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Abstract

Trapped-ion qubits have emerged as a leading architecture for building both digital
and analog quantum computers. Their long coherence times, simple state preparation
and measurement procedures, and laser-based qubit manipulation make them a promising
platform for quantum information processing. An important feature that can make these
systems more fault-tolerant and expand their capabilities to perform different classes of
simulation is high-fidelity Mid-circuit Measurement and Reset (MCMR).

Several techniques have been proposed for implementing MCMR in trapped-ion sys-
tems. Our group has taken a bold approach by relying on sophisticated optical engineering
to generate a low-crosstalk individual addressing beam for performing MCMR. A Digital
Micromirror Device (DMD), which is a 2D array of micro mirrors, is used to engineer
an incoming wavefront to generate individual addressing beams at the ions using Fourier
holography. The technique has been optimized with in-situ aberration compensation and
the use of Iterative Fourier Transform Algorithm (IFTA) for hologram generation, forming
the current state-of-the-art individual addressing system.

In this thesis, two methods have been proposed that further strengthen our address-
ing system, making it more robust against measurement errors introduced by intensity
crosstalk. The proposed methods, secondary grating method, and using the DMD in a dou-
ble pass configuration have been successful in minimizing the absolute intensity crosstalk
at the nearest neighbor and at the asymptotic limit. These improvements will have a
significant impact on the current standing of MCMR fidelities in trapped-ion qubits.
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Chapter 1

Introduction

In the last two decades, committed efforts have been devoted by physicists, engineers, and
mathematicians to push the frontiers of quantum technology. Many classically intractable
problems, such as factorization of large prime numbers [1], performing molecular dynamics
[2, 3], solving a large system of linear equations [4], and modeling protein folding [5],
are expected to become tractable with the advent of quantum computing. While several
theoretical breakthroughs, such as Shor’s and Grover’s algorithms [1, 6], have demonstrated
the potential for quantum advantage, the development of large-scale quantum devices
remains a significant challenge due to decoherence from environmental noise.

We are currently standing at the Noisy Intermediate Scale Quantum (NISQ) [7] era,
where devices are not yet fully error-corrected but are still powerful enough to explore
intermediate-scale quantum algorithms. These algorithms exploit the available resources,
i.e., the partially error-corrected qubits, to tackle classically difficult problems [8]. The
NISQ era devices aim to bridge the classical imperfections with the help of fault-tolerant
quantum computers, which depend heavily on Quantum Error Correction (QEC). A critical
component of QEC and of many near-term quantum algorithms is high-fidelity Mid-circuit
Measurement and Reset (MCMR), which refers to performing a measurement or rest op-
eration on a single isolated qubit within a quantum circuit or algorithm. This feature
can introduce new capabilities to these devices, but also add complexity in the design and
execution of quantum circuits.

Another promising and popular avenue that can be used to explore quantum mechanical
systems is quantum simulators. In the words of Richard Feynman, quantum simulators
are computers that are built on the principles of quantum mechanics that can mimic
natural phenomena, precisely because nature itself is fundamentally quantum mechanical
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[9]. A quantum simulator should have the ability to initialize a system, evolve the system
under certain conditions, and perform measurements. Although quantum simulators do
not directly rely on MCMR for their basic functionality, having this feature could expand
their ability to simulate new areas in physics, such as measurement-induced quantum phase
transitions [10, 11].

Many popular platforms have been explored to create a viable quantum computer
or simulator. These include superconducting circuits [12, 13], photonic circuits [14, 15],
neutral atoms [16], NV centers in diamonds [17], and trapped ions [18, 19]. Out of these,
trapped-ion systems stand apart due to long coherence times of the qubits [20], easy state
preparation and measurement procedures, and all-to-all connectivity, thus making them a
suitable platform for both digital and analog quantum computation. Our group has been
developing trapped-ion quantum simulators, which involve complex engineering since they
rely on vacuum chambers, radio frequency (RF) engineering, and precision laser delivery.
The first-generation trapped-ion quantum simulator developed by our team is the Amethyst
processor. Some of the existing results obtained with this system have been referenced in
the subsequent sections of this thesis. Currently, we are developing a larger-scale trapped-
ion quantum simulator, the Bloodstone processor, which is described in more detail in
Subsection 1.1.1.

1.1 Trapped-Ion Quantum Simulator

The first step towards making a trapped-ion quantum simulator is choosing the ion that acts
as the qubit. We use 171Yb+ as our atomic source due to its convenient hyperfine structure.
An atomic oven is used to create an atomic flux, which is subject to photoionization.
Neutral 171Yb atoms go through a two step ionization process to create 171Yb+. The first
step involves isotope selection of Yb, which is done using a 399 nm laser, and then in the
next step, the atom is further ionized by exciting the electron to the continuum using a
369 nm or 355 nm laser.

Subsequently, the ion needs to be trapped in a suitable trap geometry. Earnshaw’s
theorem [23] suggests that it is impossible to use a static electric field to trap a charged
particle; hence, we use RF Paul traps [24]. These traps use an oscillating electric field,
which creates a confining radial potential, and a constant axial voltage is applied for axial
confinement. The effective confining potential is given by,

ϕeff =
1

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2), (1.1)
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Figure 1.1: Energy level diagram for 171Yb+. Relevant transitions and numbers are shown
in red [21].

where ωx and ωy are the radial frequencies and ωz is the axial frequency. This is also known
as the pondermotive potential. Since we trap a linear chain of ions, our radial frequencies
are much higher than the axial frequency, i.e., ωx ≈ ωy ≫ ωz. The ideal equilibrium
position for the ion is at the RF null, but displacement from the static electric fields may
shift the ion from the RF null location, which can induce micromotion of the ions. This
micromotion causes heating and is a source of decoherence and needs to be minimized,
which is done by adding compensating voltages to the RF electrodes.

Once trapped, the ions are cooled to their lowest energy state and initialized to the
ground state using optical pumping. We use the hyperfine levels of the 2S1/2 manifold of
171Yb+ to encode the qubit states.

Manipulation of qubit states (|↑⟩ and |↓⟩ as shown in Figure 1.3) can be done using
single-qubit rotations and entangling gates. Since the transition between the |↑⟩ and |↓⟩
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Figure 1.2: Figure showing a four-rod Paul trap where the four parallel rods are supplied
with oscillating voltages ±V cos(Ωt) and a constant DC voltage is supplied to the end caps
[22].

|↑>

|↓>

2S1/2

F=1

F=0

mF=-1

mF=1
mF=0

12.6 GHz

Figure 1.3: Qubit states, |↑⟩ and |↓⟩ represented by 2S1/2 |F = 1,mF = 0⟩ state and
2S1/2 |F = 0,mF = 0⟩ state, respectively. The qubit frequency is given by 2π × 12.6 GHz.

is a microwave transition (2π × 12.6 GHz), we can use a microwave source to drive Rabi
oscillations between the qubit states. However, the long wavelength corresponding to
the transition makes it difficult to generate spin-motion coupling, which is essential for
generating an entangling gate; hence, the microwave transition serves as a global operation.
We can also use stimulated Raman transitions to drive single-qubit rotations, where two
far-detuned Raman beams (355 nm) are used to drive a Rabi oscillation by matching their
beatnote frequency with the qubit frequency. Entangling operations are done by following
the Mølmer Sørensen scheme [25], which relies on generating a spin-motion coupling from
the stimulated Raman transitions. This is done by setting a symmetric detuning to the
red sideband (RSB) and the blue sideband (BSB) transitions with different phases.

1.1.1 Bloodstone Processor

Progress has been made towards developing a brand new trapped-ion quantum simulator,
the Bloodstone processor, through the combined efforts of the previous generation and
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Figure 1.4: Top left shows the vacuum chamber, which houses the ion trap. Top right
shows the cross-section of the blades as seen from the front of the chamber. Bottom left
shows a CAD model of the segmented blades, which serve as the electrodes. Bottom right
shows a single blade where the marked central segment serves as the main trapping region.
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Figure 1.5: Fluorescence observed from a chain of 25 171Yb+ ions trapped in the Bloodstone
processor when illuminated with a 369 nm laser beam corresponding to the transition
2S1/2 → 2P1/2

the present generation of the group. The Bloodstone processor is based on a segmented
blade trap geometry, which gives added control over the ions and a higher optical access.
The system is designed to accommodate > 30 ions. The high optical access will facilitate
addressing of individual ions with high precision, which will enable us to do in-situ MCMR.
The work presented in this thesis discusses the engineering of this addressing beam with
improved intensity crosstalk compared to what was achieved previously [26]. More detailed
descriptions about the design and assembly of the trap can be found in Ref. [21, 27].

1.2 Thesis Overview

The following outline provides a guide to the content of the thesis:

• In Chapter 2, I give a brief overview of the research problem, describe the existing
technique used for engineering the individual addressing beam, and introduce the
methods developed to improve the existing results.

• In Chapter 3, I introduce one of the proposed techniques, the secondary grating
method, and present experimental results demonstrating a reduction in the absolute
intensity crosstalk at the nearest neighbor up to the intermediate image plane.

• In Chapter 4, I introduce the second proposed method, using the Digital Micromirror
Device (DMD) in a double-pass configuration, which targets the reduction of intensity
crosstalk at the asymptotic limit further away along the ion chain.

• In Chapter 5, I summarize the results and provide an outlook on how incorporating
these methods into the engineering of a low-crosstalk individual addressing beam can
improve the fidelity of MCMR operations in a trapped-ion system.
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Chapter 2

Engineering a low-crosstalk
individual addressing beam

This chapter discusses the motivation behind my master’s thesis project and provides a
comprehensive overview of the theoretical background. The methods discussed in this
chapter related to employing an amplitude grating for hologram generation, Iterative-
Fourier Transform Algorithm (IFTA), and the method of aberration compensation have
been adopted from previous research conducted by Dr. Chung-You (Gilbert) Shih. The
methods established to characterize Accidental Quantum Measurement (AQM) and inter-
ion scattering have been adopted from previous research conducted by Dr. Sainath Mot-
lakunta.

2.1 Overview

An important feature that opens up several capabilities in a quantum simulator is the
ability to perform MCMR operations. A typical flow of a quantum circuit consists of several
single-qubit and two-qubit gates followed by a global measurement at the end of the circuit.
The ability to perform a measurement or reset operation on a single isolated qubit within a
quantum circuit or an algorithm is known as MCMR. This feature expands the capabilities
of a quantum simulator to perform experiments such as measurement-induced quantum
phase transitions [10, 11], reservoir engineering with controlled dissipation [28], execution
of quantum error correction protocols [29], and circuit optimization with qubit-reuse [30].

The dissipative nature of MCMR makes it a challenging problem in trapped-ion qubits,
hence, efforts are made to isolate the data qubits or asset qubits (qubits not meant to be
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measured) from the auxiliary qubits or process qubits (qubits required to be measured)
during the process. Several techniques have been suggested to perform MCMR in atomic
systems. These include using different atomic species for auxiliary qubits [31, 32, 33],
shuttling ions in and out of measurement/reset zones [34, 35, 36], shelving ions to a different
energy level and thus hiding the data qubits from the measurement/reset atomic transition
[37, 38] and adding micromotion to data qubits to hide them from the resonant frequency
of the corresponding atomic transition [39, 40]. Shuttling of ions requires special kinds of
traps, such as surface traps, which are equipped with hundreds of electrodes. These traps
deal with significant challenges in terms of motional heating, anharmonicity in trapping
potential, and shallow trap depths [41, 42, 43]. Hence, we have adopted a trap architecture
that prioritizes larger trapping depth and more harmonic trapping potential, making it
more suitable for large-scale quantum simulations. Our choice of trap architecture makes
our system incompatible with allowing the shuttling of ions and the use of multi-species
atomic sources, which is also dependent on shuttling to allow reordering of qubits. The
other techniques increase experimental complexity and can still suffer from long-range
measurement errors introduced by a less efficient probe beam, as observed in Ref. [40].
Hence, our group has adopted a bolder approach, utilizing spatial modification of light to
create a crosstalk-free addressing beam [26, 44]. This approach can also be combined with
other MCMR architectures to achieve even higher MCMR fidelities.

