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Abstract

In order to scale up quantum computing, a scalable experimental architecture is
needed, with the trapped-ion quantum computing platform; this has led to the
implementation of surface ion traps. Despite being more performant than the
older linear Paul trap design, they suffer from a lower trap depth. This reduces
not only the probability of ion capture but also increases the dependency on the
vacuum quality. Therefore, clean, cold, compact and robust atom sources are
needed for the next generation of ion-trap-based quantum computers.

Within the scope of this thesis, a repumped 3D magneto-optical trap (MOT) for
the 40Ca species with a loading time of 1 s was demonstrated. Furthermore, we
have also shown the ability to measure the performance of cold atom sources by
resolving different Calcium isotopes via photoionisation detection. Finally, we
demonstrate a novel and compact pyramid MOT design, which was tested and
verified for 40Ca. The presented magneto-optical trap design can be integrated
into other quantum computing experiments.

Keywords: Magneto-Optical Trap (MOT), Pyramid MOT, Cold Atom Sources,
Laser Cooling
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Chapter 1 Introduction

1 Introduction

1.1 Ion Trap Quantum Computing

In the last decades, quantum computing has evolved from a niche �eld of physics
to a rapidly advancing subject [1]. There are many groups worldwide working
on and advancing di�erent kinds of quantum computing platforms [2]. One
of these platforms is the ion-trap-based quantum computer, in which neutral
atoms are ionised and then trapped with the help of an electric �eld. These ion
traps have proven to be reliable, with high �delity and long coherence times.
However, the central challenge still remains the increase of the number of qubits
while maintaining a low error rate. Early ion traps relied on linear Paul traps,
a 1D trap con�guration with rod-shaped electrodes [3]. With recent advances
in microfabrication a new type of trap has gained traction, the surface trap
[4]. These types of traps use 
at electrodes on a chip to create the needed
electric �eld. With these traps, both 2D trapping geometries and shuttling ions
to di�erent places above the trap, are possible. One drawback, however is the
lowered trapping depth; while linear Paul traps o�er a trap depth of 10 eV, a
surface trap only provides a depth of about 0.1 eV [5, 6].

1.2 Cold Atom Sources

When conducting atomic physics experiments, one has to �rst overcome the
challenge of delivering the required atoms to the experiment. The easiest way
to do this usually is via thermal evaporation. A sample containing the atom
species is placed in an oven, which is then heated with a current. While this
is a simple setup, it comes with the drawback that the atoms are very hot,
i.e. they move at a high velocity. This can make it challenging to work with
the atoms. Therefore many cold atom sources have been developed in the last
decades, such as the magneto-optical trap (MOT) or the magnetic trap [7].
Especially the MOT can be used as a cold atom source by designing it in a
2D or 2.5D con�guration. With this con�guration, a cold atom beam can be
delivered to an experiment [8]. These cold atoms are needed for a variety of
experiments in physics. From the precise measurement of atomic spectra to
the formation of Bose-Einstein condensates, many interesting phenomena can
be studied. However, with the background of ion-trapping, these traps serve
mostly as a source of cold atoms [9].

1.3 The QuantumGuide Project at PSI

The QuantumGuide project is a QuantERA-funded consortium with the goal
of developing technology to transport neutral atoms through a hollow-core op-
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Chapter 1 Introduction

tical �bre. By replacing conventional atom sources such as thermal ovens or
laser ablation, this project aims to mitigate contamination issues induced by
these sources. Not only do these contaminations lead to a decrease in vacuum
quality, but they also degrade the performance of chip traps with integrated
photonics. Tackling those issues can help to extend the lifetimes of ion-trap
based quantum computing systems. Within the consortium, the PSI team is
developing compact Calcium sources which could be used in-house and could
lead to commercialisation by the company Alpine Quantum Technologies. The
concept is to cool and trap Calcium atoms in a MOT and then couple the cold

ux of atoms into a hollow-core �bre. These can then be delivered to an ion
trap. From the perspective of the trap, the �bre here serves both as an atom
source as well as a di�erential pump, providing vacuum isolation between the
MOT chamber and the ion trap chamber.

