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Abstract

Experiments using trapped ions or other atomic qubits require precise control over
the frequency, phase and intensity of the many lasers used to manipulate, cool, readout
and entangle the qubits. An acousto-optic modulator (AOM) can achieve MHz tunability
of the laser frequency as well as control over the intensity and phase of the beam and
is therefore widely used in such experiments. In this project two AOM setups in the
single-pass and double-pass configuration were tested. In the single-pass configuration, a
maximal diffraction efficiency of the first-order beam of 80 % was measured, whereas in
the double-pass configuration a maximal diffraction efficiency of 58 % for the first-order
beam was achieved. A rise-time of 113.8 ns with a delay of 400 ns was measured and the
insertion loss of the AOM was measured to be of 6 %. Finally, a compact AOM board in
the double-pass configuration was designed, manufactured and tested with fixed positions
for all relevant optical and mechanical elements. The AOM board is suitable for a 19-inch
rack system and multiple such boards can be placed in series to simplify the experimental
setup of a trapped-ion experiment. A maximal diffraction efficiency of the first-order beam
of 58 % was also measured on the AOM board in the double-pass configuration.
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1 Introduction

In recent years the field of quantum information processing (QIP) has gained relevance and popularity
due to the advancement of experimental techniques to control, manipulate and entangle the quantum
states of multiple atoms, ions or other quantum systems as well as better theoretical understanding of
such systems. The prospect of a large scale fault-tolerant quantum computer promises breakthrough
advancements in many fields due to its speedup of certain computational tasks that are currently
unfeasible to solve with a classical computer in a reasonable amount of time. For example, as shown
by Shor [I], a fault-tolerant quantum computer could break RSA encryption exponentially faster than
any classical computer.

Trapped ions are one of the leading platforms to build useful quantum devices. Ions can be trapped
using electric fields in an ultra-high vacuum chamber [2, 3]. The ions, which take the role of the qubits
in such an architecture, can then be cooled and controlled using lasers by targeting the different atomic
transitions of the ion. By performing a series of operations on the qubits, computational tasks can be
solved.

Typically in trapped-ion quantum computation, the quantum information is stored in the electronic
degrees of freedom of the ion by choosing two of the energy levels as the |0) and |1) computational states
[3, 2]. Quantum bits are subject to quantum decoherence which causes the loss of the information
stored in the system and therefore limits the number of operation that can be performed before the
system loses its information. One possibility to tackle this problem, is quantum error correction
(QEC). An example of a QEC code is the surface code, where the information is redundantly encoded
in multiple quantum bits providing an additional layer of protection against decoherence, and allowing
for a correction of the errors once they are detected. Recently such a code was demonstrated with
superconducting qubits [4].

An alternative route, which has seen remarkable progress in recent years, are bosonic QEC codes. A
recent demonstration of the Gottesman-Kitaev-Preskill (GKP) code, which is an example of a bosonic
QEC code [5], in a trapped-ion architecture was shown by the Trapped Ion Quantum Information
group at ETH Zurich (TIQI) [6]. In this work the quantum information was encoded in the harmonic
oscillator degrees of freedom of a single ion, which provides a higher-dimensional Hilbert space. In
principle, such codes can provide a hardware-efficient implementation of QEC compared to the surface
code where the quantum information is spread across multiple quantum bits.

A quantum computer based on trapped ions requires precise control over the lasers which are used to
address different transition in the electronic structure of the ions. An acousto-optic modulator (AOM)
is a device that allows control over the frequency, phase, and intensity of a laser beam.

In this project an acousto-optic modulator was tested in multiple setups and characterisation mea-
surements of the AOM were performed. Furthermore, an AOM board in the double-pass configuration
was designed using CAD, manufactured by the physics workshop at ETH Zurich and finally tested.

The aluminium AOM board consists of holes, extrusions and mounts, such that the optical and
mechanical elements are placed in fixed positions. This can provide a more reliable configuration and
can simplify alignment of the laser beam. The AOM board was designed to be suitable for a 19-inch
rack system. Such racks are increasingly used in optical experiments since they allow for a more
compact setup.

In the next section of this report (chapter 2) a short introduction to QIP experiments using trapped-
ions will be given as well as an explanation of acousto-optic modulators. In chapter 3 the charac-
terisation measurements that were performed with the AOM in two different test setup, namely in
the single-pass and double-pass configuration will be presented and discussed. Quantities such as the
diffraction efficiency and the rise-time were measured and will be presented in this chapter. Finally, in
chapter 4 the CAD board design will be presented and the features of the design will be explained.



