matter is characterized by an ensemble of particles all occupying the same ground
state, forming a macroscopic quantum mechanical state [16].

Laser cooling is an essential step on the road to Bose-Einstein condensation. In order to
achieve this, a closed cooling cycle is important so that scattering processes of the atom
with photons can take place without the atom leaving the two level system. In contrast to
atoms, laser cooling of molecules was long thought impossible, because of their complicated
energy structure [10]. There are additional rotational and vibrational energy states in
molecules because they have more degrees of freedom [17]. When trying to laser cool
molecules as done for atoms, this would lead to molecules decaying into many different
rotational and vibrational states which are not addressed by the cooling lasers. However,
in 2004 a class of molecules with favorable decay properties was identified [18]. This has
lead to successful demonstrations of Doppler cooling of molecules [19], sub-Doppler cooling
of diatomic [20,21] and even polyatomic molecules [22], dipole trapping of molecules [23],
magneto-optical trapping of molecules [24-26] and the manipulation of molecules in optical
tweezers [27].

Building on this progress, the goal in our group is to realize a Bose-Einstein condensate
of laser cooled molecules. Later on, we would like to explore self-bound dipolar droplets
and supersolids in molecular Bose-Einstein condensates [28].




1 Introduction

Our molecule of choice for this goal is calcium monofluoride (CaF). This choice is
motivated by CaF’s low mass, large electric dipole moment as well as an energy level
structure which is well suitable for molecular laser cooling. In particular, CaF features
several transitions with highly diagonal Franck-Condon factors [10].

The goal of this thesis is the setup and characterization of the cooler and first repumper
required to address the X*ST — A%, /2 transition of CaF, which will be used for the
magneto-optical trap. Moreover, this thesis characterizes a dipole trap laser that will allow
trapping of the molecules in a conservative dipole trap potential after laser cooling.




2 Theory

2.1 Laser cooling of molecules

Ever since the the first demonstration of laser cooling of atoms [5], the technique has been
the workhorse for experiments involving ultracold atoms and ultracold molecules. In laser
cooling, photons are absorbed and spontaneously emitted by an atom or a molecule [10].

2.1.1 Doppler cooling in a two level system

The scattering force Laser cooling reduces the temperature T of a cloud of atoms or
molecules. Modeled as an ideal gas, the temperature is directly correlated to their mean
velocity v by T' = g”—]f;, where m is the mass of a single atom or molecule and kg is the
Boltzmann constant [16]. Therefore, slowing the atoms or molecules in an ensemble directly
causes a reduction of the temperature of the ensemble.

But before looking at the case of laser cooling molecules, let us simplify the task by first
considering atoms [10]. In general, atoms in a thermal cloud have a mean velocity of roughly
300m/s to 600 m/s at room temperature, but for cold and ultracold atom experiments the
temperatures should be in the microkelvin to nanokelvin range, corresponding to 20 mm/s
or less [8,13].

For simplicity, let us consider an atom as a two level system with the ground state and
the excited state separated by an energy gap AFE. If the atom is in the ground state,
it can absorb a photon with frequency w = A—hE, h being the reduced Planck’s constant.
This absorption transfers the atom into the excited state. The photon has a momentum
hk and momentum is conserved during the absorption. So, the absorption of the photon
changes the momentum of the atom. Spontaneous decay from the excited state back into
the ground state emits a photon in a random direction. For a large number of scattering
events, the decay processes does not transfer momentum to the atom. Each scattering
event changes the velocity of a single atom by its recoil velocity Av which is typically of
the order Av ~ 0.03m/s. So, typically many thousands of scattering events are needed to
slow an atom of the ensemble towards standstill. For this, the photons have to propagate

antiparallel to the atom’s velocity.

Doppler cooling In order to cool a particle ensemble, there must be a force opposed to
the direction of motion of a particle, no matter which direction the particle moves in. Thus,
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Figure 2.1: Doppler cooling in 1D. (a) Two red-detuned counterpropagating laser beams
interact with the atoms or molecules. (b) The laser beam frequency w is smaller
than the transition frequency wqy by the detuning dq. Figures taken from [10].

first of all, all spatial directions have to be covered. Therefore, a typical setup involves one
laser beam from each direction. This is sketched in 1D in Figure 2.1a. In 3D this involves
a total of six beams. Second, a mechanism has to be implemented so that the absorption
of photons counterpropagating to the particle’s direction of movement is favored. Only
then the particle will be decelerated. This mechanism is based on the Doppler effect [3,10].

If a moving particle interacts with an electromagnetic wave, the frequency of the elec-
tromagnetic wave observed by the particle increases if the particle is counterpropagating
with respect to the wave. Therefore, if the frequency of the light is red-detuned by the
detuning &y, then the Doppler shift causes the counterpropagating laser beam to be more
resonant to the transition frequency. Vice versa, the copropagating laser beam is less
resonant. So, independent of the particle’s velocity, the particle is more likely to scatter a
counterpropagating photon than a copropagating photon. Hence a reduction of the particles
velocity is achieved. Usually dy is order of the natural line width I" of the excited state.
Figure 2.1b shows Doppler cooling in one dimension and an oversimplified energy level
scheme of an atom, a two-level system.

Figure 2.2 shows the acceleration of the atom as a function of its velocity. The resulting
effective force is velocity dependent and drives the velocity towards zero velocity.

However, the atom’s velocity will not reach zero with Doppler cooling. As the velocity
tends to zero the absorption from both beams becomes equally likely and the individual
random momentum kicks from each photon emission become important. The momentum
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Figure 2.2: The cooling force acting on an atom depends on its velocity. The dashed lines
show the accelerations of the individual beams. The solid line is their sum and
thus proportional to the total force. Figure taken from [10].

kicks by scattering photons with momentum hk act as a heating mechanism, preventing the
atom from reaching zero velocity. An equilibrium between cooling and heating mechanism
will be reached at the Doppler temperature Tp. It is given by

_ar

Ty — —
P okg

(2.1.1)
and is the minimal temperature which can be achieved through Doppler cooling in a
two-level system. Usually Doppler temperatures are in the microkelvin range. This is too
high for Bose-Einstein condensation, for which temperatures in the nanokelvin range are
required. Lower temperatures are realized through sub-Doppler cooling techniques like
Sisyphus cooling or evaporative cooling [10, 11].

In evaporative cooling, atoms or molecules are transfered into conservative potentials like
that of an optical dipole trap [11]. By lowering the trap depth, the most energetic particles
are removed, while the remaining ones rethermalize by collisions. In this way, temperatures
in the nanokelvin range can be reached, facilitating the formation of a Bose-Einstein
condensate [12,13].

2.1.2 Energy structure of calcium monofluoride

Real atoms and molecules are many-level systems, bringing cooling challenges like dark
states and many possible transitions. It is thus very important to gain a precise knowledge
of the energy levels.
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Molecular state notation The ground state of a molecules is labeled X and the first and
second electronically excited states are labeled A and B [17]. Since the spherical symmetry
in a diatomic molecule is broken, the electronic orbital and spin angular momenta L and S
are not good quantum numbers anymore. However, their projections onto the internuclear
axis (z-axis) L, = £Ah and S, = hY are good quantum numbers. The states with the
values A = 0,1,2, ... are labeled X, II, A, ... . The projection > has the discrete values
¥ =5,5-1,...,—S with S being the spin of the electron. The quantum number 2 = |[A+X|
is the total electronic angular momenta. The molecular state notation is given by

25\, (2.1.2)

Sometimes () is omitted and replaced by the parity (u or g) and the symmetry (4 or -)
in the molecular state notation. The ground state in CaF is symmetrical with respect to
symmetry along the internuclear axis and it has S = % and A = 0. So the CaF ground
state is noted as X*2 [29].

Energy structure The energy structure of molecules is very complicated compared to
that of atoms. This is because molecules have electronic energy levels, fine structure and
hyperfine structure levels, just like as atoms, and also have additional vibrational and
rotational energy levels [17].

Diatomic molecules such as calcium monofluoride can be approximated as a non-rigid
rotor. The rotational energy in this case is given by

h? ht
——N(N+1)—
2uR? (V+1) 2ku2 RS
Here p is the reduced mass, R, the distance between the nuclei in equilibrium, & the spring

constant and N the rotational quantum number [17]. In spectroscopy it is more common
to express the rotational energy as

By = N%(N + 1) (2.1.3)

Ev =he- (B-N(N +1) = D- N*(N +1)?)  with (2.1.4)
h
h3
(2.1.6)

D= —u9-.
ATk©2?R2c

Here O is the moment of inertia of the molecule and B and D are rotational constants.

