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Abstract

This thesis focuses on the design of a vacuum system for a trapped ion quantum com-
puter that will house an advanced ion chip trap from Sandia National Laboratories [51],
capable of performing high fidelity operations on up to tens of qubits [55]. The thesis
will outline the different design considerations, criteria, and serve to document the final
design choices, in addition to optical design work that will be used to drive resonant atomic
transitions in the qubit of choice, 133Ba+, as well as the qudit, 137Ba+.
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Chapter 1

QuantumIon Project Overview

The birth of quantum information in the 1980's [2] and the advent of powerful theories
like quantum error correction and fault-tolerant quantum computing [105] proving the vi-
ability of quantum computing sparked serious experimental investment in the 1990s that
has now grown to unfathomable proportions. Of course this investment is only realized
because of the promises that come with building machines capable of quantum information
processing. The two most famous algorithms that can be run on quantum computers that
provide a signi�cant bene�t over classical computers are Shor's factoring algorithm and
Grover's search algorithm [57]. These provide exponential and quadratic speed ups, respec-
tively. Besides these impressive algorithms, quantum computers can also be used to more
e�ciently send information with techniques like superdense coding [57]. These examples
are end-all goals associated with experimental quantum information processing and would
require a fault-tolerant quantum computer. Before this can be achieved reliable quantum
error correction must be established, which necessitates gate and measurement �delities to
be above a certain �delity threshold. Experimental quantum information processing is near
the point where �delities are high enough for near-term applications of quantum computers
like quantum simulation or error correction with a single logical qubit could potentially be
viable and act as a stepping stone towards more complicated machines [47][48].

The overarching purpose of the QuantumIon project is to provide an open-access
trapped ion processor to the research community, meant for many di�erent quantum in-
formation researchers. This will hopefully foster collaboration and allow ideas to be tested
without building entirely new experiments. The truly sizable machines capable of quantum
error correction on> 10 logical qubits are likely decades away, but there is precedence for
near term projects focused on enabling di�erent quantum information researchers before
larger-scale machines can be built or further conceived [58]. These near term projects are
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aimed at giving researchers more control over underlying hardware to prove out concepts
relating to general purpose quantum computing. For these Noisy Intermediate-Scale Quan-
tum (NISQ) platforms, trapped ions are an ideal candidate because of their unmatched
single and two qubit gates �delities [56], state-preparation [59], and coherence times [54].
The QuantumIon project will implement trapped ions as both processing and memory
qubits.

The majority of the work in this thesis is focused on designing and simulating the vac-
uum chamber and continuous wave (CW) optics that will drive resonant or near-resonant
transitions in the trapped barium ions. The other prominent portions of the project not
covered in this thesis is the individual addressing scheme, which will be used to drive single
qubit rotations and entangling operations between ions as well as the control system, which
will be used to calibrate the machine, shape pulses, and provide precision timing during
an experiment.

The thesis starts �rst with more information regarding the major \pillars" of the project
before switching focus to the CW optical designs. The CW optical designs are accompanied
by basic information related to cooling and preparing ions. The optical sections also include
optomechanical designs that will allow the machine to operate remotely and without the
need of a person in-lab. After this, there is a discussion about the relationship between
trapped ion chains used in quantum information processing and the vacuum system. Basic
material related to designing and calculating base pressures for vacuum systems is presented
followed by a survey of current vacuum technologies. The design and simulated pressures
of the vacuum chamber are discussed, before ending with a proposed baking procedure.

1.1 Facility and Vacuum System

With a project that demands high performance and repeatability, the design of the room
and operating environment is a crucial component, which must be addressed during the
initial construction of the �rst major experiment. This could ultimately dictate the ca-
pabilities of the machine and it is important that needs of the �rst experiment as well
as the needs of future experiments are considered. In general, temperature stability, hu-
midity control, and vibration isolation at a fundamental level need to be addressed. As
this experiment is meant to act as a resource for the research community, it is paramount
that the machine is consistent, so there is an even greater need to isolate the experiment
from the environment. These 
uctuations are re
ected in the experiment by deviations in
laser frequency, power, phase, beam pointing, the trap potential, and the magnetic �eld at
the ion, eventually accumulating in the failure of individual experiments or destruction of
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experimental hardware. Figure 1.1 is a layout of a room that is meant to act as a guideline
for the design for the QuantumIon experiment.

Figure 1.1: Facility layout for the QuantumIon experiment, with the units in feet. The
vacuum system is centered on a custom optics table.

Besides the room itself, another important mechanical aspect for the experiment is
the vacuum apparatus. The main goal of the vacuum apparatus is to provide ultra-high
vacuum (UHV) at or below 10� 11 mbar, enabling traps to capture large chains of ions for
extended periods of time [10]. UHV systems are utilized in many areas of physics and
have been well studied. UHV systems are studied so much so, that companies o�er a
wide variety of solutions that will guarantee these target pressure as long as the vacuum
chamber is properly cleaned and baked.

Regardless of the readiness of vacuum technology, the integration of the vacuum system
with the optical requirements necessary to achieve separate trapping zones and high �delity
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operations on many ions is no easy task. In addition to this complex integration, we
can always try to push the base pressure lower with novel implementations of vacuum
technologies, which is important for improving the total experimental lifetime of an ion
chain.

Figure 1.2: Vacuum chamber centered on the optics table, however not all mounting struc-
tures or optics are pictured. Cavity below the vacuum chamber to allow for ion imaging
optics. Optics table height is 30 inches from the 
oor.

1.2 Individual Addressing

Few systems have been built in academia or industry that can individually address large
chains of ions, a requirement to drive entangling operations between arbitrary pairs of ions
in a chain. In fact, the state-of-art trapped ion quantum computer that utilizes individual
addressing schemes with light, as of Spring 2020, is 17 fully connected ions [86]. This
project plans to maintain > 10 fully connected qubits by using a laser written waveguide
to split the light into 17 di�erent channels, 16 of which will be sent to individual ions to
drive transitions between hyper�ne levels. Planar waveguides have been integrated into
ion traps for �nal focusing of the collimated light at the ions [111], but this laser written
waveguide is used as an intermediate step far before focusing at the ions. The designers
of the individual addressing optics are Nikolay Videnov, a current Masters student, and
Matt Day, a post doctoral research fellow on the QuantumIon project.
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1.3 Control System

For a trapped ion experiment to be run successfully, the ion must be prepared in some
motional ground and electronic state. While Doppler cooling, resolved sideband cooling,
and optical pumping all typically happen on the order of milliseconds and do not require
nanosecond timing resolution, other portions of the experiment are limited by this. Specif-
ically, the pulse shape and timing of the Raman transitions are of the upmost importance
for high �delity entangling operations and could bene�t from improved timing resolution
[49]. The two most common control systems, that are not homebrew, among ion trappers
are Ion Control developed at Sandia National Laboratories [50] and Sinara developed by
M-Labs [60]. These systems o�er timing resolution on the order of tens of nanoseconds
or better, while QuantumIon aims to have sub-nanosecond resolution. This is just one
example improvement of QuantumIon's control system over existing systems.

Besides the timing of the experimental laser pulses, the QuantumIon control system has
domain over the optomechanical devices which will be used for gross power adjustments,
polarization control, �ber coupling, phase modulation, and beam positioning at the ion.
This aspect of system is important for providing consistent experimental results. As an
open resource for the quantum information community it is necessary for the system to be
reliable and we aim to achieve this by making these routines and calibrations automated,
more precise, and without the need for a physical person in the experiment room. This
work is being completed by a Ph.D. student, Richard Rademacher, and more information
can be found in the Masters thesis [45].

