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Abstract

In this work a single ion addressing system for “°Ca™ ions in a linear Paul trap is
implemented using a crossed acousto optic deflector (cAOD). A new scheme for driving
the cAOD is presented which facilitates addressing with standard devices optimized for
the +1 +1 diffraction orders. The system is tested with a camera setup and a spot size
of 2.24 ym, limited by the performance of the objective, is attained.

The crosstalk is measured to be on the order of 3x 10~3 with a camera. The addressing
system is integrated in the existing experiment. Preliminary tests with a single ion show
that a spot diameter of 3.57 pm is achieved. This is small enough for individual ion
addressing.

A fiber v-groove array (FVGA) is proposed as a mode filter for future addressing
systems, an efficiency for arbitrary single channel couplings of > 25 % is demonstrated.
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1. Introduction

The field of quantum computing aims to harness quantum effects and leverage them
to implement arbitrary computation. The quantum systems used for logic encoding
are called qubits. Multiple different physical platforms demonstrated qubit manipula-
tion and control. Platforms which look promising for scalable quantum computing are
trapped ions [!, 2] and superconducting circuits [3, 41, 5]. There are many more quantum
systems which enable logical or sensing application.

Single and multi qubit control is well established for medium sized systems up to 10’s
of qubits [1]. To enable the true potential of quantum computing the qubit operations
need to be performed with high fidelity. An active front of research is to increase the
reliability of quantum devices and to find logical encoding schemes which allow for errors
to be corrected.

It can be estimated that a quantum computer needs at least several 100’s of qubits [(]
to achieve supremacy over classical computers. Therefore the scalability of the platform
is another frontier which is important for the technological realization of quantum com-
putation.

With a true fault tolerant quantum computer applications in many fields are predicted.
One of the proven algorithm is the efficient factorization of prime numbers [7]. Also other
computational fields such as machine learning [%] or finance [9] will profit from quantum
computers.

Current quantum computing devices have yet to demonstrate applications beyond
simple textbook examples. Promising use cases lie in simulating quantum chemistry or
physical models. In this field for example many-body spin systems are simulated using
the quantum nature of qubits. The systems can be simulated in a digital fashion [10]
where the hamiltonian is approximated with gate operations.

1.1. Quantum computing with trapped lons

Trapped ions are a good platform for quantum computations since the ions have a long
decay time 77 of ~ 1s for optical transitions. Qubits encoded in the hyper fine structure
can have a T of over several minutes. The qubit system is the valence electron of an
alkali metal. These atomic systems are identical for all qubits unlike platforms where
the qubits are fabricated. A drawback is the need for high precision and stable laser
systems.

Quantum computing with trapped ions can use different species of ions. Typically,
alkaline earth metals like Be, Mg, Ca or Sr are used, but also Yb is often used because
of its good-performing hyperfine qubit. Depending on the chosen ion species the qubit
is encoded in different schemes. The qubit can be encoded in optically accessible states,
Zeeman states or hyperfine states can be used to encode the qubit [2]. In our lab we
work with °Ca™ and the qubit is encoded using optic transitions.

The qubit is encoded using electron shelving in the Dy states (figure 1.1). The state
is long lived with a lifetime of 1.2s [11]. The qubit transition is accessible with a laser
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1. Introduction

(a) *°Ca™ level scheme (b) Tonization of *°Ca

Figure 1.1.: (a) Simplified energy level scheme of *°Ca™ !. The short lived state P, /2

is used for readout 7 = 7.1ns [12]. The metastable states in D5/, with
a lifetime of 1.2s [11] are used to encode the |0) state. The ground state
encodes the |1) state. (b) the ionization scheme to go from atomic to ionic
calcium [13].

at 729nm. The readout of the system is implemented with 397 nm light. If light is
scattered during the detection pulse the ion was in the S; /5 = [1) state. This readout is
possible due to the short lifetime of 7.1 ns of the Py 5 state compared to the meta-stable
lifetime of the Dy /5 state where the light cannot couple to the ion.

The ions are generated by photo ionization with two near ultra violet (UV) lasers. The
atoms are produced in an oven placed next to the trap. The ionization uses a two stage
process. A frequency tunable 423 nm laser selects the correct calcium isotope which is
then ionized using a 375 nm laser. There is a weak decay path from P/, to D3/ states,
to repump these states a 866 nm laser is used. To reset the qubit 854 nm light is used
to pump the excitation to the short lived Py, state. For state preparation in addition
to the reset and repumping beam a o™ polarized laser at 397 nm is used to couple the
states | S/, mj = —1/2) <> |Py 9, m; = +1/2). This will optically pump the excitation
to the state [1) =[S 5, m; = 1/2).

Two types of radio frequency (RF) traps are used to trap ions. One option is the linear
three dimensional Paul trap which uses two RF electrodes and several DC electrodes to
generate a trapping potential. The potential with strong radial confinement and the
coulomb repulsion of the ions results in a ion chain along the trap axis. A novel kind of
RF traps are surface traps where the trapping potential is generated from an 2D micro
fabricated chip with all electrodes in a single plane. This type of trap has a shallower
potential but is more promising towards scalability. The laser beams for controlling the
ions are either free space beams or from integrated photonics wave guides in the case of
surface traps.

1Solid transitions are available lasers in the lab, dotted transitions cannot be driven and are only decay
channels. The decay from D3/, and some Zeeman states are omitted for readability.
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1. Introduction

1.2. Individual addressing

In order to implement quantum circuits addressing of single ions is needed. This indi-
vidual addressing of ions in the ion crystal can be implemented using different methods.
Most techniques are based on tightly focussed laser beams which only interact with one
ion in the string.

Several different implementations for optical addressing were previously demonstrated.
One type of addressing system utilized an optical modulator to deflect the laser beam.
An optical system with an objective focuses the modulated beam onto the ions. The de-
flection can be implemented with an electro optic modulator (EOM) [11], single acousto
optic modulator (AOM) [15, 16] or with cAOD [17, 18]. Other addressing systems use
spatial light modulators like digital micro-mirror devices (DMDs) to shape and steer the
addressing beam [19].

A different type of systems uses micro-fabricated waveguides with a fixed pitch [20, 21].
These devices are engineered for low crosstalk at the output side, despite of the small
distance of 15 - 20 pm between the waveguides. The light is delivered with fibers to the
wave guide array (WGA) and focussed onto the ion crystal with a lens and an imaging
objective. The light is split into fibers using fiber splitters? and switched with a separate
fiber AOM in each channel.

In the current setup a 12 channel WGA is used to address ions. Currently only two
channels are configured. The goal is to test different addressing systems for their fidelity
and scalability. Therefore in this thesis I implemented an individual addressing system
based on a cAOD and work towards a combination of cAOD with a FVGA. We use a
c¢AOD since this will enable us to have individual addressing with a constant frequency
shift introduced by the modulator.

One major advantage of a cAOD setup over a WGA chip is the higher power which
can be delivered to the ions in single addressing applications. In the WGA the input
power is first split into N channels and has additional losses from the fiber AOM. The
cAOD on the other hand experiences only the loss from the two acousto optic deflectors
(AODs). For multi tone addressing the power in each cAOD diffraction spot scales with
1/N? so up to three ion addressing this system will deliver higher power in our case.

A further advantage of the cAOD device is the phase stability between different chan-
nels since all ions are addressed from only one device. In the case of the WGA every
channel uses its own fiber AOM. These devices have strong dependences on temperature
and humidity and a stable operation of multiple such devices is difficult.

The cAOD device has no fixed spacing between the addressing beams. Additionally
this enables also correction in the vertical direction to account for small errors in the
addressing position.

From a scalability point of view the cAOD has advantages. Generally this one device
will be cheaper compared to one AOM per ion. Also the attainable addressing range from
an cAOD is by a factor 4 - 6 bigger. This comparison holds for the current available chip
with 12 channels. But the wave guide chips can be scaled up to include more channels.

One drawback of cAOD type systems is the beam quality. Due to the diffraction in
the acousto optic crystals the beam will be deformed. Here the WGA will deliver a
gaussian beam with less abberations. Also for multi ion addressing the cAOD device
will generate unwanted diffraction orders which introduce a lot of scattering on the trap
and in the chamber.

2Fiber optics device which splits light from 1 fiber to N (usually 2 - 16) fibers according to a fixed ratio.
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1. Introduction

WGA cAOD combined

Optical power - + 0
Phase stability - + +
Addressing flexibility - + -
Spot shape + - +
Scatter + - +
Cost - + +

Table 1.1.: Comparison of three possible addressing systems. The signs indicate if the
system performs well (+), bad (-) or neutral (0) regarding the criteria. The
optical power is the peak power that can be delivered relative to the power
before the addressing system. The addressing flexibility compares if the beam
has fixed spacing on the addressing axis or arbitrary positions are possible.
The spot shape considers primarily the achievable size but also aberrations.
Scatter occurs if stray light illuminates the chamber or is reflected from the
trap.

A new idea is to use an cAOD in combination with a WGA. The WGA would act as a
mode cleaner to reduce crosstalk and scattering. The cAOD has a better phase stability
compared with individual fiber AOMs for each cannel. For this the light of the cAOD is
coupled int a FVGA which is connected directly to the WGA (without the need for fiber
AOMs). The addressing spacing will be fixed and additional losses from the coupling
are introduced, but the fidelity of the overall system can gain from the reduced crosstalk
and the single device as the source for the addressing (table 1.1).
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2. Theoretical background

For a general quantum computer to be useful it needs to fulfill some requirements. One
generally accepted list of criteria was introduced by DiVincenzo [22]:

1. A scalable and well defined qubit system.
2. State initialization.

3. Coherent time much longer than gate time.
4. A universal set of gates!.

5. Qubit readout.

In the previous chapter it was briefly discusses that a trapped ion platform fulfills this
criteria. In this chapter I want to discuss in more detail what a universal set of gates is
and how it is realized on the given qubit system. This chapter focuses on the theoretical
aspect. The experimental realization in the setup is presented in the chapter 5.1.

2.1. Qubit control

Unlike a classical bit which can only take either 0 or 1 as an value the state of a qubit
is generally a superposition of two states:

[¥) = al0) + B[1). (2.1)

For the state to be physical the complex coefficients a and § need to be normalized:
|a|? 4+ |8]? = 1. The computational states |0) and |1) are elements of the Hilbert space
Houvit = C? and we identify them with the following vector representation:

0= (5)- m=(3)- (2.2

A complete basis of this Hilbert space can be formed with the so called Pauli operators
and the identity:

o I () R A R O

We immediately see that our computational states are eigenvectors of the Pauli-Z gate.
In quantum circuits we often use the eigenvalues of the X operator as bases:

1 1
= ﬁ(\0>+|1>), =) =

LA set of gates which allows to express all possible operations as a combination.

+) (10) = 1))- (2.4)

S

2
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2. Theoretical background
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(b) Circuit diagram

(a) Bloch sphere

Figure 2.1.: (a) Visualization of states in the Bloch sphere. Orthogonal states are at the
opposite side of the sphere. (b) Example of a minimalistic quantum circuit.
Two qubits are prepared in the |0) state and a successive application of a
Hadermard and a CNOT gate is used to create a Bell state. The last step
indicates a measurement on each qubit.

To perform a quantum operation on a qubit means to apply a unitary transformation
(a gate). For example the application of an X-gate on a qubit will act like a NOT
operation. Another gate is the so called Hadamard gate which we can interpret as a
change of basis between X and Z basis. The gate will transform |0) — |+) and [1) — |—)

and vice versa.
1 /1 1
PEENINEN o)

In the case of one qubit we can use the Bloch sphere to visualize the state and the effects
of gates on a qubit. For this we write the coefficients in equation 2.1 as: a = cos(6/2)
and B = sin(0/2)e’®. This is possible since global phase factors do not change a state.
We see that this is essentially a parametrization of a sphere. The poles of the Bloch
sphere are the orthogonal eigenstates of the Pauli operators (figure 2.1a). In this picture
we can interpret the application of a gate to an qubit as a rotation around the given
axis.

In addition to the single qubit rotations also a phase shift gate is needed it will
introduce a constant phase shift of €*? to one of the qubit states.

Py = <(1] e%)) (2.6)

To have a universal set of gates according to the DiVicenzo criteria we are missing
multi qubit gates. The single qubit description is extended to the multi qubit case with
the tensor product. A pure two qubit state (or product state) can be written as:

@) = |[va)a @ [¥B)B. (2.7)

This extension also applies for multi qubit gates. One of the most used two qubit gate
is the CNOT gate or controlled NOT. This gate conditions the application of a X gate
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2. Theoretical background

to the target qubit on the control qubit. Only when the first one is in |1) the NOT gate
will be applied otherwise the identity operation is used. With the tensor formalism this
is written as:

CNOT =10)4(0|a @1+ [1)a(l|la ® XB. (2.8)

There exist states which cannot be written as the tensor product of the individual sys-
tem states. We call such states entangled. They can be written as a linear combination
of product states. An example of an entangle state is:

1 1
V2 V2

In trapped ion computing two qubit gates are usually implemented with the Mglmer-
Serensen(MS) gate [23] which does not implement a CNOT gate. With additional single
qubit gates the MS gate becomes equivalent to a CNOT gate.

