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Doctor of Philosophy in Physics
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Professor Wesley C. Campbell, Chair

Ytterbium is a popular species both for quantum information and precision measurement.
IYb* specifically has a long history of use in quantum computing due to the simplicity of
state preparation and long coherence times present in spin-1/2 isotopes. In addition, the
species’ use in atomic clocks due to their narrow 435 nm and 411 nm resonances have gained
prominence. In this thesis, we explore several techniques to improve quantum computation

primitives in '*Yb", and we demonstrate the first trapping of '™Yb™.

We first demonstrate a shelving technique that utilizes the metastable 2F70/2 manifold as
a place to "shelve” quantum information, enabling us to surpass the conventional limits on
state preparation and measurement (SPAM) fidelity and greatly increase our state detection
duration. Using the narrow 411 nm transition to the 2Ds 5 state, we optically pump into the
metastable manifold without the need to directly drive the E3 transition. We demonstrate a
SPAM inaccuracy of 1.5752x 10~*. The final inaccuracy is limited by a previously unobserved
M1 decay, which we were able to quench to demonstrate a further reduction in the SPAM
error. Finally, we demonstrate the potential of the 2F7°/2 state as a qubit, demonstrating

high-fidelity heralded SPAM and single-qubit gates.
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Next, we explore an effect in which the magnetic field-induced state mixing in the ground
state hyperfine clock qubit in '™Yb™ introduces polarization dependence. With a given
choice of magnetic field, this state mixing allows one to tune the polarization of perturbing
light to a "magic polarization” such that differential light shift of the qubit is eliminated.
We demonstrate this effect in ytterbium, and show an improvement in the coherence time

of the qubit by a factor of 2000.

Finally, we discuss the trapping, cooling, and spectroscopy of a previously untrapped
isotope: '™YbT, with the ultimate aim of examining the hyperfine structure of the 2F7"/2
state as a sensitive probe of the isotope’s nuclear structure. We measure the hyperfine
structure coefficients of the following previously unmeasured 2Dsjs, 2Ds /2, *[3/2]9 /o, and
13/23 /o states, laying the groundwork for hyperfine Ramsey spectroscopy of the 2 7/ State.
We then discuss potential future applications of '>Yb™ in quantum information and precision

measurement.
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CHAPTER 1

Introduction

1.1 Trapped Ions

Since the first ion traps were produced in the 1950s, they have proved an invaluable resource,
allowing quantum control of single particles and enabling experiments probing fundamental
physics such as precision measurements of the electron’s magnetic moment [CGG17], atomic

clocks that are accurate to the 1078 level [HSL16], and as highly accurate sensors [GAL21].

1.1.1 in Quantum Computing

Ever since the observation that computers composed of quantum particles are theoretically
able to solve problems that would be prohibitively difficult to solve classically, the field
of quantum computation has arisen. This observation was first made by Peter Shor, who

devised an algorithm capable of factoring a prime N in O(log(N)) time [Sho97].

One of the key advantages leveraged in quantum computers is that when a bit is repre-
sented as a quantum state, we may refer to superpositions of that state. Therefore, while a

classical bit is strictly either 0 or 1, a qubit (quantum bit) can be any superposition
Co ‘O) + |1>

If we take a system of two qubits, we must consider that any correlation of the two qubits

is possible, and we write the quantum state as

Coo |OO> + Co1 |01> + C1p |10> + C11 |11>

1



where we now require four complex amplitudes in order to fully specify the quantum state
of the system. In general, to represent a quantum state consisting of n qubits, we require at
least 2" classical bits of information. A 100-qubit system, therefore, contains 2!°° amplitudes,

an amount of information that is impossible to store classically.

1.1.1.1 Physical Quantum Computers

The great challenge in quantum computation, then, is to utilize the vast amount of informa-
tion stored in these amplitudes to perform useful computations. A commonly accepted set
of criteria for a quantum computer to be useful was set forth by diVincenzo [DiV00], who

stated that a quantum computer must be:

1. Scalable and well-characterized
2. Able to be prepared into a well-defined state
3. Able to maintain quantum coherence over the duration of a computation

4. Have a "universal” set of quantum gates - that is, a set of unitary operations that can

create an arbitrary entangled state in the system

5. The ability to read out the state of the system in some basis

This set of criteria is quite general, and a great variety of approaches spanning a number
of technologies have appeared, all seeking to fulfill them. These include but are not limited
to trapped ions|[MBA23|, trapped atoms [WBB23|, superconducting Josephson junctions
[AAB19], quantum dots [Har22|, nitrogen vacancy centers [GWI21], nuclei [GCI7], and
photons [AAA25].

The diVincenzo criteria may set a broad guideline for the minimum requirements needed

to make a quantum computer, but the particulars highlight the enormity of the challenge



involved. As any useful general quantum computation will likely require thousands of quan-
tum gates, the fidelity of the states prepared for the computation must be extremely high,
as does the accuracy of the individual interactions being performed. For instance, for 1000
two-qubit gates to be performed without any errors 50% of the time, a gate fidelity of roughly
0.9994 is required.

To reduce these requirements and overcome the physical limitations (such as lifetime,
temperature, and coupling to noise) of qubits, the field of quantum error correction has
emerged to provide ways to encode several imperfect physical qubits together into a single
"logical” qubit with a lower error rate than any of its individual constituents. The lower
error bound for such encodings to be usable is roughly 1-0.1%, although the number of qubits
required for a given logical qubits is large when near this threshold [CTV17]. In order for
encodings to be practical on a small number of qubits, error rates must be lower, around
10~*. While this is still a difficult target, it is significantly easier to achieve than developing

the perfect qubit.

1.1.1.2 Why trapped ions

Trapped ions are a promising avenue for quantum computation for a number of reasons.

e Each ion is physically identical, reducing (though certainly not eliminating) the cali-

bration requirements

e Trapped ions can be laser-cooled, which mitigates the requirements of cryogenic sys-

tems

e The hyperfine clock states of trapped ions with half-integer nuclear spin are insensitive

to magnetic fields, and feature coherence times of up to 1 hour [WLQ21].

e Trapped ions are charged, giving them trap depths much higher than those of neutral

atoms.



1.1.1.3 This work

In the quantum computing-related work performed in the course of this thesis, we seek
to improve the fidelity of the state preparation and measurement (SPAM) of a trapped
ytterbium-171 ion. Using a technique in which we shelve the population of one of the qubit
states to a long-lived metastable state, we were able to greatly increase the fidelity of the

measurement, limited only by a previously unobserved M1 decay.

In addition, we demonstrated an effect that had previously been unobserved in ytterbium,
in which the mixing of the qubit states in the presence of a magnetic field allows us to fine-
tune the qubit’s sensitivity to a perturbing laser field. Using this effect, we were able to
extend the coherence time of the qubit in the presence of a high-power perturbing laser by

a factor of roughly 2000.

1.1.1.4 in Probing Nuclear Structure

In addition to their usefulness in quantum computing, trapped ions present the researcher
with a physical system that can be controlled and measured to extreme precision. The
electronic structure of any trapped atomic system is sensitive to a great number of effects,
and experiments in trapped ions have searched for beyond-standard model physics such as a
fifth force [HAC22], violations of Lorentz invariance [SHL19, KL99], and shifts of fundamental
constants [HSL16, BCH19].

Of particular relevance to the work in this thesis is the sensitivity of the electronic struc-
ture to perturbations from the nucleus. This allows us to measure the electronic structure
in order to infer nuclear properties such as nuclear size [FM23]|, magnetization distribution
[RG21], and multipole moments [Hof14]. In particular, the metastable *Fy, state in the
previously untrapped ytterbium-173 isotope is extremely long-lived and sensitive to the very
high-order multipole moments of the nucleus. By leveraging this long lifetime in conjunction

with the quantum control that has been developed in the trapped ion field, we can make



measurements of the nuclear moments to an unprecedented precision.

In this work, we have developed techniques for trapping and manipulating the state of

13Yb*, based on the preliminary work performed by Conrad Roman [Rom21].

1.2 Story of the Thesis

As is often the case, the order of the work in this thesis is out of order from the order in
which it was performed in the lab. For reasons of flow, I have kept the parts of the work
pertaining to 'Yb™ and '™Yb" separate, in the hopes that the reader does not need to

keep the level structure of both in their head at once.

Although I also contributed to some work related to background-free state detection using
a mode-locked laser [RRI20], T deemed it outside the scope of this work. Chronologically, the
first work that was performed and appears in this thesis is the SPAM measurement detailed in
Chapter 6. During the execution of this work, the COVID-19 pandemic took place, during
which I performed most of the design of the four-rod trap detailed in Section 5.2. Upon
returning to the lab, we undertook the '™Yb work in chapter 9. After the observation of the
magic polarization in **Ba™ by my colleagues Sam Vizvary and Zach Wall [VWB23], we
moved towards performing measurements of the same effect in '"*Yb™, detailed in chapter
8. During the execution of these experiments, we experienced an ion trap failure and were
forced to construct a new ion trap as detailed in section 5.2.2. Following the construction of

the new trap, the magic polarization work continued.

1.3 Structure of the Thesis

This thesis is divided into ten chapters, the following nine of which are detailed below:

e Chapter 2 lays a groundwork for the atomic structure theory needed in order to under-

stand the aspects of the ytterbium ion described in this work. It details the gross level
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structure, hyperfine structure, Zeeman structure, and contains a very brief primer on

nuclear structure.

Chapter 3 lays out the basic theory of ion traps, outlines the effect of the ion trap on

the atom, and addresses ways of compensating the trapping potential.

Chapter 4 This chapter outlines the experimental techniques that are common to most
ytterbium trapped ion experiments. This includes procedures such as photoionization,

laser cooling, state preparation and measurement (SPAM).

Chapter 5 details the experimental apparatus used in this work, and acts as a reference

for experimental parameters.

Chapter 6 details the first major experiment of the thesis [RRD21], in which nar-
rowband optical pumping was used to greatly increase SPAM fidelity by shelving one
quantum state in the 2F7"/2 state during state detection, protecting it from mixing

during readout.

Chapter 7 gives a brief treatment of the metastable qubit in the F state of '"'Yb™, and
the work that has taken place in the Campbell group to operate it. Much more detail

on the subject can be found in [Rom21].

Chapter 8 details the experiment we performed to measure a magic polarization in the
ground state of 1"'Yb™ — that is, a magnetic-field-dependent polarization at which the

differential light shift of the ground state qubit is canceled out.

Chapter 9 details the work that has been performed in trapping 'Yb™ in preparation
for performing spectroscopy of the metastable 2F7"/2 state. It covers Doppler cooling,
spectroscopy of a number of transitions needed to populate and depopulate the state,

and lays out a detailed scheme for the spectroscopy.



e Chapter 10 lists some future directions of research into the 2F7°/2 state in 'Yb™, and

highlights other work that is currently taking place with the ion.



CHAPTER 2

Atomic Structure

2.1 The Level Structure of Ytterbium

2.1.1 Ytterbium’s place among the ions

Ytterbium has a rich level structure compared to most other commonly used trapped ion
species. The ionized rare earths only have a single valence electron surrounding a very stable
core. As such, the gross level structure very closely resembles that of hydrogen, and can be
said to obey quantum defect theory [Foo05]. In ytterbium, on the other hand, a single
electron exists, but the core is much more weakly bound — rather than having a fully filled

shell, only the f-subshell is filled, giving a 4f'46s 25, 5 ground state.

For many purposes, the Ytterbium ion looks a lot like any of the other ion species when
you ignore the 4/ core. It has a 4f'46s 25 5 ground state, it is cooled and read out using
a 4f116p 2P1O/2 excited state, and, like barium and calcium, it possesses low-lying and long-
lived 4 f'5d ?D3/s 5/ states. However, when stepping even slightly outside of these states,

the importance of the core becomes apparent.

The first excited state of ytterbium is a 413652 2F70/2 state. That is, it does not consist
of a single electron orbiting a filled core, but rather consists of a hole in the core. When
driving an electric octopole transition from the 2S; 5, we are actually exciting an electron

from the filled core to fill an s-orbital, leaving the core unfilled.



2.1.2 JiK and J,Js-coupled states

Many other states in ytterbium are similarly multi-electron excited states. Many of the
lower-lying energy levels have electron configurations in which electrons have been excited
from the core, such as 4 f135d6s or 4 f135d6p [AYJ23]. For these states, it is often insufficient
to assign a Russell-Saunders (LS-coupled) term, and we must turn to one of two intermediate
coupling schemes. Rather than considering the angular momentum of a single electron, these

coupling schemes split the electrons into a ”core” group and an ”outer” group.

2.1.2.1 J;K-coupled states

Several of the states that we use when manipulating the ytterbium ion do not use standard
LS coupling. These states like ®[3/2]; 2 and '[3/2]3/, instead use the J; K coupling scheme.

In this coupling scheme, the angular momentum vectors are added as follows:

b, +s. = J.
Jc"_go:K (21)
K+s,=J

where the good quantum numbers are J., K, and J. J;K-coupled terms are written as
250 t1K] ;. and often, the angular momentum of the core and outer electrons is explicitly

written in the electron configuration as well.

For a worked example, we may write the upper state of our 935 nm transition as

AfP(2Fy),)5d6s(>D) 2[3/2]7 5. In this example, £, = 3, s. = rle=2,8,=1,J. =1

29
_ 3 _ 1 . . .
K =3, and J = 5. Since these states are simply related by the order of the coupling, we can

freely convert between the J; K and LS representations for states, and the process is given

in Appendix A.0.1.



2I:7/2 (7/2' 2)7/2 1[3/2]3/2

Figure 2.1: A diagram of the three angular momentum coupling schemes that appear in
the ytterbium ion, and their vector components. The left diagram represents LS coupling,
where the /. and ¢, couple to form L, while s. and s, couple to form S. The middle diagram
represents J;Jy coupling, where each ¢ and s first combine to form J. and J,. The right
diagram represents J; K coupling, where J. and ¢, couple to form K, which then couples to

So
2.1.2.2 J;Jo-coupled states

Many excited states in ytterbium (though none that will be used explicitly in this work) are

in the J;.J5 coupling scheme. In this scheme, the angular momentum vectors add as

b.+s. = J.
fo + 8o = Jo (22)
Jo+J,=J

where the good quantum numbers are J., J,, and J. JjJs-coupled terms are written as
(Je, Jo) s, and often the full terms of the core and outer electrons are also explicitly written

in the electron configuration.
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2.1.3 A final note on coupling schemes

As is always the case in a many-electron system, the assignment of a single term symbol to
an atomic state rarely fully characterizes the state. The assigned coupling simply provides
the best description of the state’s behavior. When assigning term symbols, the assignment
process is one in which the state is computed, and then its projection onto various coupling
schemes is evaluated. Then, the term with the largest projection onto the state is assigned

to the state. Often, the second-leading term symbol is provided.

Coupling schemes are a way of simplifying and labeling terms, and are only an approxi-
mate characterization of the full atomic Hamiltonian. It is not always the case that the three
electrons couple cleanly in a given order. For a good further discussion on this subject, see

any of the fine works by Robert Cowan [CA65, Cow70)].

2.2 Hyperfine Structure

In isotopes with nuclear spin, J , the total angular momentum of the electrons, is no longer
fully a good quantum number. This is because the nucleus now has its own nuclear spin 1
that contributes to the total angular momentum of the system. In this section, we will go

over various terms in the hyperfine structure of the odd isotopes of Ytterbium.

2.2.1 Dipole hyperfine structure

Since the magnitude of the nuclear dipole moment is much smaller than that of the electron’s

magnetic dipole moment gy ~ ;:L‘;V B ~ ﬁ,ug, we can treat the hyperfine interaction as a

perturbation on the existing fine structure states that we find in spin zero isotopes.

In the case where we only consider a spin-spin interaction, the hyperfine interaction
Hamiltonian is

HMl = Mg - Belec =Al-J (23)

11



due to the fact that the electronic magnetic field B, is created due to the electron’s angular
motion around the nucleus and therefore scales with J, and u; = pygrI. Since the magnitude
of the electronic magnetic field at the nucleus is dependent on the shape of the electronic
wave function, we absorb the constant of proportionality between J and into a hyperfine A

coefficient and leave its exact calculation to atomic structure theorists.

To extract the energy shift due to the hyperfine interaction, we take the matrix element
A(I,J|I-J|I,J). Defining a new total angular momentum operator F = I 4+ J, and using
the relation I-J = 2(F? — I? — J?), we see that the values of the shift are

ABy, = g [F(F+1) = J(J+1) — I(I +1)] (2.4)

2.2.2 Multipole hyperfine structure

In general, more than just the dipole moments of the nucleus and the electron can interact.
We can additionally have multipole interactions such as quadrupole-quadrupole, octopole-
octopole, and even higher-order interactions, given that both the nucleus and electron cloud
have the relevant multipole moments. Since the spherical harmonics are orthogonal, multi-
poles of different orders never interact. The most elegant way to derive the forms of these
higher-order shifts is given in [BDJO08], and I will provide that derivation here. For a com-
plete relativistic derivation of the multipole hyperfine shift, see [Arm71] (for a copy, check
the UC library).

In general, we can write the scalar product of a nuclear and an electronic spherical tensor

operator as

Hyp =T T = " (—1yr7 e on (2.5)
k,p

T®*)¢ in the above expression is the rank-k multipole moment operator for the electronic
wave function. For the even-order moments (k = 2,4,...), these terms simply correspond to
the spatial charge distribution of the electrons. For the odd-order moments, the relationship

is more complex, as we have to consider the magnetic field generated by the electron cloud

12



at the nucleus. As such, we can write the following forms for the odd and even terms for a

single electron:

— 27 G (F) electric (even k )

. (2.6)
— iy Cg)zb(f") magnetic (odd k)

k(1) =

where « is the relativistic electron momentum operator (defined in page 21 of [Arm71]),

Crqg = %YM(G,@ is the g-th normalized spherical harmonic of rank k, and C;E); =
WLYU%D(G,@ is the the g-th normalized wvector spherical harmonic of rank k

[Joh06].

T®)m corresponds to the rank-k nuclear multipole moment operator, up to an arbitrary
prefactor defined by convention. Since these prefactors get absorbed into the hyperfine

structure coefficients, I will give them later.

Applying perturbation theory, the matrix element that we wish to derive is the diag-
onal element of the hyperfine interaction (I, J, F,mg|Hgp|l,J, F,mp). We can apply the
reduction theorem for scalar products of spherical tensor operators to reduce the problem

[Zar91]:
F J 1
(I1,J,F, mF|T;Ek)’e . Tlﬁk)’"ll, J,F,mp) = (_1)I+J+F Z
r |k I J (2.7)
< (J)|TW|LT) (I T®" 1)

By rewriting the reduced matrix elements in the above expression in terms of the stretched

matrix elements of the interaction by the definition

. N . Jg ok g\ . .
(Ok); = (4,my = jlOklj,m; = j) = ,O,OWW> (2.8)
~j 0 j

we get an elegant way to express the kth-order multipole term as

AE® = X, <T(k),e>J (T®m (2.9)

I
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where
F J I
kI J
Xi(I,J, F) = (=1)!7+F (2.10)
J k J I kI

-J 0 J -1 0 I

This lets us define the hyperfine structure coefficients in a compact way:
1 n . 1 N
A= (O, (10, = L (ro),
B a(On) (10, = 20(1),
= <T(3)’n>l <T(3)76>J = -0 <T(3)76>J

Do () (1), = (e,

(2.11)

where 1, @, Q11 are the nuclear dipole, quadrupole, octopole, and 16-pole moments. The
prefactors in the above expression are set by convention. We can now explicitly evaluate the

first several terms of the multipole hyperfine shift. We write

1
AByp = ALIX\(1,J,F) + BXo(I, J,F) + OXs(1,J,F) + DXy(I, J, F) (2.12)

We can explicitly rewrite the terms multiplying the hyperfine coefficients (see page 70 of
[Arm71] for the working out):

IJX(I,J,F)=1-J (2.13)
1 3I-32+21-J)—II+1)J(J+1)
el L) = 21J(21 — 1)(2J — 1) (2.14)
[10(1- J)* +20(1 - J)?
Xs(I,J,F)= +20-0)[-3IIT+1)J(J+ 1)+ I(I+1)+ JJ +1)+3] (2.15)

—5I(I+1)J(J+D])/II—-1)2 —-1)J(J—-1)(2J —1)]
The key aspect to note about the above terms is that each subsequent term in the hyperfine
structure adds an energy shift that is a kth-order polynomial in (I-J). This means that if
we plot the hyperfine structure of a particular state as a function of F'(F' 4 1), we can extract

the hyperfine coefficients by fitting to a polynomial.
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2.2.3 Second-order corrections

In general, it is not sufficient to compute the hyperfine shifts using first order perturbation
theory. When the magnitudes of the magnetic octupole shift or electric hexadecapole shifts
are kilohertz or less, second-order corrections to the magnetic dipole and electric quadrupole

shift become important [XLC20]. In general, the second-order perturbation to the energy is

A 2 <’)/7[aJavaF|HHF|’7/7[7‘]/7F7mF> <,y/7[/aJ/7FamF‘HHF‘77]aJ7F7mF>
EHF_Z E_E/

,Y/7J/
(2.16)

If we rewrite the matrix elements in the same way as as we did in equation 2.7, we can

express this as

NS 1,2 1 JF|l|1 JF
STE-E ST 1 k)| ok

< (LTSI (INTSD ML) Gy, TITE €y, I (y, JTE <y, )

I J F I J F
J Tk J Tk

(2.17)

Dy

SIESEE A kN1 k1
-1 0 I -1 0 I
X (T (T (o, Ty, ') G, JITE o, )
In practice, if we only consider second order dipole and quadrupole effects, three terms arise:
a dipole-dipole term (k; = ko = 1), a dipole-quadrupole term (k1 = 1,k = 2), and a
quadrupole-quadrupole term (k; = ky = 2). Calculating these directly is outside the scope
of this thesis, but a discussion of the impact of these terms on the 2F; /2 state of 13YH* can

be found in Section 9.1.
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2.2.4 Hyperfine Rescaling

One thing to note about all of the above work is that the nuclear and electronic parts of the
hyperfine coefficients are always separate and can be factored out. This has a convenient
consequence that allows us to estimate the hyperfine structure of a state in one isotope if we

know its hyperfine structure in another isotope, along with some properties of the nucleus.

Take, for example, the 25} /2 ground state in '™ Yb* and '™Yb™". Since A o pulJ <T(1)75>J,
and the electronic states are identical, we can rescale the hyperfine structure of one isotope
to predict that of the other. Knowing that the nuclear magnetic dipole moments of the two
species are py7 = +0.49367(1), pu7s = —0.67989(3) [Sto05], and that I17y = 3, Ii73 = 3 we
can deduce that the ratio of the hyperfine A coefficients is -3.6305.

Although this method only allows one to estimate the hyperfine structure when another
isotope has a state with similar hyperfine structure, being able to deduce the hyperfine
coefficients of '™Yb* from that of '™'Yb" is a valuable tool. In states where J < 1, only
the magnetic dipole contribution applies to the hyperfine structure, and we can accurately
predict the hyperfine splittings in 'Yb™. Even in states with J > 1, being able to determine
the value of the A coefficient can help when trying to assign lines or can allow you to infer

the higher-order hyperfine coefficients from fairly limited spectroscopic data.

2.2.4.1 Anomalous Hyperfine Structure

Although it will not be mentioned elsewhere in this work, it is worth briefly touching on
a subtlety of the previous calculation. Upon estimation of the hyperfine coefficient A of
Yb* 25, /2 we may observe that the predicted ratio of -3.6305 is slightly different from the
actual ratio of -3.61508 measured in spectroscopic data [HXZ24, MBG87]. This difference is

physical and is called the magnetic hyperfine anomaly

This anomaly appears as a correction to the hyperfine structure due to the finite size of

the nucleus [Per13, BS70]. It comes from two predominant sources:
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e The Bohr-Weisskopf effect, in which the finite magnetization distribution of the nucleus

is taken into account

e The “Breit-Rosenthal-Crawford-Schwalow” correction, in which we take into account

the change of the electronic wavefunction due to nuclear size effects

Generally, these effects are only observable in the S and P states where the electron
wavefunction significantly overlaps the nucleus, and generally the Bohr-Weisskopf effect is
dominant. Given pairs of atoms, this effect can be used to glean information about nuclear
magnetization distribution, which is difficult to measure by any other means, and can be
used to evaluate different models of nuclear structure [RG21]. In particular, the hyperfine
anomaly can also be used to investigate the precise degree of state mixing that occurs
in complicated atomic terms, as was pointed out for ytterbium in ref. [BS70]. For an
introductory discussion of hyperfine anomaly and a thorough tabulation of experimentally

measured hyperfine anomalies, see ref. [Perl3].