Most trapped-ion systems are equipped with global laser beams designed to perform
simultaneous global detection and reset on all qubits. MCMR demands both precise spa-
tial modification of the addressing beam and an efficient imaging system with improved
photon-collection efficiency for faster measurements. Since MCMR is a dissipative oper-
ation, careful engineering of the addressing beam with reduced probability of AQM, i.e.,
accidentally measuring an asset qubit while addressing a process qubit [44] paves the way
towards a fault-tolerant scheme.

Our group has been using Fourier holography [26] to optically engineer the individual
addressing beams, which are meant to perform the in-situ MCMR operations. The re-
sults presented in this thesis demonstrate a more robust engineering of the individually
addressing beam with capabilities to reduce the absolute intensity crosstalk at the nearest
neighbor qubit to 45 − 50 dB, i.e., ≈ 6 dB lower than the intensity crosstalk obtained
previously [26] and below 60 dB (limited by the background noise floor) intensity crosstalk
at the asymptotic limit which is reached beyond the third nearest neighbor qubit. This
work can potentially improve the existing state-of-the-art preservation fidelities of the asset
qubit for measurement and reset operations on the process qubit, i.e., 99.6% and 99.9%,
respectively [44].

Achieving high-fidelity MCMR is essential for implementing quantum error correction

8



protocols. For instance, a typical surface code using a minimum weight perfect matching
(MWPM) decoder requires the measurement error rate to be below 0.57% [45]. Since error
correction involves multiple cycles of MCMR, improving measurement and reset fidelities
is crucial for approaching a fully error-corrected system.

The optical engineering improvements to the addressing beam proposed in this thesis
may contribute to higher mid-circuit measurement and reset fidelities, thereby advancing
the development of a fault-tolerant quantum computing architecture.

2.1.1 Chapter Outline

The chapter outline is given as follows:

• In Section 2.2, I discuss the physics involved in the state detection and reset processes
in 171Yb+.

• In Section 2.3, I review the challenges involved in engineering a low-crosstalk indi-
vidual addressing beam. I discuss the various sources of decoherence/crosstalk that
can cause AQM.

• In Section 2.4, I review the previous results obtained using Fourier holography and
motivate the requirements for the improvements suggested in the thesis.

• In Section 2.5, I give a background on how the Fourier holography technique has
been used to engineer our addressing beam with the help of a Digital Micromirror
Device (DMD) and discuss IFTA, the method used in Ref. [26] to build the current
state-of-the-art individual addressing system.

• In Section 2.6, I discuss the procedure for extracting the aberration map in the optical
system.

2.2 State Detection and Reset in 171Yb+

State detection and state reset are important attributes in a trapped-ion quantum simu-
lator. State detection helps to identify the qubit state of an ion, and state reset helps to
re-initialize the ion to the ground state. The following subsections describe the physics
involved in state detection and state reset processes in 171Yb+.
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Figure 2.1: Schematic representation of state detection procedure in 171Yb+.

2.2.1 State Detection

State detection is the process of identifying the qubit state of an ion, which is encoded as
either |↑⟩ or |↓⟩. This encoding is done in 171Yb+ ions using the hyperfine levels of the 2S1/2

manifold as described in Chapter 1. Determination of the encoded state of the ion is done by
illuminating it with light resonant to the transition 2S1/2 |F = 1⟩ → 2P1/2 |F = 0⟩ as shown
in Figure 2.1. On shining an ion in qubit state |↑⟩ with the detection light, it gets excited
to the 2P1/2 |F = 0⟩ and spontaneously emits photons as it decays back to 2S1/2 |F = 1⟩
(transition to 2S1/2 |F = 0⟩ is forbidden). The fluorescence from the spontaneous emission
is detected by a detector, and hence the state of the ion is inferred to be |↑⟩. The detection
light does not excite an ion in qubit state |↓⟩ and therefore there is no fluorescence. Since
the detector does not detect any photon, the qubit state of the ion is inferred to be |↓⟩.

The transition 2S1/2 |F = 1⟩ → 2P1/2 |F = 0⟩ is nearly closed with < 0.5% decay proba-
bility to the 2D3/2 state. In order to make the transition continually cyclic, a repump laser
beam corresponding to wavelength 935 nm is used to excite the ion in the 2D3/2 state to the
3[3/2]1/2 state, which subsequently decays to the 2S1/2 state. Due to the cyclic transition,
the |↑⟩ state keeps getting excited to 2P1/2 |F = 0⟩ and undergoes spontaneous emission
for the entire time the detection light is turned on, also known as the detection time, while
|↓⟩ remains dark. The duration of the detection time is determined by the state detection
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protocol being used and is often limited by the photon collection efficiency of the imag-
ing system. Additionally, background scattering and detector noise require a sufficiently
high detection time to collect an adequate amount of signal. While longer detection time
ensures good confidence in the process ion’s qubit state, it can increase the probability
of AQM of the asset ions. High fidelity state detection techniques have enabled really
short detection times of 11 µs using a Superconducting nanowire single-photon detector
(SNSPD), which has significantly higher (almost double) efficiency in detecting photons as
compared to photomultiplier tubes (PMTs) [46]. In the Bloodstone Processor, a detection
technique using PMTs has been developed and is estimated to have comparable detection
time in the order of 20 µs [47], which is the time needed to scatter enough photons (≈ 100)
to detect a single photon on the PMT (limited by the collection efficiency of the imaging
system).

During the decay process from 2P1/2 |F = 0⟩ state, the ion can decay to one of the fol-
lowing energy states, 2S1/2 |F = 1,mF = ±1⟩ or 2S1/2 |F = 1,mF = 0⟩ where the |↑⟩ state
corresponds to 2S1/2 |F = 1,mF = 0⟩. A mixed polarization with equal proportions of σ±
and π ensures that the excitation and emission processes continue.

Even with a mixed polarization for the detection light, there is a probability that the
ion in |↑⟩ state decays to a coherent dark state. In that case, it will no longer continue to
be in the cyclic transition. This effect can reduce the fidelity of detection. However, this
effect can be conveniently minimized by breaking the degeneracy of the Zeeman levels in
the 2S1/2 |F = 1⟩ manifold by applying a magnetic field which introduces a Zeeman shift
in the mF levels. Other processes, such as off-resonant excitation and dark state pumping,
can also impact the fidelity of detection, but with low probability.

2.2.2 State Reset

State reset, also known as optical pumping, is used to re-initialize the state of the qubit to
the ground state |↓⟩. This is done by shining the ion with the optical pumping light, which
is resonant to the transition 2S1/2 |F = 1⟩ → 2P1/2 |F = 1⟩ as shown in Figure 2.2. The
optical pumping light excites the ion in qubit state |↑⟩ to 2P1/2 |F = 1⟩ state which decays
back to either 2S1/2 |F = 1⟩ or to 2S1/2 |F = 0⟩, i.e. |↓⟩. Eventually, the ion decays to the
ground state, |↓⟩, on repeating the process multiple times. For an ion in qubit state |↓⟩, the
ion does not undergo any excitation due to the optical pumping light and remains in the
same qubit state. Mixed polarization consisting of σ± and π is also required during optical
pumping to ensure the energy state of the ion is not stuck at 2S1/2 |F = 1,mF = ±1⟩.

The probability of |↑⟩ resetting to |↓⟩ increases with the increase in the duration the
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Figure 2.2: Schematic representation of state reset procedure in 171Yb+.

optical pumping beam is turned on. An exponential decay curve is obtained from the
scattered photon counts as the |↑⟩ decays to |↓⟩ with the duration of illumination of the
optical pumping beam. The characteristic of this exponential decay curve is also dependent
on the power and polarization of the optical pumping beam. The optical pumping time
is determined from this decay curve, such that the qubit state of the ion is reset to |↓⟩
with a probability greater than 99.9%. Unlike the state detection process, which relies on
the collection efficiency of the imaging system and the sensitivity of the detector, the state
reset process is faster because only a few scattered photons are sufficient to reset the qubit
state of an ion. In our experiments, the optical pumping time ranges between 1− 10 µs.

2.3 Sources of error

Engineering an individual addressing beam is a challenging problem since leaked light
scattered from the addressing beam has enough photons to destroy the qubit states of
the neighboring ions. For convention, I will be referring to the ion being addressed as
the process qubit (ion 2) and the ion to be preserved as the asset qubit (ion 1). The
probability that an asset qubit is accidentally measured while addressing a process qubit,
also known as accidental quantum measurement (AQM) [44] can be attributed to two main
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Figure 2.3: Demonstration of AQM. Here, ion 2 is the process qubit, which is being
addressed, and ion 1 is the asset qubit, which we would like to preserve. The figure
demonstrates the two sources of AQM as discussed in Section 2.3. This figure has been
adapted from [44].

reasons: 1. an imperfect addressing beam, where there is some finite intensity crosstalk
at the neighboring ion location and/or 2. inter-ion scattering, where a photon scattered
from the process qubit gets absorbed by the asset qubit. State detection processes require
a higher number of scattered photons as compared to the state reset process due to the
limited efficiency of detection systems (a few percent). Hence, the chances of AQM from
state detection are higher than from the state reset process. The following subsections
provide a brief overview of each source of error, along with its dependencies and estimated
magnitude.

2.3.1 Finite intensity crosstalk

Engineering an addressing beam is particularly challenging when the ion-to-ion separation
is small (typically a few microns). Our target quantum simulation experiments with the
Bloodstone Processor require the ions to be separated by 4 µm. Hence, the probability
that a leaked photon from the addressing beam gets absorbed by an asset qubit can be
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Figure 2.4: Figure demonstrating an imperfect addressing beam with some finite intensity
crosstalk at ion 1 or the asset qubit. IX defines the relative intensity crosstalk between ion
2 and ion 1. The magnetic field direction is perpendicular to the ion-chain as well as the
direction of the addressing beam.

high.

Intensity crosstalk refers to the intensity of light falling on the asset qubit relative to
the intensity of light falling on the process qubit when addressing the process qubit with
a uniform Gaussian beam. If the intensity of light falling on the asset qubit is given by I1
and the intensity of light falling on the process qubit is given by I2, the intensity crosstalk
(IX) is defined as IX = I1/I2.

The net scattering rate for an ion when illuminated with light of intensity I for a
two-level system is given using the following formula,

Rsc =
Γ

2

I/Isat
1 + 4(∆/Γ)2 + I/Isat

, (2.1)

where Rsc is the net scattering rate, Γ is the linewidth of the 2P1/2 state given by 2π×19.6
MHz, I is the intensity of the illuminating light, Isat is the saturation intensity given by
51 mW/cm2 (Isat =

πhc
3λ3τ

; here, λ is the wavelength of the relevant transition and τ is the
lifetime of the excited state) and ∆ is the detuning from the resonant frequency for the
transition.
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Figure 2.5: Figure demonstrating inter-ion scattering (red) under the conditions of a perfect
addressing beam with no intensity crosstalk, IX at ion 1.

For detection, ∆ ≈ 0 and I2 = Isat, hence the scattering rate for the asset ion is
proportional to the intensity crosstalk, Rsc,1 ∝ IX when IX → 0 (usually I1 ≪ I2). Thus,
the total number of photons scattered can be given as,

nphotons = Rsc,1 × τdet.

Therefore,

nphotons ∝ IX × τdet, (2.2)

where τdet is fixed based on the state measurement protocol being used for the detection
process and the efficiency of the detector being used. Therefore, the probability of AQM
of the asset ion is directly related to the absolute value of the intensity crosstalk (IX) at
the asset ion. The existing techniques (discussed in more detail in Section 2.4) have been
able to achieve an intensity crosstalk, IX , in the order of 10−4.