2 Theoretical background

In this section a brief introduction to quantum information processing using trapped ions will be
presented, for a more detailed discussion of trapped-ion quantum information processing I refer the
reader to [2, B]. Additionally, the theory of acousto-optic modulators will be explained including a
motivation for the double-pass configuration which was used extensively throughout this project. For
an in-depth discussion of AOMs and the double-pass configuration I refer the reader to [7, 8, @].

2.1 Quantum information processing and the calcium ion

Quantum information processing (QIP) using trapped ions typically uses the the electronic states of
the ion to perform computations and store the quantum information [3]. For quantum computation,
full control over the two-level system, i.e. the qubit, is necessary. Some of those computations include
state preparation, readout of the qubit state and a universal set of gates. The Calcium ion “°Ca™ is
commonly used in trapped-ion experiments due to its simple level diagram which makes it a good two
level system in which the qubit can be encoded. “°Ca™ is an even isotope with no hyperfine structure
due to the fact that it has 0 nuclear spin [3]. The level diagram is shown in Figure [1l For the 4°Ca™
ion the |0) state is defined in the S-manifold and the |1) state in the D-manifold of the electronic
structure of the ion.

The various transitions of the ion are used for different operations. For example, the 397 nm dipole
transition, for which the AOM will be tested, is used for Doppler cooling, electromagnetically Induced
Transparency (EIT) cooling as well as for readout of the qubit state.
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Figure 1: Level diagram of the “°Ca™ ion at 119 G. The wavelengths needed to change the state of the ion are
placed next to the corresponding arrows. Frequency numbers indicate the splitting of the manifolds in units of

5=. The Figure was taken from [3].

2.2 Acousto-optic modulators

An acousto-optic modulator (AOM) consists of a piezoelectric transducer, which is driven with a radio
frequency (RF) signal to create sound waves in a crystal or more generally a material made of glass
or quartz [7]. In Figure [2 two sketches of an AOM are presented. The features of the AOM can be
explained using the phonon-photon interaction that occurs between the sound waves in the crystal
and the light that is incident on the AOM [§]. The frequency of the light is shifted by the frequency
frr of the RF drive signal sent to the piezoelectric material times the diffraction order of the beam
as follows: f — f +m - frr, where m is the diffraction order of the beam.



Using the Bragg diffraction the angle at which the different orders of the light are diffracted can be
calculated:

2Asinf = m—
n

Where m is the order of the diffraction, A is the wavelength of the incident light, A is the wavelength
of the sound wave in the crystal, n is the refractive index of the crystal and 6 is the angle of diffraction
of the beam of order m [7]. The diffraction of the different orders can be seen in Figure 3| Besides
modulating the frequency of the light as well as the diffraction angle of the diffracted beams, an AOM
can also modulate the phase and the intensity of the beam as explained in [7, [§].
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Figure 2: a: Sketch of an AOM consisting of a piezoelectric transducer that is driven with an RF signal to
create sound waves in a quartz or crystal material, and thereby diffracts the light beam into several orders.
Picture taken from [7]. b: Drawing of an AOM, taken from [§]. The beam is diffracted into the first-order,
which is frequency shifted by the RF drive frequency €2 that is used to drive the AOM.
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Figure 3: a: Laser beam diffracted into multiple order by an AOM. In this picture the RF drive is directed
upwards in the AOM such that the first-order is position upwards of the zeroth order. The Figure was taken
from [I3] b: Picture taken from the experimental setup of the diffracted beams projected on a piece of paper.
The picture was taken using a mobile phone camera.



2.3 Double-pass configuration of an acousto-optic modulator

There are two types of AOMs: free space and fibre-coupled. Fibre-coupled AOMs do not need any
additional optical setup and only require the coupling of the laser into a fibre of the AOM. On the
contrary, free space AOMs require an optical setup, such as the double-pass configuration to modulate
the light and allow for frequency tunability of the drive frequency sent to the AOM. For a 397 nm
laser, fibre-coupled AOMSs are not suitable due to their low diffraction efficiencies for that wavelength
regime. Therefore a free space AOM was used throughout this project.