2.3 Zeeman Structure

2.3.1 Fine structure Zeeman

On top of the hyperfine structure, we must consider one last level of atomic structure —
namely that which arises from the interaction of the atom with an external magnetic field.
In the weak-field limit, we can treat the effect of the magnetic field as a perturbation, and
we can assume that F' and mp are still good quantum numbers. The Hamiltonian of the
interaction is

where the total magnetic moment of the atom in the absence of the hyperfine interaction

is p = grupL + gspupS. The interaction we would like to evaluate the expectation of is
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therefore

Hz = ppgrB - L+ pupgsB - S (2.19)

and we would like to evaluate this expectation value in the J,m; basis. Without loss of
generality we may assume that the magnetic field is pointing in the z-direction. We will
evaluate the S term first. As we have assumed that J is a good quantum number, we can
assume that the expectation value of S is closely approximated by its projection onto J. In
this limit, we can state that [Sob96]

(S-J)

S~ 707D

J (2.20)

Using the fact that S-J = %Jz — L2+ S2%, we can write the expectation value of the S term

| J(J+1) = L(L+1)+S(S+1)
27(J 1 1)

Following the same procedure for the L term, we can write the total perturbation as

(JJ+1) =SS +1)+ L(L+1))

(kpgsB - 8) = upBgsm, (2.21)

(Hz) = upBmy g1

2J(J+1)
(J(J+1)+S(S+1) - L(L+1)) (2.22)
s 2J(J 1 1)
= tngrmal (2.23)

For a finite nuclear mass g;, = 1 — m¢/Magom-

2.3.2 Hyperfine structure Zeeman

Should we want to add in the hyperfine interaction structure, our Hamiltonian becomes
HZ = —gJMBB'J+g[MNB'I (224)

We can make the same approximation that we did for L and S, claiming that the expectation
values of I and J both project mostly onto F. In that case, we can reuse equation 2.23 to

state that
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F(F+1)—I(I+1)+J(J+1)

(Hz) =mpB |upgs

2F(F +1)
F(F+1) +I(I+1) = J(J+1) (2.25)

tUNYI 2F(F + 1)
- HBmFBgJF<F +1) —22((;++1i)+ J(J+1) (2.26)
= ppmrgrB (2.27)

where we have made the approximation that the g; term is small, as the nuclear magneton

N K [B.

2.4 Intermediate-field Zeeman structure

Performing hyperfine-sensitive measurements of the structure of the F-state to a given preci-
sion requires the states to be resolved to that precision. One factor that limits the precision
we can achieve is the sensitivity of the states to magnetic field noise. As such we should
use the MCDHF computation of the hyperfine structure (further discussed in section 9.1)
[XLC20] of ™Yb™ as a basis to predict the magnetic field sensitivity of the clock states in
the 2F70/2 manifold.

To compute the magnetic sensitivity of the clock qubits to all orders, we employ a gen-
eralized Breit-Rabi Hamiltonian. That is, we want to diagonalize the atomic Hamiltonian
in the regime where the hyperfine splitting and the Zeeman splitting are comparable. Al-
though this can be done by hand in the 25 2 ground state of an alkali element, for instance,
a general approach involves a large number of Zeeman states; the hyperfine manifold of our

F state contains 48 Zeeman sublevels.
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2.4.1 Matrix elements of the Breit-Rabi Hamiltonian

The Hamiltonian in which we are interested is that of a magnetic field acting on an eigenstate
of the atom without a magnetic field. Such an atom has quantum numbers |J, I, F,mp).
In this basis, the Hamiltonian is diagonal, and we can simply populate our unperturbed
Hamiltonian with the measured or computed energies for each F sublevel. The magnetic

field Hamiltonian takes the form
HB :NBgJB'J_,uNgIB'I (228)

where g, is defined in equation 2.23. For a finite nuclear mass g, = 1 — m./myy,. This
Hamiltonian is diagonal in the |J, I, m s, my) basis. To express the matrix elements of this
Hamiltonian in the |J, I, F, mp) basis, we have to convert using angular momentum recou-

pling. Specifically:

(F' .l |Hp| Fomp) = > (F' mpr | myp,mb) (my,my | Hg| my,mp) (my,mp | F,mp)

mymr
=B Z (Bgsmy — pngrmy) (=)™ R/ 1) (2F + 1)
mymy
J 1 F’ J 1 F
X 5J,J/5[,I/5mp,mF/
my mp —mhg my my; —mpg

(2.29)

Alternatively, we can use the Wigner-Eckart theorem to find an alternate expression

for the matrix element that can be a bit faster to compute, as it does not require explicit
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summation:

<F/, mHHB|F, mF>
= B (ngs (F'mlp [T | Fome) = pivgr (F | T3 | Fom) )

(1) Fomp LF
= B | upgs (F||Ty " ||F) (—1)

—-mp 0 mp

1 F
—pungr (F|| TSV | F) (—1)F—me
—mp 0 mlp

_ B(_)F—f—F’—m’F-I—J—I—I-i—l

" 1 P\ |J o
x| usgs (JIT 7 |1T) v/ (2F + 1)(2F +1)
—mp 0 mlp F J 1

1 FF\|I F J

g TSV |11 /(2F + 1)(2F + 1)
—mp 0 mp F I 1

1 F

— B(— ) et L JQF 4 1) (2F 4 1)
—mp 0 mlp

J P I F J
< | ppgs/I(J+1)(2J + 1) +ungrV/I(T+ 1)(21 + 1)
F J 1 F I 1

(2.30)

For a graphical proof of the equivalence of these two expressions, see Appendix B.

2.4.2 Calculation of the full Zeeman Structure

Looking at equation 2.29, we can exploit the fact that there is a d,, term (due to the

Fympr
nature of the Zeeman Hamiltonian as TO(I) ) to split an otherwise large Hamiltonian into
multiple smaller matrices, each containing only one value of mp. For instance, this turns

the 48 x 48 matrix of the QF;’/Q state in '™YDb™ into 13 matrices: 1 x 1, 2 x 2, 3 x 3, 4 x 4,
5xb5,6x6,6x6,6x6,5x5,4x4,3x3,2x2,1x 1. Thisis much more tractable.
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Figure 2.2: The intermediate field Zeeman structure of the 25)/, ground state in ™Yb™.

Note the quadratic field dependence of the mp = 0 states in the low-field limit.

Figure 2.2 shows the result of diagonalizing the above Hamiltonian for the 25/, ground
state of '"Yb*. It accurately reproduces the observed magnetic field dependence of the

clock state, with the qubit frequency changing by 310.778Hz/G2.

Having validated our results, we can plot the magnetic field dependence in the 2F7O/2 state
of ™Yb™. It is plotted in Figure 2.3, and Appendix F gives the field dependence of each

Zeeman state to fourth order.

The second-order magnetic field dependence of the clock qubits is of the most importance,
as we plan to operate our qubit or qudit at less than 5 Gauss. The second-order sensitivity
of each microwave transition between clock qubits is given in Table 9.2. To compute the
degree of broadening of the transition due to field noise, we can look at the shift induced by

a signal of a given strength.

For more discussion on the systematics of the F state hyperfine interval measurement,

see Section 9.3.

There are some interesting features to note about the Zeeman spectrum that can be
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Figure 2.3: The predicted intermediate-field Zeeman structure of the *Fy, state in 18y pt,
showing the complicated interactions between the multiple hyperfine manifolds. The figure
on the right shows in more detail the shifts of the F' = 3 and F' = 4 manifolds, where the
strongest nonlinearity is expected in the low-field limit. Light gray lines show the linear

Zeeman effect.
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Transition Second-order sensitivity (kHz/G?) Linewidth at 10mG with 5mG noise

1-2 12.2 1.22
2-3 56.0 5.6

3-4 242.9 24.3
4-5 -4.8 0.48
5-6 -6.4 0.64

Table 2.1: The second-order magnetic field sensitivity of the five zero-field clock qubits in the
13yt 2F7"/2 state, and the uncertainty in the qubit frequency that is induced by residual

field noise at the planned magnetic field.

educational. For example, there are several examples of avoided crossings in the Zeeman
structure. Since the Zeeman Hamiltonian only links states of the same mpg, levels are free
to cross unless they have the same mp, in which case we observe an avoided crossing.
Specifically, the zero-field states F' = 1,mrp = —1 and F' = 6, mr = —1 have an avoided
crossing around 900 G, and the zero-field states F' = 1,mp = 0 and F' = 6, mp = 0 have an

avoided crossing around 1400 G. These avoided crossings are highlighted in Figure 2.4.

2.5 Interaction with Radiation

Now that we have established the eigenstates of the atomic Hamiltonian to enough precision

to describe '™Yb™, we should discuss the dynamics of the atom in the presence of light.

2.5.1 E1 Transitions

The Hamiltonian for an electric field interacting with the atom in the electric dipole approx-
imation (where A > r) is
HEl :é-d:eEoé-r (231)

Where ¢ is the light’s polarization unit vector, Ejy is the perturbing electric field, and
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Figure 2.4: Avoided crossings in the Zeeman structure of the 2F70/

lighted are the avoided crossings of the (zero-field) |F' = 0,mp = —1) and |F = 6, mp = —1)

, state of ™YDb". High-

states, and of the (zero-field) |F' = 0,mp = 0) and |F' = 6, mp = 0) states.

d = er is the dipole moment operator. From this, we can write the Rabi frequency of the

transition as
€E0

1 = 52 (gl xle)] = S (o) (2.32)

We can express r as a scaled version of the rank-1 spherical tensor rTq(l). If we also

express ¢ as a rank-1 spherical tensor, then in the spherical tensor basis, we can write
A(1) (1)

Er=r) gef-101}Ea T—¢- The conversion between the Cartesian basis and the spherical

basis for a vector operator € is

(2.33)



Explicitly, our Rabi frequency is now

el R
Uy = T2 S 2ol (230

q€{717071}

Now that we know the composition of our matrix element, we can proceed to use the
rules of angular momentum operators to begin simplifying our matrix element. Let us assign
a value of J, F', and mp to each of our states and proceed with the reduction. We will first

use the Wigner-Eckart theorem to factor mpg out of our matrix element:

E
Qp1 = 62—7_:) Z éfq <,-Y/’J/’F/’m/F‘I‘q”}/, J,F,mF> (235)
qe{-1,0,1}
E ad 1 F
= % Z éfq <’}/', J’,F’Hr”’y, J,F> (2_36)
ge{-101} \=MF q mp

We can furthermore apply the repeated reduction formula to extract the F-dependence

of the Rabi frequency:

eEo\/(2F+1)(2F/+1)Z J J 2 Fo1

Q =
E1l 9%

eg (s lIrll, J)
s |F' F I —mly q mp

(2.37)
From the Rabi rate, we can compute the Einstein A coefficient, which represents the state
lifetime associated with the transition:

4av?

A =
9 3220 + 1)

| (e|r]g)[* (2.38)

where « is the fine structure constant, and J’ refers to the J of the upper state.

This is as far as we will take the computation. Reducing it to this point allows us several
conveniences. Generally, the lifetimes of fine structure levels are tabulated. Since we have
extracted the dependence on F' and mp into easily-computable 3j and 6j symbols, we can

now easily determine the lifetime of a hyperfine or even Zeeman sublevel from the reported
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lifetime of the fine structure level. Even if we don’t know the lifetime of a state, we can
predict the relative transition strengths of two sub-transitions in a given transition between
two fine structure states. This is convenient because computing the reduced matrix element

of a transition generally involves computing complicated radial integrals.

2.5.2 E2 Transitions

The electric quadrupole (E2) interaction can be seen to be derived from the interaction
between the gradient of the driving electric field and the quadrupole moment of the ion.
This means that we need to add a term to the electric dipole approximation. Our interaction

Hamiltonian is

Hps = Qi;ViE; = —Qy;kié; By (2.39)

where Q;; = rir; — %736@-]» is the electric quadrupole operator. Since for a plane wave k€ is
already always zero, we can simplify our expression for the quadrupole operator to just be

Qi; = mirj. This means that we can now write the Rabi rate of our transition as

eEy .
Qpy = |——&:k; (g|rir;e) (2.40)
2h
Converting into a spherical tensor basis, we have
€E0 0
QEQ = % ng)éz‘kj <g|T2Tq(2)|6> (241)
q

where T, ,1(2) is the unit rank-2 spherical tensor operator, and cz(j) is a tensor that converts éil%j
into a spherical tensor basis. If we take v{—0+}H to be the rank-1 spherical basis vectors

defined in equation 2.33, we can define [Jam98|
10 n) (m
Cg) = g(—)q Z 0! )UJ(- ) (2.42)
nm=—1 \TL M —(q

Similarly to in equation 2.36, we can now be a bit more explicit in how we define our

excited and ground states, and pull out geometric factors. We first apply the Wigner-Eckart
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theorem:

E ~
Qpo = |50 D el eik; (' Fmlp T2y, J, Fymg)
q
/ (2.43)
E . F 2 F
= |5 ek (o, T F Ty, J, F)
p —-mp ¢ mp

We can use the repeated reduction formula to pull out the F-dependence as well, leaving

us with
eEo\/(2F + 1)(2F" + 1)
QEQZ
2h
2.44)
J J 2 . Fr 2 F (
x T PTO Ny, 1) Y el ek
F'F I p —mp q mp

Following [Roo00], we can also express the term cl(]q-)éil%j in an easier-to-understand way
by assuming that 1) the magnetic field is in the z-direction, 2) that ¢ and k are orthogonal,
3) that our light is linearly polarized, and 4) that our light propagates in the x-z plane.
Defining ¢ as the angle between the k-vector and the magnetic field, and 6 as the angle
between the polarization and the magnetic field, we can write k= (sing, 0, cos p) and

¢ = (cosf cos ,sinf, — cos @ sin ). We can then express the geometric factor (@ = cgg)éikj

as

1
g = 5 |cos 0 sin 2¢|

1
gF) = \/%|COSQSH1 2¢ + isin 6 cos ¢ (2.45)

1
(£2) — __|cos f sin 2 + 2i sin fsin |

9 2/6

The resulting coupling strengths as a function of # and ¢ are shown in Figure 2.5.

We can further convert this Rabi frequency to an Einstein A coefficient using the formula

from [Jam98]:
5
av

A =
I 1504(2J/+1)‘<

where « is the fine structure constant, and J’ refers to the J of the upper state.

e|[*T®||g)|"

(2.46)
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Figure 2.5: The relative coupling strength of an E2 transition as a function of 6, the angle
between the magnetic field and the polarization, and ¢, the angle between the magnetic field

and the k-vector.

2.5.3 M1 Transitions
2.5.3.1 Optical M1 Transitions

Unlike with the E1 and E2 matrix elements, the electric dipole (M1) matrix element can in

principle be solved ab-initio for LS coupled states. We begin by writing our Hamiltonian:

E
Hun = (el Blg) = FE2(k x €) - {e|L + ¢.8]g) (247)

where we have used that the magnetic field of our light in the electric dipole approximation
is B= %k‘ x €. Taking the atomic states to be LS-coupled, we can immediately apply the
Wigner-Eckart theorem and the repeated reduction formula to extract the dependence on
mp and F, respectively, giving us

E ! /
P R+ 1)2F + 1) (', 1,8 T ||L+ g.8|[n, L, S,.J)
F 1 J

Hyn =

(2.48)
F' 1 F
X Z (k x €),
¢ \Mp q mp
However, we can go further. By applying one more reduction of the reduced matrix element,

once in L and once in S, we end up reducing the problem to two reduced matrix elements of
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angular momentum operators:

(', L',S", J||L+ gsS|n, L, S, J)

= (W, L', S, J|Ll|n LS, J) +gs (', L', S, J'||S||n, L, S, J)

/ L J S
= VRIF DT ) | (-t (o, L'||Lijn. L) (2.49)
J L' 1
' S J L
g (~DF S (o' S'|[8]|n. 5)
J S 1

We can now use the identity (5[[jV|[5)

=0;,1/ (2 + 1)(j + 1)j [Zar91]. Thus, the total expression for the magnetic dipole Hamil-

tonian becomes:

L o J I F
HMY = B2 JOF F1)(2F + 1) (207 + 1)(27 + 1)(—1)F+F 40+ =mpt Lt
c F 1 J
L J S S J L
Op.1 VL +1)(L+ 1)L + g.ds.5 VS +1)(S+1)S
J L 1 J S 1
F' 1 F
X (k x €),
q —Mmp q Mg
(2.50)

We can write down the Einstein A coefficient associated with the transition as

B v |, LS T F||L+ gS|n, L, S, J, F)|?
- 2Umieghcd 2F" +1

(2.51)

Lande ¢ factor Interestingly, this expression provides us with an alternative and less
hand-wavy way to derive the Lande ¢ factor g;, defined previously in equation 2.23. By

applying the Wigner-Eckart theorem to the Zeeman Hamiltonian, we may write that the
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effect of a static magnetic field is

J 1 J
<77 JJ mJ|:U’B|’Y7 J7 mJ> - :LLBB(_)J_mJ <77JHL+QSS||’Y7 J> (252>

my 0 —my
J (v, J|IL + g.S||v, J)
VI +1)(2J + 1)

= pugBm (2.53)

we may therefore define g; as

VI +1)(2J+1)

(2.54)

With a great deal of effort, one can indeed prove that we recover the expression for g;

given in equation 2.23 from the above equation.

2.5.3.2 Coherent Microwaves

Although optical M1 transitions do occur between fine structure levels (notably between the
D55 and %Dy o states in ytterbium, see Section 6.5), the main way M1 transitions occur in
our atom is when we deliberately drive them using microwaves. This is our primary method
of manipulating our qubit, and it is worth going into detail on the dynamics of a two-level

system interacting with a microwave field.

Let us write the two-level atomic Hamiltonian as

10
S P (2.55)

Wo Wo
Hy=——10)0] + — |I)X1
o= =Sl =5 ) =5

When discussing microwaves it is more intuitive to write our perturbing Hamiltonian as

that on an oscillating magnetic field, rather than an electric one:

Hy = ju- Beos(wt + @) (|1)(0] +[0)(1])
= B: cos(wt + ¢) (1 [1)0] + p* [0)1]) (2.56)

= B, cos(wt + @) o,
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Given these two terms of our Hamiltonian, we can write down the Schrédinger equation
for an arbitrary state b = ¢q[0) + ¢ |1):

d
S0 —ﬂco — B.ucos(wt + ¢)cy

dt 2 (2.57)
da @, B, u* cos(wt + ¢)¢
¢ d B C1 2zl 0

If we transform into the rotating frame with respect to wy by making the substitution

~ ,Fiwot/2

c; = Cie , we can cancel out the terms related to the qubit’s fundamental splitting and

focus on the interaction Hamiltonian:

de Q . . . 4

Zﬂ — __51 (ez(wfwo)tJrzd) + efz(w+w0)t—z¢>)

f&t 522 (2.58)
1 L _ ~ —t(w—wo)t+1 i(w+wo)t+i

G e L Y

Here we have defined Q2 = uB,, and we have expressed cos(wt + ¢) in terms of exponen-
tials. We can now argue that, in the dynamics of the system, the fast-oscillating terms will
not affect the overall dynamics, as they will integrate to zero over longer timescales. With
this assumption, we can drop the counter-rotating terms, which oscillate at frequency w4+ wy.

This approximation gives us: .
.déo Q i6t+ig

1— = ——C1€
d¢ 2 (2.59)
zﬁ _ _Q_é o idt—i¢
dt 20

where 0 = w — wy is the detuning between the driving field and the qubit frequency.

Entering the rotating frame again, this time at frequency 0 allows us to remove the time

dependence from the system. Thus, we make the substitution & = a;e?/?:
_da1 . Q* —i ) '
7 dt = B ape€ 2(11

In the case where we are resonantly driving our system (i.e. 6 = 0), we see that the

dynamics are of a simple oscillation between zero and one. For off-resonant dynamics, we
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can solve the system. A full derivation is given in[Rom21], and we will give the resulting
dynamics here as a propagator: the matrix U (4, ¢,t) can be applied to a state vector in the

rotating frame to evolve it in time:

Qt\ 8 g (2 _iQe—ib gin (2
cos<2> zQsm(2> ige sm<2>

_iQpit gin (S at 0 gin (&
15€ SlIl<2> cos<2>+zﬁsm<2)

where we have defined the generalized Rabi frequency Q = /62 + Q2. Applying this

U@, 6,t) = (2.61)

matrix determines the outcome of applying microwaves at a given phase ¢ for a duration t.
Plotting the effect of a single such pulse as a function of ¢t and ¢ yields 2.6. The effect of
more complicated series of pulses — such as Ramsey sequences, spin-echo sequences, or Knill
sequences [SAS11] — can also be considered via multiple applications of this time propagation

matrix.

In in the case of interaction with a single pulse of radiation at a detuning ¢ and interaction

time ¢, we may write that
02 cos? (Qt/Q)

) = ——=; (2.62)

2.5.4 Transitions between different couplings

In the evaluation of the above optical matrix elements and transition rates, we have made
no assumptions about LS coupling. When such assumptions can be made, it is often useful
to talk about selection rules, such as those given in [Foo05], that give a useful shorthand for
whether a matrix element will be 0. However, in ytterbium specifically, we often talk about
transitions between LS coupled states and J; K coupled states. How do we make qualitative
statements about the strength of such transitions? Here, we will work through a heuristic

example. For a more nuanced and quantitative discussion, see ref. [CAG5].

Ultimately, the rule of thumb when considering these kinds of transitions is to consider the

full configuration and to try and break down the problem into a simpler subproblem. Take,
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Figure 2.6: A 2D plot of the population in |1) as a function of the microwave detuning ¢
and the interrogation time t. The four plots along the outside of the central plot represent
slices of the 2D plot taken along the lines matching their color. The green curve is the
lineshape of an on-resonance 7 pulse. The purple curve represents the on-resonance lineshape
when the interrogation time is mistuned, in this case to a 27 pulse. The red and orange

curves show resonant and off-resonant Rabi oscillations. The off-resonant curve oscillates at

0= Ve Tz
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for instance, the 935 nm repump transition 4f'5d 2Dy /s — 4f13(*F7),)5d6s(°D) *[3/2]7 5.
Reading just the term symbols, all we can glean is that |[AJ| < 1, which means that it
is possible that the transition has some electric dipole character. However, looking at the
full configuration lets us get a sense of what is going on and what to expect. We see that
the transition can be seen to promote an electron from the core to an excited s orbital.
This process involves a large exchange of angular momentum and, therefore, we expect the
transition to be fairly weak. Looking at the DREAM database of transition strengths [QP20],
we indeed see that the natural linewidth of the transition is roughly 450 kHz, weaker than

we would expect for an E1 transition of that frequency.

While such heuristics can tell us something about the nature of transitions, it is important
not to take them as hard rules. It is always worth keeping in mind that the states in any
atom, be they single-electron excitations or five-electron excitations, are ultimately collective
phenomena of the electrons, which form a single wavefunction. The only rule that is hard

and fast is the conservation of the total angular momentum J.

2.5.5 Off-resonant interactions
2.5.5.1 A Note on naming

The shift in the atomic levels due to a perturbing light field is conventionally called the AC
Stark shift, the light shift, or occasionally the Autler-Townes shift. Due to Johannes Stark’s
antisemitic legacy and enthusiastic collaboration with the Nazi party, we will adopt the term
light shift throughout this work to describe the phenomenon. In the case where an oscillating
magnetic field is causing the shift, we will follow convention and call the phenomenon the

AC Zeeman shift.
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2.5.5.2 Light shift

In addition to driving transitions, the presence of an oscillating electromagnetic field also
shifts the eigenstates of the atom. In general, we may write the Hamiltonian for the inter-
action with radiation in the rotating frame as

1= 22(~ g¥gl + leXeD) + S (la)el +lea) 263

When we write this as a matrix and diagonalize to obtain the new eigenvalues, we obtain

the energy of the new state to be

/2 2
Ei:gi¥ (2.64)

In other words, our new eigenstates |+) and |—) are shifted from their unperturbed values
by 33/ + 62

The light shift is discussed in much more detail in 8.1. For a very thorough discussion of

light shifts and the general concept of dynamic polarizability, see [LSR13].