2.3.2 Inter-ion scattering

The AQM of the asset ion due to inter-ion scattering is caused by the absorption of π
polarized photons scattered from the process ion when illuminated with detection light.
The scattering rate will thus depend on the separation of the two ions as well as the
direction of the magnetic field. Under perfect conditions where the addressing beam does
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not introduce any crosstalk at the asset ion, the probability of absorbing a scattered photon
from the process ion is given by [44],

Iab,1 = fpolfangle
hνRsc,2

4πa2
, (2.3)

where fpol represents the fraction of light with the appropriate polarization that affects ion
1, fangle is the angular dependence of the polarization of the scattered light to the magnetic
field direction, ν is the frequency of transition, a is the ion-to-ion separation, and Rsc,2 is
the scattering rate of ion 2 or the process qubit.

When addressing the ion 2, the ion 2 scatters photons of all polarizations. Since the
ions are initialized to mF = 0, AQM of ion 1 will be caused when it absorbs π polarized
photons; hence, fpol = 1/3. The direction of the magnetic field in the system sets the
direction of the π polarization in the scattered light; hence, the angular dependence is
given by,

fangle = sin2 θ, (2.4)

where θ is the angle between the direction of the magnetic field and the ion-chain.

In our experiment, the direction of the magnetic field is perpendicular to the ion chain;
hence, θ = π

2
=⇒ fangle = 1. Rsc,2 can be calculated using Equation 2.1 with I = Isat.

Assuming ion-to-ion separation, a = 4 µm, we can estimate Iab,1 ≈ 2.14 × 10−5Isat for a
state detection process.

For state reset, the polarization dependence changes, since now the ion 1 can absorb
either σ+ or σ−, hence, fpol = 2/3. The polarization dependence sets fangle = 1/2 [44].
This gives us an estimate, Iab,1 ≈ 2.92× 10−6Isat for a state reset process.

Since inter-ion scattering is inevitable during addressing the process qubit either for
a state detection or a state reset process, Iab,1 sets a fundamental limit to the crosstalk
introduced at the asset qubit while individually addressing the process qubit using a probe
beam. These sources of error motivate the techniques mentioned in the upcoming Section
2.4 to mitigate the crosstalk errors introduced by the individually addressing beam.

2.4 Existing techniques

References [26, 44] employ a Fourier holography technique (discussed in Section 2.5), aided
by a Digital Micromirror Device (DMD), to engineer an incoming wavefront to generate the
individual addressing beam. This technique not only allows for precise engineering of the
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addressing beam but also offers the added advantage of in-situ aberration compensation.
The binary nature of the DMD requires the binarization of the continuous DMD hologram.
A deterministic algorithm, IFTA, is used to mitigate the binarization errors introduced in
the target electric field at the image plane. This helps to reduce the artifacts arising from
binarization at the image plane within a defined signal window. A spatial filter introduced
at the intermediate image plane can help to block the erroneous signal outside the signal
window.

This method has been used to create the current state-of-the-art individual addressing
system with intensity crosstalk IX value (See Section 2.3.1) below 10−4 [26], considering
an ion-to-ion spacing of 6 µm. This intensity crosstalk of IX < 10−4 is maintained across
the ion chain (> 400 µm, suitable to address > 50 ions). Using the same architecture, Ref.
[44] employs a clever method of characterizing the crosstalk, which is more robust against
unwanted background scattering with the help of Ramsey interferometry. The fidelity of
preserving an asset qubit is computed from the decoherence time, T ∗

2 , of the asset qubit
after a reset or measurement operation is done on the process qubit and is given by,

F1|2 =
2

3
exp[− τ(ion2)

T ∗
2 (ion1)

] +
1

3
, (2.5)

where τ(ion2) is the time for which the process qubit is illuminated with the addressing
beam and PAQM is characterized as the infidelity under the assumption PAQM ≪ 1 and
long coherence (> 200 ms) of asset qubits in the absence of probe beam.

Using this method, it was shown that the probability of AQM is: PAQM < 1 × 10−3

for for individual state reset and PAQM < 4 × 10−3 for individual state detection (when
turned on for 11 µs) which also corresponds to a preservation fidelity of 99.9% and 99.6%,
respectively.

2.4.1 Scope of Improvement

Error correction codes typically have multiple cycles of measurement. Thus, improving the
total measurement error, which contributes to the physical error of the qubits, can help
improve the logical error rates in these error correction codes. This will have implications
in reducing the distance of error correcting codes, i.e., the number of physical qubits
encoded as a logical qubit, thus decreasing net resource cost. Previously obtained fidelity
values meet the error threshold requirement 0.5% for most of the popular error correction
codes, but are constrained to 11 µs detection times, which requires sophisticated detection
techniques using SNSPD [46]. PMTs require longer detection times, hence to maintain the
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same error rate, i.e., PAQM < 0.5%, IX has to be improved. Thus, the results mentioned in
this thesis suggest two areas for improvement: 1. The absolute value of IX at the nearest
neighbor, and 2. The asymptotic value of IX for mitigating long-range measurement error
further away from the process qubit.

Absolute intensity crosstalk (IX)

The Gaussian distribution of intensity profile for the image plane beam leads to higher
crosstalk at the nearest neighbor as compared to distant ions, when compared in absolute
terms. Hence, the proximity of the nearest neighbor makes it more susceptible to AQM.
The waist of the addressing beam in the results mentioned above is w = 1.5 µm and the
ion-to-ion separation is 4 × w = 6 µm. The minimum achievable intensity crosstalk, IX ,
at the nearest neighbor is fundamentally limited by inter-ion scattering, which is ≈ 10−5

for the detection beam at an ion-to-ion separation of 4 µm. This leaves room for further
improvements in our addressing beam to approach this fundamental limit.

To address this, I suggest a secondary grating method (See Chapter 3). This method
utilizes a small portion of the Fourier plane to create a secondary beam at the neighboring
ion location. It relies on creating a local destructive interference at the neighboring ion
location, thereby canceling out the IX from the primary addressing beam by controlling
the amplitude and phase of the secondary beam. This method has shown promising results
by reducing the absolute value of crosstalk (IX) at the nearest neighbor by 6 dB, measured
using a camera.

Long-range measurement error

In the results mentioned above (Section 2.4), IX decreases as we move away from the center
of the probe beam, and saturates at 10−4 after a point in the ion chain (> 50 ions). This
might lead to a constant propagation of errors in a long chain of ions. An intensity crosstalk
of IX = 10−4 corresponds to the probability of measurement error, PAQM < 4×10−3. Thus,
for a chain of 10 ions, the cumulative error will be 10×4×10−3 = 4×10−2, already making
it an order of magnitude worse.

To address this, I use the DMD as a double pass (See Chapter 4) where the DMD
interacts with the laser beam twice. In this method, one portion of the DMD acts as a
Fourier hologram generator, and the other portion acts as an intermediate image plane
pupil which further filters out the tail of the Gaussian beam, thus reducing the asymptotic
value of IX in the addressing beam. This has enabled a reduction in the intensity crosstalk
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to as low as 10−6 or 60 dB, which was measured with a camera. This result will have
a significant impact when mitigating long-range measurement errors, which is also an
impending challenge in other MCMR architectures [40].

2.5 Fourier Holography with a DMD

2.5.1 Working principle

x0k0
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kx0
x1
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Figure 2.6: Figure showing the dependence of wave vector (ki=0,1) at the FP with spatial
position in IP (xi=0,1). The electric field at the FP can be represented as a sum of infinite
plane waves (ki), each of which corresponds to different spatial locations (xi) at the IP.

The existing techniques mentioned in Section 2.4 use Fourier holography to generate
the addressing beam profile at the ion plane. Fourier holography exploits the idea that the
lens acts as a Fourier transform between its back and front focal planes. For simplicity,
I will refer to the front focal plane as the Fourier Plane (FP) and the back focal plane
as the Image Plane (IP). Fourier holography with a lens can be visualized by breaking
down the electric field at the Fourier plane into a sum of different plane waves (ki) (as
shown in Figure 2.6). Under paraxial approximation, each plane wave will correspond to a
spatially separated diffraction-limited spot at the image plane (visualizing in 1 dimension
for simplicity, δ(x− x0)). We can exploit the following geometric relationship between the
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FP and IP (Figure 2.6),
kx0
kz0

=
x0
f
. (2.6)

Assuming beam propagation axis along z, we can make a small angle approximation such
as k0 ≈ kz0. This gives us,

x0
f

=
kx0
k0

=⇒ x0 =
λ

2π
fkx0. (2.7)

Thus, it can be seen that the coordinates at the FP and the IP are related as Fourier
conjugates; hence, we can conclude that the electric field profiles at the two focal planes
are Fourier conjugate pairs with some scaling factor. Thus, we have the following trans-
formation [48],

EFP(x)e
iϕ

(IP)
ab (x) =

λf

2π
F [EIP(x

′)](k′)

∣∣∣∣
k′= 2π

λf
x

, (2.8)

where EFP is the electric field at the FP, EIP is the electric field at the IP, x′ is the spatial
coordinate at the IP, and k′ is the wave vector at the FP.

This principle can be generalized to any electric field profile since it can be expressed
as a sum of independent plane waves, and Fourier transform is linear. Under non-ideal
conditions, the one-to-one mapping between the FP and IP is affected by the aberrations
introduced by the lens. To model the aberrations in the system, we can construct a phase

map at the FP given by eiϕ
(IP)
ab (x). A detailed description of how the phase map is extracted

can be obtained in Section 2.6.

Thus, a reprogrammable hologram can be placed at the FP to engineer an input wave-
form to generate any arbitrary beam profile at the IP. This can be done using commercially
available adaptive optics such as deformable mirrors (DM), liquid-crystal spatial light mod-
ulators (LC-SLM), and DMD.

2.5.2 Reprogrammable Hologram with DMD

The choice of hardware for generating the reprogrammable hologram is dependent on two
major factors: 1. optical efficiency of the hardware at the operating wavelength (UV), and
2. switching speed. Based on these factors, DMD and LC-SLM can be compared as in the
Table 2.1.
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DMD LC-SLM
Optical
efficiency

There are commercially
available DMDs which are
meant for UV and can
withstand high optical
power (up to 10 Watts [48])
at UV.

They are more prone to so-
larization due to UV.

Switching speed High switching speed (>10
kHz)

Low switching speed (<1
kHz)

Table 2.1: Comparison of DMD and LC-SLM.

Although DMDs have faster refresh rates with individual micro mirrors getting switched
in the order of 10 µs, the delay in communication with the DMD controller is of the
order of 100 µs. Hence, for quantum applications, an Acousto-Optic Modulator (AOM) is
juxtaposed with a DMD to function as a high-speed switch, since it can operate at MHz
rates. DMDs are binary, which means the individual mirrors can only switch between
ON and OFF states, unlike LC-SLM, which has a continuous surface. To get a full phase
control of the beam, an amplitude grating is employed as discussed in Subsection 2.5.3.

2.5.3 Amplitude grating and IFTA

Amplitude grating function

A DMD consists of a 2-dimensional micro mirror array, where each mirror can toggle
between two angles, thus reflecting the light in two different directions. Thus, to use the
DMD for optical phase modulation along with amplitude modulation, an amplitude carrier
grating can be employed [48].

The DMD is divided into several super pixels where pixels are turned ON and OFF in a
manner to give rise to alternating bright (ON state) and dark (OFF state) regions, which
constitute the amplitude grating. Changing the spatial phase of the amplitude grating
helps to control the phase of the diffracted beam; thus, the amplitude grating can be used
for simultaneous phase and amplitude modulation of the diffracted beam. To understand
the working of the carrier grating, I will follow the work mentioned in Dr. Chung-You
(Gilbert) Shih’s master’s thesis (2019) [48]. For simplicity, let’s assume a grayscale DMD
where f(x) is the target beam profile, then the corresponding Fourier conjugate is given
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by,
F (k) = F [f(x)],

where x = (x, y) and k = (kx, ky).

For an ideal case, where the DMD is uniformly illuminated and there are no aberrations
in the system, the grating function can be given as,

G(k) =
|F (k)|

2
(cos(x0 · k+ Φ(k)) + 1), (2.9)

where |x0| is the separation between the diffracted beams and is related to the periodicity
of the grating as |x0| = λf

a
and Φ(k) is the optical phase of the target beam profile and is

given by,

Φ(k) = Arg(F (k)).

where Arg(F (k)) returns the arguement of the complex function F (k).

