
splatzhalA Laser Setup for Two-Photon
Rydberg Excitation of Potassium

Sarah Hirthe

Munich 2018





Ein Laseraufbau zur Zweiphotonen
Rydberganregung von Kalium

Masterarbeit an der Fakultät für Physik
Ludwig-Maximilians-Universität München

Max-Planck-Institut für Quantenoptik

vorgelegt von

Sarah Hirthe

München, den 25. Oktober 2018



.



Abstract

In this thesis, a laser system for two-photon Rydberg excitation of 39K is planned,
constructed and characterized. The Rydberg states are addressed with a blue 405 nm
laser for the 4S to 5P transition and an infrared 980 nm laser for the 5P to nS transition.
The setup consists of home-built components, including external cavity diode lasers
and tapered amplifiers. In order to achieve several hundreds of mW of blue light, an
enhancement cavity for frequency doubling is constructed. The lasers are frequency
stabilized to reference cavities, leading to linewidths below 50 kHz. The setup is opti-
mized for a high ratio of Rabi cycles per coherence time for both single-site addressed
as well as collective Rydberg excitation.
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CHAPTER 1

Introduction

The field of cold atoms allows to study the behavior of dilute gases near zero temper-
ature, which lead to the first experimental observations of Bose-Einstein condensates
[1, 2] and Fermi degeneracy in trapped atomic gases [3]. Since then cold atoms have
advanced to a powerful tool to study quantum many-body physics [4] and tackle fun-
damental problems like out-of-equilibrium dynamics and thermalization [5] in closed
quantum systems. The possibility to model specific Hamiltonians in a cold atom sys-
tem enables quantum simulation, where phenomena of condensed matter systems
are reproduced and studied in a controlled environment [6, 7]. The most prominent
setting for quantum simulation are cold atoms trapped in periodic potentials caused
by standing waves of interfering laser light, so-called optical lattices [8]. On-site in-
teraction and tunneling have been employed in optical lattices to study phenomena
of the Bose-Hubbard Hamiltonian, such as phase transitions [9]. Later also the Fermi-
Hubbard model has been realized using cold atoms [10, 11]. The detection using
quantum gas microscopes for bosons [12, 13], and more recently also for fermions
[14–17], has widened the possibilities of these setups immensely, allowing the extrac-
tion of local information through single-site resolution.
To extend the toolbox of quantum simulation, on-site interaction can be extended to
long-range interactions. For long-range interacting systems there are several propos-
als to observe phenomena like novel quantum phases [18–20] and probe extended
Hubbard models [21, 22]. One way to implement long-range interactions is by ex-
citing neutral atoms to high lying states, so-called Rydberg states. Other platforms
include magnetic atoms [23] and polar ground state molecules [24]. Rydberg atoms
show strong interactions across several lattice sites with the advantage that they are
tunable from attractive to repulsive, can be engineered to be isotropic or anisotropic
and can be switched on and off using laser pulses. They have thus been proposed
for various tasks regarding quantum simulation [25], but they are also a promising
platform for quantum information and computation [26]. Recent progress using Ryd-
berg atoms include the observation of crystallization [27], high fidelity entanglement
of qubits [28], excitation to very large bound states [29] and Rydberg dressing, adding
a small fraction of the Rydberg properties to the ground state atoms [30].
Closely related to the interest in long-range interacting cold atom systems is the in-
creasing prominence of optical tweezers, which are microtraps of single atoms [31].
As compared to lattices, they allow for more flexible geometries [32] and faster cy-
cle times, where near-deterministic loading [33] as well as reassembling [34] have
been demonstrated. The project of this thesis is part of a cold atoms experiment of
potassium, which uses Rydberg atoms to study quantum many-body physics with
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long-range interactions. Besides the possibility for an optical lattice, the experimental
setup is designed for optical tweezers and optimized for fast cycle times. Single-
site resolution of the trapped atoms will be achieved by a high-resolution objective
placed inside the vacuum chamber. Potassium offers the availability of both bosons
and fermions and a favorable level structure for deterministic tweezer loading. The
Rydberg states are accessible via two-photon as well as one-photon excitation. Setups
for both excitation schemes are being build, which together will allow for simultane-
ous excitation of different Rydberg states and give maximum flexibility in application.
This thesis is concerned with an experimental setup for two-photon Rydberg excita-
tion of potassium, that is exciting potassium atoms to Rydberg states via an interme-
diate state. The design takes into account to improve the limiting parameters, which
are blue laser power and laser linewidth. The setup includes home-built external cav-
ity diode lasers and their amplification and frequency stabilization. A special focus
lies on the build-up of a cavity for second-harmonic generation.

Outline

Chapter 2 introduces the relevant theoretical knowledge about Rydberg atoms and
their excitation in potassium. This is then applied to the parameters given for this
project to calculate the optimal design for the setup. The chapter is meant to inform
about the underlying ideas and possibilities of the setup. In particular it discusses
the relevant properties of potassium regarding Rydberg excitation and why certain
powers, stabilities and detunings are aimed for in the setup. Chapter 3 explains the
principle of second-harmonic generation in a doubling cavity. First frequency dou-
bling, then the enhancement in a cavity is explained and the calculations done for
this project are shown. In contrast to the previous chapter, this chapter is concerned
with theoretical aspects relevant merely for the functioning of the setup and not for
the purpose behind. Chapter 4 then presents the experimental setup. It shows the
design of the different components and their characterization. It consists of two sec-
tions, namely a setup for near-infrared 980 nm light and a setup for blue 405 nm light,
where the two setups correspond to the two transitions in the Rydberg excitation. The
blue setup is the one which contains the doubling cavity design and characterization.
Finally Chapter 5 contains a conclusion of achievements and possible improvements
and an outlook of what is soon to come for the setup and its implementation into the
experiment.



CHAPTER 2

Rydberg states of potassium

The chapter introduces the underlying ideas and concepts for this thesis. At first,
we will discuss Rydberg atoms, their properties and the ways to excite them, espe-
cially two-photon excitation. Next, the level structure of 39K will be presented. Based
on that, the choice for the excitation scheme can be justified. Finally, the theoretical
considerations are employed to find the optimal parameters for the setup design.

2.1 Rydberg atoms

When an outer electron of an atom is excited to a very high principal quantum num-
ber, the atom is called a Rydberg atom. Rydberg states typically have principal quan-
tum numbers of n ≥ 20. In principal the quantum number n can go arbitrarily high,
though practically at some point close to the ionization energy there is a for practical
considerations unresolved continuum of states. This limits the typical quantum num-
bers to n ≤ 200 [35]. Due to their high principal quantum number, Rydberg atoms
have quite exaggerated properties, that scale with the quantum number n. In the fol-
lowing there is a short summary of these properties. A more detailed description of
Rydberg atoms can be found in [36].

Properties

An atom with only one electron in a highly excited state exhibits behavior compara-
ble to that of a hydrogen atom. This is due to the electron charge distribution being
much further away from the nucleus than the other electrons, such that those effec-
tively shield most of the positive charge of the nucleus. Hydrogen has an electrostatic
potential of

V(r) = − e2

4πε0r
,

and corresponding quantized energy levels of

En = E∞ −
e4me

8h2ε2
0

1
n2 = E∞ −

Ry
n2 ,

where E∞ is the ionization energy and Ry ≈ 13.6 eV is the Rydberg constant. For
Rydberg atoms the same behavior applies, though with a modified Rydberg constant
Ry∗, which takes into account the reduced mass of the electron in the respective atom,
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and with an adjusted quantum number n∗ = n− δnlj, where the quantum defect δnlj
is an empirical value that accounts for the imperfect shielding of the nucleus. The
energy levels are then given by

Enlj = E∞ −
Ry∗

n∗2
.

Especially for relatively low-lying states with low angular momentum l < 2, where
the electron is on average still relatively close to the nucleus and the other electrons,
the quantum defect plays a considerable role [37]. The orbital radius is given by

〈r〉 = a0

2
(3n∗2 − l(l + 1)),

The separation of the outer electron from the rest of the atom leads to a peculiar prop-
erty of Rydberg atoms, namely their van-der-Waals-like interaction, which can be over
ten orders of magnitude higher than for ground state atoms [26]. From the high po-
larizability arises a strong dipole-dipole interaction between two Rydberg states. For
long distances R this scales as 1/R6, giving an interaction of

VvdW(r) = −C6

r6 ∝ n∗11,

with the coefficient C6 ∝ (µ1µ2)
2

En+1−En
, where µ = 〈nl|er|nl + 1〉 ∝ n∗2 is the radial matrix

element.
Another important property to consider, especially in the context of cold atom experi-
ments, is the lifetime of a Rydberg state. Since the overlap of the radial wave function
with that of the ground state becomes very small for higher states, the lifetimes in-
crease rapidly, scaling as

τ0 ∝ n∗3.

Due to the level separation of ∝ n−3, the Rydberg states at some point lie so close, that
their level spacing is on the order of typical thermal radiation at room temperature.
Thus a state can be transferred to a close-by state by the black-body radiation of the
environment. The decay rate due to this stimulated emission is on similar timescales
than the radiative lifetime of Rydberg atoms, scaling with

τbb ∝ n∗2.

At very high Rydberg states it is the leading contribution to the overall decay rate.

1
τ
=

1
τ0

+
1

τbb
.

Figure 2.1 shows the effective lifetime and the contributions from the black-body-
radiation-induced lifetime and the radiative lifetime for the nS1/2 states. Black body
decay dominates the overall lifetime for high Rydberg states. At n=50 both contribu-
tions are roughly equal. The lifetime is relevant when considering the optimal scheme
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Figure 2.1 – Lifetime of the nS1/2 Rydberg states. The scaling of the radiative
lifetime τrad (green) black-body-radiation-induced lifetime τBB (red) and effec-
tive lifetime τeff (blue) for the nS1/2 states of potassium is shown. The lifetimes
are taken from [38] or calculated via the Alkali Rydberg calculator (ARC) [39].

to excite to a Rydberg state, because it marks an upper boundary for coherence times.
Ideally all other contributions to the coherence time are kept lower than this limit.

Rydberg excitation

If ground state atoms are exposed to a light field resonant to a transition, they will
perform Rabi oscillations [40]. In a simple model without decoherence, the probability
to find the atom in the excited state goes as

p2(t) = sin2
(

Ωt
2

)
, (2.1)

with the Rabi frequency

Ω =
~d12 · ~E0

h̄
, (2.2)

where ~d12 is the dipole matrix element and ~E0 is the electric field component of the
light field. When considering a laser beam with power P and waist w0 at the location
of the atoms, the Rabi frequency is thus

Ω ∝

√
P

w0
.

According to equation 2.1, Rabi oscillations continue for arbitrary times, but in reality
the oscillations decay over time. Relevant mechanisms for the decay are dephasing,
due to laser noise and due to Doppler effect at finite temperature, and decoherence
introduced through spontaneous decay of atoms [41]. For good experimental con-
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trol over the atoms, it is desirable to have only a slow decay of the Rabi oscillations,
respectively many Rabi cycles within the decoherence time. Estimates for the laser
system in this thesis are given in the end of this chapter.
For several atoms in a lightfield resonant to the transition to a Rydberg state, inter-
action between Rydberg atoms play a role. Due to the interaction energy, the energy
level of a Rydberg state is shifted in the presence of other Rydberg atoms. The state is
shifted out of resonance with the lightfield. The blockade radius defines the distance
in which the interactions are strong enough to shift the energy level out of resonance.
For sufficiently big Rabi frequencies Ω it is given by

RB =
6

√
C6

h̄Ω
.

The blockade radius allows for several intriguing applications in experiments [27], in
particular the possibility to entangle atoms and make gates between them[42], is an
interesting and straight forward application for this particular setup.

Two-photon excitation

Instead of exciting a ground state atom with a light field of a single, resonant fre-
quency, one can also drive the transition via an intermediate state. This is called two-
photon excitation, since there is two different light field frequencies involved. One
frequency corresponds to the transition from the ground to the intermediate state,
and another to the transition from the intermediate to the excited Rydberg state. This
is advantageous, since the typical transitions to Rydberg states in alkali atoms require
ultraviolet (UV) light, whereas a two-photon transition is possible using only light in
the visible spectrum. Coherent laser light is much easier to achieve for visible, than
for UV light. However, the intermediate state has a much bigger overlap with the
ground state and thus decays much faster than the Rydberg state, leading to a scat-
tering rate that drastically decreases the coherence time. To reduce the scattering, one
introduces a detuning ∆ to the intermediate state, while keeping the overall transition
on resonance. For large detunings, the scattering on the intermediate state scales as

Γscat ∝
1

∆2 .

The Rabi frequency of the combined process also gets affected by the detuning and
for large detunings is given by [40]

Ωeff =
Ω1Ω2

2∆
,

where Ω1,2 are the one-photon Rabi frequencies. Thus the scattering decreases much
faster than the Rabi frequency, allowing for a considerable reduction in scattering
without completely loosing the Rabi frequency. The three-level system gets reduced
to an effective two-level system. The schematics of the one- and two-photon transi-
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Figure 2.2 – One and two-photon excitation in alkali atoms. Figure a shows
the schematic of a one-photon Rydberg excitation, where a single photon excites
the atom from the ground state, with angular momentum l = 0 (S-state), to a
Rydberg state with angular momentum l = 1 (P-state). b shows a schematic
of the two-photon excitation, where two photons of different frequency excite
the atom to the Rydberg state via an intermediate state. While the intermediate
state is a P-state, the final state can either have angular momentum l = 0 (S-
state), or l = 2 (D-state). The intermediate state is addressed with a detuning ∆,
while the combined process is kept on resonance.

tions is shown in Figure 2.2.
Depending on the detuning, the scattering on the intermediate state can be a signifi-
cant factor in the decoherence process. The detuning should be large, so it increases
the coherence time, but only as long as the advantage in coherence time is bigger than
the disadvantage in Rabi frequency. The choice of the optimal detuning thus depends
on the limit that is set by the other sources of decoherence. The detuning should be
chosen such, that the number of Rabi oscillations within the coherence time is maxi-
mized. This number can be estimated by the ratio of the effective Rabi frequency and
the effective decoherence [43, ch. 5]

Ωeff

2π Γeff
=

4
2π Ωeff

2γdep + 3Γdec
, (2.3)

with the dephasing

γdep = γ1 + γ2 + Γint
Ω2

1
4∆2 ,

where γ1,2 is the respective laser noise and Γint the linewidth of the intermediate state
and the decay

Γdec = 1/τryd + Γint
Ω2

2
4∆2 ,

where τryd is the lifetime of the Rydberg state. The additional term in the decay arises
due to a small admixture of the intermediate state [44]. When knowing all the other
parameters, the detuning can be found by optimizing this ratio. Estimations for the
Rabi frequencies, coherence times and an optimized ratio, will be given by the end of
this chapter.
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2.2 Level structure and Rydberg excitation of 39K

For the particular design of the setup the transition wavelengths for Rydberg excita-
tion of 39K have to be known. Therefore the level structure and possible transition
schemes for potassium are discussed in the following.