2



Chapter 2 Theory

2 Theory

2.1 Calcium as a Species

Calcium (Ca), or more precisely the40Ca isotope, is a useful platform for cold
atom experiments, as well as for quantum computing. It is a well characterized
atom with known energy states and transitions. The lasers needed for transitions
are highly available and easy to work with. Most of lasers used fall into the
visible spectrum, which simpli�es the hands-on work with these light sources.
While it is challenging to form a MOT using this species due to the leaks into
dark states, the repumping schemes are well-characterized [10].40Ca is the
precursor for 40Ca+ ion traps which are commonly used in quantum computers.
Its long coherence time for the D state and its well-understood optical transitions
make it a good species for quantum computing as well as quantum information
experiments [3, 11].

Figure 1: Simple level scheme of selected transitions in40Ca and their lifetimes.

3



Chapter 2 Theory

2.2 Atomic Level Structures and Light-Matter Interaction

The interaction between photons and atoms forms the basis of the MOT. In
the following sections, the atomic level structure as well as the basics of the
atom-light interaction will be discussed with the 40Ca species as an example.

2.2.1 Energy Levels and Transitions

The discrete energy levels of single atoms arise from the quantized nature of
the bound electron states. Typically, these states are labelled2S+1 LJ , where
S is the total electron spin, L is the total orbital angular momentum, and J
is the total angular momentum. The ground-state con�guration of 40Ca, an
alkaline earth metal, is that of [Ar]4s2. Both valence electrons are paired in the
outermost 4s orbital with a total spin S = 0, orbital angular momentum L = 0,
and total angular momentum J = 0. Therefore, the atomic term describing the
ground state is 1S0. A transition from this ground state jgi to an excited state
jei can occur when a photon with a resonant frequency hits the atom. This
occurs if the photon energy is equal to the energy di�erence between these two
states Ephoton = ~! laser = Ee � Eg

1. One of the addressable transitions from
the 40Ca ground state is the 1S0 ! 1P1 transition, which occurs at a photon
frequency of 709 078 373.01 MHz. The excited states have a �nite lifetime�
and a natural linewidth � = 1

2�� . In the case of40Ca, the linewidth is 34 MHz
and the lifetime of the excited state 1P1 is 4.6 ns [13].

Figure 2: Schematic representation of the1S0 ! 1P1 transition. This assumes
a simple two-level system. [14]

It is of note that for the even Ca isotopes, the 1S0 ! 1P1 transition exhibits
a slight isotope-dependent frequency shift with respect to40Ca. For the odd

1This is a very simpli�ed picture of this process, which ignores polarisation dependencies,
selection rules, and so forth, a more rigorous approach can be found in [12].
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Chapter 2 Theory

Ca isotopes the1P1 level is additionally split by the hyper�ne interaction into
three sublevels [15].

Table 1: Frequency shifts relative to40Ca. This table does not include the triplet
splitting for the odd Ca isotopes; values are given for the centre frequency. [16]

Isotope 40Ca 41Ca 42Ca 43Ca 44Ca 46Ca 48Ca

Frequency shift [MHz] 0:0 221:8 393:5 611:8 771:8 1159:8 1513:0
Relative natural abundance [%] 96:94 1� 10� 12 0:65 0:14 2:09 0:004 0:19

2.2.2 Zeeman Splitting

When an atom is placed into an external magnetic �eld, the degeneracy of the
energy levels is lifted due to the Zeeman e�ect, leading to a splitting of the levels.
This e�ect is caused by the interaction between the magnetic �eld and the total
angular momentum. The splitting is described by the following formula:

� E = � B gJ mJ B (1)

With �E being the di�erence in energy, � B the Bohr magneton, gJ the Land�e
g-factor (which depends on the previously mentioned S, L, and J) andB is the
magnetic �eld strength. mJ describes the magnetic quantum number. In the
case of the1P1 state, the magnetic moment can take the valuesmJ = -1, 0, +1.
Therefore, we can expect this state to split into three sub-levels, separated by
an energy �E. [12]