The vibrational interaction is modeled through the Morse potential. It can be approxi-
mated as a harmonic potential to first order. So, the first term of the vibrational energy is
analogous to the energy of the quantum mechanical harmonic oscillator. The vibrational
energy up to second order is given by [17]

1 1\?2
Evib = hwe (V + 2) - hweXe (V + 2) . (217)
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Table 2.1: The molecular constants for calcium monofluoride for the electronic, vibrational
and rotational energy terms up to second order for the ground, the first and
second excited state [27].

Parameter xX*yt AT g B*et

Ter (1/cm) 0 16525.613 | 18841.309

we (1/cm) 588.644 594.513 572.405
weXe (1/cm) | 2.91194 3.031 3.143

B(1/cm) | 0.34370924 | 0.348781 | 0.342604
D(1/em) |4.688-1077 | 4.808-10~7 | 4.829 - 107
A(1/cm) ] 71.429 -

In this equation w, is the harmonic approximation of the frequency of the potential, wexe
the anharmonicity constant and v the vibrational quantum number (v = 0,1,2,...).

Equations (2.1.4) and (2.1.7) approximate the rotational and vibrational energy terms.
Higher orders of these energy terms can be calculated by solving the time-independent
Schrodinger equation of the molecule [17,30].

The electronic Hamiltonian, the rotational Hamiltonian, the vibrational Hamiltonian and
the spin-orbit interaction are the largest contributors to the effective Hamiltonian. The
hyperfine structure Hamiltonian only gives a small contribution to the total energy of each
state, but it is crucial for a magneto-optical trap, as described in subsection 2.2.1. Other
contributions are for example A-doubling and the centrifugal distortion term [31,32], and
are neglected here. This leads to the total energy approximately being

Etot ~ Eel + Evib + Erot + Eso + EHFS- (218)

With the first four energy terms, and neglecting Fyps, the transition frequencies can be
calculated to an accuracy over 99.9%. The electronic energy levels are given by E. = he- Ty
with T, being the electronic constant of a state. Furthermore the spin-orbit energy is
approximately gy, ~ AAY. Here A is the fine-structure coupling constant and A and X
projections of the electric orbital momenta and spin angular momenta projected onto the
internuclear axis [31]. Finally, Enps is the hyperfine structure.

Table 2.1 lists the molecular constants of CaF. Inserting these into the effective Hamilto-
nian results in the molecular energy structure which is shown in Figure 2.3.

Transitions between states have to obey certain selection rules, which are listed in
Table 2.2. An important consequence of these is that it is possible to identify closed optical
cycles. In laser cooling of CaF the X22+(N = 1) state is used as the ground state, because
due to the selection rules, the X*Y* (v = 0) — B*ST (v = 0) transition is rotationally
closed [10].
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Figure 2.3: Energy level scheme of CaF. Depicted are the ground state and the first
and second excited states as well as relevant vibrational level. The transition
frequencies and the Frank-Condon factors are also shown. Figure taken from [29].

Table 2.2: Selection rules governing electric dipole transitions [29].

Parity AP =+1
Vibration no rule

Rotation | AN =0,+1, N =04 N' =0, Amp =0,=+1

The Frank-Condon factors are the transition probabilities of the spontaneous decays
between two vibrational states of the molecule. The Franck-Condon factor of a decay is
calculated via the overlap of the wave functions of the two energy states. CaF has good
Franck-Condon factors, that lead to the molecule highly likely decaying into the same
states, as shown in Figure 2.3. Hence, only a few additional lasers are needed in order to
reintroduce the molecules back into the cooling cycle. The transition wavelengths and their
function in the cooling process are listed in Table 2.3.

In the following, abbreviations for the transitions are used. The ground state X>X" as
well as the electronically excited states A*II; 2 and B?2" are shortened to X, A and B
respectively. The vibrational quantum number of the state is added in brackets. Thus the
transitions are X(0)-B(0), X(0)-A(0), X(1)-A(0), X(2)-A(1) and X(3)-A(2).

Moreover, the energy levels depicted in Figure 2.3 have a substructure due to hyperfine
splitting. Figure 2.4 shows the hyperfine structure of the X, A and B states. Note that the
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Table 2.3: Transitions, approximated wavelengths and required powers [29, 33].

Laser beam Transition Wavelength A (nm) | Power P (W)
Slowing laser X*2H (v =0) — B*ST(v = 0) 531.0 1 [34]
Cooler X*SH (v = 0) — A%l jo(v = 0) 606.3 1
First repumper | X°SF (v = 1) — A%l jo(v = 0) 628.6 1
Second repumper | X*SF (v = 2) — A%l (v = 1) 628.1 0.1
Third repumper | X*S* (v = 3) — A%l jp(v = 2) 627.7 0.01

X and B state have a well resolved hyperfine splitting, while the A state does not. Only
one vibrational state of each electronic state is shown, because the hyperfine structures
of the other vibrational states are very similar within the electronic state. Eventually all
hyperfine structure states have to be addressed so that no decay channels to hyperfine dark
states exist.

F
Do+
B T 20 Mz k
(v=0,N=0) T 0
: 70 THz
Gl
ATl ¥ 0.1

(¥v=0J=1/2p=+) 4

494 THz
i ©5

24 MHz (0.795) |+

g e Z /
XY 48 MHz ©)
(v=0.N=1) 0
74 MHz
(-0.295) =

Figure 2.4: Hyperfine structure of the ground, first and second excited states. Figure taken
from [29].
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2.1.3 Laser cooling of calcium monofluoride

The X(0)-A(0) and the X(0)-B(0) transitions are almost closed transitions due to their
highly diagonal Franck-Condon factors. Therefore they are good transitions for laser cooling
of CaF.

The X(0)-B(0) transition is used as the molecular beam slower, due to its highly diagonal
Franck-Condon factors. Therefore many scattering processes can occur before the molecule
decays into a state which is not addressed by a laser. To slow a molecule from approximately
200m/s to a velocity of around 10m/s, the molecule has to scatter approximately 10%
photons.

The X(0)-A(0) transition is used as the main cooling transition in the magneto-optical
trap. The trapping force is largest by using this particular transition [35].

The repumper lasers with the transitions X(1)-A(0), X(2)-A(1) and X(3)-A(2) reintroduce
molecules from higher vibrational states back into the cooling cycle. In this case, the
effective scattering rate ['og scales with ['eg o ﬁ, where N, is the number of excited
states and NN, the number of ground states [32].

The CaF molecules can also decay into dark states. These states can not be reintroduced
into the cooling cycle, even if the correct transition frequency is present. Dark states can
appear due to a static polarization of light or because of the transitions to the excited
states are forbidden due to conservation of angular momentum. For example, assume a
molecule in a ground state with /' = 1 and an excited state with F' = 0 situated in a
m-polarized light field. The linear polarized light field addresses transitions with Amg = 0.
So, the mp = 0 level in the ground state is a bright state to this light field because it can be
addressed by it. In contrast, the mp = %1 levels are dark states to this light field [10,32].
Solutions to prevent the formation of dark states generally either switch the polarization of
the light between orthogonal states or choose the polarization of the light that the dark
state of this light field is a superposition of states. If a small magnetic field is applied, the
dark state will destabilize and therefore evolve into a bright state [10]. In this experiment,
we plan to address different levels of the hyperfine structure with different polarizations to
prevent the formation of dark states for the X-A transitions [36].

2.2 Molecular traps

2.2.1 Magneto-optical trapping of calcium monofluoride

In the standard Doppler cooling described above, the molecules interact with a velocity
dependent force. While this can cool the molecules, it will not trap them. The molecules
can still diffuse out of the cooling region. An additional position-dependent force is created
by adding a magnetic field gradient. Traps operating with such a scheme are called magneto-
optical traps (MOT). Figure 2.5 shows a scheme of a MOT, depicting the magnetic field
with the yellow and green arrows and the light beams together with their polarization.

10
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Figure 2.5: (a) General principle of a magneto-optical trap. The yellow and green arrows
indicate the direction and the strength of the magnetic field. The propagation
directions of the light beams are the red arrows. The purple arrows depict the
photon-spin and thus their polarization. (b) Energy level diagram for a ground
state with F' = 1 and no Zeeman shift and an excited state with F’ = 2 and
a significant Zeeman shift. The energy splitting of the excited state increases
linearly with the distance from the trap center. Figures taken from [10].