The double-pass configuration is commonly used in optical experiments since it allows for easy tun-
ability of the modulation frequency without having to adjust the setup. This is the main advantage of
the double-pass configuration, where a scan over different modulation frequencies is possible because
the double-passed beam is overlapped with the input beam irrespective of the diffraction angle [8], 9].
On the contrary, in the single-pass configuration the range of a frequency scan is limited because the
diffraction angle is changed when scanning over different AOM drive frequencies. For the single-pass
configuration the setup would need to be adjusted every time the AOM drive frequency is changed.

In the double-pass configuration the beam is first passed through the AOM where it is diffracted into
multiple orders of diffraction. By using a mirror one can reflect the first-order diffraction beam back
the AOM, where it is diffracted again, such that the twice modulated beam can be overlapped with
the input beam as shown in Figure [ The modulated beam can be separated from the input beam
by placing a quarter wave plate (QWP) between the AOM and the mirror as well as a polarization
beam splitter (PBS) before the AOM. This will be shown in the next chapter in Figure By passing
through the QWP twice the linear polarization of the modulated beam is changed by 90°, such that
the modulated beam can be separated from the input beam by the PBS. Furthermore, by placing a
lens between the AOM and the mirror the RF drive frequency can be tuned without having to realign
the setup since the lens ensures that the modulated beam is overlapped with the incoming beam
irrespective of the deflection angle. The double-pass configuration including all elements is shown

Figures [9] and
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Figure 4: Sketch of the idea of the double-pass configuration of the AOM, taken and from [I2] and additional
labels were added. The input beam from the right side of the sketch (red) is diffracted by the AOM and the
zeroth and first-order beam are shown. A mirror is placed to reflect the first-order beam back to the AOM,
which causes the beam to diffract again. The first-order double-passed output beam (green) overlaps with
the input beam. The advantage of the double-pass is that the beam which was modulated twice, is no longer
dependent on the angle of the modulation, which depends on the RF drive frequency. This is achieved when a
lens and a QWP are placed between the mirror and the AOM, and a PBS is placed before the AOM as shown
in [9] and in Figure Thereby the configuration allows changing the modulation frequency without having to
realign the setup, which is a clear advantage over the single-pass configuration.



3 Test setup

The AOM that is currently being used for blue light in the TIQI group is by the manufacturer
IntraAction. However, IntraAction is no longer delivering the required AOM and therefore a new
AOM was needed. The AOM model used for this project was the AOMO 3080-120 by Gooch &
Housego which has a 80 MHz center frequency. The specifications and characteristic device properties
of this AOM were only tested for a wavelength range of 440 nm to 850 nm by the manufacturer. Since
this device will be used for the 397 nm transition in the Ca40+ ion, it was necessary to perform
characterization measurements of the AOM for the relevant wavelength. For the purpose of testing, a
401 nm laser was available with which all measurements were performed under the assumptions that
the characteristic quantities and figures of merit of the AOM will be very similar for a 397 nm beam.
The AOM is made of Tellurium dioxide (TeO2) crystal which is nearly polarization independent. The
diffraction efficiency as a function of the linear polarization of the beam was measured and a maximal
variation of 2 % between the diffraction efficiency of two linear polarizations was found. This property
plays an important role in the double-pass configuration, since it allows for a simpler configuration
compared to when the AOM is polarization dependent (for example as it was shown in [11]). Previous
projects with an AOM in the double-pass configuration were performed in the TIQI group. The reports
of those projects [10, 11, 12} I3] were used for inspiration and for planning which measurements need
to be performed.

Before measurements were performed the beam was first coupled to a single-mode fibre. After being
emitted from the single-mode fibre, the beam profile was measured as shown in Figure of the
Appendix A2. From this measurement a Gaussian diameter of 793.8 pm and 831.3 um, for the x and
y direction respectively, were measured by the beam profiler. The collimator used to output coupling
of the light from the fibre was chosen such that the beam diameter is smaller than 1 mm. This is
important since the aperture of the AOM is 1 mm and the consequence of having a beam that is larger
than the aperture of the AOM would be the loss of laser power as well as possible aberrations which
would disrupt the characterization measurements.

An important specification of an AOM is its insertion loss. The insertion loss of an AOM is the
percentage of laser power loss due to the beam passing through the AOM. Ideally the insertion loss
should be minimal. The insertion loss is obtained by measuring the power of the laser beam before

and after the beam passes through the AOM using a power meter. The insertion loss (in %) is then

. Power
given by Lipsertion = 1 — ﬁ where Poweryefore and Powerg g, are the measured powers of
ejore

the laser beam before and after the AOM. For the G&H AOM tested in this project, an insertion
loss of 5.4 % was measured when the RF power signal sent to the AOM was turned off. When the
RF power supply was turned on, an insertion loss of 6.0 % was measured. The power of the laser
beam (Powerqfter) had to be measured very close after the AOM when the RF power was turned on,
such that all orders of the diffracted beam are measured by the power meter.