Due to the conservation of the magnetic moment, these split states can be
addressed with di�erent polarisations of light, with respect to the quantisation
axis and the k-vector of the light. [7]

� mJ = +1 ) � + ; � mJ = 0 ) � ; � mJ = � 1 ) � �

2.3 Magneto-Optical Traps

A MOT is a system used for cooling and trapping neutral atoms or molecules
[17]. A MOT consists of three orthogonal and three counterpropagating beams
as well as a quadrupolar magnetic �eld2. The MOT uses the radiation pressure
of near-resonant laser beams and a position-dependent Zeeman shift to create
a restoring force which can cool down atoms and capture them. MOTs are
used as an initial cooling step before loading them into ion traps or into optical

2MOTs with tetrahedral beam con�gurations are also possible, see the paragraph on grating
MOTs 2.3.3.
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Chapter 2 Theory

tweezers, in which the atoms can be cooled even further to form a Bose-Einstein
condensate [14].

Figure 3: General drawing of a MOT setup with three orthogonal incident
beams and mirrors to create the three counterpropagating beams as well as
coils in anti-Helmholtz con�guration for the magnetic �eld [18].

2.3.1 Laser Cooling

One laser cooling method, Doppler cooling, relies on the net force on an atom
caused by the velocity dependence of radiation pressure from a red-detuned
laser beam. The working principle can be seen in Figure 4. An atom travelling
opposed to the k-vector of the laser beam sees the light Doppler-shifted and
thus closer to resonance. This causes the atom to absorb a photon; the resulting
momentum transfer then reduces the velocity of the atom. The atom, now in
an excited state, will emit a photon in a random direction. This imbalance in
transferred impulse will cause the atom to slow and cool down. For an atom
modelled as a two-level system, the scattering force is:

Fscatt = ~k
�
2

I=I sat

1 + I=I sat + 4 � 2=� 2 (2)

with � being the natural linewidth of the atomic transition, I
I sat

the ratio of the
laser intensity to the saturation intensity and � the detuning from the resonance
with � = ! � ! 0 + kv, with kv being the Doppler shift of the atom in motion
with respect to the laser beam. For a beam with I! 1 , the maximal achievable
force is:

F =
~k�

2
(3)

6



Chapter 2 Theory

Figure 4: An atom travelling towards a red-detuned, counter-propagating beam
will be closer to the resonance due to the Doppler shift (1). Due to the resonance,
a photon is absorbed and its momentum is transferred to the atom, reducing
its velocity. The atom will transition into a higher energy state (2). When the
excited state decays, a photon is emitted in a random direction (3). Due to the
imbalance momentum transfer of the absorbed and emitted photons, the atom
will slow down.

The random emission of photons and the discrete momentum transfer sets the
lowest steady-state temperature of:

TD =
~�
2kB

(4)

With TD being the Doppler limit temperature and kB being the Boltzmann
constant. Other cooling methods need to be deployed to reduce the temperature
of an atom even further. [7]
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2.3.2 Working Principle of a MOT

By combining Doppler cooling and the position-dependent Zeeman shift, caused
by a quadrupole magnetic �eld, a MOT can be constructed.

To create a stream of atoms and to guide it towards the MOT is the �rst step.
A common way to do this is via thermal evaporation. For the Ca MOT, a
cylindrical oven is �lled with a substrate which contains Ca. The oven is then
heated with an electric current3. Due to the evaporation process the atoms
move at a high velocity. In the case of40Ca, the mean velocity at 400°C, which
is a typical temperature for Ca ovens, is approximately

vT =

r
8kB T
�m

� 600 m/s (5)

This is orders of magnitude higher than the trapping potential of the MOT,
therefore the atoms need to be slowed down via laser cooling �rst. The slowed
atoms will then enter the trapping region of the MOT. This trapping region
is the centre of a magnetic quadrupole �eld, generated by permanent magnets
or coils in an anti-Helmholtz con�guration. In its center, the magnetic �eld
strength equals B = 0 and close to the center, a uniform gradient will form.
This induces a position dependent Zeeman shift in the1P1 state of the Calcium
atom, leading to a splitting into three sublevels, as can be seen in Figure 5.
The further away from the centre, the stronger the magnetic �eld and, thus,
the stronger is the Zeeman splitting. This in turn brings the atom closer to the
transition frequency and increasing the photon scattering rate. This imbalance
in scattering causes a restoring force which pushes the atoms to the centre of
the MOT.