2.6 Nuclear Structure

In addition to the electronic structure, the nuclear structure is also of some importance to
this thesis. Although a detailed derivation of the particulars is out of the scope of this thesis,
a brief overview is in order. For an excellent phenomenological introduction to the nuclear

theory relevant to this work, see Krane & Halliday [KH87].

2.6.1 Nuclear Shell Model

Just like an atom, a nucleus is simply a bound state of subatomic particles - protons and
neutrons. What significantly complicates the mathematics of the nuclear system are the

following three factors:
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1. The nucleus has no extremely dense central mass, preventing us from using the reduced

mass approximation
2. The nucleus is composed of two distinct types of particle

3. The nucleus is an equilibrium between the strong, short-ranged and attractive strong

nuclear force, and the weak, repulsive, and long-ranged electromagnetic force.

While these effects significantly complicate the ab-initio computation of nuclear structure,
some things are true about both the nucleus and the atom as a whole. For instance, the
nucleons still exhibit a well-defined angular momentum quantum number ¢ and parity .
In '™Yb, for instance the nuclear ground state is written as 5/2—, indicating ¢ = 5/2 and

negative parity.

The nucleus also has a shell structure, in which nucleons will form spherically symmetric
shells. However, the numbers of nucleons in a nuclear shell is not the same as the number of
electrons in an atomic shell. Specifically, for protons and neutrons separately, stable shells

form at 2, 8, 20, 28, 50, 82, 126, and 184 nucleons.

These shells allow us to talk about valence nucleons and to roughly infer a number of
nuclear properties without considering the nucleus as a whole. For instance, '™Yb has a

fully-filled proton shell, and a single valence neutron.

2.6.2 Nuclear Deformation

In addition to a simple shell structure, the nucleons in large nuclei can exhibit strong col-
lective effects. Rather than forming spherically symmetric states, the nucleus can exhibit
collective effects such as vibration, or can assume a non-spherical shape altogether. 1Yb
is such a nucleus and exhibits a strong quadrupole deformation. This distribution can be
modeled as an ellipsoidal nucleus with added quantum numbers to express the rotational

and vibrational states. This is the so-called Nilsson model of the nucleus.
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Of course, there is no reason to expect that any nucleus has only a quadrupole defor-
mation, and in general nuclei have multipole moments extending to all orders. However, in
most nuclei, these deformations become very small. Exceptional nuclei with large octopole

deformations may include 222224225226 5 ' 223,220,220y - and 226U [But20).
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CHAPTER 3

Trapped Ions

3.1 Ion trapping theory

The core of any trapped ion experiment is a trapped ion. As such, we would like to create
a potential that can trap an ion. However, Gauss’ law states that V - E = 0, while at the
center of any trapping potential we must have V - E < 0. As such, we seek another way to
create a potential that can trap an ion. There are two approaches: we can use a magnetic
field to generate effectively trapped orbits, called a Penning trap, or we can introduce time
dependence into our potential to generate an effective trapping force, which is called a Paul

trap. In this work, we employ a Paul trap, and that will be the focus of this section.

3.1.1 Ponderomotive force

In general, we wish to consider the effective force experienced by a charged particle of mass
m in an oscillating potential. Given that the electric field oscillates at 2pr, we may write
that

7= %E(r) cos Qppt (3.1)

If we assume that the motion of the particle can be separated into a slow component r(t)

and a fast component r(¢), and Taylor expand the electric field we can express this as

0F,
ox

OFE

E(r,) + 2y + yfa—yy

. . €
rs+ry= E

T=xg

] cos Qppt (3.2)

Y=Ys
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Making the reasonable approximation that |f¢| > |rg| (i.e. that the fast motion is varying
much faster than the slow motion) and |rs| > |ry| (i.e. that the slow motion has a much

larger amplitude than the fast motion), we get that

Fr= %E(rs) cos Qgpt (3.3)
e
ry= —mQQRFE(rS) cos Qgrt (3.4)

Plugging this expression for ry back into equation 3.2, we get

e? oF oF
Y = —-—— x E Yy 2 Q ‘
s m2Q%«2F +(Ts) o . + By (ys) dy y:yj cos”(Qppt) (3.5)
_ e 0 2, 0 2| o
- _2m2Q%2F |:axEx<xS) + 8yEy<ys> :| COos (QRFt) (3.6)

Integrating over a period of the motion, we can obtain the net effective force:

P, = - Q2RF/ V E? cos?(Qppt)dt (3.7)
O g (3.8)
4m20%, . '
- v (3.9)
m
Where we have defined the pseudopotential as ¢ = egi

We can now make statements about our trap geometry and derive the effective potential.
If we assume a trap geometry with four hyperbolic electrodes, two of which are grounded,

and two of which oscillate at a frequency 2grr, we may write the potential as

¢ = % cos(Qgyst) <1 + vy ) (3.10)

o
Where 1 sets the length scale of the problem, and can be interpreted as the distance form

the center of the trap to the electrode. Therefore, we can state that

v
E=-V¢= T—g(xa: — yy) cos(Qgst) (3.11)
0
oy eV 2, 2
= — 3.12
= e+ 3.12



substituting this into equation 3.9, we get the equation of motion:
62‘/02

oo (i 4 i) (3.13)
RF'O0

—:
|

So we see that the effective confining potential is parabolic, and that the particle is trapped.

The frequency of the particle’s motion is called the secular frequency

eVo

S 3.14
\/émQRFT(Q) ( )

Wsee =

3.1.2 Solving the Mathieu equation

In the previous derivation of the effective trapping potential, we have averaged out the fast-
oscillating term. If we want to add it back in, we will have to be a bit more careful with our
derivation. We will start with the equation of motion for the ion in an oscillating RF field

again. In general, we will write our potential as the sum of a static and a dynamic term:

¢ = Yo (1 + z2 _2 y2> cos(Qgpt) + Ul(r) (3.15)

2 g

If we assume that we have end caps at the ends of our trap to provide confinement, we can

write that near the trap center

Ulr) = 22 _ 3.16
0= (-4 (3.16)
Writing down our equation of motion, we have
. 925 — 2 — ui
mr = _evom—zyy cos(Qppt) — el = x2x i (3.17)
o <0

If we write our equation of motion in the canonical form of the Mathieu equation [BMB9S,

Gho95
do? + (a q COS(2V))v .

we can obtain solutions. We can do this for all three dimensions separately. We make the
substitution & = Qgpt/2, and we obtain for the x-direction. (In the y- and z-directions

things are comparable)

d%x 4el, 4eV
= — 2 3.19
dez mz30% mQ%frgxcos( ¢) ( )
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We can now match terms to the canonical form of the Mathieu equation and identify the

parameters a; and ¢; for each direction:

4el, 2eVq

R L y= X0 3.20
“ mzg0% g mriQ . ( )

4el, 2eVy
o - 3.21
@y mzg0% K mrgQp 2

2€U0

R =0 3.22
“ mzi0% ? ( )

With the Mathieu equations in canonical form, we can write down the first-order approx-

imate solution [BMB9S]:
ri(t) & R; cos(wsec,it) (1 + %COS(QRFt)> (3.23)

Where wge; = Q% a; + %qf We see that the motion consists of two components: one large-
amplitude component that oscillates at ws.., superimposed on a component of frequency Qgr,
whose amplitude is smaller by a factor of ¢/2. The first term is referred to as the secular
motion, and the second is referred to as the micromotion. Generally, for an ion trap to be
stable (setting the a parameters to 0), ¢ must be less than 0.908, and generally we prefer

q to be a fairly small value, around 0.1 or less. A more precise explanation of the stability

regions of an ion trap is given in [Gho95].

3.2 Micromotion Compensation

Regardless of what ion trap is being used, it it important that the ions are near their micro-
motion minima. Adequate micromotion compensation improves heating rates, reduces dark
ion lifetimes, and in some cases helps with readout fidelity [BMBO8]. There are several ways
in which the relative of micromotion the ion experiences can be determined: ion position,
time-tagging, and modulation spectroscopy. Many of these techniques, plus some others
are mentioned in the ever-useful paper [BMB98], but they are generally quite intuitive as

diagnostics.
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Figure 3.1: An example of the 1-D trajectory of an ion in an ion trap (units are arbitrary).
The fast oscillation are the micromotion, and occur at {2gr. The slow motion is the secular

motion wg.. of the ion in the trap’s pseudopotential.

3.2.1 Ion position

The crudest way to evaluate the quality of the ion’s micromotion is to evaluate how spatially
close it is to the center of the trapping potential. The most straightforward way to test this
is by adjusting the voltage of the trap’s driving RF. As the voltage is increased, the ion will
be more tightly confined and will move towards the center of the potential. DC shims can
be adjusted to minimize this movement as the trap RF power is changed, placing us near

the micromotion minimum.

3.2.2 Modulation spectroscopy

The most common way we compensate for micromotion is to look for phase modulation of
our Doppler cooling light. When the ion experiences excess micromotion, its secular motion
is modulated by a high-frequency micromotion term at Qgzp. If the ion is moving along
the axis of the Doppler cooling beam of frequency wy, then the electric field experienced by

the ion is of the form sin(wyt + Fsin Qgp), where S parametrizes the degree of modulation

43



5000

DC voltage (V)
0.08
—— 0.05
— 0.04
— 0.03
— 0.02

4000 |
2
5 3000
8
g
o
§ 20001

1000

detuning romlne center (M2
Figure 3.2: Demonstration of the Doppler cooling line shape of the ion with varying amounts
of micromotion. Micromotion is well compensated with a 0.02 V DC offset. Increasing
the DC voltage displaces the ion vertically away from the micromotion null, and phase
modulation sidebands are observed 32 MHz red from the line. No sidebands are observed to
the right of the line due to the double pass AOM’s decreasing efficiency, combined with ion

heating effects due to probing blue of the atomic resonance.

and is linearly dependent on the micromotion amplitude. In frequency space, this phase
modulation is visible in a line scan as a sideband occurring at the trap frequency. By
adjusting DC voltages, we can minimize the height of the sideband, and thus minimize the

amount of excess micromotion along the axis of the beam.

3.2.3 Time-tagging

In cases where the micromotion does not project onto the axis of a laser with which we can
perform spectroscopy, we have another tool at our disposal. We can time-tag the photons
hitting our PMT and correlate them to the RF phase. In order to do this, we use a PicoQuant
TimeHarp time-tagging chip triggered off of our trap RF. For a more detailed discussion, see

[Rom21].
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CHAPTER 4

Working with ytterbium

4.1 Photoionization

We produce the ytterbium ions that we trap from a thermal oven source. While this is very
convenient, it does not produce ions directly, and we instead have to photoionize the atoms
within the trapping region. Although this may seem inconvenient, it gives us a great deal of

control when loading ions.

e [t allows us to tune a photoionization laser to have isotope selectivity in which species

we trap

e [t allows us to load with our trap on. Since the trapping potential is conservative, ions
that have enough energy to enter the trapping region also have enough energy to exit
the trapping region, unless they are sufficiently cooled during their time in the trap.

This is the case, for example, in the ablation loading of barium [Chr20].

The ionization energy of neutral ytterbium is 50443.2cm™' [AYJ23]. This corresponds
to a wavelength of 198 nm. Needless to say, we do not employ such a vacuum-ultraviolet
laser in our system. Instead, we turn to a 1 + 1 REMPI (Resonance-Enhanced Multiphoton
Tonization) scheme. We begin by driving the 'Sy — !P; transition at 399 nm. From there,
the ionization energy is sufficiently reduced that our 369.5 nm Doppler cooling light can

perform the second step of the photoionization.
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4.2 Cooling Ytterbium

Fundamentally, trapping ytterbium requires only two lasers: a Doppler cooling laser and a
single repump. The 369 nm laser performs the Doppler cooling on the %Sy to *Py),, and is
typically tuned to be roughly 20 MHz red of the ion’s transition frequency. However, this
cycle is not closed, since the 2P10/2 has a roughly 0.5% chance to decay to the 2Dy /2 state. In
order to rescue the ion from this state, which lives for 61.8 ms [SDR15] , an additional 935
nm tone is needed. This tone moves population from the *Dj/5 state to the '[3/2]9 /o State.

This state strongly decays back into the 25 o, returning the ion to the cooling cycle.

4.2.1 Cooling '"'Yb™"

Although it is sufficient to have two tones in the absence of a nuclear spin, the spin-1/2 nu-
cleus of 'Yb" introduces hyperfine structure that complicates the Doppler cooling process.
Specifically, if tones are not added to the 369 and 935 nm lasers, the ion will quickly be
pumped into a dark state that is not addressed by the frequencies applied. To counteract

this, we modulate both lasers using fiber electro-optic modulators (EOMs).

4.2.1.1 Doppler cooling sidebands

The 369 nm light is tuned to drive the ?Syp F =1 > 2Pf/2 F = 0 transition. Since the
2P10/2 F = 0 cannot decay into the 251, F' = 0 state, this forms a nearly closed cycle, but
off-resonant scattering off of the QP{’/Q F =1 state can occasionally populate it. In order to
recover population that enters the F=0 state, a 14.379 GHz tone is needed, as this is the sum
of the hyperfine splitting of the ground state (12.642 GHz) and of the excited state (2.105
GHz).

The 935 nm light needs to be treated similarly. While most decays from the cooling
light are from the 2Pf/2 F =0 — D3y F' = 1 state, and are rescued by driving the
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?Dyjp F'=1-2[3/2]¢,, F =0 transition, scattering off of the P, F' = 1 state allows the
?D3)5 ' = 2 state to occasionally be populated. To rescue the ion from this state, we apply
a weak 3.06 GHz tone to the laser to drive from the ?Dy/5F' = 2 state to the *[3/2]7 , F' =1

state.

4.2.1.2 Coherent population trapping

It is worth mentioning that the addition of the above sidebands is not on its own sufficient
to successfully cool an ion with hyperfine structure. This is due to the effect of coherent
population trapping [BB02|. In short, the EOM tones we apply destabilize the individual
angular momentum states in which the ion can become trapped, but they cannot prevent
the ion from being pumped into coherent superpositions of degenerate states that do not
fluoresce. These states are called coherent dark states, and the exact superposition formed
depends on the polarization of the applied laser light. Specifically for the 369nm transition
in I™Yb", the dark states are [BB02)]

E_ EoE,
0 [and |—(E2 + E?) (4.1)
E, EyE_

where E_ (4 are the o, 7, and o"-polarized components of the incident light respectively,

and the components of the vector.

In order to get around the formation of these dark states, they need to be destabilized by
introducing some kind of time dependence to the system. One way to do this is by rapidly
modulating the polarization of the incident light, which directly modulates the terms in
the above expression. Although doable and elegant, implementing this is not simple. A
much more straightforward way to achieve the same effect is by lifting the degeneracy of
the three states via the Zeeman effect. By introducing a magnetic field of a few Gauss, (in
our experiment, typically around 5), we effectively cause these dark states to oscillate at

the Zeeman splitting of several MHz. Solving the atomic Hamiltonian with the dark states
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Figure 4.1: The cooling schemes for '™Yb* and ' Yb™. a) depicts the cooling scheme in
17Yh " where hyperfine structure is absent. 369nm light Doppler cools the ion, and the 935
nm light repumps the 0.5% decay to the >Dj /s, returning it to the cooling cycle. b) depicts
the cooling scheme in '"'Yb™, which is broadly similar, but EOM sidebands are added to
address the hyperfine structure. A 14.374 GHz blue sideband on the 369 nm laser drives
251)2F =0 » 2P10/2F =1, and a 3.07 GHz red sideband on the 935 nm laser addresses the
2DsF =2 ¢ 3[3/2]0 ,F = 1.
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destabilized in this way yields an optimal laser polarization that we should use (see [BB02]]

for a more detailed explanation) of 6,, = arccos(l / \/ZB)) ~ 54.7°.

4.2.2 Cooling 'Yb™"

In 'YDb™, there are more hyperfine sublevels than in '"'Yb™, and thus more and different

laser tones need to be applied.

4.2.2.1 Doppler cooling schemes

Initially when we were loading '"Yb™, we relied on a bulk EOM to perform the modulation.
As bulk EOMs are resonant devices, they are built to operate at a specific frequency. This
forced us to adopt a scheme in which the 10.491 GHz hyperfine structure of the ground
state was addressed by parking the carrier in the middle of the splitting, and using the red
sideband to address the F' = 2 state, while the blue sideband addresses the F' = 3 state.

Both states are coupled to only one of the two F-manifolds in the excited state.

While the above scheme worked, it affords limited flexibility, as there is no way to se-
lectively turn off one of the two cooling tones. Once we acquired a prototype 369 nm
fiber EOM from ADVR, we were able to move our cooling laser to directly drive the
2S1p F = 3 2 Py, F = 3 transition, and use a 10.491 GHz red sideband to address
the 28y, F' =2 ©? P}, F = 3 transition. This allows us to optically pump into the F=2

manifold by turning off the sideband.

4.2.2.2 Repump

The 2Dy, state in '™Yb™ has sublevels F' = 1,2,3,4, and this large amount of structure
largely informs how we choose to cool the '"3Yb* ion. For instance, this structure informs our
selection of the I’ = 3 state as the upper state of our Doppler cooling. While the 2P1"/2 F=2
state can decay into the relatively spread-out *Ds,, ' = 1,2, and 3 states, the P o F = 3
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Figure 4.2: The cooling scheme in '™Yb™. b) depicts the level structure of '*Yb*, showing
the sidebands needed to cool the ion. On the 369 nm transition, we use a red 10.491 GHz
EOM sideband to drive the 2S; 0, FF = 2 ¢ 2P1°/2, F = 3 transition. To repump population
that decays from the 2P10/2> F = 3 manifold, two repumps are used. A strong repump (7935
nm 17 in the figure) repumps the ? D3 /2, I = 4 state, and off-resonantly helps to repump the
F =2 and F = 3 levels. A second repump with a 786 MHz sideband explicitly repumps the
F =2 and F' = 3 states, while off-resonantly repumping the F' = 1 sub-level, which is only
populated due to off-resonant scattering from the 2]31"/2, F = 2 state. a) depicts this repump
scheme superimposed on the spectrum of the 935 nm transition. The heights of the peaks
correspond to the relative strengths of the transitions after angular momentum is taken into

account.
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state decays into the 2Ds 28 = 2,3, and 4 states. Transitions that clear out these states are
relatively close together, and a broad and high-power repump can address all three. This
allows us to use relatively little light to address the transition that clears out the F=1 state.
The spectroscopy of these transitions is further discussed in section 9.4. Here, I simply report
the repump tones that we apply, which are also shown in Figure 4.2. We place a high-power
unmodulated repump tone on the ?D3nF = 4 — 3[3/2]9 o =3 transition, which also
weakly drives the transitions D3 F" = 2,3 — ?[3/2], F' = 3. To supplement this, we
use a second 935 nm repump laser on the 2Dy ' = 2 — 3[3/2] ,F' = 2 transition, with a
784 MHz tone whose blue sideband addresses the ?D3 0 F' = 3 — 3[3/2]9 joF" = 2 transition,
and whose red sideband off-resonantly rescues any residual population that decays into the

2D3/2F = 1 state.

4.3 Common pulse sequences

In essentially all experiments performed in this work, several common steps come up, as they
are used in the state preparation and measurement of the qubit. It is worth going into some

extra detail about these schemes.

4.3.1 Optical pumping

In '"Yb", optical pumping is our method of state preparation. By turning off the EOM
sideband that drives 251, F = 0 — 2Plo/2 F =1, and turning on a sideband that drives
251/2 F=1— 2]310/2 F =1, we create a situation in which the ion is optically pumped into
the 2512 F' = 0 state. Thus, after several microseconds, our |0) state is prepared. If we

prepare the |1) qubit, we follow the optical pumping step with a microwave pi-pulse.
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Figure 4.3: Standard Doppler cooling, optical pumping, and state detection schemes in

1"Yb*, showing what transitions are being driven during each operation. Below each Gro-

trian diagram is a plot indicating the EOM sidebands being applied and their relative powers.

During Doppler cooling, a 7.374 GHz tone is applied, whose second-order sideband drives

the FF' = 0 — F = 1 transition. During optical pumping, a 2.105 GHz sideband is driven,

depleting the carrier and driving the F' =1 — F' = 1 transition.
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Figure 4.4: A scan of the population in [1) as a function of optical pumping duration. We

can see that the population is pumped into the |0) state with a time constant 7 = 1.25(3) us.
4.3.2 State detection

When detecting the state of the "'Yb™ atom, we turn off all EOM sidebands so that we
are only driving the 25, F' =1 — 2Pf/2 F = 0, transition. Since by selection rules, the
21[’10/2 F = 0 cannot decay to the 2515 F' = 0, the ion will only fluoresce if it is in the |1)
state, leaving the |0) state untouched. By thresholding the photons collected on the PMT
during the state detection, we can determine the ion’s state with above 90% fidelity. The
state-of-the-art for state detection fidelity in the ytterbium qubit is 99.931(6) [CCV19], but

given the light collection efficiency of our system, we can at best achieve roughly 99%, though

we generally tweak up to a 95% fidelity for day-to-day operation.
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Figure 4.5: An example of state detection using the standard scheme in "'Yb*. The blue
histogram represents the fluorescence counts collected by the ion when prepared in the |1)
state over 3000 repeated experiments, while the black histogram represents the fluorescence
counts collected by the ion when prepared in the |0) state. To determine the state of the
ion, we place a threshold on our photon counts. Above the threshold, we consider the ion to

be in the |1) state. This gives us a fidelity of 95%.
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4.3.2.1 State detection error

While it is common to use a Gaussian approximation when estimating the error of a mea-
surement of the ion’s state, this is not strictly correct. A good way to see this is to consider
the error interval when an ion is measured to be in the |0) state in 99 of 100 trials. Using
a normal Gaussian 95% confidence interval, this gives a fidelity of 0.99 £ 0.019, reported
as 0.99(2). Immediately it is apparent that this is unphysical, as the probability that we

measure the ion to be in the |0) state cannot exceed 1.

Instead, we should use a confidence interval that captures the nature of the process we
are performing. Specifically, we are trying to estimate the binomial proportion of a set of
trials: given n trials and a measured success rate p, we would like to estimate the true p
value of the underlying binomial distribution. Generally, the most widely used confidence

interval for the binomial proportion is the Wilson score [Wil27]. It reads

2
pn+ 3 2 \/A o 22
= + 1-— - 4.2
P T np(l —p) + (4.2)

where z, is the quantile of the normal distribution associated with the target error rate a.
Testing this error interval with the above example, we get p, = 0.998, p_ = 0.946, reported
as 0.99700%.

4.3.3 Microwave interrogation

During our experiments, we often apply microwaves to drive the ground state qubit. In
1Yb*, we generate the 12.6 GHz microwaves by using a fixed source and a mixer. The

hardware is discussed in more detail in Section 5.4.3.

Generally, when we apply microwave interrogation pulses, we are aiming to control the
qubit’s state via either a 7 pulse or a 7/2 pulse. The frequency of the microwaves is tuned
using microwave Ramsey experiments in combination with scans of the microwave lines, and

the Rabi frequency is determined by driving Rabi oscillations in the ion once the frequency
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Figure 4.6: Examples of a typical Rabi oscillation and a microwave line scan on our ion. The

Rabi oscillations represent a fairly un-optimized example, and the best 7 times we achieve
are approximately 30us.

1s set.
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CHAPTER 5

Our Experiment

5.1 Oblate Ring Trap

Before November 2023, we employed an oblate ring trap as our primary ion trap. The design
of this trap is specified in [YSD15], and further elaborated on in Michael Ip’s thesis [Ip18],
but I will summarize the relevant parts of the trap’s design here. The trap was made of gold
plated onto titanium, on a Imm-thick fused silica substrate. The ion trap itself was created
by a 500 um hole in this trap, with an equatorial ring electrode on which was placed the trap
RF. This created an oblate ellipsoidal trapping potential. Around the RF ring were placed
eight DC electrodes, each controlled by an AD660 DAC chip conditioned with a multistage
LC filter. These electrodes allowed for fine control of the ions’ position. Through the edge
of the trap’s body, 7 tunnels were bored to allow optical access through the side of the ion
trap for lasers and our ytterbium oven. These tunnels tapered down from roughly 500 um
at the edge of the trap body, to 100 um diameter at the RF ring, meaning that any laser

light essentially needed to be fiber coupled into the trap.