1.4 133Ba + Qubit and 137Ba + Qudit

There is common functionality that all quantum computing experiments must have, ex-
plained typically as DiVincenzo's criteria. As the main processing unit in this experiment
is a trapped ion, the atomic structure of the ion plays in important role in realizing Di-
Vincenzo's criteria. For example, in Figure 1.3 the S1/2 � P1/2 is used to measure the ions
state and it also plays a role in state preparation. The metastable D states are necessary
for measuring qudits, but they are also useful in achieving higher state preparation �deli-
ties. 133Ba+ is an attractive qubit candidate because the nuclear spin of 1/2 gives rise to a
simpli�ed hyper�ne structure in the S 1 �2 state that reduces leakage to other hyper�ne lev-
els during Raman transitions, improving gate �delities [61]. The hyper�ne structure also
has a nearly magnetic �eld insensitive clock transition, which can be used to encode the
computational basis states,j0i and j1i . For comparison, in the S1 �2 state of 43Ca+ , which
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has a nuclear spin ofI = 7=2, there arejF = 3; mf = 0i and jF = 4; mf = 0i clock states,
but they are accompanied by fourteen other hyper�ne levels.133Ba+ only has two other
hyper�ne states in addition to the clock states, the simplest possible hyper�ne structure.

jI � J j + jI � J + 1j � � � � F � I + J (1.1)

� F � mf � F (1.2)

Possible quantumF numbers depending on the nuclear spinI , and the total angular
momentum J [53].

Figure 1.3: 133Ba+ atomic structure, with transitions [62], branching ratios [59] and life-
times [46]. Further calculations of Zeeman split hyper�ne levels in Appendix B based on
measured splittings [59]. Magnitude of the magnetic �eld is 5 Gauss.

Besides this tidy hyper�ne structure, 133Ba+ also has a long-lived D5 �2 state that can
be used for storing states. This is a necessity in order to perform measurements in qudit
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systems where entanglement is created between> 2 hyper�ne levels [46], but it can also
be used to improve the �delity of certain processes in qubit systems like state preparation
[59]. In the latter, state determination is typically done with state-dependant 
uorescence,
which is when, depending on whether or not 
uorescence is collected in a time window, the
state can be said to be injF = 0; mf = 0i or jF = 1; mf = 0i with relative con�dence. This
measurement scheme works due to the selection rules forbiddingF = 0 $ 0 electric dipole
transitions, but due to imperfect state initialization or o� resonantly driving the F = 1 $ 1
state when thej1i = jF = 1; mf = 0i is prepared this �delity can become limited. Shelving
the jF = 1; mf = 0i state in certain measurement schemes can greatly improve this �delity
[59]. The shelving levels, D3 �2 and D5 �2 , in 133Ba+ are long lived in comparison with other
trapped ion qubits, with lifetimes of 30 and 80 seconds, respectively.

Another attractive feature of 133Ba+ are the wavelengths that can be used to manip-
ulate the ion. Every wavelength, save one, falls in the visible spectrum. This includes
wavelengths used for photoionization and Raman transitions, which makes the optical
engineering easier (whether it is with bulk optics, planar or laser written waveguides,
micro-Fresnel lenses, etc.). For comparison, the transitions in171Yb+ are overwhelmingly
ultra-violet or near-infrared. Figure 1.1 presents wavelengths that will be used to manip-
ulate the barium ions:

Term Resonant Transition Wavelength
Cooling 6S1 �2 � 6P1 �2 493 nm (VIS)

Second Cooling 6S1 �2 � 6P3 �2 455 nm (VIS)
Repumper 5D3 �2 � 6P1 �2 650 nm (VIS)

Shelving Repumper 5D5 �2 � 6P3 �2 614 nm (VIS)
Shelving 6S1 �2 � 5D5 �2 1762 nm (SWIR)
Raman NA 532 nm (VIS)

First Photoionization 6S0� 6P1 553 nm (VIS)
Second Photoionization NA 405 nm (VIS)

Table 1.1: Singly ionized barium wavelengths as well as photoionization wavelengths.

Finally, there is one obvious drawback to using133Ba+ which is that it is radioactive,
sporting an exposure rate of � = 28:564 mSv cm2 mCi-1 hr-1 [63]. This provides the
technical challenge of integrating lead shielding into the experiment, typically about 1
inch thick walls are required to keep exposure low, but this depends on the amount of
radioactive material used. As of now the lab works with 1/2 mCi sources. These samples
come from Eckert and Ziegler, and can come with or without extra stable barium added
to the source. In the interest of documentation it is worth pointing out that other isotopes
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can be obtained in high purity like 138Ba with 99.7% purity in salt form through Trace
Sciences International Corp., should that so be desired.

As has been shown, there are many advantages to using133Ba+ as a qubit and the
bene�ts seem to far our way the drawbacks which is why this has been referred to as the
\goldilocks" qubit [64].

Besides using133Ba+ as a qubit, this project also plans to implement137Ba+ as a qudit.
The main di�erence between these two isotopes is that the latter hasI = 3=2, which gives
rise to more hyper�ne levels. These extra hyper�ne levels can be used to encode information
in more than two hyper�ne levels and create entanglement between three and �ve levels
reliably [102]. The Hilbert space in these higher dimensional quantum information bits
scale likedn , whered is the number of basis states (d = 2 for qubits), and n is the number
of bits. Storing information this way increases the computational power of each ion, but
more concretely, algorithms can potentially be sped up with qudits by applying gates in
parallel [103].
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Chapter 2

Loading and Ion Preparation

This section outlines key details in trapping and cooling ions, which are fundamental steps
before ions can be used for processing information. Before any quantum operations can
begin, ions need to be loaded into the trap and su�ciently cooled to the motional ground
state. Cooling chains of ions is an active area of research and cooling all ions in the
chain to the motional ground state is non-trivial [22][107]. This chapter brie
y introduces
loading ions, cooling ions, and preparing them in a chosen hyper�ne state with a speci�c
example. Once a hyper�ne state has been prepared, then the ion can be used for quantum
information processing.

2.1 Loading

The �rst step in most trapped ion experiments is to load ions into the trap. There are two
main ways that this is done. Either a metallic piece of the element is heated to the point of
sublimation, or a laser pulse is focused onto a substrate that contains the element, which
also causes sublimation. Laser ablation has many bene�ts over traditional atomic ovens as
it is faster and more e�cient.

Traditional atomic ovens can be made up of a stainless steel tube containing the element,
with a wire wrapped around the tube so that when a large current (a few amps) is ran
through the wire it resistively heats the tube and metal to sublimation. This process takes
minutes to reach the sublimation point even in UHV and causes large clouds of atoms to
enclose the trapping zone. This exposes the trap to signi�cantly more atomic 
ux than
laser ablation and the process can not immediately be terminated when an ion has been
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loaded because of residual heat. The denser clouds created by ovens increases broadening
from collisions, which makes isotope selective loading more di�cult. While ablation pulses
produces clouds that contain ions as well as neutrals, the parameters of ablation can be
tuned such that it primarily produces neutral atoms [74]. This is particularly important in
sources that contain multiple isotopes, so that a two-step photoionization process can be
implemented and isotope selective loading can be accomplished. Producing more neutrals
also reduces trap charging.

(a) Oven installed in a vacuum chamber. (b) BaCl 2 deposited on aluminum substrate.

Figure 2.1: Two common methods for loading ions are with resistively heated metals and
laser ablated salts or metals.

Current ablation loading practice in the lab is to \condition" the target by scanning a
large area and ablating in �ne steps. This changes the surface of the BaCl2 to make the
loading more consistent. As seen in Figure 2.1b, the surface of the salt is rough and the
peak to valley di�erence is substantial. Typical laser ablation pulses contain about 50-170
� J and the e�ciency of loading decreases slowly over time.

This project plans to implement three ablation targets and no ovens. The ovens were not
considered for the aforementioned reasons as well as restrictive space constraints. Average
oven designs are large, however, there are examples of compact ion traps implementing
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ablation and ovens in their designs, but this would take signi�cant engineering [75][76][36].
Two of the planned ablation targets will be orientated in the chamber for isotope selective
loading.