3Other atoms use di�erent types of sources. Rubidium, for example, is directly released as
a vapour from a glass ampoule. [19]
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Chapter 2 Theory

Figure 5: 1D representation of a MOT. Two counter-propagating, red-detuned
beams with opposite circular polarisation travel along the z-axis with the posi-
tion dependant magnetic �eld B z. Considering an atom in the region z< 0, the
Zeeman shift will cause themj =1 state to be closer to the resonance of the� +

beam. This will cause the atom to scatter photons in random directions. Due
to the impulse transfer from the incoming light, it will be forced towards the
z=0 direction of the trap. The same happens for the z> 0 region and the � �

beam. Adapted from [15].

2.3.3 Di�erent Types of MOTs

Since the implementation of the �rst 3D MOTs in 1987 [20] , di�erent designs
have been proposed and tested. The following designs have been developed and
tested successfully [21].

ˆ Mirror MOTs

ˆ Grating MOTs

ˆ Pyramid MOTs

While other, more exotic MOT experiments exist, such as MOTs which special-
ize in trapping molecules, they will not be further discussed.[21]

Mirror MOT A mirror MOT [22] uses a planar mirror to form a 2D MOT
with only two incident beams. The mirror is positioned slightly below the
magnetic quadrupole �eld zero and the beams hit the mirror at an angle of

9
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45°. The re
ections from the mirror form the other two needed MOT beams to
�nalize the 2D trapping. The advantage of this design is the reduced optical
complexity since only two instead of the usual four input beams are needed to
form a 2D MOT. By introducing one additional beam along the mirror axis,
the MOT con�guration can be extended to a 2.5D4, or even full 3D MOT
con�guration.

Figure 6: Drawing of a mirror MOT. The MOT forms in a region close above
the mirror surface.

Grating MOT A grating MOT uses a single, circularly polarised beam as
well as optical gratings to produce the light �eld needed for trapping and cool-
ing atoms. The gratings are designed such that they di�ract the incoming light
into the MOT region. This is usually accomplished by using either multiple
rotated linear gratings or a single two-dimensional hole grating. These grat-
ings are typically produced via nanofabrication tools. By using electron beam
lithography and reactive ion etching, the surface of a substrate, such as silicon,
can be patterned. This allows for designs with a very small footprint, since only
a single optical chip is needed and due to the scalability of microfabrication, the
cost can be low. Another important property of the grating MOT is its self-
aligning nature. As long as the incident beam hits the grating with a normal
inclination and has the correct polarisation, the di�racted beam gets directed
into the correct geometry. Of course a magnetic quadrupole with a strong �eld
gradient is still required for the MOT to form. The robustness of the beam
alignment is also one of the drawbacks of the grating MOT since in order to
change the geometry or the MOT position, a new chip must be designed and
fabricated. This lack of 
exibility can be an issue in a laboratory setting where
experiments need to be adapted or changed regularly [23].

4A 2.5D MOT, or rather a 2D MOT with an integrated push beam is a type of MOT which
can cool and trap atoms to then push them as a cold atom beam into a direction de�ned by
the push beam.

10
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Figure 7: Drawing of a grating MOT. The di�racted beams intersect in the
trap region with tetrahedral angles. This is done to compensate for the lack of
a retro-re
ection of the input beam.