A general quantum algorithm will consist of three parts. First a qubit register will
be initialized to a defined state. Then a series of single and multi qubit gates will be
applied. Finally the qubits in the register are measured to extract the results. This can
by visualized with the circuit diagrams shown in figure 2.1b.

v) (100) +11)) = —= (1004 @ [0)p + [1) a4 ® [1)B) (2.9)

2.2. Rabi oscillation

The implementation of gates with trapped ions is realized with the light matter interac-
tion between the trapped ion and applied light fields. Following the derivation in [13, 24]
we first look at the semiclassical interaction of light field with a two level system.

The atomic system has the ground state |g) and the excited state |e) which are sepa-
rated by AFE = hwyg. If we set the zero point energy in the middle of the levels, then the
atomic Hamiltonian is:

hw,
H, = 70&3 (2.10)
The classical light field with a frequency w; and a phase ¢; can be written as: E (t,70) =

Eo(7) cos(wit 4 ¢;). The interaction between the radiation an the atom is given as:

H; = —D- E(t,75) (2.11)

The operator D is the dipole operator. According to the definition of the Rabi fre-
quency as: Qg = | — +(e|D - E()|g)|, we can rewrite the Hamiltonian for the laser
interaction to:

H; = hQyo, cos(wlt + ¢l) (2.12)

The total Hamiltonian can be expressed as the sum of the atomic systems plus the
interaction term: H = H, + H;. A change to the interaction picture with respect to the
atomic Hamiltonian makes the further discussion of the time evolution more clear. For
this we transform the interaction Hamiltonian as follows: Hj,; = e~ #at/h [ giHat/h,

Hipy = hQ (cos(wit — ¢y) cos(wot) G4 + cos(wit — ¢y) sin(wot)dy) (2.13)

We recognize that there will be cross terms which oscillate at w; + wp and w; — wy. We
apply the rotating wave approximation and drop the terms with the higher oscillation
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2. Theoretical background

frequency. The laser detuning A = w; — wy is introduced and the expression is rewritten
using trigonometric identities:
Q

Hing =l (e7UAtHHP G5, 4 lAtHIG ) (2.14)

The unitary transformation implemented by this Hamiltonian for a resonant drive

(A=0)is:

Hiput 0 i i0r Gin( 8
0.0 =eap(- 212y = (LD, ) ey

In this operation we can recognize a combination of the Pauli X and Y gate. The
pulse area 8 = Qt defines the rotation angle and the phase ¢y will select the rotation
axis in the x-y plane of the Bloch sphere.

Following the discussion in [25] the coupling strength 2 can be computed as the
matrix element between the states of interest. In the case of the chosen qubit transitions
|S1/2,mj = 1/2) <> |D5/9,mj = m') it is a quadruple transition. This can be written in
terms of the Clebsch-Gordan coefficients as:

eFy [154

0 =
2h V cak3

A(m,m/)gB™ (¢, ) (2.16)

The constants ¢ and « are the speed of light and the fine structure constant. The
total decay rate is A = I'(D5/5). The last factor gA™) (¢, ~) accounts for the geometric
relation between the magnetic quantization axis, the wave vector and the polarization
angle.

In an ion trap the ions are trapped in an harmonic potential along the z axis and
therefore we have to consider the motional degrees of freedom while addressing the ion.

Following [13] we add the contribution of the harmonic motion to the atomic hamiltonian:
hwo . e 1
Hy = ==6: + hwy (ala, + 5). (2.17)

The frequency wy is the ion oscillation frequency of the trap. This introduces the motional
sidebands wo £ w; du to the Doppler shifted interaction. This couples the internal
electronic state of the ion to its motional degrees of freedom. The interaction part of
the Hamiltonian becomes:

H, = h%(&Jr +6_) (ein(&z-i-fll)e—i(wt—@) + e—in(dﬁ&l)ei(wzt—m)). (2.18)

Here the Lamb-Dick factor is introduced:

| R
n = kxgcost =k cos 6. (2.19)
2muw,

This factor accounts for the extent of the wave function, the wavelength of the light
and the relative angle between the motion and the wave vector. Again the rotating wave
approximation can be applied. Additionally we assume the extent of the wave packet
g is much smaller than the light wavelength. This so called Lamb-Dicke regime with
n?(2n+1) < 1 is usually attained after Doppler cooling. The Lamb-Dicke regime allows
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2. Theoretical background

to Taylor expand the terms depending on 1. With this the final interaction hamiltonian
is:

Hip = h§ (e_’(At_¢’&+ [1+ in(a,e” ™t + &ie“"tt)] + h.c.) (2.20)

This results in an Rabi frequency which is depending on the motional state of the
ion: Q, = (1 —7%n)Qq. For the case < w; the rotating wave approximation might be
applied for the trap frequency wy as well. Then the two sideband and carrier transition

are:

e Resonant drive A = 0 this couples |g,n) <> |e,n). This is called the carrier
transition. 0

Heor = h?” (e +e 5. ) (2.21)

e Detuned on the red motional side band (A = —wy) this couples |g,n) <> |e,n —1).

The transition rate is Qy, ,—1 = 7/n8.
O 4
Hy,g = z’hn%l (6%a,64 +e als.) (2.22)

e Detuned on the blue motional side band (A = +w;) this couples |g,n) <> |e,n+1).
The transition rate is £, 41 = nv/n + 1Q.

) . .
Hygp = ihn—="5"% (¢l + e~%a.6) (2.23)

2.3. Gate Implementation

Generally the experimental parameters which can be adjusted are the pulse length, the
power, the phase and the frequency detuning of the laser beam. By adjusting this
parameters we can engineer the interaction of the applied laser field onto to the qubit
to implement gats described in section 2.1.

2.3.1. Single qubit gates

NOT gate The most straight forward implementation of a X-gate ist to drive the opti-
cal qubit transition resonantly (detuning § = 0). The interaction Hamiltonian describing
this interaction is given in equation 2.15. We see that the X-gate is implemented if the
pulse area is Qt = w. The phase does not matter in the case of a m-pulse since any
rotation axis has the same effect.

Phase gate The Pauli Z gate is often referred to as Phase gate. It can be implemented
using a decomposition into multiple rotations R, and R, using the interaction described
in equation 2.15.

Another possibility is to use far detuned laser beam to induce an AC Stark shift [26].
The energy shift for a largely detuned beam is:

Q2
Apo = ——.
Here Q is the Rabifrequency and A is the detuning. The phase shift is A¢ = Agct/h.

For a Z gate we want a phase shift of m. By solving for the pulse length ¢(A) we can
apply the desired pulse.

(2.24)
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2. Theoretical background

Single addressing Depending on the used addressing system it is not possible to res-
onantly address single ions. An alternative method is to use an AC Stark shift with
additional global 7 /2-pulses [13]. In that case one uses first a global 7/2-pulse to bring
a state vector onto the equatorial plane of the Bloch sphere. An (single ion) addressing
beam can introduce an AC Stark shift to the desired ions. The pulse length is chosen
such that a rotation by 7 around the z-axis is implemented (compare to Phase gate). A
second 7/2-pulse with the opposite sign is applied. This effectively switches the states
for the addressed ions and leaves the other ions in the initial state.

2.3.2. Multi qubit gates

Multi qubit gates for trapped ions are based around the common motion of the ion
crystal. This allows to transmit information between ions over the shared motion.

Two common entangling gates for trapped ion platforms are the CZ and MS gate.
The first implementation was proposed by Cirac and Zoller [1]. It relies on ground state
cooling and is thus often replaced by the Mglmer-Sgrensen gate [23] that only requires
the ions to be in the Lamb-Dicke regime.

The Cirac-Zoller gate uses the common motion by a direct mapping of the internal
states to the ground and first excited motional states. For this the first ion is addressed
with an 7-pulse to drive the first red sideband. This couples the motional states |0, e) <>
|1,g). Now the second ion is addressed with a 27 pulse coupling only the |1, g) with an
ancilla state |0,a). The second ion will get a phase of 180° if the first ion was in the
exited sate. Then the first 7w pulse is reversed.

The Mglmer-Sgrensen gate also implements a phase gate up to single qubit gates.
The gate is implemented by means of a bichromatic light field where both sidebands are
driven off resonantly in a way that the sum of both frequencies add up to double of the
qubit separation. Thus the gate couples the states |gg) <> |ee) over four possible paths.
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2. Theoretical background

Figure 2.2.: Workin principle of an acousto optic modulator. Acoustic waves are gener-
ated in the crystal by a transducer (green). The absorber (blue) will reflect
or absorb the acoustic wave depending on the specific device. Usually some
passive electronic components are included for impedance matching. The
crystal cut is simplified and is chamfered according to the particular opti-
mizations.

2.4. Acousto optic devices

For the pulse shaping and the frequency control fast modulators are necessary. One type
of devices which enables both amplitude modulation and shifting of the optical frequency
are based on the acousto-optic effect. These devices are called either AOM or AOD. The
terminology is not strictly defined and usually indicates the targeted application. AOMs
are preferred over other types of optical modulators due to their ability to shift the
optical frequency, the good extinction ratio and fast modulation speed.

The principle underlying the devices is the interaction between light and the acoustic
wave propagating in the crystals. The acoustic wave modulates the index of refraction
in the crystal according to the RF frequency. This modulation results in a transmis-
sion grating which will diffract the light. This static or adiabatic approximation of
a grating is valid due to the vastly different timescales of the acoustic wave and the
optical frequency [27].

Using the Bragg condition we can compute the input angle where a portion of the
power is refracted.

(0) — MM MXQ
sin(f) = A= o
In this equation A is the laser wavelength and A is the acoustic wavelength. The input
angle is # and M denotes the diffraction order. We can substitute the acoustic wavelength
A with the acoustic velocity v and acoustic frequency 2. The acoustic frequency is
identical to the RF drive. In the case of an isotropic crystal the input angle is equivalent
to the diffracted angle.

(2.25)
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2. Theoretical background

The power which will be deflected to a given order is dependent on the acoustic
power. If the input angle is kept constant but the RF drive frequency is changed the
Bragg condition will be slightly off and the diffraction efficiency is reduced. This effect
in combination with the RF absorption bandwidth will define the usable bandwidth of
the device [28].

We can write the wavevectors for the optical beams as the k = nw/c and the wavevec-
tor for the soundwave as g = @ Where € ist the acoustic frequency, v is the velocity
in the crystal and n is the index of refraction. We can think of the Bragg condition also
in therms of momentum conservation of the wavevectors. This translates to the vector
relation kj, = k?; +q.

In the previous discussion the modulation in the index of refraction was treated stati-
cally. But the modulation is changing with the RF frequency 2. This can be interpreted
as a doppler shift to the refracted wave [27]. Therefore the output frequency w, = w;+£.

We can view this effect also in terms of momentum and energy conservation between
the phonon and photon. The momentum transfer will change the output angle of the
optical beam. The energy conservation will introduce a slight shift in frequency to the

deflected beams.

Construction acousto optic modulators are constructed very simple (figure 2.2). In the
enclosure there is the optical crystal where the beam is actually modulated. The crystal
is connected to an RF transducer which generates the acoustic waves in the crystal and
some kind of damper which absorbs the wave in a well-defined way. The RF signal drives
the transducer directly. Passive electronic components are used for impedance matching.

Parameter selection The AOM devices are tuned by selecting the crystal material, the
mode of the acoustic wave and the crystal cut itself. Most available devices use TeO,
crystals because it has a very high M value. This value is a measure for how much an
acoustic wave can alter the refractive index of the material. As we can see from equation
2.25 devices meant for deflection and steering (AODs) usually uses transverse modes with
an lower acoustic velocity typically around 650m/s. This results in bigger deflection
angles for lower frequencies. Devices meant for frequency shifting and switching take
advantage of the higher longitudinal velocities in the order of 4000 m/s. The optimization
of the crystal depends on the desired application parameters such as: wave length,
diffraction order, input- and output angles RF frequency etc. In addition many crystals
come with an anti reflection coating to minimize losses for the designed wavelength.

2.5. Individual addressing with an AOD

Due to the characteristics described in the previous chapter, AODs are well suited for
addressing trapped ions. They can switch laser beams fast and precise, but most impor-
tantly AODs enables fast deflection of the beams. A first approach is to take an AOD
to deflect the beam and use an optical system to focus the laser on a string of ions. The
deflection angle can be changed by adjusting the RF drive. This simple implementation
with one AOD device has the drawback, that the introduced frequency shift §; onto the
laser beam will depend on the addressed position. One can implement only phase shift
single qubit gates using the AC stark shift (see chapter 2.3.1).