General properties and level structure

Potassium is an alkali, hence having one electron in its outer shell. The ground state
is the state 4S1/2, which has a hyperfine splitting of about 460 MHz between the two
hyperfine states F=1 and F=2 [45]. This gap is large enough to address only one of
the two states for excitation, but can in principle be bridged using an acousto-optical
modulator (AOM), such that one setup is sufficient to drive Rydberg excitations for
both hyperfine states simultaneously.

4S 461.7 MHz

F=2

F=1

1/2

Figure 2.3 – Ground state splitting of potassium. The ground state of potas-
sium is split into the hyperfine states F=1 and F=2 with a hyperfine splitting of
∆EHFS = 461.7 MHz.

In Figure 2.4 the transitions from the ground state to the first few excited states are
shown, as well as the transitions to the Rydberg states nS and nP using one- and two-
photon transitions. The one-photon transition frequency is in the UV range. It is very
challenging to build a suitable laser for these wavelengths and to achieve Rabi fre-
quencies on the order of MHz. However, such a one-photon setup is currently being
built in another master thesis [46] for the same experiment as the two-photon setup
of this thesis. The two-photon transition has the advantage of transition frequencies
in the visible spectrum and furthermore can be used to address isotropic S-states, as
well as anisotropic D-states. The choice of the intermediate state has no effect on
which Rydberg state to address, though it makes a difference in terms of dipole ma-
trix elements, lifetimes and wavelengths. Thus the choice of an intermediate state is
discussed in the following. Instead of all Rydberg states for simplicity it will now only
be referred to the 50S-state as representative for all Rydberg S-states.

Inverted excitation scheme

Since the infrared D1 and D2 transitions in alkali atoms are most dominantly used for
tasks like cooling or imaging, it is convenient to use one of these also for the interme-
diate state. In potassium this means using for example the 4P1/2 state as intermediate
and from there going to the Rydberg state. This scheme is very commonly used for
the two-photon transition, for example in [27, 41, 48] and in the following will be
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Figure 2.4 – Transitions of potassium. The transition wavelengths from the
ground state to the 4P- and 5P-states are shown, as well as the two-photon tran-
sitions to the Rydberg states nS and the one-photon transition to the Rydberg
states nP. The wavelengths are taken from [47] or calculated via the ARC.

called the regular scheme. For alkali atoms it consists of a first transition in the red
or near-infrared (NIR) spectrum and a second transition typically within the range of
blue.
In contrast to the regular scheme, the inverted scheme has the colour order inverted.
This scheme is increasingly used [28, 49] to achieve higher Rabi frequencies. Instead
of using the first excited state, the inverted scheme uses an intermediate state with a
principal quantum number increased by one. In potassium this means using one of
the 5P-states as intermediate state instead of a 4P-state. This leads to a higher transi-
tion frequency for the first transition, which then is a blue transition, and a transition
in the NIR for the second transition. This scheme shows several advantages and is
the one implemented in this project.

Dipole matrix elements. One advantage for the inverted scheme are the dipole ma-
trix elements. As seen in equation 2.2, the Rabi frequency is proportional to the dipole
matrix element. As seen in Figure 2.5, the regular scheme has very uneven matrix
dipole elements. While the first transition has a dipole matrix element of 2.4 a0e, the
second transition is 400 times weaker, with a dipole matrix element of 0.006 a0e. A
strong imbalance in the Rabi frequencies is unfavorable, because it increases the de-
tuning with respect to the effective Rabi frequency, which is needed to limit the scat-
tering on the intermediate state. A further increase in Rabi frequency for the stronger
transition then neither leads to a higher effective Rabi frequency, nor to a reduced scat-
tering. The weaker transition sets a limit for the reachable effective Rabi frequency.
The inverted scheme however has a more balanced relation between the two transi-
tions. This is because the 5P-state on one hand has less overlap with the ground state,
but on the other hand more overlap with the Rydberg states. The upper transition is
stronger by a factor of two compared to the regular scheme.
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Figure 2.5 – Two-photon excitation scheme with dipole matrix elements. On
the left is the regular scheme for Rydberg excitation and on the right the in-
verted scheme. In gray are the dipole matrix elements in each transition, calcu-
lated via the ARC.

Transition wavelengths. A closely related advantage comes with the color order of
the inverted scheme. While the regular scheme needs the blue wavelength with the
weaker transition, the inverted scheme has the blue transition first. The blue transi-
tion is more than 20 times stronger in case of the inverted scheme. This is relevant
because blue lasers are much more limited in power than NIR lasers. For NIR there
are amplifiers that can amplify a diode laser up to a few watts, as in this project, or
even up to tens of watts if needed, using Raman amplifiers [50]. Such amplifiers do
not exist in the blue range. Furthermore blue laser are less stable and often limited to
a few mW output power for single mode operation. This is why most experimental
setups that need blue laser light use either frequency doubling [27, 41] or injection
locking, a configuration where a stabilized laser seeds another diode, to achieve con-
siderable output power [28]. It is thus beneficial to have the red/NIR transition with
the smaller dipole matrix element and the blue transition with the bigger matrix el-
ement. For the NIR transition much more power can be achieved and consequently
the Rabi frequency can be higher, as Ω ∝

√
P. The technological limitation of having

much higher power in the NIR than in the blue is evened out by the different transi-
tion strengths, instead of being amplified as in the regular scheme.

Intermediate state lifetime. Another important difference between the two excita-
tion schemes, are the lifetimes of the intermediate state. While the 4P-states have a
lifetime of τ4P ≈ 26 ns, the 5P-state has a lifetime of τ5P ≈ 138 ns [47]. This means that
there is about 5 times less scattering on the 5P-state, than on the 4P-state and thus less
detuning is needed. This advantage allows for longer coherence times.
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2.3 Estimation for the parameters of the laser system

The aim of this section is to motivate the choices that were made for the setup. The
Rabi frequencies and coherence times achievable with the inverted scheme for potas-
sium are estimated using the equations introduced earlier in the chapter. The calcula-
tions show that the laser linewidths are a limiting factor for the Rabi cycles per coher-
ence time and several GHz detuning is needed to keep scattering on the intermediate
state low. This motivates the use of a cavity lock for the lasers of both transitions. The
laser powers are an equally limiting factor, leading to the conclusion that a doubling
cavity is the best choice to generate the 405 nm blue light.
The calculations are done for two different scenarios, because the potassium experi-
ment offers two different paths for addressing the atoms with light. The first path is
to address all atoms simultaneously, leading to delocalized excitations. For this case
a beam waist of w0 ≈ 50 µm for both lasers is assumed to estimate the parameters.
The second path is a special advantage of the experiment design, which is to focus the
NIR light of the upper transition to a single atom. This means single-atom gates on
any particular site can be realized. The reduced waist of w0,NIR = 1 µm increases the
Rabi frequency according to Ω ∝ w−1

0 and thus leads to different parameters.
In a first step the required blue laser power is estimated. The idea is that the number
of Rabi cycles per coherence time is limited by the weaker Rabi frequency according
to equation 2.3. An increase in the stronger Rabi frequency requires a proportional
increase in the detuning to not decrease coherence times, rendering it without any
effect. Assuming that P = 500 mW are a lower limit for the reachable NIR power, it is
thus relevant to know how much blue power is required to achieve comparable Rabi
frequencies. The following table lists the Rabi frequencies for both scenarios, single
site and all atom addressing and shows the blue power required in order to reach the
same Rabi frequency. The waist of the blue laser can not be focused and is in both
cases assumed with w0 = 40 µm.

scenario PNIR (W) ΩNIR/2π (MHz) Pblue (W)

single atom 0.5 2400 → 2
all atoms 0.5 50 → 0.01

Table 2.1 – Required blue power for balanced Rabi frequencies. The expected
Rabi frequencies for the NIR transition are calculated together with the required
blue power to reach the same Rabi frequency for the blue transition.

The table shows that for the focused case the Rabi frequency of the NIR transition is
very high. Blue light of 2 W power is not feasible in this project. This means that the
blue transition is limiting the effective Rabi frequency for single atom gates. In this
project a doubling cavity is build for the blue light in order to increase the reachable
blue Rabi frequency. In the other scenario, where all atoms are addressed, only a few
mW of blue are needed. Assuming that the doubling cavity has several 100 mW of
output, this means that for that case the NIR power is the limiting factor.
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Having an idea of the single-photon Rabi frequencies it is now relevant to know where
the optimal detuning will be in order to design the setup. It might be possible to lock
the blue laser to the 4S to 5P transition frequency and introduce the detuning using an
acousto-optic modulator (AOM), but it might also be that a cavity lock is needed to go
to higher detunings. In this case it turns out that a cavity lock is needed both because
of the high detuning needed and because of a low laser linewidth being desirable.
The optimal detuning can be estimated by calculating the ratio of Rabi frequency and
decoherence of equation 2.3. For this setup a NIR laser power of 500 mW to 1 W is
feasible. For the blue laser the cases of 50 mW to 200 mW are compared to observe
the effect on the detuning. For the linewidth of the laser light the cases of 100 kHz
and 10 kHz linewidth are compared to show the crucial effect the linewidth has on
the decoherence.
In Figure 2.6 the ratio of effective Rabi frequency and effective decoherence is plot-
ted against the detuning for both addressing scenarios and for different powers and
laser linewidths. As discussed before, the ratio of effective Rabi frequency and deco-
herence gives the approximate number of Rabi cycles within the 1/e-coherence time.
The optimal detuning lies at the maximum of the curves. The Ωeff/Γeff-ratio in each
case is plotted for a laser linewidth of 100 kHz and a laser linewidth of 10 kHz. For
the case of addressing a single atom, a power of the NIR laser of 100 mW is assumed.
More power only leads to a higher detuning necessary, but not to a significant im-
provement of the Ωeff/Γeff ratio. The ratio is plotted for the cases of 50 mW of blue
light and for 200 mW of blue light. For the unfocused case 100 mW of blue light are
assumed, with the same argument of more blue power not improving the ratio. The
ratio is then plotted for 500 mW and 1.5 W of NIR light.
In both cases the 10 kHz linewidth leads to a two times better ratio than the 100 kHz
linewidth, showing that the laser linewidth is a limiting factor. A further linewidth
reduction is not considered in this plot, since it does not drastically improve the ra-
tio. A further reduction by a factor of ten, to a 1 kHz linewidth, improves the ratio by
about 20%. In the single atom case the blue light is clearly limiting, where a four times
higher power gives a two times better ratio, directly corresponding to the proportion-
ality in the single atom Rabi frequency. The higher blue power does not influence
the optimal detuning, showing that the NIR transition is dominating the detuning
needed. In the case of addressing all atoms the NIR light is the limiting factor, where
an increase in power of a factor 3 increases the ratio by a factor of

√
3, while not

increasing the optimal detuning. The blue transition is much stronger in this case,
determining the overall detuning. This shows again that it is crucial to aim for the
most NIR power possible, the most blue power possible and the smallest linewidth
possible. The detuning for all cases lies in the range of 1 to 10 GHz, which can be
accomplished locking the blue laser to a cavity. A small deviation from the optimal
case does not have much effect.
Limitations of this calculation are the missing consideration of laser phase noise above
the lock bandwidth, a known limitation of coherence times in Rydberg excitation [41].
A possibility to reduce the high-frequency phase noise is the use of a filter cavity [28],
which is however not done in this project. Also the dephasing due to Doppler shifts
in finite temperature are not considered here. They are however reported to be negli-
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Figure 2.6 – Optimal detuning for the two-photon excitation. Both plots show
the ratio of effective Rabi frequency and effective decoherence against detuning.
The maximum of the curve marks the optimal detuning. In figure a is the case
for single atom addressing with a NIR laser of 100 mW power and 1 µm waist,
and a 40 µm waist for the blue light. The light blue and light green lines show
the case of 50 mW blue light and the darker lines are calculated for 200 mW of
blue. The blue lines show the curve for a laser linewidth of 100 kHz, whereas
the green lines are plotted for 10 kHz linewidth. In b is the case of addressing
all atoms. The blue laser is assumed to give 100 mW of blue light with a waist
of 40 µm, and a NIR waist of 50 µm. Light red and gray correspond to 500 mW
of red light, dark red and gray to 1.5 W. The red lines correspond to 100 kHz of
linewidth and the gray ones to 10 kHz. In all cases the decoherences is calcu-
lated including the black-body-radiation-induced decay.

gible in the µK regime with several MHz of effective Rabi frequency [41].
The conclusions from these calculations for the setup are, that NIR laser will be be
amplified using a tapered amplifier which can reach an output power of 2 W. The
blue light will be achieved via frequency doubling an amplified NIR laser in an en-
hancement cavity. This way 100 mW to 400 mW of blue light can be achieved. Both
lasers will be frequency stabilized to cavities, allowing for kHz-regime linewidths and
arbitrarily high detunings.
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CHAPTER 3

Cavity-enhanced second-harmonic
generation

This chapter presents the theoretical background and calculations for frequency dou-
bling. Frequency doubling is employed in this project to generate coherent 405 nm
light out of a 810 nm laser beam, in order to address the 4S1/2 → 5P1/2 transition
in 39K. The first section introduces the relevant aspects of single-pass theory for fre-
quency doubling in a nonlinear crystal and discusses single-pass optimization. Sec-
tion 3.2 contains calculations for the geometry of the doubling cavity as well as for the
mirror coatings inside the cavity.

3.1 Theory of second-harmonic generation

3.1.1 Nonlinear crystals

A nonlinear material responds to an applied optical field in a nonlinear way. Gen-
erally the polarization of a material in presence of a field with strength Ẽ(t) can be
described as

P̃(t) = ε0[χ
(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + ...], .

where ε0 is the permittivity of free space and χ(1) is the linear optical susceptibility,
χ(2) the second order, and χ(3) the third order nonlinear susceptibility, and so forth.
For nonzero second-order susceptibility χ(2), the nonlinear optical interactions can
lead to the generation of radiation at the second harmonic frequency as follows. When
a laser beam with the electric field strength of

Ẽ(t) = Ee−iωt + c.c. (3.1)

interacts with the material, the nonlinear polarization is given by

P̃(2)(t) = ε0χ(2)Ẽ2(t) = 2ε0χ(2)EE∗ + (ε0χ(2)E2e−i2ωt + c.c.). (3.2)

The first term corresponds to a DC-offset of the polarization, whereas the second de-
scribes an oscillation. This oscillation of the dipole moment leads to the generation of
radiation at 2ω, the second harmonic frequency. The process can be pictured as three-
wave mixing with the destruction of two photons of frequency ω and a simultaneous
creation of one photon at frequency 2ω.
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3.1.2 Phase matching

For efficient second-harmonic generation it is crucial that the generated radiation at
the second harmonic does not interfere destructively. If waves travel through the
material with different phases, they will cancel each other, whereas phase matching
of the waves guarantees constructive summation of the waves. This condition can be
pictured in the following way [51]. A photon of frequency 2ω being created at a point
z = 0 picks up a phase

Φ2ω(z) = 2πn2ω
z

λ2ω

while traveling through the material, where n2ω is the frequency dependent refractive
index of the material and λ2ω is the wavelength of the second harmonic. On the other
hand, a photon created at a point z0, has a phase depending on the fundamental wave.
If the fundamental has picked up a phase of

Φω(z0) = 2πnω
z0

λω
,

then the second harmonic is created with a phase of 2Φω(z0). This follows from taking
the z dependence into account in equation 3.1 and 3.2. Thus, the second harmonic
interferes constructively at z0 if the phase matching condition

Φ2ω(z0) = 2Φω(z0)

is fullfilled. This is the case for
n2ω = nω.