For simplicity, we consider a MOT in 1D along the z-axis. Along this axis there is a
linear magnetic field gradient. Molecules away from the center of the trap thus experience
a larger Zeeman shift. Counter propagating laser beams are red-detuned and have different
circular polarizations. Therefore the o-beam will increase mg by one, the o~ -beam will
decrease mp by one. States with different angular quantum number mg have different
energy levels due to the Zeeman splitting, as pictured in Figure 2.5b. This leads to one
beam being closer to their transition resonance than the other, causing more photons to be
scattered from one beam than the other. This leads to a net radiation pressure towards
the center.

MOTs can be split into two types, type I and type II MOTs. A type I MOT addresses
F — F' + 1 transitions. This makes these transitions easy to control, since only one laser
is needed. Most atomic MOTs are of type I. Type II MOTs drive F' — F or F' — F — 1
transitions. The excited state can decay into other states than the initial state. Thus more
transitions need to be addressed to control the MOT [37]. For CaF a type II MOT is
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Figure 2.6: Scheme of a dual frequency MOT and the transitions which the detuned beams
address in the energy level scheme. (a) Two beams through the magnetic field
gradient in each direction with opposite polarization. (b) The detuned lasers
address the split levels and prevent the formation of dark states. Figures taken
from [10].

required, because there are four hyperfine structure states with F' = 2,1,0,1 in the ground
state and two hyperfine states with F” = 1,0 in the first excited state [36].

Two common ways make a MOT with CaF. The first is the radio-frequency MOT, where
polarization switching takes care of the dark states. Second, the dual frequency MOT,
where a second blue-detuned beam is added to excite molecules from their previous dark
states. The experiment which we are constructing will use a dual frequency MOT. In a
dual frequency MOT there are two beams in each direction. One laser beam is red-detuned
and the other blue-detuned. The two beams have opposite circular polarization. This
setup prevents the formation of dark states, because the beams address the transitions
with the largest and smallest mp due to their detuning. Thus, all states can be addressed.
Figure 2.6 shows a scheme of a dual frequency MOT.

Since blue-detuned Doppler forces cause heating, the blue-detuned beam is detuned
further than the red-detuned beam. This ensures that cooling forces dominate, because
then photons from the red-detuned beam are more likely to be scattered. Hence, trapping
and cooling can be achieved with the dual frequency MOT.

The Doppler temperature that can be achieved in a MOT is not cold enough to reach
the phase transition to a Bose-Einstein condensate. Therefore, this experiment will use sub-
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2.2 Molecular traps

Doppler cooling mechanisms. One of these is evaporative cooling, where the hottest particles
in an ensemble are removed, so that the ensemble thermalizes at a lower temperature.

2.2.2 Optical dipole traps

Optical dipole traps can perform evaporative cooling. This method can lead to arbitrarily
low temperatures, albeit at a significant particle number loss. In evaporative cooling
the trapping potential is lowered, such that the most energetic molecules leave the trap.
Thus, the average energy per remaining molecule is reduced, and after rethermalization
via collisions the temperature of the ensemble is lower than before. This process can be
repeated many times until a desired temperature is reached.

In the oscillator model, the interaction of the particle with light is modeled by an
oscillator [11]. The dipole force arises due to the interaction of the induced dipole moment
with the intensity gradient. Let us consider an electric field E which induces a dipole
moment p in the particle. For an oscillating electric field with the frequency w and é the
unit polarization vector we have

E(r,t)=¢&-E(r)-e™" and (2.2.1)
p(r,t) =& p(r)-e ™" with (2.2.2)
p=ak, (2.2.3)

with a being the complex polarizability of the atom or molecule. The interaction potential
Usip(r) of the induced dipole moment with the electric field is given by

Usip(r) = —;(pE) - —ZjocRe(a)](r). (2.2.4)

Here I(r) is the intensity of the light field, ¢y the vacuum permittivity and ¢ the speed of
light. The gradient of the interaction potential is the dipole force. It is given by

Fup(r) = — V() = ;Re(a)VI(r). (2.2.5)

€pC

For practical interest the dipole potential Uy, and the scattering rate I's. are well
approximated by

372 T
Unp(r) = o 5 10) (2.2.6)
and
ra() = 272 (D) (2.2.7)
= o \a) T 2
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Figure 2.7: Intensity profile of a Gaussian beam. The intensity maximum is located in
the center of the beam. In accordance with equation (2.2.6), particles will be
attracted towards or repelled from the center of the beam depending on the
sign of the detuning A.

Here wy is the transition frequency of the of the particle, I' the linewidth of the excited
state and A the detuning of the laser light. The scattering rate describes the number of
absorption and spontaneous reemisson processes of the oscillator.

The dipole trap laser beam can be modeled as a Gaussian beam. Figure 2.7 shows an
intensity profile of such a beam. The global maximum of the intensity is positioned at the
waist of the beam, which is also the trap center. The dipole force is the gradient of the
intensity, and thus points into or away from the direction of the steepest increase.

The interaction potential is inversely proportional to the detuning A of the beam.
Therefore, a red detuned beam with A < 0 leads to an attractive force towards the trap’s
center. A blue detuned beam with A > 0 leads to an repulsive force. It is favorable to have
a large trap depth and low scattering rates. The dipole potential scales with Ug;,(r) o é,
while the scattering rate scales with I'y. o é. This is the reason why high intensities and
large detunings are used.

Optical dipole traps can be traps of many different shapes, including cigar-shaped traps,
crossed dipole traps or blue-detuned light sheets. The latter are used to create steep
potential walls [11]. Furthermore, since the trap depth is proportional to the intensity of
the light field, dipole traps can be made very deep by employing high-power lasers. A
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strong confinement is helpful because it leads to a higher density and thus a higher collision
rate, which in turn increases the efficiency of the evaporative cooling process.

2.3 Optics & lasers

2.3.1 Gaussian beam optics

A laser beam is well approximated by the Gaussian beam. The theoretical description
outlined here is based on B. Saleh and M. Teich’s book "Fundamentals of Photonics" [38].
The Gaussian beam is a solution to the paraxial Helmholtz equation. It is given by

0A
V2 A(r) — 20248 g, (2.3.1)
0z
where A(r) is the complex envelope of the complex amplitude, k = 27” is the wavenumber

and V2 = 8722 + g—; is the transverse part of the Laplacian operator. The complex envelope

of the Gaussian beam is given by

= ﬁ exp | —¢ P wi
A(r) = e p ( k2q(z)> th (2.3.2)
q(2) = z + iz, (2.3.3)

where A; is the amplitude, p* = 2% + y? is the squared radial coordinate and z; is the
Rayleigh range. Inserting this equation into U(r) = A(r) exp(—ikz) leads to the complex
amplitude of the Gaussian beam. It is given by

Wo p2 . . ,02 .
U(r) = AO@ exp <_w2(z)> exp (—zkz - ZkQR(z) + zf(z)) . (2.3.4)

The beam width is w(z), the wavefront radius curvature is R(z) , the Gouy phase is £(2)
and Ay = ;17;' These are given by

w(2) = wp [1 + (Zﬂ By (2.3.5)

R(z) = = [1 + <zzoﬂ , (2.3.6)
£(z) = arctan (;) and (2.3.7)
wo = <AWZ°>§ (2.3.8)
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Figure 2.8: Profile of a Gaussian beam. The beam waist is at z = 0. The beam intensity
follows a Gaussian curve. Figure taken and modified from [39].

The profile of a Gaussian beam is depicted in Figure 2.8. Due to the rotational symmetry
around the propagation axis, a 2D plot is sufficient.
The intensity profile of the Gaussian beam is given by

I(r) = |E(x)]? = 10< o ) . exp <_w2p2 ) (2.3.9)

and depicted in Figure 2.7.

Propagation through a thin lens If a Gaussian beam propagates through a thin lens the
radius of curvature changes. It holds

R (2.3.10)
R R F 3.

This condition can also be expressed through the old and new beam waist. This is given by

Wo
()

Here, f is the focal length of the lens. The propagation is shown in Figure 2.9.

(2.3.11)

I
wo—

2.3.2 Diode lasers

Principle The principle of a laser is stimulated emission of photons in an active medium.
A resonator amplifies the light emitted by the active medium and provides feedback. An
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Figure 2.9: Propagation of the Gaussian beam through a thin lens. The beam waist wy,
and the position of the beam waist 2z’ change. Figure taken from [40).

external energy source excites the active medium, so that population inversion is achieved.
The active medium can not be a two level system, because the Einstein coefficients for
excitation and disexcitation would be the same. It has to be a three or higher level system,
so that population inversion can be achieved. Spontaneous decay in the active medium
emits a photon and this will induce stimulated emission of further photons. This is a chain
reaction and triggers a photon avalanche. The laser resonator selects a specific mode and
amplifies a specific wavelength.