The RF drive of the ion trap was at 48 MHz. Depending on the applied RF voltage, the
radial secular frequencies were generally 200-400 kHz, while the axial secular frequency was

around 1 MHz.
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Figure 5.1: The oblate ring trap used during the first several years of this work before being
ultimately replaced. The top four wedge-shaped DC electrodes are visible surrounding the
trapping region, as are the seven tunnels drilled into the side of the fused silica substrate.
RF is applied through the hook-shaped electrode on the bottom left, while DC is applied
on the top left. The tube on the bottom left is the ytterbium oven, which emits ytterbium

atoms through a tunnel into the trapping region where they are ionized.
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5.2 Four Rod Trap and Accessories

The oblate ring trap is not ideally suited for studies of trapped ion quantum computation.
Most obviously, it is unable to trap linear chains of ions, which precludes the possibility
of using the collective motion of the ions to effect entanglement. Perhaps more subtly, the
shape of the potential and its inherent 3D-ness means that the micromotion null in the trap
is a point, making it more time-consuming to shim out excess micromotion in the trap,
and meaning that in any multi-ion crystal, no ion can be at the micromotion minimum. In
contrast, a standard four-rod Paul trap has a degree of translational symmetry that means
that the micromotion null is located along a line, rather than at a point. This makes it
easier to find the null, and allows for linear chains of ions which are all at their micromotion

minimum.

In light of these difficulties, and in response to anomalous ion motion in the oblate ring
trap that seemed indicative of a subtle electrical fault, we decided to design a drop-in replace-
ment four-rod ion trap that could be installed with a minimum of effort. The dimensions
of the trap followed a proven design from [Olm09], though the physical implementation is
different. The trap employs four pure tungsten rods 0.50mm in diameter, and two needle-
shaped end cap electrodes 0.40mm in diameter. The needle ends were designed to be placed
2mm apart, though the distance was left variable, in case we wanted to increase our axial

secular frequency.

5.2.1 Design and simulation of the trap

Since we wanted to use this trap to explore motional entanglement, we needed the axial
secular frequency of the trap to be resolvable. To confirm the predicted secular frequencies

of the trap, I performed a numerical analysis of the trapping potential.

The trap RF was modeled in 2 dimensions, with an axial potential added on when

computing the secular frequencies. Unlike the oblate ring trap, the four rod trap is a linear
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Hyperbolic potential Numerical Potential Residual

Figure 5.2: An example of the process for evaluating the geometric factor associated with a
given trap geometry. Axes are in mm. On the left is an ideal hyperbolic trap potential, and
in the center is a modeled trap potential for a four rod trap. The region within the dotted
square is fitted such that the deviation between the simulated trap parameter and the ideal
trap parameter is minimized. On the right is the residual of the fit, showing primarily an
octupole character. This is indicative of the quality of the fit, as the quadrupole component

has been completely subtracted out.

Paul trap of the same geometry as described in section 3.1. However, unlike in that section,
we cannot assume that our rods are perfect hyperboloids. This adds a correction factor x to

equation 3.15, which now reads:

2 2
6 = 0 o t) <1 + 27 ) (5.1)
2 g

In order to obtain a value for this geometric correction factor, I numerically solved Laplace’s
equation using the cylindrical rod voltages as boundary conditions. Then a least-squares fit
was performed in a small area (0.5x0.5mm) near the trap center to determine the value of &

that yielded the closest approximation to a pure hyperbolic potential given in equation 5.1.

Various rod spacings and diameters were evaluated for numerical aperture (NA), secular
frequency in the axial and radial directions, and Mathieu ¢ parameter. The simulation

using our final trap parameters is shown in Figure 5.3, with an example potential fit being
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Figure 5.3: Example analysis of the secular frequencies of our four-rod trap as we vary the
rod spacing. In this example, Vo = 1kV, Uy = 200V, the endcaps are spaced 2.1mm apart

(20 = 1.05mm), and the rod diameter is 0.5 mm.

demonstrated in Figure 5.2.

Ultimately, we decided on a rod spacing of 1 mm and a rod diameter of 0.5 mm, as
this provided a good balance between numerical aperture and secular frequency. It was also
in some sense a proven option, as a comparable rod spacing was employed in [Olm09]. In
addition, attempting to reduce the trap size below 1 mm would have risked dangerously high
electric field gradients in vacuum, and would have made the alumina spacers significantly

more difficult to machine.

5.2.2 Construction of the trap
5.2.2.1 The original four-rod trap

The trap design explained above was eventually turned into a new experiment, and was

ultimately constructed by Patrick McMillin and Hassan Farhat. However, spare parts were
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Figure 5.4: Diagram of the four-rod trap we constructed after the failure of the oblate ring
trap. Units are in millimeters. The alumina spacers are shown in white, the stainless steel

cage is shown in gray, and the tungsten rods are shown in brown.

ordered in case the oblate ring trap ever needed to be replaced.

In December of 2023, the oblate ring trap suffered an electrical failure in which one of
the DC electrodes (the one connected to DAC 19) became disconnected from the vacuum
feedthrough. After a month of attempting to compensate for the loss of this DAC with
no success, it was decided that it was time to perform a drop-in replacement with a near-
exact replica of the four rod trap that we had designed, with minor adjustments to address
lessons learned from the first trap construction: the alumina spacers were thickened, minor

modifications were made to the trap cage, and the end cap diameter was slightly reduced.

5.2.2.2 Electropolishing the rods

In order to get our rods down to the dimension required by the spacers that we had manufac-
tured for the ion trap, we utilized electropolishing, loosely following the methods employed

by [Kot19]. We electropolished our rods in a 2M solution of sodium hydroxide in distilled
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water, with a graphite cathode attached to the negative terminal of a power supply, while
the polished part is used as the anode and is attached to the positive terminal. A steel tube
was used to help distribute the voltage on the rod, in the hopes of helping the anode see a

cylindrically symmetrical electric potential.

The rods of the trap are produced from the 0.020” tungsten rod stock from McMaster-
Carr. They were polished until they had a snug sliding fit through the 0.5mm-diameter holes
of our alumina spacers, while being smooth and of uniform diameter. Polishing with too
high a voltage yielded inconsistent diameter, while polishing with a voltage that was too
low, or with mechanical stirring, yielded a poor surface finish. Ultimately, electropolishing
at 12V for 1.25 minutes gave good consistent results. [It’s worth noting, however, that the
source of the tungsten greatly affected polishing times, with polishing rates being much lower

with tungsten from Midwest Tungsten Services than from McMaster, for example.

5.2.2.3 Electropolishing the needles

Electropolishing well-shaped tungsten needles is a considerably more difficult task than mak-
ing the rods. Since there is no detent mechanism built into our trap design, the taper of the
needles themselves is what holds them in place in the ion trap assembly. This means that
the exact amount of polishing of the needles determines the ultimate spacing of the end caps
in the trap. Furthermore, the sharp nature of the needles makes them very susceptible to

bending and misalignment.

We began our needle polishing with pre-made 0.020” tungsten probe needles used in
micro-dissection, which needed to be polished down to 0.4mm. The needles were first laid
in a corrugated mesh holder and ultrasonically cleaned in a dilute solution of Simple Green
for 20 minutes at the lowest power setting to remove surface contaminants, and then taped
using electrical tape to a sacrificial tungsten welding electrode, such that about 25mm of the
needle was exposed. This was then dipped into the NaOH solution such that the tape was

about half-submerged. Polishing then proceeded as follows:
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1. Polish the needle for 3 minutes at 0.35A constant current

2. Rotate the needle 180 degrees to counteract any bending that is developing due to

asymmetry in the polishing
3. Polish the needle for another 3 minutes at the same current

4. Dip the needle in distilled water to clean it, taking care to prevent it touching anything,

as this would immediately cause the tip to bend

After about 15 needles were made, they were taken into the clean tent and pairs of needles
were tried in the assembled trap under a microscope. After a pair of needles was found that
rested the right distance apart, the needles were aligned to one another by lightly nudging
the tips with a third (reject) tungsten needle. We considered using a vacuum-compatible
epoxy to maintain the needle position, but ultimately decided to rely on friction rather than

introduce a potential outgassing source so close to the ion.

5.2.3 Ion trap performance

After installation, the ion trap performed well, and is able to retain ions significantly longer
than the previous oblate ring trap. The axial secular frequencies scale strongly with the
power applied to the trap, and a plot of secular frequency versus applied trap power is given
in Figure 5.5. As end cap voltage is increased, the secular frequency should be able to be

further increased, should the desire to resolve ion motion in the trap ever arise.

5.2.4 Ovens

Two ovens were constructed when the ion trap was built: one for ytterbium, and one for
thulium. Each oven is constructed out of 0.056” stainless steel tubing, which was crimped at
the center using round-nose pliers. One side of this crimp was used to hold a small amount

of the metal in question, while the other end was crimped onto copper wire, which connected
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Figure 5.5: Trap radial secular frequencies as a function of applied trap power, at an end-cap
voltage of 10.0 V. Data was taken using “Tickle scans”, in which a small AC voltage is applied
to a DC rod, exciting parametric resonances in the trap. While equation 3.14 suggests
that the secular frequency should be linear with applied voltage, the data suggest a more
logarithmic trend (note that the x axis is in dBm). This could be due to saturation of the

trap amplifier. Above -6 dBm, the trap stability begins to become less reliable.
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Figure 5.6: A demonstration of the neutral fluorescence we observe in out trap as a func-
tion of applied oven current. The left plot displays several spectra of the 399nm transition,
demonstrating the peaks associated with different isotopes. The relevant spectroscopic ref-
erence is [KGB16]. The curves are offset vertically from each other for clarity. The right
curve displays the height of the central 1™Yb peak as a function of the applied oven current.
In reality, the point where neutral fluorescence is visible on the PMT represents far too high

a flux of ions for daily loading, and we load our chamber using 4.75A of oven current.
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the ovens to the external feedthrough. The ovens are supported from the front by a bracket,
which also electrically connects them to ground via the chamber. Thus, when current is
applied to the oven feedthrough, it passes through the oven on its way to ground, resistively

heating the stainless steel walls of the tube.

Prior to pumping down our chamber, we tested both ovens by running current through
them under vacuum while they pointed at a clean microscope slide. After 30 minutes at 6A,
we observed a visible mark on the microscope slide due to the deposited metal. This deposit
appeared as a hazy blue film when illuminated by a flashlight, and was not enough to form

a mirror.

After the final bake-out, we tested the ytterbium oven by looking for fluorescence at
399nm in neutral ytterbium on our PMT. We find that sending 5A is more than sufficient
to load ions, and generally run the ytterbium oven at 4.75A in daily use. The thulium oven
has not been tested to date, but we expect the thermal performance of the two ovens to be

quite similar.

5.2.5 Helical resonator

The new trap required a helical resonator that operated at a higher target frequency of 35
MHz. We constructed the resonator based on a design in use in the Monroe group at Duke,
which was also in use at UCLA. The design was lengthened to accommodate a lower RF
drive frequency, making sure to remain within the bounds of good helical resonator design
as described in [SSW12] and [MS59]. The primary coil consists of 4 turns and is mounted
to an 80 TPI screw adjuster so that it can be moved to adjust the g-factor of the resonator,

and is supported by a 3D-printed mount.

The primary coil is inductively coupled to two intertwined secondary coils, each of which
is electrically connected to a different trap rod, making this a bifilar helical resonator. These

each consist of 8 turns of wire supported by four 3D-printed combs, and connect directly
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to their pin on the trap RF feedthrough using barrel connectors. The other ends of the
secondary coils are attached via SMA ports integrated into the resonator body to bias tees.
The RF side of the bias tees is shorted to ground, and the DC side is connected to our
DAC board, allowing us to superimpose DC onto our trap rods. The resonator body itself is
screwed into a mounting ring with tapped holes that is attached to the feedthrough flange.

It is cantilevered off of the flange and uses no secondary support.

After construction, the resonator-trap system was found to resonate with a ¢ factor of

roughly 150 at a frequency of roughly 32 MHz.

5.2.5.1 Thermal effects

As the amount of RF power delivered to the trap increases, the resonance of the helical
resonator must be re-tuned. This is because the trap itself changes in temperature, causing
changes in the trap’s resistance and capacitance. We believe that this change in capacitance
occurs due to thermal expansion of the alumina spacers that support the trap rods, as we
observe that the rods physically move by 10 um or more as the trap power is increased.
While this makes it difficult to rapidly change the trap power, the quality of the helical
resonator’s resonance is highly stable as long as the trap power is maintained at a consistent

value.

5.3 Vacuum Chamber

The vacuum chamber in which these experiments were performed consisted of an 8-inch
octagon, two re-entrant viewports, and several attached pumps:

e a 40 L/s ion pump

e a non-evaporable getter (NEG) pump

e a titanium sublimation pump
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Two electrical feedthroughs were attached to the octagon, one on either side of the ion
trap. The first feedthrough is used to attach the RF resonator, and has two pins which
are connected to the RF rods of the ion trap. The second feedthrough is a 2x Dsub 9
feedthrough, and contains all other electrical connections: the DC rods, the end caps, the
oven, and four antennas that we added since the feedthrough had extra pins. The antennas

that we included were:

an 8-inch dipole antenna

a 4-inch dipole antenna

a loop antenna with a roughly 3-inch diameter, oriented horizontally below the trap

a loop antenna with a roughly 1.5-inch diameter, oriented vertically around a viewport

5.4 Electronics

5.4.1 LabRAD experimental control
5.4.1.1 The Pulser

Experimental control in our experiment is primarily handled by the ”Pulser”, a home-built
pulse sequencer based on an XEM6010 FPGA by OpalKelly. The details of the pulser are
described in [PK15]. In short, the Pulser has 32 TTL outputs and 16 programmable DDS
outputs, whose power, phase, frequency, and sweep can be adjusted with a resolution of
roughly 60 ns. It is also connected to our PMT, and can receive photon counts up to a 10

ns resolution (which is sufficient, given the 10 nm pulse width of our PMT).

An abstract framework has been constructed inside LabRAD to program the Pulser in a
convenient and modular way. The key to this abstraction is the PulseSequence class, which

encodes pulse sequences in an extensible manner, and contains the functionality to compile
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Figure 5.7: CAD diagram of the vacuum assembly surrounding the trap, with a wiring

diagram superimposed. In red are the wires for the oven. Orange and yellow represent
in-vacuum loop antennas. Purple shows the end caps, and green shows the DC rods, and

blue shows the RF rods. A detailed pinout is given in Figure 5.8.
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Figure 5.8: The pinout of the DS9 feedthroughs of the vacuum chamber. The pinout of the
connectors used is mirrored. For the oven feedthroughs, two pins were used to avoid nearing
the 5A current limit of the feedthrough pins. Colors are matched to those used in Figure
5.7.

itself into the bytecode that is used to program the pulse sequence into the Pulser FPGA. The
class has three primary methods of importance: addDDS, addTTL, and addSequence. addDDs
and addTTL are used to directly toggle DDS’s and TTLs on the pulser, with specifiable
timings and parameters. We confine the use of these methods to sub-sequences, which
we then compose. This adds a useful level of abstraction. addSequence allows the user to
concatenate and combine different pulse sequences, allowing for complex sequences to be built
out of simple and reusable subunits. Examples of such sub-sequences are DopplerCooling

and StateDetection.

5.4.2 Trap DC

Our trap DC electrodes are powered by an XEM6010 FPGA board, which controls up to
8 ADG660 16-bit DAC chips. The voltages produced on this board are passed through a

four-stage low-pass filter, and then transmitted to the feedthrough on the vacuum chamber
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using SMA cables. These DACs can be accurately controlled to produce any voltage from

-10 to 10 V, to a resolution of 0.0003 V, and are referenced to the chamber ground.

5.4.3 Microwave sources
5.4.3.1 EOM sidebands

In order to generate EOM sidebands for cooling "' Yb' and 'Yb™, we use two oscillators
from Windfreak Technologies: a Windfreak SynthHD pro generates the 7.374 GHz tone used
in Doppler cooling, and a Windfreak SynthNV pro generates the 2.105 GHz tone used for
optical pumping. These two signals are triggered on and off using TTLs from the Pulser.
They are combined on a ZDSS-3G4G-S+ diplexer, which allows for lossless combining of
signals, as long as one is below 3 GHz, and the other is above 4 GHz. The signal is then
passed though a low-noise amplifier before being sent to the EOM. When Doppler cooling
13Ybh ", the SynthHD is set to output 10.491 GHz, and the SynthNV is not used.

To generate the EOM sidebands on our 935 nm lasers, a National Instruments PXIe 1073

signal generator is used.

5.4.3.2 "'Yb" qubit microwaves

The 12.642 GHz microwaves that drive the '™ Yb™ qubit need to be phase- and frequency-
stable to a level not needed in the EOM tones, where the linewidth of the cooling laser
renders the stability of those tones relatively unimportant. Instead, we employ an always-on
HP 8672A oscillator referenced to a rubidium clock. This oscillator constantly produces a

13.000 GHz tone, which is passed through an absorptive TTL switch connected to the Pulser.

After the TTL switch, the 12.642 GHz tone is created using a frequency mixer. When the
13.000 GHz tone from the HP 8672A is mixed with a 358 MHz tone generated by the Pulser,
a sum and difference tone are produced. The resultant is amplified and passed through a

12.2-12.7 GHz band pass filter to remove unwanted tones created by the mixer. This final
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signal is passed through a high-power amplifier and sent into the chamber using a horn

antenna pointed through a viewport. This is shown in Figure 5.9.

The feedthrough of our vacuum chamber also contains several simple in-vacuum antennas,
as well as the potential ability to superimpose microwaves onto the DC rods of the ion trap.
While impedance matching from a 50 Ohm transmission line onto the trap rods has proven
challenging, work to superimpose microwaves onto the DC rods is ongoing in our lab, and
pi times comparable (within a factor of three) to those achieved with the horn antenna have

been achieved.

5.4.3.3 '™Yb" qubit microwaves

During initial experiments, microwaves were delivered to the '">Yb™ ion using a 3 GHz horn.

The microwaves were synthesized using a Windfreak SynthHD pro.

5.5 Lasers

5.5.1 369 nm diode laser

Our 369 nm laser is a Moglabs ECD004 ECDL, controlled by a Moglabs DLC102 controller.
Inside the ECDL cavity, we use a Nichia NDU1113E laser diode. *It is worth mentioning
that these diodes do seem to have a finite lifetime, and that we generally have to replace them
every one to three years.® This system generally produces at least 2 mW of 369nm light. Of
this, 1.8 mW is sent to our double-pass AOM system, which provides fine frequency control.
Following the double pass, roughly 200 uW of 369nm light is sent through our ADVR fiber
EOM (see section 4.3), where modulation tones can be applied to address the hyperfine

structure of *'Yb* and '™Yb™ (see section 4.2).

Before reaching the ion trap viewport, the mode of the beam is cleaned using a 50 um

pinhole, and the polarization is cleaned using a PBS and a wave plate. Finally, the beam is
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Figure 5.9: The beam paths addressed onto the ion. All optic locations immediately sur-

rounding the trap are accurate. Outside of the immediate vicinity of the trap, beam paths
are simplified. In addition is shown the pipeline by which the 12.642 GHz microwaves are

generated and delivered to the trap using a horn antenna.
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focused onto the ion using a 100mm focal length lens. The overall beam path is shown in

Figure 5.9.

During some of our experiments, we also implemented a 369 nm protection beam. The
idea of a protection beam is to add a far-red-detuned Doppler cooling beam to the system,
such that any ions that are too hot to be cooled by the main Doppler beam are kept in the
trap and cooled to a point where the main Doppler beam can finish cooling them. We make
our protection beam by simply sampling the zeroth diffraction order from our double-pass
AOM and overlaying it with the Doppler cooling beam (see Figure 5.9). With the protection
beam in place, we see improved loading times and ion retention in 174Yb. However, it is
inconclusive whether the protection beam helps us when loading '"*Yb* or '™Yb™, as the
protection beam lacks the necessary sidebands and polarization to effectively cool the ions

given their hyperfine structure.

5.5.2 399 nm laser

The 399 nm laser is a Toptica D100 pro DBR laser. Since this laser is used only intermittently
during photoionization, we take no special care to stabilize the wavelength, and switch the
laser using a shutter. The laser passed through a pinhole and overlaid onto the 369 nm beam
path using a long-pass dichroic beam splitter, after which it is focused onto the ion using a

100 mm lens.

5.5.3 935 nm lasers
5.5.3.1 935nm bulk DBR

One of our 935 nm lasers is a DBR controlled by an Arroyo 6305 laser diode controller. This
light is fiber coupled, sent through a 320 MHz AOM for switching, overlaid with the three
other red lasers (the other 935 and the two 760s), coupled through a single-mode fiber, and

finally focused onto the ion using a 100mm focal length lens.
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5.5.3.2 935nm pigtailed DBR

Our second 935nm laser is a pigtailed design, controlled by a Thorlabs LDC205C diode
controller. It is butt-coupled to a fiber EOM to allow us to address hyperfine structure, and

then outcoupled into free space, where it passes through essentially identical optics to the

other 935nm DBR.

5.5.4 760 nm lasers

Both of our 760nm lasers employ Photodigm PH760DBRO80TS laser diodes and follow essen-
tially the same beam path. They are shaped using anamorphic prism pairs, passed through
switching AOMs, and combined on a polarizing beam splitter, before being overlaid onto our
935nm lasers using a dichroic mirror. From there, they are coupled into a single mode fiber,

after which they are focused onto the ion using a 100mm focal length lens.

5.5.5 411 nm laser

The 411 nm laser used in this experiment is a Moglabs ECDL, which is double-passed
using a 450 MHz AOM, and coupled to an external ULE cavity. During many experiments,
this cavity was the same one that was used for our 369 nm laser, and the two were locked
simultaneously with the double pass AOMs used for final frequency adjustment. Throughout

various experiments it has taken several different paths to the ion.

5.5.6 976 nm laser

During our shelving experiments, a 976 nm laser was used during the quadrupole opti-
cal pumping step. This laser was a Thorlabs DBRI976PN pigtailed DBR laser, which was

switched using an AOM and overlaid onto the 935 nm lasers using a dichroic beam splitter.
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5.5.7 532 nm laser

The 532 nm laser that we employ is a 15 W Millennia eV Pump laser, which was originally
used as the pump for the mode-locked laser used in [IRJ18, Ip18]. This laser is passed
through a high-power single-pass AOM, and is then focused through a pinhole in order to
clean up the mode of the beam. The beam is then passed through a PBS in order to clean
up the polarization, and focused onto the ion using a 100 mm focal length lens. Just before
this lens, we place a computer-controlled quarter wave plate to ensure repeatability in our
light shift measurements. Ultimately, roughly 2W of 532 nm light shines on the ion, at a

spot size of roughly 15 um.
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CHAPTER 6

Shelving

6.1 Motivation - Shelving for SPAM

6.1.1 Fault Tolerance in Quantum Computing

One of the key limitation to quantum computation is the fairly low fidelity of quantum
operations compared to their classical counterparts. As an illustrative example, assume that
we can perform all quantum operations necessary for quantum computing with a fidelity
of 99.99%. Even at these state-of-the-art levels of fidelity, after 10000 operation we only
possess a 36% chance that no errors occurred during the operation. Given these limitations,
it is desirable to design error correction codes that can correct errors, allowing logical qubits

composed of several physical qubits, with error rates better than those of individual qubits.

Modern error correcting codes nominally have a fault tolerance threshold of approxi-
mately 1% error rate in qubits [RHO7]. However, due to the large computational overhead
when operating near the error tolerance threshold, conventional wisdom suggests that the
threshold for practical quantum error correction is around an error rate of 10~* [BCM19].
Our goal in implementing the shelved readout scheme in this chapter is to provide a tech-
nique that allows one to reduce state preparation and measurement (SPAM) infidelity to a

value at or below this threshold.
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6.1.2 Limits on Conventional SPAM

Given the spitting of the P}, state in 1Yh* | there exists a fundamental limit on the
fidelity of qubit SPAM, set by the off-resonant scattering rate due to state detection. State
detection in the standard scheme is based on the fact that the 2Pf/2 F = 0 state cannot
decay to the 25y 5 F' = 0 state due to the conservation of angular momentum. We exploit
this fact to cycle between the 25/, F' = 1 state and the 2P1O/2 F = 0 state, allowing for
photon collection without mixing the qubit. However, given the natural linewidth of the
369 nm transition, there is a chance when driving this transition that we instead drive a
transition to the 2Plo/2 F =1, which is 2.105 Gz blue-detuned. This state can decay to the

2S1)2 F' =0, causing qubit mixing. The rate for this scattering process is [NVG13]

(56 () (F) () 6

The factor of 3/2 accounts for the presence of coherent dark states, and the factor of

1/3 accounts for the branching ratio of the decays from the F' = 1 state. Putting in the
appropriate values for '"'Yb™, this formula yields a scattering error rate of approximately
1/20000. This means that on average, the ion can scatter 20000 photons before the qubit
state is mixed, and puts a ceiling on detection time. One way to improve fidelity therefore
is to increase collection efficiency, either by improving the detector or by increasing the NA.
This allows for a larger number of photons to be collected and therefore for the interrogation
time to be reduced. The current state-of-the-art SPAM fidelity for a "*Yb' qubit read
out in this way is 99.931(6)[CCV19], which utilized state-of-the art superconducting photon

detectors and very high-NA collection optics.