In this thesis phase matching is achieved via so-called critical phase matching, where
birefringence of a crystal is used to adjust the refractive indices. Birefringence refers
to the polarization dependence of the refractive index. The so-called extraordinary axis
has refractive index ne for all light rays polarized parallel to this axis, whereas all light
rays perpendicular to this axis experience ordinary refraction no. In this case there is
one extraordinary axis and two ordinary axes.
Type I critical phase matching (o-o-e), which is employed in this project, means that
the fundamental wave is polarized along an ordinary axis. The second harmonic is
created with perpendicular polarization to the fundamental. The polarization axis of
the second harmonic is a linear combination of an ordinary axis with the extraordi-
nary axis. By adjusting the proportion of extraordinary axis, the refractive index for
the second harmonic can be tuned. This adjustment is done by cutting the crystal in
a specific angle and is not tunable afterwards. Figure 3.1 illustrates the relation of the
different axes. Further elaboration on the topic of nonlinearity and phase matching
can be found in [52].

3.1.3 Barium borate (BBO) crystal

In this project, a beta-barium borate (BBO) crystal is used for second-harmonic gen-
eration. BBO is largely applied for generation of second harmonics in the visible and
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Figure 3.1 – Birefringent axes in type I phase matching. The crystal is shown
with the beam propagating along the beam path. The second harmonic is gen-
erated with a polarization perpendicular to the fundamental. The extraordinary
axis of refractive index ne lies in the plane of beam path and second-harmonic-
wave polarization. By changing the phase matching angle θ of the extraordi-
nary axis in this plane, the refractive index for the second harmonic wave is
adjusted. The fundamental wave is polarized perpendicular to that plane and
never experiences the extraordinary refraction.

Quantity Value

walk-off ρ 67.37 mrad
effective nonlinearity deff 2 pm V−1

phase matching angle θpm 29°
refractive index nω = n2ω 1.659
Brewster angle θB 58.92°

Table 3.1 – Properties of BBO. Properties of BBO for type I frequency doubling
from 810 nm to 405 nm at a crystal temperature of 82°C.

UV-range due to its wide transparency range from the UV to the near infrared [53],
and large effective nonlinearity deff = 1

2 χ(2) [54]. It is nonhydroscopic, however its
surfaces are likely to deteriorate due to atmospheric moisture [55], which is why the
BBO in this project is temperature stabilized at 82°C. Furthermore, BBO suffers from
a walk-off in the second harmonic, meaning that the generated wave propagates un-
der an angle with respect to the fundamental. This angle adds up over the length
of the crystal and leads to an elliptical output in the second harmonic. Additionally,
due to the divergence of second harmonic and fundamental, the conversion efficiency
decreases quickly [52]. From the SNLO [56], a freely available program, one gets the
properties for BBO for type I frequency doubling from 810 nm to 405 nm at a temper-
ature of 82°C, as can bee seen in table 3.1.
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3.1.4 Boyd-Kleinman theory

The first step towards reaching a good conversion efficiency for frequency doubling
is to optimize the conversion for a single pass of the fundamental beam through the
crystal. Second-harmonic generation is a quadratic effect, meaning that the conver-
sion depends quadratically on the intensity of the fundamental. Thus a higher inten-
sity in the crystal results in better conversion. This means that a smaller beamwaist
leads to better efficiency, because it increases intensity. However, a tighter focus leads
to higher divergence and thus less efficiency far from the focus. Consequently, the
task is to find the optimum trade-off waist, focusing to a high conversion efficiency in
the center without decreasing it significantly outside of the focus.
In 1968, G. D. Boyd and D. A. Kleinman presented their theoretical study on the op-
timization of second-harmonic generation [57]. They consider a focused Gaussian
beam in a nonlinear crystal with different refractive indices for the fundamental and
second harmonic beam and a resulting walk-off. They derive the power of the gener-
ated second harmonic wave as given by the expression

PSH = P2
F

16π L d2
eff

c λ3
F nSH nF ε0

h(σ, B, ξ) = P2
F κNL,

where the nonlinear coefficient κNL contains all factors different from the fundamen-
tal power. PSH/F are the respective powers of the second harmonic and fundamen-
tal, nSH/F the refractive indices, λF the wavelength, L the length of the crystal and
h(σ, B, ξ) the Boyd-Kleinman-factor. The Boyd-Kleinman-Factor contains all geomet-
ric dependencies of the conversion. In this formulation it is already assumed that the
focus lies in the center of the crystal and the absorption for the second harmonic wave
is zero. The parameters for the Boyd-Kleinman-factor are σ = 1

4 ∆kz0 describing the
phase mismatch with ∆k = kSH − 2kF and the Rayleigh range z0, the B-parameter

B = ρ
√

lkF
2 describing the walk-off with the walk-off angle ρ and the last parameter

ξ = L
2z0

, which describes the focal strength of the fundamental in the crystal. With
these parameters h(σ, B, ξ) is given by

h(σ, B, ξ) =
1

4ξ

∫ +ξ

−ξ

∫ +ξ

−ξ
dτdτ′

exp
(
− iσ(τ′ − τ)− B2(τ′−τ)2

ξ

)
(1 + iτ′)(1− iτ)

. (3.3)

Optimization

To optimize the single-pass efficiency, one has to optimize the Boyd-Kleinman pa-
rameter in equation 3.3. There is a simple analytical expression to reproduce in good
accordance the optimized parameters for the Boyd-Kleinman-factor [58], which takes
into account the B and ξ parameters. However in this case the full numerical opti-
mization is done, but also depending on the phase mismatch σ, as well as on ξ, but not
on the walk-off B. The B-parameter is fixed by limiting the crystal length to 10 mm.
This is set in order to limit the ellipticity of the output beam, which is not considered
by the Boyd-Kleinmann parameter. Ellipticity decreases the obtained fraction of the
generated second harmonic, because only the Gaussian fraction of the elliptic beam
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Figure 3.2 – Boyd-Kleinman optimization. Value for the Boyd-Kleinman pa-
rameter h depending on the focal strength ξ and the phase mismatch σ. While h
has a strong dependence on ξ with a maximum of h = 0.058 for ξ = 1.41, there
is basically no dependence on σ for small deviations from σ = 0.

is used. 10 mm has shown to be a good value to get considerable conversion with ac-
ceptable ellipticity [43, ch. 5]. Figure 3.2 shows a 2D Plot of the Boyd-Kleinman-factor.
The maximally reachable value is h = 0.058 for a focal strength of ξ = 1.41. The waist
for the optimized focal strength can be calculated as

w0,opt =

√
λF z0

nF π
=

√
λF 2ξ

nF l π
= 23.4 µm.

For small σ the values of h stays basically constant, such that the phase mismatch in
this work was set to

σ = 0 → ∆k = 0.

This corresponds to the phase matching angle as given in table 3.1. For other frequen-
cies and other crystals the phase matching angle must not always give the optimum
efficiency, since the phase matching condition, as discussed in Section 3.1.2 is derived
for a collimated beam. For a strongly focused beam this does not always lead to all
second harmonic waves interfering constructively.

Deviation from the optimum

In the previous section the phase mismatch and waist in the crystal have been op-
timized to give the highest possible single-pass conversion efficiency. In reality this
optimum is problematic, because the effect of thermal lensing can appear. A focused
beam of high intensity in the center of the crystal leads to heating, changing its prop-
erties. In particular the refractive index and thus the phase matching condition are
dependent on temperature. Thus, if the crystal heats up inhomogeneously, the phase
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Figure 3.3 – Schematic of a bow-tie ring cavity. The cavity has two flat mirrors
R1 and R2 as well as two curved mirrors R3 and R4. The crystal is in distance
d/2 between the two curved mirror along the short arm with waist wc. The
long, collimated arm has waist w2 and length u = Σiui. The beam enters the
cavity through the partially reflective mirror R1.

matching changes throughout the crystal, causing a severe drop in conversion effi-
ciency.
For the intensity in a single pass, this would not be a problem. However, in this thesis
a cavity is build to enhance the power of the fundamental and thus the conversion.
In this doubling cavity round trip powers of 100 W can be reached. To minimize the
chance of thermal lensing effects in the cavity, the focal strength in this setup is re-
duced by a factor of 3. The waist is thereby made bigger by a factor of

√
3, and the

peak intensity in the cavity is three times smaller. Still the Boyd-Kleinman-Factor
stays relatively close to its optimum, having a value of

hred = 0.046.

The waist is then given by
w0,red = 40.6 µm.

This method has been employed before with good results [59].

3.2 The optical resonator

The single-pass efficiency, even for the optimized case, is not sufficient to convert
a considerable fraction of the fundamental to the second harmonic. The nonlinear
coefficient κNL in table 3.3, shows a conversion efficiency of less than 0.5% for a fun-
damental of 2 W power. A cavity to enhance the power in the crystal can increase this
conversion by a factor of 50 [43, 60–62]. This work uses a bow-tie ring cavity, whose
schematic is shown in Figure 3.3. The cavity consists of two curved mirrors R3 and
R4 with curvature R = 50 mm as well as two flat mirrors R1 and R2. The BBO crystal
is centered in between the curved mirrors with distance d/2 to both sides. The curva-
ture of the mirrors causes the strong focus with waist wc inside the crystal. The long
arm, that is the path going via the flat mirrors, has length u = Σiui and the waist w2
is nearly constant all along the path. The beam is coupled into the cavity through the
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partially reflective mirror R1. The mirrors R2, R3 and R4 are highly reflective for the
fundamental, though transmissive for the second harmonic, such that the second har-
monic is coupled out straight through mirror R4 after being generated in the crystal.
The BBO crystal is cut in a Brewster cut angle, which leads to a kink in the beam path
due to refraction. The Brewster cut avoids reflections on the surface of the crystal. An
AR coating is not an alternative as the AR coatings are reported to have a low damage
threshold [63].

3.2.1 Stability

One requirement for the cavity is that the beam has to be mapped onto itself after
an arbitrary amount of round trips. Cavity stability means that the beam remains
inside the cavity and does not diverge. The derivation of the stability condition is not
reproduced here, but can be found for example in [64]. Stability of the resonator is
accordingly given for

0 ≤ γ1γ2 ≤ 1, (3.4)

where

γ1 =
−l(1− 1

n )− d + R
R

,

γ2 = 1− u
R

,

where R is the curvature of the curved mirrors. The q parameter of the Gaussian beam
has to be mapped onto itself after a single round trip for the Gaussian TEM00 mode
to propagate in the cavity. This is the self-consistency condition

q = q1 = q2.

Using the already set parameters of Section 3.1.4, this leads to the condition

α2 :=
n2 ξ R

l

2
!
=

γ2

γ1(1− γ1γ2)
, (3.5)

This equation marks a one-dimensional curve inside the two dimensional region of
stability. The stability region of equation 3.4 can be identified as the condition of any
real solution of α. In order to get a maximally stable solution, the minimum of the
curve in equation 3.5 has to be identified. At this point the curve is located most
central in the stability region.
One also has to take into account that the Brewster cut introduces astigmatism [65].
When the Gaussian beam is projected onto the crystal surface, the waist is stretched
in the tangential plane and the beam becomes elliptic. This leads to the stability re-
gions for the sagittal and the tangential plane slightly differing from each other. For
the exact values characterizing the ellipticity in the crystal, one needs to already know
the full geometry of the cavity, in particular the length of the two arms and the inci-
dence angle of the beam on the mirrors. They define in which shape the beam will be
projected onto the Brewster cut. Thus the procedure in this project went as follows.
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Figure 3.4 – Stability of the sagittal and tangential cavity plane. The shaded
areas show the regions where the lengths of the long and short arm fulfill the
stability condition. Figure a shows the stability condition for the sagittal plane
(perpendicular to the cavity plane), b for the tangential plane (parallel to the
cavity plane). The blue line indicates self-consistency for the calculated crystal
length and focal strength. The black dot marks the chosen value for the long
and short arms of the cavity.

The geometry of the cavity is chosen as the maximum of equation 3.5 neglecting the
astigmatism of the cavity. Then, as discussed in the next part the angle of incidence on
the mirrors is calculated. Afterwards the alteration of the stability conditions can be
calculated. The stability can then be checked again taking into account the astigma-
tism. In Figure 3.4 the final stability regions for the tangential and the sagittal plane
are shown. Additionally, the figure contains the original line defined by equation 3.5
if astigmatism is ignored. The figure shows that the maximum of this line indeed
lies within the stability region for both planes. It is thus a good choice for the cavity
geometry.

3.2.2 Astigmatism

The curved mirrors R3 and R4 are an astigmatic element in the cavity. For an incidence
angle ϕ different from zero they cause different focal lengths for the tangential (=̂
plane of incidence) and the sagittal plane [66]

fs =
R
2

1
cosϕ

,

ft =
R
2

cosϕ.
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Figure 3.5 – Waist of the long arm depending on the incidence angle. The
red (blue) line show the sagittal (tangential) waist in the long arm depending
on the angle of incidence on the curved mirrors. The crossing of the curves
corresponds to a round waist in the long arm.

The astigmatism of the mirrors and the Brewster cut can be used to compensate each
other. However it is only possible to cancel the astigmatism in a full roundtrip, but
it is not possible to achieve a round waist everywhere in the cavity. One possibility
is thus to achieve a round waist in the crystal, matching it to the calculated waist in
both planes. This seems desirable in terms of an optimal conversion efficiency, but
comes with a disadvantage. A round waist in the crystal means a strongly elliptical
waist in the center of the long arm. In practice this makes efficient incoupling to the
cavity problematic, because the mode of the incoming beam has to be matched with
the cavity mode. For this reason the waist in the crystal is not chosen to be round in
this project.
Figure 3.5 shows the waists in the sagittal and tangential plane in the long arm de-
pending on the angle of incidence on the curved mirrors. To aim for good incoupling,
an angle is chosen that leads to an approximately round waist in the crystal. The
corresponding full opening angle is 2ϕ = 30.01°.
The waist in the tangential plane is thus slightly stretched as compared to the value
calculated in Section 3.1.4, while the sagittal waist stays with the calculated value.
Accepting this ellipticity in favor of a round incoupling beam has been tested and
approved in various other works before [60, 62].