Pyramid MOT A pyramid magneto-optical trap (PyMOT) uses a single,
normally incident laser beam and a hollow pyramid shaped retro-re
ector to
generate the counter-propagating beams necessary for the three-dimensional
cooling and trapping. The re
ector is typically a square-based pyramid, however
a triangular-based pyramid can be used as well [24]. With the square based
pyramid the incoming � + polarised light hits a pyramid mirror at 45 ° and is
re
ected perpendicular to the incident beam as can be seen in Figure 8 , when
the pyramid is illuminated with a wide beam, the multiple re
ections from the
facets create the six beam con�guration needed to form a 3D MOT above the
apex of the pyramid. A quadrupole magnetic �eld is still needed to provide
the position-dependent Zeeman shift. A major advantage of the PyMOT is the
self-aligning nature: once the input beam hits the pyramid normal to the apex,
the �xed geometry of the mirrors will cause a MOT to form. Another advantage
over the grating MOT is the ease of fabrication: no complex microfabrication is
needed since the MOT solely relies on mirror re
ections. Therefore, a full MOT
can be realised with cut mirror pieces or with prisms.

11



Chapter 2 Theory

Figure 8: A classic PyMOT con�guration can be seen in a), the retrore
ection
from the apex of the pyramid forms the sixth needed beam to form a full 3D
MOT. This beam is missing in b) due to the aperture in the pyramid. This
con�guration will form a 2.5D MOT and push the atoms out of the aperture as
a beam of cold atoms. Adapted from [25].

2.3.4 Loss Channels and Repumping

When considering a real experiment, there are many e�ects that can cause a
trapped atom to escape the MOT. Three common loss channels are background
gas collisions, heating caused by scattering, and transitions into dark states
[10, 26, 27].

Background Gas Collisions No vacuum in the lab is perfect; therefore there
will be residual gas atoms within the experiment chamber. These background
atoms can then collide with the MOT atoms, causing them to be ejected out
of the MOT due to the momentum transfer from the collision. It is therefore
required for the experiment to maintain a low pressure level, as this loss channel
can quickly become dominant and prevent a MOT from forming5. This loss
channel can be minimized by improving the vacuum pressure levels. This can
be done by baking out the vacuum chamber, using suitable vacuum pumps with
a high pump rate as well as using vacuum compatible components.

Scattered Light Scattered and stray light caused, for example, by viewports
can lead to an uncontrolled photon 
ux for the MOT. An absorption event
from randomly scattered light causes an uncompensated momentum transfer
in the MOT and thus acts as a heating source. While being a minor issue
with a classic 3D MOT, this can cause severe issues with PyMOTs where the

5Typical pressure values for the MOT experiment are in the range of 10 � 8 to 10 � 9 mbar,
with pressure levels as high as 10� 7 mbar preventing the MOT from forming.
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mirror surfaces are close to the MOT, thus many scattered photons can reach
the MOT and induce heating or losses. In the case of a PyMOT, a cross-shaped
aperture can help to block light from reaching the edges of the pyramid, which is
typically the area which causes the most scattering. Using an interlocking mirror
arrangement, such that only one mirror is visible to the laser, can minimise this
scattered light as well. [25]

Dark States and Repumping For a 40Ca MOT, a major loss channel is the
so-called dark states an atom can decay into. This MOT relies on the1S0 $ 1P1

cooling cycle. However the excited1P1 state can also decay into the metastable
1D2 state, which in turn can decay into the long-lived metastable 4s4p3P0 and
4s4p 3P2 states, which have a lifetime of 1.7 ms and 118 minutes respectively.
If an atom decays into this dark state, it will no longer be cooled and drift out
of the MOT. Although this transition has a small branching ratio in the order
of 10� 5, the high cycling rate of 34 MHz will lead to a considerable amount of
loss in the stable state operation of the MOT. [28]

Atoms which decayed into a dark state can be made available again with the
help of a repump laser, which drives a transition from this metastable state into
a higher state, which can then decay back into the1S0 ground state. This makes
the atom available again for the cooling cycle. The wavelength of the repump
laser is chosen such that the cascade of spontaneous emission leads fast and
e�ciently back to the ground state. In practice, di�erent repump schemes have
di�erent e�ciencies since the addressed upper states vary widely in lifetime,
branching ratios as well as the likelihood to also decay into other metastable
states. Therefore, the selection of a suitable repumper relies not only on the
laser availability but also the required repumping e�ciency. [10]