2.1.1 Isotope Selective Photoionization

The �rst step in a trapped ion experiment is to load a speci�c barium isotope, assuming
that an ion reservoir is not being maintained in other parts of the trap. While this cannot
be done perfectly, steps can be taken to minimize the amount of accidental loading of an
ion of the wrong isotope. Loading a chain of 16 ions of one speci�c isotope is challenging,
but e�cient isotope selective loading of this length has been demonstrated with barium
[77]. In general, the probably of success depends on the relative neutral isotope shifts
relating to the �rst step in the photionization process, the purity of the target, and the
experimental details that cause broadening of the �rst transition [77].

Using a two-step photoionization process on a neutral atom can be compared to a
loading process with a laser ablation pulse of higher power that often strips one of the
electrons in the valance shell, regardless of isotope and thus allowing any isotope to be
trapped.

Figure 2.2: E�cient two-step photoionization process for barium, adapted from [77].

There are multiple paths for a two-step photoionization process involving barium, but
the most e�cient path that has been demonstrated in a lab is by exciting the 6S0� 6P1

with a 553 nm laser and using a 405 nm laser to strip a single electron [77]. This speci�c
ionization path is more e�cient because it utilizes a strong electric dipole transition as
compared to other schemes using quadrupole transitions [77]. The linewidth of the 553 nm
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laser is hundreds of kilohertz while the transitions in di�erent isotopes are spaced two or
third orders of magnitude higher, allowing for a high degree of isotope speci�city [46]. De-
pending on the isotope chain that a user wishes to load, the detuning of the frequency from
the 6S0� 6P1 transition can be optimized as well as the power for a maximum probability
of success [77].

2.2 Doppler Cooling Limit

After ablation, most of the neutral atoms are moving quite quickly, on the order of hundreds
of meters per second [74]. These could not possibly be trapped by any trap, let alone a
surface trap with a potential < 1 eV. Even low velocities can cause signi�cant broadening
of atomic transitions, which can be reduced by orienting the cooling and photoionization
beams so that they are perpendicular to the atomic beam. This greatly reduces the impact
of Doppler broadening on the transitions and allows e�cient cooling to occur. The limit for
Doppler cooling is set by how quickly light can scatter on the 6S1/2 � 6P1/2 dipole transition
[82]. This equilibrium assumption is valid when the secular frequency! is � � ! , such
that the dipole transition is broadened to the point that the motional sidebands cannot be
accessed [106]. The secular frequency of the ion refers to the frequency of motion of the
ion in the trap, as opposed to the frequency of the trap itself. The secular frequency can
be calculated with Equation 2.4.

Tlim =
~�
2kb

(2.1)

The temperature limit is determined by the decay rate �, and driving to the 6P1/2 state
allows many cooling cycles to be completed in a short amount of time because the lifetime
is 7.9 ns. This can be rewritten as a function of detuning from the atomic transition �
and saturation s = ( I=I sat )=(1 + 4� 2=� 2) � I=I sat . The saturation is based on the applied
intensity I relative to the saturation intensity I sat . The dipole emission pattern� is taken
to be 2/5 [84].

Tlim =
~�
8kb

(1 + � )
�

(1 + s)
�

2j� j
+

2j� j
�

�
(2.2)

This equation is valid for � < 0, where the optimal detuning to give the lowest temper-
ature is � lim = � �

p
1 + s=2 [84]. Figure 2.3 provides a useful starting point when cooling
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barium. In practice many people just set � = � � =2 as a starting point when Doppler
cooling.

Figure 2.3: Doppler cooling limits for133Ba+ as a function of saturations with di�erent
detunings �.

The cooling, measuring, and repumping (CRM) beam will be used to Doppler cool the
ions, among other various tasks like state preparation.

2.3 Ion Temperature Measurements

In order to trap long chains of ions, it is necessary to correct the radial micromotion of
the ions by making small changes to the DC voltages and thus potential. There are many
sources that can cause micromotion like trap contamination from ablation loading. To
evaluate these changes, the temperature of the ions can be taken, but di�erent temperature
measurement methods are only valid in certain temperature ranges so it is important to
make sure that the temperature of both hot and cold trapped ions can be taken.
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Before explaining the di�erent ways to measure an ion temperature it is important to
understand the regime when ions secular motion is much greater than the linewidth of the
transition being driven, ! � �. In this regime, the ions secular frequency is much faster
than the lifetime of the state and the classical treatment of radiation pressure is no longer
valid. This occurs after the ions have undergone Doppler cooling and when the ions are
already in the Lamb-Dicke Regime. The Lamb-Dicke Regime occurs when�

p
2n + 1 � 1,

wheren is a motional quantum number and the Lamb-Dicke parameter is� = k
p

~=2m� .
The Lamb-Dicke parameter depends on the~k of the incident light projected onto the
motional axis of the ion that is oscillating with frequency� . It depends on the massm of
the ion as well. The ions can be cooled further to a few� K using resolved sideband cooling
[11]. This can only be done when! � � and can be done in parallel on ions in chains [107].
The process works by detuning the transition such that the red 1st order motional sideband
is being driven. The ion will then spontaneously emit a photon that on average has~!
more energy than the initially absorbed photon [11]. The trap frequency and ion species
determine the secular frequency! , as is shown below. In this project this can be done on
the 6S1/2 � 6P1/2 transition using the Raman laser or on the 6S1/2 � 5D5/2 transition with
the 1762 nm laser that has a linewidth stabilized to 1 Hz. Using the quadrupole transition
requires coupling to the P3/2 state because it is metastable with a lifetime of order seconds.
This greatly increases the amount of transitions, and thus cooling, that can be driven in a
given time period.

When the ions are near or below the Doppler cooling limit the amplitude of these
red and blue 1st and 2nd order motional sidebands can be measured to determine the
temperature. At high temperatures the Doppler recooling method can be used to determine
the temperature. This works by measuring the 
uorescence response of the ion after the
ion has had time to heat and comparing this response for di�erent time intervals. Di�erent
temperature measurement methods are outlined in Table 2.1.

Probe Demonstrated Range Timescale
Resolved Sideband � K - 2 mK [106] hundreds of� s

Dark Resonance (co-propagating) 0.7 - 67 mK [83] hundreds of� s
Spatial 1-2 mK [84] > milliseconds

Doppler Recooling 1 K-100 K [85] milliseconds

Table 2.1: Di�erent techniques to measure ion temperature.

The temperature of ions is somewhat ambiguous, meaning that the temperature of an
ion is not comparable to the temperature of a collection of many molecules and atoms
in the typical sense. Depending on the regime, the temperature and average quantum
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number �n describing the excitation of the motional state is approximated di�erently. Near
the doppler limit �n can be calculated with Equation 2.3 [108].

�ndop =
exp

� ~!
kbT

1 � exp
� ~!
kbT

(2.3)

Assuming a radial secular frequency withV = 200, R = 140 � m, and 
 RF = 2� � 44
MHz, �ndop � 2. The RF voltageV is limited < 300 V [51].

! =
qV

p
2
 RF mR2

= 2� � 3:01 MHz (2.4)

�ndop is the limit that can be achieved with Doppler cooling, but with the previously
mentioned resolved sideband technique, the cooling limit can be signi�cantly reduced. If
Doppler cooling and then resolved sideband cooling is implemented, the temperature can
be measured by comparing the strengths of the red and blue sidebands [106].

�nsb =
1

(r k)1=k � 1
(2.5)

Wherek is the sideband order andr k = Pb=Pr is the ratio of the blue over red sideband
power. Assumingr k = 3=2, then �nsb = 2 for the 1st order sideband case. With this method
of comparing sidebands, it can be seen that the temperature of the ions can be measured
well above the Doppler cooling limit in this trap with the sidebands, meaning that there
is no lapse in temperature range that can be probed with this projects speci�c optical set
up.

At temperatures near the doppler cooling limit and even higher, another method for
probing the temperature can be implemented based on dark resonances. Dark resonances
occur when a coherent superposition is created between two ground states and is charac-
terized by a drop in the 
uorescence. In the case of133Ba+ , examine a three level case
when the levels 6S1/2 and 5D3/2 are the ground states, being coupled to the 6P1/2 excited
state. When the detuning of the �elds coupling each ground state to the excited state are
equal then a dark state will occur. In practice, one of the frequencies is swept while the
other is kept �xed and based on the degree of the 
uorescence loss, the temperature of the
ion can be extrapolated, with colder ions having a greater loss. This has been shown to
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be able to probe ion temperatures between the Doppler limit and hot ions well above the
Doppler limit [83].