Working principle The active medium in a diode laser is a two-layer doped semiconductor.
One layer is a n-type, the other p-type. The ground state of the electron in its level system
is in the valence band, the excited state in the conduction band. Population inversion is
achieved by electrical pumping. By applying a current in the forward direction of the diode
electron recombination in the pn-junction is achieved and a photon with the energy of the
energy gap is emitted. This process is depicted in Figure 2.10a.

The active medium has a highly reflective back and a partially reflective front. This
forms a resonator which amplifies the light, by reflecting photons back into the active
medium which causes stimulated emission. Figure 2.10b shows a scheme of a laser diode.

Littrow configuration The Littrow configuration is a construction type of a diode laser
with an external cavity. The main function of the external cavity is selecting a laser mode.
One of the mirrors is a blaze grating, where its profile is shown in Figure 2.11.
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Figure 2.10: (a) Three-level energy scheme that leads to population inversion. The pump
transition is driven by an electric current. A photon is emitted when decaying
from level 2 to level 1. (b) Simple laser diode scheme. Electron recombination
takes place in the junction.

Figure 2.11: Profile of a blaze grating. This profile is a ruled grating, with d being the line
grating. Figure taken from [41].

The Littrow configuration is indicated by equal incidence angle a; and emergent angle
. It holds

Q= Oy = Q. (2.3.12)
In the Littrow configuration the condition for constructive interference is given by

2d - sin(ag) =n- A\ (2.3.13)
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2.3 Optics & lasers

Here d is the line spacing, A the wavelength and n an integer [42]. The optical power in this
configuration is minimized for the zeroth reflection order and maximized for the first. The
first reflection order overlaps exactly with the incoming beam and thus provides feedback.
The reflected light beam under the emergent angle is outcoupled. Best efficiencies are
achieved if the blaze angle v is equal to the Littrow angle a.

In our diode lasers we use ruled gratings. The surface of such a grating, shown schemati-
cally in Figure 2.11, has a serrodyne shape. Holographic gratings, as used in the second
repumper, have a wave-like profile. An advantage of the Littrow configuration is that the
wavelength can be modified by changing the grating angle.

Properties Diode lasers have a small linewidth in the MHz range. This is well-suited for
addressing cooling transitions, which typically have similar linewidths. Moreover, diode
lasers can emit up to a few 100 mW of power. The diode lasers used in this thesis emit up
to 130 mW (A = 1212nm) and 110 mW (A = 1256 nm).

Laser diodes are available for the wavelengths in the ranges between 375 nm and 515 nm,
as well as from 630 nm to 2000 nm. Unfortunately the X(0)-A(0), X(1)-A(0) and X(0)-B(0)
at 606.3nm, 628.6 nm and 531.0 nm respectively fall within the range where no laser diodes
are available. However, laser radiation at these wavelengths can be achieved by using
second-harmonic generation (SHG), which is a nonlinear process in which two photons form
a new photon with twice the frequency. With this, it is possible to first use a diode laser at
twice the targeted wavelength where sufficient power is readily available. The two diode
lasers used in this thesis are diode lasers with wavelengths 1212.6 nm and 1257.2 nm, which
then are frequency doubled to generate the desired wavelengths at 606.3 nm and 628.6 nm.

2.3.3 Second harmonic generation

The theory presented in this section is based on W. Demtroder’s book "Experimentalphysik
2: Elektrizitat und Optik" (2012) [43]. In nonlinear optics the polarization density P of a
medium is given by

P(t) = e - (X\VE(t) + XPE(t) + x\PE3(t) + ...), (2.3.14)

where x(™ is the susceptibility of n-th order. The response of the medium of an external
electric field E(t) is given by P(¢). If a monochromatic wave of the form

E = E, - cos(wt — kz) (2.3.15)

with the frequency w, the time ¢, the wavenumber k and the propagation distance z
propagates through the medium, higher harmonics will appear due to the higher order
contributions of E.
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Inserting equation (2.3.15) into equation (2.3.14) as well as assuming that terms higher
than quadratic are negligible, that z = 0 and that Eq = (Ey,,0,0) leads to

P, = ¢y - (x'V Eo, cos(wt) + xP E2, cos?(wt)) (2.3.16)

1
= ¢ - (XY Ey, cos(wt) + §X<2>E§z(1 + cos(2wt))) . (2.3.17)

The last term in equation (2.3.17) oscillates with twice the frequency of the input field,
thus second-harmonic generation (SHG) is achieved. Two waves, one with the frequency
w and one with 2w, are emitted at every point in space in the medium. For constructive
interference of microscopic waves of the dipoles at every point in space to macroscopic
waves they have to be in phase at every point. Therefore, the phase velocities of incoming
and frequency doubled wave have to be equal.

Birefringence of an anisotropic material is useful for phase matching. In such materials,
a certain propagation direction of the beam with a specific angle ©, to the optical axis
leads to the same refractive index n for the two waves with the frequencies w and 2w.
As n,(2w) = ne(w), the phase velocities are equal: v (2w) = vpn(w). However, there is
also a downside of this phase matching method. The phase matching condition is only
satisfied if the incoming wave with a specific direction and angle to the optical axis fit to
the wavelength. Optimization to a certain wavelength must be done through rotation of
the crystal axis. Furthermore the efficiency of the SHG is dependent on the polarization of
the incoming wave. Another method is quasi phase matching. Here a ferroelectric crystal
consisting of many layers with periodically alternating spacial polarity is used. The layers
have a refractive index of £An = n(2w) — n(w). The phase difference created in the first
layer will be compensated by the second layer and so on. Overall the output power of the
frequency doubled wave will not be as high as using proper phase matching after the same
crystal length but quasi phase matching can be used for a wide range of wavelengths [43].
The performance of the two methods is pictured in Figure 2.12. They are also compared to
a crystal with slight mismatch. [, is the critical phase matching length. After this length
the phase difference between initial and frequency-doubled wave is 7.

2.3.4 Raman fiber amplifier

Our experiment needs powers in the range of 1 — 2 W. Since the process of SHG requires
high input powers, we use amplifiers to increase the power of the diode lasers.

To reach the high laser powers required for this experiment we use Raman fiber amplifiers.
These amplifiers are based on Raman gain, which is a result of stimulated Raman scattering.
In Raman scattering, photons scatter inelasticly by matter, which can change the energy
of the photon during the scattering process. The magnitude of the gain depends on the
frequency difference (Av) between the pump and signal wave. The signal wave is Stokes-
shifted via Raman scattering, meaning that the photons lose energy through the scattering
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Figure 2.12: Output power of the frequency-doubled wave P(2w) for different methods. (a)
crystal with a slight mismatch. (b) quasi phase matching with same slight
mismatch. (c) crystal with ideal phase matching. Figure taken from [43].

process. The interaction of these is given by the coupled differential equations

I
?}; = gr(Av)I,I; and (2.3.18)
oI, v
8—; = —?pgR(AV)Ip]S, (2.3.19)

where I and v are the intensity and frequency of either the pump (p) or signal (s) wave, z
the distance along the z-axis and gr(Av) the Raman gain coefficient. So, if the Raman
gain is larger than propagation losses, then the signal is amplified [44].

Typically Raman-scattering and thus Raman amplifying is done with Yb-doped fibers.
The light of the diode lasers is inputted into these fibers, which are pumped by a current.
The output of these is amplified input light.

2.3.5 Fabry-Perot interferometers

Fabry-Perot interferometers act as frequency filters and thus are an essential part for
frequency locking. The goal of frequency locking is frequency stabilization of our diode
lasers, because a free-running diode laser will experience a frequency drift due to fluctuations
of external factors (for example temperature and pressure of the environment). In this
experiment, the slave lasers will be locked to a master laser via their relative position on
the cavity, which corresponds to their frequency. Cavity fluctuations affect all lasers equally,
therefore only the frequency drifts of the diode lasers will be visible on the cavity. In
sum, the stability of the master laser is transferred to the slave laser(s) via the cavity [45].
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Figure 2.13: Intensity of the light beam in the resonator as a function of the frequency of
the light in a Fabry-Perot interferometer. The free spectral range dv and the
full width at half maximum Av are sketched. Figure taken from [43].

Einius Pultinevicius! is currently working on a scanning transfer cavity lock, which will be
implemented in this experimental setup.