Figure 9: A simpli�ed repumping scheme for a40Ca MOT. The pictured 424 nm
repumping laser excites the atom from a metastable state into the 4s7p1P1 state.
More repumping schemes and their respective e�ciencies can be found at [10].
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Chapter 3 Experiments

3 Experiments

Multiple experiments were conducted during the scope of this thesis in order
to progress towards the goal of the QuantumGuide project. These experiments
were:

1. Ca isotopes frequency shift measurements via a channeltron

2. E�ects of a re-pumped 3D MOT

3. Fabrication and testing of a PyMOT

4. Detection of a PyMOT

3.1 Ca Isotopes Frequency Shift Measurements via a Chan-
neltron

As discussed earlier in the theory section, natural Ca isotopes appear in un-
re�ned Ca samples with di�erent abundances per isotope, see Table 1. These
isotopes have very subtle di�erences from each other, for example a slight shift
in the required 1S0 ! 1P1 / 3P1 transition energy. This shift can be exploited
during the two-photon ionisation process to selectively ionise a single isotope
species. By then measuring the frequency shift with a wavemeter and compar-
ing the event rates with a charged particle detector such as a channeltron6, the
shift as well as the relative abundances of the isotopes can be measured. This
experiment also serves as a functional test for the channeltron detector while
gaining experience with its usage. Because of the high detector e�ciency and
its ability to detect single ions, it is planned for a later experiment to use it to
detect cold atoms from the PyMOT.

3.1.1 Simulation of the Experiment

One of the challenges to overcome was the uncertainty as to whether the chosen
detection method and geometry could actually detect any signi�cant signal level
above the noise 
oor. Therefore, a simulation of the setup was devised. The
simulation itself was done in a two-step approach. First, the electric �eld from
the mesh plates and the channeltron was derived and then, a simpli�ed version
of this electric �eld was implemented in a time-of-
ight simulation in which
a thermal Ca atom is emitted from a source and afterwards ionised over the
channeltron.

6A brief explanation of electron multiplier tubes, such as a channeltron, can be found in
[12]

14



Chapter 3 Experiments

Electric Field Simulation Due to the complex shape of the channeltron,
the chamber, and the mesh plates, some simpli�cations had to be made. To
reduce complexity, the problem was reduced from a 3D to a much simpler 2D
simulation. The rotational symmetry of the channeltron assembly and the mesh
plates allows for a reduction in dimensionality while not reducing the quality of
the simulation too much. The free open source software "Agros" [29] was used
for this simulation. Agros allows to implement simple 2D shapes and assign
di�erent charges to them. Another feature is the ability to place test charges
into the �eld so that the strength and vector components of the electric �eld
can be read out.

Figure 10: The side-view schematic shows the channeltron at the bottom of the
simulation grid, with the mesh plates positioned above it. The distances and
dimensions of the shapes and objects were taken from the available CAD model
of the channeltron assembly.

After completing this simulation, multiple test charges were placed above the
channeltron in order to receive the �eld strength at these locations. With the
values and positions of these test charges, a simpler 2 �t was attempted to check
if the electric �eld could be simpli�ed to a point charge.
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Figure 11: Positions of the test charges and their potential positions above
the channeltron. The solid line represents anr 2 �t through the data points.
The simpli�ed r 2 is in good agreement with the simulation, thus replacing the
channeltron with a point source is a valid simpli�cation.

To model the electric �eld, a point charge with a potential of -2000 V was placed
at the position of the channeltron. Due to the mesh plates and the aperture
size of the channeltron, this �eld has an opening angle of approx. 29° and the
electric �eld was set to 0 outside of this solid angle.