In order to resonantly address the ion string one needs to have a constant frequency
shift over the total addressing range. A possible method to implement this is to use
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2. Theoretical background

Figure 2.3.: Diffraction pattern of a cAOD. The devices are rotated by 45° such that
the addressing axis is horizontal. The deflection axis of the two devices are
orthogonal to each other. The pink square indicate the operation points
from previous work. The green making shows the operation point chosen
for this work.

two AODs which have orthogonal addressing axis. This crossed configuration will be
referred to as crossed acousto optic deflector (cAOD). This placement of the devices
will generate a grid like diffraction pattern (figure 2.3 ). Each generated dot will accu-
mulate two frequency shifts corresponding to the RF drive frequency €2 multiplied with
the diffraction order. We can immediately see diffraction orders with a total shifts of
+20, +0,0, —Q, —2Q (considering only the first orders).

In previous works the +1 -1 diffraction order was chosen to implement an addressing
system with zero frequency shift [29, 18] . By using the same RF frequency for both
AODs the frequency shift is constant(d; = 0). The deflection angle of the diffracted
order is proportional to the drive frequency 2 = Q; = . Changing the frequency
shifts the order along the horizontal line with zero frequency shift. This implements an
addressing system capable of addressing all ions resonantly. The addressing frequency
for the AODs can then be expressed as:

Qo=8Q0+ Ay (2.26)

where 0y is the AOD center frequency and A4 is the addressing frequency offset which
has to be in the bandwidth of the device.

The mode described needs an cAOD which is capable of operating at ether + — or
— + diffraction orders. This is usually a non standard configuration of the devices. One
can get essentially the same performance with a standard device which is optimized for
++ operation. In this case one has to drop the constraint of a zero frequency shift
and work with a constant frequency shift to the addressing beam. This shift can be
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2. Theoretical background

pre-compensated. For this addressing scheme we do not drive both AODs at the same
frequency but add and subtract the addressing frequency A4 to the two devices:

Q1 =Q+ Ay

2.27
Qy = Qp— Ay (227)

The addressing beam experiences a constant frequency shift 6 = 2€)g. One drawback is
the need for an individual RF generator for each AOD.

The constant frequency shift is of essence since only this allows for resonant addressing
of multiple ions at the same time (figure 2.4c). For this multiple frequencies are sent to
each AOD simultaniously.

Another option with a cAOD is to use both degrees of freedom to steer the beam to an
arbitrary point in the span of the two AOD ranges. For this it is useful to define the two
frequencies Af,, which are 45° tilted with respect to the AOD axes (figure 2.4b). We
define them relative to the center position. These frequencies can then be decomposed
to the relevant AOD drive frequencies as follows:

Q= Qo+ (Afe + Af,)/V2

(2.28)
Qo= Qo — (Afy — Afy)/V2

This driving scheme will introduce an frequency shift d; = V2A fy in addition to the
shift of the center frequencies.

(a) single addressing (b) xy position (¢) multi tone

Figure 2.4.: Illustration of how the addressing beam is deflected by changing the RF
frequency within the bandwidth. We always look at the +1 41 difraction
order which will be deflected to the center when the cAOD is driven at its
center frequency €2g. The ion axis is horizontal, each AOD is angled by 45°
with respect to the ion string. The image is not to scale. (a) In this mode
the addressing is along the ion string. Only a constant frequency shift is
introduced. (b) The beam is positioned on an arbitrary position within the
span of the two AODs. The drive frequencies for the individual AODs are
found by projecting the horizontal frequency Af, on the AOD axis. The
projection of the vertical deflection Af, will introduce a correction. We
choose the sign such that positive Af,, are to the left and bottom. (c)
If multiple frequencies are sent to the cAOD not only the desired spots
on the ion axis are generated but also unwanted combinations of all drive
frequencies.
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3. Design of an individual addressing
system using a cAOD

The first step towards the addressing system based on the cAOD was to design the
telescope system which will sit in between the deflector and the imaging objective. I
approached this in two steps first a simple Gaussian model was employed to reduce the
parameter space and based on this findings the system was further investigated in a

more sophisticated Zemax' simulation.

3.1. Gaussian model

Optimizing the optical system means to find a good compromise between competing pa-
rameters. We were considering mainly the spot size at the ion, the addressing range and
the switching time. The most important figure is the spot size which has to be smaller
than the ion spacing and will reduce the crosstalk for smaller values. The addressing
range aims to cover the whole achievable ion string of ~50 ions with a spacing of 5 -
8pm. The goal is to address all ions in the string to test the scalability of such a setup.
The addressing pulse is shaped with a double pass acousto optic modulator (DP AOM)
on the splitting board. Although the switching time (also called rise time) should be as
fast as possible.

To estimate the smallest achievable spot after the objective we can compute the gaus-
sian beam waist given the input beam diameter:

w — 9 feff )

T 2D,

We introduce a factor of 2 in the denominator to get the beam waist. The wavelength

of the addressing beam is A = 729nm and the effective focal length of the objective

is fer = 38mm (for 397nm). To get the smallest achievable spot we set the input

diameter equal to the pupil diameter 2 of the objective. The diffraction limited beam
waist is wg;fr ~ 0.58 pm.

The addressing range in the paraxial approximation® is purely dependent on the input

angle to the objective:

(3.1)

OA~ forr 0 (3.2)
To find the total addressing range we have to find the maximal deflection of the beam
entering the objective. The maximal deflection angle 0,4, is given through the deflection
of the cAOD 6,,4 and the magnification M of the telescope: Omaz = Ooa/M.
The rise time is linear in the input beam size and is given as [28]:

v

T, (3.3)

! Ansys, Zemax OpticStudio
2This is the maximal aperture of a given lens system.
3The angle for all rays is small: tanf ~ sin ~ 6.
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3. Design of an individual addressing system using a cAOD

‘ Initial goal Gaussian model Zemax | final setup

Waist radius [nm] <2 0.9 <15 1.12
Addressing range [pm] ~ 350 347 323 302.9

[ions]* > 50 > 50 68 60
Input diameter [mm] <6 3 3 3.1
Rise time [ps <10 3 - -

Table 3.1.: Comparison between the desired specification and the selected parameters
during the design process. Also the final achieved values are presented, they
are further discussed below.

The constant 5 = 0.66 accounts for the gaussian beam shape. The acoustic velocity v
of the AOD is 650 m/s.

In figure 3.1 the three parameters are plotted in terms of the two free parameters
input diameter D;,, and magnification M of the telescope. The input diameter is upper
bounded by the cAOD aperture. The diameter at the Objective is directly given from
the input diameter and the magnification : D, = M D;,. This plot allows us to select a
good combination of parameters: D;, = 3mm and M = 6.5.

Optimize parameters

B
— j=]
= 3 2um waist ';' 2000 4 50ions @ Sum
=) o diffraction lim %
— iffraction limit =
Z 5 s
< o0 i
g eb 1000
Q ot
a: 0 i T T T T :g 0 i T T T T
0 10 20 30 < 5 10 15 20
Diameter at objective [mm] Magnification
- 6 T
E] Input diameter  : 3.0mm
g 4 Magnification : 65
é 2 Addressing range : 347.2um
Y Waist at ion : 0.904um
01, : : : AOD rise time : 3.05us
0 2 4 6 Waist at objective : 19.5mm

Input diameter [mm]

Figure 3.1.: Selection of the two free parameters input diameter D;, of the cAOD and
magnification M of the telescope. The red crosses indicate the selected
operation points.

4Assuming a spacing of 5pm.
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3. Design of an individual addressing system using a cAOD

Figure 3.2.: Schematic of the imaging and addressing system. The dichroic is used to
superimpose addressing beam with the imaging axis. The flip mirror can
select between the cAOD or the WGA for the he addressing.

With the chosen magnification of 6.5 the next step is to find a combination of lenses
to build the telescope. The selection is constraint through the resulting length of the
telescope and the available lenses in the suppliers catalogues. As demonstrated in the
work of Ralf Berner and Hendrik Timme a combination of Kepler and Galilean telescope
can reduce the length [29, 18]. A Kepler telescope is a combination of two convex lenses
with positive focal lengths, the telescope length is the sum of the both focal lengths.
A Galilean telescope combines a concave lens with a convex lens. The telescope length
is reduced to | = f4 — |f—|. This allows for a more compact design for the same
magnification.

One constraint comes from the beam layout for the addressing. The cAOD beam is
combined with the light exiting the imaging objective using a dichroic mirror. Addi-
tionally a flip mirror is placed to change the addressing between the cAOD and a WGA
(figure 3.2). This predefined path fixes the minimum distance between the telescope
and the objective. Additionally the telescope and cAOD have to fit on the baseplate of
the experiment since at a later point the complete setup will be enclosed in a Mu-metal
shield.

To select a combination of lenses I implemented a gaussian model for a two stage
design of a Kepler and Galilean telescope. The selected combination of lenses is within
the desired length constraints and also comes close to the needed magnification. In
figure 3.3 the maximal deflected ray is indicated. We see that the beams are deflected
by quite a bit and with the increasing size in the second telescope I want to use 2inch
lenses. As mentioned in [29] achromatic doublet lenses are used due to their superior
focusing performance compared to plano-convex lenses. Aspheric lenses would also be
interesting option since they have superior performance for deflected beams, but the
available catalogue from Thorlabs was rather limited. Therefore I settled on achromatic
lenses.
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3. Design of an individual addressing system using a cAOD

Lens system after AOD

3 - [60.0, 125.0,-50.0, 150.0]
470

5 Mag: 6.25 z

a / 3

o )

14 < @)

Beam deflection [mm)]
(@]

-1 L,=332.0mm Lopbj=402.0mm
-2 -
Lot =734.0mm
-3 - } i

T T T
0.0 0.1 02 03 04 0.5 0.6 0.7 0.8
System length [m]

Figure 3.3.: Gaussian model of a telescope system with the chosen magnification. The
bounds on the lengths are estimated from the CAD model. The y-axis
indicates the center of the optical path for the maximal deflected beam.
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3. Design of an individual addressing system using a cAOD

Figure 3.4.: Comparison of the focus position between 397 nm and 729nm light. The
offset distance is found to be §, = 473nm. Note the radius fits refer to the
plane in between the two focal planes. Each row shows the simulation for a
different incident angle. The input beams have a diameter of 22 mm. The
colors indicate the wavelengths.

3.2. Zemax simulations

In the previous chapter the telescope was simulated with thin lenses. Now we want to
simulate the real performance of the telescope including the imaging objective. Photon
Gear the manufacturer of the imaging objective supplied a Zemax black box file. Zemax
is a simulation tool which is based on raytracing. It allows to use accurate lens models
of manufacturers and features a big toolkit for analyzing and optimizing optical system
such as objectives and telescopes. This black box model allows to simulate light passing
through the objective without revealing the design parameters of the objective’s optical
elements. This makes Zemax a good tool for simulating the addressing system.

lon plane The objective serves two purposes, the collection of the fluorescence of the
ion at 397 nm and the focussing of the addressing beam at 729 nm. The readout beam
passes straight through the dichroic mirror and the addressing beam is reflected from
the dichroic mirror (figure 3.2). It is important that the two planes for readout and
addressing overlap. The objective should be optimized for this operation. To test this I
sent two collimated beam with an diameter of 22 mm and compared the position of the
foci (figure 3.4). It is important to note that the vacuum view port has an effect on the
focal position and beam size. It is modeled as plain surface. From the simulation we
find a shift of §, = 473 pym between the two focal planes.
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3. Design of an individual addressing system using a cAOD

Waist Waist
System min [pm] max [pm] | addressing range [pm| | measured [pm]
[60, 125, —40, 150%] 1.066 1.099 322.99 1.126
[60, 125, —50, 150%] 0.561 0.599 403.41 1.251
[60, 125, —40, 200%] 1.650 1.660 226.54 1.297
[75*,150%, =50, 150°] |  0.527 1.332 411.09 -
[80*,200*, —50, 150*] 0.959 1.726 333.67 -

Table 3.2.: Comparison of the different simulated lens systems. The star denotes 2inch
lenses. Only systems with 1inch lenses for the first two lenses were tested.
The waist simulated by Zemax is only an estimate from all traced rays. Based
on the measured waist size the first system is used.

Telescope 1 used the Thorlabs lens catalog in Zemax to obtain the models for the
possible achromatic lenses I wanted to simulate in the telescope. One has to pay atten-
tion to the orientation of the lenses to get a good performance. Because I experienced
some instabilities when I tried to optimize all parameters of the lens system at once I
chose to build each of the partial telescopes individually and optimize them for perfect
collimation. Then I would combine them to the full system and only in the end I would
optimize one parameter at a time to optimize for the smallest spot size.

I tried several combinations of lenses an overview can be found in table 3.2. The lens
systems are labeled in the compact notation: [a,b,c,d*] where a and b are the focal
lengths for the first Kepler telescope 1 and and ¢ and d are the Galilean telescope. The
star for lens d indicates an 2inch lens diameter.

The optical performance is the most important factor of the selection of the effective
system. But also the opto-mechanics and mounts for the chosen lenses need to be
available. With all this considerations we decided on the 1inch version of the first
telescope part because the mounting of the optics provides more flexibility and the
negative focal length lenses are only available in 1inch anyways. The last lens has a
diameter of 2inch to have a big enough aperture.