In the next subsections the measurements of the AOM in the single and double-pass configuration
will be presented and discussed. Possible uncertainties of the measurements were mostly due to the
measurement devices and are not stated in the plots. In the last subsection a short guideline for
setting up and aligning a double-pass configuration will be presented.

3.1 Characterization measurement of the AOM in the single-pass configuration

The first measurements were performed in the single-pass configuration. A sketch of the experimental
setup using Inkspace and the Component Library by Alexander Franzen [14] can be seen in Figure
and a picture of the setup can be seen in Figure [f] This configuration is termed single-pass since
the beam passes through the AOM one time. The AOM is driven using an RF signal generator which
was connected to an amplifier to achieve sufficient drive powers. A 19.5 dBm directional coupler



(https://www.minicircuits.com/pdfs/ZFDC-20-4+.pdf)) was used to measure the frequency of the
RF signal using a spectrum analyser.

The beam was then passed through a QWP, half wave plate (HWP) and a PBS to obtain a linearly
polarized beam. As explained in the previous chapter, when a beam is incident on the AOM at the
right angle a diffraction pattern can be observed where the beam is diffracted into multiple orders.
By placing the aperture in the correct position one can block all orders except the first-order which
has a frequency equal to the initial frequency of the light plus the frequency of the RF signal that
is sent to the AOM. This is the main use of the AOM, namely to shift the frequency of the beam.
Typically either the first-order beam or the minus first-order beam is used for experiments, since for
those diffraction orders a high diffraction efficiency can be achieved.
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Figure 5: Inkspace picture of the test setup in the single-pass configuration, as it configured in the experiment
shown in [6} The beam is first coupled into a single-mode fibre. Afterwards it is passed through a QWP to
ensure the polarization is linear and not circular. Afterwards the beam passes through a PBS and a HWP
before it enters the AOM. The beam is then diffracted by the AOM and only the first-order of the diffracted
beam is passed through the aperture. In the measurements the power of the the first-order diffracted beam are
performed after the aperture and before mirror M2.

The diffraction efficiency of the first-order beam is the ratio of the power of the first-order beam
with respect to the power of the beam before it is diffracted by the AOM, i.e. the incident beam. A
maximal diffraction efficiency is desirable. In Figure [7] plots of the diffraction efficiency of the first-
order beam as a function of the AOM RF drive frequency and the AOM input power are shown. The
maximal diffraction efficiency of 80 % is achieved at an RF frequency of 82 MHz and an AOM
input power of 21.5 dBm.

The curve of the diffraction efficiency is very similar to the curves measured by the manufacturer for
higher wavelengths as seen in the Appendix 1 in Figure For the diffraction efficiency as a function
of the AOM drive frequency for the frequencies between 70 and 80 MHz an unexpected pattern is
observed. This is most likely due to slight misalignment of the aperture. For this measurement the
aperture had to be realigned every time the frequency was changed, therefore it is possible that due
to a small misalignment, the first-order beam was partially blocked by the aperture causing a lower
diffraction efficiency for this frequency range. For the measurements in the double-pass configuration
in Figure where the aperture does not need to be realigned when changing the frequency, the
diffraction efficiency followed a smoother pattern. This further hints that for the measurements of
the diffraction efficiency in the single-pass configuration the aperture was slightly misaligned for the
frequencies between 70 and 80 MHz.


https://www.minicircuits.com/pdfs/ZFDC-20-4+.pdf

Figure 6: Test setup in the single-pass configuration. The different elements in the setup can be seen in a sketch
of the setup in Figure
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Figure 7: a: Plot of the diffraction efficiency of the first-order single-passed beam as a function of the RF drive
frequency at an AOM input power of 21.5 dBm. The maximum diffraction efficiency of 80 % is achieved at 82
MHz. b: Plot of the diffraction efficiency of the first-order single-passed beam as a function of the AOM input
power at an RF drive frequency of 80 MHz. The maximum diffraction efficiency of 80 % is achieved at 21 dBm.