Theory Fabry-Perot interferometers consist of two mirrors forming a resonator. The
mirrors are highly reflective on one side and highly transparent on the other. The stability

condition
L L
0<(l——)(1—— <1 2.3.20
- ( R1> ( Rg) - ( )

where L is the distance between the two mirrors and Ry and Ro their curvatures [38] has
to be satisfied by the mirrors in order to from a resonator.

The theoretical description of Fabry-Perot interferometers in this section is based on
W. Demtroder’s book "Experimentalphysik 2: Elektrizitdt und Optik" [43]. Figure 2.13
shows the intensity of the light beam transmitted through the resonator as a function of
the frequency of the light beam.

The condition for constructive interference is given by

72nd
=

Am (2.3.21)

!Current Master student at University of Stuttgart
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Here ), is the wavelength of the incident light, n the refractive index of the medium inside
the interferometer, d the distance between the two mirrors and m an integer. The free
spectral range expresses the period of the transmission curve for a specific wavelength A or
frequency v. It is given by

A
A=Ay — A = —— 2.3.22
=t (2.3.22)
C
Sy — . 2.3.2
V= "Vm+1 — Vn ond ( 3 3)

If the reflectivity of both mirrors are equal (R; = Ry = R), the full width at half maximum
is given by

_ ¢ 1-R

The free spectral range and the full width at half maximum are also depicted in Figure 2.13.
The finesse F' is a measure for the number of cycles before the light is transmitted out of
the interferometer. It is defined as the ratio of free spectral range and full width at half
maximum.

Av (2.3.24)

v VR

=X, "1-R

(2.3.25)

The higher the finesse, the narrower the individual peaks will be. The transmitted intensity

is given by
2 -1
In(v) = I [1 + (f) sin (g’;)] . (2.3.26)

A scan over different resonance frequencies is performed by tuning the resonator length.
Therefore a piezo is used because the length of the cavity can be tuned and its length
increase is proportional to the applied voltage.

Mode matching The Gaussian beam in the resonator has to be mode matched so that
the curvature of the beam matches the curvature of the mirrors Ry /3, so

Ri=z+ 2 and (2.3.27)
21
22

Ro=20+ 2 with 2z =2 +1L, (2.3.28)
)

where L is the length of the cavity. In the case of a plano-concave cavity one mirror is a
2
plane mirror and the other concave [46]. Hence Ry = oo at z; = 0 and Ry is Ro(L) = L+
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at zo = L. The curvature has to be modified by a lens in order to fulfill the condition. This
leads to a condition for the waist w’ after the lens being

A
w' =12y LR,y — L2, (2.3.29)

The focal length of the lens as well as its position can be derived by the equations in
subsection 2.3.1. The lens will be positioned one focal length away from the resonator, so
that the position of w’ is at the position of the first mirror.
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In the first two sections of this chapter two lasers for the magneto-optical trap setup are
characterized. Both lasers consist of a seed laser as well as a frequency-doubling stage. In
section 3.1 the cooler is characterized.

Molecules that decay into other states are repumped back into the main cooling transition
by repumping lasers. In section 3.2 the first repumper is characterized. This laser will
compensate the most common decay into the first vibrationally excited state. Its setup is
analogous to the cooler.

The setup of the second repumper is described in section 3.3. This laser is used to
repump molecules from the second vibrationally excited state, so that the molecules can
scatter approximately 4 - 10* photons before decaying out of the cycle.

Frequency locking of the cooler and first repumper is shown in section 3.4.

Finally, the dipole trap laser is characterized in section 3.5. Its power stability is measured
and a setup for stabilization of short term power fluctuations is proposed. Furthermore, the
radial and axial trap frequencies for a single beam dipole trap trapping calcium monofluoride
are calculated.

3.1 Cooler

3.1.1 Setup of the cooler

Our experiment requires laser powers up to 2W at a wavelength of 606.3 nm. This power
is used for the cooler and for the transversal cooling of the molecular beam coming from
the buffer gas cell. This beam is created by amplifying and frequency-doubling the light of
a commercial diode laser!, which serves as a seed laser, at 1212 nm with a visible Raman
fiber amplifier (VRFA)?2.

The seed laser is constructed in Littrow configuration and the beam is directly fiber
coupled via a fiber dock. The wavelength can be manually adjusted by adjusting the
grating angle. This is done by turning the screw at the side of the housing, as pictured in
Figure 3.1. The fine tuning of the grating angle is done by a built in piezo-electric element.

YTOPTICA Photonics DL pro
2MPB Communications VRFA-P-2000-606-SF
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Figure 3.1: Schematic drawing of the diode laser with additional components. The com-
ponents are: (1) Bias-T PCB (2) Beam shaping (3) Optical isolator (4) Fiber
dock (5) Screw for rough adjustment of grating. Figure taken from [47].

The only other screws accessible are from the fiber dock. Inside are five screws for adjusting
the x and y alignment of the whole fiber dock and the z, y and 2z alignment of the lens.
Moreover, a port for adjusting the diode current is built in into the diode laser. This is
used for frequency locking (see section 3.4).

The diode laser controller® controls the diode current and the temperature of the laser
diode. Furthermore it controls also the voltage of the piezo-electric element for fine tuning
of the grating angle.

Figure 3.2 shows a scheme of the setup of the VRFA. Its three components are an
ytterbium fiber laser functioning as a pump laser, a visible Raman amplifier and the second
harmonic generation (SHG) outcoupler. The VRFA is connected to the SHG outcoupler
via the RFA output fiber. The ytterbium fiber laser component is also connected to a
computer via USB. On the computer the graphical user interface is used for controlling
and monitoring the SHG crystals temperature and the amplifier current. Moreover, the
GUI displays the input and output powers of the amplifier and the SBS signal, which is
a backwards propagating signal caused by stimulated Brillouin scattering [48]. First the
beam coming from the seed laser is amplified by the Raman fiber amplifier. Second, in the
SHG outcoupler the signal is frequency-doubled and then emitted. Not all light emitted
will have a doubled frequency. Some light will remain with the initial frequency, as pointed
out in equation (2.3.17). This light is filtered out and dumped in the outcoupler. Hence

3TOPTICA Photonics DLC pro
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Figure 3.2: Scheme of the VRFA setup. The ytterbium fiber laser serves as a pump laser.
This light will interact with the input signal from the seed laser in the visible
Raman fiber amplifier. This leads to amplification of the input signal. In the
SHG outcoupler the signal is frequency-doubled. The output is laser light with
606 nm in the case of the cooler and 628 nm in the case of the first repumper.
Figure taken from [48].

the outputted light is only the frequency-doubled light.

The seed laser is connected to the amplifier via a fiber*. Since the incoupler of the
amplifier is a simple fiber mount, fibers with the correct mode field diameter have to be
used to connect the seed laser to the amplifier. The correct mode field diameter is in the
range of 6 um. The VRFA laser is operated via the GUI.

3.1.2 Seed laser characterization

The seed laser operates in the wavelength range between 1150.0nm and 1249.4nm [49].
Before any characterization measurements were performed the laser was tuned to 1212.6 nm
(247.23 THz) manually by adjusting the grating. It is important that the seed laser emits

4 Thorlabs P3-980A-FC-2
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Figure 3.3: Measured output power of the 1212 nm seed laser of the cooler as a function of

its diode current. The lasing threshold is at 49.8 mA and the slope efficiency is
0.234 mW /mA.

twice the frequency of the X(0)-A(0) transition. Furthermore the fiber coupling was
optimized, so that maximum power would propagate through the fiber. The maximum
power output, according to the data sheet of the laser, is Pyax data sheet = 135.4mW at
the maximum current Iyaxdata sheet = 997 mA. Figure 3.3 shows the measured power
P,.cq emitted by the seed laser® as a function of its diode current I.q at constant diode
temperature Ty..q = 20°C. The data points before the threshold current Iy, are ignored for
the fit. The fit function Pieed(lseea) is given by

Pseed(jseed) =m- (]seed - Ith) . (311)

The threshold is I, = 49.8 mA and the slope efficiency is m = 0.234 mW/mA. As soon
as Ilgeq > It the power rises almost linearly with rising current. The maximum power
reached in this measurement is Py, = 68.0mW at [, = 350 mA.