6.1.3 Shelving

The other way to increase SPAM fidelity is to try to completely sidestep this fundamental

limit on readout time. The way we propose to do this is by employing a shelved readout
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scheme, in which the qubit population in one of our two states is moved to a long-lived
shelving state while readout is performed. In this way, we do not need to worry if the
readout light scatters off of the QPf/Q F =1 state, since the qubit information is protected
from decoherence. We can therefore perform state detection for a duration that is only

fundamentally limited by the lifetime of the state we are using to shelve.

Ytterbium is an excellent candidate for this shelving procedure as the lifetime of 2F7°/2 is
1.58 (8) years [LPH21] is far longer than we could ever wish to detect for. While increasing
detection time may seem an unattractive prospect in a quantum computing world where
gates speeds are constantly being improved, we argue that detection is a relatively rare part
of most quantum circuits, and that a very low rate of SPAM error can help minimize the

need to repeat potentially time-intensive computations.

6.2 Shelving Theory

6.2.1 Fidelity vs Detection Time

Ultimately, the trick of shelving is that it allows us to make a trade-off between detection
time and readout fidelity. Where the standard state detection scheme in ytterbium (see
section 4.3) is limited in the possible detection time by off-resonant scattering due to the

2Po

/2 F' =1 state, shelving allows us to perform state detection for an arbitrary amount of

time, letting us collect as many photons as we want without undesirable state mixing.

6.2.2 Shelving Scheme

While the 2F7"/2 state in ytterbium is extremely long lived, it is also extremely difficult
to directly populate. The 467nm transition’s linewidth is 1/(1.58 years) = 20nHz. While
this transition has been directly driven in optical clock experiments [HSL16], doing so is

a technically difficult process requiring high stability and high power. Instead, the scheme
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we employ for shelving our qubit to the F state uses optical pumping via the 2Dj /2 state.
Specifically, we shelve the population of the 2Sj, F = 1 manifold to the D5/, F = 3
manifold. The 2Ds/, state has an 83% chance to decay into the 2F7°/2 state, and a 17%
chance to decay back to the ground state, though such decays do not mix the qubit since
selection rules prevent the decay to |0). While this transition is narrow ( 20 Hz), we can
significantly broaden it by increasing the intensity of the laser. By a lucky coincidence,
the g-factors gr of the two states are also identical, allowing us to sidestep the problem of

addressing the Zeeman structure of the transition.

To evaluate the rate of this optical pumping process, we can make a few assumptions.
If we assume that we are significantly broadening the transition, then we can say that the
transition is saturated. This means that at any given time, the population in the 25, /2 and
2Dy )5 states are equal. Taking into account the branching ratio ¢ of the transition, we then

have an optical pumping rate of

2
T = % = 17.3 ms (6.2)

where 7p is the total lifetime of the 2D; /2 state, and the factor of two comes from the fact
that the un-shelved population at any given time is split between the S and D states. Implicit
in this calculation is also the assumption that the Rabi frequency of the transition is fast

compared to the relevant lifetimes.

6.2.3 Shelving Rate Calculations
6.2.3.1 Three-level System

In order to more precisely evaluate the shelving rate and ultimate fidelities we can achieve,
we can employ the optical Bloch equations to set up an n-level system which we can solve
numerically. Starting from the optical Bloch equations and assuming that the 411 nm light

is on resonance, we can write down rate equations for the overall three-level system of the S
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state, D state, and F state as:

: Q Q
ps = =5 ps + (L= C)lapa+ S pa+Lspy

) Q Q
pa=5ps—Lapa—5pa (6.3)

pr=CTapa — Lspy
In this simple model, we can solve for the equilibrium fidelity by taking two steps. First, we
assume that we can saturate the transition. In this limit, we can state that p, = pg, allowing
us to simplify our system into two equations. Then, using the fact that the total probability
must equal one, we obtain the equilibrium value for the F state population (which we will
call the fidelity F of the operation):

F_ ['4(/2

STl24 T (6.4)

The dynamics of 6.3 are shown in Figure 6.1, and the decay to this equilibrium value is

clearly visible.

6.2.3.2 Hyperfine Structure

If we now consider the slightly more complicated problem in which we include the hyperfine
structure, the population dynamics become somewhat more interesting, as now population
that started out in the |1) state is able to leak into the |0) state, potentially limiting the
fidelity of the transfer. If we set up analogous equations, we obtain the following system:

) 1

Ps0 = §F £3Pf3

2 2 7

. Q Q
Pa = 5 Ps1 ~ <§ + Fd) Pd (6.5)

. Q Q 3
Ps1 = =5 Ps1 + (- + (- C)Fd) pa+Uippat =Lspys

1
yps = — (T -r
Pr3 28C apd — Lypy
27
ey = —(T -r
Pra 28C dPd fPf
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Figure 6.1: The rate of shelving into the 2F7°/2 state as a function of the shelving time in
ms. The black curve shows the shelving rate when hyperfine structure is not considered.
The blue curve includes the possibility of the F state decaying into the S;, F = 0. The
green curve shows the shelving rate when the M1 decay >Ds/5 — 2D /2 1s taken into account,
limiting the ultimate fidelity. Finally, the red curves represent the effect of quenching the
M1 decay with various strengths of quenching. The dotted line represents 2 = 1kHz, the

dashed line represents €2 = 10kHz, and the solid line represents the limit of large €).
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Here, we have ignored any terms due to off-resonant excitation of the atomic transitions —
a safe approximation, as we can estimate the 411 nm scattering rate to be roughly 10717 for
the off-resonant state. The prefactors for the different hyperfine components of the decays
are obtained by applying the repeated reduction formula (A.8) to the hyperfine-free decay
rates using Fermi’s golden rule. The details of how these prefactors are derived can be

instructive and are given in Appendix D.1.

When we solve this system numerically and examine the dynamics, we can see that we
no longer have a stable fidelity equilibrium. Where once our F state lifetime reached an
equilibrium with the shelving rate, we now have a situation in which we are incredibly slowly
optically pumping into our |0) state. We see that a minimum appears at 379 ms, where this
optical pumping curve intersects with our shelving curve. This yields a transfer infidelity of

1.3 x 1078, The dynamics of the five-level system discussed here are shown in Figure 6.1.

6.3 Deshelving

In order to remove population from the F state after it has been shelved, we employ a 760
nm transition to the '[3/2]3/2 state. This state decays strongly back to the 25;,, state.
Once again, as this process is one of optical pumping, it is incoherent. Figure 6.2 shows
an example of this deshelving process, which in our experiment generally takes roughly 1-2
ms. This rate is largely limited by the narrow linewidth of the 760 nm transition, and could
be considerably improved by better stabilizing our 760 nm lasers, for instance on an optical

cavity.

6.4 SPAM Measurement

In order to test the projected fidelity of the F-state shelving SPAM protocol, an experiment

must be performed that carries out the protocol. Due to the extremely small infidelities
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Figure 6.2: Examples of shelving rate and deshelving rate experiments. During the shelving
rate experiments, narrowband optical pumping using the 411 nm light was performed for
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deshelving, the ion is optically pumped into the 2F70/2 state, and then 760 nm deshelving

time is varied.
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we are trying to measure, the experimental design becomes somewhat complicated, as small

drifts during the experiment can significantly affect the final results.

6.4.1 Experimental Procedure
6.4.1.1 State Preparation

This first part of any SPAM protocol is SP — the state preparation. In our case, we exploit the
matched g-factors of the Sy, F' = 1 state and the ?D5» F' = 3 state, meaning that we need
a high-fidelity way to prepare the |1) state. The canonical way to perform this operation
in ytterbium is to use microwaves to perform the transfer, and this has been reported in
calcium to an infidelity of 107 in the literature [HAB14, SLM24]. In order to place limits
on our measurement fidelity, thorough characterization of our state preparation fidelity is

required.

Optical pumping Before using microwaves to transfer our qubit to the |1) state, we
perform the standard optical pumping described in Section 4.3.1. The dynamics and limits
of the conventional optical pumping that we employ are discussed in great detail in [Rom21],
and the theoretical minimum infidelity that we can achieve through conventional optical
pumping is approximately 107°. However, experimental sources of error, such as imperfect
carrier suppression in the fiber EOM and various sources of RF pickup, likely limit our

optical pumping fidelity to well below this.

After conventional optical pumping, we performed additional optical pumping steps to
ensure the quality of our preparation of the |0) state. This quadrupole optical pumping step
was performed following normal optical pumping, serving as an extra measure against state
preparation errors. The basic principle relies on the fact that the error of the optical pumping

process is due to off-resonant couplings of the 369 nm laser to the |0) state:

2

|~ Fop=— 2
OP 1+(%)2

(6.6)
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where I is the linewidth of the optical pumping transition and A is the ground state hyperfine
splitting. Consequently, if we use a narrower-linewidth laser to perform optical pumping, we
can achieve a lower ultimate optical pumping infidelity, although we require an additional

repump laser to quickly return the atom to the ground state.

A prime candidate for this ground state narrowband optical pumping is the 411 nm
laser that is already being used for shelving, combined with 976 nm laser that drives the
*D55 —° [3/2]32 transition, which rapidly decays back down to the ground state. As this
excited state also has a small branching fraction to the 2F7"/2 state, the 760 nm repump lasers
are kept on during quadrupole optical pumping to suppress this decay. The 435 nm transition
to the D35 state, repumped to the 3[3/2];/» state provides an additional option with fewer
unwanted decay channels, at the cost of the added complexity of another narrow-linewidth

laser.

During the shelving experiments, this quadrupole optical pumping step was performed
for an additional 10 ms following conventional optical pumping. Given the measured QOP
time constant of roughly 0.2 ms [Rom21], this should significantly suppress optical pumping
error to roughly the 1078 level, leaving the remaining errors largely caused by experimental

imperfections such as RF pickup affecting AOMs and EOMs.

Randomized Benchmarking In order to gain a sense of the fidelity of our single-qubit
gates, we employed a randomized benchmarking (RB) protocol [KLRO08]. Such a protocol
allows one to isolate the effect of SPAM error from error due to single-qubit gates, and it is
this single-qubit gate error that we are interested in measuring. An RB sequence consists
of an alternating sequence of Clifford gates (i.e. 90 degree rotations on the Bloch sphere)
and Pauli gates (i.e. 180 degree rotations on the Bloch sphere). The axes of the gates are
selected at random, and the final gate in the sequence is selected such that it deterministically
populates either the |0) and |1) state. Examining how the fidelity of the overall operation

scales with sequence length allows for the separation of SPAM error and single qubit gate
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Figure 6.3: An example result of a randomized benchmarking experiment. 100 randomized
gate sequences were used for each sequence length, and each sequence was run 100 times.
Sequence lengths are Fibonacci numbers. The green triangles represent the mean values at

each sequence length, and the line represents an exponential fit.
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Figure 6.3 shows the randomized benchmarking experiment we performed. The x-
intercept corresponds to the SPAM during the experiment, and the rate of the exponential
decay of the fidelity as a function of sequence length corresponds to the gate fidelity. The
ultimate single-qubit gate infidelity that we measure using this technique is 8(2) x 107°, with
a SPAM infidelity of 9.1(7) x 1073.

6.4.1.2 Shelving

Following state preparation, shelving is performed on the 25} /,F =1 — 2Dj/oF' = 3 transi-
tion in order to selectively outcouple the F' = 1 qubit manifold into the F state. The equal
g factors for these two states mean that the Zeeman structure is not resolved, relaxing the
linewidth requirements of our 411 nm laser. During the fidelity experiment, shelving was

performed for 200 ms.
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6.4.1.3 State Detection

Once the qubit is shelved into the F state, state detection is performed in the ground state to
check for remaining population. Since the |1) state is shelved, there is no risk of mixing the
qubit, and so the full Doppler cooling set of tones is used during state detection. This allows
for arbitrary state detection durations, and during the shelving experiment, state detection
was performed for 17 ms. State detection should generally be sufficiently long to ensure that

the 2D5/2 state has time to decay.

6.4.1.4 Deshelving

Following state detection the qubit was deshelved using the 760 nm lasers in order to reini-
tialize for the next experiment. This process was performed for 35 ms, after which the ion

was Doppler cooled and the experimental sequence could begin again.

6.4.1.5 Calibrations

Due to the long spans of time required in order to gather sufficient statistics during the
shelving experiment, it is important to perform regular calibrations to maintain the correct

values of the experimental parameters.

Wavemeter calibration As all of our red lasers are software-locked to the wavemeter,
it is important that the wavemeter accuracy is maintained. To do this, the wavemeter
was automatically recalibrated to our 780 nm rubidium saturated absorption setup. This
setup consists of a 780 nm diode laser which is PDH locked to one of the 780 nm hyperfine

transitions in the 8Rb D2 line.

This wavemeter calibration is of special importance to the lock of the 822 nm Ti:Sapph
laser that was used to generate the 411 nm laser throughout this experiment. As the shelving

transition is narrow, small drifts in this laser lock could affect shelving rates and cause
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experimental errors.

Microwave calibration Another source of error due to the long duration of the exper-
iment is the small variations in the amplitude and frequency of our applied microwaves.
These occur largely due to slight changes in room temperature and humidity. In order to
compensate for these drifts, the experiment was paused every 10 minutes and a microwave
calibration was performed. This calibration consisted of a Rabi flopping experiment to cali-
brate the 7 time, followed by a Ramsey experiment to calibrate the qubit frequency to the

Hz level.

6.4.2 Data Analysis
6.4.2.1 Error processing

In order to minimize the effect of slow drifts in the data, the bright state and dark state
data were interleaved every 100 experiments, such that any drifts occurring between the two

were common mode.

Doppler Count Thresholding In addition to accounting for slow drifts, loss of ion in-
tegrity during the experiments often posed a problem. Occasionally while the ion is in the
dark state, background collisions can cause the ion to be heated, causing one of two errors

to occur:

e The collision affects the internal state of the ion, potentially deshelving and causing a

bright ion during a dark state experiment

e The collision causes the ion to be heated to a point where it cannot be effectively

Doppler cooled

In order to account for both of these effects, we performed measurements of the Doppler
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Figure 6.4: Doppler cooling and state detection photon counts plotted together on the same
plot. The bright state (|0)) histogram is shown in orange, while the dark state (|1)) is
shown in blue. The y-axis shows Doppler counts, with the 75-count threshold shown as the
horizontal black line. Experiments whose associated Doppler counts below this threshold

are discarded as recooling or storage errors. Overall, 119000 experiments are plotted.
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cooling fluorescence before and after each shelving experiment and conditioned our data
on the success of the Doppler cooling process. If the Doppler cooling photon counts are
anomalous, we discard the associated shelving experiment in our data analysis. Figure 6.4
shows the distribution of these Doppler cooling errors in our data, and indicates which

experiments were kept and which were discarded.

In order to confirm that these Doppler cooling-related errors are due to events that occur
during the experiment, rather than an intrinsic part of our shelving protocol, we performed
an auxiliary experiment in which the ion was left in the trap for the same duration as the
shelving experiment, but without 411 nm light applied. The Doppler error rates with and
without the 411 nm light similar, allowing us to conclude that these errors are not intrinsic

to the shelving process.

6.4.2.2 Blinding

Following data collection, the discriminator used to distinguish the bright state and the dark
state needed to be set. In order to prevent bias from entering the decision (e.g. setting
the threshold to maximize the fidelity for our specific experiment), we employed a blinding
process to the data. While deciding on the threshold position, only 10% of the data was

available to us.

The Doppler threshold was set using the blinded data, and the final state detection
threshold were set using the blinded data. In each case, the Poisson parameter A of the
bright- and dark-state histograms was estimated by computing the average number of pho-
tons collected in each histogram. Due to the skewed shape of the bright state counts and
the highly Poissonian nature of the bright state counts, the threshold was set to 50 above
the dark state mean, which in our case placed it at 17. 5o was selected, as it would place
the probability of dark state errors occurring during an ideal experiment below 5% given our

number of trials.
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Figure 6.5: The bright and dark state state detection histograms of the shelving experiment
following Doppler thresholding. The bright state (]0)) histogram is shown in orange, while
the dark state (|1)) is shown in blue. The large separation between the two states shows
that we can clearly distinguish the bright and dark states. The vertical dotted line sets the
state detection threshold, set 50 above the mean of the data in the blinded dark state.

6.4.3 Results of the Shelving Experiment

When the dataset was unblinded, the final SPAM infidelity for the experiment was 1.57§3 x
10~*. The full range of fidelities that we examined can be found in Table 6.4.3. The bright
state infidelity is consistent with the infidelity of our preparation of the |1) state via the
microwave state transfer detailed in Section 6.4.1.1. The source of the dark state errors
can be largely attributed to the uncompensated M1 decay, which is further detailed in the

following sections. More detail on the attribution of the errors is found in Table 6.4.3.
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Processing Bright State

Doppler filtering 0.3703
No filtering 2.870%

Dark State Overall Error (x107*)
2.7108 15704
88.3732 45679

Table 6.1: The ultimate infidelity of the shelving experiments. Dark state and bright state

error are given separately. After filtering out ion storage errors by thresholding the data

based on Doppler counts, remaining error rates in the bright state are consistent with the

infidelity of our |0) — |1) microwave transfer error.

Error Source

Dark State (|1)) Bright State (|0))
Error (x107%) Error (x107%)

|0) state preparation
Unflagged ion loss error

|0) — |1) transfer error
Finite shelving duration
?Ds9 — *D3j9 M1 decay
Predicted average inaccuracy
Flagged ion loss

Predicted average infidelity

< 0.02 < 0.02
0.145:5:
0.74(1)
0.06(3)
0.82(3)
0.9701
2.9708
2.410%

Table 6.2: Error budget for the shelving process, as predicted via various auxiliary diagnostic

experiments. Here, we use inaccuracy to refer to the infidelity of the shelving process taken

alone, while we use infidelity to refer to the overall infidelity of our shelving experiment. The

final predicted inaccuracy is consistent with the inaccuracy we measured, shown in Table

6.4.3.
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6.5 M1 Decay Rate

6.5.1 Observation

Inspecting Table 6.4.3, it can be observed that the predicted transfer infidelity alone is not
sufficient to account for the error that we observe due to our shelving experiment. After
further close inspection of the shelving process, we observe that one weak decay channel is
not taken into account: the 7.28-micron M1 decay 2D5/2 — 2D3/2. We can use equation 2.51

to estimate the rate of this decay.

The value of the square of the reduced matrix element for the transition then becomes (

see Eq. 2.50)

2
15| (*Dsjo| L+ ¢8| Dsjo)|” =
2

2 ! ! J/ 1 F/
PS(2F +1)(2F + 1)(20 + 1)(2J + 1)
F 1 J
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L J S S J L
X VL4 1)(L+ 1)L+ g, (=)’ V(2SS +1)(S+1)S
J L 1 J S 1
14
23(95_1)2:“23

(6.7)

Plugging into equation 2.51, this yields a decay rate of Ay = 27 x 4.5mHz. Figure 6.6
shows the infidelity of the shelving as a function of shelving duration. The horizontal plateau

1+2.

that is apparent in the plot is consistent with an M1 decay rate of Ay;; = 2w x 4. 71.§mHz,

which is consistent with the predicted decay rate.
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6.5.2 Suppression

6.5.2.1 Computation of M1 Decay Infidelity

We can model the effect of this M1 decay by adding the level to the five-level rate equation

6.5. If we add in this decay, we are left with the following set of rate equations:

pao= 2o+ 2T g0y (6.5)
Ps1 = —%Pﬂ + grmpm + (% + CsDi) pa+LUrpra+ %prf?, (6.9)
Pm = —Lmpm + €Capg (6.10)
pa = %psl - <% + Fd) Pd (6.11)
Pz = %Cfrdpd —Typys (6.12)
Pra = %Cfrdpd =L (6.13)

where p,,, represents the population of the ?Ds ; state, and e is the branching fraction of the
M1 decay from the 2Ds /2. Evaluating this system for a new equilibrium, we see that our

infidelity is greatly increased, and our transfer fidelity is now limited to ~ 7 x 1075 .

If we choose to repump our ?Dj , state by applying 935 nm light, the story is much the
same. Since we are repumping to a state with J = %, the ground state qubit still becomes

mixed, and all we have accomplished is to reduce the effective lifetime of the 2Ds /2 state.

6.5.2.2 Computation of Quenching

We may, however, be able to suppress the M1 decay by repumping the 2Dj /2 state to a state
with higher J, which cannot decay into the 251/2 F' =0 state. The 861 nm transition to the
[3/2]3/2 F = 2 state provides us with such a repump. This state decays strongly (97.4%)
to the 25/, F = 1 state via an E1 transition and is forbidden from decaying into the F' = 0

by E1 selection rules.
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If we wish to evaluate the rate equations including this state, we are forced to include
several more states in our calculation. This is because the *[3/2]3, F' = 2 can decay into
two states that could not previously be populated: the 2D3/2 F =1 and the 2Dy 2 B =2
Since both of these states are able to decay into the F' = 0 state, we are forced to include

their effect. Our rate equations in the presence of this 861 nm light thus become:

Ps0 0 0 2y 0 0 2 3¢,y 0 0 Pso
Pst 0 —%¢ 31y Ty T, 2 3¢y (lg+ % nsL's Ps1
prs 0 0 -Iy 0 0 0 Gl &GTa 0 P
pra 0 0 0 -Iy 0 0 0 20Ty 0 pra
pm =10 0 0 0 -L, 0 26l 0 Bl P
prm 0.0 0 0 0 -Tn-% 56l Gla  mmle+ %2 | | pme
P2 0 0 0 0 0 0 —Ty 0 naly pa2
pus 0 % 0 0 0 0 0 —Ta—% gl pis
Pr2 0o 0 0 0 0 e 0 0 —T — Zmt Pr2
(6.14)

Where we have rewritten our system of equations as a matrix equation to be slightly more
legible. Numerically solving this system is tricky due to the presence of the two different
Rabi frequencies of our 369 and 861 beams, but by making the same saturation assumption
as we did in equation 6.3, we can eliminate the 369 Rabi rate and simplify the problem. The
solutions for this set of rate equations are plotted in Figure 6.1. With the quenching applied
with enough power to saturate the transition, we can suppress the infidelity induced by this

M1 decay to roughly 4.5 x 1077, an improvement of two orders of magnitude.

6.5.2.3 Experimental Observation of Quenching

Following the shelving experiment, we sought to test the hypothesis that our limited SPAM
fidelity was caused at least in part by this weak M1 decay channel. In order to do this, we
borrowed light from a Ti:Sapphire laser from a neighboring experiment tuned to the 860 nm

transition to the '[3/2]3 jo ' = 2 state discussed above. Due to the extremely time-consuming
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Figure 6.6: Shelving infidelity as a function of the shelving duration. In the absence of any
repump, the error at long timescales is dominated by the M1 decay 2Ds /2 = 2D, 2. These
data are shown in blue. With the addition of an 860 nm laser that drives D5, — 1[3/2]3/9
we observe significant quenching of the M1 decay channel, and observe infidelities below

what was achievable without it.
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nature of gathering sufficient data to measure the extremely small infidelity of a shelving
operation and the uncooperative nature of the borrowed laser, we were only able to make
a single measurement of the shelving rate with the quenching applied. Further exploration
of this quenching effect using a purpose-built 860 nm diode laser would be a logical avenue
for further exploration, although the amount of data required to characterize the infidelity

would be immense.