3.1.1 Rise time measurement

Another crucial quantity of merit of an AOM is its rise-time. The rise time is defined as the time it
takes the AOM to diffract the beam once the RF signal arrived in the AOM. For this measurement a
Zaswa switch and an oscilloscope were used to trigger the RF signal sent to the AOM. The response
of the beam which is modulated by the AOM is then monitored by a photodiode which is connected
to the oscilloscope. In Figure [§| a screenshot of the measurement on oscilloscope is shown. A delay
time between sending the signal to the RF source and the modulation of the beam by the AOM of
400 ns was measured. This delay can be compensated for by sending the RF drive 400 ns before the
modulation of the beam by the AOM is needed. Furthermore, the rise time was measured at 118.3 ns.
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Figure 8: Screenshot of the oscilloscope which was used to determine the rise-time. The yellow curve shows
the response of the photodiode. The time between measuring no beam until the maximum power measured by
the photodiode is defined as the rise time and was measured at 113.8 ns. Furthermore, a delay of 400 ns is
measured as shown by the delay between the blue line, which represents the triggering of the RF source, and
the yellow curve.

3.2 Characterization measurement of the AOM in the double-pass configuration

The double-pass configuration is the most important configuration for this project since this configura-
tion will be used for the design of the AOM board. Therefore the AOM was tested in this configuration
to validate that a high diffraction efficiency can be achieved. Since the single-pass diffraction efficiency
was 80 %, the theoretically maximal possible diffraction efficiency for the double-passed beam should
be 64% (because 0.8% = 0.64). However, taking into account that the AOM has a maximal polarization
dependence of 2 % and that every optical element absorbs some light, one can approximate that the
maximal diffraction efficiency of the first-order beam double-passed beam is 60 %. The goal is to come
as close as possible to this limit.

A picture of the experimental setup in the double-pass configuration can be seen in Figure [ and a
sketch of the configuration is shown in Figure In this configuration the beam is passed through
the AOM twice. The combination of the lens, mirrors, QWP and the PBS allows the change of the
AOM drive frequency, and thereby the angle of diffraction of the first-order beam, without having to
realign the setup.

First, the linearly polarised beam is passed through the AOM. Then it is passed through a QWP
and subsequently a lens before all order except for the first-order beam are blocked by the aperture.
Afterwards it is reflected back by mirror M2 as shown in The focal length of the mirror must be
equal to the distance between the AOM and the lens as well as the distance between the lens and the
mirror M2 which reflects the beam back to the AOM. Passing through a QWP twice is equivalent to
passing through a HWP which shifts the linear polarisation of the beam by 90°. Therefore after the
beam is reflected by mirror M2 and overlapped with the incoming beam, the beam will be reflected
by the PBS. This separates the modulated beam from the incoming beam, and therefore allows us to
couple the modulated beam into a fibre as shown in the schematics in Figure [10]

A plot of the measured diffraction efficiency for the first-order double-passed beam as a function of
the RF drive frequency and the AOM input power are shown in Figure [[2la and b respectively. In
Figure [IT]a the measurement data of the diffraction efficiency was taken both before and in the fibre.
For both measurements the data largely overlaps, thereby confirming that the frequency tunability of
the double-pass configuration without the need for additional alignment is guaranteed by the setup.
A maximal diffraction efficiency of 58 % is achieved at a RF frequency of 80 MHz and an AOM input
drive of 21.5 dBm. Furthermore, the diffraction efficiency of the minus first-order beam was also
measured as a function of the RF drive frequency, to confirm that the AOM can also be used when
the frequency needs to be detuned in the negative direction as shown in Figure [I1]b.
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Figure 9: Experimental setup of the AOM in the double-pass configuration.
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Figure 10: Inkspace picture of the test setup in the double-pass configuration.
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Figure 11: a: Plot of the diffraction efficiency of the first-order double-passed beam as a function of the RF
drive frequency. Measurements of the light power were made before and after a fibre. The measurement of the
intensity in the fibre was measured by coupling the beam into the fibre and connecting the fiber to a power
meter with a suitable adapter. The loss of the fiber coupling was accounted for in the plot. This plot confirms
that the double-pass configuration is indeed functional for different frequencies, without the need to realign
the setup when changing the frequencies. The maximum diffraction efficiency of 58 % is achieved at 80 MHz.
Throughout the measurements the AOM input power was set at 21.5 dBm. b: Plot of the diffraction efficiency
of the minus-first-order double-passed beam as a function of the RF drive frequency. A maximal diffraction

efficiency of 57 % is achieved at 80 MHz. Throughout the measurements AOM input power was set at 21.5
dBm.