The data sheet lists the lasing threshold at i, data sheet = 91.0mA, the slope efficiency
at Maata sheet = 0.391 MW /mA and the maximum power P.x data sheet = 135.4mW at the
maximum diode current Iiax data sheet = 397 mA [49]. The observed lasing threshold is
very close to the data sheet. However, the slope efficiency as well as the maximum power
are both lower by a factor of approximately 0.6. The main reason for this is that the

5The power was measured with an Thorlabs PM100A with the power meter head being a Thorlabs S314C.
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Figure 3.4: Measured wavelength A as a function of diode current I q of the seed laser
of the cooler. The wavelength of a mode rises linearly with the diode current.
The average wavelength that can be tuned over before a mode jump occurs is
AX; = 0.124nm. The average gain of the modes is 0.002 45 nm/mA.

measurement from the data sheet is in front of the optical isolator and fiber coupling [49],
while the measurement here was performed behind these components. Nonetheless, the
maximum emitted output power by the seed laser is fully sufficient for the amplifying and
frequency-doubling stage since its maximum input power is limited to 50 mW.

The diode laser’s wavelength depends mostly on the applied diode current and the
temperature of the laser diode, once its grating angle is fixed. Figure 3.4 shows the
wavelength as a function of the current at a constant temperature Tyeoq = 20.0°C. In this
plot six different modes are visible. The average gain of the modes is given by my; =
0.00245nm/mA, while the average spacing between two modes is given by AX\; = 0.124nm
(Afr = 25.28 GHz). The large spacing between mode jumps is favorable, because the laser
will stay on a mode during fine tuning.

Figure 3.5 shows the wavelength as a function of the diode temperature at constant diode
current lgeq = 200mA. An increase in the diode temperature causes the output wavelength
to change, because the resonance wavelength of the diode resonator changes. This can lead
to mode jumps. Here, eight different modes with equal or more than three data points are
visible. The average gain of the modes is given by myr = 0.074nm/°C, while the average
spacing between two modes is given by Al = 0.105nm (A fr = 21.40 GHz).
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Figure 3.5: Measured wavelength A as a function of diode temperature Tyeeq of the seed
laser of the cooler. The wavelength of a mode rises linearly with the diode
temperature. The average wavelength that can be tuned over before a mode
jump occurs is AAp = 0.105nm. The average gain of the modes is 0.074nm/°C.

3.1.3 Characterization of the amplifying and frequency-doubling stage

All components of the amplifying and frequency-doubling (VRFA) stage are shown in
Figure 3.2. Their properties are characterized in this subsection.

The efficiency of phase-matching directly impacts the output power of the VRFA. The
output power as a function of the crystal temperature® is shown in Figure 3.6.

The highest output power is achieved at 15 = 65.5°C. This measurement was performed
at an input power of Ps.oq = 15W. However, the characteristics of the P(7T')-graph are
independent of the seed power. The performance of the frequency-doubling stage at a seed
power of Pyeq = 36 mW at the optimal temperature 7, is shown in Figure 3.7.

The VRFA stage starts emitting light at a pump current of I;;, = 2700 mA. The power
then increases exponentially before becoming linear. The maximum power according to
the data sheet is Phax data sheet = 2.5 W at an input current of I = 4.85 A [50]. The highest
measured powers here are Pyaxpv = 1128 mW and Pax vrra = 1432mW at I = 4700 mA.
The VRFA system measures the output power internally and displays it on the GUI. The
actual power detected externally is measured with the power meter. This explains their

6The temperature is measured with the VRFA system.
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Figure 3.6: Measured output power P of the frequency-doubling stage of the cooler as a
function of the temperature 7' of the built in SHG crystal. The maximum is at

Topt = 65.5°C. The output powers are measured with a power meter and with
the VRFA system.

discrepancy, since the beam has to propagate through some optical components before
being outcoupled. Possible factors that influence the power in general are a bad mode
of the seed laser or inefficient fiber coupling. The maximum power can be increased by
increasing the seed power. Intuitively, if more photons with the same frequency are coupled
into the amplifier more Raman scattering processes will take place which leads to a higher
output power. Figure 3.8 shows the performance at a seed power of P,eq = 50mW. At
this input power the maximum powers are Ppaxpy = 1590 mW and Ppax vrra = 1770 mW
at I = 4800mA. The form of the curve of this measurement remains the same as before
with less seed power.

Figure 3.9 shows the output power P as a function of the seed power Pyeeq at Tope = 65.5°C
and constant pump current / = 3500 mA. In Figure 3.9, there are power intervals in which
the output power seems to plateau. The first plateau is in the range between 8 mW
and 18 mW, the second plateau in the range between 22 mW and 32mW and the third
plateau in the range between 38 mW and 46 mW. The transitions between the plateaus are
characterized by dips in output power. The dips are due to bad modes of the seed laser, in
which multiple frequencies are emitted at the same time. Any given frequency component
must exceed a certain threshold power to be amplified by the VRFA. Thus, when the seed
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Figure 3.7: Measured performance of the VRFA of the cooler at the constant seed power of

Pioea = 36 mW. The output powers are measured with a power meter and with
the VRFA system.

laser is at a bad mode, parts of the seed power will not be amplified and are lost. Therefore
the emitted power decreases when the seed laser changes to a bad mode. Since the seed
power is increased by increasing the current of the seed laser, different modes naturally
occur as shown in Figure 3.47.

The beam profile of the SHG outcoupler of the cooler is shown in Figure 3.10. The beam

waist of the cooler is wy = 468 um and is 27 cm away from the outcoupler.

"Only the wavelength of the mode with most power is shown. Other wavelengths can be emitted too at

bad modes.
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Figure 3.10: Measured beam profile of the cooler. The waist wy = 468 pm is 27 cm behind
the outcoupler. The fit function is based on equation (2.3.5).

3.2 First repumper

3.2.1 Setup of the first repumper

The setup of the first repumper is analogous to the setup of the cooler. The seed laser is a
diode laser® with the wavelength A = 1257.2nm. It is fiber coupled into its amplifying and
frequency-doubling stage (VRFA). The output light has the wavelength A = 628.6 nm and
we aim for powers up to 2 W.

3.2.2 Seed laser characterization

The seed laser can be tuned to a wavelength in the range between 1227.56 nm and 1285.64 nm
[51]. Before any characterization measurements were done this laser was tuned to 1256 nm
(238.69 THz) by adjusting the grating. The characterization measurements and their
evaluation process of this seed laser are the same as for the seed laser of the cooler described
in subsection 3.1.2.

The performance of the seed laser of the first repumper at constant diode temperature
Tieea = 20°C is shown in Figure 3.11. The lasing threshold is I, = 53.4mA and the slope

8TOPTICA Photonics DL pro
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Figure 3.11: Measured output power of the 1256 nm diode laser of the first repumper as
a function of the diode current. The lasing threshold is at 53.4 mA and the
slope efficiency is 0.285 mW /mA.

efficiency is 0.285 mW /mA. Furthermore the maximum power measured in this measurement
is Ppax = 47.0mW at [, = 300mA. The data sheet lists the lasing threshold at
Iin data sheet = D1.0mA, the slope efficiency at maata sheet = 0.434 mW /mA and the maximum
power Ppax data sheet = 108.3mW at the maximum diode current pay data sheet = 300 mA [51].
The reasons for the deviations between the measurements performed here and the data
sheet are the same as pointed out in subsection 3.1.2.

Figure 3.12 shows the wavelength as a function of the current at a constant temperature
T = 20.0°C. In this plot three different modes are visible. The mode jumps appear when
the current is increased above a critical value. However, the laser runs mode-hop free over
a range of approximately 0.025 nm, which corresponds to a frequency range of 4.75 GHz,
which is more than enough for sufficient fine tuning.

Figure 3.13 shows the wavelength as a function of the diode temperature at constant
diode current I.q = 200mA. An increase in the diode temperature causes the output
wavelength to change, because the resonance wavelength of the diode resonator changes.
This can lead to mode jumps. Here, five different modes with equal or more than three
data points are visible. The average gain of the modes is given by myr = 0.045nm/°C.
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Figure 3.12: Measured wavelength A as a function of diode current I ..q of the seed laser of
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Figure 3.13: Measured wavelength A as a function of diode temperature T.q of the seed
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Figure 3.14: Measured output power P of the frequency-doubling stage of the first repumper
as a function of the temperature T of the built in SHG crystal. The maximum

is at Tope = 65.7°C. The output powers are measured with a power meter and
with the VRFA system.

3.2.3 Characterization of the amplifying and frequency-doubling stage

All characterization measurements and their evaluation process of this amplifying and
frequency-doubling stage (VRFA) are the same as for the VRFA system of the cooler
described in subsection 3.1.3.

The output power as a function of the SHG crystal’s temperature is shown in Figure 3.14.
The input seed power was Pieq = 29 mW, while the pump current of the VRFA system
was set to [ = 3700 mA. The highest power emitted is at T, = 65.7°C.