For very hot ions Doppler recooling can be used for measuring the temperature [85].
This can be done with the CRM beam, as can the dark resonance temperature mea-
surement. By implementing di�erent temperature measurement techniques, the range of
temperatures at which the ion can be measured extends from the ground state all the way
up to hot ions of a few kelvin.

2.4 State Preparation and Shelving

The state preparation of most trapped ion qubits starts with optical pumping, a tremen-
dously popular technique developed in the mid 20th century [104]. Optical pumping works
by taking advantage of allowed and forbidden transitions and manipulating the polariza-
tion of the light such that only speci�c transitions are being driven. The polarization
can be a mixture of linearly or circularly polarized light such that it drives� , � + , or � �

transitions. Typically the �delity is limited by o�-resonant scattering, imperfect polariza-
tion, or misalignment of the beam from the quantization axis. In133Ba+ , the state that is
typically prepared is the jF = 0; mf = 0i state, corresponding to the computational basis
state j0i . From here thej1i can be prepared with a microwave pulse. In137Ba+ the state,
jF = 2; mf = 2i , can be prepared with� + light.

2.4.1 Optical Pumping

133Ba+ has a high experimental state preparation �delity [59]. This is due to the simpli�ed
hyper�ne structure that limits o�-resonant scattering errors. For the case of133Ba+ , a
simple optical pumping model can be assumed using the classical rate equations and in
the limit of low intensity < saturation [109]. The model assumes that there are four
ground states pictured in Figure 2.4. In reality the ground states must in include the
5D3/2 hyper�ne states, but in this model the branching ratio takes this decay into account.
The model assumes there are two frequencies with the same polarization drivingF = 1
� F

0
= 0 and F = 1 � F

0
= 1 transitions [59]. These transitions are either being driven

resonantly or slightly of resonance, centered at thejF = 0; mf = 0i and jF = 1; mf = 0i
states. There is a 5 Gauss magnetic �eld to split the hyper�ne levels and the saturation
parameters = I sat=10.
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The pumping scheme in Figure 2.4 shows two di�erent tones of the 493 nm transition
being applied. This is done in order to properly pump out all of the ground states, save the
ground that we want to prepare,jF = 0; mf = 0i . Due to the selection rules, each excited
hyper�ne state can decay to three out of the four ground hyper�ne states. There are other
possible schemes for preparing thejF = 0; mf = 0i in 133Ba+ , like with � light, but due to
the speci�c experimental set up, this is not possible. This speci�c pumping scheme has
been shown in experiment to lead to high �delity state preparation [59].

Figure 2.4: Simpli�ed optical pumping model for 133Ba+ in a 5 Gauss magnetic �eld,
describing the pumping scheme in Figure 2.5c.

The population of each ground statePn can be solved for by representing the time
evolution based on the population of other ground states and the branching ratios [109].

d
dt

Pn (t) =
X

j 6= n

Pj (t)
� X

i

Rji � ji � ni

�
� Pn (t)

X

i

Rni � ni (1 � � ni ) (2.6)

The index n refers to the ground state currently being solved,j is an index for the other
ground states, andi are indices referring to the excited states. The change in the population
Pn (t) depends on the population of the statesPj (t) that are coupled to Pn (t) via allowed
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dipole transitions that are either being driven or decaying with strengths proportional to
the dipole transition strengths� ji and � ni . The population Pn (t) is being pumped out at
a rate proportional to dipole transition strength of the speci�c transition being driven� ni

and probability 1 � � ni that after being driven, it will decay to a di�erent ground state.
The absorption ratesRji and Rni correspond to the absorption rates of the other ground
states and the ground state being pumped, respectively.

Rlm = � lm
� m

2
I=I sat

1 + I=I sat + (2� lm =� m )2
(2.7)

This was solved in MATLAB numerically using ODE45. The set of Equations 2.6
can be put in a matrix representation and multiple sets of equations can be weighted
to account for di�erent transitions [109]. The general absorption rateRlm can take into
account Zeeman splitting with the detuning parameter �lm .

This simpli�ed model can help to quantify the impact of imperfect polarization or
misalignment of an optical pumping beam from the quantization axis. An example is
presented in 2.5, showing that for this simpli�ed model of133Ba+ there is an optimal
mixture of transitions to drive. The bottom two plots, 2.5c and 2.5d would not be used in
an experimental setting. Pure� light on the 650 nm repumper would fail to pump out all
hyper�ne levels in the 5D3/2 state and the purely circularly polarized light completely fails
to prepare the jF = 0; mf = 0i state. A more complicated model that takes into account
the 5D3/2 as additional ground states could provide more useful results or the application
of this model to 137Ba+ could help to quantify the impact of polarization impurities on the
prepared state.
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(a) Equal mixture of light. (b) Weighted towards � + light.

(c) Pure � light. (d) Pure � + light.

Figure 2.5: Preparation of thejF = 0; mf = 0i in 133Ba+ based on a simpli�ed model.

19



Chapter 3

Continuous Wave Optics

In order to e�ciently ionize and trap speci�c barium isotopes, prepare initial states with
high �delity, and perform shelving operations, many di�erent beam paths need to be de-
signed. These beam paths will give the user fundamental control of the ion by driving
resonant atomic transitions that are used in the aforementioned processes. Many of the
atomic transitions have similar wavelengths, but even these small deviations in the wave-
lengths need to be accounted for when designing beam shaping and focusing optics for
driving multiple resonant atomic transitions with a single beam. In this section, the tech-
nical aspects of the optical designs for driving resonant transitions in barium are presented.

In total, the project plans to have ten independently controlled beam paths and seven
di�erent wavelengths. Five of these beam paths are continuous wave (CW) lasers, two of
these beam paths are quasi-continuous (around 100 MHz), and three paths will be pulsed
(Hz). The CW beam paths will drive resonant atomic transitions in133Ba+ like the cooling
and measurement transition 6S1 �2 � 6P1 �2 , while the quasi-continuous beam paths will drive
Raman transitions between 6S1 �2 hyper�ne levels, and the pulsed lasers will be used for
ablation loading.

Each beam path consists of a few main sections, with various optical-mechanical de-
vices allowing the remote control of power, polarization, and beam positioning throughout
the entire path. The division of the optics into di�erent sections eases trouble shooting,
maintenance, and upgrades in these complicated, delicate systems. The majority of the
work presented here focuses on the last two sections of the CW optics, beam shaping and
beam positioning, before the beams enter the vacuum chamber and are focused at the ion.
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Figure 3.1: Broad overview of the optical system. The main focus of this section is on the
�nal parts of the optical system, mainly the beam shaping and pointing.

Before progressing to the beam shaping and positioning portion of the optics it is
necessary to take a look at the \up stream" optics that will polarize the light and be used
to stabilize the intensity and frequency. These are common set ups used in many AMO
experiments, but for consistency they are mentioned in this text.

The �rst three modules in the laser rack are meant to stabilize the laser frequency and
power on a fundamental level before the light is distributed further down stream via �ber.
Depending on the speci�c wavelength, the light is then taken to acousto-optic modula-
tors (AOMs) and electro-optic modulators (EOMs) as well as a wavelength meter and a
Fabry-Perot cavity. The AOMs are crystals that are driven at some acoustic frequency
with a piezo-electric transducer that takes a radio-frequency (RF) input [97], imparting
a frequency shift and di�raction pattern on the collimated input beam under the Bragg
condition [96].

n� = 2� sin � (3.1)

� is the wavelength of light, � is the acoustic wavelength,n is the order of di�raction and
� is the glancing angle. For the Bragg condition to be valid and constructive interference
to occur, the atomic spacing in the crystal must be an integer of the incident wavelength.
The AOMs in this project are used mostly as fast switches, with the 1st order being sent
to the ion. These switches can operate in microseconds [97]. Most of the AOMs are �ber
AOMs, and they are in a single pass con�guration.