1st order double-passed beam

1st order double-passed beam
55 o LR N .. e ©
[ ]
§50 ° Te o <50 .
> * * >
5% } . 840 ;
£ 40 . * 5 .
5 5
E 35 ° .fé’ 30 o ¢
E £ o
930 s ©20
[ ] [ ] [ ]
25 [ [ ]
60 70 80 90 100 14 16 18 20 22 24

AOM RF drive frequency [MHz] AOM Input Power [dBm]
(a) (b)

Figure 12: a: Plot of the diffraction efficiency of the first-order double-passed beam as a function of the RF drive
frequency. In this measurement a maximum diffraction efficiency of 56 % is achieved at 80 MHz. Throughout
the measurements AOM input power was set at 21 dBm. In Figure [[T]a slightly higher maximal diffraction
efficiency of 58 % was found at a AOM input power of 21.5dBm. b: Plot of the diffraction efficiency of the
first-order double-passed beam as a function of the AOM input power. The maximum diffraction efficiency of
57 % is achieved at 20 dBm. Throughout this measurements the frequency was set to 80 MHz.
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3.3

Guideline for setting up an AOM in the double-pass configuration

Aligning an AOM in the double-pass configuration and optimizing the first-order diffraction efficiency
can be a tedious and time-consuming task. After aligning the AOM multiple times throughout this
project, I have found the following procedure to be the most efficient to maximize the diffraction
efficiency of the first-order beam:

1.

Align the beam into the aperture of the AOM and ensure that the insertion loss is minimised
(for the tested AOM the insertion loss was minimised at 6%). This can be achieved by using the
mirror M1 in 5| and the mount on which the single-mode fibre is placed and performing beam
walking.

Adjust the beam line such that the beam height is constant while still observing that the insertion
loss is minimal. This can be crucial since after optimising the single-pass diffraction efficiency, if
the beam is not parallel to the plane of the board, it was difficult to achieve a high double-pass
diffraction efficiency.

Now start optimising the first-order diffraction efficiency of the single-passed beam. For this
begin without placing the lens between the AOM and the mirror. First place a card or a piece
of paper where the diffracted beam is incident shortly before the mirror.

Change the angle of the AOM by rotating the mount until a diffraction pattern can be seen on
the paper as shown in Figure [3| The diffraction efficiency of the first-order diffracted beam is
typically maximized when there is a line cutting the zeroth-order beam. Adjust the angle of
the AOM until this pattern is observable on the paper and ensure that the brightness of the
first-order beam is maximal. Note that the direction of the first-order beam depends on which
direction the RF drive signal is sent to the AOM. Now place a beam block or an aperture to
block the zeroth-order and only pass the first-order beam.

To further optimize the diffraction efficiency of the first-order, perform beam walking in both the
vertical and horizontal direction while making sure that the zeroth-order beam remains blocked
and only the first-order beam is passed.

Adjust the RF drive frequency of the AOM as well as the power sent to the AOM to achieve a
maximal diffraction efficiency. This concludes the alignment of the single-pass first-order beam.

Furthermore, I have found the following method useful for making sure that the zeroth-order
beam is blocked: assuming the zeroth-order beam is blocked and the first-order beam is passed,
once the RF drive is turned off the beam should be blocked. One can for example take a paper
prior to the beam blocker and label where the first-order is located and when turning the RF
drive off, the zeroth order beam should be exactly next to the noted position as well as in the
corresponding direction depending on the RF drive.

After optimizing the diffraction efficiency of the single-passed beam, one can proceed with the opti-
mization of the diffraction efficiency of the double-passed beam as follows:

1.

Position the lens between the AOM and the mirror M2 in Figure [10] which reflects the beam
back towards the AOM. When placing the lens ensure that the diffraction efficiency remains the
same and that only the first-order beam is blocked. The distance between the AOM and the
mirror M2 should equal the focal length of the lens as well as the distance between the lens and
the mirror M2.

Place the QWP between the AOM and the lens.

Now the beam which is reflected by the mirror should be overlapped with the incoming beam.
This can be achieved by adjusting the mirror and for example using a paper with a small hole
such that the incoming beam is passed through the hole. If the beams are not overlapped the
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reflected beam will be visible in a different position on the paper as the incoming beam and can
be adjusted accordingly.