Nonetheless, the data we took show a significant improvement in the fidelity compared
to data taken in the absence of shelving. Figure 6.6 shows the infidelity of shelving as a
function of shelving time in the absence of M1 quenching, as well as the results of our M1
quenching experiment. The infidelity of the shelving is clearly seen to level off at a value of

-40.8(2) dB (8.3 x 1075).

The measured infidelity corresponds to an M1 decay rate of 4.1773 mHz, which is con-

sistent with the decay rate of 4.5 mHz predicted by equation 2.51.

When we apply the 860 nm light, the infidelity decreases to a value below any which was
observed in the absence of the light, demonstrating a clear improvement in the infidelity.
However, without further experimentation, the ultimate fidelity of shelving with a quenched
M1 decay has not been experimentally demonstrated, although we can safely say that the

infidelity will be less than -45 dB.

6.6 Conclusion

Ultimately, the shelving scheme in ytterbium has proven to be very successful at suppressing
the SPAM error of the '"'Yb™ ground state qubit, and the ability to trade detection time

for increased fidelity is a very useful tool.
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6.6.1 Further Improvements to Transfer Fidelity

A different way to improve the fidelity of the shelving operation is to use multiple 7 pulses
to effect the transition from |0) to |1). Utilizing the fact that there exist three Zeeman
sublevels in the F' = 1 manifold, we can use three 7 pulses — one to each sublevel — to
transfer population into the F' = 1 prior to shelving. Because these sublevels are distinct,
this process can be performed without mixing the qubit, allowing us to suppress our state

transfer infidelity by a factor of the cube of the infidelity.

6.6.2 Speedup

Ultimately, one of the main drawbacks of the narrowband optical pumping scheme is that
it is very slow compared to essentially every other readout scheme employed in trapped-ion
experiments. Moreover, this speed is fundamentally limited by the structure of the ion:
as long as optical pumping is occurring, the rate-limiting step of the process will be the
decay of the 2Dy, state. However, there do exist schemes to transfer the ion into the F
state without relying on optical pumping. Although the fidelity of these schemes is likely
limited by technical limitations, a combination of these schemes with optical pumping can
potentially lead to a significant reduction in state transfer time without compromising state

transfer fidelity.

If we want to get around the dissipative speed limit set by the decay rate of the ?Dj 5, we
will have to rely on coherent operations in order to populate the F state. The most obvious
way to achieve this goal is to directly drive the E3 transition between the S state and the F
state. While this 467nm laser has been used in atomic clocks [HSL16] and in searches for King
plot nonlinearities [CHA20], the extremely narrow linewidth of the transition makes driving
it very difficult, generally requiring exotic laser stabilization methods such as cryogenic

cavities.

Another more technologically accessible method for coherently populating the F state
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is to use a combination of 411 nm light and 3.4 micron light. While a 3.4 micron laser is
technologically difficult to create, it is possible to generate using four-fave mixing of two
high-power lasers, one at 812 nm, and one at 1064 nm [TRB98|. With both of these lasers

available and sufficiently stabilized to perform coherent operations, two schemes are possible.

The first two-laser method leverages the relatively long lifetime of the *Dj/, state and
performs a double-pulsed state transfer, in which a 7 pulse to the D state is performed
using the 411 nm laser, followed immediately by a 3.4 micron 7 pulse to the F state. This
two-stage transfer has been experimentally demonstrated to a fidelity of 0.97 [YMW22].
Alternatively, a two-laser Raman scheme could be employed, which has the advantage of
never populating the 2Ds /2 state. However, the difficulty of phase-stabilizing two lasers at
such different frequencies may make this scheme difficult. In either case, successful state

transfer can be heralded if being used for state preparation of the metastable qubit.

In the two-laser schemes, fast deshelving can also be performed, using a combination of
the 3.4 micron and 976 nm lasers to deshelve via two electric dipole transitions, rather than

using the 760 nm electric quadrupole transition. This is the scheme employed in [YMW22].

6.6.3 Use in a register

One of the great advantages of electron shelving is that the quantum information in shelved
ions is insensitive to the light used for state readout. Because of this, it is possible to utilize
shelving for efficient readout of a qubit register. In this scheme, ions that are not being read
out have their quantum information coherently shelved into the F state, insulating them
from the readout. Even incoherently, ions can be shelved one at a time at the end of a long

computation to reduce the crosstalk caused by the limited fidelity of imaging.

One potential hazard for this scheme, however, is that a 3.4 micron photon emitted during
a shelving event could in principle deshelve nearby qubits. Since the spacing of qubits is

roughly on the order of the wavelength of the light, superradiant effects could occur that
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enhance the probability of such absorption. Should such an effect turn out to be problematic,

it could likely be mitigated by utilizing light shifts or adjusting the spacing of the ions.

6.6.4 Related SPAM work

While this work was being performed, we were by no means the only group exploring the
possibility of using the F state in ytterbium as a quantum computing resource. Edmunds et
al. at the University of Sydney performed very similar experiments to ours, using the F state
to suppress the infidelity of trapped ion state detection to 1.8(2) x 1072 [ETM21]. Yang et.
al. at Tsinghua University have performed great work using a 3.4 micron laser to implement
coherent two-state population transfer between the ground state and the metastable state

[YMW22].

After leaving our group, Anthony Ransford continued onward to Quantinuum, where
he, along with An et al, employed a similar shelving technique to that discussed here to
137TBa™ using narrowband optical pumping and cabinet shelving to obtain a SPAM infidelity
of 9.0 £ 1.3 x 107° [ARS22]. The techniques used in that work are generally applicable to
qubit species with I > 1/2, and could potentially be employed in ™Yb* to obtain extremely
high SPAM fidelity.

Finally, Sotirova et al. at Oxford University employed a combination of the techniques
described in this chapter and an inventive heralding protocol to obtain heralded SPAM
infidelities of 8(4) x 1079 in the ground state qubit and 5(4) x 107 in the metastable qubit
[SLV24].
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CHAPTER 7

The Metastable Qubit in ''Yb"

Utilizing the hyperfine structure in the F state, we can also define a 3.6 GHz hyperfine clock
qubit between the F' = 3,mprp = 0 state and the FF = 4, mp = 0 state. The ability to
define such a metastable qubit has many advantages, which are explained in great detail in

[ACC21].

7.1 Metastable qubit SPAM

The metastable qubit can be dissipatively prepared using narrowband optical pumping,
exactly as was performed for the shelving experiment detailed in Section 6.4. Using the
2Dy /2 I = 2 state as the intermediate this process incoherently populates the I’ = 3 manifold
in the 2F70/2 state. A microwave 7 pulse can then be applied resonant with the F' = 3, mp =
0 < F = 4, mpr = 0 transition, followed by 760 nm light which depopulates the F' = 2
manifold. After this process, the ion is either in the 2F7"/2 F = 3mp = 0 state or the ground

state, and can be projected into the metastable state by performing state detection in the

ground state manifold.

This heralding process necessarily discards a large number of experimental shots, as
only a third of the experiments will result in successful state preparation. a Magnetically-
Assisted Optical Pumping scheme [ARS22] could be performed prior to heralding to reduce

this overhead, although the experimental complexity would be somewhat increased.

Since the readout of the metastable qubit occurs by outcoupling the qubit to the ground
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Figure 7.1: Results of a SPAM experiment in the metastable qubit showing high SPAM

fidelity after successful heralding of the |1) = state, followed by successful heralding of the

m
|0),, state. The first heralding step eliminates infidelity due to imperfect transfer to the
metastable manifold, and the second eliminates infidelity due to pulse area error in the 7

pulse. The ultimate SPAM infidelity is 1.5723 x 10~

state via a narrow channel, the SPAM fidelity that can be achieved is very high. By heralding
the preparation of the |1) = state, we achieve an overall SPAM infidelity of 6779 x 1073, By
adding an additional heralding step following the 7 pulse to prepare the |0), state, we see
a further improvement in the fidelity of the metastable SPAM, giving us an infidelity of
1.5722 x 107*. Figure 7.1 shows the results of a SPAM experiment performed in this way in

the metastable state.

7.1.1 Dissipative operations

The metastable qubit has the unique ability to be read out without destroying the quan-

tum information stored within. We can consider schemes in which we use this property to
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Figure 7.2: Rabi oscillations in the metastable manifold. Oscillations were driven using an
ex-vacuo microwave horn antenna, and SPAM was performed using heralding as described

in the text

our advantage. For instance, it had been proposed in reference [Cam20] to use this weak
outcoupling as a method to flag errors during a quantum computation, and in general non-
destructive mid-circuit measurement is an important part of many error correction protocols

[NMM14, HRW07].

7.1.2 Measurement-driven gates

One interesting demonstration of our ability to perform non-destructive projective measure-
ments of the qubit is in using the act of measurement to drive a single-qubit rotation in the
metastable state. Fundamentally, the concept is straightforward: performing a projective
measurement in a given basis projects the qubit into an eigenstate of that basis. We may;,
therefore, by rotating our measurement basis in many small increments, effectively cause the
qubit state to rotate. This is essentially the same classic demonstration as that of crossed

polarizers, in which adding more polarizers between the crossed polarizers causes the propor-
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tion of transmitted light to increase. The protocol we employ to perform this demonstration

is as follows:

1. Prepare the |1), state
2. Measure the qubit in a basis that is rotated by /N with respect to the o, eigenbasis

3. Repeat the measurement N times, further rotating the measurement basis by /N each

time
4. Measure the final state

As the number of measurement steps N increases, the success rate of the measurement-driven

QN(L

2N), approaching 1 as N — oo. Figure 7.3 shows the success rate of

gate scales as cos
a measurement-driven 7 rotation, as well as an additional experiment showing the protocol
executed with the same microwave rotations, but without the intermediate measurement

steps.

7.2 Two-Qubit Gates

In order to consider performing entangling gates in the metastable qubit, we would like to
examine potential candidate states for light shift gates, as demonstrated in reference [BBF21].
Such states should be connected to the metastable qubit via a quadrupole transition, and
ideally one in which scattering errors will not leak into the ground state manifold. A number
of candidate transitions are depicted in Figure 7.4. Work to probe the 860 nm transition to
the 3[7/2]3 /o State is being performed in our group by Patrick McMillin, Hassan Farhat, and

Will Liu at the time of this thesis’ submission.

An alternative scheme for two qubit gates is to use a Raman transition that scatters

off of an even-parity J;.J; coupled state. While many of these transitions are deep into the
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Figure 7.3: Success probability of a measurement-driven 7 rotation as a function of the
number of steps taken. As the number of steps grows, the probability of success increases.

In addition, the x markers show that in the absence of the measurement step, the rotation

does not occur.

ultraviolet, a few transitions appear to have more reasonable wavelengths, namely those to

the (7/2,1) fins structure manifold.
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Figure 7.4: Candidates for light shift gate wavelengths from the metastable qubit in "'Yb*.

A number of quadrupole transitions to excited J; K coupled states are possible.
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CHAPTER 8

Magic Polarization

8.1 Theory of Magic Polarization

8.1.1 The Incorrect, Approximate Approach

Without appealing to any kind of fully-hyperfine Hamiltonian, we can still estimate the
approximate sale of the critical magnetic field. In addition, I find that this rough estimation
of the magic polarization lends a degree of intuition without requiring that we diagonalize

the hyperfine and light shift Hamiltonians at the same order.

8.1.1.1 No magnetic field

In the absence of magnetic field, we can write the differential light shift as originating
due to this slight difference in detuning between the |251/2F =1,mp= 0> = |1) and the
}251/217 =0,mp = O> = |0) states:

1|d[2P, ) [P E? 0ld|2P, ) |° B2
ag,, - _LdERs) _<_|<H o) ) o

AA 4(A +wyr)

where wyr is the hyperfine splitting between the two states, A is the detuning of the light

shift laser from the |1) — ‘2P1 J2) transition. We can simplify this expression by factoring
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out the angular momentum dependence of the matrix elements:

1 1\ |12 172 1

<1|dq|2P1/2 F=1 mr= q> — (_)1—q3
0 ¢ —¢q 11 1/2

(*S1/2]d|* Prj2)

(8.2)
F1 -1
= 3%?5%11 (*S1y2lld]|*Prj2) (8.3)
= +d (8.4)

01 1\ ]1/2 172 1

<0|dq|2P1/2 F=1mrp= q> — (_)1*q\/§
0 ¢ —¢/ (1 0 1/2

(*S1s2]|d][* Py ja)

(8.5)

V3L Ls . es 2p
= 3%% PESK 1/2||d|| 1/2> (86)
=d (8.7)

Since the matrix elements are equivalent up to a sign, we can write
d*E? d*E? d*E? wyp

AEyip=———|———"—| =~ — 8.8
dif f N ( 4(A —i—wHF)) 4 A? (8.8)

Here, we have made the assumption that the detuning A red of the fine structure tran-
sition. We see that the differential light shift is always negative. We can get an intuitive
grasp of this by noting that the light shift generally manifests itself as a repulsion between
the two states being mixed by the perturbing light. Since the upper state lies closer to the
2P /9, it experiences a greater repulsion and so slightly shrinks the splitting between the two

hyperfine sublevels.

8.1.1.2 Introducing a magnetic field

If we introduce a magnetic field, the eigenstates of the atomic Hamiltonian split slightly.

This is of course well known as the Zeeman effect, but perhaps less appreciated is the fact
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that the atomic eigenstates are slightly mixed by the magnetic interaction. For a much more
thorough handling of this interaction, see section 2.3, but in short, the atomic Hamiltonian

in the presence to a magnetic field for a 25/, state is

0 B
H= 1o (8.9)

B  wyp

Diagonalizing this Hamiltonian yields new eigenvectors and eigenvalues:

~ ,UBB
0) ~ [0) — 1) (8.10)
WHF
~ B
1) ~ 1) + 222 o) (8.11)
WHF
2 BQ
By~ —LB (8.12)
WHF
2 B2
Ey =~ wpr + s (8.13)
WHF

In order to compute the differential light shift, we can now consider the effect of po-
larization in the interaction. Where previously there was no quantization axis to lift the
degeneracy between o, and o_ transitions, we can now write down the matrix elements of

o, and o_ transitions separately:

~ B
PPy F =1,mp+1]de|I) = (P, 1, £1]ds|1) + ’:jB (P,1,£1|d.|0) (8.14)
F
B
—+d+ 182y (8.15)
WHF
B
— +d <1i“3 ) (8.16)
wWHF
i B
(P2 F = Lmp £ 1dsf0) = (P, 1,£1]d:]0) - 222 (P1, 21]a. 1) (8.17)
HF
B
= d— 182 (1q) (8.18)
WHF
B
:d(1¢“3 ) (8.19)
WHF
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where we have used the results from 8.7 to simplify the matrix elements. We can now

compute the differential light shift in the presence of the o1 polarized light:

~ 2 ~ 2
(1|de|*Prjo)| E> | (Olds[*Prjo) | E?
ABpu, = (- P
B#0.ox 4N 4(A + wyp) (8:20)
B2 (14 Mf PE (17 Mf
_ WHF . . WHF (8 21)
VAN 4(A +wyr) '
22 25 B 22 215 B
~ (1i s >+ d (1q: s ) (8.22)
4A WHF 4(A +OJHF) WHF
2 E? 2upB d?E? [ 1 1
N e TTE . S (8.23)
4 A WHF 4 A A +WHF
2 E? B d?E?
N LR 1D (8.24)
4 A WHF A
4upBA
= AEp_o 1+ -2 (8.25)
WHp

From this expression, we can see that there exists a value of B for which the differential
light shift completely disappears! Specifically, purely o_ polarized light perfectly cancels the
differential light shift at the critical magnetic field

2

c p—t .2

If B > B., we are able to tune the polarization of the light such that the differential light
shift is cancelled. We can additionally define the helicity projection, which parametrizes the
imbalance between o, and o_ light, and therefore affects the relative contributions of the

o, and o_ parts of equation 8.25.

8.1.1.3 Considering the spin-spin basis

It can be instructive to consider the magic polarization effect in the uncoupled spin basis of

the nuclear spin and the electron spin. In this basis, we have
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75 (52 dote) = Suya k) (8.27)
|1> = E (|281/2 \l/nTe> + ‘251/2 Tn\Le>) (828)

In this case, we may write the modified terms in the presence of a magnetic field (equiv-

alent to expressions 8.19) as

0) = % [(1 + —) S1/2 dnte) + < ) 12512 Tn¢e>} (8.29)
1) = % [(1 — M) S1/2 dnte) + <1 4 HEB ) %S/ Tn\l/e>:| (8.30)

wWH

Since the excited states that we couple to with oi polarized light are |2P1 /2 TnT6>
(‘2]31 /2 ¢n¢€>), we see that only the right (left)-hand terms of equation 8.30 couple to the
excited state, since the other term would require flipping the spin of the nucleus. In this pic-
ture, it becomes clear that the effect of the magnetic field is to slightly enhance the coupling
of one of the states to the 2P, /5, while slightly reducing the coupling of the other. Since the
degree of this enhancement is tunable, the differential light shift between the two states is

therefore also tunable.

8.1.1.4 Multiple excited states

In general, we are summing over terms with different linewidths, Equation 8.25 then becomes
a weighted sum over the different states to which the light shift laser couples. While there
isn’t as neat an expression for the DLS in this case, in general only one term is dominant
at a given laser frequency. It is also worth noting that the convenient equality in equation
8.7 is not guaranteed to hold for all manifolds, and that there is, in general, also magnetic
field-induced state mixing within the excited state hyperfine manifolds. In this case, the

expression for the DLS becomes a sum over many different terms. When I = 1/2; we can

113



assume that the excited state will always have two hyperfine sublevels and write the light

shift of a single state with angular momentum F' as [LSR13]

E?  (F|d|F,) (F,|d|F
_Z< | d|En) (Fn|d]F)

AFE = —
4 A,

(8.31)

When we account for field-induced state mixing in both the ground and excited states,

we make the substitutions (Fi> — |F) + B(wur) |F) and ni> — |F) + B(wn) |F1), where

p(w) = = B represents the degree of field-induced mixing given a hyperfine splitting w, with

the magnetic sensitivity p; defined as

1 F
py = ppgs (=) (T +1)(20 + 1)
00 0
(8.32)
J J 1
x+/(2F" +1)(2F +1)
F' F 1/2

which is proportional to the off-diagonal matrix element of the Zeeman Hamiltonian, as

defined in section 2.4.1.

After applying the substitution and discarding terms of order 3%, we can now write the
light shift of a state under this field-induced mixing as a sum of terms. For the upper state

F':

F F, Fy,F, F, F’
b 98wy p) DI — 2B(w,) DR
AELs(F)) d,, FLE ’ Ly
sl Z| : [ Br ., (8.33)
DF7F'"+25<WHF)DFF/ + 2B(wn)D 11::7,’15/"
AF’,F,’L
AL eI DES™ — 28 DI — 23 DI
LS AF’FR
(8.34)

Fo P, Fp .1, Fp,F,
DF?F - QB(WHF)DF’,F + 25(Wn)DF,F
Ap g
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where

D = ()T /(2F + 1)(2F + 1)(2F, + 1)(2F, + 1) x
F1EN\(F1EN\|L E 120 F 12 (8.35)
0 ¢ —q 0 ¢ —q FoJ 1 FJ 1

We may note that when ¢ = 0, the magnetic-field-dependent terms cancel, as D?}F” will

always violate a selection rule.

We can evaluate the differential light shift between states |F) and |F’) by subtracting
their light shift. We can note that all terms that depend on the hyperfine structure of the

excited state cancel to first order. We then obtain

E2|dn|2 wB (DFH,Fn

AFEgisr =~ AEgp(B =0) — A o \PEE Dﬁfﬁ") (8.36)

n

If we only consider one excited state, we can simplify this further:

EdPwnr ( por, e PP B o pm | e

Allowing us to write the critical field as
Fo, Fy Fy Fyy
- W%IF DF’,F’ + DF',F’
¢ 4MJADFn»Fn_|_DF1{uF'r/L

FI.F F,F

(8.38)

We can check our math by applying equation 8.38 to the DLS of the ground state when

coupling to the 2Py excited state. In this case we have the following nonzero terms:

Déﬁ = g4
Dt =
DY = 60
Dl =g



When B = 0, ¢ has no effect on the DLS in the limit that the upper state hyperfine
splitting is ignored:

1 1 _
AEgps < (g5 — 6(A+wHF+wp)> ¢=0

(8.39)

AEqigr < (55 ~ sagom) q==+1

While when B # 0, we have:

E2|d,|* upB1

AEdiff = AEdiff(B = 0) — A o gq) (840)
dup BA
= AE4;(B = 0) (1 ~ B q) (8.41)
WHFR

Which is the same expression as we obtained in equation 8.25.

If we wish to rewrite this in terms of the helicity of the light rather than in terms of ¢,

we may define the helicity projection A = —i(€ x *) - 2. We then have

4upBA
AEysp = AEg (B = 0) (1 T A)

2
WHp

(8.42)

8.1.2 Doubly-magic wavelengths

The magic wavelength effect describes in the previous section exists in principle for any hy-
perfine clock qubit. In the omg architecture [ACC21], quantum information can potentially
be stored in both a metastable and a ground state manifold during the course of a quan-
tum computation (even if one of the manifolds is generally left unpopulated). As such, it is
worth evaluating whether there exist any *doubly-magic* wavelengths - that is, wavelengths
for which both the ground state qubit and the metastable qubit exhibit cancellation of the

differential light shift at the same magnetic field and polarization.

While the precise evaluation of such magic wavelengths would require fully hyperfine cor-
rections to the atomic wavefunctions and are therefore outside of my computational ability,
we can use the ”experimentalist” model discussed in the previous section to gain an idea

of where such magic wavelengths will exist and how they will behave. We will evaluate the
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presence of double-magic wavelengths in both ®*Bat and '"'Yb™, as both are used in our

group to demonstrate metastable qubit operations.

We will begin by examining the final form of the critical magnetic field:

Witk (8.43)
¢ 4/,LBA '

We see that for a given manifold, B, scales with the scale of the hyperfine splitting, so
in general the critical magnetic fields will be separated by a factor of (w,/wm,)? when the
applied radiation is far from any atomic resonances. This means that it is unlikely for the
two states to have simultaneous magic conditions in the presence of purely o-polarized light
unless their hyperfine splittings are comparable. In ytterbium, the hyperfine splittings differ
by roughly a factor of 3, while in barium they differ by roughly a factor of 10. In both cases,
we only really expect to see the critical fields cross when approaching an optical resonance
in one of the two states. This is unfavorable, as any gates performed at these wavelengths

would result in high scattering errors for quantum gates.

Figure 8.1 shows this effect. It is clearly evident that the mismatched hyperfine splittings
largely preclude the possibility of far-off-resonant doubly magic wavelengths, although there
is a candidate crossing in ytterbium at 779 THz = 385 nm. At this frequency, we are 32 THz
red-detuned from the 369 nm cooling transition in the ground state, and 9 THz red-detuned
from the 2F7"/2 — (7/2,0)7/, transition. For Raman gates in the ground state, this detuning

would come with an associated Raman scattering error rate per 7 pulse of 2 x 107% | while

in the metastable state the scattering error rate per 7 pulse is 2 x 1078 [OIB07, BWV23].

8.1.3 Correctness

While the expressions for the differential light shift and critical magnetic field derived in the
previous sections allow us to estimate the critical field, these calculations are, in general,
inaccurate. This is because while they include the energy shifts of the states due to the

hyperfine interaction, they do not include the modification of the wavefunctions that is
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Figure 8.1: The critical magnetic field for the metastable and ground state qubits in both
133Bat and ™Yb". The w;? dependence of the critical field is clearly visible, where the
critical magnetic field of the 2Dj 5 state is strongly suppressed relative to the ground state,
while in ytterbium the critical fields are comparable in magnitude. Crosses on the x axes

represent the locations of transitions from the states in question.
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Figure 8.2: A comparison of the critical magnetic field B. as computed in this thesis, and
the differential light shift when the HFI-induced corrections to the wavefunctions are in-
cluded. While there is good agreement near atomic resonances, the two results diverge in
the large-detuning limit. In the green "'Yb* plot, more transitions were included when
using the perturbative approximation than in the fully-hyperfine derivation, leading to ad-

ditional resonances.

induced by the same interaction. Due to the fact that the hyperfine interaction and the light
shift occur at the same order in the perturbation theory, this leads to inaccuracies in the
computation of the differential polarizability, especially at large detunings. For a detailed
discussion of the source of these inaccuracies, see [Der10], and for a worked out method for

computing the differential polarizability using fully-hyperfine wavefunctions, see [RGD09].