3.2.3 Impedance matching

To get the best possible conversion efficiency, the cavity has to be impedance matched.
This means that the incoupled power has to be matched with the round trip losses. Be-
sides the desired conversion to the second harmonic there are other sources of round
trip loss. The reflectivity of the highly reflective mirrors R2, R3 and R4 is not per-



24 Chapter 3. Cavity-enhanced second-harmonic generation

fect, there might be absorption in the crystal, reflection on the surface of the crystal
or even dust and misalignment. Those have to be estimated and mapped to the in-
coupled power. Perfect impedance matching is achieved, when the reflection of the
incoming beam at the incoupling mirror and transmission of the circulating beam at
the incoupling mirror are equal. If the light frequency matches the cavity resonance,
the reflected incoming and transmitted circulating beam are phase shifted by 180° and
interfere destructively. In the case of perfect impedance matching the incoming beam
is fully coupled in the cavity because the reflection is canceled.
This can be calculated using the self-consistency requirement for the circulating field
after one round trip [67]

Ecirc = i
√

T1Ein + grt(ω)Ecirc,

where Ecirc, in are the circulating and incoming electric field amplitudes, T1 is the trans-
mittivity of the incoupling mirror and grt is the round trip function given by

grt =
√

R e−iωL/c√α,

with L being the total optical length of the resonator, R = R1R2R3R4 being the re-
flectivity of all mirrors and α accounting for other losses. Assuming the length of the
cavity to be on resonance with the frequency of the light field all the complex factors
can be dropped. The power of the generated second harmonic can then be calculated
as

PSH = κNLP2
circ

and accordingly the efficiency of the process as

ηeff =
PSH

Pin
.

For perfect impedance matching the efficiency has to be optimized with respect to
the incoupling mirror reflectivity. This depends on several factors, like the reflectiv-
ity of the other mirrors, the additional losses and the power of the incoming fun-
damental. They all have to be estimated in order find a suitable value for the in-
put reflectivity. The estimations taken in this work are highly reflective mirrors of
R2 = R3 = R4 = 99.95%, as given by the supplier Layertec, and additional losses of
0.5% [43]. The power of the fundamental is given by a tapered amplifier, specified for
a 2 W output power. Here it is assumed that half or less of the TA output is available in
the Gaussian mode. Figure 3.6 shows a plot of the efficiency depending on the input
reflectivity with the given estimations. The curve is plotted for different fundamental
powers of 0.5 W, 0.8 W and 1.1 W, which are the lower and upper limits of what is
expected to be possibly coupled in to the cavity. Also in the plot are for each curve the
maximum efficiency reachable [68]. The value for the input reflectivity that has been
chosen is R1 = (98.8± 0.1)%. It is slightly on the left of the optimum because of the
sharp drop in efficiency on the right hand side of the maximum, where the cavity is
undercoupled. In the figure this is shown as a shaded areas, indicating the reflectivity
value within its error bars. In table 3.2 the efficiency, power of the second harmonic
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Figure 3.6 – SHG efficiency on incoupling reflectivity.Efficiency of the second-
harmonic generation depending on the reflectivity of the incoupling mirror. The
blue line represents the case of 0.5 W power of the fundamental wave, the red
represents 0.8 W and the green 1.1 W. The dots indicate the maximum of effi-
ciency for each line, the shaded area centered around 98.8% reflectivity marks
the value of the input reflectivity within its uncertainty that was chosen for the
cavity

Pin (W) ηeff (%) PSH (W) Pcirc (W)

0.5 30 0.151 57
0.8 37 0.299 79
1.1 42 0.460 97

Table 3.2 – Efficiency, power of the second harmonic and circulating power.
For different powers of the fundamental the efficiency, power of the second
harmonic and circulating power in the cavity are shown for the chosen input
reflectivity of 98.80% and additional losses of 0.5%.

and circulating power are listed for the different input powers with the selected input
reflectivity of 98.8%.
With these values the doubling cavity is determined in its geometry. The beam waist
has been calculated as

√
3 times the optimum given by the Boyd-Kleinman optimiza-

tion in order to prevent thermal lensing. The geometry of the enhancement cavity
was determined by the stability condition and the decision for a round waist in the
incoupling path. Finally the reflectivity of the incoupling mirror is chosen to optimize
impedance matching. Table 3.3 sums up the final cavity geometry and the specifica-
tion of the different elements.
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Quantity Value

nonlinear coefficient κNL 4.9× 10−5 W−1

crystal length l 10 mm
temperature T 82°C
crystal waist saggital wc,s 41.9 µm
crystal waist tangentialwc,t 64.3 µm
second waist saggital w2,s 123.7 µm
second waist tangential w2,t 118.5 µm
mirror curvature R 50 mm
full opening angle 2ϕ 30.01°
short arm d 56.8 mm
long arm d 147.8 mm
input reflectivity R1 98.80%

Table 3.3 – Geometry for the SHG Cavity. Final geometry and other specifica-
tion for the cavity.



CHAPTER 4

Experimental setup – design and
characterization

This chapter reports on the design and characterization of the laser system. The setup
is first sketched out in its most relevant components and then discussed in detail. The
NIR 980 nm setup is described including the design of the home-built Littrow lasers
and tapered amplifiers. The stabilization of the laser to a ULE cavity is characterized.
As for the blue 405 nm setup, the emphasis will be on the design and characteriza-
tion of the doubling cavity. The frequency stabilization through a transfer cavity is
characterized including the laser lock and the stabilization of the cavity length.

4.1 Overview

The two-photon setup consists of two parts. In the 405 nm setup, referred to as blue
setup from here on, coherent, frequency stabilized 405 nm laser light is created, which
can drive the 4S to 5P transition in 39K. The NIR setup generates near-infrared (NIR)
980 nm laser light, frequency stabilized to a ULE cavity, which drives the 5P to nS
transition and can be tuned in wavelength to address almost all of the available Ryd-
berg states.
Figure 4.1 shows a general scheme of both the blue and the NIR setup. The NIR setup
begins with an external cavity diode laser (ECDL), which will throughout the chapter
be referred to as the 980 nm laser, since it can be tuned by several nm to all Rydberg
states around that value. After an optical isolator, the light is sent into a tapered am-
plifier (TA), and after another optical isolator passes an AOM and then gets coupled
into a fiber. Before the amplification stage a small fraction of the light is used for fre-
quency stabilization. For that a fiber coupled electro-optic modulator (EOM), driven
by a local oscillator, generates sidebands on the light, which is then coupled to an
ultra low expansion (ULE) cavity. The reflection is used to stabilize the frequency of
the light.
The blue setup begins with an near-infrared laser at 810 nm that is amplified using a
TA. The light is then coupled to a doubling cavity where it is frequency-doubled to
405 nm. Then it is sent through an AOM and gets coupled to a fiber. For frequency
stabilization a small fraction of the light is split off the main beam and is sent through
a fiber to a cavity. The sidebands for the Pound-Drever-Hall lock are created via cur-
rent modulation of the laser. The reflection signal is used to stabilize the laser. The
cavity is called a transfer cavity, because it is not stable by itself, but has to be stabi-



28 Chapter 4. Experimental setup – design and characterization

Doubling Cavity

Transfer Cavity

ULE Cavity

TA

TA

ECDL
980 nm

ECDL
810 nm

stabilized to ULE

via transfer lock

Crystal

PBS

Beam sampler

Fiber

Fiber coupled
EOM

Beam dump

AOM

Isolator

PID loop

Oscillator

Photodiode

Figure 4.1 – Schematic of the two-photon setup. The complete setup including
both the NIR and the blue setup is shown. The graphic only shows the most
relevant elements. An overwiev over the setup is given in the main text.

lized in length. This in done by keeping it on resonance with another laser, which is
locked to the ULE cavity. The dotted line in the setup indicates that the transfer cavity
is thus stabilized to the ULE.

4.2 The NIR 980 nm setup

In this setup more than 500 mW coherent, frequency-stabilized laser light is created
to drive the 5P to nS transition frequency in potassium. Figure 4.2 shows the setup in
detail. The ULE lock is shown separately in Section 4.2.3.
The laser is set to a wavelength of 974.7 nm, corresponding to the 5P to 50S transition,
but can be tuned to address both higher and lower states. The setup profits from a
wavelength that is well suited for generating and amplifying laser light. Relatively
broad laser diodes, that can cover the whole range of possible transitions from 5P to
Rydberg states, are commercially available and tapered amplifiers that can provide
2 W or even more in this frequency regime are widely used and have proven to be
reliable.
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Figure 4.2 – NIR laser setup. The figure shows the detailed setup for the NIR
laser with ECDL, TA, AOM and fiber coupling, but without the setup of the
locking, which is shown in its respective section.

4.2.1 The external cavity diode laser at 980 nm

An external cavity diode laser consists of a diode and an element outside of the diode
housing which, together with the diode, defines a cavity. Only frequencies resonant
to the cavity can propagate in the cavity, while all other frequencies vanish. Through
stimulated emission the diode amplifies the propagating frequencies. Since the gain
profile of a diode varies with frequency, one of the modes that is selected by the cavity
gets most amplified and dominates the output. The desired case is to have the diode
emitting in a single mode, such that all other frequencies are suppressed by the most
dominant one. In order to change the wavelength of the laser, an additional element
of selection needs to be included, which allows only a small range of the whole gain
profile to be fed back to the diode. The dominating frequency can then be adjusted by
changing the location of this range in the gain profile.
In this thesis a Littrow laser is built, where a grating is used to select a frequency range
[69]. The grating is a dispersive element, reflecting light in a frequency-dependent an-
gle. By changing the angle of the grating one changes the frequency range that gets
reflected back in the diode giving it feedback. The grating functions as a frequency
selection but also defines a cavity through the distance between grating surface and
diode. This allows for tunable single mode operation of the diode. A part of the light
is reflected back towards the diode, and the rest gets reflected under an angle such
that it leaves the ECDL.
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Figure 4.3 – Design of the Littrow laser. The design of the home built Littrow
lasers is shown. On the left side the aluminum housing of the laser inside an
acrylic glass housing. The inside of the laser is shown on the right. The colli-
mation tube with the diode can be adjusted in position with the tilt adjustment
screws. The grating is glued on the grating arm and can be adjusted in an-
gle using the fine adjustment screw. The piezo mainly affects the cavity length
through slightly pushing the grating arm and has negligible effect on the angle.
The thermistor measures the temperature close to the diode, which is fed back
to two Peltier devices located at the bottom of the aluminum housing through
a PID loop. The solid aluminum housing is air-tight and allows for evacuation
of the laser.

Littrow laser design and assembly

The particular design for this Littrow laser is adapted from the Steck group at the
University or Oregon [70]. In Figure 4.3 a render of the design is depicted. Laser diode
and grating are fixed in a solid block of aluminum and the grating angle is set adjusted
via the grating arm. The diode sits in a collimation tube which contains a lens in
adjustable distance to the diode. The aluminum housing is further protected against
disturbances from the environment via an acrylic glass enclosure and is temperature
stabilized using two Peltier devices. The design allows for evacuation of the interior
of the laser, which has however not been carried out for the lasers in this setup.
The position of the grating has to be roughly set using the adjustment screw before
the position of the diode can be fixed. The position of the diode is crucial for the laser
to stably lase, because a slight tilt in the wrong direction can lead to the feedback
beam not hitting the diode properly. The lasing threshold then decreases drastically
or even vanishes completely. When the grating is moved considerably, the reflected
beam also changes in position and the diode has to be adjusted all over. It is thus
useful to calculate the expected angle of the grating for a desired wavelength. The
angle dependence is given by

2a sin(θ) = λ,
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where a is the grating spacing. This means that at angle θ the wavelength λ gets
the biggest gain from the grating. For a wavelength of 980 nm and the used grating
of 1500 grooves per millimeter, an angle of 47.31° leads to an optimum gain. This
is slightly bigger than the 45° the Littrow lasers are designed for and in fact is on the
edge of the beam still being able to leave the housing without clipping on the housing.
However the laser might still lase at a wavelength different from the gain peak of the
grating, since the gain profile of the diode can be drastically different, such that the
multiplied gain can have a shifted maximum. It might thus be that the grating has
to be turned further away from the optimum gain, leading to a total suppression of
the higher gain frequencies of the diode, but also to a considerable suppression of
the desired wavelength and thus to a decreased output power and increased lasing
threshold. It is thus best to use a diode which has its gain profile centered around the
desired wavelength.
A broad, anti-reflection (AR) coated diode is used to prevent the diode surface from
forming an unwanted cavity. The protection board is home-built and allows for indi-
vidual adjustment. The protection board also allows for current modulation for laser
locking via a DC port, and for AC current modulation via an AC port, for example for
generating sidebands on the frequency. The design of the board was part of another
master thesis and can be found in [71]. The output of the Littrow laser typically has
an elliptic beam profile. Therefore an anamorphic prism pair is used to squeeze the
horizontal axis of the beam.

Characterization

To characterize the laser, its output power is measured right after the housing. A
measurement of the total output power indicates where the lasing threshold is, what
the maximum output is and how steep the slope is. For working with the setup it is
however more important to know the power that arrives at the TA, because the TA
is sensitive to the seeding power. Thus Figure 4.4 shows both, the total laser output
and the power that arrives at the TA, after a fraction of the beam has been split off
for the lock and the wavemeter. The power does not rise completely linearly with
increasing current. This is because the wavelength is slightly dependent on current.
When increasing the current, at some point there is a mode jump and the new mode
might be worse or better in terms of gain from the grating or the diode. This leads to
the intensity curve deviating slightly from a linear slope.
Overall this laser provides enough power for the lock, the wavemeter and the seed-
ing of the TA. It is currently set to lase at 974.7 nm, which corresponds to the 5P to
50S transition. This decision was made because at this wavelength the diode was ob-
served to perform best. The gain profile is favorable for this wavelength, which leads
to a stable output and the angle given by the grating is not as strong as for lower Ry-
dberg states. It runs in single mode operation quite stably and can be scanned over
several GHz without mode jumps. The wavelength can be changed by about 10 nm
in both directions, though at about 985 nm, the angle of the grating will lead to the
beam being clipped at the edge of the housing.
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Figure 4.4 – Output power of the 980 nm Littrow laser. The plot shows the
output power of the laser (blue) and the power at arrives at the TA for seeding
(red).

In free running mode these kind of Littrow lasers have shown to be relatively sensitive
to acoustic noise, probably due to the grating arm amplifying vibrations of the body.
A solution could be to move the connecting point of housing and grating in line with
the laser light, such that vibrations cannot affect the relative position between diode
and grating so much. For that discussion also compare this Littrow laser design to the
alternative (linear) laser design of Appendix B.

4.2.2 The tapered amplifier

The output of 40 mW from the ECDL is not enough to reach the Rabi frequencies
aimed for in this project. An amplifier is needed. A cost-efficient way to amplify laser
light in the range of 650 - 1000 nm is to use a tapered amplifier (TA). Such a TA con-
sists of a tapered gain region of a semiconductor material, such as GaAs. Similar as in
a laser diode, the electrons in the material get pumped in the conducting band when a
current is applied. Without any further input spontaneous emission leads to fluores-
cence of the material. But if the chip is seeded by another laser in the right frequency
range, stimulated emission takes place throughout the medium and amplifies along
the tapered region, such that gains of a factor of 100 and more of the seeding power
can be achieved.
In Figure 4.5 the TA chip and its mount can be seen. The housing has thread in the
middle so the mount can be fixed onto a proper holder for the setup. While the hous-
ing forms the anode and gets grounded, the cathode sticks out on top of the mount
and can be soldered to a wire or a connector. Right next to the long cathode, also on
top of the mount, sits the TA chip, connected with thin, very sensitive wires. The TA
chip has an entrance facet with a channel that allows only for a single mode, improv-
ing the seeding of the medium. Input and output facet are AR coated.
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Figure 4.5 – TA chip and its mount. In a the mount of the TA chip is shown.
The graphic is adapted from the Eagleyard datasheet [72]. In b a schematic of
the chip with its tapered gain region is shown.