The EOMs in this project are used to create 1st order sidebands that, along with the
carrier frequency, can be used to drive transitions to di�erent hyper�ne levels that are split
by a few GHz. The EOMs are used for phase modulation to create sidebands. An EOM is
a crystal with a locally applied electric �eld that can vary in strength, varying the index
of refraction, which imparts a phase shift on the light entering the crystal [98]. What is
being exploited in this device is Pockel's e�ect.
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Assuming that the input light is a plane wave and a sinusoidal potential is induced in
the crystal due to an RF signal, the modulation can be written in terms of Bessel functions
Jk(m), the frequency of light ! , the amplitude of the RF signalm, and the frequency of
the RF signal 
 [98]. The most power that can be transfered to the 1st order sidebands is
34% [98].

Besides the AOMs and EOMs, another major component is the wavemeter that will
be used to lock the frequencies. The wavemeter is used more as a coarse locking and
can have multiple di�erent wavelength inputs, which is useful for setting initial calibration
parameters. Again, wavemeters, AOMs, and EOMs are all standard devices that give
AMO experimentalists basic controls in the lab, but there is some variation in this project
depending on the exact beam path.

After the initial frequency, amplitude and polarization control of the beams provided by
these components the beams will be shaped and focused at the ions. This chapter provides
simulated beam shapes from di�erent telescopes based mostly on refractive optics. It also
provides basic motivation for why these telescopes exist, and what transitions will be driven
in 133Ba+ . It compares and contrasts di�erent designs and provides a basic introduction
to Gaussian optics and Zemax's OpticStudio.

3.1 Optical Design Overview

There are two main modes with which the QuantumIon experiment can operate, depending
on whether or not the researcher wants to utilize qubits or qudits. Figure 3.2 is the
qudit orientation of QuantumIon and serves as an example of the most complicated beam
orientation of the trap. The laser beam orientation is �xed, but it is possible for researchers
to change the trap axes and the magnetic �eld direction, which gives control over the
quantization axis. The qubit laser orientation is simpler, and actually a subset of the qudit
orientation with a change to the magnetic �eld orientation.
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Figure 3.2: A top down �gure of the Sandia Chip HOA 2.0 trap, featuring three zones.
The angle of incidence (AOI) is taken with respect to the quantization axis. The center to
center distance from the quantum zone to the loading zone is 980 microns. The center to
center distance from the quantum zone to the storage zone is 1540 microns.

The quantum zone, in the center of the trap, will be where ions can be individually
addressed and entangled. The addressing system is being designed for 16 individually
addressable ions plus 2 bu�er ions on either side of the chain, for a total of 20 ions. The
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bu�er ions in conjunction with �tting the trap potential to some optimal quartic function
[10], can help to maintain a more even spacing between the center 16 ions in the chain,
which is important as the telecentric individual addressing optical system is designed to
focus onto ions that are evenly spaced (4� m).

At the quantum zone there are counter-propagating Raman beams to drive transitions
between hyper�ne levels, there is also linearly polarized light to measure and cool the ions,
as well as repump out of the metastable 5D3 �2 and 5D5 �2 levels. The shelving, 1762 nm,
is limited to driving �m f = � 2 hyper�ne transitions rather than the typical �m f = 0
orientation used to drive quadrupole transitions [46]. There is also a circularly polarized
optical pumping line to drive �m f = � 1 transitions, which is used for state preparation of
qudits.

The next zone is the loading zone, which will have three targets available from which
ions can be loaded. This allows targets with di�erent barium isotopes to be installed
in the trap, however, only two of these targets will allow for isotope-selective loading
with the current optical design. The loading zone is chosen such that it is the farthest
distance away from the quantum zone, while still allowing beams to pass without clipping
an appreciable amount on any portion of the vacuum chamber or trap (power clipping
� 10� 6 watts, assuming the power level is normalized and Gaussian). Sandia National
Laboratories provides a summary of the clipping power as function of beam waist [51],
however these are for ytterbium wavelengths and only correspond to the shortest distance
across the isthmus.
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Figure 3.3: Partial cross-section of the Sandia HOA 2.0 Trap with a Gaussian beam travel-
ing across the surface. Note that this beam is only a qualitative example, but it highlights
one of the pitfalls of surface traps, being the relatively low NA across the trap. That being
stated, there are ways to increase the NA of surface traps by using bump bounds rather
than wirebonds [52]. The NA perpendicular to the isthmus is 0.11, the NA at 45� is 0.08.

Finally, the measurement zone in this case is really just the quantum zone. In order
to preserve states, ions will have to be shuttled to the storage zone while measurement is
performed at the center of the trap. Fast shuttling with minimal motional heating has been
demonstrated in surface traps, which is done by applying an increase to the voltage of the
electrode for a very short period (hundreds of nanoseconds) at which the experimentalist
wishes the ion to stop [65]. This \kick" can be optimized and the ions can be shuttled
over hundreds of microns in microseconds. This is an important realization because it
means that in the event measurement needs to take place on only select ions, the ions
that need to have their state preserved can be shuttled to the edge of the trap. The edge
of the trap is 1610 microns away from the center of the quantum zone and is de�ned by
the beginning of the transition zone and Y-Junction [66]. The Y-Junction has very high
motional heating rates compared to the center area and is mostly meant for loading in
this trap design, although this project will be not utilizing this zone for loading. Since
measurement with trapped ions takes milliseconds and these shuttling operations can take
place in microseconds, the motional heating rate causing decoherence will be dominated
by the base trap heating rate and not heating due to slow shuttling. The base heating
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rate for this trap is about 100 quanta/second [51]. This informs the optical engineering
by allowing the assumption be made that ions can be shuttled to the edge of the trap,
providing room for larger beams and a more consistent power level across the ion chain.

The rest of the chapter will focus on telescope designs. The telescopes were designed for
longer focal lengths to allow for more room between the vacuum chamber and the telescope.
This extra room allows for necessary beam positioning components to be placed after the
beam has started to focus. The typical focal lengths for the telescopes are 400-500 mm.
The in-vacuum length of the beam path, from the ion to the outer viewport, is� 130 mm,
giving 200-300 mm for other components. The target telescope focal lengths are longer
than typical telescopes used for addressing ions, which range closer to a couple hundred
millimeters. An overview of the optomechanical design used for beam positioning can be
found in Appendix C.

3.1.1 Design Considerations

The CW optics were designed on two major assumptions, that the machine needs to be able
to correct slow drifts (relative to experimental timescale) in position, power, polarization,
and frequency without the need for an operator in the experiment room and that each
beam needs to be separately controlled to prevent positional coupling of two di�erent
beams at a trapping zone. The former demands the inclusion of beam position monitoring
devices, piezoelectric stages and mounts, photodiodes, cameras, etc. Since these items take
up signi�cant real estate around the vacuum chamber, the CW telescopes were designed
for longer focal lengths to allow for beam positioning devices near the chamber. Space
is also needed to �lter and pick o� beams that share a common viewport. The beam
positioning and sensing components are placed after the beams have started to focus,
so that deliberate changes in the beam position will not impact the beam quality. The
majority of the focal lengths for the CW telescopes are 400-500 mm. Beam pointing
stability has been demonstrated in ion trapping experiments utilizing 200 mm focal lengths,
allowing the position to be stabilized such that the estimated gate error due to positional
drifts changing the intensity is on or below the 10� 6 level per gate [81].

Once the focal lengths of the telescopes had been decided, the next step is to determine
how to shape each beam such that the power is relatively uniform across the ion chain. At
the quantum zone there will be 20 ions with 16 ions that can be be individually addressed.
Assuming a 4� m spacing between the center 16 ions and the beams being 45� with respect
to the trap axis, the beams require a high level of power uniformity along� 45 � m.
In general, this requires a beam waist� 200� m for > 95% intensity uniformity. The
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uniformity is important for almost all operations, but a speci�c example that could be
taken is the measurement of a chain of ions. If an ion on the edge of the chain is being
measured with less intensity, it may not 
uoresce enough in the measurement time window
to count as a bright state, thus being improperly considered dark.