The performance of the frequency-doubling stage at a seed power of Pyeq = 28 mW at 1oy
is shown in Figure 3.15. The laser starts emitting light at a current of Iy, = 2497 mA. The
maximum power according to the data sheet is Prax data sheet = 2.4 W at an input current
of I =5.3A [52]. The maximum powers are Ppaxpv = 2110mW and Ppax verra = 2317 W
at I = 5300 mA.

Figure 3.16 shows the output power P as a function of the seed power Pyseeq at Top: =
65.7°C and constant pump current I = 4000 mA. The output power rises continuously
with increasing seed power.

The beam profile of the outcoupler of the first repumper is shown in Figure 3.17. The
beam waist of the first repumper is wy = 460 ym and is 17 cm away from the outcoupler.
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Figure 3.15: Measured performance of the VRFA system of the first repumper at the
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Figure 3.17: Measured beam profile of the first repumper. The waist wy = 460 pm is 17 cm
behind the outcoupler. The fit function is based on equation (2.3.5).

3.3 Second repumper

The second repumper needs to powers of order 60 mW at a wavelength of A\ = 628.1 nm
[29,33]. In this experiment, this is achieved with a diode laser. There are no laser diodes
made for this specific wavelength, but there are some for A &~ 632nm which can, under
suitable conditions, operate at the desired 628.1 nm.

Unfortunately, due to delivery problems caused by the pandemic the manufacturer has
so far not been able to deliver the diode. For this reason, only the body of the laser has
been designed and assembled, as described below.

The second repumper requires much less output power than the first repumper. So, for
the second repumper we opted for a home-built laser system based on a design that was
developed previously at our institute. Figure 3.18a is a photograph of the general setup of
the an institute-made diode laser. In Figure 3.18b a photograph of the current status of the
second repumper is shown. The laser diode is mounted in the diode holder. The adjustable
lens block with a collimation lens is placed in front of it. The grating provides feedback for
the diode. A part of the emitted light from the diode is reflected back into it, leading to
stimulated emission. Another part of the light is diffracted out of the cavity. The angle of
the grating is adjusted with a screw and a piezo for rough and fine tuning respectively. A
Peltier element is mounted under the base plate to stabilize the temperature of the laser
diode. Sensors ensure control over the diode current, diode temperature and the grating
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Figure 3.18: (a) Photograph of the interior of an institute-made diode laser. [1] Laser diode
2] Diode holder [3] Screws for adjustment of the lens block [4] Lens and lens
block [5] Grating [6] Grating holder [7] Screw for grating angle adjustment
[8] Piezo for fine-tuning of the grating angle [9] Screws for vertical grating
alignment [10] Peltier element [11] Ports for current, temperature and piezo
control. (b) Photograph of current status of the second repumper.

angle.
The grating of this laser has a line spacing of d = 5.6 - 10""m. The Littrow angle oy, in
the first order for the wavelength A = 628.1 nm is given by

A 28.1-107°
oy = arcsin (Zl) = arcsin (%) ~ 34.42°. (3.3.1)

3.4 Locking

Setup We use a scanning transfer cavity lock to stabilize the frequency of the cooler and
the first repumper. The cavity is an institute-made plano-concave cavity with a length of
L = 15cm. The concave mirror has a curvature of Ry = 20cm. In order to couple the
cooler and repumper beams into the cavity, the beams have to be mode-matched to the
cavity. The parameters for an ideal coupling are given in Table 3.1. The curvature of a
beam has to match the curvature of both mirrors, as described in subsection 2.3.5.

In the lock, we use a frequency-stabilized helium-neon laser (HeNe)? as a frequency
reference. It operates at a wavelength of 632.8 nm and has a frequency stability of 2.5 MHz
over 24h [53]. When the lock is activated, the feedback from a Red Pitaya'® keeps the

98108 Meptechnik, Stabilisierte He-Ne-Laser Serie SL 04
1A Red Pitaya is a FPGA board.
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Table 3.1: Ideal parameters for locking the cooler and first repumper to the helium-neon
laser (HeNe). The distance between the outcoupler of a laser and its position of
the beam waist is given by d.

Parameter | HeNe | Cooler | First repumper
dy [cm] 19.36 27.08 16.60
wo [pm] 326.98 | 468.15 459.62
2o [m] 0.53 1.08 1.05
wy [pm] 132.08 | 129.25 131.57
f [m] 0.23 0.31 0.31

transmission peaks at a constant distance from each other. Especially, it individually keeps
the peaks from the cooler and first repumper at a constant distance to the peak from the
HeNe. Thus the cooler and first repumper are kept at a constant frequency.

The positions of the waist of the beams after the outcoupler dy and the waists wq of the
beams were measured with a beam profiler'!. Figure 3.19 shows the beam profiles of the
HeNe, the cooler (A = 606.3nm) and the first repumper (A = 628.6 nm).

The required beam waist at the position of the planar mirror of the beam w; is given by
equation (2.3.29). A thin lens is included in the setup to satisfy this condition. The focal
length f of the thin lens is derived from equation (2.3.11) is given by

f=

<0

2
() -1
Figure 3.20 shows the locking scheme. The lenses optimally should have the focal lengths
fo =23cm, f; = 3lcm and f; = 31cm. In our setup we use lenses with fy = 20 cm,
fi =30cm and fy = 20 cm. The mode-matching is good enough for a high-finesse coupling
despite this slight mismatch. The lenses are positioned such that their focal planes are
aligned with the planar mirror. The laser outcouplers are positioned so that the beams’
waists are in the focal plane of the lenses. The cavity length is varied by a piezoelectric
element. Different resonances are visible on the photo diode (PD) signal, depending on
the current resonator length. Each of these resonances can be matched to a frequency.
The photo diode sends the signal to a Red Pitaya which adjusts the diode current of the

cooler and of the first repumper according to a stabilization protocol developed at our
institute [54].

(3.4.1)

Demonstration of locking two lasers with one cavity Depending on the finesse of the
cavity, more than one laser can be locked with the transfer cavity scheme. In our setup

1 Dataray WinCamD-LCM-1" CMOS
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Figure 3.19: Beam profiles measured with the beam profiler to determine the waist size as
well as the waist position.

we lock the cooler and the first repumper on the same cavity. Figure 3.21a shows the
peak positions of the lasers on the cavity during locking. Some higher Gaussian modes are
also visible as smaller peaks. The fluctuations of the cavity shift all laser peaks equally,
so it does not affect their relative distance. However, fluctuations of external factors like
temperature or air pressure induce frequency fluctuations of the lasers’ seed lasers. These
frequency fluctuations in turn cause fluctuations of the peak positions of the lasers. Hence
error signals of the lasers arise, because their peak positions deviate from their desired
values. The aforementioned fluctuations of the cavity influence the absolute position of the
HeNe peak. These resulting deviations are tracked by the error signal of the HeNe. The
error signals of all three lasers are shown in Figure 3.21b.

The lock keeps the frequency of both slave lasers constant over a time span of 25 min.
While the lock is active, the lasers’ frequency stays in a range of £2 MHz. The standard
deviations o of the error signals, pictured in Figure 3.21b, are opgene = +0.7331 MHz,
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Figure 3.20: Locking scheme for frequency stabilization of the cooler and the first repumper.
The photo diode (PD) signal is sent to a computer which then provides feedback
to the lasers. The cooler and the first repumper beams are fiber coupled (FC)
and through these fibers the light is brought to the experimental setup.

o606 = £0.4872 MHz and 0498 = +0.5778 MHz. A typical histogram of such an error signal
is shown in Figure 3.21c. The error and thus the lasers’ frequency does not fluctuate much.
Since the natural linewidth of the A®II;/, state is 8.29 MHz, the frequency fluctuations are
small enough to be tolerated.
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Figure 3.21: Measured peak positions and error signals while locking. (a) Screenshot of

the scanning cavity lock program [54]. In the photo diode signal (blue) a
series of three large peaks is apparent. This series repeats when the piezo
voltage is scanned, which is why similar peaks appear in the right half of the
plot. These peaks signify the fundamental mode of the HeNe (Master), the
cooler (Slave606) and the first repumper (Slave628). Their positions remain
constant relative to each other while the lock is active. (b) Error signals of
the positions of the individual peaks. This signal is given as feedback to the
locking program which then processes it and adjusts the diode currents of the
seed lasers of the slave lasers accordingly. (c¢) Histogram of the error of the
first repumper. The standard deviation is ogog = +0.5778 MHz.
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3.5 Dipole trap laser

3.5 Dipole trap laser

In the overall experiment, the molecular ensemble will be cooled lower than the Doppler
limit via evaporative cooling. Therefore the molecules are trapped in a conservative trap.
An example of such a conservative trap is an optical dipole trap. Equation (2.2.6) is a good
approximation of such a potential. The laser has to be far red detuned from the transition
frequencies in order to have an attractive force towards the trap’s center while at the same
time minimizing the scattering rate of the photons of the dipole trap beam. The smallest
transition frequency of a transition involving the X(0) state is the X(0)-A(0) transition with
a frequency of wg = 494.43 THz. The dipole laser used in this experiment has a wavelength
of A =1064nm or wg, = 281.75 THz, very far detuned from the X(0)-A(0) transition.