In order to make sure that G(k) is always positive for it to have a physical meaning for
the DMD (since the DMD cannot invert the sign of the field) one is added to the cosine
function in the Equation 2.9. The inverse Fourier transform of this grating function is
given as follows,

g(x) = F−1[G(k)],

=
1

4
f(x+ x0) +

1

4
f ∗(−x+ x0) +

1

2
F−1[|F (k)|]. (2.10)

Thus, the inverse Fourier transform gives us three terms known as the first (m = +1),
negative-first (m = −1), and the zeroth order (m = 0), where the first and negative-first
orders are complex conjugates of each other. The first order corresponds to the target
beam profile with a shifted origin (x0). This idea can be extended for a more ideal case
where we take into consideration the electric field profile of the input beam and map the
system aberration in the grating equation. The modified grating equation is given as

G′(k) = η

∣∣∣∣ F (k)Ein(k)

∣∣∣∣ 12(cos(x0 · k+ Φ(k)− Φin(k)) + 1), (2.11)

where Ein(k) is the electric field profile of the input beam on the surface of the DMD,
Φin(k) is the phase profile of the input beam on the DMD, which includes the aberration
map and is given by,

Φin(k) = Arg(Ein(k)),
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and η is a normalization factor to ensure 0 ≤ G′(k) ≤ 1 and is given by,

η = max(

∣∣∣∣Ein(k)

F (k)

∣∣∣∣).
Similar to Equation 2.10, we can obtain the three diffraction orders at the IP,

EIP(x) = F−1[(Ein(k)G(k))],

= η(
1

4
f(x+ x0)

+
1

4
f ∗(−x+ x0) ∗ F−1[ei(2Φin(k))]

+
1

2
F−1|F (k)|eiΦin(k)). (2.12)

The terms are ordered in the same convention as in the Equation 2.10. We can see that
the first-order term is free from the input aberration phase, whereas the negative first-
order term suffers from twice the aberration. There is also some residual aberration in the
zeroth-order beam. Changing the sign of the phase from Φ(k)−Φin(k) to −(Φk −Φin(k))
will make the negative-first order beam aberration free instead of the first order beam.

The binary amplitude control of the DMD requires the continuous grating function,
G(k), to be binarized. Due to the nonlinear nature of binarization, binarizing a continuous
grayscale hologram leads to binarization errors, which result in optical artifacts around the
target profile in the IP. To minimize such binarization errors, different methods have been
suggested [49, 50, 51, 52].

IFTA

The Iterative Fourier Transform Algorithm (IFTA) has proven to be an efficient algorithm
and has been a state-of-the-art in reducing intensity crosstalk (IX) in the individual ad-
dressing beam in the existing results discussed in Section 2.4. IFTA uses a binarized grating
function approximated to the grayscale grating, Gb(k) ≈ G(k), such that the binarization
artifacts are reduced to a minimum within a signal window D. The binarized grating
function is given as,

G
(i)
b (k) = Ut[G

(i)(k)] =


0 if Re[G(i)(k)] < t,

1 if Re[G(i)(k)] > (1− t),

Re[G(i)(k)] otherwise.

(2.13)
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Figure 2.7: Flowchart for IFTA [48].

This grating function follows a dynamic-thresholding approach as mentioned in Wyrowski
(1980) [53]. Ut is a binarization operator where t is the dynamic threshold calculated for
an iteration number i as follows,

t =
i

2N
, (2.14)

where N is the total number of iterations.

A beam profile correction is applied for each iteration within the specified window D
to remove binarization errors with the help of an operator X, given by,

g(i)c (x) = X[g(i)(x)] =

{
g(x) if x ∈ D,
g(i)(x) otherwise,

(2.15)

where g(x) is the beam profile obtained from the grayscale grating given as g(x) =
F−1[Ein(k)G(k)]. The flowchart diagram for IFTA is given in Figure 2.7.
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2.6 Aberration Compensation

One key advantage of using Fourier holography with a DMD is the capability to do in-
situ aberration compensation. The aberration map incident on the DMD (as defined in
Equation 2.11) can be characterized with the help of the DMD. This input aberration is
eventually compensated in the first-order diffracted beam as the input aberration term
disappears, thus resulting in an aberration-free intensity profile at the image plane.

The DMD’s small pixel size, typically ranging between 7.6 µm and 10 µm for different
models, offers significantly higher spatial resolution compared to other methods like using
Shack-Hartmann wavefront sensors. These sensors rely on micro-lens arrays with a diam-
eter exceeding 150 µm, which limits their resolution. Furthermore, the beam size at the
image plane is usually quite small (ranging from a few microns to about 30 µm), making
Shack-Hartmann sensors a non-ideal choice.

I follow the approach mentioned in Dr. Chung You-Shih’s Master’s Thesis (2019) [48]
for extracting the aberration phase profile. It follows a method demonstrated in Zupancic
(2013) [52] where two patches are turned on on the DMD at the FP and the respective
interference pattern is observed at the IP. This interference pattern contains information
about the path difference between the patches as well as the spatial phase difference, which
can be extracted in the post-processing. To understand how I characterize the aberration
map, I will follow along the derivation given in [48].

Let us assume two small patches are turned on the DMD surface, separated by a distance
d. This results in nearly plane waves at the image plane as a result of the optical Fourier
transform of small patches. Let E1(x) and E2(x) represent the electric field corresponding
to each patch at the IP with optical phases ϕ1 and ϕ2 respectively.

E1(x) = A1e
i(k1·x+ϕ1), (2.16)

E2(x) = A2e
i(k2·x+ϕ2). (2.17)

These two electric fields interfere at the IP and thus give a resultant interference pattern
(an example has been shown in Figure 2.8) with intensity given by:

Itot(x) = |E1(x) + E2(x)|2, (2.18)

= |A1|2 + |A2|2 + 2A1A2 · cos((k1 − k2) · x+ ϕ1 − ϕ2). (2.19)

We can extract the spatial phase information from the Equation 2.18. One key thing
to understand here is that the aberration map obtained using this method is a relative
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Figure 2.8: Left shows a virtual image of the DMD in the FP, where two patches (not
to scale) have been turned on. Right shows an image of the interference pattern as seen
on a camera. The axes on the camera (IP) are tilted by a 45◦ angle since the DMD is
mounted at 45◦ on the optics table to ensure the propagation direction of the reflected
beam is parallel to the optics table (Figure 3.3).

aberration map. We first create a grid of patch centers based on the resolution we want,
which decides the patch size and separation. The reference patch, which is the center-most
patch, is turned on at all times, and the scanning patch is scanned across the grid one
by one. For each position of the scanning patch, the resultant fringe pattern is captured
on the camera. In the post-processing, a 1D profile f(x) is obtained by summing the
image along the axis perpendicular to the direction of the two patches, i.e., perpendicular
to (k1 − k2). Then the spatial phase difference, ψ = ϕ1 − ϕ2 is extracted by taking a
correlation 1 between f(x) and a test signal eik(x−x0),

C = corr(eik(x−x0), f(x)), (2.20)

where k is the spatial frequency of the interference fringe, which is given by,

k = |k1 − k2| =
2π

λf
∆, (2.21)

where ∆ is the separation of two patches.

Thus, a 2D phase profile can be constructed by scanning the patch along a 2D grid
and obtaining the spatial phase information for each position of the scanning patch. This

1https://numpy.org/doc/stable/reference/generated/numpy.correlate.html
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obtained phase map is unwrapped to make it continuous and used as the input aberration
map as mentioned in Equation 2.11. The aberration map can be further analyzed by fitting
it to a series of Zernike polynomials. A residual phase map can be obtained by repeating
the phase map extraction process but passing a negated input aberration map to the carrier
grating inside each patch. A significant improvement of about 50 times can be seen in the
residual phase map after aberration compensation.

2.6.1 Summary and Outlook

In summary, this chapter outlined the research problem, with a brief introduction to
MCMR requirements, and described the approach adopted by our group, i.e., careful engi-
neering of a low-crosstalk individual addressing beam to enable in-situ MCMR. I provided
an understanding of the physics involved in the state detection and reset processes in
171Yb+ and gave a theoretical overview of how an amplitude grating is employed with the
DMD, which enables us to do both phase and amplitude modulation of the individual
addressing beam. I also discussed the results obtained in the current state-of-the-art indi-
vidual addressing system, which relies on using IFTA for hologram generation and in-situ
aberration compensation and has been able to achieve an intensity crosstalk below 10−4

for the entire ion chain (50 ions).

I identified how the existing method can be further optimized in terms of the absolute
value of intensity crosstalk at the nearest neighbour, which is more susceptible to AQM
due to its proximity to the addressing beam and has the potential to be reduced further
below the fundamental limit set by inter-ion scattering given by 10−5. I suggested a
novel method of using a secondary grating described in Chapter 3, to further minimize
the intensity crosstalk at the nearest neighbor location. Using this method, an absolute
crosstalk suppression of up to 6 dB can be seen.

Another suggested improvement was introduced in terms of mitigating long-range
crosstalk errors arising from the asymptotic limit reached by the intensity profile of the
addressing beam generated using the existing technique, which saturates at sub 10−4. This
takes a hit on the net measurement probability due to a constant propagation of errors
across the ion chain (> 30 ions). To mitigate this, Chapter 4 suggests using the DMD in
a double pass configuration where the DMD acts as an intermediate image plane pupil in
the second pass. This method shows promising results by reducing the intensity crosstalk
to sub 10−6 beyond the third nearest neighbor.
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Chapter 3

A Secondary Grating Method

Author’s Contributions: The idea of using a secondary beam to mitigate crosstalk at the
nearest neighbor was developed in discussions with Prof. Rajibul Islam. The experimental
setup design and the method of hologram generation have been adopted by the author
from previous research done by Dr. Chung-You (Gilbert) Shih. Setting up the experiment,
numerical simulations, execution, and development of protocols for data extraction and
analysis were performed by the author.

3.1 Overview

The ion-to-ion separation in the Bloodstone processor is a = 4 µm, and the addressing
beam has a waist of w = a

4
= 1 µm. The size of the beam is chosen to ensure a good overlap

between the addressing beam and the ion’s wave function. The proximity of the nearest-
neighbor ions makes them more susceptible to AQM as compared to the ions further away
from the center of the addressing beam location.

Using IFTA, the intensity crosstalk has been reduced to below 10−4 for the entire chain
of ions in Ref. [26]. However, it can be seen in Ref. [44], that the preservation fidelity
for measurement (for 11 µs detection time) is F1|2 ≥ 99.5% for d ≥ 4w and F1|2 ≥ 99.9%
for d ≥ 20w, thus suggesting that the average preservation fidelity of asset qubit for
mid-circuit measurement of process qubit is limited by the preservation fidelity of the
nearest neighbors to the process qubit (See Section 2.4). These preservation fidelity values
were obtained assuming a fast detection time of 11 µs, which requires advanced state
measurement protocol with high-fidelity detection. Improving the preservation fidelity at
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the nearest neighbor will not only improve the average preservation fidelity but will also
relax constraints on high-efficiency detection systems and state measurement protocols,
which require complicated engineering [46] and will allow longer detection times. Hence,
to address the low preservation fidelity of nearest neighbors, this chapter introduces a
strategy known as the secondary grating method.

This method relies on using the DMD to generate a secondary beam on top of the
primary addressing beam coinciding with the location of the neighboring ion where we want
to suppress the intensity crosstalk, IX . The phase and amplitude control (See Equation
2.11) over the grating that creates this secondary beam allows us to find a suitable value
for the parameters to create a local destructive interference. Using this method, I have
been able to reduce the intensity crosstalk, IX , by ≈ 6 dB at x = 4w, i.e., the nearest
neighbor location.

The results presented in this chapter are up to an intermediate image plane measured
with a camera, and can be subsequently relayed to the ion plane through appropriate
de-magnification.