Design

The TAs used in this setup are commercially bought TA chips, mounted to a structure
that has been designed in our group. Figure 4.6 shows this design. The TA chip
in its mount is screwed on a copper mount, which is temperature stabilized using
two Peltier devices. A thermistor right next to the chip reads the temperature. To
carry away the heat produced by the chip, the copper plates next to the Peltiers are
water cooled. There are two lenses, one to focus onto the chip and one to collimate
the output. Both are fixed on a translation stage for optimal adjustment. Everything
is protected from the environment by an acrylic glass housing. For current supply
and temperature stabilization a protection board similar to the one for the ECDL, but
without modulation ports, is used.

Beamshaping

While the input to the TA is not very demanding and basically only needs the right
polarization and position of the focusing lens, it can be quite challenging to handle
the output beam. The collimation lens inside the TA housing can only collimate the
vertical axis, while the horizontal one remains strongly diverging. This is due to the
tapered shape and the horizontally stretched output facet. To collimate this axis, a
cylindrical lens is needed, where the right focal length has to be found by testing.
After successful collimation of both axis the beamshape is still far from a Gaussian.
Instead it has a rectangular, inhomogeneous shape of superimposed roundish beams.
In order to fit the beam through an isolator it has to be reduced in size using a tele-
scope consisting of two lenses. The non-Gaussian portion of the beam then slowly
diverges and after half a meter to a meter after the TA the beamshape resembles a
Gaussian.
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Figure 4.6 – Design of the TA. The design for the tapered amplifiers with the
copper mounts, Peltier devices, translation stages for the lenses and the sur-
rounding acrylic glass is shown. The upper copper plates have copper tubes
with water flow going through which carry heat away.

Characterization

In case of sufficient seeding of 15 mW to 25 mW and good coupling, the output of the
TA depends roughly on three parameters, namely the temperature of the chip, the
seeding power and most importantly the current applied to the chip. In Figure 4.7
the output of the TA depending on current and seeding is shown. Up to a current
of roughly 700 mA no considerably amplification takes place. From there the output
power shows a linear increase with current. The maximum output at the maximum
rating of 3.5 A is slightly above the specified output of 2 W. However, since the iso-
lator in the setup is specified with a maximum of 1.7 W, the TA can not be used at
its maximum power anyway. A comparison of the different seedings in the same fig-
ure shows that the saturation point for the seeding is current dependent, such that
the output is not always saturating at 20 mW. Higher seeding is not measured, since
more than 25 mW may decrease the lifetime of the TA.
The temperature dependence of the output power is shown in Figure 4.8. One would
expect a curve with a clear maximum at a certain temperature and a slow decrease in
power to both sides of the maximum, as in [73]. The figure indeed shows an increase
towards lower temperatures. Even lower temperatures were not not tested because
below 15°C condensation could damage the TA chip. Despite the monotonous growth
in power, the curve does not look as smooth as expected. To investigate this behavior
a measurement on a much smaller temperature scale was taken. This shows that on
a scale of about 0.4°C the power oscillates in a sine shaped manner. This oscillation
explains the behavior on the bigger scale, since random points along this oscillation
are taken in the measurement. The small scale oscillation could be explained by two
imperfectly AR coated facets that form a cavity. A change of temperature leads to the
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Figure 4.7 – 980 nm TA output on current. Figure a shows the TA output for
20 mW seeding power and b shows the output for 15 mW seeding (blue), 20 mW
seeding (green) and 25 mW seeding (red).

expansion of the medium, which changes the resonance of the cavity and thereby the
suppression of the output.
Before the light gets coupled into a fiber, it is send through an AOM (Gooch & Housego
AOM 3110-197). This allows both for fast switching on and off the light and for pre-
cisely scanning a frequency range of a few MHz. The peak efficiency achieved with
the AOM in this setup is less than 60%. Figure 4.9 shows the output of the AOM in the
first order for an input of about 150 mW. Instead of a curve with one clear optimum,
the AOM has a second, local maximum about 10 MHz from the global maximum. A
very similar behavior with comparably bad coupling has been found in our lab with
the AOM 3110-120 in [74]. In both cases optimization failed despite several attempts
to improve. The reason has not yet been found.
The zero order output of the AOM is picked up using a D-shaped mirror and set to
a beam dump. The first order output of the AOM gets coupled into a fiber with 70%
efficiency. The total efficiency from the TA to the fiber output, due to losses from the
TA beamshaping, the isolator, the AOM and the fiber coupling, are about 36%.

4.2.3 Locking to the ULE cavity

For the final experiment the laser light has to be stable in frequency, both long term
and short term. Long term stability is necessary for the experiment to provide repro-
ducible results. Short term fluctuations of the frequency affect the coherence time of
the atoms and the frequency resolution of measurements. Thus the laser should be
frequency stabilized with a small linewidth and good long term stability.
In this setup the laser is frequency stabilized to a cavity. The length of the cavity serves
as a reference for the wavelength of the laser. When the laser is resonant on the cavity
length, a standing wave builds up inside the cavity. The circulating power in the cav-
ity then is so large, that the transmission through the mirrors is detectable. Behind the
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Figure 4.8 – 980 nm TA output on temperature. Figure a shows the output
power for several temperatures between 15°C and 30°C. Figure b is measured
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Figure 4.9 – AOM output power on frequency. The output of the AOM in the
first order is plotted for different driving frequencies of the AOM.
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Figure 4.10 – Schematic of the ULE lock setup. The figure shows the detailed
setup of the ULE laser lock. A fiber EOM is used for phase modulation. While
the transmission is monitored to make sure to lock on the right mode, the ac-
tual error signal is generated using the reflection signal, which is split from the
incoming beam using a λ/4 plate and a polarizing beam splitter (PBS).

cavity a transmission signal can be seen, whereas the back reflection from the cavity
shows a considerable decrease as compared to the non-resonant case, because the cir-
culating light transmitted through the input mirror is 180° shifted in phase regarding
the input and thus destructively interferes with the reflection.
Figure 4.10 shows a schematic of the setup for the lock to the ULE cavity. The EOM
is a fiber coupled EOM from EOSPACE (model PM-0S5-10-PFA-PFA-970/1005) that
is suitable for all modulation frequencies from DC to 10 GHz. This is needed for the
specific locking in this setup, where two sideband frequencies are used to lock the
laser on a frequency independent of the cavity resonances, as discussed later in this
section. The transmission photodiode and camera are used to monitor the transmis-
sion and make sure the right mode is used for locking. The photodiode is home-built,
information on the circuit can be found in [71]. The signal of the reflection photodiode
is used for locking the laser. Further explanations about the locking procedure follow
later in this section.

Ultra low expansion cavity

In this project an ultra low expansion (ULE) cavity is used. The cavity mirrors are
coated for three different wavelengths, namely 1142-1162 nm, 970-998 nm and 765-
775 nm. The mirrors are optically contacted to a 10 cm long spacer out of ultra low
expansion glass, ordered from Advanced Thin Films. Although not at its zero expan-
sion point in this setup, the material shows very little length dependence on tempera-
ture. Low expansion is an important property, because length fluctuations are related
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Figure 4.11 – ULE vacuum chamber. The design of the vacuum chamber to
shield the ULE cavity is shown. Inside lies the ULE glass with the mirrors, pro-
tected by the inner and outer copper shield and surrounded by an aluminum
chamber.

to frequency fluctuations as
∆ν

ν
=

∆L
L

.

For 980 nm this yields
∆ν

∆L
= 3 MHz/nm.

It is thus crucial to keep length fluctuation as low as possible. The cavity is thermally
and vibrationally shielded by two copper shieldings which are actively temperature
stabilized using only one Peltier device. This design is inspired by [75]. The cav-
ity with the shieldings sits inside an aluminum vacuum chamber with slightly tilted
viewports. A render of the shieldings and the chamber with the cavity inside can
be seen in Figure 4.11. Further information on the vacuum system and temperature
stabilization and further uses of the ULE cavity in our potassium experiment can be
found in [76].
In order to optimally couple into the cavity, the geometry of the incoming beam has

to be matched with the cavity mode. The geometry of the TEM00 mode can be cal-
culated using Gaussian beam optics, as done for example in [77]. The radius of the
curvature of a beam can be calculated as

R(z) = z
(

1 +

(
πω2

0
λz

)2)
,

where z gives the position along the axis of propagation and ω0 is the beam waist
at the z = 0 position. The resonance condition for the cavity states that the radius
of the beam curvature has to equal the radius of the mirrors at the mirror position.
In the ULE cavity in this setup the first mirror is flat and thus falls together with the
position of the beam waist. The second mirror has a curvature of R2 = 50 cm, and
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thus R(L) = 50 cm. This can be solved for

ω0 =

√
λ
√

RL− L2

π
= 248.5 µm

and

ω(L) = ω0

√√√√1 +

(
Lλ

πω2
0

)2

= 278.4 µm

The collimated beam after the fiber has a a diameter of 760 µm, measured using a
camera (VRmC-9+/BW-OEM, VRmagic) and fitting a Gaussian to the beamprofile.
The beamdiameter then is given as the diameter where the beam has 1/e2 of its peak
intensity. A convex lens of focal length f = 400 mm in a distance of 230 mm from the
first cavity mirror matches the beam onto the cavity mode.

Characterization of the cavity

The longitudinal modes of the cavity are spaced in frequency depending on the length
of the cavity. The frequency range after which the resonance peaks of the cavity repeat
is called the free spectral range (FSR). It is given by

∆νFSR =
c

2L
= 1.5 GHz.

In order to achieve the best possible signal, the incoupling mirrors have to be ad-
justed such that the Gaussian mode TEM00 is the dominating resonance peak, ideally
such that all other modes are completely suppressed. Figure 4.12 shows the transmis-
sion signal for a frequency scan over the free spectral range. The data have been taken
using a TektronixDPO 2024B 200 MHz oscilloscope, as all the oscilloscope data in this
thesis. It can be seen in the plot that there is one dominating peak and only one other,
minor peak. The dominating peak is the TEM00, the other peak is a superposition of
the TEM01 and TEM10. This has been checked using the camera in the setup.
To measure how much of the incoming beam is actually coupled into the cavity, one
has to look at the reflection signal. At the resonance frequency the reflection shows a
drop. The drop of this signal is equal to the amount of incoupled light. Figure 4.12
also shows the reflection signal for a frequency scan over the resonance peak. While
the transmission signal of the last figure only shows structureless lines, in this case
the dip is much more resolved. This is due to the frequency scale, being about a factor
of a thousand different. The reflection in this plot is normalized such that the offreso-
nant reflection level is set to 1. Then it can be simply read from the graph that about
80% of the light are coupled into the cavity.
Besides some noise in the reflection signal, the scan also shows a peak right after the
incoupling dip. This peak arises due to the high finesse of the cavity. The reflection of
the mirrors is so high, that the light gets stored for a short time inside the cavity. When
the frequency is not on resonance any more, there is still a standing wave inside the
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Figure 4.12 – ULE free spectral range and incoupling. In a the transmission
signal can be seen when the frequency is scanned over the full FSR. After the
free spectral range the signal repeats itself. The frequency scale is set using the
calculated free spectral range and not known from the measurement itself. In b
the reflection signal is shown. The dip corresponds to one of the high peaks of
the transmission signal but on a much shorter frequency scale. Since only the
peak is scanned no reference can be used to set the right frequency scale.

cavity leading to transmission on both cavity mirrors. This additional light interferes
with the reflected light and is seen as a decaying oscillation, called ringdown.
The finesse of a cavity is defined as the FSR divided by the FWHM of the peak inten-
sity

F =
∆νFSR

∆νFWHM
.

To determine the finesse of the cavity, a straight forward approach is thus to scan over
the resonance peak and measure the width. The FSR could be used as a frequency ref-
erence, but the width of the resonance peak is four orders of magnitude smallers and
its difficult to measure on a few kHz exact when scanning over 1.5 GHz. Thus small
sidebands of 3 MHz are generated and used as a reference. Figure 4.13 shows the
transmission for a scan over the resonance peak with sidebands of 3 MHz distance to
the main peak. The scanning time was set slow enough such that the ringdown effect
does not affect the shape of the transmission signal. The finesse measured with this
peak is roughly F = 6000. But it can be seen in the plot that jittering of the laser
might have affected the lineshape, thus several measurements have been taken. By
averaging the finesse is measured to be F = 7500± 1400. This high error means that
the measurement gets highly affected by some random disturbances, in this case the
large linewidth of the free running laser. This indicates that measuring the finesse in
this way is not reasonable for very high finesse [78]. In the case of this ULE the finesse
is not as high as in the cited work, but it is still high enough such that the linewidth of
the free running laser is too high to allow for resolution of the cavity linewidth. Thus
another technique has to be employed.
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Figure 4.13 – Single transmission peak of the ULE. The figure shows a single
transmission peak of the ULE cavity with its 20 MHz sidebands. The position
of the sidebands is affected by a slight nonlinearity of the piezo used for the
scanning and also by instabilities in the laser leading to frequency jumps during
the scan.

The ringdown, which has already been mentioned in this section, also depends on the
finesse and can be used to achieve a more accurate measurement [79]. The ringdown
time τ is related to the finesse via

F =
πcτ

L
, (4.1)

where τ is given through the exponential decay U(t) = U0e−t/τ of the energy stored
in the cavity. The ringdown time can be extracted from both the transmission and the
reflection signal of a sweep over the resonance. Using the parametrized sweep rate

νs =
2Fdω̇τs

πc
,

where ω̇ is the laser frequency sweep rate (in units of radians per s2), the transmitted
and reflected signal can be expressed by

It(t) =
β2 I0

νs

∣∣∣∣√π

2
e−t′+iνst′2/2−i/(2νs) + i

√
2 D

(
i + t′νs√

2iνs

)∣∣∣∣2

Ir(t) = I0

∣∣∣∣1− β√
νs

(√
π

2i
e−t′+iνst′2/2−i/(2νs) +

√
2i D

(
i + t′νs√

2iνs

))∣∣∣∣2 ,

for a sweep from the far off resonant over the cavity peak. Here the time has been
normalized by t′ = t/(2τ). Furthermore D(x) = e−x2 ∫ x

0 eξ2
dξ denotes the Dawson
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Figure 4.14 – ULE ringdown in the reflection signal. The plot shows the re-
flection signal for a fast scan over the resonance (blue). The ringdown os-
cillations can be seen clearly over more than 10 µs. The red curve is a fit of
the theoretical ringdown curve to the data, giving a ringdown time of τ =
(2.03± 0.03) · 10−3 ms. The theoretical curve matches the data very well and
only deviates slightly for later times, when the ringdown effect becomes very
small. This is most likely due to the noise in the signal.

integral and β = T/(1− R) is the cavity contrast parameter.
Figure 4.14 shows a measurement of the reflection signal with a fit of the theoretical
reflected intensity. The fit indicates in a ringdown time of τ = (2.03± 0.03) · 10−3 ms.
Using equation 4.1 leads to a finesse of

F = 19 000± 280.