Suppose that the dipole trap is loaded with an ensemble at the Doppler temperature
Tp = 198.93 uK and that the dipole trap laser beam has a beam waist of wy = 200 pm.
Inserting the intensity profile of a Gaussian beam (equation (2.3.9)) into equation (2.2.6)
at the trap center (r = 0) leads to a condition for the intensity Iy of the dipole laser beam.
The intensity required to create a dipole trap potential with a trap depth of kgTp is

2w A
3rc2 T

[[) = kBTD : (351)
Typically, dipole traps are operated at two to three times the required trap depth [55-57].
In the experiment this results in a required intensity of Iy = 21 kW /cm?. In order to reach
such high intensities on a area of the cross-section of the Gaussian beam at the waist, the
laser beam has to have a power of 26.4 W.

In this experiment these high powers are reached by a commercial laser with an ytterbium-
doped fiber'?. The maximum power this laser can provide is 46.5 W [58].

3.5.1 Power stability of the laser

The dipole laser has to emit light at constant power to make sure that the dipole potential
is not noisy. A noisy potential can lead to excitations of the trapped molecules which results
in heating. This ultimately does not only lead to loss of molecules and lower densities,
but also directly prevents reaching lower temperatures and thus creating a Bose-Einstein
condensate.

Measuring the drift in laser power was done by directing the beam into a high power
meter head'®. The laser power emitted was tuned to approximately 34 W because of power
limitations of the high power meter head.

Figure 3.22 shows the power of the dipole laser over 5 hours. The mean power during
this measurement was (P) = 34.1 W with a standard deviation of ¢ = 53.2mW. This

12Azurlight Systems ALS-IR-1064-50-1-CP-SF
13The power meter is a Thorlabs PM100A and the head a Thorlabs $314C.
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Figure 3.22: Power stability over time of the dipole trap laser. (a) The power drifts slightly
over 90 minutes. (b) Histogram of the power. The mean power is (P) = 34.1 W
with a standard deviation of 0 = 53.2mW. This converts to a stability of
+0.16%.

leads to fluctuations of +0.16% in power which satisfies the requirements. These small
fluctuations are small enough that they will only influence the dynamics in the dipole trap
in a negligible manner.

3.5.2 Outlook: Power stabilization of short term fluctuations

The long term fluctuations do not hinder the evaporative cooling process. However, the short
term fluctuations, which can be seen in the overall noisy signal depicted in Figure 3.22a
could have a detrimental impact on the dynamics of a trapped ensemble by exciting
molecules [59]. Figure 3.23 shows a scheme how short term fluctuations of the dipole
trap laser’s power could be compensated [60,61]. This setup exploits the fact that the
intensity of the first diffraction order of an acousto-optical modulator (AOM) depends on
the intensity of the applied RF signal.

All but one of the diffracted orders are blocked by an iris. Here the 1st diffracted order is
transmitted. A glass plate reflects a small amount of the intensity of the laser into a photo
diode. The power is measured and processed by feedback electronics. They will adjust the
input intensity at the AOM so that the power of the 1st order of the light beam remains
constant.
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3.5 Dipole trap laser

Dipole trap laser
AOM Glass plate

To experiment

v PD
Feedback .
electronics/ *

Figure 3.23: Power stabilization scheme with an acousto-optic modulator (AOM). The
photo diode (PD) measures the power. Feedback electronics will then regulate
the intensity of the RF input of the AOM. This adjusts the power of the light
beam accordingly.

3.5.3 Outlook: Radial and axial trap frequencies for a single beam
dipole trap

The optical dipole trap’s potential, which is given by equation (2.2.6), can be well approxi-
mated by an harmonic potential close to the trap center. The intensity profile of a Gaussian
beam (see equation (2.3.9)) then leads to the relation

1 7c? T wo \’ 2p?

where on the left of the equation m is the mass of the molecule, p and z the radial and
axial coordinates, w, and w, their angular frequency and C a constant. On the right of the
equation is ¢ the speed of light, wy the transition frequency of the closest transition to the
dipole trap laser’s frequency [11], I the linewidth of the excited state of the same transition,
A the detuning of the dipole trap laser, [, the maximum intensity of the Gaussian beam
and wy the beam waist, while w(z) describes the beam width.

In order to calculate the radial trap frequency z is set to zero. A Taylor expansion up to
second order of the exponential function then leads to the expression

6rc? T
= —=———1. 3.5.3
“e \ wiwzm A™° ( )

The axial trap frequency can be calculated by setting p = 0 and approximating the beam

width for small z as w(z) ~ 1 — (;—0)2, with zy being the Rayleigh length. This then leads
to

3rc? T
= . 3.5.4
“ wimz2 A ( )

47
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The mass of CaF is m = 59u. The closest transition in our transition scheme depicted
in Figure 2.3 to the frequency of the dipole trap laser is the X(0)-A(0) transition, hence
wo = 494.43 THz [33]. The Rayleigh length of the dipole trap laser is given by equation
(2.3.8), where A\ = 1064nm. The linewidth of the A state is I' = 8.29 MHz [29]. The
detuning of the dipole trap laser is A = 212.68 THz. Additionally it is assumed that the
power of the dipole trap laser is P = 45 W and is then focused on a circular area with the
radius wg = 200 pm. Inserting these parameters into equations (3.5.3) and (3.5.4) leads to

wy,=2m-1096Hz and w,=27-1.3Hz.

Thus we can achieve strong radial confinement in our dipole trap. If the axial trap proves
to have insufficient confinement, it is possible to create a crossed dipole trap instead, where
the weak axial confinement of one beam is compensated by the strong radial confinement
of the other.
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4 Conclusion & outlook

In this thesis, two laser systems for the laser cooling and magneto-optical trapping of
calcium monofluoride (CaF) have been set up, characterized and frequency stabilized. A
third laser system has been designed and constructed for the same purpose. Moreover, the
dipole trap laser has been set up and characterized.

The lasers which were set up and characterized were the cooler, operating on the
X*8t (v =0) — A2H1/2(1/ = 0) transition of CaF, and the first repumper, operating
on the X*Y* (v = 1) — A’Il;5(v = 0) transition. The cooler emits light at 606.3 nm
(494.46 THz) with output powers up to 1.6 W and is tunable over a range of 0.05nm
(40.77 GHz) without mode jumps. The first repumper emits light at 628.6 nm (476.92 THz)
with output powers up to 2.1 W and is tunable over a range of 0.01 nm (7.59 GHz) without
mode jumps. Using a scanning transfer cavity lock [54], both lasers were frequency stabilized
on the same cavity for over 25 minutes. Later in the experiment they will be locked for
several hours. In the next step, sidebands have to be applied to the lasers to address the
hyperfine structure of the ground state of CaF. The beam source that is needed for the
production of the CaF molecules is currently under construction. With the newly set up
lasers and the existing X*% " (v = 0) — B*S* (v = 0) slowing laser [34] it is now possible
to slow and cool the molecular beam.

The second repumper, operating on the X*S* (v = 2) — A®Il;o(v = 1) transition of
CaF, was designed and partially constructed. The only part missing from this laser is
the laser diode at 628.1nm (477.30 THz). Once this laser is complete, better slowing and
cooling of the molecules will be possible, because a molecule will be able to scatter more
than 10* photons before decaying to a state that is not addressed by a laser.

Furthermore, the dipole trap laser at 1064 nm (281.76 THz) has been set up and charac-
terized. The power stability of the dipole trap laser has been measured and a scheme for the
power stabilization has been proposed. The minimum power needed for this conservative
trap has been calculated to be 25 W, and the dipole trap laser exceeds this minimum with
a maximum output power of 46.5W.

In conclusion, the laser systems that have been set up and characterized during the
course of this thesis are a crucial component of the new CaF experiment. The setup of the
molecular source will begin in the near future. With these developments, the way is paved
for the first creation and observation of a molecular beam in the new experiment. This
is another important step of working towards the creation of a molecular Bose-Einstein
condensate.
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