3.1.1 Chapter Outline

The chapter outline is given as follows:

• In Section 3.1, I provide a brief overview of the research problem we are trying to
address and introduce the secondary grating method.

• In Section 3.2, I discuss the working principle of the secondary grating method and
study the dependence of the secondary grating parameters on the image plane inten-
sity.

• In Section 3.3, I describe the experimental setup for the method and talk about the
DMD used in the setup along with the relevant lens parameters.

• In Section 3.4, I present the main results obtained using the method along with some
error analysis to characterize the noise in the intensity profile of the beam. The data
is presented in two different scales, linear and High Dynamic Range (HDR).

• In Section 3.5, I summarize the chapter by reiterating the key results obtained in
terms of reduced IX at the nearest neighbor and its implications in reducing PAQM.
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3.2 Theoretical Background

As discussed in Chapter 2, an amplitude grating created using IFTA is used to generate
the hologram displayed on the DMD, which produces three orders of diffracted beams at
the image plane. Out of which we can use either the first or the negative-first orders, based
on the sign of the input aberration map used in the grating function (Equation 2.11), to
obtain an aberration-free addressing beam for performing individual measurements and
reset on ions. Let us refer to the addressing beam that probes the process qubit as the
primary addressing beam, and the corresponding grating as the primary grating. Since we
block the undesired orders at the intermediate image plane, when I refer to the image plane
beam, I will be referring to the first or negative-first order beam, based on the convention
chosen. Let us assume Ep(x) is the electric field of the target beam profile (primary beam)
and Fp(x) = F(Ep(x)) be the Fourier transform of Ep(x). For simplicity, the following
derivation is presented in one dimension, along the direction of the ion chain, which is the
primary axis of interest. For a target Gaussian beam profile centered at x0 with waist w,
Ep(x)

1 is given as,

Ep(x) = A1e
− (x−x0)

2

w2 eiΦ(x), (3.1)

where A1 is a constant amplitude and Φ(x) is the spatial phase profile.

Let us assume the inter-ion separation is a; therefore, for a process qubit at x = x0,
the position of the next neighbor is given by x = x0 ± a. For an asset qubit at x = x0 + a,
the electric field of the primary beam is given by,

Ep(x = x0 + a) = A1e
− (a)2

w2 eiΦ(x0+a),

= Ã1e
iϕ1 , (3.2)

where Ã1 = A1e
− (a)2

w2 and Φ(x0 + a) = ϕ1.

We use a small portion of the DMD to create a secondary beam at the location of the
neighboring ion (x = x0 + a) as shown in Figure 3.1. Thus, a rectangular window with
dimensions (l×m) is taken on the Fourier plane, and a secondary grating is added on top
of the primary grating where l is along the axis that corresponds to the ion-axis in the
image plane. The secondary grating at the Fourier plane (in 1D) is given by,

1Here, the electric field is given as a complex function, but only the real part of the expression corre-
sponds to the physical electric field.
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Figure 3.1: Left shows a picture of the grating state of the DMD. There is a larger grating
in the background which corresponds to the primary grating. Lying on top of the primary
grating is a secondary grating within a rectangular window (l×m). Right shows a picture
of Image Plane 1 (IP1) where the primary beam falls on the mapped position of Ion 2
(process qubit) in the IP1. The secondary beam falls on the mapped position of Ion 1
(asset qubit). The ion-to-ion separation is given by a. We can optimize the phase and
amplitude of the secondary beam by changing the phase (ϕ2) and the amplitude (A′

2)
parameters in the secondary grating to create a local destructive interference.

Fs(x) =
η

Ein(x)
× A′

2 × rect(
x

l
)× 1

2
× (cos(2π

xa · x
λf

+ Φ(x)− Φin(x)) + 1), (3.3)

where xa corresponds to the periodicity of the grating for position x = x0 + a and Φ(x) is
set to a constant phase ϕ2 and rect(x

l
) is given by,

rect(
x

l
) =

{
0 for x > l/2 or x < −l/2,
1 for − l/2 ≤ x ≤ l/2.

Therefore, using Equation 2.12, the electric field of the secondary beam (first-order) at the
image plane is given by,

Es(x) = A2l sinc(kl)e
iϕ2

∣∣
k= 2π

λf
(x−(x0+a))

, (3.4)

= A2lsinc(
2π

λf
(x− (x0 + a))l)eiϕ2 . (3.5)

Therefore, for x = x0 + a, we have,

Es(x = x0 + a) = A2le
iϕ2 ,

= Ã2e
iϕ2 . (3.6)
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Since the sum of two functions in the Fourier plane corresponds to the sum of the individual
Fourier transforms of the functions in the image plane, we have the resultant electric field
at the image plane (IP),

EIP(x) = Ep(x) + Es(x),

= A1e
− (x−x0)

2

w2 eiΦ(x) + A2lsinc(
2π

λf
(x− (x0 + a))l)eiϕ2 . (3.7)

Therefore, at x = x0 + a,

EIP(x = x0 + a) = Ã1e
iϕ1 + Ã2e

iϕ2 . (3.8)

The resultant intensity at the asset qubit position is,

Ix0+a = |EIP(x = x0 + a)|2 = Ã1
2
+ Ã2

2
+ 2Ã1Ã2 cos(ϕ1 − ϕ2), (3.9)

and Ix0+a, min = (Ã1 − Ã2)
2. (3.10)

Thus, we can optimize the phase (ϕ2) and amplitude (A′
2) of the secondary beam such that

ϕ1−ϕ2 = 2n+1·π (where n is an integer) and Ã1 ≈ Ã2, which will create a local destructive
interference at the neighboring ion location, thus minimizing the resultant intensity. This
method can be extended to suppress the resultant intensity at any location in the ion chain.

3.3 Experimental Setup

The previously described results using Fourier holography and IFTA were obtained in the
Amethyst Processor, which is based on a four-rod Paul trap. This section describes an
independent experimental setup used to verify the secondary grating method. Some of the
parameters, such as the DMD, the objective numerical aperture (NA), ion-to-ion spacing,
and de-magnification, are different in the Bloodstone Processor. This section also provides
details on the changed parameters and the relevant calculations.
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Figure 3.2: Figure showing the ON (+12◦) and OFF (−12◦) state of the DMD micro
mirrors with respect to the flat reference position. Figure has been adapted and edited
from DLP9000XUV datasheet [54].

3.3.1 Bloodstone Parameters

DLP9000XUV

The adaptive optics used to generate the reprogrammable hologram is a DMD from Texas
Instruments, DLP9000XUV. An FGPA controller from ViALUX GmbH is used as the
controller. This DMD consists of a 2D array of > 4 million micro mirrors, thus giving a
high resolution of 2560 × 1600 pixels. The micro mirror pitch is 7.6 µm and each micro
mirror can alternate between two tilt angles of ±12◦ (Figure 3.2). The DMD is based on
a micro-electrical-mechanical system (MEMS) technology and has a fast refresh rate of
≈ 15 kHz. The direction of the mirror axis lies along the diagonal of the DMD; hence,
to keep the optical axis along the optics table, the DMD is mounted at a 45◦ angle with
respect to the optics table (Figure 3.3). This DMD offers a higher resolution and a faster
switching time, which might help in getting an aberration map with finer resolution and
also decrease process time. This DMD is also designed for UV wavelengths (355 nm to
420 nm) and has a micro mirror reflectivity of about 88%. PySLM2 [55] has been used to
generate the programmable hologram, which is passed to the DMD.
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FGPA controller

DMD chip

Figure 3.3: DMD (DLP9000XUV) mounted at a 45◦ angle to ensure that the reflected
light from the DMD is parallel to the optics table because the axis of the micro mirrors
lies along the diagonal direction with respect to the DMD.

Lens Parameters

To understand how we plan to relay our addressing beam to the ions, we can refer to
the Figure 3.4. A suitable collimating lens is used to collimate the beam coming out of
the fiber, creating a beam with a waist of 5 mm that matches the aperture of the DMD.
The collimated beam, after reflecting from the DMD, passes through a lens (Fourier lens)
and focuses down to an intermediate image plane, Image Plane 1 (IP1). The beam is
further relayed onto the Ion plane using another lens, which acts as the beam expander,
and focused down by the objective.

A 0.3 NA objective will be used to focus down the individual addressing beam onto the
Ion plane in the Bloodstone processor. To use the full aperture of the objective, there is a
three times magnification of the collimated beam from the Fourier plane to the objective
entrance, which would result in f3 ≈ 3 × f2. To account for compactness, we would like
to have a shorter focal length f2. Since f2 is the focal length of the Fourier lens used to
generate the interference fringe pattern to extract the aberration map, we need to make
sure that f2 is suitably above the Nyquist limit to obtain a good fringe contrast on the
camera at IP1. Based on this, a 150 mm lens is chosen as the Fourier lens with Nyquist
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Figure 3.4: A qualitative schematic of the whole relay optics for the individual addressing
beam. The DMD is shown as a transmissive element for simplicity.

frequency equivalent to 3 pixels for a pixel size of 1.85 µm. This sets the demagnification
from IP1 to Ion plane to 9 times.

To verify the secondary grating method, all characterizations have been done until the
IP1, and the data is in the form of an intensity profile measured with a camera at the IP1.

3.3.2 Optical Schematic

The optical setup (Figure 3.5) consists of a collimating lens with a focal length of 75 mm,
which collimates the light (369 nm) coming out of a Polarization Maintaining (PM) fiber.
The collimated light falls on the DMD, which is displaying both the primary and the
secondary grating. The engineered wavefront reflected from the surface of the DMD gets
focused by a Fourier lens of focal length 150 mm. A CMOS camera (FLIR BFS-PGE-
120S4M-CS) is placed at the corresponding image plane (IP1). The power efficiency of the
negative first order can be improved with an additional correction operator applied during
the IFTA binarization process, as shown in Ref. [56]; hence, the negative first order is used
for this experiment, and the other orders are kept blocked.
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Figure 3.5: Optical schematic for the secondary grating method.

3.3.3 Methodology

The desired beam waist of the addressing beam at the Ion plane is 1 µm, therefore, consid-
ering 9 times de-magnification from IP1 to the Ion plane, the waist of the primary beam
at IP1 is set to wIP1 = 9 µm. This method is used to create an intensity minimum at the
ion location corresponding to 4wIP1. The methodology used is given as follows:

• The primary grating is passed to the DMD, and a HDR image of the primary beam
is taken on the camera. The intensity of the beam at the location corresponding to
4wIP1 is extracted.

• A region of interest (ROI) is removed from the base grating to create room for the
secondary grating. The breadth of the ROI is fixed to three pixels, and the length of
the ROI is chosen arbitrarily based on the length of the secondary grating window
needed.
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• The size of the secondary grating window is chosen such that there is enough dynamic
range to vary the amplitude of the secondary beam by changing the amplitude of the
grating function (A′

2).

• For a fixed amplitude, the phase (ϕ2) (Equation 3.9) of the secondary beam is
scanned, varying it from 0 to 4π. The intensity of the beam at 4wIP1 is extracted
and plotted against different values of phase, ϕ2. The value of phase (ϕ2,min) corre-
sponding to the location of minimum intensity is extracted from the plot.

• Once the optimum value of the phase (ϕ2,min) is obtained, the amplitude (A′
2) of the

secondary beam is scanned keeping the phase fixed at ϕ2 = ϕ2,min to further optimize
the minimum intensity at 4wIP1.

3.4 Results: Measurement of Intensity Crosstalk

3.4.1 Focal length calibration

The effective focal length of the system is calibrated by creating a Gaussian beam with
waist w = 9 µm at different locations at the IP1. This is achieved by adjusting the value
of the periodicity of the primary grating function. Thus, a w = 9 µm beam is generated
at IP1, and the position of the beam is moved along the direction of the ion chain. The
actual position of the beam is verified by the measurements taken with the camera. From
a linear fit of the data, the effective focal length is extracted to be 161 mm.