In order to get a sense of the scale of the disagreement, we can plot our computed values
for B, against those computed using a formalism including the hyperfine-induced corrections
to the wavefunctions. This is plotted for "**Ba™ and '"'Yb™ in Figure 8.2. Given that our
potential doubly-magic wavelength candidate is located near an atomic resonance, it may
not be as badly affected by these inaccuracies compared to DLS occurring in the far-detuned

limit.
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8.2 Calibration

Prior to attempting to measure the magic angle effect in ytterbium, a number of calibrations
needed to be carried out in order to ensure that the magnetic field was aligned to the laser

and that we understood the polarization of our input light.

8.2.1 Magnetometry and Field Alignment
8.2.1.1 Magnetometry

The exact magnitude and direction of the magnetic field is required in order to extract the
value of the critical field. Misalignment 6 between the laser and the magnetic field leads to

a reduction in the observed light shift by a factor of cos#.

Fortunately, the ion itself is an excellent probe of the magnitude of the magnetic field
at its location. By measuring the difference in frequencies between the mp = £1 qubits,
one can determine the magnetic field. Measuring both the +1 and —1 qubits eliminates the
quadratic Zeeman shift of the |0) state as a systematic. By scanning the current through each
magnetic field coil, one can determine the properties of each coil. With a total of 9 scans,
the full 3D configuration of the magnetic fields produced by each coil can be reproduced. A

full description of this procedure is given in Appendix E.

Once the function mapping the coil currents to the magnetic field at the ion is determined,
the magnetic field can be aligned to the light shift beam by tuning the magnetic field currents

to maximize the magnitude of the light shift.

8.2.2 Polarimetry

After all the magic angle measurements were performed, we performed polarimetry on the
532 nm laser light, a step necessary for converting our wave plate angle to a polarization.

Polarimetry was performed using a ThorLabs PAX1000VIS polarimeter, placed both before
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Figure 8.3: The polarization ellipse, with its various relevant parameters labeled.

and after the vacuum chamber to help compensate for any birefringence on the viewports.
The two measured values were averaged, with the error taken as the difference between the

two.

A note on the polarization ellipse When describing the polarization of a general po-
larized beam, one usually refers to the polarization ellipse. This ellipse is well-described
in the literature, but there exist several different ways of parametrizing just how elliptical

the ellipse is. Here, I will describe the two main ways one may describe this quantity: The

ellipticity
v
X = arctan (&) (8.44)
And the helicity
A= —i(é x€) (8.45)

Specifically when working with magic polarization data, we wish to convert from the ellip-

ticity provided by the polarimeter to the helicity, which is the form used in equation 8.42.
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In order to do this, we may begin with the general form for a vector in the Jones calculus:

sin fe'=
) = (8.46)

cos fet

From [Col05], we may write the ellipticity as

sin(2x) = 2|E, || E, | sin (arg(E,EY)) (8.47)

= 2sin 6 cos O sin(a, — o)) (8.48)

We can similarly write out the helicity projection as

A= —i(e,8, — £,8y) (8.49)
= —i (cos Osin O’ > =) — cos f sin e (0>~ )) (8.50)
= 2sin 6 cos O sin(a, — o) (8.51)

Since these two statements are identical, we may state that A = sin(2y).

8.3 Experimental Procedure

8.3.1 Light Shift Measurement

In order to measure the light shift, we perform a microwave Ramsey experiment, in which
we apply a 7/2 pulse, followed by an interrogation time ¢, followed by another 7/2 pulse and
measurement. If we detune our 7/2 pulses by a detuning 4, the resultant curve traces out
the ion’s oscillation between the |1) and |0) states, oscillating at a frequency 6. The presence
of a differential light shift during the interrogation time shifts the frequency of the qubit,
and thus the frequency of the oscillations. Throughout these experiments, § was chosen to
be 1 kHz red of the unperturbed qubit frequency. Prior to any change in the experimental
configuration, the light shift was re-calibrated by reverting the magnetic field and quarter

wave plate angle to a fixed position. From that setting, the addressing of the 532 nm light
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shift beam was adjusted vertically using piezoelectric transducers on the last mirror, and
horizontally by applying differential voltage to the trap end caps in order to translate the

ion along the trap axis.

During a given light shift measurement, two pairs of measurements are interleaved —
one with the light shift beam present, and one with the beam turned off. Interleaving the
measurements in this way ensures that any drifts that occur during the execution of the
experiment are common to both curves, with the added benefit of decreasing the average
fluence of 532 nm light incident on the ion trap, reducing the risk of trap heating due to
stray light. Subtracting the frequencies of the resultant Ramsey oscillations yields the light
shift, and performing the experiment on the full range of wave plate angles and magnetic

field amplitudes allows for extraction of the critical field.

8.3.2 Coherence Measurement

In order to measure the coherence of the ion, the same Ramsey experiment is performed
as was described above, except without interleaving. However, the interrogation times are
significantly longer. Due to this, experimental durations can exceed ten hours. During the
course of these experiments, the cooling line center is automatically re-calibrated every 10
minutes in order to account for cavity drift that would otherwise result in loss of fidelity
or in loss of the ion. The frequency of the microwave source was not calibrated with this
regularity, as we are more interested in the envelope of the Ramsey oscillations than their

specific frequency.
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Figure 8.4: The differential light shift as a function of the angle of the quarter wave plate
before our trap. As the wave plate is rotated, the light shift oscillates as the helicity of the
light moves between o, and o_ polarization. Where the light shift crosses the x-axis, we
have created the magic polarization. Worth noting is that as the magnetic field increases,
the sensitivity of the magic polarization on the exact waveplate angle also increases. At

B = B, the first-order sensitivity on the waveplate angle is 0.
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8.4 Results

8.4.1 Magic Angle

After running Ramsey cans at the various magnetic fields and waveplate angles, we can plot
the differential light shift as a function of the waveplate angle. Doing so reveals the zero
crossings that correspond to the magic polarizations. These plots are displayed in Figure
8.4. As evidenced in the figure, there are clear zero crossings in all but one of the curves,
indicating that a magic waveplate angle exists given a sufficient magnetic field. However, the
shape of these curves alone does not permit us to make claims about the magic polarization.
If the waveplate is imperfect, we cannot assume that the light at the maxima and minima of
the curves is circularly polarized. As such, we have to plot the DLS against the polarimetry

directly.

Another aspect worth appreciating about Figure 8.4 is the fact that with increasing
magnetic field, the slope of the crossing also increases. The slope of the zero crossing related
to the polarization sensitivity of the magic polarization, which is minimized at B.. As the
field is increased, it becomes more difficult to tune the polarization to the magic polarization.
It is therefore desirable to operate the system at the lowest practicable magnetic field in order

to make tuning the polarization of the light shift laser straightforward.

Figure 8.5 a shows the DLS plotted as a function of the helicity of the incident light. A
strong linear relationship is evident, in which the x-intercept of the line indicates the magic
polarization. Plotting the DLS in this way yields us the useful ability to determine the magic
polarization at magnetic fields for which no zero crossing exists for any physical polarization.

Such fields will have an x-intercept whose magnitude is greater than one.

Having extracted the magic polarization at each magnetic field value, we can find the
magic polarizations to the function
B
Amagic - EC (852)
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Figure 8.5: The differential light shift of the ground state qubit. a) shows the differential

light shift as a function of the helicity projection A = i(e x €*) - Z of the applied light, as

measured with a polarimeter. Where the light shift crosses the x axis, we have the magic

polarization. The red dotted line represents the theoretical DLS vs helicity at B = B.. In

this case, the DLS is zero for pure o, polarized light. b) shows the magic helicity as a

function of the magnetic field. Fitting this curve to B, = B/A yields the critical magnetic

field. The green dashed line represents the atomic structure theory prediction. In both plots

a) and b), the red x signifies the configuration of the system during Figure 8.8. ¢) shows the

atomic structure theory prediction as a function of the light shift laser frequency.
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Magnetic Field (G) Misalignment (deg) Error due to Misalignment

4.41 0 0%

3.50 0.6 0.01%
2.50 1.8 0.05%
1.50 4.6 0.33%
1.02 8.0 0.97%

Table 8.1: Field misalignment error as computed by our magnetometry. As the measured

value of the critical field scales as cos 6, the errors due to the misalignment are quite small.

to extract the critical magnetic field. This fit is plotted in Figure 8.5. Immediately evident
is the large disagreement between the value of the critical field that we measured, and
that predicted by atomic structure theory [Derl0] discussed in section 8.1.3. It is worth
noting that B, represents the minimum magnetic field for which the DLS cancellation can

be observed, and thus any experimental error will increase the observed value of B..

8.4.1.1 Systematics

Alignment of the laser and magnetic field A misalignment angle # between the light
shift beam and the magnetic field would result in an increase in the observed critical field by a
factor of 1/ cos . Our magnetometry (see appendix E) allows us to estimate the magnitude of
the misalignment, and these misalignments are given in Table 8.1. The misalignments that we
observe are due to our taking the data prior to when we performed thorough magnetometry.
While our better understanding of the magnetic fields around the ion could allow us to retake

the data, the small error induced by the misalignment we have doesn’t warrant this.

Addressing of the light shift beam Figure 8.6 shows the change in the scalar shift

extracted from the fits in Figure 8.5 a. While we would expect that the scalar shift stays
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Figure 8.6: The scalar light shift as a function of the applied magnetic field. As the scalar

light shift is theoretically independent of the magnetic field, this residual shift points at

potential ion movement as we reduce our magnetic field.
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constant due to its independence from the magnetic field and polarization, we observe a
correlation between it and the magnetic field. When we change the magnetic field, we do
observe the ion to move slightly, so it is possible that these small movements affect the
addressing of the 532 nm beam. This could be mitigated by re-addressing the 532 nm beam
to maximize the DLS for each field value. However, since the addressing of the light shift
beam acts as an overall multiplier to the data, the addressing has no impact on the location
of the zero crossing. As such, we can extract the critical magnetic field without worrying

about this residual effect.

Error in helicity If there is significant birefringence in the vacuum viewports, it is possible
that the ion experiences a different polarization than is indicated by our polarimetry. This is
unlikely, as the degree in birefringence would have to be large, and would have to be nearly
cancelled by the second viewport in order to cause significant error while reproducing the

results of our polarimetry.

Additionally, small birefringence or imperfections in the waveplate can limit the purity of
the linear polarization the ion experiences. This could result in a small residual shift being
observed. The topology of the Poincaré sphere requires that the polarization be linear at
*some* waveplate angle if we assume that the polarization is pure. These signs indicate any

helicity error is likely small and can be ignored.

8.4.2 Coherence Improvement

Having determined the magic angle, we seek to evaluate the improvement of coherence that
magic polarization can lead to. In order to do this, we perform a Ramsey experiment with
the aim of observing the characteristic decay rate of the coherence as a function of the

polarization of the light shift laser.
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Figure 8.7: Simulated decoherence due to a Gaussian-distributed random light shift. Each
simulated data point represents the average of 300 Ramsey experiments with their frequency
shifted by a Gaussian random variable. The Gaussian decay formula 8.54 is in good agree-

ment with the simulation.
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Decay envelope In the presence of a perturbation to the frequency, the envelope of the
decay is not necessarily exponential. We can model the influence of the noide on the
light shift beam by assuming that the amplitude of the light varies as a Gaussian ran-
dom variable. In that case, we expect the frequency of the Ramsey oscillation to vary as

cos? Wt = £(1+ cos(2wt)), where w is a random frequency selected from a Gaussian distribu-

. _ _ 2
tion —=—e (w—wo)*/20
o

we need to evaluate the integral

. We wish to evaluate the expectation value (cos2wt), in which case

1 0 (wow)?
e~ 20 cos2wt dw (8.53)
V2ro? /oo

Solving this integral gives the expectation value

1 1
(cos® @t) = 5t3 cos(2wot)e 27" (8.54)

The standard deviation o corresponds to the standard deviation of the light shift, and is
therefore a reasonable metric which which to evaluate the amplitude stability of the laser.
Figure 8.7 shows data which is averaged with random frequencies sampled from a Gaussian
distribution, and shows that the expectation value 8.54 is a good fit to the data. This
sufficiently motivates us to use a Gaussian envelope when fitting the decays of our Ramsey

fringes.

Coherence lifetime The shape of the decay envelope is not necessarily the same as the
coherence lifetime of the quantum state. In order to obtain this decay, we wish to track
the evolution of the density matrix under the influence of the perturbing laser light. The
off-diagonal terms of this density matrix represent the coherence. These terms oscillate as
sin(2wt). The decay envelope can therefore be expected to be the same as for the coherences,
and numerical simulations support this. It is not necessarily straightforward to assign a co-
herence lifetime due to this process, as the decay is non-exponential. However, the timescale

of the decay is set by the variance of the light shift.