4. A diffraction pattern should be visible once the beams are overlapped and the first-order can be
optimized as previously, while in addition the QWP needs to be adjusted such that the linear
polarization of the beam is changed by 90°. Then, the output beam will be entirely reflected
by the PBS which is positioned after the beam as it is shown in the sketch of the experimental
setup in Figure

Some of theses procedures were adopted from reference [9] where a more comprehensive guide for the
alignment of the double-pass configuration is introduced.

Additionally, throughout the project I have encountered the following issues which can cause problems
in the alignment process and limit the maximal diffraction efficiency that can be achieved:

1. The mirrors, if sourced from Thorlabs, must have EO1 or E02 coating to ensure the beam does
not lose power after being reflected by the mirror (see Thorlabs website https://www.thorlabs.
com/newgrouppage9.cfm?objectgroup_id=139 for the reflectance of the different coatings).

2. All optical elements such as the HWP, QWP and the PBS must be suitable for the desired
wavelength, otherwise they might absorb a large percentage of the beam power and hence limit
the diffraction efficiency.

3. Ensure that the lens is placed at exactly the specified focal length and that the distance from
the AOM to the lens is equal to the distance from the lens to the mirror.

4. Ensure that the beam is collimated. Use a suitable collimator and check that the beam size should
be smaller than the aperture, otherwise the diffraction efficiency is reduced and aberrations may
occur.
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4 Board design of the AOM in the double-pass configuration

The final part of the project consisted of the design of an aluminium AOM board. The AOM board
includes holes, extrusions, mounts and other features such that all the optical and mechanical parts
have a fixed position. This allows for a compact setup and simplifies the alignment of the beam due
to the fixed positions of the elements. The design was made using the computer-aided design (CAD)
software Inventor. A previous design of an AOM board designed by Edgar Brucke was used as a
template and inspiration for the new design.

The board is designed such that it fits into a 19-inch rack system. Such systems are commonly used
in experimental optics labs and are advantageous to organise the setup for an entire experiment. By
placing the board in the rack system the experimental setup is simplified and can be separated from
the main part of the experiment, for example the vacuum chamber where the ions are trapped. The
idea is that one can simply couple the beam that was modulated by the AOM to a fibre and address
the ions via the fibre which transports the modulated beam from the rack to the vacuum chamber.
The AOM boards are easy to manufacture and offer a scaling advantage for experiments that require
many laser beams.

The CAD model of the AOM board can be seen in Figure[13|and a picture of the manufactured board
on Figure The board was tested in a simpler configuration because some of the parts were not yet
manufactured at the time the board was tested. The diffraction efficiency of the first-order beam in a
double-pass configuration on the manufactured board is shown in Figure The maximal diffraction
efficiency of 58 % is reached at a RF drive frequency of 78 MHz and a AOM input power of 21.5 dBm.
The achieved diffraction efficiency matches that of the test setup, thereby confirming that the design
of the board satisfies its requirements. Besides the double-pass configuration on the board, there is a
photodiode which can be used to monitor the power of the modulated beam by placing a mirror that
transmits a small portion of the light, as shown in the bottom left part of the picture in Figure [I3]

|||:a 5

Figure 13: CAD model of an AOM board for a double-pass configuration setup including all the optics and
mechanical elements. The board includes the necessary holes and extrusions such that the optical and mechanical
elements have a fixed position. The AOM is mounted on a rotation mount. The model was designed using the
CAD software Inventor.

In many trapped-ion experiments using Calcium °Ca™ ion, multiple 397 nm beams are used since
the transition is used for different purposes, such as Doppler cooling, EIT cooling and state readout.
Therefore, the AOM boards where designed such that multiple boards can be concatenated with only
one input beam. Figure [14] shows a CAD model of 3 concatenated AOM boards. Furthermore an
input board in the bottom right of Figure [L4] can be seen. The input board consists of a mount where
the collimator will be placed, a HWP and a mirror to input the beam into the main AOM boards. The
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power of the input beam can be distributed over the different boards by adjusting the HWP which
changes the linear polarisation of the beam and the PBS will reflect and transmit a certain percentage
of the light depending on the polarisation chosen with the HWP.