In figure 3.6 the performance of the final lens system [60, 125, —40, 150*] is simulated.
We see the spot diameter is below 2.6 pm for the whole addressing range. The shape
of the beam is round for approximately half of the range and is only slightly distorted
towards the ends. We can see that the expected addressing range of 323 pm is slightly
smaller than the desired addressing range. But it is still feasible to address more than
50 ions with a spacing of 5pm. The lens system with the f3 = —50mm performed
much worse in the test setup compared to the simulated value. Thus the system with
f3 = —40mm is used.

Crosstalk We can also look at the crosstalk between the addressing beam to its neigh-
boring ions. In figure 3.5 the Huygens point spread function® for the center beam and
the maximal deflected beam is shown. We see that the power is dropping fast and for
the neighboring ions we expect a crosstalk in the order of 1 x 107%. We can clearly see
some distortions to the beam shape for the outer points (figure 3.6a) This also translates

5This method traces a grid of rays from the input to the image plane. Each point of the wavefront is
treated as a plain wave and propagated to the image plain. The interference of all points is computed
and squared.
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3. Design of an individual addressing system using a cAOD

(a) center beam (b) maximal deflected beam

Figure 3.5.: Estimated crosstalk to the neighboring ions based on the Huygens point
spread function. The plot is normalized to the maximal irradiation. For the
center beam the crosstalk to neighboring ions at 5pm is around 1 x 1074,
For off-center beams the crosstalk is non-symmetric. Toward the end of the
addressing range the crosstalk slightly increases.

to a skewed crosstalk. In both cases the crosstalk is in the same order of magnitude as
implementations of comparable systems.

The simulations validates the chosen system and all specifications are fulfilled (table
3.1). Even though the model takes many effects into account we have to assume a worse
performance for the real setup. This comes mainly from the large beam at the end of
the telescope which will be slightly clipped in a 2inch mirror. Also the alignment will
introduce some errors.

3.3. Crossed AOD mount

In all of the following experiments the cAOD device DTSXY-400-730 from AA opto-
electronic is used. The device consists of two separate AODs which are mounted to an
aluminum base plate. The relative alignment is adjusted by the company and fixed with
glued screws.

The device available in the lab is optimized for a collinear propagation of the +1 +1
diffraction order. This optimization is not the ideal one for our application but due to
long lead times a replacement of the device was not feasible. As described in chapter
2.5 this device can still be used with minor modifications to the setup. In table 3.3 the
key characteristics of the device are summarized.

The kinematic mount of the cAOD enables the positioning of the device in all 6 spacial
degrees of freedom. The construction is based around four OptoSigma stages (table 3.3).
The XYZ-axis allow for 12 mm adjustment the rotation axes for ~5° adjustment around
the center point of the two AODs devices. The mechanical construction is the same as
presented in the thesis of Ralf Berner [29]. Some minor changes to the hole-pattern of
the base plate were made to have more flexibility. Also the L-shaped adapter was made
symmetrically to allow for the right handed version of the goniometer stage (figure 5.3b).
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(a) Spot size and shape for different deflection angles

(b) Footprint of the beams in the ion plane

Figure 3.6.: Zemax simulation of the final lens system [60, 125, —40,150*]. In (a) the

spot size and shape is depicted. Each of the beams starts at a different angle
between +1.702° to simulate the deflection of the cAOD (color indicates the
angle). We find the beam waist is below 1.3 um over the total addressing
range. In (b) the position of the deflected beam in the ion plane is simulated.
We find an estimated addressing range of 323 um.
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DTSXY-400-730

Center frequency
Bandwidth

Scan angle

RF power

Laser beam diameter
Acoustic velocity
Optimization
Diffraction efficiency
Colinear emission

110 MHz
38 MHz

42 mrad?

<2W

0.5 - 6 mm

650m/s
X:+FC, Y: +FC

> 58%

1th order

Model Axis Range

TSD-605S X, Y, Z +6 mm

KSP-656M-M6 AOM 1 +5°

KSP-406 MR AOM 2 +5°

GOHT-40A40BMSR | 244Tesing 7o
angle

(a) cAOD Device

(b) translation and rotation stages

Table 3.3.: (a) Specifications of the cAOD tested @730 nm according to data sheet (ap-
pendix A.1). The optimization +FC means the +1 order at the center fre-
quency is optimized. (b) Translation stages used to position the cAOD as-

sembly.

3.4. Telescope

The optical system used for expanding the beam of the cAOD before the imaging objec-
tive is described above. The lens system needs to be mounted in a sturdy way and also
have enough degrees of freedom. The telescope is chosen similar to the design of [29].
The two inch cage system was extended over the entire length to increase the stiffness.
Due to the dimensional constraint of the optical table an 45° mirror was placed to reduce
the length of the telescope. In addition the cage system was design such that one lens
can be motorized to fine adjust the focus position on the ions (figure 3.7a).

(a) telescope

(b) cAOD stage

Figure 3.7.: (a) Renderings of the motorized telescope system used to expand the beam
after the cAOD. (b) Assembly for mounting the cAOD. The six stages allow
to position the cAOD in all 6 degrees of freedom. The rotation stages rotate
around the center of the two AODs.
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4. Testing individual addressing system
based on a cAOD

In order to characterize the addressing system before integrating it in the experiment a
test setup is used. This enabled better access to all components and no interruption for
the working setup. Following the two used test setups are presented. In chapter 4.2 to
4.4 the results obtained from the setups are presented.

4.1. Test setup

4.1.1. AOD operation

The purpose of the first setup was to test the operation of the AOD without any addi-
tional optical components. This tests includes the kinematic mount of the cAOD, the
laser system, the RF source and the experimental controls (figure 4.1).

The RF signal for controlling the cAOD is generated by a Moku:Pro!. This highly
customizable device has four RF in- and outputs with various operations modes. For this
test a basic signal generator module was used. The 10 MHz clock reference for the Moku
is provided from an GPS clock reference 2. The signal is boosted by an RF amplifier
with a fixed amplification of 35dB3. The RF power was adjusted to 1.2 W as specified
in the data sheet.

The tests were performed with a Toptica diode laser with the desired wavelength of
729nm. The light is amplified in a tapered amplifier and brought to the setup in a
polarization maintaining single mode fiber *. The polarization of incoming light is set
to be linear with a combination of a A/2 and \/4 waveplates from Altechna. The input
power was between 5 - 10mW. To collimate the input beam a Schifter+Kirchhoff® fiber
collimator was used. The measurements were taken with a monochromatic CCD camera
from Thorlabs ®(table 4.1). To adjust the power to a suitable power level neutral density
(ND) filters were placed. The camera was placed approximately 40 - 50 mm after the
cAOD such that the beam at the center frequency is entering the camera orthogonal.
The experiments were controlled from a python notebook which interfaces the MOKU
APT over the network. The RF frequencies were scanned by the script and images were
taken.

'Liquid instruments, Moku:Pro
2Standford Reasearch Systems, FS740
3creotech, Booster

“Thorlabs, P3-780PM-FC5

5S+K, 60FC-4-M18-10

SThorlabs, Kiralux CS235MU
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Figure 4.1.: Setup for testing the operation of the cAOD. A lens is used to bring the
beams onto the camera sensor. The input beam has a diameter of 3 mm.
The image is not to scale.

4.1.2. Telescope characterization

This setup allows to test the addressing system under realistic conditions. In figure 4.2
all components are shown as a schematic and in image 4.3 a picture of the used setup us
depicted. The setup can be divided into three parts: the addressing setup, simulation
of the readout optics and the imaging setup.

Addressing The 729nm line consists of three sub assemblies: the input optics, the
cAOD and the telescope system. The input optics and the cAOD mount are identical
to the setup described in section 4.1.1. The output beam of the cAOD is directed into
the telescope assembly presented in section 3.4. The first Kepler telescope has an 45°
mirror in the middle. The two middle lenses are on translation stages. Only the last
lens has a 2inch diameter.

The alignment procedure for the system was the following:

1. Input system
i Collimate the input fiber coupler with a shear plate interferometer”.

ii Align beam on center axis of the input cage system.

iii Set a linear polarization with the two wave plates using a polarizing beam
splitter (PBS).

"The shear plate interferometer is a gauge for the collimation of a laser beam. Thorlabs, SI254
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4. Testing individual addressing system based on a cAOD

Figure 4.2.: Setup used to test the optical system for addressing. In addition to the
729 nm addressing beam (red), the ion readout is simulated with an 397 nm
beam (blue). The two beams can be switched with a flip mirror. The
imaging objective and the camera system are mounted on xyz-stages for
easier alignment. The telescope is built in a 2 inch cage system from Thorlabs
to increase the stability.

2. Telescope

i Start with cage construction with only the 45° mirror and align the input beam
along the center axis.

ii Insert the lenses for the first telescope part and collimate the output beam with
the shear plate®.

iii Insert the lenses for the second telescope and collimate the output beam with
the shear plate.
3. Place AOD

i Only now slide in the cAOD assembly and place it such that the beam enters
the aperture.

ii Align the lower rotation stage for first AOD.

iii Align the upper rotation stage for second AOD.
iv Optimize x, y and z axis.

v Optimize power with the A\/2 wave plate.

vi Fine adjust the beam onto the axis of the telescope with the two input mirrors
and repeat the last four steps.

vii Adjust the goniometer stage to align addressing axis with the ccd chip.

The beam from the telescope is directed toward the objective via the flip mirror? and

two kinematic mirrors which give the necessary degrees of freedom for alignment. This
part of the setup uses 2inch optics. If the flip mirror is in the down position the 397 nm
line will be directed to the objective.

8Knive edge measurements performed validate that the shear plate is a good method for setting the
collimation (appendix B.5)
®Thorlabs, MFF102/M
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Thorlabs Kiralux CS235MU | ZWO ASI290MM

Sensor - Sony IMX290LQR
Resolution 1920x1200 1939x1096
Pixel size 5.86 pm 2.91um
Quantum efficiency @729 nm ~ 35% ~ 80 %
Read noise <7.0e” 3.2 e

Full well capacity > 30000 e~ 14600 e~
ADC resolution 12 12
Dynamic range up to 75dB 12 bit (72dB)

Table 4.1.: Specifications of the used camera according to data sheet.

Readout The 397 nm beam is used to simulate the position of the ion readout. The
light is supplied from another Toptica diode laser. The light is directed to the setup
in a polarization maintaining fiber and collimated with an S+K collimator'?. After the
collimator a telescope with f; = 35 mm and fo = 300 mm increases the beam diameter to
~20mm. The beam is then overlapped with the addressing beam using the flip mirror.

Imaging system The imaging part consists of the high numerical aperture (NA) objec-
tive!! which is used for ion readout and addressing. And the camera system to measure
the beam characteristics. We aim for a diffraction limited spot size in the order of
1-2pm beam waist. Measuring such small optical beams is not straight forward. The
measurements were performed with an ZWO ASI scientific cameral? (table. 4.1). Since
the pixel size is 2.9 pm a microscope objective is used to magnify the waist. I used two
different objectives a 10X Nikon Plan Fluor (NA=0.3) and a 50X Olympus MPlanApo
N (NA=0.95). The 10x allowed for measurements over the entire addressing range but
could not quite resolve the smallest waists. Thus the 50x objective was used. Both
objectives were calibrated with a resolution target'?.

For alignment the camera setup was mounted to a XYZ-translation stage '*. Since
the Rayleigh range of the expected addressing beam is below 10 pm the z-axis (along
the optical axis) is equipped with a motorized actuator!'®. In addition to the increased
resolution of 0.1 pm (for unidirectional motion) this also allows to automate some mea-
surements.

As mentioned in the simulation chapter the vacuum viewport is part of the objective
design. For the measurement an AR coated 4mm Fused Silica viewport'® was placed
between the addressing objective and the camera setup.

1051 K, 60FC-SF-4-A11-01

"Photon Gear, NA=0.4 EFL=38 mm, EPD=30.04 mm (appendix A.2)

127ZWO0, ASI290MM (mono)

B3 Thorlabs, NBS 1952

143x OptoSigma, TAM-401S

5Newport TRA6PPD, with SMC100PP controller

16T esker SKU029886, 4 mm Corning HPFS 7980 Fused Silica, AR coating at 729 nm on both sides
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Measurement control For the different measurements the cAOD has to be synchro-
nized with the camera, stage and the flip mirror. The Moku is interfaced over the python
network API. To make the integration of the other hardware such as camera, stage and
flip mirror easier they were all connected to a RaspberryPi 4 B. A python script running
on the raspberry pi exposed the controls to the lab network such that the devices can
be orchestrated from the measurement notebooks. This high level of automatization
enables fast and reproducible measurements.

Figure 4.3.: An image of the test setup as described in this section. The cAOD is placed
on the right hand side. The camera and objective are placed to the left.
The beam path is elevated due to the height of the cAOD mount.
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4.2. AOD characterization

In chapters 2.4 and 2.5 the operation principle and control of a cAOD is explained in
detail. To verify the supplied parameters and ensure the proper operation of the device
the setup described in chapter 4.1.1 is used.