In order to measure a ringdown signal which can be used for a fit, the sweep had to
be much faster than in the scans before. This is due to several reasons. First, the laser
may jitter during the scan and repeat the peak signal if scanned too slow. Second the
oscillation must be clearly separated from the main peak, otherwise the linewidth of
the laser again dominates the result. It turned out that the reflection is better suited
for this measurement, since the peaks are more clearly separated. Also in this specific
setup the photodiode for the reflection is better suited for measuring a fast sweep,
because it has a larger bandwidth than the transmission photodiode. The reflection is
used for locking and needs higher bandwidth while the transmission is only used for
monitoring.
This measurement may overestimate the finesse nonetheless. The difference between
the slow and the fast scan for the reflection show a significant difference in the deep-
ness of the resonance dip. This indicates that either photodiode or the oscilloscope
used to take the data are too slow to resolve the full size of the peak. In that case
the ringdown time would be overestimated and with it the finesse. The theoretical
value extracted from the transmission curve of the ULE mirrors given by the supplier
indicates a finesse of 15 700 for 975 nm.



4.2 The NIR 980 nm setup 43

0.00

0.25

0.50

0.75

1.00
N

or
m

al
iz

ed
 T

ra
ns

m
is

si
on

Frequency (MHz)

-2.0

0.0

2.0

4.0

E
rr

or
 S

ig
na

l (
a.

u.
)

-500 0 500 1000 1500

FSR 1.5 GHz

FSR 1.5 GHz

sideband
600MHz

TEM01 TEM00

a

b

sideband
600MHz

Figure 4.15 – ULE transmission and error signal. The ULE transmission (a) and
corresponding error signal (b) is shown including both, the small 20 MHz and
large 600 MHz sidebands. The sidebands of the TEM01 mode cannot be seen in
the transmission and appear very small in the error signal.

Pound drever hall lock

The ULE cavity is used to frequency stabilize the 980 nm laser using the Pound-
Drever-Hall method [80, 81]. Through phase modulation in an EOM, sidebands at
±20 MHz are created on the laser frequency. Demodulation of the reflection signal at
the modulation frequency yields the derivative of the original reflection signal, which
is linear around the resonance and has a zero crossing right at it. Close to the reso-
nance it thus serves as an error signal, being proportional to the frequency deviation
from resonance. Through an electronic circuit this information is fed back to the laser
to hold it at the resonance.
The NIR laser in this thesis has to be locked on the frequency resonant to the atomic
5P to 50S transition in potassium. The cavity resonances, on the other hand, are deter-
mined by the length of the cavity. In order to lock the laser on any frequency instead of
the fixed resonance frequencies of the cavity, additional sidebands have to be created.
Sidebands cause additional resonances of the light shifted from the carrier resonance
by the modulation frequency. It is thus possible to lock to sidebands, using a second
sideband frequency for demodulating the signal. The free spectral range of the used
ULE is 1.5 GHz, thus sidebands of 0 to 800 MHz are needed to cover the full range
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between the resonances and make it possible to lock to any frequency. In this setup a
DDS (chip AD9910) referenced by an atomic clock is used to generate a stable oscil-
lating signal at 0 to 400 MHz, which is then doubled and combined with the 20 MHz
signal for the demodulation. The combined signal is fed to the EOM, which generates
the sidebands on the light. A scheme containing the complete circuit can be found in
Appendix A.
Figure 4.15 shows a scan over the free spectral range. The small sidebands are set to
20 MHz and the large sidebands are set to 600 MHz. The resonance peak of the Gaus-
sian mode is dominating the signal. The small sidebands of the carrier can clearly
be identified as well as the large sidebands, whose small sidebands are almost invisi-
ble. There also appears one other mode which is still slightly coupled into the cavity.
The corresponding error signal can also be seen in the figure. Sidebands which are
invisible in the transmission show up as clear peaks in the error signal.

Characterization of the lock

Generally the intensity for a ULE lock should be kept low in order to not heat up the
cavity mirrors. In this locking setup a beam of 480 µW is send to the cavity. However
most of the intensity is in the main peak and does not get coupled to the cavity when
the laser is locked on the sidebands. Most of the intensity is thus reflected and less
than 15 % of the total intensity is coupled to the cavity. The actual locking is done
with 50 µW to 100 µW.
The resonance peak of a F = 19 000 cavity with 1.5 GHz FSR is less than 100 kHz
sharp. Therefore fast electronics is needed to lock the laser. This setup uses a FALC
110 from Toptica for fast feedback, directly modulating the current of the laser diode
with a signal path up to 100 MHz (-3dB bandwidth). For slower feedback a home-
built lockbox is used. It modulates the piezo on the grating arm in the laser with
up to about 1.5 kHz. This feedback is much slower than current feedback, but can
compensate for slow drifts which are too large for compensation by current. While
the slow box has a proportional (P) and integration (I) gain to adjust the feedback
loop, the FALC also has a differential (D) gain to adjust.
Together the two lockboxes allow to stably lock the 980 nm laser to the ULE. To es-
timate the linewidth of the lock, the error signal of locked laser is measured using
an oscilloscope. The error signal at each point in time corresponds to the difference
between actual and resonance frequency. In order to assign a frequency error to the
measured units of error signal, a frequency scan of the error signal is used. The fre-
quency scan shows a linear slope of the error signal close to resonance. The distance
to the sidebands of 20 MHz allows to identify the right frequency range of the slope,
which can then be used to calibrate the recorded error signal units to frequency error.
In Figure 4.16 the data for the linewidth estimation is plotted. Shown is a frequency
scan with the sidebands, where the sidebands have been used to calibrate the x axis.
A linear fit to the central peak gives the slope of the error signal. This allows to plot
the error signal of the locked laser as frequency error on time, as shown in the figure.
It shows the mean of the frequency and the standard deviation. The mean is not ex-
actly zero, which originates from a slight offset the lock boxes receive and means that
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the laser is stabilized to a frequency which deviated from the resonance peak by about
250 Hz. The linewidth is calculated with the standard deviation of the frequency as

∆ν = 1.6 kHz.

This linewidth has been calculated for a 1 ms time interval, but it does not change
considerably when taking data over 10 ms or 0.1 ms. Only when going below 0.01 ms,
the linewidth decreases by an order of magnitude, but in this range the oscilloscope’s
limits become relevant, such that better measurements have to be done to confirm or
discard this short timescale result.
This linewidth measurement is merely an estimation. The measurement is affected
by several problems. The calibration of the frequency error relies on a scan of the
error signal, but the unlocked laser has a free running linewidth much greater than
the linewidth of the cavity an thus the slope of the error signal is broadened for any
frequency scan, leading to an overestimation of the final laser linewidth. For com-
parison, the two different finesse measurements for the ULE indicate a broadening of
the resonance by a factor of 3. Furthermore, the laser is heavily affected by acoustic
noise, such that frequency jumps occur during each scan. Frequency jumps within
the resonance peak render the signal completely useless, but even if they occur only
in between the resonance and its sidebands, they lead to a wrong calibration of the
frequency scan. Thus the laser has to be scanned much faster than it jitters. This
timescale however is so short, that the oscilloscope reaches its limit resolving the full
peak, making the slope shallower and thereby also leading to an overestimated final
laser linewidth. Additionally, when scanning so fast ringdown effects occur in the
error signal, affecting the slope of the error signal. Last but not least the error signal
of the locked laser measured by the oscilloscope is also limited by the oscilloscope.
These problems are why the measured linewidth of 1.6 kHz is an estimation. It in-
dicates the order of magnitude of the linewidth, but reliable linewidth data can be
achieved via the decay of Rabi oscillations when the laser light is used to excite cold
atoms.
It also needs to be mentioned that laser linewidth is not the source of decoherence and
a low linewidth alone does not yet guarantee long coherence times. High frequency
phase noise which is above the locking bandwidth is not suppressed by the lock and
furthermore, the phase noise can be amplified at high locking gain. As already men-
tioned, a possible way of reducing this phase noise is by filtering the light through a
cavity. Also noise on the laser intensity can be problematic, as it causes fluctuations in
the Rabi frequency and heating due to AC shifts during the Rydberg excitation. To re-
duce intensity fluctuations a separate stabilization loop is needed, which is however
not being build in this thesis.
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Figure 4.16 – Error Signal of the ULE Lock. Figure a shows the error signal of
the large sideband that the laser gets locked to. The small sidebands of 20 MHz
are used to determine the relative frequency of the x-axis. In b a zoom into
the middle peak with a fit of the slope is shown. The fitted slope value is -18.9
units/MHz. This is used to determine the frequency error for the error signal
of the locked laser, seen in the c. The red line is the mean value of the frequency
and the light red area shows the standard deviation from the mean for a time of
1 ms, giving the linewidth for this time interval.
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4.3 The blue 405 nm setup

In this setup coherent light of 405 nm is created via second-harmonic generation in an
enhancement cavity. The frequency is stabilized to the 4S to 5P transition frequency of
39K. Figure 4.17 shows a detailed schematic of the setup, including the 810 nm ECDL
and its amplification as well as the doubling cavity with its lock. The frequency sta-
bilization of the laser is not included in this schematic and is discussed separately in
Section 4.3.4.
In contrast to the NIR setup, this setup is meant to output laser light at a much more
challenging wavelength. Laser diodes at 405 nm have been available for almost 20
years [82],but have very limited output and hardly operate in stable single mode
above a few mW of output power. This is why many setups use injection locking
for these wavelengths. However injection locks are still limited to tens of mW by the
diodes available, and tapered amplifiers are not operating in the blue. Since the calcu-
lations in Chapter 2 show, that several hundreds of mW are preferable in this setup,
the approach taken in this project is the one of second-harmonic generation. The fun-
damental beam needs to have a wavelength of 810 nm, which can be amplified to 2 W
just like the laser of the NIR setup. With doubling efficiencies of 30 - 40% commonly
reachable, this method allows for the Rabi frequencies calculated earlier.
In the following the main building blocks of the setup are presented part by part.
Their design and assembly as well as their characterization are discussed, beginning
with the ECDL and the TA, followed be the doubling cavity and finally the transfer
cavity, including both the laser lock to the cavity and the length stabilization.

4.3.1 The 810 nm diode laser

The laser design is the same as the Littrow laser of Section 4.2.1. The diode is a EYP-
RWE-0840-06515-1500-SOT02-0000 from Eagleyard with broad gain spectrum and AR
coating. The gain spectrum ranges from 790 nm to 870 nm, with a peak gain at 850 nm.
The used frequency of 810 nm is thus far off the gain peak. However this is the best
suitable diode Eagleyard has to offer for 810 nm. The influence of the dominant fre-
quencies in the free running spectrum can be seen in several aspects. The calculated
angle for the diffraction grating, which has a grating constant of 1800 grooves per
mm, is 46.7°, but the actual set angle is below 45°, because the lower frequencies oth-
erwise cannot be suppressed sufficiently. That means, even if the gain profile of the
grating favors 810 nm, the diode will lase at about 830 nm, because these frequencies
experience so much more gain. Consequently the grating has to be adjusted such,
that it suppresses 830 nm even more, without completely suppressing 810 nm. This
setting leads to a very high lasing threshold and to relatively unstable single mode
operation.

Characterization

Figure 4.18 shows the output power of the 810 nm laser, both right after the housing
and in front of the TA, when parts of the light have been split up for the lock and the
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Figure 4.17 – Blue laser setup. A schematic of the blue setup is shown. The
ECDL is protected by two isolators before seeding the TA. The TA output is
send through a fiber and then coupled into the doubling cavity. The output is
beamshaped and after an AOM coupled to a fiber that leads to the main cham-
ber.
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Figure 4.18 – 810 nm laser output power. The output power of the 810 nm
ECDL is plotted against current. The the output right after the laser housing
(blue) and the power that arrives at the TA for seeding (red) are shown. Up
to about 120 mW the laser output is dominated by spontaneous emission. At
125 mW the laser operates in single mode for the currents measured in the plot.

wavemeter. The intensity at the TA is important to know for correct seeding of the
TA. The measurement does not consist of equally spaced measurement points on the
x-axis, but rather of several short intervals. This is because the laser only runs in sin-
gle mode for certain currents, and in between the intervals of single mode behavior,
the power output drops slightly, as can already be seen at the end of each measured
interval. To avoid misleading information, this graph shows only the well behaved
current intervals with the respective output. At about 147 mA to 150 mA the wave-
length comes across the frequency of the 4S1/2 to 5P1/2 transition, which is where the
laser is supposed to be stabilized. If not specified differently, this is where the laser is
set for all of the following measurements.
The figure also does not show a clear lasing threshold, but rather a linear slope up to
120 mW and another linear but different slope from 120 mW on. This is because at the
point of lasing there is already several mW output caused by spontaneous emission
of the diode material. The spontaneous emission causes the first slope. The lasing
threshold then is at about 120 mW, marking the start of the second slope. This very
high lasing threshold is not due to careless alignment of the laser diode. Compared
to the 980 nm laser diode, a lot of time went into the alignment of the 810 nm laser
diode. It was very tricky to get it lase at this wavelength at all. This is due to the gain
profile of the diode. Whenever the lasing threshold was reduced below 90 mW, the
wavelength was at 820 nm or longer.
As in the NIR setup, a prism pair right after the laser is used to compensate for the el-
liptic output of the laser diode and an optical isolator (IOT-5-780-VLP from Thorlabs)
is placed to protect the laser from back reflections. The 780 nm isolator is not perfectly
suited for 810 nm, but still the best option Thorlabs offers for this wavelength. The
isolation was not enough to protect the diode from the TA output, because a tapered
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Figure 4.19 – The output power and seeding dependence of the 810 nm TA.
Figure a shows the output power of the TA against current for 25 mW seeding.
From about 1A current on the output power grows linearly. Figure b shows
the seeding dependence on current for 25 mW seeding power (blue), 20 mW
seeding (green) and 15 mW seeding (red).

amplifier always outputs some power backwards. After aligning the TA and running
it at considerable power, the laser was very unstable in wavelength, such that the
problem was noticed. Placing a second isolator (IO-3-780-HP from Thorlabs) right
after the first one solved the problem.

4.3.2 The tapered amplifier

The amplification of the 810 nm light works with the same principle and design as
discussed in the NIR setup in Section 4.2.2. The TA chip is EYP-TPA-0808-02000-4006-
CMT04-0000 from Eagleyard, specified with an output power of 2 W, maximal rating
2.2 W. The center wavelength is 808 nm, with a gain width of 10 nm. So it is very well
suited for 810 nm. Figure 4.19 shows the output power on current as well as the seed-
ing dependence. With almost 3 W the output power goes well above the maximal
rating of 2.2 W. This value was measured at 3.5 A current, still below the maximum
rating of 4 A, which has not been measured in order to not damage the TA. The seed-
ing dependence shows a clear increase in output when going from 15 mW to 20 mW
seeding, but almost no increase between 20 mW and 25 mW seeding.

Characterization

The TA also shows a relatively strong temperature dependence, as it can be seen in
Figure 4.20. The maximum output lies at about 24°C and is almost 20% higher than at
17°C. This TA does not show the oscillations in temperature that the other TA showed.
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Figure 4.20 – Temperature dependence of the 810 nm TA. The plot shows the
output power of the TA for different temperatures of the TA chip. The maxi-
mum lies between 24°C and 25°C.