On each board the beam is transmitted through the double-pass configuration. The double-passed
beams are then overlapped using a combination of HWPs and PBSs before they can be coupled into
a photonic-crystal fibre on the output board, as seen in the top left of Figure
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Figure 14: CAD model of 3 concatenated AOM boards and an input and output board. Such a configuration
can be used to prepare multiple 397 nm beams using the AOM in the double-pass configuration which can then
be used for different purposes.
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Figure 15: AOM board in the double-pass configuration. The board as well as other parts such as AOM rotation
mount were manufactured by the ETH Zurich physics workshop. This configuration was used to test the AOM
board and differs slightly from the CAD design of the board as shown in Figure [L3|since at the time of testing
the board, some of the parts were not yet manufactured

In Figure [16| a picture of the manufactured board can be seen. The board includes the necessary holes,
extrusions for the mount and the beamline as well as labels of where the optical or mechanical elements
are to be placed. The CAD files can be found on the following folder of the TIQI group in the J drive,
which is accessible only to members of the group: J:\ Projects\ GKP_Gates\ Hardware_Projects\ HPR020
Luca AOM Board\397_board - modified by Luca - Final folder\ AOM Board - Luca - new design.

Figure 16: Picture of the manufactured AOM board by the ETH Zurich physics workshop.
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4.1 Measurement of the double-pass diffraction efficiency on the AOM breadboard

The diffraction efficiency of the first-order double-passed beam is shown in Figure A maximal
diffraction efficiency of 58 % was achieved. The diffraction efficiency on the AOM board was therefore
equivalent to what was measured on the test setup. On the test setup, as shown in Figure [0} an
aperture was used to block the unwanted diffraction orders, whereas on the AOM board a beam block
is used. Besides this difference, the measurements were performed with the same laser, RF source and
optics that were used in the test setup. In Figure 15| a picture of the setup used to test the board and
perform the measurements of the diffraction efficiency on the AOM board is shown.

1st order double-passed beam on
an AOM board
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Figure 17: Diffraction efficiency of the first-order double-passed beam on the AOM board as shown in Figure
A maximum diffraction efficiency of 58 % can be achieved at a drive frequency of 78 MHz and a an AOM
input power of 21.5 dBm.
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5 Conclusion

Throughout this project the characteristic properties of the G&H AOM were tested for UV light,
namely for a 401nm wavelength beam. The results confirm that the AOM can be used slightly outside
of its specified wavelength range of 440-850 nm. A maximal single-pass diffraction efficiency of 80 %
was measured for the first-order beam. The insertion loss of the AOM was found to be of 6.0% when
the AOM was supplied with the required RF signal. A rise time of 113.8 nm was measured with a
response delay of 400 ns. Most importantly, the double-pass diffraction efficiency of the first-order
beam was found to be 58 % at the optimal parameters, making the AOM suitable for trapped-ion
experiments.

Additionally, a CAD model of an AOM board with holes, extrusions and additional mounts which fixes
the position of the optical and mechanical elements for a double-pass configuration was designed and
manufactured. Such a board offers a compact design and ease of alignment due to the fixed position of
all the elements. The double-pass diffraction efficiency of the first-order beam was also tested on the
board and measured at a maximum of 58 %. The AOM board is compatible for a 19-inch rack system.
Furthermore, the board was designed such that multiple boards can be concatenated after each other
with only a single input beam being split across the different boards and later collected by overlapping
the modulated beams. This feature is advantageous since in many trapped-ion experiments multiple
beams for the 397 nm transition of the °°Ca™ ion are needed. Those beams should be modulated
with different frequencies, sometimes with different AOMs with the correspondingly required center
frequency, which depends on the purpose for which the beam will be used in the experiment.

In the future, the parts which were not yet manufactured when the final measurements with the AOM
board were performed are still to be tested. Namely the waveplate mounts, the photodiode and the
lens slider. Furthermore, the concatenation of multiple boards with multiple modulated output beams
needs to be tested.

In conclusion, optical experiments require precise control over the lasers which are used to perform
operations on the quantum system. Acousto-optic modulators are commonly used in such experiments
to control the properties of the light. The board designed in this project allows for quicker and more
scalable control of many laser beams.
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7 Appendix
7.1 Appendix A: Datasheets of the AOM
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Figure 18: Datasheet of the AOM which was supplied with the shipment of the AOM
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Figure 19: Datasheet of the AOM used in this project as found in the website https://gandh.com/products/

acousto-optics/modulators/aomo-3080-120

7.2 Appendix B:
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Figure 20: Beam profile measurement of the 401 nm laser beam after it is emitted from a single-mode fibre.
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