Taking into consideration the axis of the beam that does not span the ion chain, one
�nds that the beam waist must be much smaller to avoid clipping the trap appreciably,
scattering light and destroying the Gaussian mode. The target for this is to keep the
power clipping at � 10� 6 level. This corresponds to beam waists anywhere from 5 - 25
� m depending on the wavelength. Ideally these beam waists would be� 22 � m to reduce
intensity 
uctuations at the ion from beam pointing instabilities and still not clip signi�cant
power on the trap.

Following these desired beam waists at the ion and the focal lengths dictated by the de-
sired optomechanical design, collimators can be chosen such that they bene�t the telescope
design. These collimators are connected to �bers that transfer light from the optical rack
to the optical table and they are the starting point for designing the beam shaping optics.
Depending on the wavelengths shown in Figure 3.2, the largest standard collimator (FC)
from Sch•after and Kirchho� was chosen. This reduces the telescope footprint on the op-
tics table because it requires less magni�cation. There are non-standard larger collimators
available which would also reduce the telescope footprint, but the optomechanical devices
that are being implemented are for 1 inch optics. Anamorphic beam shapers could reduce
the footprint, but they attenuate the beam power signi�cantly more than simple lenses, so
these should only be implemented when space constraints demand it. Neither anamorphic
beam shapers nor larger collimators reduce the arm length of the telescopes, so it likely
would have little impact on increasing the pointing stability.

Once the focal length and AR coatings of the collimators had been decided, the only step
left is to independently reshape the two beam axes so that when focused with a standard
positive singlet it yields the desired beam waists at the ion. This beam shaping was
done with standard cylindrical singlet lenses for the monochromatic beams and achromatic
cylindrical doublets for the combined beams. Cylindrical lenses only focus along one axis
and leaves the other axes untouched. The use of a standard singlet to do the �nal focusing
is important otherwise the two di�erent beam waists will be focused to di�erent positions
along the optical axis.

The beam shaping was done with lenses rather than dielectric concave mirrors or
parabolic mirrors. The main challenge with using lenses in these optical designs is that
many beams have multiple wavelengths that will disperse di�erently when refracting, re-
sulting in focal shifts at the ion. Concave mirrors do not have any chromatic aberrations,
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and parabolic mirrors do not have chromatic or spherical aberrations. There is a design in
Section 3.5.1, which utilizes mirrors to create elliptical beams, but the footprint is signi�-
cantly larger than the telescopes utilizing lenses. Parabolic mirrors were not considered for
these designs because they are di�cult to align and in some cases the machining process
can cause the �nish to be rough introducing di�raction patterns to the beam.

3.2 Optical Simulations

This section is meant to provide a very brief introduction to how OpticStudio works as
well as basic resources to get started. There is also a section describing Gaussian optics,
which can be applied to all the designs in this text. Finally, there is background relating
to aberrations found in the designs.

3.2.1 OpticStudio

The majority of the optics work has been done in Zemax's OpticStudio, which is a ray
tracing package originally released in the 1990s that models light propagating through an
optical system [67]. This allows users to diagnose and quantify aberrations while optimizing
their system. The package can calculate light propagating through an optical system using
geometrical optics, Gaussian optics, and physical optics. Geometrical optics models light
as rays originating from point sources which either re
ect or refract at a surface. Gaussian
optics also models light as an individual rays, but it makes a small angle approximation
for rays traveling close to the optical axis. This is a subset of geometrical optics. Physical
optics models light as a wave, which can take into account phenomena such as di�raction
and interference, whereas geometrical optics generally cannot.

There are two main modes in OpticStudio, sequential and non-sequential. The results
here uses the sequential mode wherein which rays are traced through the system in the
order that they are listed in the lens data editor. Sequential mode is the default setting
in OpticStudio and should be used except in niche cases. Important resources for some-
one using OpticStudio include the manualhttps://neurophysics.ucsd.edu/Manuals/
Zemax/ZemaxManual.pdfand the company website which has articles posted by optical
engineers that provide many useful case exampleshttps://my.zemax.com/ .

There are many useful tools in OpticStudio that allow a user to diagnose aberrations
or constraints in their system, but optimizing an optical system is done with the merit
function. The merit function allows users to input operands which can be assigned a
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certain weight. The more weight given to an operand, the more importance is placed on
that operand when OpticStudio is asked to optimize a system. There are many operands in
OpticStudio, but one example is \EFFL", which optimizes the optical system based on the
assigned variables to a desired e�ective focal length. This is particularly useful for designing
lenses. There are many operands and chances are at least one exists for navigating to an
acceptable solution. On one �nal note, tolerancing is also possible in OpticStudio which
is necessary since most lens manufacturers machine lenses with dimensions up to a certain
precision.

3.2.2 Performance Criteria

Figure 3.4: Huygens point spread function of the 405 nm beam at the ion. Point spread
functions > 0.8 are considered di�raction limited.

In practice, when evaluating optical systems it is important to use all the tools available to
search for limiting factors. A typical starting evaluation of the performance of an optical
system can be the point spread function (PSF), which is shown in Figure 3.4. With Zemax's
OpticStudio ray tracing, objects are modelled as point sources, and due to mostly spherical
aberrations in this case, these rays are prevented from converging on one image plane. The
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PSF captures these deviations and is used to �nd a relative intensity in the image plane,
causing interference, which produces irregularities in the phase and intensity. The intensity
of light at the image plane can be calculated from the calculated PSF convoluted with the
object plane [79].

Image(x; y) = PSF(x; y) � Object(x; y) (3.3)

This speci�c PSF in Figure 3.4 is the Huygens PSF, which models each ray propagating
from the object as a small wave, so it can account for phenomena like di�raction [80].
The Huygens spread function takes more computational time, but it is accurate in more
situations than the fast-fourier transform spread function [80].

S = e� (2�� )2
(3.4)

The Strehl ratio S can be approximated when there are small amounts of aberrations,
where � is the root-mean-square (RMS) of the optical path di�erence (OPD) [78]. The
Strehl ratio is the peak of the PSF in Figure 3.4.

It is not easy to exactly predict how an optical system will perform based on the
calculated aberrations, nor is it easy to relate aberrations to their exact impact on the
image, but there are speci�c criteria in optical designing, that if met, deem the optical
design acceptable. The two criteria, although more exist, used to evaluate all of the CW
telescopes are the Rayleigh and Marechal criteria [78]. Meeting the Rayleigh criterion
requires the optical path di�erence at the focus to be< 1=4 waves. The Marechal criterion
is met if the Strehl ratio is > 0:8 [78]. Meeting these criteria generally indicates the system
will be di�raction limited. These are not hard and fast rules, but they are a standard.
These standards are met for all of the CW telescopes in the project.

There are many other tools used in OpticStudio to evaluate the performance of these
systems, but they are all related to each other in at least one way so there is some redun-
dancy. It is important to check these for consistency, but for all practical purposes the PSF
in addition to the OPD is su�cient for evaluating the monochromatic beams presented in
this text.

3.2.3 Gaussian Optics

All of the beams in the following sections can be described as Gaussian, however this does
not always hold when beams are focused to only a couple microns. The intensityI of a
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Gaussian beam can be described as a function of the beam waistw(z), powerP, and radius
r .

I (r; z) =
2P

�w (z)2
exp

� 2r 2

w(z)2
(3.5)

This is necessary for estimating the amount of power at other zones in the trap due to
neighboring beams (crosstalk) as well as the amount of power that is clipping on the trap.
The beam waist can be calculated from the Raleigh rangezr and the beam waist at the
focusw0. This speci�c waist w0 corresponds to a radius at which the relative intensity has
dropped to 1=e2 of the initial value.

w(z) = w0

s

1 +
z2

z2
r

(3.6)

The Raleigh range is a measure of how quickly the beam diverges and depends on the
beam waist at the focus as well as the wavelength� .

zr =
�w 2

0

�
(3.7)

In order to address a chain of ions with a global beam in a surface trap it is necessary
to create elliptical beams with cylindrical lenses. Cylindrical lenses focus only one axis of
light. This allows a designer to treat two axes independently so that two di�erent beam
waists can be created at the ion chain. Most beams have waists that are 20 microns x 200
microns. The smaller beam waist is necessary to �t over the trap and the longer beam waist
is necessary to span the length of the ion chain. The longer beam waist is also determined
by the desired intensity uniformity from the center ion to the last ion in the chain as well
as the crosstalk that occurs at the other trapping zones.