3.4.2 Camera calibration

A CMOS camera (FLIR BFS-PGE-120S4M-CS) is used for data extraction. The linear
response of the camera to a change in intensity is calibrated as shown in Figure 3.7. This
is achieved by measuring the pixel value of the brightest pixel on the camera as the power
of the beam falling on the camera is increased for a fixed exposure setting (120 µs).

3.4.3 Aberration Data

The input aberration map is characterized using the method described in Section 2.6. The
total aberration phase map, Φin(x) is obtained in two steps [Φ0(x)+Φ1(x)] as in Ref. [26].
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Figure 3.6: Plot between periodicity of grating corresponding to different beam positions
along ion chain axis and the beam position extracted from the camera. The curve is fitted
to a linear model and the effective focal length obtained is 161 mm.

The majority of the aberration from the input source to the IP1 is characterized using
Φ0(x). For this, a patch size of 8 × 8 micro mirror pixels and a grid size of 20 pixels is
chosen. A reference patch is turned on in the center (x = 0), and another patch is scanned
across the grid (x = ∆). For the extraction of Φ0(x), I keep all the mirrors on within a
patch. I measured Φ0(x) to be 9.8λ (19.6π) peak-to-peak and 1.75λ RMS.

I characterize the additional aberrations, i.e., Φ1(x), using the phase map Φ0(x) as
feedback. I use circular patches of diameter 30 pixels and supply an amplitude grating
to each patch with an input phase of Φ0(x). I measure the additional aberration to be
2.01λ (4π) peak-to-peak and 0.4λ RMS (Figure 3.8). The size of the Fourier plane chosen
for characterizing Φ0(x) and Φ1(x) is 1600 pixels and 1480 pixels, respectively. After
compensating for the aberration, the residual aberration could be reduced to 0.15λ (0.3π)
peak-to-peak and 0.014λ RMS.

3.4.4 Intensity Crosstalk Data

A primary grating corresponding to a Gaussian beam with a waist 9 µm is created at the
IP1 (x = 0). This serves as the primary beam. A High Dynamic Range (HDR) image of
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Figure 3.7: Figure showing calibration of the camera (FLIR BFS-PGE-120S4M-CS) used
for data extraction. A linear change in the pixel value can be seen with the increase in
input power of the beam falling on the camera.

the primary beam is obtained, and the intensity of the beam at the mapped location for
the neighboring ion, i.e. x = 4wIP1, is extracted. This intensity, denoted by Ix0+a as given
in Equation 3.9, is the intensity crosstalk, IX . Following the methodology mentioned in
Subsection 3.3.3, a suitable rectangular window is removed from the primary grating. This
serves as the ROI for the secondary grating. I chose an ROI with a width of 3 pixels and
a length of 600 pixels. This will have some implications for the primary beam, but doesn’t
affect the intensity along the ion axis, which is the primary axis of interest. A secondary
grating (Fs(x)) with a width of 2 pixels and a length of 460 pixels is added on top of the
primary grating on the DMD as shown in Figure 3.1. Thus, two beams are created at
the image plane, the primary beam and a secondary beam at the neighboring ion location
(x = 4wIP1). The amplitude and the output phase of the secondary beam can be changed
by changing A′

2(x) and Φ(x) in the secondary grating function (Equation 3.9).
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(a) (b)

Figure 3.8: Aberration phase map (Radius of the Fourier plane is 700 pixels) (a) Φ0(x) is
measured to be 9.8λ (19.6π) peak-to-peak and 1.75λ RMS. (b) Φ1(x) is measured to be
2.01λ (4π) peak-to-peak and 0.4λ RMS.

Linear Scale Data

The working of the method is first verified by looking at the absolute pixel value obtained
from a single camera image for different values of A′

2(x) and ϕ2. Let us call this the linear
scale.

First, I determine the optimal phase of the secondary beam for which there is a local
destructive interference at x = 4wIP1, and hence a reduction in the absolute intensity
crosstalk value (IX = Ix0+a). The input power is set to 25 µW and exposure is set to 1.2 s.
I set the amplitude of the secondary grating at A′

2 = 0.7, which implies that the mirrors are
turned on the grating with a 70% sampling probability. The phase of the secondary beam
is scanned in the range ϕ2 ∈ [0, 4π] and corresponding images are taken on the camera at
IP1. The pixel value [0, 255] for each camera image at x = 4wIP1 is plotted against the
respective phase of the secondary beam. In Figure 3.9, a cosine dependence can be seen
in the pixel value measured at x = 4wIP1 with the phase ϕ2. A dip in IX at ϕ2 = π from
79 to 50, i.e. 36% reduction can be seen, where pixel value 79 corresponds to the IX from
the primary beam alone. IX,min is further optimized by keeping the phase of the secondary
beam fixed ϕ2 = π and scanning the amplitude of the beam A′

2 from 0.1 to 1. A further
reduction of IX at A′

2 = 0.44 can be seen. The pixel value at x = 4wIP1 gets suppressed to
43 from 79 using this method for the optimal value of ϕ2 = π and A′

2 = 0.44. Thus, a net
suppression of 38.6% can be seen in IX at the nearest neighboring ion position at the IP1.
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HDR Data

The linear scale does not give complete information about the intensity crosstalk, IX , as the
primary beam region is saturated. This limits the dynamic range, and the measurement
is also more susceptible to input power fluctuations. Hence, I also take HDR images for
different values of ϕ2 and A′

2 of the secondary beam. The input power to the DMD is
fixed at 15 µW, and images are taken at different exposure values ranging from 120 µs to
12 s for each data point and stitched together. The normalized intensity crosstalk (IX) is
measured at x = 4wIP1 for different values of ϕ2 and A′

2.

A similar trend can be seen in the phase scan and amplitude scan plots shown in Figure
3.10. IX corresponding to the primary beam is measured as 10−4.3. A dip in the intensity
can be seen for ϕ2 = π in the phase scan curve, where the intensity drops to 10−4.75, which
is ≈ 5 dB suppression in IX . Further optimization is done to obtain IX,min by doing an
amplitude scan at ϕ2 = π. A net suppression of ≈ 6 dB can be seen after optimizing for
A′

2 (= 0.38).

3.4.5 2D scan

A 2D scan is also done where the phase (ϕ2) and amplitude (A′
2) of the secondary beam are

varied, and single-exposure images are taken on the camera. The IX in terms of the pixel
value is plotted for x = 4wIP1. Regions of minimum intensity can be seen in the amplitude
vs phase space with periodicity of 2π (Figure 3.11). Suppression of IX can be seen from
98 to 45.5 in terms of pixel value, i.e., 53.57%.
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(a)

(b)

Figure 3.9: Linear Scale Data: Pixel value at x = 4wIP1 from the primary beam alone
is 79. (a) Phase (ϕ2) of the secondary beam is scanned keeping the amplitude (A′

2) fixed
at 0.7 and the pixel value at x = 4wIP1 is plotted. Suppression of IX can be seen for
ϕ2 = π where the pixel value dips to 50, i.e. 36% suppression. (b) Amplitude (A′

2) of the
secondary beam is scanned keeping the phase (ϕ2) fixed at π and the corresponding pixel
value at x = 4wIP1 is plotted. A further suppression in the pixel value to 43, i.e. 38.6%
can be seen for A′

2 = 0.44. The error bars represent the standard error for 3 shots, where
each shot represents an image taken on the camera for an exposure value of 1.2 s.
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(a)

(b)

Figure 3.10: HDR Data: IX from primary beam is 10−4.3. (a) Phase (ϕ2) of the secondary
beam is scanned keeping the amplitude (A′

2) fixed at 0.7, and the normalized IX obtained
from the HDR images is plotted. Suppression in IX by ≈ 5 dB can be seen for ϕ2 = π.
(b) Amplitude (A′

2) of the secondary beam is scanned keeping the phase (ϕ2) fixed at π
and the corresponding normalized IX is plotted. A further suppression of IX , i.e., ≈ 6 dB,
is seen after optimizing A′

2 to 0.38. The error bars represent the standard error computed
from 3 HDR images computed from taking 3 shots of images at exposure settings ranging
from 120 µs to 12 s.
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Figure 3.11: A 2D colourmap representing the IX for different values of phase (ϕ2 ∈ [0, 4π])
and amplitude (A′

2 ∈ [0, 1]). Periodic pockets of minima can be seen in amplitude and phase
space as expected from Equation 3.9. Primary grating crosstalk (marked in red) refers to
the Ix (Pixel value at 4wIP1) when only the primary grating is displayed on the DMD.

3.4.6 Error Analysis

Beam center fluctuation

The beam center location of the primary beam is susceptible to fluctuations arising from
either the sensor of the camera or thermal fluctuations around the beam. Here, the location
of the beam center is given by the brightest pixel on the camera. It is important to calibrate
the beam center location because the position of the asset qubit is referenced to this point.
Hence, for each data point in the linear scan, a low-exposure image is also taken along with
the high-exposure images to pinpoint the center of the primary beam. Figure 3.13 shows
the fluctuation in the location of the beam as seen during the 2D scan given in Figure 3.11
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Figure 3.12: A standard error map for the for the 2D scan mentioned in Figure 3.11 with
mean standard error of 0.82.

Intensity Fluctuation

Since the suppression in IX in the HDR scale is comparable to the intensity fluctua-
tions/noise level, it is important to characterize the fluctuations or noise in the intensity
profile. The HDR images are taken at different exposure settings ranging from 120 µs to
12 s with 3 shots for every exposure setting. I take a moving standard deviation with 10
pixels to quantify the local fluctuations in the intensity profile of the primary beam. I
obtain a maximum (positive amplitude) standard deviation of 2.19 dB from the smoothed
trend and a peak intensity fluctuation of 5.68 dB measured from different shots.
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Figure 3.13: Plot showing different beam locations as seen on the camera at IP1 for different
data points in the 2D scan shown in Figure 3.11. The color map shows the frequency of
occurrence for a particular beam center location.

Figure 3.14: Figure showing the actual intensity profile of the primary beam, with the
moving average/smoothened curve with 10 pixels. The shaded pink region shows the
estimated maximum and minimum fluctuations in the intensity.
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3.5 Summary and Discussion

In summary, the secondary grating method has successfully established its functionality
by locally reducing the intensity crosstalk at the neighboring ion location (4wIP1) at the
intermediate image plane IP1. I see a net suppression of IX by ≈ 6 dB using this method
for optimized values of the phase (ϕ2) and amplitude (A′

2) parameters. Using the same
methodology, the idea can be extended to any ion location, all the way to the Ion plane
with suitable relay optics. Successful relay of the intensity crosstalk suppression to the Ion
plane will significantly improve the preservation fidelity of asset qubits while measuring
the process qubit from 99.6% [44] to 99.9%.
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Chapter 4

DMD as a Double Pass

Author’s Contributions: The idea of using an intermediate image plane filter for the
addressing beam was developed in discussions with Prof. Rajibul Islam. Dr. Chung-You
(Gilbert) Shih suggested the idea of reusing the DMD for this purpose. The execution of
the idea, involving development of the experimental setup and the data extraction, has
been contributed by the author, who benefited from discussions with Prof. Rajibul Islam.

4.1 Overview

The Bloodstone processor will be used to trap and control a chain of over 30 ions, with an
addressable region spanning approximately 200 µm. The intensity crosstalk (IX) reaches
an asymptotic value of 10−4 as we move further away (generally after the third or fourth
nearest neighbor) from the center of the addressing beam along the ion-chain when using
IFTA for hologram generation (See Section 2.4), which makes the system susceptible to
long-range errors during MCMR cycles. This may lead to a constant propagation of errors
after a certain location in the ion chain, thus increasing the total measurement error in the
system.

Let us consider a chain of n ions, and each asset ion is exposed to the same intensity
crosstalk of Ix,i ≈ 10−4. From Ref. [44], IX = 10−4 corresponds to PAQM ≈ 10−3. There-
fore, the measurement error corresponding to the i-th qubit is given by PAQM,i = 10−3.
Thus, the net measurement error in the ion chain is

∑
n PAQM,i ≈ n×PAQM. For a chain of

30 ions, the net measurement error will be an order of magnitude worse
∑

30 PAQM,i ≈ 10−2,
thus decreasing the net fidelity by ≈ 1%. Hence, having a lower asymptotic value of IX as
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we move further away from the process qubit may help us to reduce the total measurement
error in the system. To address this, a strategy has been suggested to use an intermediate
image plane filter to cut down the IX further away from the process qubit location.