The cAOD was controlled with the different proposed modes of operation from chap-
ter 2.5 and the power at the output was measured with a camera. A linear camera
response is assumed. This allows us to see the usable bandwidth of the device (figure
4.4). The numbers represent the diffraction order, the signs describe how the address-
ing frequendy A 4 is added or subtracted from the individual AODs. The bandwidth is
directly proportional to the achievable addressing range.

Bandwidth

Power [a.u.]

-15 - I1 0 =5 0 5 10 15
Addressing frequency A, [MHz]

Figure 4.4.: Diffraction efficiency of the cAOD plotted against the RF drive relative to
the center frequency. The dotted lines indicate the mode of operation where
no net frequency shift is introduced (d; = 0). The solid lines represent the
operation mode where a net shift of twice the center frequency is introduced
(05 = 2€p). The dashed line has a frequency shift depending on the ad-
dressing position.

The usual mode of operation with zero frequency shift is not feasible, since the par-
ticular device available during this thesis was optimized for the +1 +1 diffraction order.
If the device is operated in the not optimized configuration this results in power losses
and a significant reduction of the bandwidth to ~10 %.

The operation in the +1 +1 order where both AODs use the same frequency is not
ideal for addressing due to the variable frequency shift (figure 4.5a). If the devices
are driven with two different frequencies f€Qg = A4 then the resulting frequency shift
is non zero but constant, which makes a correction simpler (see chapter 2.5). Which
mode of operation is chosen (+- or -+) does not mater as we can see from the band-
width measurement. The two lines are mirrored around the center frequency (figure 4.4).
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Different RF schemes
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(b) flip of addressing axis
(a) resulting frequency shifts

Figure 4.5.: Deflection of the beam for different operation modes. All measurements
are performed on the +1 +1 diffraction order. The signs indicate how the
addressing frequency A4 is modulated to the center frequency of the two
AODs. In (a) each image is the sum of 5 measurements. The resulting
optical frequency shift ¢ is indicated. (b) All three images are overlayed.
We see the addressing axis changes between the modes. The angle is not
perfectly 90° as we would expect.

This change in operation scheme leads to a 90° rotation of the addressing axis (figure
4.5b). The overlay of both measurements show a small deviation of 3.4°. This comes
likely from a miss alignment between the two AODs. This additional 90° rotation and
the small error can be corrected with the cAOD mount and have no further impact on
the operation in the setup.
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4.3. Spot characterization

This chapter presents the results which characterize the beam that can be expected

at the ions position. This test combines the addressing telescope (lens configuration

[60, 125, —40, 150*] see chapter 3 ) and the imaging objective. For all measurements the
setup is described in chapter 4.1.2.

4.3.1. Focal plane overlap

The imaging and addressing objective used in the setup is optimized for the operation
with trapped ions experiments in vacuum. This optimization includes the two wave-
lengths (729 nm for qubit control and 397nm for readout) but also other factors such
as the vacuum viewport are taken into account. Besides a high NA of 0.4 the objective
should also overlap the focus plane of the addressing and imaging light.

This overlap is important since the addressing and the imaging will happen in the same
experimental sequence. Small errors in the position can be corrected by 'misaligning’ the
optics before the objective such that the beam is not perfectly collimated. The Zemax
mode predicts a separation of the two foci of §, = 473 nm (chapter 3.2).

For this measurement the camera with the 50x objective was scanned over the expected
separation. For each position an image of the imaging beam and for the addressing beam
was taken. The switching was done with the flip mirror. The stability of the flip mirror

Focal plane overlap
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Figure 4.6.: Comparison of the z-position of the imaging and addressing focus.

The
waists are obtained from a 2D gaussian fit. The indicated z-position has

an arbitrary zero point toward the objective. Some data points experience
a strong airy pattern and cannot be fitted with a gaussian and are thus

excluded from the waist fit. The measured difference in the focus position
is A, =511.7pm
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was tested and is good enough for this application (appendix B.2). A 2D gaussian was
fitted to the images. This obtained waist for major and minor axis are averaged and
used for the beam waist fit in figure 4.6. Note the outliers were not used for the fit and
come from the fact that the beam toward the objective experience some airy patterns.

The measured separation of 511.7um is in agreement with the simulation (chapter
3.2). The deviation can come from not perfectly collimated input beams. In a test,
the position of the 729 nm beam could be overlapped with the imaging focal point. For
this the last lens of the addressing telescope was adjusted by ~20mm. In this process
the beam size only increased slightly. In the final setup we will more likely aim for the
optimal addressing focus. The imaging system can be slightly adjusted since it is more
forgiving because only the two ions need to be seperated.

4.3.2. Waist size

The waist of the addressing beam has to be smaller then the ion spacing, such that it will
only address a single ion. A smaller spot will also increase the power in the focus which
enables faster Rabi oscillations. To quantify the achievable spot size of the 729 nm beam
is investigated. For this scan a resolution of 0.5 pm was chosen to properly resolve the the
waist with an Rayleigh length in the order of 10 pm. The measurement was performed
at the center of the addressing system for a drive frequency of €; o =110 MHz.

729 Waist
10
waist X - not used for fit
¥ waist x

8 -
=l o X
2 64 X
'§ Xg Wimin = 1.297um (b) Airy pattern
E 44 Xxx < wy=1.29um )
8 )2‘\ X //)2
@ R=129um ok

. (X
2 N s
0 T T T T T
2.96 298 3.00 3.02 3.04
Z position [mm]
(a) Beam waist (c¢) Gaussian shape

Figure 4.7.: (a) Beam waist of the 729 nm addressing beam for center of the address-
ing range (RF drive at 110 MHz). The excluded points resemble more an
airy pattern (b) than a gaussian beam (c) and are thereof excluded. The
measured minimal waist (measured at 1/e?) is 1.126 pm which is a nearly
limited by the objective’s performance.

In table 3.1 the comparison of the measurement and theoretical values show that we
achieve nearly the simulated spot size. This spot size will allow for individual addressing
on an ion string with 5 pm spacing between the ions.
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Figure 4.8.: Comparison of an x-slice through the intensity maximum for two different
spots. The addressing range was limited to +6 MHz du to the limited field of
view of the 50x imaging objective. The blue line for the high dynamic range
(HDR) images underestimate the center peak, they were scaled to be the
continuous extension of a single exposure image. The green lines indicate
the position of the neighboring ions with a spacing of 5pum. The crosstalk
is in the order of ~ 3 x 1073.

4.3.3. Crosstalk

One of the most important figure of merit for an addressing system in a real world
application ist the crosstalk between ions. To measure the crosstalk one needs to employ
a measurement device which has a high dynamic range. The dynamic range is the ratio
between the smallest resolvable unit and the maximum value of a sensor. The effective
crosstalk is best measured directly with the ions. To get an idea already from the test
setup the measurements were also taken with the camera. In table 4.1 the parameters of
the used camera are listed. We see that from the given dynamic range we can maximally
resolve a crosstalk of 2.44 x 10~%. We have to consider also the residual background due
to stray light which is entering through the objective and the sensor noise. This reduces
the effective dynamic range to ~ 5x 1073 . 17 To get better accuracy we can use multiple
images where the exposures double. We can then add the images normalized by their
exposure time and can recover some of the lost dynamic range. In this method I assume
a linear CCD response. This method also will overestimate the waist since there might
be slight jitter between the images. In addition the maximum intensity of the peak is
under estimated because the sensor is saturating for the longer exposures. To address
this issues the obtained crosstalk slice can be renormalized such that it is continuous
with a measurement of one single image. In figure 4.8 the crosstalk for two addressing
positions are plotted.

The measurement indicates a crosstalk in the order of 3 x 1073, This is higher than
the results from the simulations. This has to be expected since the real setup will not be
perfectly aligned and thus the spot quality will degrade. This measurement was taken
at the position of the beam waist. This does not have to be the point of the smallest
crosstalk due to the observed airy rings. A small offsets in z-direction might benefit the
crosstalk (see cross sections in figure 4.9).

"The background of the images was usually between 20 and 50. The usable dynamic range is than
reduced to 30/4096 =~ 0.005
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Crosstalk through focus
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Figure 4.9.: Crosstalk map through the focus. Each column represents the crosstalk at
the fitted gaussian maximum. We see the effects of the airy pattern towards
the objective. The optimum z-position is a balance between tight focus and
crosstalk of side lobes. To the right two cross-sections at an offset of +20 pm
are shown.

For the deflected beam in figure 4.8b we can observe a slight increase of the crosstalk
away from the center. This is in good agreement with the simulations. This comes from
aberrations from off-axis beam paths.

The effect of the z position is visualized in figure 4.9. The gray dashed line indicates the
position of the smallest gaussian fit. See that the crosstalk does not increase significantly
for small errors in the waist alignment. This indicates a stable operation of the setup
will be possible

4.3.4. 200 mm lens

Because the beam waist is a bit bigger than the diffraction limited waist. I tried an
additional telescope configuration. For this I exchanged the last lens and increased the
focal length from 150 mm to 200 mm. This will increase the beam diameter before the
objective and should result in a smaller focus. The measurements performed do not
support this (see appendix B.1). The spot size does not get smaller, probably due to
more clipping of the beam. The fitted waist was approximately the same size 1.34 pm
and the addressing range is reduced by ~ 75 % to 229.3 pm. This reduction in addressing
range combined with no gain renders this lens system not appropriate for the targeted
specification.
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4.4. Mode of operation

In this chapter I present the addressing capabilities and how the beam of the cAOD
can be controlled. First the usable addressing range and the beam quality over the
bandwidth is measured. In the second and third subsection different operation modes
of the device are presented.

4.4.1. Addressing range

The addressing range is mainly given from the RF bandwidth of the cAOD. The beams
which are deflected off axis will experience more aberrations from the addressing tele-
scope and the spot size and shape will be worse. From the simulations in chapter 3.2 we
expect that the whole bandwidth will produce a waist smaller than 1.3 pm which makes
individual addressing feasible over the range of 323 um.

The measurement for the addressing range was performed with the setup described
in chapter 4.1.2. Because the field of view of the 50x objective is limited to a third of
the bandwidth the measurements were performed with both objectives and are in good
agreement.

In figure 4.10 the resulting position in both the horizontal and vertical axis are plotted.
The positions were extracted from a 2D gaussian fit to the obtained camera images. Note
the horizontal direction is just the direction parallel to the ccd chip. The cAOD was
aligned onto this axis with the goniometer stage.

The effective obtained addressing range of 302.9 pm is in agreement with the simulation
(table 3.1). From the addressing range we can compute the conversion factor n of RF
frequency and addressing position. We find 7, = 7.98 pm/MHz.

In figure 4.10b we see a small y-deflection towards the end of the addressing range.
We would expect this to be a perfect line. This error can be explained with a small offset
in the hight of the objective. According to the Zemax model a vertical shift of 150 pm
would produce this shift. Such small deflections in y-direction can reduce the addressing
efficiency towards outer ions. With a good alignment this error should be well below the
spot size and is negligible.

Further we can look at the beam diameter over the addressing range. This gives an
indication if the addressing efficiency du to the spreading of the power will degrade
for stronger deflections. In figure 4.11 the fitted beam diameter is plotted. Note that
the measurement was performed slightly out of the minimal waist position and the 10x
objective is limiting the resolvable spot.
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(b) vertical deflection

Figure 4.10.: The addressing range of the cAOD over its full bandwidth of 38 MHz. We
see a perfect linear addressing over the total addressing range 302.9 pm in
the x-direction. The calibration constant between frequency and deflection
distance is 7, = 7.98 nm/MHz. The vertical deflection experience small
shifts towards the end of the addressing range (b). A comparison to the
Zemax model indicates the alignment of the objective was not perfect which
leads to this unwanted deflection. The observed deflection matches the
model where the beam enters 150 pm above the center axis.
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Beam diameter - 150mm Lens
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Figure 4.11.: The beam diameter and power over the addressing range. We clearly see
the effect of changing diffraction efficiency in the power. The change in the
spot diameter looks inverted because the imaging system was not perfectly
in focus.

4.4.2. X-Y addressing

For all previous measurements the drive frequency were computed from the given A4
by adding and subtracting them according to the scheme presented in chapter 2.5. If we
discard the constraint of a constant frequency shift, we can use the two AODs to address
an arbitrary point within the span of their bandwidth. Since the cAOD is mounted at an
45° angle it is convenient to define a horizontal and a vertical frequency Af, /. Which
are mapped to the AOD frequencies according to chapter 2.5. The images were taken
with the 10x objective to image the whole addressing range.

This arbitrary positioning method might be useful to fine adjust the beam position
onto the ions and is helpful for alignment. Additionally this lets us test the performance
of the optical system further because we can generate multiple points on a square lattice
and check if the beams are actually mapped to the correct positions (figure 4.12a).