Figure 3.5: Typical beam that is ideal for addressing a chain of 16 ions in the Sandia
HOA 2.0 trap. The beam was simulated with cylindrical lenses allowing the focus to have
di�erent beam waists depending on the axis. The units are in millimeters. The ion spacing
is exaggerated.
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3.2.4 Aberrations

An aberration is a generic term for unwanted deviations from a perfect plane wavefront.
These are naturally occurring, dependant on the types of optics in the system, and can
be broken down into monochromatic and chromatic aberrations [68]. The former can be
described by Zernike polynomials wherein which lower and higher order terms contribute
independently to wavefront deviations based on the type of aberration that has occurred.
Chromatic aberrations can be either transverse or longitudinal, where light of di�erent
wavelengths focus at di�erent positions [69].

Zernike polynomials are orthogonal on the unit circle, so this is typically the domain to
which they are typically limited. They are the mathematical formalism that is commonly
used to describe a wavefront, even when the wavefront is complex and lacking symme-
try [70]. The Zernike polynomials in conjugation with their coe�cients give a complete
description of the wavefront.

W m
n (�; � ) =

X

m;n

Cm
n Z m

n (�; � ) (3.8)

This describes a wavefrontW m
n (�; � ), valid within the unit circle, where Cm

n is a coe�cient
for a speci�c polynomial andZ m

n is the polynomial itself [71]. The coe�cients can be de-
termined by �tting the polynomials to a measured wavefront. This is in polar coordinates,
where� is the radius con�ned to the unit circle, � is the polar angle. There are many other
equivalent formalisms of Zernike polynomials in di�erent systems [71].

Z m
n (�; � ) = Rm

n (� ) cos(m � ) for m � 0 (3.9)

Z � m
n (�; � ) = Rm

n (� ) sin(m � ) for m < 0 (3.10)

Z m
n (�; � ) describes the real components of the full polynomial,Z � m

n (�; � ) describes the
complex components, andRm

n (� ) is the radius function. The radius function must be 1 on
the edge of the unit circle to ensure proper normalization.

Rm
n (� ) =

n� m
2X

a=0

(� 1)a (n � a)!
a!

�
n+ m

2 � a
�
!
�

n� m
2 � a

�
!

� n� 2a (3.11)

This is valid for a circular aperture, but with the correct basis transformation, elliptical
apertures can be �tted [71].
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(a) Spherical aberrations. (b) Longitudinal chromatic aberrations.

Figure 3.6: Two of the most common aberrations found in the following sections.

The aberrations in the monochromatic telescopes are dominated by the spherical aber-
rations introduced by the refractive optics, while the polychromatic telescopes also have to
deal with focal shifts along the longitudinal and transverse directions due to the variation in
wavelengths. The monochromatic aberrations in all of the following designs are dominated
by fourth and sixth order Zernike polynomials relating to spherical aberrations. These are
Z 0

4 and Z 0
6 , respectively, whereR0

4 = 6� 4 � 6� 2 + 1 and R0
6 = 20� 6 � 30� 4 + 12� 2 � 1. As-

pheric lenses are speci�cally designed to help reduce these spherical aberrations, but since
the majority of the beams are rather large at the focus these aberrations do not impact the
beam quality signi�cantly. This would be more of an issue if the beam was being focused
to a waist of a few microns.

Besides spherical aberrations, chromatic aberrations are present in the combined beams.
In an optical system, aberrations that occur along the longitudinal optical axis can be
referred to as \axial color". In any medium besides a vacuum, light of di�erent wavelengths
� experiences a change in phase velocity which causes dispersion. This change in velocity
depends on the frequency of the light and this is what is occurring in Figure 3.6b, causing
the wavelengths to focus at di�erent positions on the optical axis. The index of refraction
n for a given medium can be described by the Sellmeier equation [72].

n2(� ) = A +
B� 2

� 2 � C
+

D� 2

� 2 � E
(3.12)

The coe�cients A; B; C; D; & E are measured experimentally, and more terms can be
added to improve the �t. The wavelength � is given in microns. Having the Sellmeier
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coe�cients allows one to �nd the dispersion of the medium.

V = �
�
c

d2n(� )
d� 2

(3.13)

While this is a useful result, commonly optical engineers rely on the speci�c Abbe number
of a given glass when designing lenses that reduce chromatic aberrations [72].

v =
nd � 1
nf � nc

(3.14)

The Abbe number is related to dispersion, wherenf , nf , and nc are the indices of re-
fraction of the corresponding Fraunhofer lines. Flint glass usually has higher dispersion,
while crown glass has lower dispersion. Achromatic lenses reduce chromatic aberrations by
eliminating the e�ects of the dispersion by coupling two or more pieces of glass that have
signi�cantly di�erent Abbe numbers. Achromatic lenses can be doublets, triplets, or even
more depending on how many wavelengths need to be corrected [73].

3.3 Loading Telescopes

3.3.1 405 nm Photoionization Telescope

Figure 3.7: Ray tracing of the 405 nm Photoionization Telescope. The �rst two lenses
re-collimate the beam and the �nal lenses focuses it at the ion.

The 405 nm telescope will be used to drive the non-resonant ionization transition after
neutral barium has been excited to the 6P1 state. It will be focused at the loading zone.
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Figure 3.7 shows the beam shaping optics that will be used to take a collimated 405 nm
beam and re-collimate the beam to a larger diameter before being focused with a 500 mm
plano-convex lens. Negative lenses are used to save space. The magni�cationM � 2.66,
which was chosen so that the beam waistw0 � 18 �m at the ion. This waist provides
enough clearance over the trap such that there is minimal clipping on the trap itself as
well as the interposer. The space between the ion and the focusing singlet is left for beam
positioning and sensing optomechanical devices. The spacing between the focusing singlet
and the beam shaping optics will be exactly determined by the mounts. The focusing
singlet will be mounted on a piezoelectric motor z-axis stage to allow for< 1 � m steps of
the focus at the loading zone.

This is the shortest telescope in the project and the waist is circular at the ion. This
keeps the ionization volume smaller in comparison to the elliptical beams used for address-
ing the ion chains. The smaller ionization volume reduces the loading e�ciency, but it
allows ions to be trapped closer to the trap minimum preventing considerable acceleration
of the ion, which would heat other ions that have already been trapped [123]. This is
the only circular beam in the system, besides the ablation paths. The PSF is well above
the Marechal criteria, which was shown earlier in Figure 3.4. More information on this
telescope can be found in Table C.1 and C.2.
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3.3.2 493, 553, & 650 nm Loading Telescope

(a) Y-axis view of the telescope. FY corresponds to cylindrical lenses
focusing on the y-axis. Magni�cation in y-axis M y � 2.66.

(b) X-axis view of the telescope. FX corresponds to cylindrical lenses
focusing along the x-axis. Magni�cation in x-axis M x � 1/5.

Figure 3.8: Ray tracing of the combined 493, 553, and 650 nm loading beam.

The loading telescope will be used to excite the neutral barium atoms and cool after
ionization. The beam is 5� from parallel to the cooling, measuring, and repumping (CRM)
beam at the quantum zone, so that the beams can be spatially separated and picked o�
after passing through the vacuum chamber. Spatial separation of the loading beam and the
CRM beam is necessary because they contain the same frequency of light, so they cannot
be separated with dichroics.