I utilize the DMD to serve as the intermediate image plane pupil, in addition to gener-
ating the hologram. This is attributed to its dynamic control and fast switching time. The
double pass method has shown promising results by lowering IX to 10−6 beyond x = 14w,
i.e., beyond the third nearest neighbor. This can significantly improve the cumulative mea-
surement fidelity for a long chain of ions and thus help mitigate long-range measurement
errors.

This method can also be extended to other MCMR architectures where long-range er-
rors, due to a global measurement beam, affect the measurement fidelity of asset/auxiliary
qubits, as seen in Ref. [40]. This emphasizes the engineering of an efficient, low-crosstalk
individual addressing beam to perform MCMR operations.

All results presented in this chapter are measured at an intermediate image plane using
a camera, and can be extended to the ion plane through appropriate de-magnification.

4.1.1 Chapter Outline

The chapter outline is given as follows:

• In Section 4.1, I give a brief overview of the research problem and introduce the DMD
as a double pass method.

• In Section 4.2, I give a simplified picture of the key idea behind the method and
provide the theoretical understanding.

• In Section 4.3, I discuss the experimental setup for the method, along with a discus-
sion about the engineering challenges. A short description of the methodology is also
provided.

• In Section 4.4, I give the key results obtained using the method. This includes
aberration characterization and calibration of the beam location at the Image Plane
1 (IP1). I study the effect of different pupil sizes at IP1 on the resultant beam at
Image Plane 2 (IP2).

• In Section 4.5, I summarize the chapter and reiterate the main results obtained in
terms of reduced IX and discuss how it will help us in mitigating long-range errors.
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Collimatiing 
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DMD (FP1) Fourier lens
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pupil at IP1

IP1
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Camera at IP2
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Figure 4.1: A simplified schematic presenting the idea of using a pupil to act as a filter at
the intermediate image plane (IP1). This pupil is used to essentially block the asymptotic
tail of the Gaussian distribution of the intensity of the addressing beam, thus reducing
IX outside the region of the pupil. DMD has been shown as a transmissive element for
simplicity.

4.2 Theoretical Background

The idea behind DMD as a double pass can be visualized by looking at a simplified picture
given in Figure 4.1. A primary grating is supplied to the DMD to create a Gaussian beam
with waist, w. A sharp pupil is placed at the intermediate image plane, i.e., Image Plane
1 (IP1), with size d centered around the first-order beam. The pupil acts as an aperture
function given as,

AIP1(x) =

{
0 for x > d/2 and x < −d/2,
1 for − d/2 ≤ x ≤ d/2.

(4.1)
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The resultant electric field at the IP1 after adding the pupil is given by,

E ′
IP1(x) = AIP1(x)× EIP1(x), (4.2)

=

{
0 for x > d/2 and x < −d/2,
EIP1(x) for − d/2 ≤ x ≤ d/2,

(4.3)

where EIP1(x) is the electric field corresponding to the first-order beam (without any
aperture) at the IP1.

IP1 (Image Plane 1) is imaged at IP2 (Image Plane 2) using a telecentric imaging
system consisting of two lenses with focal lengths f1 and f2, with a magnification equal to
f2
f1
. Under diffraction-limited conditions, the electric field at IP2 will have the nature as in

Equation 4.2 with the intensity outside the region of the pupil given by the background
noise floor. Due to the finite aperture of the optics in the relay to IP2, we do not achieve
diffraction-limited performance, which means the resultant electric field in IP2 has an
effective aperture (d′) that differs from the one set by the pupil size (d).

To accommodate the entire ion chain, we need a pupil with dynamic control over the
position and also fast switching times (> 10 kHz), which are comparable to the switching
time of the DMD generating the hologram. Hence, a clever idea to use a DMD as the
pupil is employed. This is done by turning on a small subset of mirrors, which act as a
reflective pupil. The location and the size of the pupil can be controlled by choosing the
location and number of mirrors to turn on. Since the effective Fourier plane displaying the
hologram is smaller than the physical aperture of the DMD, the unused DMD plane can
be reused. So, the light is bent back to the DMD such that the DMD is physically both at
the Fourier plane and the IP1, with different regions of the DMD surface responsible for
hologram generation and the pupil, respectively.

4.3 Experimental set-up

4.3.1 Optical Schematic

The optical schematic for the method has been shown in Figure 4.2. A Polarization Main-
taining (PM) fiber serves as the input source to the setup. The light is collimated using a
75 mm lens to get a beam with a waist, 5 mm. A Polarizing Beam Splitter (PBS) cube on
a rotation mount acts as the polarizer. Two bending mirrors are added before the DMD,
and the angle of incidence to the DMD is adjusted to match the blazing condition. Blazing
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FP1 (DMD)
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Figure 4.2: Optical Schematic for the DMD as a Double Pass method. The DP retro-
reflector board is placed on a stage to control the location of IP1. AS1 and AS2 refer to
Aperture Stop 1 and 2, respectively. The size of the DMD is not to scale for more clarity.

condition refers to an optimized incident angle to the DMD such that the diffraction effi-
ciency is maximized [48]. The engineered wavefront reflected off the DMD is retro-reflected
using the DP retro-reflector board (See Figure 4.4) with a 250 mm lens as the Fourier lens.
The angle of the second mirror in the DP retro-reflector board is adjusted to make the
beam fall on the IP1 region of the DMD. A D-shaped mirror is used to reflect the first-order
beam. This is to make sure that the mirror does not block the incoming beam falling on
the FP1 region of the DMD. A telecentric imaging system with focal lengths of 250 mm
and 150 mm is used to image IP1 at IP2. A CMOS camera (FLIR BFS-PGE-120S4M-CS)
is placed at the IP2 to image the beam which is supposed to get relayed to the ion plane.
A flip mirror is added before the camera to have the alternative of using a photodiode at
the IP2.

52



4.3.2 Engineering Challenges

Using the DMD in a double pass configuration presents engineering challenges due to the
configuration of the micro mirrors (ON/OFF direction), the small aperture of the DMD,
the optical separation of the Fourier plane from the IP1, and diffraction from the micro
mirrors at the pupil at IP1. The following approaches were implemented to address the
identified challenges:

Input beam iris

The size of the DMD chip is 2560 × 1600 pixels (19.5 mm × 12.1 mm). The length of the
Fourier plane (FP1) is defined from 0 to 1960 pixels, and the Image plane (IP1) length is
defined from 2060 to 2560 pixels with 100 pixels in between acting as a buffer (shown in
Figure 4.3). The input beam falling on the FP1 region of the DMD needs to be optically
separated from the IP1 region of the DMD. This is done by incorporating a 3D printed iris
(Figure 4.3) before the light falls on FP1 region of the DMD. The size of the iris is chosen
such that it’s large enough to illuminate FP1 without illuminating IP1. The location of
the beam can be fine adjusted using the adjustable mirror before the DMD.

Figure 4.3: (a) Demarcation between the FP1 [0, 2060] (the 100 pixels buffer is included
here) region and IP1 [2060, 2560] region of the DMD is shown. (b) A 3D printed iris for
optical separation of the input beam to FP1 from IP1. The size of the iris is chosen to
match the dimensions of FP1.
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Retro-reflective DP board

A board is machined as shown in Figure 4.4, which acts as the retro-reflector. The board
consists of the Fourier lens (250 mm) sandwiched between two bending mirrors. This board
ensures that the Fourier lens is equidistant from both the FP1 and the IP1. The board
is mounted to a stage to control the relative distances to the DMD. The mirror after the
Fourier lens can be adjusted to make the beam fall on the IP1 region of the DMD. The
beam is aligned to the DMD by turning on all the mirrors at IP1 (DMD) and observing
the reflected beam.

Figure 4.4: (a) Image of the first and zeroth order Gaussian beam reflected from the
IP1 (DMD) for a particular amplitude grating hologram. (b) Image of the first and zeroth
orders for two patches turned on at the center reference and at some other point in the grid.
The multiple diffraction orders seen in (a) and (c) are a result of diffraction effects from
the natural grating of the micro mirrors in the DMD. (c) DP (Double Pass) retro-reflector
board: A board machined to serve as a retro-reflector with the Fourier lens sandwiched in
between two bending mirrors.

Separation of diffraction orders

The DMD micro mirrors alternate between ±12◦. This means for a zero angle of incidence
to the plane of the DMD, the light is reflected by 24◦. After the double pass, the reflected
light bends towards the input beam; hence, a D-shaped mirror is used to reflect the beam
out of the way. The natural grating of the DMD created due to the finite size of the micro
mirrors creates several diffraction orders. The presence of the diffraction orders helps us to
distinguish the beam reflected off the micro mirrors from the beam reflected off the glass
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window. A suitable diffraction order is chosen based on the power efficiency/brightness. It
is important to separate out the unwanted diffraction orders to get rid of unwanted features
in the IP2. This is especially important during aberration characterization, which relies
on the interference of two plane waves, where the presence of any extra beams can pollute
the fringe profile. This can lead to incorrect extraction of the resultant phase. I tackle this
issue by filtering out the unwanted order at the intermediate Fourier plane (FP2) between
L2 and L3 as shown in Figure 4.5. This is done with the help of an adjustable iris.

Figure 4.5: (a, b) An iris is used at the FP2 to filter out the beam from the undesired
orders. The size of the iris has to be adjusted such that the light reflected from the
scanning patch of the desired order can make it through the iris while blocking the other
beams corresponding to the undesired orders.

4.3.3 Methodology

The methodology used for the DMD as a Double Pass method is described as follows:

• An aberration-corrected Gaussian beam profile with a waist w is generated at the
IP1, and all the mirrors are turned on at the IP1 (DMD).

• The location of the beam on IP1 (DMD) is verified by scanning a small subset of
micro mirrors where the beam is expected to fall. This is accomplished by turning
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Figure 4.6: This picture gives a relative idea about the direction of the incoming beam,
reflection from the protective glass window on the DMD and the reflection from the micro
mirror array.

on individual mirrors at IP1 and monitoring the corresponding photodiode signal at
IP2.

• Once the location of the center of the beam falling on the IP1 (DMD) is known,
specific number of mirrors can be turned on to imitate a pupil of size d = n × px
(Here px refers to the size of each DMD micro mirror and is given by 7.6 µm) and
an HDR image is taken at IP2.
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4.4 Results: Measurement of Intensity Crosstalk

4.4.1 Aberration Data

The aberration characterization is done in three steps for this setup. I first characterize the
aberration until IP1 [Φ0(x) and Φ1(x)]. This is done by putting a bending mirror before
the beam goes back to the DMD and placing a camera at the new IP1. The remainder of
the aberration coming from the telecentric imaging system, Φ2(x) is characterized using
Φ0(x) + Φ1(x) as the feedback. The iris at FP2 needs to be suitably adjusted such that
the undesired diffraction orders are blocked, at the same time the entire grid of scanning
patches passes through. The size of the Fourier plane chosen for characterizing Φ0(x),
Φ1(x) and Φ2(x) is 1600 pixels, 1480 pixels and 1430 pixels, respectively.

(a)

(c) (d)

(b)

Figure 4.7: (a, b, c) Aberration maps corresponding to Φ0(x), Φ1(x) and Φ2(x) respectively.
(d) This is the residual aberration map obtained after compensating for the aberrations
using Φ0(x) + Φ1(x) + Φ2(x). (Radius of the Fourier plane is 700 pixels)
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(b)

(a)

Figure 4.8: Figure showing Zernike decomposition of (a) Φ2(x) and (b) the residual phase
map obtained after aberration compensation. This is obtained by mapping the phase
maps to Zernike polynomials, which are a sequence of polynomials orthogonal in nature and
defined on a unit circle. The x-axis denotes the Zernike polynomials (Zm

n ) corresponding to
different aberration types, while the y-axis shows their coefficients, indicating the strength
of each aberration. The dominant aberrations are astigmatism [(2,-2),(2,2)] and defocus
[(2,0)] for both (a) and (b).