Beamshaping and fibre coupling

As the other TA, this one has an output with different divergences for the horizontal
and the vertical axis. The vertical axis is collimated using the f = 18.4 mm convex
lens that is mounted in the TA housing. The horizontal axis additionally needs a
cylindrical f = 75 mm lens to be collimated. Then the output still consists of a variety
of different spatial modes and has a rectangular shape, but about a meter after the
TA the beam profile looks more like a Gaussian. Right after the collimation lenses
there are two mirrors and an isolator (IO-3-780-HP from Thorlabs), to protect the TA
from back reflections. The isolator can take up to 15 W and although it is designed for
780 nm and might not be perfect for 810 nm, no problems have been observed so far.
Originally the plan was to send the TA output directly towards the cavity and to cou-
ple only the Gaussian fraction in. Since the cavity itself is mode cleaning, the other
modes in the input beam would not matter. However it turned out that it is very
hard to properly couple the Gaussian mode when the input beam consists of several
modes. One can never be sure to have reached an optimum because other modes do
not disappear and the relative incoupling as it is seen on the oscilloscope depends on
how the beam hits the photodiode, since different parts of the beam are made up of
different spatial modes. It is also more tricky to lock the cavity when the signal has
many peaks with error signals overlapping. For these reasons the beam after the TA
is now coupled to a fiber and outcoupled again for the cavity. The coupling efficiency
is roughly 40%, but should be improvable. The main problem is that the incoupling
is very sensitive to slight changes in the coupling lens (Schäfter + Kirchhoff fiber col-
limator 60FC-F-4-M5-10 ) and adjusting the focus even a bit completely destroys the
coupling. It is thus very hard to find the right focus. The beam is also not perfectly
Gaussian and slightly too big yet.
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4.3.3 The 810 nm to 405 nm doubling cavity

The next stage in the setup is the doubling cavity. Here the frequency doubling from
810 nm to 405 nm takes place, following the calculations given in Section 4.3.3.

Design

The doubling cavity iteself consists of 4 mirrors, purchased from Layertec and a
BBO crystal from Castech. The cavity mirrors have a high reflectivity coating with
> 99.95% reflectivity for 810 nm and high transmittivity of > 99% for 405 nm. The
incoupling mirror is specified with (98.8± 0.1)% reflectivity for 810 nm. The crystal
has a Brewster cut, and dimensions of 3× 3× 10 mm. It is heated to 80°C to prevent
it from absorbing moisture. To temperature stabilize a temperature controller from
Thorlabs (TC200) is used with a Omega 55016 thermistor and a resistive heater from
Thorlabs (HT15W), which are both stuck into a copper mount with indium foil. The
crystal is also packed into one layer of indium foil and mounted into the block. The
copper block is screwed on a Vespel plate for temperature isolation and then mounted
on a translation stage from Newport (9081-M).
The full design of the cavity can be seen in Figure 4.21. The translation stage with
the crystal is mounted on a thick aluminum plate, which also the mirror mounts (po-
laris mounts from Thorlabs) can be screwed on directly. This minimizes misalignment
through thermal expansion and forces acting on the plate. The plate is placed inside a
thick aluminum housing with magnets, strong enough to guarantee a fixed position.
The magnets are screwed on the floor of the housing and downside the aluminum
plate, such that the plate can be taken out and set back on the same position on any
time. This does not only allow to take the plate out, but most importantly decouples
the cavity from stress in the housing. The housing has a 1 cm thick plastic lid which
allows to evacuate the cavity. The forces on the housing through the evacuation will
however not affect the cavity alignment because of the resonator plate. This allows
for optimal stability and isolation against acoustic noise and temperature fluctuations.
The design is inspired by [62].
To stabilize the length of the cavity to resonance with the laser light, two piezos are
used. The slow piezo is attached to a mirror mount and has one of the curved, half
inch mirrors glued on it. It can cover length fluctuations of tens of micro meters with
about 1.5 kHz. In order to be faster than that, the cavity has a second, fast piezo. This
piezo is only 1/4 inch in diameter and has a 1/4 inch mirror glued on it. Due to its
lower mass it can react much faster than the slow piezo. To give the light piezo stabil-
ity and allow expansion in direction of the mirror only, the piezo is glued on a copper
mount which is filled with led. This two piezo locking is inspired by [83], where it
has been shown to be a significant improvement.

Characterization of the cavity

For good incoupling, mode matching is inevitable. Without the fiber between TA and
cavity, it was not possible to reliably measure the diameter of the incoming beam due
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Figure 4.22 – Reflection signal of the doubling cavity. Reflection signal of the
doubling cavity is plotted for a length scan with the big piezo. The two deep
dips mark the resonances for the Gaussian mode. About 75% of the light is
coupled into the cavity for this scan. Frequency modulation was present for
this scan, but the sidebands are too small to be seen in the scan. Modulation is
necessary to lock the laser since only with the laser locked is it stable enough to
show these incoupling peaks.

to the overlap of several modes. After placing the fiber, the outcoupled beam has a
well defined diameter and can be mode matched to the second waist of the cavity.
Since space for mounting lenses on the board is very limited, a combination of lenses
is used here. First a f = −75 mm, followed by a f = 150 mm lens on a translation
stage allow for best possible mode matching.
The incoupling itself is also much easier with the Gaussian shaped incoming beam.
Without much optimization, the incoupling shown in Figure 4.22 was achieved. The
figure shows the reflection signal from the cavity when the slow piezo is scanned
in length and the laser is locked. Just as a frequency scan, this length scan allows
to calculate the finesse of the doubling cavity as the ratio of FSR and FWHM of the
Gaussian peak. For this measurement the piezo is assumed to behave roughly linear
over the relevant distance. The result is a finesse of

F = 190± 50.

The large error is due to the uncertainty in the peak height and width, which can not
be known with higher precision from the obtained data. This finesse measurement
is not determined by the mirrors only, but is largely affected by the crystal. A mea-
surement of the finesse without crystal is not possible since the Brewster cut is crucial
for the beam path. This means that reflection on the Brewster cut, absorption in the
crystal and second-harmonic generation contribute to the losses in the cavity. This
affects the incoupling and thereby the finesse of the cavity.



4.3 The blue 405 nm setup 55

0 100 200 300
Incident Light (mW)

0

1

2

3

4

Tr
an

sm
itt

ed
 L

ig
ht

 (m
W

)

Figure 4.23 – Transmission of the incoupling mirror. The blue dots show the
transmitted versus incident light for the incoupling mirror of the doubling cav-
ity. The blue line is a linear fit, giving a transmission of T = 1.40± 0.05%.

Figure 4.23 shows a measurement of the incoupling mirror. The transmission through
the first mirror into the cavity was measured for different powers of the incoming
beam. The transmission was measured to be T = 1.40± 0.05%. Assuming there is no
reflection on the AR coated side as well as no losses, the reflectivity is

Rin = 98.60± 0.05%,

which is 0.1% less than the lowest value within the error bars specified by the supplier.
Assuming there are further losses, the reflectivity is even lower.

Characterization of the lock

To stabilize the length of the cavity to resonance with the 810 nm light, a PDH lock is
used. The reflection from the cavity is send to a photodiode and the obtained signal is
used to stabilize the length to the resonance. The laser itself is modulated in current
in order to generate the necessary sidebands. The protection board used in the laser
as cited in Section 4.2.1, has a branch for AC current modulation. To account for the
polarity of the laser diode the protection board had to be extended. Current mod-
ulation for this diode only works if the anode and cathode branches of the original
design are swapped. The current is modulated at 15 MHz, which is relatively slow
for the cavity, but the transformer of the protection board does not allow for faster
modulation. The frequency sidebands get amplified by the TA and pass through the
fiber before getting to the cavity.
Figure 4.24 shows the error signal of the cavity when it is scanned and when it is
locked. The scanned signal shows the three zero crossings typical for a PDH signal,
but compared to the other PDH signals in this thesis, the signal stays at high value in
between the sidebands and the main peak. This is because the modulation frequency
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Figure 4.24 – Error signal of the SHG cavity lock. The left plot shows the error
signal of the doubling cavity when the cavity is scanned in length. It shows the
three zero crossings of a PDH signal, where the middle crossing corresponds to
the Gaussian mode and the ones on the sides are given by the sidebands. The
features of the sidebands can not be fully resolved from the main peak because
they are too close to the main peak. The plot on the right shows the error signal
for the cavity locked to the main peak.

of 15 MHz is comparable to the width of a resonance peak in the cavity, such that the
sidebands cannot be resolved properly. This lack of resolution is not problematic, be-
cause the central zero crossing can still be used to lock the cavity. The error signal for
the locked cavity shows that the lock stays well below the maximum of the scanned
error signal.
The possibility to lock the cavity also crucially improved when the TA output was
coupled to a fiber first. Before placing the fiber, the many spacial modes that where
coupled to the cavity resulted in the error signals of different peaks interfering with
each other. Many zero crossing were so close to each other, that it was not possible to
stabily lock the cavity.

Characterization of the second-harmonic generation

BBO crystals have an extremely low acceptance angle, which is why it is very hard
to align it to the right phase matching angle. That means the alignment procedure is
very lengthly, because even if the cavity is aligned very well to the Gaussian mode,
it might not allow for proper phase matching. Only if the beam lies exactly in the
cavity plane do the curved mirrors lead to the correct waist in the crystal and only
if the angle between beam and crystal is right, will it be phase matched. The crystal
position can be adjusted, but if the beam has the wrong angle, adjusting the crystal
to phase matching does not allow to keep the round trips aligned to each other. This
means the procedure of aligning the cavity consists of consecutive alignments of the
crystal, the round trip, and the incoupling.
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The main limitation which has prevented good alignment so far, are the incoupling
mirrors. Because of the periscope the last mirror is about 20 cm away from the incou-
pling mirror and because of the limited space the second last mirror is only 5 cm fur-
ther away. This is a bad constellation for alignment. Additionally the mirror mounts
(SR050-050L-2 from Liop-Tec) can be tricky in alignment. While it does not matter for
the rest of the setup, for the doubling cavity the effects are quite visible. The mirrors
often do not fall back to the same position if moving the alignment screws back and
forth. With the cavity so far from the mirrors and so sensitive to alignment, the signal
randomly jumps when adjusting the mirror and the change cannot be reversed. This
makes the alignment even more time consuming than it already is.
Another problem seems to be that the mirrors need to be cleaned regularly, noticeable
by a significantly increased output power after the cleaning. The most likely reason
for this is outgasing from the resistive heater used to temperature stabilize the crystal.
The crystal is the element which is closest to the resistive heater and is thus probably
most contaminated from the outgasing. Since the crystal mount has a straight 90°
surface, whereas the crystal has a Brewster cut, it is not possible to reach the crystal
surface while the crystal is inside the mount. This means that the crystal cannot be
cleaned and the light passes through the dirty crystal surface in every roundtrip.
At this point the maximum measured output of the second harmonic was 7 mW with
an incoming power of 400 mW. With 75% incoupling this means that about 300 mW
were coupled in to the cavity. This low power is due to the bad coupling efficiency of
the fiber coupling of the TA. For the output one has to add the fraction of the power
that has been reflected on the Brewster surface. This is 21.8% of the blue light and thus
8.5 mW blue light were produced in the cavity. This corresponds to a conversion effi-
ciency of a bit more than 2.8%. The expected conversion efficiency for this power for
perfect alignment according to the calculations would be 18% efficiency. The cavity
thus still needs quite some optimization.

Beamshaping

The beamprofile after the SHG is quite elliptic because of the large walk-off of BBO.
Thus some beamshaping is necessary. Due to the different waist sizes in the sagittal
and tangential plane, the two axes also diverge differently. The best beamprofile of
the output beam has been achieved for an f = 100 mm convex lens right after the
periscope, followed by a f = −75 mm concave lens, which already collimates one
axis. To collimate also the second axis, a cylindrical lens of f = 200 mm is used.
The AOM and fiber coupling are not yet aligned, because changes in the doubling
cavity still have to be made, which changes the alignment afterwards.

4.3.4 Locking to the transfer cavity

To stabilize the 810 nm laser there are several possibilities. First of all one has to decide
whether to use the 810 nm light, or the 405 nm light for stabilization. An advantage of
the 405 nm light would be the possibility of a spectroscopy lock to the 4S to 5P tran-
sition. The laser is then automatically locked to the transition without any long term
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drifts occurring. A downside of a lock to the transition in this setup is the large de-
tuning of several GHz needed for the single atom gates, as calculated in Section 2.3.
Probably several passes through more than one AOM would be needed to achieve
this detuning, such that the availability of the transition is not very useful. Using the
810 nm light for the stabilization on the other hand has the advantage of having the
locking decoupled from the doubling. The PID loop of the frequency stabilization
only relies on the laser itself and the elements used in the lock. The 405 nm light gets
influenced by fluctuations in the length stabilization of the doubling cavity, fluctua-
tions in the crystal temperature, and other fluctuations in the doubling efficiency, as
well as fluctuations in the amplification of the 810 nm light. It is much more favorable
to decouple these fluctuations from the laser lock to avoid unwanted loops.
For these reasons a small fraction of the 810 nm light is split off and used for locking.
A cavity lock allows for arbitrarily high detunings and additionally lower linewidths
than the spectroscopy lock. As already mentioned in Section 4.2.3, one wants low
thermal expansion of the cavity to ensure long term stability. Unfortunately the ULE
cavity used for the IR setup, is not coated for the 810 nm light. Instead another cavity
is used, which is not very stable regarding temperature fluctuations. The idea is to
lock the 810 nm laser to this cavity, which assures short term stabilization of the laser.
To assure long term stabilization the cavity is stabilized to another laser, which is itself
stabilized to the ULE. This is possible because there is a piezo in the cavity to change
adjust the length and because both the ULE as well as the other cavity are coated for
770 nm, allowing to use the 770 nm laser to stabilize the cavity to the ULE. The cavity
is thus called a transfer cavity. Figure 4.25 shows the setup for the transfer cavity. The
whole setup is additionally protected by a wooden box.

Transfer cavity

The cavity consists of two curved mirrors with a curvature of 50 cm, located inside a
thick brass tube. They have a high reflectivity coating from 770 nm to 810 nm from
Advanced Thin Films. One mirror is screwed inside the tube while the other is glued
on a piezo. The piezo is also inside the brass tube, being fixed on a backplate which is
screwed on the tube. The tube is placed inside a vacuum chamber for isolation from
the environment. The cavity is not actively temperature stabilized, but only isolated
through the vacuum. The piezo and the brass tube are not stable in length and can
drift by several GHz per day due to the lack of temperature stabilization. The ad-
vantage of the piezo is the possibility of active length stabilization with respect to a
reference. In this case the ULE cavity is used as a stable reference via a 770 nm laser
because it matches the coatings of both cavities. The linewidth of the locked 770 nm
laser is much smaller than its peak width on the transfer cavity and thus does not
have a considerable effect on the quality of the transfer lock.