We see that the systems performs rather constant for addressing frequencies Ay =
+8 MHz in terms of power and spot size. Towards the end of the addressing range we
observe slight deviations in the beam size. The comparison of the four points with the
same distance to the center indicates that the addressing beam is not going through the
telescope perfectly on the axis but is shifted a bit. Since the roundness of the beam does
not deviate a lot this means the input angle through the objective is rather good.
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Figure 4.12.: Each dot represents one measurements with the pair of horizontal and
vertical drive frequency. The pictures are summed to compare them. In (a)
only the points up to 8 MHz are plotted. We can only see small deviations
towards the edges of the bandwidth. (b) The x and y deflection for each
point is shown. We see that the position has nearly no distortion also
toward the edges. (¢) The beam waist will change toward the edges of the
band width.
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4.4.3. Multi tone

For multi qubit gates or addressing several ions simultaneously more than one addressing
spot is generated. This is achieved by driving the cAOD with more than one frequency.
This will generate the desired spots but also some unwanted mixings in a grid pattern
(see figure 2.4c). From this we see that the power will scale with 1/N? where N is the
number of tones (frequencies) which are sent to the cAOD.

For the measurements the setup described in chapter 4.1.2 is used. To generate the
multi tone RF signal the arbitrary waveform generator (AWG) mode of the Moku:Pro
is used. To generate the wave forms the algortihm is as follows:

1. Set the desired frequencies.

2. Use the invers Fast Fourier transform (iFFT) to go to the time domain.
3. Find the minimum period of the effective signal.

4. Write M cycles of the periods to the Moku.

The number of cycles M was changed because the finite numerical resolution lead to
rounding errors which introduced undesired frequency components for some waveform
lengths. Additionally higher order components were also prominent in the RF spectrum.
To reduce this I added bandpass filters with a window of 87 - 118 MHz, the center of the
window is a bit too low and the bandwidth is smaller then needed. But it managed to
clean the generated RF signal noticeably. In appendix B.4 some measurements of the
generated RF is shown.

The most basic and also important case is to generate two dots. In figure 4.13 we can
see the dots with a spacing of 0.628 MHz. This corresponds to two neighboring ions with
a spacing of 5 pm.

For implementation of gates it is important that the power of two dots is the same.
Additionally also the position accuracy should not be affected of this driving mode.
In figure 4.14a two tones were generated and the addressing frequencies +A 4 were
increased. As a reference a single addressing beam at the center is shown.

We can see the power for the tones is lower than the expected 25%. This can be
explained because the RF signal in the AWG mode is attenuated by ~ 1dB from the
band pass filters. Additionally the RF amplitude was held constant between single tone
and multi tone operation. The effective RF power at the desired multi tone frequencies
is lower than for the single tone. This two effects combined have a result that the
diffracted power is lowered due to a weaker drive signal. The decrease in power for higher
addressing frequencies A4 comes from the decrease in diffraction efficiency for higher
frequencies (compare bandwidth measurement). This can be improved by changing the
RF amplitude depending on the frequency.

In figure 4.14b the position of the two points is shown. The dashed line indicate the
expected deflection from the measured calibration 7n,. This is in good agreement over
the whole addressing range. This validates that the AWG implementation works well
and the device indeed can generate the diffraction for two frequencies independently.

In this application we can see the advantage of the cAOD in the case where two ions
are addressed each ion will see ~ 20% of the available power. If we compare this to a
classic fiber array the power is split to eg. 12 channels and then switched with a fiber
AOM. Each of the ion will only see 8.3 % of the total available light. In this discussion
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Figure 4.13.: Two neighboring ions are addressed with two frequencies with a difference

of 0.628 MHz. The spacing is slightly off since the frequency was based
on the theoretical values. With the measured 7, the frequency spacing for
two ions is 0.637 MHz. Both addressing dots have a round shape with a
similar diameter. Note the two additional dots are the mixed frequencies
of the desired drive frequencies and cannot be eliminated. These spot will
introduce scatter in the chamber.
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Figure 4.14.: A series of two RF tones with increasing deflection position was sent to

the cAOD. (a) The fitted peak power is below the expected 25 % due to
losses in the RF signal generation. Additionally the deflection power will
decrease for higher frequencies. (b) The position of the beams is accurate
and no shifts are introduced from the second RF frequency
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Figure 4.15.: The number of RF tones is increased and the power in the generated ad-
dressing beams is measured with the camera. We would expect a scaling
with 1/N2. The data is better represented with an 1/N* dependancy bea-
cause the RF amplitude of the AWG is held constant.

the efficiency of the cAOD and fiber AOD were neglected but this is in both cases around
80 %.

The scaling of the power in the usable node should be 1/N?2. To test this I generated
an increasing number of tones from 1 to 6 and fitted the power for each beam on the
addressing axis. All measured points are plotted in figure 4.15, some of the measurements
overlap and are not distinguishable in the diagram. We find a strong discrepancy to the
expected scaling and the data is better represented with a scaling of 1/N*. The ideal
scaling assumes the RF power for the N? beams is equal to the power for one addressing
beam. This assumption does not hold because the RF signal is generated with a constant
amplitude. This means that the amplitude for each peak scales with ~ 1/N and thus
the RF power is quadratic in the amplitude. In total this results in the 1/N* scaling we
observe.

To further test the limits of the system I created waveforms with 33 (figure 4.16a) and
60 (figure 4.16b) tones. In ordert to take these images the ND filters and exposure times
were adjusted. The optical power is weak because of the 1/N? scaling and the lower RF
power. But we see the cAOD is capable of generating 60 beams which can be clearly
resolved. One can note the lower dots with higher frequency components are weaker
than the top ones. Purely from the efficiency curve of the device the decrease towards
the end of the RF bandwidth should be symmetrical. This additional drop in efficiency
is due to the bandpass filters which have a center frequency at 102.5 MHz(compared to
the cAOD center frequency of 110 MHz).
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(b) 60 equally spaced tones

Figure 4.16.: Multi tone operation of the cAOD. The optical power is strongly reduced

by a factor of ~ 10 x 10° (estimated from the used ND filters). This lower
points in the image have higher frequency components and are stronger
attenuated by the bandpass filter which has a lower center frequency than
the cAOD. This lower RF power makes the dots fainter.
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5.1. RT Setup

The room temperature (RT) setup is built around a monolithic Paul trap which is
operated at room temperature. The trap is placed in an ultra high vacuum (UHV)
chamber on a support pillar with an Ca oven. The setup uses the 0T isotope. To
define the magnetic quantization axis a constant magnetic field with 4 Gauss is applied
along the trapping axis. The chamber and all the beam shaping optics are placed on a
vibration isolated optical table. To minimize environmental impact from temperature
and humidity and to keep dust away the setup is below a flow box'.

To operate the setup a multitude of different laser beams are used to control the
ions. The light beams are switched and modulated mostly with AOMs. All devices are
controlled from the in house developed control system M-ACTION. The experiments are
controlled from an ETH version of the NIST-developed software package ionizer.

Figure 5.1.: Overview of the room temperature setup. The 729 nm splitting board and
the cAOD setup were added in the course of this thesis. The individual
components are simplified and some parts were left out.

'Outlet of the air conditioning system with high laminar flow.
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Trap The trap is fabricated from a single piece of glass using femtosecond lasers to
alter the material properties. The exposed parts can then be etched away. The trap is
engineered to store up to 50 ions at equidistance. The entire structure is gold coated.
Special engineered tranches are used to keep the different electrodes isolated. The trap
is driven at an RF frequency of 35 MHz. The trap is segmented along the trapping axis.
This allows to fine tune the ion spacing which is needed for the addressing with a WGA.

Laser sources For a high fidelity qubit manipulation the lasers need narrow line widths
and good phase stability. This is extremely important for the 729 nm qubit laser. A Ti:Sa
laser from MSquared is used in combination with an high-finesse cavity to generate high
power of the qubit manipulation light.

The other wavelengths describe below are generated with Toptica diode lasers. These
are stabilized with four low-finesse cavities tuned to the desired frequencies of 397, 423,
854 and 866 nm. For stabilization an PDH-lock is employed.

The second stage of the ionization with the 375nm light does not need to be very
precise and is used directly from a Toptica diode laser.

Loading The hot Ca atoms fly out of the oven toward the trap. A frequency tunable
423 nm beam is used to select the desired isotope. Using an additional 375 nm beam the
atoms are then ionized (see figure 1.1b). The pulses for ionization do not need to be fast
and can be switched with mechanical shutters.

Puls generation The majority of the power from the diode lasers and MSquard are
directly delivered to the RT table with fibers. The 866 and 854 nm beams are used for
re-pumping and qubit reset. It’s sufficient to switch these pulses fast since the frequency
is already adjusted with the cavities. This is achieved with a fiber AOM for the two
fibers.

The light from the 397 nm fiber is distributed to six DP AOM boards using waveplates
and PBSs such that the power can be adjusted according to the needs. Each Board allows
to switch the pulses and also shift the frequencies. The DP AOM operate int the range
of 110 MHz to 215 MHz. The following beams are generated and delivered in fibers to
the chamber:

e Precool beam

e Detection and Doppler cooling beam

State preparation

Sisyphus cooling (Sys 1 and Sys 2)

EIT-cooling beams (EIT pi and EIT sigma)

Qubit manipulation The ions are manipulated using the gate implementations pre-
sented in chapter 2.3.1. The light can be delivered to the ions through different optical
axes. The switching is done with the splitting board setup presented below. The setup
features three global beams: axial along the trap axis, in plane at a 40° angle with
respect to the trapping axis and from the top. In addition two options for single ion
addressing are possible under a 90° angle. With a flip mirror one can select either the
newly implemented cAOD setup or the WGA.
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Figure 5.2.: Schematic of the splitting board. The light can be directed to one of the
five outputs. With exception of the last output an additional frequency shift
from the switching is introduced.

Imaging For ion readout a high NA objective made by Photon gear is used to collect
the light of the ions (NA = 0.4). The collimated beam passes through the dichroic mirror
which is used for the individual addressing setups and is focused with a f = 500 mm
lens. A bandpass filter is used to maximize contrast. Using a pellicle beam splitter the
beam is split between the photo multiplier tube (PMT) and a CCD camera. Because
of its single pixel nature the PMT cannot detect which ion is in the |1) state. The
Hamamatsu qCMOS camera allows for ultra low noise measurements of all ion states in
the trap with site-resolving capabilities.

5.1.1. Splitting board

In the previous chapter we have seen that the qubit manipulation is done from multiple
directions. In addition to the global beams a WGA is used for single addressing and also
the cAOD setup uses the light from the MSquared. Due to the high power an endcaped
fiber is used. In total five different endpoints should be used. Previously fiber splitters?
were used to divide the light and fiber AOMs were used to switch the light. In this
configuration the majority of the power is dumped in the unused channels, only ~ 10 %
is delivered to the ion?.

Therefore we built a new 729nm distribution board. Instead of fiber splitters the
board uses AOMs to deflect the beam. This method allows to steer the majority of the
power(~ 50 % of the MSquared input) to one output. The introduced frequency shift of
the AOMs is pre-compensated with a DP AOM (figure 5.2). The splitting board is built
in a compact and sturdy way.

A Double pass frequency shifter is used to select different transitions of the Ca™ ions.
It can introduce a variable frequency down shift from 200 - 400 MHz with almost no
displacement of the beam. This is achieved by placing a cat-eye lens into the reflector
arm [30]. In order to separate the incoming and outgoing beam a \/4 waveplate is
placed before the back reflector. The back reflector will change the handedness of the

2 Assuming 60 % efficiency in the DP AOM, 20 % usable light in the fiber splitter and 80 % from fiber
AOM
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circular wave and the second pass through the waveplate results in an 90° rotation of
the polarization. The actual separation is then done with an PBS after the second pass
though the AOM.

In addition to the frequency control the DP AOM is used to switch and shape the
light pulses on timescales of us. To enable fast rise and falling times the beam is focused
into the AOM crystal. This enables fast rise times on the order of 25ns.

The switching AOMs are either on or off and steer the diffraction order away from
the Oth order. The resulting frequency up shift of the RF drive is pre compensated in
the DP AOM. The switched beam is separated with mirrors. In figure 5.2 an overview
of the output channels is presented. Outputs 1 to 3 are used for the different global
manipulation beams.

The output 4 is used for the cAOD setup and utilizes a different AOM. The device
is aligned for the -1 diffraction order unlike the oder channels. This additional shift of
—70MHz compensates the static frequency shift of 20y from the down stream cAOD.
Only this combination of switching and frequency compensation enables us to use the
+1 +1 cAOD without any losses in power from additional frequency shifters.

Note that output 5 has no frequency shift. This is used for the fiber array which has
additional fiber AOMs for each channel which will introduce the same shift downstream.