Φ2(x) is measured to be 4.35λ (8.7π) peak-to-peak and 0.96λ RMS (Figure 4.7). Most
of the aberration in Φ2(x) is dominated by astigmatism and defocus (See Figure 4.8).
Even after compensation, the dominant aberration is defocus, which arises due to the
configuration of the micro mirrors since they do not form a continuous plane at the ON
state, i.e., when all the mirrors are turned on at the IP1. Thus, for different ion locations,
the aberration profiles will be different. After compensating for all the aberrations [Φ0(x)+
Φ1(x) + Φ2(x)], I get a residual aberration of 0.14λ (0.28π) peak-to-peak and 0.02λ RMS.

4.4.2 Beam Location Calibration

The center of the beam falling on the IP1 (DMD) needs to be calibrated. An estimate
could be made for the subset of micro mirrors on which the beam center would lie. This
can be done by doing a simple binary search. A 20× 20 grid is determined this way. The
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exact location of the center of the beam is verified by doing a linear scan where each mirror
in the 20 × 20 grid is turned on and the corresponding signal is recorded at the IP2 with
the help of an avalanche photo diode (APD). The center of the beam is determined from
the micro mirror corresponding to the highest voltage. An insight into the shape of the
beam at IP1 can also be obtained from the voltage plot (Figure 4.9), which seems to be
aberrated by Φ2(x) as compared to IP2.

(a) (b)

Ion axis

(240,2287)

Figure 4.9: (a) Figure showing the voltage signal (10 shots) as seen on an oscilloscope
connected to the output of the photodiode at the IP2, as micro mirrors are turned on, one
at a time in a selected 20× 20 grid at the IP1 (DMD). The gain of the photodiode is set
to maximum to obtain best signal-to-noise ratio. Here, the maximum voltage corresponds
to 1.5 V with a background noise of 0.09 V. (b) The standard deviation map for different
shots is plotted with a maximum standard error of 0.07 V.

4.4.3 Intensity Crosstalk Data

An aberration compensated Gaussian beam with waist wIP1 = 15 µm is created using IFTA
at the IP1. When all mirrors are turned on at IP1, after suitable de-magnification from
the telecentric imaging system (f2

f1
= 150

250
= 3

5
), a Gaussian beam with waist wIP2 = 9 µm is

created at IP2. The size of each micro mirror is 7.6 µm which is ≈ wIP1/2. The center of the
beam falling on the IP1 (DMD) is determined using the method suggested in Subsection
4.4.2. A comparison can be drawn at the effect of the intermediate pupil at IP2 from the
Figure 4.10. An effective aperturing of size d′ can be seen from the IP1 pupil (d). The
intensity crosstalk (IX) falls from 10−4 to 10−6 outside the effective aperture. IX = 10−6
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(a)

(c)

(b)

Figure 4.10: (a) HDR image of a Gaussian beam when DMD is used as a single pass. (b)
HDR image of a Gaussian beam when the DMD is used as double pass and all the mirrors
are turned on at the IP1 (infinite pupil). There is an increase in noise compared to (a) due
to scattering from the configuration of the micro mirrors in the DMD, which do not form
a single continuous plane (c) HDR image of a Gaussian beam when the DMD is used as a
double pass and the IP1 pupil size is set to 2w. Here, the y-direction corresponds to the
direction along the ion chain, and w is the waist of the addressing/probe beam. Noise level
refers to the maximum background intensity when the addressing/probe beam is turned
off.

60



FP2 Aperture = 10 mm FP2 Aperture = 7 mm

2.c

1.a

1.b

1.c

2.a

2.b

 

Figure 4.11: 1. FP2 iris is set to a diameter of 10 mm, i.e., maximum Fourier plane aperture
and 2. FP2 iris is set to 7 mm (1.a, 1.b, 2.a, 2.b) HDR images taken for varying pupil
size 1.5w ≤ d ≤ 20w. (1.c, 2.c) Corresponding effective aperture (d′) for different pupil
sizes (d). Here, the y-direction corresponds to the direction along the ion chain, and w is
the waist of the addressing/probe beam. Noise level refers to the maximum background
intensity when the addressing/probe beam is turned off.
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also corresponds to the noise floor intensity threshold when there is no light going to the
camera. Thus, this method can be used to cut down IX in a long chain of ions and help
diminish long-range measurement errors.

The effect of IP1 pupil size (d) on the effective aperture (d′) can be further studied as
shown in Figure 4.11. The effective aperture (d′) appears to decrease with the decrease in
IP1 pupil size (d) as it is varied from 20wIP1 to 1.5wIP1.

There seemed to be some scattered light around the center of the beam coming from
the DMD, which was verified by comparing the shape of the beam falling on the DMD
with the one at IP2. This could be attributed to some scattering within the micro mirror
array. To cut down the scattering, I adjust the FP2 iris (FP2 refers to the intermediate
Fourier plane (FP) in the f1 + f2 telecentric imaging system as shown in Figure 4.1) from
a diameter of 10 mm to ≈ 7 mm until I could visibly reduce some of the noisy peaks
around the beam center. I study the effect of changing IP1 pupil sizes (d) for both cases,
i.e., FP2 aperture of 10 mm and 7 mm, respectively. The minimum effective aperture was
obtained to be, 10w ≤ d′min ≤ 14w. This was calculated by smoothing the trend of the
data, considering a window size of 5 data points (pixels). Thus, a significant reduction
of Ix was obtained beyond 14w, which corresponds to a location beyond the third nearest
neighbor from the probe beam location.

Table 4.1: Average effective aperture d′(w) for different FP2 apertures

IP1 pupil size d(w) FP2 Aperture = 10 mm d′(w) FP2 Aperture = 7 mm d′(w)
20 22.14 20.70
15 - 18.85
10 - 13.80
8 - 14.73
6 - 10.92
5 - 13.08
4 - 12.87
3.5 13.49 13.39
3 - 11.02
2.5 - 10.09
2 14.62 10.71
1.5 - 11.12
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Figure 4.12: Comparison of effective aperture (d′(w)) for different sizes of IP1 pupil (d(w))
for FP2 apertures of 7 mm and 10 mm, respectively. A linear decrease in the effective
aperture (d′(w)) can be seen with a decrease in IP1 pupil sizes (d(w)).

4.4.4 Error Analysis

All the data is in terms of HDR images taken at different exposure settings ranging from
120 µs to 12 s. I took 3 shots for every exposure setting. The shot-to-shot variation for
each HDR image can be seen in Figure 4.13. The peak-to-peak fluctuation in the intensity
noise is also characterized in Figure 4.13. The maximum fluctuation in noise is 4 dB, and
the maximum standard error is 1 dB.
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(b)(a)

Figure 4.13: (a) Shot-to-shot intensity fluctuation in the HDR images taken for a single
data (b) Plot showing maximum (peak-to-peak) fluctuation and standard error at each
point. Maximum peak-to-peak fluctuation is 4 dB, and maximum standard error is 1 dB.

4.5 Summary and Conclusion

In this chapter, an innovative approach was suggested to mitigate long-range intensity
crosstalk (IX) from an individual addressing probe beam. The DMD as a double pass
method is based on the idea of filtering out the tail of a Gaussian beam using the DMD
again at the intermediate image plane. Using this method, I have successfully reduced
IX from 10−4 to 10−6 beyond 14wIP1, which corresponds to a location beyond the third
nearest neighbor in the ion chain. In this setup, the observed crosstalk is currently limited
by the background noise threshold, i.e., 10−6, suggesting that the true IX could be even
lower with improved background noise.

This method represents a significant improvement from the previous methods in terms
of mitigation of long-range intensity crosstalk and can help reduce long-range measurement
errors in a long ion chain. This reduction in Ix at the asymptotic limit when successfully
relayed to the ion plane will improve the total measurement error in a long chain (> 10)
of ions from ≈ 10−3 to ≈ 10−4. This architecture can also be extended to other techniques
where long-range errors due to an inefficient addressing system can reduce the fidelity of
mid-circuit measurements [40].
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Chapter 5

Conclusion and Outlook

Over the years, trapped-ions have become a popular platform for both digital and ana-
log quantum computation. Integrated features such as MCMR support the development
of error-corrected systems and provide access to many near-term algorithms, thereby ad-
vancing the architecture towards fault tolerance. While different architectures exist to
implement MCMR, this thesis presents optical engineering improvements in terms of re-
duced intensity crosstalk to using spatial modification of individual addressing beams to
realize MCMR in ion-traps.

In summary, this thesis proposed two key improvements to the existing approach of
using IFTA with an aberration-compensated beam for generating a low-crosstalk individual
addressing beam. The two approaches explored were: 1. The secondary grating method,
and 2. using the DMD in a double pass configuration.

I successfully demonstrated the implementation of the secondary grating method, achiev-
ing a reduction in absolute intensity crosstalk at the nearest neighbor location by ≈ 6 dB.
This reduction in the intensity crosstalk is expected to improve the average measurement
fidelity in the MCMR process, which has previously been shown to be limited by the
preservation fidelity of ions lying between 4w and 20w [44], resulting from higher intensity
crosstalk. With this method, the absolute intensity crosstalk can be suppressed to 50 dB
at the nearest neighbor, thus bringing us near the regime set by the fundamental limit from
inter-ion scattering. This technique can be used to locally mitigate the absolute intensity
crosstalk at any arbitrary ion location in the chain and can also be potentially expanded
to simultaneously mitigate the absolute intensity crosstalk at multiple ion locations with
the help of multiple secondary gratings.

Using the DMD in a double-pass configuration, I was able to significantly reduce the
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asymptotic limit of intensity crosstalk from the individual addressing beam to below 60
dB (10−6), compared to the previously obtained level of 40 dB (10−4) beyond 14w. This
substantial reduction will contribute to minimizing long-range measurement errors in the
system and improving the total measurement fidelity. This is especially important con-
sidering several protocols use multiple cycles of MCMR where reducing this cumulative
measurement error becomes important. This method presents certain engineering chal-
lenges in maintaining aberration compensation for beams targeting different ion locations,
primarily due to the additional aberrations, such as defocus, introduced by the physical
configuration of the DMD micro mirrors, which can be optimized further. The result corre-
sponding to 60 dB is also limited by the background noise level as measured by the camera,
which can be improved further.

As an outlook, these methods represent a significant improvement over existing tech-
niques, thus advancing the architecture for using spatial modulation of light to perform
MCMR in trapped-ion systems. The results presented in this thesis are only up to an inter-
mediate image plane and can be relayed to the ions with suitable optics. Once integrated
with ions, the techniques will offer deeper insight into their effectiveness in preserving
measurement fidelities of asset qubits when probing process qubits using atomic physics
techniques such as Ramsey interferometry, as used in Ref. [44], and can be used to bench-
mark against other MCMR techniques [40].

This engineering advancement opens up several new avenues of research. The reduc-
tion of absolute intensity crosstalk near the regime of fundamental limit at the neighboring
ions will enable experimental investigation of inter-ion scattering rates, which have only
been theoretically estimated so far. Improved preservation fidelity from reduced intensity
crosstalk at the nearest neighbor will also reduce constraints on fast measurement times,
which depend on high fidelity detection to maintain the same measurement fidelity. Simi-
larly, reduced long-range intensity crosstalk will be helpful in improving total measurement
fidelity in multiple cycles of MCMR, which is necessary in syndrome extraction in several
error correction protocols and has been shown to be a bottleneck in a recent demonstration
of Steane error correction code in trapped-ion qubits [57].

Thus, the optical engineering advancements proposed in this thesis have the poten-
tial to improve state-of-the-art mid-circuit measurement and reset fidelities in trapped-ion
systems, thereby contributing to the development of a fault-tolerant quantum computing
architecture.
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