Calcium Free Flight The other important aspect of the simulation is the
free 
ight phase of the Ca atoms. For this, a point source which emits Ca with
a thermal velocity spread corresponding to 400°C and an opening angle of 1°
was devised7. After a free 
ight path of 20 cm, the Ca atom will be ionised, at
which point it can be a�ected and accelerated by the electric �eld.

7The opening angle of the actual oven is much larger than 1 °. However, due to the con-
straints of the ionisation area between the mesh plates and the geometric con�guration of the
setup the atoms which are emitted with a larger angle can be neglected since they cannot get
ionised.

16



Chapter 3 Experiments

(a) The �eld outside of the cutout re-
gion is set to 0. The �eld gradient was
also set to 0 at this border region to
avoid large gradients due to the sud-
den shift in �eld strength.

(b) A trace of a Ca atom can be seen
here. It follows a straight path until
entering the ionisation zone, in which
it becomes a Ca+ ion and can be at-
tracted by the strong electrical �eld of
the channeltron.

Figure 12

Simulation Results Whenever the particle passes through the aperture of
the channeltron, the simulation counts it as a hit. The detection e�ciency can
be determined by the ratio of detected hits to the total number of generated Ca
atoms. Based on 1000 simulation runs, the calculated e�ciency is 42.7%.

3.1.2 Optical System

In order to induce the two-photon ionisation, two perpendicular laser beams
are needed, which cross above the channeltron. One beam needs to be tuned
to the transition frequency of 709 078 373.01 MHz [13] to induce the cycling
1S0 ! 1P1 transition and the other beam needs to be tuned to a wavelength
below 389.89 nm in order to ionise the atom [16]. For the 389 nm beam the
commercially available, compact laser source LaserTack LAB-390-300 was used8.
The laser was coupled into a single-mode �bre and routed to the experiment.
This has the added bene�t of cleaning up the multimode laser into a single spa-
tial Gaussian mode. Since the ionisation requires only that the laser wavelength
is below 389.89 nm, no frequency stabilisation was necessary, and the diode was
operated free-running.

The 423 nm laser has stricter requirements. In order to saturate the transition,
a high photon 
ux is needed. Another issue arises from the 34 MHz width
of the 1P1 state. While this state has a high bandwidth compared to other
electron states, a free running diode laser will quickly drift away from the needed
laser wavelength. These requirements lead to a more complex laser and control
setup which is capable of correcting drifts as well as measuring and setting

8While the laser source has a central wavelength of 390 nm, due to the fabrication induced
variances, some of these lasers have the needed central wavelength of < 389.89 nm
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wavelengths. To achieve this, a Toptica MDL pro diode laser, as well as a PID
enabled wavemeter by Moglabs were used. This setup allows one not only to set
speci�c laser wavelengths but also to constantly monitor the wavelength while
the experiment is running. The laser light from the diode laser was routed to a
splitting board, which splits a part of the light towards the wavemeter as well
as into the experimental chamber.

(a) The splitting was designed in a mod-
ular way to allow for easy extension and
so that multiple experiments can get light
from the same laser source. The power
can be diverted and regulated by utilizing
waveplates and polarising beam splitters
(PBS)

(b) The 389 nm laser is being fed
from the side into the chamber and
then dumped with a beam-block. The
423 nm laser is aiming directly at the
channeltron in order to have an or-
thogonal beam con�guration with the
oven to minimize Doppler shifts in the
transition wavelengths. The 389 nm
and 423 nm beam can be aligned
with a camera. This is done by in-
ducing 
uorescence with the 423 nm
beam to make the beam path visible
in the chamber. The 389 nm beam
is then steered through the 
uorescent
beam. To comply with laser safety, the
423 nm beam is enclosed in laser radi-
ation absorbent aluminium foil.

Figure 13

3.1.3 Vacuum Chamber and Channeltron

Due to the group's limited experience with channeltron detectors, a separate
vacuum chamber was assembled to run the experiment independently of others
and quickly �x problems should they arise. The vacuum chamber consists of an
electrical feed-through and oven, the channeltron detector assembly, as well as
a turbo-pump.
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