5.1.2. Addressing system mount for experiment

The cAOD assembly with the telescope is big and heavy. To mount this subsystem to
the chamber has some additional constraints given from the overall design and layout
of the chamber and the already present imaging and addressing optics. It is planed to
enclose the chamber and the surrounding optics in a mu-metal shield. The telescope
was designed with the constraints in mind whereas the cAOD stage was not specifically
tailored to the RT setup. In addition to the telescope and cAOD the input optics and
the flip mirror also needs to be mounted to the setup. With this starting point the
assembly in figure 5.3a was designed in CAD. In figure 5.4 the assembled mount can be
seen.

As a base for the optical system the Zemax simulation was imported into the CAD
together with the model of the current RT setup this fixed the position of all optical
components. Not all existing optical components are perfectly represented in the CAD
model. I included some adjustment options to account for small deviation throughout
the design. The alignment of the setup is difficult when it is mounted to the experiment.
Therefore it would be ideal if the assembly can be aligned on the test setup and then be
moved to the experiment. This resulted in the following design requirements:

e Fix relative alignment of input optics to cAOD
e Fix relative alignment of telescope to cAOD
e Make input optics and telescope removable

e Incorporate adjustment in mount of flip mirror

From these requirements I designed a solid baseplate which acts as the reference point
for the cAOD stage, the input optics and the telescope. Two precision dowel pins make
the XY-positioning between the reference plate and the adapter plates for the optics.
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(a) isolated assembly (b) full setup

Figure 5.3.: CAD rendering of the addressing system assembly. The blue circles are the
optical elements exported from the Zemax simulation. The design uses a
combination of aluminum profiles with custom machined plates as a support
structure. The optics are mounted in a Thorlabs cage system which is
mounted to the aluminum plates.

The tolerances are chosen for a clearance fit to enable taking the plats apart. To give
more stability to the assembly an aluminum profile is used, which takes the load of
the whole assembly. The profiles are aligned with small alignment combs to get better
angular accuracy.

The telescope system and the input optics are nearly identical to the one presented in
chapter 3.4. The telescope and the input optics were slightly modified in size to adapt
for better mounting. Also the cAOD stage assembly is the same as for the test setup.

The long telescope arm is supported with an additional custom machined post. This
part provides support to take the load of the long leaver arm and acts as a mounting
surface for the flip mirror. The flip mirror has only one screw for mounting. To reduce
possible rotations due to vibrations an edge was added which is flush with the housing
of the device.
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(a) isolated assembly (b) full setup

Figure 5.4.: (a) The mount for the cAOD and telescope during assembly. On the left
the AOD with the six-axis stage is mounted. On the right the periscope
with the flip mirror is placed. These two parts are connected in the final
configuration. (b) The assembly mounted to the chamber. Note the other
side is visible. All components (input optics, telescope and cAOD) are
aligned with dowel pins.

5.2. Measurement with lons

The addressing system presented in chapter 5.1.2 was placed on the experimental table.
The alignment of the system was prepared on the test setup® according to the procedure
described in chapter 4.1.2. A polarization maintaining fiber is used to bring the 729 nm
light from the splitting board to the cAOD addressing setup. The switching AOM on
the splitting board cancels the static frequency offset of 220 MHz in combination with
the double pass.

The RF signals are generated from the M-ACTION control system to integrate the
addressing capabilities into ionizer. The code base for the experiments was adapted from
the GKP setup®. To implement the operation mode of our cAOD according to chapter
2.5 we had to change the signs in the equations relating the deflection position with the
AOD frequency.

Constraints The alignment of the cAOD addressing system onto the ion through the
imaging objective is an challenging task because the alignment needs to be perfect within
several pm. The constraints given from the working setup further complicate this:

e No camera can be placed in the focal plane of the objective due to the vacuum
chamber.

e The objective has to focus on the ion axis and the ion should sit in the center.

e The objective angle needs to be orthogonal to the ion chain and the view port.

3The stability of the dowel pins is estimated in appendix B.3.
4Experiment at ETH Ziirich which uses the exact same trap and a very similar experimental setup.
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e The ions need to be imaged with the camera and PMT for readout.
e The WGA needs to work in the same configuration of dichroic and objective.

The imaging system is used for all experiments and works reliably. Also the WGA is
already used for experiments but the alignment is not fully optimized. The imaging part
can also work with bigger aberrations and therefore it is not given that the objective
is in its optimal position. Based on this starting point we decided to use the cAOD to
find the optimal alignment of the objective and ignore the WGA for now. The cAOD
is much better for this task because it can scan a region of 210 pm width and height
(square which fits in the span of the cAOD). This makes it much easier to find the ion
signal and optimize for it.

We decided to adjust the dichroic mirror and the objective to optimize the alignment.
The camera we wanted to keep fixed. Except for the ion no component can be used
as a fixed reference because they can work in suboptimal regimes as well. All positions
have to be optimized in parallel since the measurements can only be performed if there
is some light entering the PMT. After several failed attempts to align the objective and
the cAOD we also started moving the camera. With this additional degree of freedom
we started converging towards a beam with fewer aberrations and a smaller focus.

Abberations The observed aberration can have many potential origins. All optical
components between the input fiber and the ion could contribute. In the process of the
alignment we could eliminate the cAOD and all optics before. The aberrations observed
in figure 5.5b rotate when the cAOD is rotated. Because the scan frame rotates together
with the AODs this means the aberrations must occur after the deflector. Otherwise
they would rotate along and stay in the same spot on the scan field.

The telescope after the cAOD is a potential source for aberrations. The alignment was
optimized in several iterations. For the big output beam with a diameter of ~20 mm it is
also important that the gaussian maximum is aligned with the center of the beam. The
overlap was tested by propagating the beam several meters. The spot did not experience
noticeable distortions in the far field and the gaussian is well centered. This check also
showed that the beam is well collimated.

The next optic after the telescope is the dichroic mirror. By removing it temporarily we
noticed that the mirror was slightly bent and focussed the beam in the vertical direction
slightly. This was resolved by gluing the mirror to the holder instead of clamping it.

This leaves only the objective and the vacuum viewport as source for the aberra-
tions. The view port and trap are fixed in position so the objective alignment has to be
optimized with the 5-axis stage.

Alignment The current alignment procedure is as follows:

1. Use the objective to image the ion onto the camera without an imaging lens.
2. Insert the imaging lens and keep the ion image at the same position on the camera.
3. Align the addressing beam onto the objective.

4. Scan the height of the addressing beam by hand and move the beam until it is
clipped on the trap electrodes. Move to the middle position.
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(b) spot with aberrations during alignment

Figure 5.5.: Map of the ion state after a m-pulse with length of 2.8 ps and a power of

~10mW. We look only at a small subset of the total addressing range. The
ion is kept at a fixed position and the addressing beam is moved. The color
bar indicates the ion state. The ion dark state (D5/5) is blue and the bright
state (S;/2) is yellow. In (a) a decently optimized beam is depicted. The
beam is still distorted from aberrations which need additional optimization.
(b) shows the spot during alignment with strong aberrations. The pattern
indicates coma from a tilted lens.
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5. Find the horizontal alignment by scanning the cAOD and moving the beam by eye
to the trap center.

6. Once the ion signal is found it can be moved to the scan center by tilting the
dichroic mirror.

7. Optimize the focus such that the beam is slightly not focused. This allows to see
the aberrations better.

8. Translate and rotate the objective to reduce the aberrations on the addressing
spot. Adjust the camera and PMT to keep a strong signal.

9. Optimize the beam pointing of the addressing beam on the objective axis with a
back reflector and irises.

10. Repeat the last two steps.

The beam pointing of the addressing beam and objective can be checked with a plane
mirror that screws to the objective mount. If the reflected beam overlaps with the
incoming beam the axis of the beam and objective are aligned. This might also be used
to validate the final alignment. A small part of the reflected beam will pass through
the dichroic and enter the imaging system. This part is usually blocked with a 397 nm
optical bandpass filter. If the filter is removed the signal of the ion and the addressing
beam should overlap.

Experimental control The scan shown in figure 5.5 measures the state of the ion after
an m-pulse is applied. The state is detected from the PMT signal with a threshold value
to separate the bright .S} 5 and dark state Ds/5. Each measurement is the average of 10
shots. Multiple passes of a scan are then averaged. Before the m-pulse and the readout
the ion is cooled and brought to its atomic ground state. The pulse sequence for this
experiment is shown in figure 5.6 .

The applied 7w-pulse needs to be calibrated for the scan to have a good contrast. The
calibration is done by performing Rabi flops. The shortest pulse length which can be
generated is limited by the control system to ~ 1.5 ps. Therefore the power sent through
the cAOD is reduced by lowering the RF amplitude of the single pass switching AOM.
This translates to an approximate optical power of 10 mW.

To map the addressing beam it is important that the ion is not moving in the trap.
The ion can move on different scales, the micro motion induced from the RF trap and the
inherent motional state of the ion. The micro-motion can be compensated by placing
the ion perfectly on the RF null. The ion position is shifted with the direct current
(DC) shim-electrodes. The optimal offset voltage is found by modulating the trap RF
frequency with the motional sideband of the ion.

The motional state of the ion is reduced by doppler cooling. Further sideband or
Sisyphus cooling would be needed to bring the ions to the motional ground state.
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Figure 5.6.: Pulse sequence used to map the addressing beam. The pulses are sent to
the AOMs in the optical paths and modulate the light accordingly.

5.2.1. Spot shape and crosstalk

The preliminary optimized spot presented in figure 5.5a is used as a basis to estimate
the beam waist and the crosstalk. The spot experiences still some aberrations and the
focus position might be further optimized. We can determine the spot size by fitting
a 2D Gaussian peak. The conversion to pm is done with the calibration constant 7,
found in the test setup. The conversion factor needs to be scaled down by the factor of
V2 because we work in the horizontal coordinate system and not directly with the bare
AOD frequencies (compare figure 2.4b).

This gives a spot size of 3.57 pm. The fit measures the 1/e? diameter of the peak
(figure 5.7). We can see that this already enables individual addressing (figure 5.7a).
The objective can be moved in 10 pm steps, a finer adjustment of the focal plane can be
achieved with telescope lens. To determine the spot size it would be better to keep the
addressing system fixed and move the ion along the axis. In this operation effects from
the addressing system are not measured. The ions can be shifted with the DC electrodes
of the trap.

If we look at the intensity crosstalk in the horizontal direction we see that the aberra-
tion present to the left introduce a lot of crosstalk. The right side of the peak is already
very steep and experience nearly no crosstalk. With the current aberrations the worse
crosstalk to the neighboring ion on the left side is in the order of 2 x 102.
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Figure 5.7.: A first estimate of the crosstalk between ion in the setup. (a) A gaussian fit
of the spot results in an estimated beam diameter(1/e?) of 3.57 um. Since
the beam is deflected the shape might be distorted from the cAOD. The four
crosses indicate the position of the two nearest neighbors in either direction.
(b) A cross section through the spot along the addressing axis shows the
intensity crosstalk in the current configuration is in the order of 2 x 102.
The right hand side in (b) shows with better alignment the expected lower
crosstalk should be feasible.
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A possible further step of the addressing setup could be to use an cAOD in combination
with an FVGA and a WGA. The FVGA is used to couple the light from the cAOD into
the fiber of the WGA. The WGA is used as a mode cleaner and the cAOD enables good
multi ion addressing capabilities. In addition less scattering light will enter the chamber
because the unwanted diffraction orders are blocked at the FVGA. A FVGA is a piece
of glass substrate which has high precision v-shaped groves in it. In the grooves fiber
cores are placed and glued. For this test an available 8 channel FVGA! with an pitch
of 127 nm is used.

6.1. Test setup

This test aims to demonstrate the feasibility of such a setup. The light delivery and
the cAOD mount are identical to the setup described in chapter 4.1.1. The output of
the cAOD is expanded in an 1:2 telescope and coupled into the fibers with a 35 mm
planoconvex lens. This lens system is aligned analogous to the procedure explained in
chapter 4.1.2.

The FVGA is mounted on a simple XYZ-translation stage®. The angle for the coupling
is adjusted with two mirrors between the telescope and the coupling lens. The alignment
of the cAOD is rather sensitive. A 2 degrees rotation stage would be advantageous for
alignment but was not available. For the alignment the fiber pen® is connected to the
neighboring fiber. The light of the cAOD and from the fiber pen is moved to the center of
the in-coupling lens. If both the 729 nm and the fiber pen beam are perfectly overlapping
the coupling is optimized with a power meter.

For the first test the fibers were checked one at a time with the power meter. To
have faster measurements for multi tone and individual addressing tests the fiber ends
were put on a 3D printed v-groove mount. To image the fiber ends a simple imaging
system consisting of a f = 60mm and f = 75mm lens was used. To maximize the light
collection 2inch optics were used. Then the ccd camera? was used to image all 8 fiber
channels at the same time. The power to the camera was reduced with a combination
of two ND filter (ND30 and ND20).