Cavity characterization for 810 nm

The 810 nm is locked to the transfer cavity using a PDH lock. The sidebands are gen-
erated by current modulation of the laser at 15 MHz, as already discussed for the lock
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Figure 4.25 – Transfer cavity setup. The figure shows the detailed setup for the
transfer cavity. Both laser enter the cavity from the same side. While the 810 nm
is modulated in current, the 770 nm gets sidebands by an EOM.

of the doubling cavity in 4.3.3. In contrast to the 980 nm laser, this lock does not need
large and small sidebands. As seen from the detuning calculations in Chapter 2, the
detuning should be several GHz large and a displacement of hundreds of MHz from
the optimum does not have a severe effect. The roughly 1 GHz FSR and the possibility
to lock the 770 nm on different modes gives enough freedom to adjust the detuning.
About 200 µW are coupled out of the fiber for the lock. Scanning the cavity length or
laser frequency shows that the laser is very vulnerable to acoustic noise. The signal
height varies by 70% and drifts in the diode cause mode jumps and power fluctua-
tions. This is because of the problematic diode, as it has already been discussed.
Figure 4.26 shows the transmission signal of the 810 nm laser on the transfer cavity
when the frequency of the laser is scanned. The scan shows the FSR with two subse-
quent peaks of Gaussian modes. In between the main peaks two other modes can be
seen that also get coupled to the cavity. The laser is modulated in current for this scan,
but the 15 MHz sidebands are too small to be seen on the scan. What is remarkable on
this scan is the large offset of the background of about 20% of the main signal. This is
not due to an offset of the photodiode or the oscilloscope and has been plotted with
proper calibration of the zero level. This background is actually there in the light,
shining through the cavity. A camera in the transmission beam shows constant satu-
ration at any frequency of the laser. This is a continuous sea of frequencies, probably
due to spontaneous emission of the diode. The stimulated emission is not dominant
enough to completely suppress other frequencies. The background disappears when
placing a (810± 10) nm filter in front of the photodiode, proving that there is in fact
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Figure 4.26 – 810 nm transmission through the transfer cavity. The plot shows
the transmission signal of the 810 nm laser through the transfer cavity. The
two Gaussian modes are separated by a free spectral range of approximately
1.15 GHz. The laser is modulated in current with 15 MHz, but the generated
sidebands are too small to be seen on the scan.

other frequencies in the laser beam. Except for an offset both in the transmission and
the reflection signal, this does however not have much of an effect for the lock.
The transmission signal cannot be used to calculate the finesse because of its strong
jittering. Instead, as for the ULE, the ringdown in the reflection signal is used to
measure the finesse. For that the laser has to be scanned very fast, more than twice as
fast as for the ULE ringdown. Only then can a continuous oscillating signal without
effects of jittering be measured. Figure 4.27 shows this ringdown signal and a fit of
the theoretical curve to the data. The fitted ringdown time is τ = 1.37± 0.02 µs, which
corresponds to a finesse of

F = 10 000± 200.

As it can be seen in the plot, this measurement is not very reliable. Especially the first
few peaks are not well matched with the fit. The error of 2% given by the fit also takes
into account that the theoretical curve fits the data very well for later values and is
thus relatively small, but taking into account that the scan was very fast and that the
oscilloscope is reaching its limits to resolve this, one can expect that the first peaks
are most likely too small in the data. Also the instability of the laser might have led
to problems while taking the data, such the the taken data is not representative for
the ringdown in the first place. The finesse is thus most likely overestimated in this
measurement and the error only corresponds to the error of the fit to the data, but is
not representative for the error of the plotted data regarding the actual ringdown.
For locking the same electronics as for the ULE is used, namely a slow piezo and a
Toptica FALC 110 for the fast current feedback. Figure 4.28 shows the error signal
of the 810 nm laser on the transfer cavity both for the locked and scanned case. For
the scanned case the error signal is clearly disturbed by the instability of the laser. A
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Figure 4.27 – Transfer cavity ringdown in the 810 nm reflection signal. The
plot shows the reflection signal for a fast scan over the resonance (blue).The
ringdown oscillations can be seen clearly over about 5 µs. The red curve is a
fit of the theoretical ringdown curve to the data, giving a ringdown time of
τ = 1.37± 0.02 µs. The theoretical curve does not fit the data very well. The
theoretical curve decays slower than the measured curve, indicating an overes-
timation of the ringdown time.

zoom into the slope of the main peak shows that even clearer. Instead of one slope,
several wiggles are seen. It took several shots to get this one, where the main slope
can be clearly identified. Increasing the scan rate would lead to a less disturbed mea-
surement, but this is the maximal speed at which the error signal still roughly shows
its real height. For all faster scans the error signal is too much affected by the resolu-
tion of the oscilloscope.
The linear fit in the zoomed slope allows to assign a frequency error to each height of
the error signal. With this a frequency error can be assigned to each point in the mea-
sured error signal for the locked laser. In the figure of the locked signal the frequency
error has been plotted against time. The standard deviation from the mean is

∆ν = 37 kHz.

This is only an estimation. The error signal scan measured with the oscilloscope is not
a reliable source for the slope of the error signal. Nevertheless it hints at a linewidth
more than 20 times bigger than for the 980 nm laser.

4.3.5 Stabilizing the transfer cavity

To stabilize the transfer cavity, a 770 nm laser is used, which is itself stabilized to the
ULE cavity. The laser is home-built as well, but with a linear design [84] instead of the
Littrow design. It is used as a Raman laser in the context of the experiment and has
been built in the course of a bachelor’s thesis [74]. Since an identical laser has been
built at the beginning of this master project, but with an MTS [85], instead of a ULE
lock, the design and behavior of these linear lasers compared to the Littrow lasers is
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Figure 4.28 – 810 nm error signal of the transfer cavity lock. Figure a shows
the error signal for a frequency scan of the 810 nm laser. The sidebands are used
to set the frequency of the x axis. In b a zoom into the middle peak with a fit
of the slope is shown. The fitted slope value is 5.65 units/MHz. This is used to
determine the frequency error for the error signal of the locked laser, seen in the
c. The red line is the mean value of the frequency and the light red area shows
the standard deviation from the mean for a time of 1 ms, giving the linewidth
for this time interval.
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Figure 4.29 – 770 nm transmission through the transfer cavity. The plot shows
the transmission of the 770 nm laser for a length scan of the cavity. The laser
is locked to the ULE and the light is phase modulated via an EOM for this
measurement. The 55 MHz sidebands can bee seen right next to the main peaks.

shortly discussed in Appendix B. The lock of the linear to the ULE was not part of this
project and is therefor not discussed.
The cavity is locked to the laser with a PDH lock. About 120 µW are coupled out of
the fiber for the lock. The sidebands are created using a home-built EOM consisting
of a LiNbO3 crystal mounted between two capacitor plates, which are in row with an
inductor. The resonance frequency of such an LC circuit is given by ω0 = 1/

√
LC. In

this case it is measured to be 54.03 MHz, which corresponds to the frequency of the
sidebands caused by the EOM. Figure 4.29 shows a length scan of the cavity. Two sub-
sequent resonance peaks of the Gaussian mode can be seen, as well as their sidebands
and some other modes that are coupled in slightly. The scanned length between the
two peaks is determined by the wavelength of the light to be ∆L = λ/2, whereas the
scanned length between the main peak and the sidebands depends also on the length
of the cavity. it is given by

δL =
1
2

n δλ =
1
2

2L
λlaser

(λlaser − λsidebands).

This length distance can be obtained from the plot to be δL = 18.05± 1.5 nm. This
allows to calculate the length of the cavity and thus the free spectral range. The length
of the cavity is unknown because the mirrors were screwed in the brass tube without
keeping notice of the length. The cavity length extracted from the plot is

L = 13± 1 cm,

where the uncertainty is due to the nonlinearity of the piezo, estimated by the devi-
ation of the leftmost sideband from the rightmost sideband in the scan. The finesse
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measured for the 770 nm light is

F = 3000± 100,

also measured from the cavity scan. For this wavelength no ringdown was fitted,
because this laser allows with high precision to measure the width of the resonance
peak. The uncertainty only arises due to the nonlinearity of the piezo.

Figure 4.30 shows the error signal of the transfer cavity both for a scan of the cavity
length and for the cavity locked to the laser light. The scanning length of the cavity
is known through the sidebands. A linear fit to the slope of the error signal allows to
assign a length error to the signal height for the locked error signal. Calculating the
standard deviation from the mean over a time of 1 ms leads to a length locking of

∆Llock = 3 pm.

For the 810 nm a change of 3 pm corresponds to a frequency change of 9 kHz. This is
below the linewidth of the 810 nm laser by about a factor of 4. It is thus not limiting
the laser linewidth, but does give a minor, non-negligible contribution.
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Figure 4.30 – Error signal of the transfer cavity. Figure a shows the error signal
for a length scan of the cavity when the 770 nm laser is locked on the ULE. The
sidebands are used to set the length of the x axis. In b a zoom into the middle
peak with a fit of the slope is shown. This is used to determine the length error
for the error signal of the locked laser, seen in the c. The red line is the mean
value of the length error and the light red area shows the standard deviation
from the mean for a time of 1 ms.
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CHAPTER 5

Conclusion and outlook

5.1 Conclusion

This thesis has reported on the planning, construction and characterization of a laser
setup for two-photon Rydberg excitation of 39K. First the theoretical background of
two-photon Rydberg excitation and the level structure of potassium has been intro-
duced. These have been used to estimate Rabi frequencies and detunings for the
planned setup. The calculations revealed that the limitations of the setup regarding
coherence time and Rabi frequency can be pushed by a doubling cavity to increase the
achievable power as well as a cavity for frequency stabilization to reduce linewidth
and allow for arbitrary detuning. Consequently, the theory of frequency doubling
was introduced and the geometry for the doubling cavity was calculated.
The two setups corresponding to the two transitions of the Rydberg excitation where
then discussed, including the design, schematics of the different parts and their char-
acterization. With the setup for the 5P to 50S transition more than 500 mW of infrared
light were obtained. Frequency stabilization to a ULE cavity lead to a linewidth of
1.6kHz. It was shown that the laser can be locked to any frequency independent of
the cavity resonances through the use of two pairs of sidebands. For the setup for
the 4S to 5P an infrared laser setup was constructed and stabilized to a transfer cavity
with a linewidth measured to be 37 kHz. The frequency doubling in an enhancement
cavity was shown to output light at the desired frequency of 405 nm, while the cavity
could be stabilized in length. The alignment of the doubling cavity profited a lot from
including a fiber in between the amplification and the cavity, but still suffers from the
large distance between cavity and mirrors and the sensitivity of the mirror mounts. It
was pointed out that both setups suffer from instabilities in the lasers and their sensi-
tivity to acoustic noise, where doubled laser is much more critical. The reasons given
were the particular design of the external cavity diode laser and the unfavorable gain
profile of the diode.
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5.2 Outlook

The main application of the setup to excite Rydberg atoms in the vacuum chamber of
the experiment. A first observation can be to detect Rydberg states by ionization. Fur-
thermore EIT spectroscopy is possible, where a transmission peak is observed when
both laser are exactly on resonance. Afterwards the single site addressing of the NIR
laser can be set up and used to perform single-atom gates in an optical tweezer. Ad-
ditionally to the Rydberg excitation, the blue light of this setup could be used for a
magneto-optical trap (MOT). A MOT uses scattering on an excited state to cool the
atoms. The 4S to 5P transition is narrower than the 4S to 4P transition which is used
for the current MOT and would thus lead to lower temperatures. This application
needs a smaller detuning than the two-photon excitation, such that a fiber EOM as
in the NIR setup might be necessary to determine the detuning via a second pair of
sidebands.
Future plans on the laser system are the optimization of the cavity and rearrangement
of the setup. Placing the cavity on the main table will avoid a fiber after the cavity a
thus reduce losses. Furthermore the periscope could be spared by using higher one-
inch mirrors, reducing both sensitivity to mirror imperfections and the distance to the
cavity. Further improvements will be done concerning the lasers. The Littrow lasers
will be changed from the current design to a linear laser design as discussed in Ap-
pendix B, because of the observed stability of the linear lasers. The reduced sensitivity
to acoustic noise as compared to the Littrow lasers and the integrated filtering of un-
wanted frequencies increase stability especially for the 810 nm laser and will allow
for easier handling and smaller linewidths of the lasers. One could furthermore place
filter cavities optimized for high transmission in the beam path to reduce phase noise
and intensity stabilize the light before it is send to the atoms.



APPENDIX A

Circuit for sideband generation

To generate the sidebands for the ULE lock, two modulation frequencies have to be
combined. Figure A.1 shows the circuit. The large sidebands are generated by the
DDS and a doubler, because the DDS can only give up to 400 MHz. The small side-
bands are generated by a function generator. The frequency doubler needs above
1 dBm, whereas the DDS can give up to 0 dBm. Thus an amplifier is used. The com-
bined frequencies are amplified after the combiner in order to not damage the com-
biner with too much power.

Amplifier
ZFL-1000H

Combiner
ZFSC-2-2

Frequency
Doubler
MK-2

Amplifier
ZFL-500HLN

Mixer
ZLW-1

AMPAmplifier
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600 MHz &
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PD Signal

Locking
electronics

Fiber
EOM

Function
generator

Rigol DG1032

Figure A.1 – Sideband generating circuit. The circuit generating the combined
large and small modulation frequencies for the ULE lock is shown. The white
components are from minicircuits, whereas the diverse other components are
marked in gray.
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APPENDIX B

Linear laser vs. Littrow laser
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Figure B.1 – Render of the linear laser. The lenses and the diode are fixed in the
aluminum mounts, whereas the piezo and filter holders are fixed with screws.
Both piezo and filter can be adjusted in angle using three adjustment screws
each.

Figure B.1 shows the design of the linear lasers, as they are used for the length sta-
bilization of the transfer cavity in Section 4.3.5. The design is inspired by [84]. Next
to the diode in the collimation tube is the filter. Depending on the filter angle only
a small frequency range can pass. After the filter is a lens, focusing the light on the
cavity mirror. The mirror is fixed on piezo, such that the cavity length can be scanned.
The mirror has 30% reflection for 770 nm. The last element is a second lens to colli-
mate the beam again after the mirror. All elements are fixed central on the beam line,
making it much more robust than the Littrow laser design.
Figure B.2 shows a comparison of the 770 nm linear laser with the 980 nm Littrow
laser. Both laser were scanned in frequency with the same speed and the transmis-
sion through the ULE cavity was measured. The linear laser shows one well defined
transmission peak with relatively smooth slope. The Littrow laser on the other hand
does not show one, but many peaks. This is because of the heavy jittering of the laser.
The 980 nm Littrow laser used for this data still behaves much better than the 810 nm
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Figure B.2 – Comparison linear laser and Littrow laser. Figure a shows the
transmission through the ULE for a frequency scan of the 770 nm linear laser.
The scanning speed is 2.7 MHz per second. Figure b shows the transmission
through the ULE for a frequency scan of the 980 nm Littrow laser. The scanning
speed is 2.6 MHz per second

Littrow laser and was set to the wavelength where it showed best performance. Nev-
ertheless the 980 nm Littrow laser is much less stable than the linear laser, making it
also harder to handle and lock it.
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