Since the loading zone is 980 microns from the quantum zone, it may be possible to
store a reservoir of ions at this location so that the quantum zone can be loaded more
quickly in the event ions are heated or kicked from the trap. If the ions are crystallized it
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may be possible to store> 20 ions at this location. The elliptical shape of the loading beam
would allow many ions to be cooled. The 553 nm beam drives the 6S0� 6P1 transition so
that the 405 nm beam can ionize the atoms.

The telescope itself is made of �ve lenses. Two lenses are used to reshape the collimated
beam entering the telescope on the left of Figure 3.8 along the x-axis and two lenses are
used to reshape along the y-axis. The �nal lens focuses both axes at the ion. The beam
shaping lenses are cylindrical achromats and the focusing lens is a standard achromatic
doublet. The lenses reshaping the x-axis and y-axis are interleaved to save space and
negative lenses are not used because they are di�cult to source, however, they can be
designed. There is considerable space between the ion and the telescope that will be �lled
with sensors. The beam waists at the ion depend on the wavelength, but they range from
wy0 � 17� 22�m for the y-axis andwx0 � 200� 240�m for the x-axis.

Figure 3.9 holds pertinent information relating to the optical performance of the loading
telescope. In particular, analyzing the impact of dispersion on the focal points of the
di�erent wavelengths contained in the beam is necessary to ensure that all wavelengths
clear the trap. There is minimal lateral chromatic aberrations, aberrations that would
move the focus of di�erent wavelengths above or below the optical axis. The longitudinal
chromatic aberrations do however need to be considered in this design. In this case, the
ideal image plane of the 553 nm portion of the loading beam is� 650�m behind the 493
nm image plane. The image plane of the 650 nm beam is� 900�m past the 493 nm image
plane. This causes slightly more clipping on the trap, but it is well below an order of
magnitude increase, so the Gaussian nature of the beam will still be present after passing
the ions. This is important because signi�cant scattering of 493 nm will cause decoherence
in ions that are in other parts of the trap and the design intends to reimage the beam onto
a CCD after it has passed through the vacuum system.

Reducing axial color in a system can be done by using shorter focal lengths, designing
multiple achromatic lenses together or designing apochromats, or implementing concave
mirrors for the �nal focusing. The axial color compounds at every lens and is exacerbated
at longer focal lengths. The axial color is shown in Figure 3.9b, with the entrance pupil
being de�ned by the collimator output that has a 1.72 mm beam waist. The chromatic
aberrations are re
ected in the optical path di�erence (OPD) as well as the ray-fan plot
(RFP). The RFP uses marginal rays, which are rays on the edge of the entrance pupil and
looks at the di�erence between where these rays land on the image plane compared to the
optical axis. The OPD plots the di�erence of each successive ray relative to the optical
axis across the pupil at the image plane. Without aberrations, the OPD and RFP would
have values of 0 across the normalized pupil.
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(a) An almost ideal point spread function ensur-
ing di�raction limited performance.

(b) Longitudinal chromatic aberrations, showing
< 1 mm shift in focus between the di�erent wave-
lengths.

(c) Optical path di�erence scaled to 1/4 waves,
again highlighting the di�raction limited perfor-
mance.

(d) Ray fan plot, dominated by defocus of
the green and red wavelengths, but otherwise
demonstrating the minimally aberrated system.

Figure 3.9: Various plots showing the loading beam telescope has relatively low aberrations
and will be di�raction limited.

Figure 3.9d plots this distance against the normalized pupil coordinate. Although small
in comparison to the 553 nm and 650 nm aberrations, the 493 nm RFP shows characteristic
spherical aberrations with a shape similar to that of a cubic function. The aberrations
in the 553 nm and 650 nm beams are dominated by defocusing along the optical axis,
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corresponding to the Zernike polynomialZ 0
2 with a coe�cient, R0

2 = 2� 2 � 1. There are
also spherical aberrations present. The OPD is scaled to 1=4 waves, corresponding to the
Rayleigh criteria. The interference, re
ected in the OPD caused by spherical aberrations,
at the image plane is well below the 1/4 wave limit.

To frame these chromatic aberrations better, consider the trap dimensions and the
Rayleigh range of the beams. The trap has an isthmus which is 1.2 mm and the beam is
travelling 40� from perpendicular to the isthmus giving an e�ective travel distance of�
1.56 mm across the trap surface. If the defocus on the 553 nm and 650 nm is such that they
are � 650�m and � 950�m from the image plane, respectively, then the 553 nm would
still be focused over the trap, while the 650 nm focal point would be slightly o� of the trap
surface. This is assuming that the 493 nm is perfectly focused at the ions. Another way
to look at this is to look at the Rayleigh range in the y-axis, this is the range at which the
beam cross section is twice its original value. The Rayleigh range for these wavelengths
and beam waists are> 2 mm, so the defocus would cause the beam waists to be only a
couple of microns larger at the loading zone, corresponding to beam radii of� 21� m and
� 23:5� m for the 553 nm and 650 nm beams, respectively. The beams are still able to clear
the trap below the 10� 6 power level. The axial color could be further reduced by using a
concave mirror to do the �nal focusing, but this only results in� 100 micron reduction in
the error. This combined with the> 0.99 polychromatic PSF in Figure 3.9a makes this a
viable design choice for the loading beam. More information on this beam can be found in
Table C.3 and C.4.

3.4 Cooling, Measuring, and Repumping Telescopes

The cooling, measuring, and repumping (CRM) beam is arguably the most important CW
beam in the system, as this provides the ability to Doppler cool the ion, measure the ion,
and pump out of the long lived metastable 5D3/2 and 5D5/2 states. This is the bread and
butter of the CW optical beam paths and will be used in every experiment. Without this,
the user lacks even the most rudimentary control of the ions.

3.4.1 493, 614, & 650 nm Telescope

The design for the 493, 614, & 650 nm CRM beam is very similar to the loading telescope
design except the beam is reshaped so that it can be focused with a 400 mm lens rather
than a 500 mm lens. This reduces the axial color such that the 614 nm and 650 nm focuses
� 500� m from the focus of the 493 nm light.
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(a) Y-axis view of the telescope. FY corresponds to cylindrical lenses
focusing on the y-axis. Magni�cation in y-axis M y � 2.

(b) X-axis view of the telescope. FX corresponds to cylindrical lenses
focusing on the x-axis. Magni�cation in x-axis M x � 1/6.

Figure 3.10: Ray tracing of the combined 493, 614, and 650 nm CRM beam.

The spherical aberrations in this design are low, with the most evident aberration in
the RFP being the defocus. Again, this will cause a negligible amount of increased power
clipping on the trap itself. The design meets the previously mentioned criteria and will be
di�raction limited.
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(a) High polychromatic point spread function,
meeting the Marechal criterion.

(b) Longitudinal chromatic aberration with < 1
mm focal shift over a 400 mm focusing distance.

(c) Optical path di�erence plot scaled to the
Rayleigh criterion. The simulated aberrations
are < 1/20 waves.

(d) Ray fan plot showing both spherical and de-
focus aberrations present in the CRM beam.

Figure 3.11: A collection of plots demonstrating, the low aberrations present in the CRM
beam.

3.4.2 493 nm Telescope

The 493 nm optical pumping telescope in this project is for the qudit,137Ba+ . This will
be circularly polarized and along the magnetic �eld direction (parallel to the quantization
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axis) to drive � + and � � transitions. The 6S1/2 level in 137Ba+ has 8 hyper�ne levels,
considerably more than133Ba+ because of the nuclear spinI = 3=2.

(a) Y-axis view of the telescope. FY corresponds to cylindrical lenses
focusing on the y-axis. Magni�cation in y-axis M y � 3.

(b) X-axis view of the telescope. FX corresponds to cylindrical lenses
focusing on the x-axis. Magni�cation in x-axis M x � 1/4.

Figure 3.12: 493 Optical Pumping Ray Tracing.

This telescope utilizes two cylindrical lenses for each axis to re-shape and re-collimate
the beam before being focused with a spherical plano-convex lens. This is similar to the
achromatic telescopes in that the cylindrical lenses are interleaved to reduce footprint. The
aberrations can be found in Figure 3.13 and more details are in Table C.7.
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