6.2. Measurements

The first measurement aims to find the positions of the fibers in terms of the cAOD
addressing frequency. The beam is moved along the FVGA and if a fiber core is hit light
will be coupled into the fiber. For this calibration a single tone is generated using the

'OZ Optics,VGA-8-127-0-X-14.4-4.0-2.0 3-QS-730/860-4,/125-2.5U-1-1-0.6-SP

23x OptoSigma, TAM-401S

3 A light source which couples directly into a fiber. This is helpful for aligning of fiber couplings.
4Thorlabs, Kiralux CS235MU
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(b) fiber holder

(a) setup

Figure 6.1.: Setup for testing the in-coupling to the FVGA. (a) An overview of the optical
system with the imaging camera is depicted. The fiber ends of the FVGA
are imaged with a camera. The telescope and in-coupling lens are placed in
a Thorlabs cage system. (b) A detailed view of the 3D printed fiber holder.
The holder can be mounted in an 1inch optics mount. All fibers are aligned
with a stop in the front and clamped from the top with a spring loaded part.

cAOD and the addressing frequency A 4 is scanned over the bandwidth. Using the CCD
camera the maximal intensity is measured (figure 6.2).

We can see the eight fibers are clearly distinct peaks. For single addressing tones there
is no light arriving at the position of neighboring fibers. This means the crosstalk is very
low. The peak hight is not a good measure for the actual optical power in the fibers
because the imaging system is not ideal for this measurement. With the available 2inch
lenses a magnification of 0.8 was the only viable option. The core is therefore only a
single pixel on the ccd sensor. Additionally the system introduces a lot of aberrations
for the outer fibers. This measurement is more of qualitative nature to observe where
light is coupled into the fibers. For the particular set of telescope and in-coupling lens
an addressing constant Ap = 4.59 MHz between the fibers is measured.

In figure 6.3a the powers in each fiber is measured with the power meter. The align-
ment of the setup was before optimized to have equal coupling into fiber 1 and 8. The
optical power before the FVGA is 2.55mW which results in a weak coupling of 1.5 %.

If the alignment is optimized for only one fiber the coupling can be increased. In fiber
4 (driving the cAOD at the center with 110 MHz) a coupling of 1.05mW is achieved.
The cAOD is moved to the first fiber by changing the RF drive to 124 MHz and the
coupling is optimized again. The measured in-coupling was 0.65 mW. This shows that
the coupling also works for deflected beams.

During the optimization I figured that the FVGA is not perfectly orthogonal to the
optical axis of the in-coupling lens. The current setup with only a XYZ-translation stage
does not allow to correct such an angle.

To get a sense of crosstalk between two neighboring channels is difficult. With the
power meter I am below the sensitivity. And the camera has no quantitative value. For
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Figure 6.2.: Scanning the addressing position on the FVGA by changing the deflection
freqcuency A4 of the cAOD. The maximum intensity on the camera at the
end of the fibers is recorded. The peak is not fitted or integrated since the
imaging system experiences strong aberrations. From the peak position the
addressing deflection frequency A g, for all fibers is found. The fiber spacing
in terms of the cAOD drive frequency is Ap = 4.586 MHz.
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a series of images with exposers from 1 - 100 000 ms no signal of the neighboring channels
is visible. In images taken with high gain and exposure times some crosstalk between
the channels is observed. The crosstalk has to be several order of magnitude lower than
the actual signal.

I also can demonstrate multi tone operation. By sending eight frequency correspond-
ing to the fiber positions I can couple some light into all fibers (figure 6.3b). The power
is in the 10nW order. This further strong reduction to the previous single addressing
comes mainly from the 1/N? scaling in the power for the generated diffraction orders.
Additionally the RF drive power is reduced by 1/N? due to previously discussed rea-
sons(chapter 4.4.3).

This also translates to the two tone operation which is of practical use. Any combi-
nation of fibers can be addressed. The coupling can be aligned such that the power is
well balanced as can be seen from the single tone measurement in figure 6.3a.

Power in Fiber 8 fiber addressing
10.0 0
X  Single tone Fl 20) E3 F4
g 7.5 e
= x X x 500
= 5.0 X X
o)
> X%
£ 251 F5 F6 F1 F8
1000 -
00 T T T T T T T T T T T
F1 F2 F3 F4 F5 F6 F7 F 0 500 1000 1500
(a) power for single tone addressing (b) multi tone addressing

Figure 6.3.: The FVGA was aligned such that fiber 1 and 8 have a similar coupling
efficiency. Figure (a) shows the power measured with the power meter in
each fiber when sweeping the frequency. The power before the FVGA was
2.55mW so the coupling is in the 1.5 % range. Figure (b) shows one image
where 8 tones are generated. The power for each peak is in the nW range.
But the optical power before the FVGA is reduced due to the imperfect
RF generation. The colormap is logarithmic to make the small fiber cores
visible.
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7. Conclusion

The individual addressing system using a crossed acousto optic deflector was first sim-
ulated and then designed around the available lenses and mechanical mounts. The key
requirement of a waist size far below the ion spacing of 5m is achieved with a beam
diameter(1/e?) of 2.24um. The archived addressing range of 302.9 pm is sufficient to
address more than 50 ions.

The operation of the cAOD was tested in different modes. The steering in horizontal
and vertical direction allows to align the system and allows for small adjustments in
software. The addressing of multiple ions was simulated by driving the device with
multiple RF tones simultaneously.

The generation of an adequate RF drive signal can be improved significantly. The
power arriving in the desired frequency peaks needs to be balanced. And the diffraction
efficiency needs to be accounted for in order to have constant power across the whole
range.

The crosstalk measured with the camera is 3 x 10~3 which is slightly higher compared
to similar setups. This can simply come from limitations in the measurement and from
different setups and data analysis. An effect to consider is the lower magnification used
to make a bigger addressing range accessible.

A key improvement for the RT-setup is the newly built splitting board which enables
better power distribution of the 729 nm qubit manipulation light. The smart use of the
switching AOMs drive frequency allows to use the cAOD without special optimizations
and no resulting power losses. The AOMs used for the switching experienced some
temperature drifts depending on pulsed or continuous operation. This effect was resolved
by keeping them ”warm” during idle times by driving them far off the desired operation
point. The designed addressing system was mounted to the chamber with the designed
custom mounts which allow the system to be pre-aligned in a test setup. The mount
offers some flexibility for future changes to the setup. In addition it also integrates the
flip mirror to switch between cAOD and WGA.

The alignment on the setup proved to be challenging. Due to time constraints the
setup is not fully optimized. The current state of the alignment produces an addressing
beam with a diameter(1/e?) of 3.57 pm. This is ~ 1.6 times bigger compared to the
achieved beam diameter in the test setup. This spot size is small enough to address ions
in a chain with spacing of 5 pm.

Aberrations introduce a relative strong crosstalk to the neighboring ion of 2 x 1072,
The side not affect by the aberrations has much lower crosstalk and indicates the system
can perform as intended.

Next steps involve the further optimization of the alignment of the objective, address-
ing system and imaging system. The experienced aberrations might be studied with
more simulations to optimize the system. The beam size and crosstalk should also be
measured by moving the ion instead of the addressing system.
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7. Conclusion

Another avenue was using a FVGA as a mode filter after a cAOD. In a test setup the
feasibility of this separate setup was studied. A working prototype allowed to test the
lens system and demonstrated the in-coupling to the fibers. Based on the test changing
the in-coupling lens for a shorter focal length of f = 30 mm should improve the coupling
efficiency. This lens gives a better match between the fiber core and spot size. The setup
is essentially a simultaneous coupling of eight fibers which needs high precision mounts
and a very stable setup. Both aspects can be improved by replacing the used xyz-stage
with a resolution of 10 pm with higher resolution stage. In addition two rotation degrees
of freedom in the FVGA-mount are needed. For this a custom mounting solution with
the center of rotation at the fiber tips has to be implemented.
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Appendix A

Data sheets

A.1. Crossed AOD

Figure Al.: Data sheet for the crossed acousto optic deflector.
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Appendix A. Data sheets

A.2. Photon Gear objective

Figure A2.: Data sheet for the imaging and addressing objective.
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Appendix B

Additional Measurements
B.1. Telescope with 200 mm lens

729 Waist - 200mm lens

10
waist X - not used for fit
_ 3 ¥ waistx
g
7 07
'S Wmin =1.297um
; 4 w§=129um
S Z§ =129um_ X
M X sl
0 T T T T T
2.96 2.98 3.00 3.02 3.04
Z position [mm]
(a) Waist
Horizontal Deflection - 200mm Lens

400 +
" 350
g
& 300 -
7
g 250 Nx =6.04pum/MHz
>

200 A

—I20 —IIO 0 10 20
Addressing frequency Ay [MHz]

(b) Horizontal addressing range

Figure B1l.: Waist measurement and addressing range measurement for the lens system
[60, 125, —40, 200%] (compare chapter 4.3 and 4.4). The achievable range is
229.3 pm.
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Appendix B. Additional Measurements

B.2. Flip mirror stability

Stability Position- Reference - 1000

XY Relative drift
T 1000
175 - E)
_ Fs00
= ”
2. 170 1 - 600 S
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& 165 1 g
A =
F200 g ;
160 ;
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290 300 0 500 1000
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(a) Position stability
Stability - Reference - 1000
BeamWaist
—_ 1.50 -
2 —
*:‘ 42000 - g 145 -
5) =
2 % 140 -
2. 40000 A <
% 2 135 -
oW
38000 A 1.30 -
0 500 1000
Repetition Repetition

(b) Spot stability

Figure B2.: Reference measurement of the system stability (setup described in chapter
4.1.2). Nothing was moved during the course of the . Between each image a
wait time of 2s was added. Total measurement time approximately 30 min.
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Appendix B. Additional Measurements

Stability Position- Flipmirror - 1000

XY Relative drift
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(a) Position stability
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(b) Spot stability

Figure B3.: The stability of the Flip Mirror for 1000 flip cycles (up-down-up). Between
each flip a wait time of 1 s was added. Total measurement time was approxi-
mately 30 min. The measurement was performed directly after the reference

measurement (figure B2 ).
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Appendix B. Additional Measurements

B.3. Addressing mount stability

Relativ drift [pum]

Position drift assembly

X X center X X
200 ~ Y center
150 ~
100 ~
50 H
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-50 4
X
-100 A ¥
X
T T T T T
3 T 2 3 3
) 2 & s
o i) A 2 2
ko) ° 8
~ = =

Figure B4.: An estimate of the reproducibility of the mechanical assembly presented

in chapter 5.1.2. The cage system was aligned without any lenses. At
the end a camera was placed. The gaussian beam is fitted to extract the
beam position. The measurements were taken from left to right. First
a reference measurement was taken. Then the input plate was removed
twice and remounted. Then the same procedure for the Telescope plate
was repeated. Since the two dots of the consecutive removal and mounting
are closer this is an indication that the screw tension and assembly routine
can further improve the stability. We can estimate the repeatability to be
approximately 0.3 mm in the horizontal direction and 0.2 mm in the vertical
direction.
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Appendix B. Additional Measurements

B.4. AWG with Moku:Pro

(a) No bandpass (b) width bandpass

Figure B5.: Testing the RF generated from the Moku AWG. The signal is measured with

an Keysight FieldFox spectrum analyzer. In (a) and (b) the same signal is
generated at a frequency of 110 MHz. The bandpass filter suppresses the
higher harmonics at the cost of —1.5dB attenuation.

(a) No bandpass (b) width bandpass

Figure B6.: Driving five addressing frequencies: —19, —5, 0, 5 and 19 MHz. The effect

of the bandpass is more pronounced and also lowers the background signifi-
cantly. We observe an attenuation of ~—13dB. This is in good agreement
with an power reduction of 1/N? where N is the number of generated fre-
quencies.

(a) bandpass, 4 repetitions (b) bandpass, 2 repetitions

Figure B7.: Driving seven addressing frequencies: —19, —10, —5, 0, 5, 10 and 19 MHz.

Only the number of repetitions of the time domain signal sent to the Moku
was changed. We see the peaks in (a) are more pronounced. In (b) some
side peaks are visible which lead to shadow dots in the addressing.
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B.5. Telescope collimation

Appendix B. Additional Measurements

Knive Edge measurement Telescope 1
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Figure B8.: Knive edge measurements
These measurements were

of the 729 nm beam after the addressing telescope.
performed during the alignment of the telescopes.

Each trace is the beam diameter at a different position after the last telescope
lens. The Zemax simulation predicts beam diameters of 6.4 mm for the first

telescope and 20.4 mm for

the total telescope. We can see that the beam is

collimated, and thus the shear plate interferometer is feasible to collimate

beams.
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Glossary

AC alternate current

AOD acousto optic deflector

AOM acousto optic modulator

API application programming interface

AWG arbitrary waveform generator

CAD computer aided design

cAOD crossed acousto optic deflector

DC direct current
DMD digital micro-mirror device

DP AOM double pass acousto optic modulator
EOM electro optic modulator

FVGA fiber v-groove array

HDR high dynamic range

iFFT invers Fast Fourier transform

NA numerical aperture

ND neutral density

PBS polarizing beam splitter

PMT photo multiplier tube

RF radio frequency

RT room temperature

UHV ultra high vacuum

UV ultra violet

WGA wave guide array
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