131



e "ﬁ"
S
= e

———

| 193
5t ------______________________:“H_ _—
I -=-=- magic polarization, T = 1.00(7) s 1
~~~ o7 polarized, T = 28.4(9) ms %
-==No light shift, T = 0.82(7) s 4

e o

——
—
e e

Population in |1)

i, |

e

|

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Ramsey delay time (ms)

%..:_
P_—.
e
b
..,:ﬁ—-x-

fi

Figure 8.8: The coherence of the ground state qubit under different polarizations of the light
shift beam. The green curve represents a control experiment in which no light shift beam is
applied. The orange curve represents an experiment in which the light shift beam is tuned
to o polarization, yielding a DLS of 430 Hz. Amplitude noise in the light shift laser causes
dephasing of the qubit, resulting in decoherence within 30 ms. The blue curve represents
an experiment in which the light shift beam is tuned to the magic polarization, in which
no DLS is observed. The coherence of the qubit increases to be indistinguishable with the

control.

8.4.2.1 Result

Figure 8.8 shows the decay of three Ramsey oscillations: one with the polarization tuned to
be circular, one with the polarization tuned to the magic angle, and one with the 532 nm
light turned off as a control. We observe a notable improvement of the characteristic time of
the decay, from 28.4(9) ms to 1.00(7) s, which is comparable to the 0.82(7) s lifetime of the
control decay. The decay of the control signal is dominated by other sources of decoherence,
likely primarily magnetic field noise and the stability of the microwave oscillator across the

roughly 12-hour timescale of the experiment.
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If we want to probe longer coherence times, several experimental improvements could
help. Increasing magnetic stability, either with active compensation or with magnetic shield-
ing is commonly employed to extend coherence lifetimes [XL.24]. In addition, disciplining
our microwave oscillator to GPS or some other high-stability external reference would be
useful, as would be using the same reference for both the Pulser (where the DDS signal
is generated) and the HP parent oscillator (which generates the unmixed tone). Currently
these two systems use different reference clocks, with the Pulser using a home-built 2 GHz

reference clock, and the HP oscillator uses a 10 MHz rubidium reference.

If we wish to constrain the suppression of the differential light shift further without
improving our experiment, we have to consider more than just the envelope. It is possible
to evaluate the differential light shift by examining the phase difference that accumulates

between the magic angle experiment and the control experiment.

In some sense, evaluating the residual light shift by looking at the frequency difference
between the control and the magic angle scans is simply a way of evaluating the quality of
the tuning we employ to find the magic angle in the first place. Prior to performing the
coherence scan, the magic angle was found by tuning the quarter wave plate angle until
no differential light shift was visible at a 50 ms interrogation time. The residual DLS was
measured by examining the phase shift as a function of the interrogation time. Ultimately,
we find that the residual differential light shift is 0.21(4)Hz, a value that is likely limited by
our polarization stability. This amount of residual DLS corresponds to a suppression of the

DLS by a factor of roughly 2000 + 300.

8.5 Magic Polarization in the Metastable Qubit

Given the presence of the metastable *F?, qubit in 1Yh* | there is good reason to investigate
the presence of a magic polarization there as well. We can perform a Ramsey experiment in

the metastable qubit to look for a differential light shift, analogously to the scheme described
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for the ground state qubit. The only difference would be that each Ramsey experiment has
to be preceded by a shelving step using 411 nm light and heralded state preparation, and
followed by a deshelving step that selectively outcouples the F' = 4 manifold back to the

ground state for readout.

We may predict the critical magnetic field for the ?F7 ), state using equation 8.25. When

we do this, we predict that the critical magnetic field should be roughly 0.15 Gauss.

Experiments to observe this shift are ongoing in our lab at the time of this thesis’ sub-

mission.

8.6 Applications

It is useful to consider why we are interested in examining this magic polarization effect in
the first place. After all, this technique was first noted in optical lattice traps|LSP10], where
trapped atoms are constantly being exposed to high-power beams that form the optical
dipole traps. In trapped ion experiments, such constant exposure to high-power light is rare,

and the optical power incident on the ion is usually small.

The exception to this case presents itself in the context of quantum computing and
Raman entangling gates. Often in such systems, the gate is effected by a Raman transition
involving two lasers: a global beam that is experienced by all ions, and an addressed beam
that is directed at the specific ions that participate in the gate by a multi-channel AOM
[SSL24, LZ7Z19, MWK24, WBD19]. In this case, whenever a Raman gate is being performed,
all ions are subject to high-intensity laser light, regardless of whether they are taking part
in the entangling interaction. As such, over the course of a long computation, this exposure

to light could represent a significant source of dephasing.

Given state-of-the-art Raman gate durations, we can estimate the amount of dephasing
that may be experienced over the course of a lengthy quantum computation due to amplitude

noise on the Raman lasers. If we assume a Raman gate duration of roughly 100 us [BHL16],
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then we can infer that after 1000 gates, a spectator ion will be exposed to up to 100 ms
of high-intensity laser light at intensities comparable to those demonstrated in this work.
While amplitude stability requirements for performing high-fidelity are more stringent than
the laser used in this work can meet, the dephasing over such long durations can still be
significant. With an amplitude stability 10* times greater than used in this work, the overall
dephasing error of a spectator qubit reaches 10% after 300 ms of illumination. It is therefore
still likely desirable to shield spectator qubits from this dephasing over the course of a long

gate set.

There are, of course, other ways to reduce spectator ion dephasing due to the influence
of gate lasers, generally by sidestepping the problem altogether. Quantum gates can also
be performed in a fully addressed way, in which ions that do not participate in the gate are
not exposed to high-intensity laser radiation [SSL24]. Alternatively, gate schemes exist that
do not use high-power Raman beams and instead use magnetic gradients to generate the

spin-dependent force needed to effect an entangling gate [SBS19].
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CHAPTER 9

Hyperfine Spectroscopy of !?Yb™"

9.1 Motivation

In the ytterbium ion trapping community, most of the focus has been placed on "'Yb™.
This is with good reason. State preparation and detection of the hyperfine clock qubit is
straightforward, and the ion is a workhorse among many trapped ion experiments. However,
the other spinful isotope of ytterbium, '™Yb, has a great deal of potential in certain types
of atomic physics experiments. While its high nuclear spin I = 5/2 makes state preparation

and measurement more difficult, its hyperfine structure can be turned into an asset.

9.1.1 An Electron Microscope on the Nucleus

The nucleus is very small, and the vast majority of experiments that seek to investigate the
structure of the nucleus do so via scattering experiments [KH87]. However, the structure of
the atom also shows nuclear effects in the form of hyperfine structure. This perturbation of
the electrons due to the nuclear multipole moments allows the electrons to act as a sensitive
probe of nuclear structure, with the benefit that all of the spectroscopic techniques used in

atomic physics are available to the experimenter.

9.1.2 Estimating the octopole moment

Using nuclear structure theory, we can place rough bounds on the nuclear octopole moment

of a nucleus with a single valence nucleon using the following formula from [Sch55]
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3 20—1 T+2)[(I =g +gd, T=1+3
Q=pn(r*) = (9.1)
2 (21 +4)(21 +2) 1
)gl_gs]7 le_g
For a single free valence neutron, g; = 0 (since the neutron carries no charge), and
gs = —2.2961127. However, due to interactions within the nucleus, the gyromagnetic ratio

of the neutron is quenched from its free-particle value. We can reasonably expect, however,
that the octopole moment will fall within these so-called Schwartz limits. We can estimate
the mean-squared nuclear charge distribution by (r?) ~ %RZ, where R is the nuclear charge
radius of 5.3046fm given in [AM13]. The overall calculation gives an estimate of 5.5b X

for the nuclear octopole moment.

A more sophisticated calculation that included nuclear deformation was carried out by
S. A. Williams, who predicted the nuclear octopole moment to have a much smaller value of
0.003b x p,, [Wil62]. The origin of this large reduction in the estimated octopole moment is
unclear, but appears to stem from a near cancellation in the angular momentum calculations

performed in the work.

9.1.3 Previous experiments

The work that immediately motivates our decision to investigate trapped '™Yb™ stems
from an experimental disagreement between nuclear structure experiments that sought to

investigate the nuclear magnetic octopole moment of '™Yb.

9.1.3.1 Singh Measurement

The first experiment in question sought to investigate the nuclear structure of '™Yb in
great detail was performed by Singh et al [SAN13], who extracted the hyperfine structure
of the 3P¢ state in neutral ytterbium by driving the 770 nm 3Py — 35 transition. Via

the hyperfine structure of the transition, they extracted a nuclear quadrupole moment of
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Figure 9.1: Previous determinations of the nuclear octopole moment € of ™Yb.

2.46(12)b, and a nuclear octopole moment of —34.4(21)b x uy. The experimental precision

of the spectroscopy was roughly 200 kHz, limited by the bandwidth of their laser locking
hardware.

The value of the octopole moment was extracted using atomic structure calculations.
Specifically, a Fock space Relativistic Coupled Cluster theory [MA10] was used in the com-

putation of the ratio between the hyperfine C' coefficient and the nuclear octopole moment.

9.1.3.2 De Groote Measurement

Following the measurement by Singh et al, De Groote et al. performed a similar probe
of the nuclear magnetic octopole moment of '™Yb, using collinear laser spectroscopy to
investigate the same PY state [DKK21]. Thee transitions were probed: 3P¢ — 3P¢ (415
nm), Py — 3Py (399 nm), and 3P — 2Dg/2 (390 nm). All three transitions are forbidden
but are power broadened to approximately 75 MHz. The experiment observes a hyperfine C'

coefficient of 0.03(7)MHz, consistent with zero. This would imply a nuclear octopole moment

138



of 6.7(160)b x py, by the calculations performed in the work.

The relationship between nuclear moments and hyperfine coefficients was performed using
a Multi-Configuration Dirac Hartree-Fock method, using the GRASP2018 package. This is
the same type of computation employed by [XLC20], in which the hyperfine structure of the

2F7"/2 state in 'Yb" is computed, and which is summarized in section 2.2.2.

9.1.3.3 Degree of disagreement

given the experimental uncertainties on their face, there seems to be a significant disagree-
ment between these two experiments, with a 60 discrepancy between the two results. When
atomic structure calculations are taken into account, the picture becomes more muddy, closer

to a 20 disagreement: —34.4(21)b x puy versus 6.7(160)b X px

While the raw measurements of the two experiments both appear sound, the internal
consistency between the three separate measurements performed by de Groote et al. es-
pecially lend credence to their measurement of the hyperfine structure. However, it seems
likely that a large factor in the discrepancy between the two experiments lies in the method
by which the atomic structure computations were carried out. This, along with a summary

of the measurements discussed here, is shown in Figure 9.1.

9.1.4 The Potential of !3Yb™

The structure of the '™Yb™ ion is very favorable for settling this experimental discrepancy.
For a nuclear structure measurement to be performed, the state must have sufficient angular
momentum to be sensitive to the nuclear multipole moments in question. For an octopole,
moment, J must be greater than % In addition, there must be a good scheme for measuring
the hyperfine structure. The previous two experiments were both performed in atomic
beams, and were limited in the linewidth they could achieve. While the resolutions attained

are impressive — at the 1 MHz-100 kHz level — they are insufficient to place significant bounds
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on the nuclear octopole interaction, which is expected to be 30 kHz or lower [XLC20].

The 2F7°/2 state in '™Yb™ is an ideal candidate for investigating the nuclear structure

of 1™YDb to a higher level of precision. The high angular momentum (J = %) of the state,
means that the state will be sensitive to all higher-order nuclear multipole moments of the
13YDb nucleus, up to the magnetic 32-pole moment. The 1.58-year lifetime [LPH21] of the
state allows us to employ high-precision measurement techniques that are normally reserved
for atomic ground states — namely Ramsey spectroscopy — which can resolve the atomic

hyperfine structure to the Hz level.

With Hertz-level precision, it may even be possible to determine the electric hexadecapole
contribution to the hyperfine structure, which is likely to occur at a similar level of precision
to the measurement. It it worth noting that all electric terms in the hyperfine structure
come due to nuclear deformations rather than the valence nucleons, and are therefore not

well-described by the nuclear shell model.

9.2 Theoretical Predictions of the Hyperfine Structure

If we wish to evaluate the hyperfine structure of the F state, it is worth exploring the
theoretical work that has been done to predict the hyperfine structure. Three research

groups have made predictions about the matter.

In 2011, Petrasiunas et al. published a spectroscopy paper in which they detailed the
spectra of a number of states in the ytterbium ion [PSW11]. In it, they reference a computa-
tion of the hyperfine coefficients of the 2F7"/2 state performed by Dr. W. M. Itano using the
multiconfiguration Dirac Hartree-Fock (MCDHF') method using the GRASP atomic struc-

ture code, the same methods used in ref [Ita06].

Dzuba and Flambaum subsequently published a prediction of the hyperfine coefficients
in 2016 [DF16]. This computation was carried out using a relativistic Hartree-Fock approach

using the configuration interaction.
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Reference | A B c/Q D/11

[PSW11] | -304 -3680
[DF16] 240 -4762
[XLC20] |-241 -5061 —6x 107* 2.35x 10~

Table 9.1: Predicted hyperfine structure coefficients of the 2F7°/2 in "3Yb™ reported in the

literature. All values are in MHz.

Finally, in preparation for this work, Drs. Di Xiao, Jiguang Li, and Andrei Derevianko
performed a full MCDHF calculation of the hyperfine structure of the 2F7°/2 state, using
an extended version of the GRASP2018 atomic structure code [XLC20]. The estimated

uncertainty for the cited values was 10%.

Table 9.2 and Figure 9.2 show the predicted frequencies of these three different calcula-

tions.

9.3 Experimental Constraints

Given the extremely long lifetime of the *F?), state in '™Yb", the main limit on the accu-
racy and precision of the hyperfine structure measurement will be due to systematics and
experimental imperfections. Here, we will evaluate the most likely sources of inaccuracy and

imprecision.

9.3.1 Magnetic Field Sensitivity

The main broadening mechanism in this experiment is expected to be the residual sensitivity
these states have to magnetic field noise. This sensitivity comes from the fact that the
dependence of the zero-field clock qubits on magnetic field is quadratic for small B. An

estimation of the magnetic sensitivity of the various microwave transition in the F state is
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Figure 9.2: Predicted hyperfine spectra of the F7, in 13Ybh* reported in the literature.
Reference [DF16] employed a Hartree-Fock method with the configuration interaction, while
references [PSW11, XLC20] used an MCDHF method. Error bars represent 10% error on
each of the hyperfine coefficients, as estimated in reference [XLC20]. 10% error is applied to

the other two references, which did not provide error estimates.
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derived in Section 2.4.2.

As the sensitivity of these states on external magnetic fields depends on the magnitude
of the magnetic field, it is desirable to operate at as low a magnetic field as possible. Table
[[Table - F State Clock Qubit Field Sensitivity]] shows the linewidth of the selected transitions
assuming that we are operating at a magnetic field of 10 mG, with 5 mG of magnetic field
noise. For all but two of the transitions, the broadening induced by magnetic field noise is

expected to fall below 1 Hz.

Transition Second-order sensitivity (kHz/G?) Linewidth at 10mG with 5mG noise

1-2 12.2 1.22
2-3 56.0 0.6

3-4 242.9 24.3
4-5 -4.8 0.48
5-6 -6.4 0.64

Table 9.2: The second-order magnetic field sensitivity of the five zero-field clock qubits in the

173Yb+ 2Fo

772 state, and the uncertainty in the qubit frequency that is induced by residual

field noise at the planned magnetic field.

9.3.2 AC Zeeman Shift

In order to evaluate the AC Zeeman shift on the atomic energy levels, we may first start by

noting the form of the AC Zeeman shift as [Hof14]

—hQ | (G102
AE: = B 4 9.2
R e Dt 92

where ¢ encodes the dependence of the Zeeman shift on the polarization f the magnetic field,

and
HUBIF <B >

Q= —

(9.3)
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We wish to compute the effect of the AC Zeeman shift due to the secular motion and

micromotion of the ion through static magnetic field gradients in the trap

To evaluate these gradients, we can investigate the shift in the frequency of the F' =
0,mp=0— F =1 mp = +1 transitions in "*Yb" as we move the ion a known distance
using our trap electrodes. This direct measurement has yet to be performed, and for our

error budget we will use a value of 50 G/m, as estimated using the geometry of our field coil.

We may then convert this into an RMS Zeeman shift if we know the amplitude of the
motion in the trap. We can estimate the amplitude of the secular motion is we can estimate
the temperature of the ion in the trap. We can take as fiducial a conservative value of 5
mK, which is approximately ten times higher than the Doppler limit. At this temperature,
n =~ 500, yielding an approximate motional amplitude of 1 micron along the z-axis, and 500
nm along the radial axes. If we instead assume a Doppler-limited temperature, the expected

amplitudes are halved.

The amplitude of the micromotion is dependent on how far away the ion is from being well
micromotion-compensated. As computed in section 5.2.1, the Mathieu q parameter in our
trap is expected to be 0.12, which sets a rough lower bound on the micromotion amplitude
at 50 nm. This corresponds <B> = 2.5puG. This yields Q5 = 27 X gp x 0.875Hz. In all
cases, this results in an expected AC Zeeman shift of less than 1uHz. For the AC Zeeman
shift to exceed 1 Hz, The trap drive and the state splitting would have to be near-degenerate

— within 1 kHz.

9.3.3 Quadratic Light Shifts

Although at the center of an ion trap the time-averaged electric field must be exactly zero,

the same cannot be said for dynamic electric fields and static quadrupole electric fields.
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The light shift due to the uncompensated electric field takes the form [DFB10]

3m% — F(F +1)
F(2F —1)

AE(y,J, Fymp, E) = —wlﬂ (2045(% J) + ar(y, J, F) (3cos? § — 1))
(9.4)

where g and ag are the scalar and tensor polarizability of the atom, respectively, and S is

the angle between the electric field and the quantization axis. In order to evaluate the light

shift due to the trap, we can write the time-averaged squared electric field seen by the ion

as [BMBYg]

2
_ mQqpkpT; af + 2q; < g B ) (9.5)

(EiW) = 2e2 2a; + ¢? 2a; + ¢?
In our trap, a, and a, are approximately 0, while ¢, and ¢, are approximately 0.1. In
the limit that a < ¢*> < 1, we may write
(B2 (1)) ~ "are T g <5)2 (9.6)
e 4;
Given the small value of q, it is likely that the second term will dominate in the presence of

even small stray electric fields.

We can get an order-of-magnitude estimate for the static polarizability of the 2]770/2 state
by inspecting the computed values for atomic ground states given in ref. [DFB10]. This

gives a value of order of magnitude 107%Hz/(V /m)?.

We can now evaluate the quadrupole light shift due to the trap. In the absence of
uncompensated electric fields, the first term in 9.5 yields Y, (E?(¢)) ~ 2400V?/m?. Given
our very rough estimate of the polarizability, this gives a rough shift of 0.1uHz. We can
therefore safely say that only the second term in equation 9.5 due to stray fields will matter.
For this shift to be less than 1 Hz for a maximally high « of 107%Hz/(V /m)?, we require that
the stray fields are less than roughly 1000V /m. Given our trap dimensions, this corresponds
to roughly 0.5 V placed on a single trap rod, a value that is significantly higher than the

shim voltages that we currently apply.
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9.3.4 Electric Quadrupole Shifts

An additional shift in the hyperfine structure of the F state will arise due to the coupling of
the F state’s electric quadrupole moment with the electric field gradient in the ion trap. In

evaluating this effect, we will follow ref. [Ita01]. The Hamiltonian for this interaction is
Hy=VE®.@® (9.7)

where O is the electric quadrupole operator for the atom, and VE® is a symmetric traceless
rank-two tensor describing the electric field gradient at the ion. The quadrupole moment of
an atomic level is defined as stretched matrix element of the ¢ = 0 component of the atomic
electric quadrupole operator, O(vy, J) = (yJJ| @[(]2) |vJJ). This moment has been measured
in ''Yb" to be G(QF;’/Q) = —0.041(5)ea? = —1.84(22) x 10~*C x m?*[HOL12].

In the natural axes of the ion trap (which is not necessarily aligned with the quantization

axis), we may write the electric potential as
o(a',y, ') = Voo + y* = 227) + e(a” — y?) (9.8)

where the primed coordinates indicate that we are working in the frame of the ion trap, and
not the frame in which the magnetic field is in the z-direction. The parameter ¢ encodes the
asymmetry in the trapping potential. We can write the Hamiltonian 9.7 using the form of

the gradient in the spherical basis given in ref [Ita0l]. This yields
2
—21,0% + \fgm(@gﬂ +0%) (9.9)

If we assume that the interaction is much smaller than the Zeeman interaction, we can
consider this as a small perturbation in the |F, mp) basis. Following ref [Ita01], we will write

the matrix element of the Hamiltonian as
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(yJFmp|Hg |yJFmp) =

F 2 F
— Vo (F||0@||F) [(3cos? B — 1) — esin® B(cos® a — sin® a)]  (9.10)
—Mmg 0 mpg

where « and 3 are the Euler angles that convert from the quantization axis frame to the

ion trap frame. The reduced matrix element in the above expression is given by

~1
J 2 J J 2 J

(FI[O@]IF) = (=)™ (2F + 1) o7, J) (9.11)
F I F —-J 0 J

We can now evaluate the shifts due to electric field gradients in the trap. Let us assume

a worst-case scenario in which the angular expression in equation 9.10 is equal to one. The

sensitivities of each hyperfine interval are given in Table 9.3.

In the event that these shifts prove problematic due to uncancellable field gradients in our
trap that are too large, it is possible to null out this effect by averaging over all 7 transitions
in a hyperfine interval. It should also be possible to orient the magnetic field so that this

shift is equal to zero, by carefully selecting the Euler angles a and f.

9.3.5 Doppler Effects

As the ion moves in the trap, it experiences Doppler shifts in the light it receives. In the lab

frame, this results in a shift in the apparent transition frequency of

— 1, A 2
ffof - J;’:D:—%—%Jr... (9.12)

where the second term is the relativistic Doppler shift. Although the ion’s oscillatory motion

means that the first-order Doppler shift is zero and only results in symmetric sidebands, the

relativistic term is of concern. If we compute the expectation value of the velocity in the
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trap (v?), at the Doppler limit, we obtain a value of % = 0.05m?/s?. This should result in

a fractional shift in the observed frequency by a factor of

A 2
];’;D - —Z—Q — 3x107% (9.13)

For a transition on the order of 1 GHz, this corresponds to a shift at the nanohertz level.

As the micromotion is considerably faster than the secular motion, we expect a larger
Doppler shift from it. From ref [BMB9S8], we can write the relativistic Doppler shift due to

the micromotion along a given axis i as

Afp\ _ 1 |ksTi(ai+¢?) | 4 e E; 2
(7). = l ) ] 91

2a; + ¢? m \ Q;(2a; + ¢2
where F; the stray field along axis ¢, and a; and ¢; are the Mathieu parameters of that axis.

Using equation 9.14, we compute the fractional shift as

> (A];’;D)i ~—14x 1075E2, (9.15)

Where E,, is the stray electric field in the zy plane. As there is no micromotion in the z
direction, stray fields along that axis do not contribute. To keep this systematic below 1Hz,
we require that the magnitude of the uncompensated electric field in the x-y plane is less

than 10V /mm, which is a much larger field than we ever apply using our DC electrodes.

9.4 935 Spectroscopy

Spectroscopy of the 935 nm transition *Dyjy — *[3/2]¢,, in "Yb" was performed using
a two-laser pump-probe spectroscopy technique. One laser — the pump — was placed at
a stationary frequency with EOM sidebands added so that all lines except for one were
addressed. This placement led to the ion being optically pumped into the hyperfine sublevel
of the *Dj3/, state that was not addressed by the pump. A second laser — the probe — was

then scanned, and ion fluorescence was recorded. When the probe laser is resonant with

148



Interval 1-2  2-3 3-4 4-5 5-6

DC Zeeman 1220 5600 24200 —480 —640
AC Zeeman ~ 107°
Quadratic AC Stark ~10~*

Electric Quadrupole —147 68 —112 192 —296

Doppler 10

Table 9.3: Expected systematic shifts of the hyperfine clock intervals in the 2F7"/2 manifold.
All shifts are in mHz. Systematics are dominated by the nonlinear Zeeman effect, which

contributes to systematic shifts at the Hz level. A 10 mG residual magnetic field is assumed.

the remaining transition not addressed by the pump laser, the ion is able to optically cycle
and fluorescence is detected on the PMT. Figure 9.3 shows the result of performing this

pump-probe spectroscopy on all six transitions between the 2Ds /o and [3/2]9 /o States.
I[[Table - Pump laser placements]]

The hyperfine intervals measured in the spectroscopy allow us to extract the hyperfine
A coefficient of the *[3/2]¢ , state and the hyperfine A and B coefficients of the 2Dj, state.
As a notational shorthand, we will refer to the frequency of the transition ‘2D3 b =F > —
3[3/2]1)2F = F') as Tf'.

The *[3/2]¢,, A coefficient can be obtained directly in two different ways: T3 - T3, and
T? - T3. Averaging these two differences gives a hyperfine splitting of 1834.5(8)MHz, and
an A coefficient of 611.5(3)MHz. The 2D5,; A and B coefficient can be obtained by first
subtracting the '[3/2]3/, hyperfine splitting from 73, T3, and T}, followed by a fit of all five
measured frequencies to the formula obtained from equation 2.15

>(B~54) + 1o F(F +1)(54 - 3B) + BEELDF

9.16
10 80 ( )

which is quadratic in F'(F'+1). This procedure yields A = —120(2)MHz, B = 958(14)MHz.
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Figure 9.3: Hyperfine-resolved spectroscopy of the 935 nm 2Dz, — 3[3/2]9 Jo transition,
performed using a pump-probe technique in which the ion is pumped into a dark state using
two EOM tones on a pump laser while a secondary laser is scanned across the spectrum.
Signal-to-noise ratio on the F' =2 — F =3 and F' = 3 — F = 3 transitions are relatively
poor due to their proximity to the strong F' = 4 — F' = 3, which prevents a perfect dark

state from being formed.
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9.5 411 Spectroscopy

Spectroscopy of the 411 nm transition in '™Yb™ were performed at a rather cursory level,
with the primary aim of populating the 21177"/2 state. As such, a full spectrum of the 255 —
?Dj o transitions has yet to be obtained, and a full exploration of the hyperfine structure of

the 2Dj, state is incomplete.

The initial spectrum was obtained via direct interrogation using 411 nm light. Due to
the absence of a repump in this scheme, successfully driven transition led to the ion being
irretrievably driven into the 2F7°/2 state, at which point the ion had to be flushed from the
trap and a new one loaded, a process that we dubbed deathtroscopy. After driving many
transitions in this way, the average frequencies at which the ion was pumped into the 2 70/2
state could be determined, resulting in Figure 9.4. Four or five transitions were ultimately

driven, all with the lower state being 25, 2 F=2.

Ultimately after we located several 760 nm transitions that deshelve the ion from the
2F70/2 state, we were able to perform quantum jump spectroscopy via an optical cycling
process, in which population that is shelved is returned to the ground state. This results in
a telegraphing signal, in which the ion rapidly alternates between bright and dark when the

411 nm laser is on resonance.

When performing this spectroscopy, the 411 nm laser was unlocked, and therefore the
linewidth was rather large. This posed a problem when trying to distinguish the 2.5; 2 B =
2 — 2Dy F =3 and 25y, F' =2 — ?Dj,5 F = 4 transitions. While qualitatively we can
state that two transitions were being driven, there is not sufficient separation to confidently
assign the shelving events to two different transitions. Given this ambiguity, we can ignore
this transition when computing the hyperfine structure constants, in which case we can state
that Asz = 100 4+ 300MHz, B2D5/2 = 1600 4+ 1300MHz. Taking the transition we observed
as ?Sis ' = 2 — ?D5;» F = 3, we can tentatively state Aep,,, = 20(20)MHz, Bzp,,, =
1200(80)MHz.
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Figure 9.4: A summary of the 411 nm 251/, F' = 2 — ?Dj5 411 nm transitions in ™Yb™,
The F' = 2 — F' = 4 transition was possibly observed but could not be clearly distinguished
from the F' = 2 — F = 3 transition. Theory is the predicted structure by Itano [Ita06]. The
fit in orange is a full quadratic fit of the hyperfine structure, while the fit in cyan fixes the

hyperfine A coefficient of the 2Ds /5 state to be consistent with that in '"'Yb™
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We can infer Azp, , from the ?Dj, state of '™ Yb". Given that Ap,,, = —63.368(1)MHz
[TEM21], we can use the nuclear magnetic moments of the two states infer that AH;’/ , =
16.635MHz. This is consistent with the values obtained during the four-point fit. If we treat

this as fixed during the fit, we obtain B> = 1220(80)MHz.

Further quantum jump spectroscopy of this transition is obviously required using a cavity-
stabilized 411 nm source and full optical cycling. All the infrastructure for performing this
measurement exists, but taking the data was postponed while the data in chapter 8 was

being taken.

9.6 760 Spectroscopy

Performing spectroscopy of the 760 nm *F?, — '[3/2]3/5 transition in "™Yb™ is essential for
being able to perform proper measurements of the 2F7°/2 hyperfine structure, as any readout
of the ion’s state in the 2117’70/2 manifold needs to be state-selectively outcoupled from specific
sublevels of they hyperfine structure. Such readout processes include those used in heralded
state preparation, in which the ion’s state is prepared by out-coupling the states not being

prepared to the ground state, and then projectively measuring the ion’s state.

9.6.1 Binary Sweep Spectroscopy

Detecting whether the laser is resonant with the 760 nm transition was performed straight-
forwardly by measuring the ion’s fluorescence with the 411 nm light turned on. When 760
nm light is resonant with a transition that out-couples every sublevel in the F state that is
being populated, the ion is seen to be bright, rapidly flickering between the ground state and
the 2F7°/2. If any state is unaddressed by the 760 nm light, the ion is optically pumped into

that state and does not fluoresce.

Using one 760 nm laser, this fluorescence technique only works when one of the hyperfine

states in the QF;’/Q is being populated. This is true when populating the 2F70/2 state via the
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2Ds s2 F' =0 state, in which case only the F' = 1 sublevel is populated.

In the case that the 2Dj/oF' = 1 state is being used to populate the F state, the F' =1
and F' = 2 states are both populated by the decay. In this case, two laser tones are needed
to avoid pumping into a dark state, but the spectroscopy can still be performed. In order
to find the initial transitions, a binary search of the laser frequencies was performed. The
laser was initially swept over a roughly 10 GHz range, and the sweep range was progressively
reduced by half. Each half of the previous range was tested until the sweep range became

less than the resolution of the wavemeter lock.

Populating the QF;’/Q state via any of the other sublevels in the 2Ds/, manifold leads to
three states in the F state being populated by the decay. In order to prevent optical pumping
into a dark state, three 760 nm tomes must be supplied. Alternatively, one of the 760 nm
lasers can be modulated in order to drive two transitions while the second 760 nm laser is
used as a probe. Due to the slow timescales involved in this spectroscopy, this modulation
can be achieved either via an EOM or via simply sweeping the laser at a low frequency
(perhaps 100 Hz) such that two of the three transitions which out-couple the 2F70/2 states

are driven while the third is driven by the probe laser.

In the preliminary work presented in this thesis, only two 760 nm lasers were available to
perform the spectroscopy, and each was stabilized to roughly 50 MHz as described in Section
5.5.4. As such, spectroscopy of the 760 nm transitions was performed only on the transitions

2Fo

e F=12— 13/23 Jo- However, this is sufficient to extract the hyperfine structure of

the *[3/2]4 /o state and to obtain the approximate splitting between the /' = 1 and F' = 2

sublevels of the 2F7°/2 manifold.

Figure 9.5 shows the spectroscopy scheme in more detail, and Table 9.6.1 details the
frequencies of the 760 nm transitions as measured on our wavemeter and the associated

hyperfine splittings.
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Figure 9.5: Spectroscopy of the 760 nm 2 T 13/23 /o transition. a) Diagrammatically
represents the transitions we were able to probe using only two 760 nm lasers, including one
weak transition what we were unable to observe. b) shows the sweep ranges used and the
binary search process used to converge on the transition frequencies. c¢) shows the relative

line strengths of the transitions between sublevels.
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Transition (2F7"/2) Wavemeter Frequency (THz) Relative Splitting from F' — 1 (GHz)

1—=1 394.431090 0
1—=2 394.429100 1.99
1—3 394.425684 5.40
2—=1 394.430040 0
2 =2 394.428056 1.98
2—=3 394.424640 5.40

Table 9.4: Frequencies of the observed 760 nm transitions out of the 2F7"/2 state. All waveme-
ter frequencies and splittings should be taken as having 250MHz precision, and low absolute

accuracy.

9.6.2 Line Assignment

While hyperfine splittings of the '[3/2]3 Jo State can be determined from the measured 760
nm transitions, the assignment of the levels is less straightforward. We can estimate the
hyperfine A coefficient by rescaling the value in 1"7Yb™ [Rom21]. This leads to an estimated
A coefficient A[137f2]3/2 = —1163MHz. Enumerating every possible level assignment, only one
yields a fitted hyperfine A coefficient that is consistent with the rescaled value. We can
therefore state that AYS, = —1230(30)MHz and B3, = —580(120)MHz.

[3/213/2 (3/2]3/2

9.6.3 Hyperfine Splitting in the 2F70/2

From the measured lines, we can also extract the splitting between the F' = 1 and F' = 2
sublevels of the F state. Subtracting the relevant pairs of transitions, we obtain a splitting
of 1050(50)MHz. If we take the hyperfine A coefficient of the F state to be —237MHz by
rescaling from the hyperfine structure in '"Yb™, we can use this to approximately infer the

hyperfine B coefficient of the F state in 'Yb™'. This gives us B = —5300 4 300MHz.
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9.7 The '"*Yb" Ground State Qubit

While it is possible to fully shelve both hyperfine sublevels of the '™Yb* ground state simply
by Doppler cooling while applying 411 nm light, it would be beneficial to many experiments
to be able to prepare a qubit in the 25, s2 manifold. Furthermore, any experiments that
involve using '">Yb™ for computation would benefit greatly from having a defined ground-

state and metastable-state qubit.

9.7.1 State preparation

State preparation of a ground state qubit can happen in one of two ways: Narrowband Op-
tical Pumping (NBOP) or Microwave-Assisted Optical Pumping (MAOP). In the following
discussion, I will assume that the goal is to prepare the pure clock state !251/2F =2, mp = O>.
Most techniques can trivially be switched to prepare the ‘251 ol =3 mp= 0> state or any

other Zeeman sublevel. Figure 9.6 schematically depicts both optical pumping schemes.

9.7.1.1 Narrowband Optical Pumping

Narrowband optical pumping for state preparation would essentially act as an extension of
the quadrupole optical pumping discussed in section 6.4.1.1. It was further demonstrated
in reference [ARS22], along with MAOP. In this scheme, the narrow linewidth of the 411
nm transition would be paired with the 976 nm *Dj,, — 1[3/2]§/2 transition, creating an
optical cycling transition. The narrow linewidth of the 411 step allows for selectivity of
Zeeman sublevels, allowing for optical pumping into a single Zeeman sublevel, either by

rapidly alternating between different 411 transitions or with well-chosen EOM sidebands.
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Figure 9.6: Schematic of Magnetically Assisted Optical Pumping (MAOP) and Narrowband
Optical Pumping (NBOP) used to prepare the F' = 2, mp = 0 state in the ground state
of '™Yb*. a) depicts MAOP, in which microwaves are used to pump population out of
the undesired Zeeman sublevels. b) depicts NBOP, in which the narrowband 411 nm tran-
sition is used to the same end, with a 976 nm transition moving the atom back into the
ground state via the short-lived '[3/2]3/, state. In both cases, 369 nm light cycles on the
2S1p F =3« 2Pf/2 F = 3 transition.
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9.7.1.2 Microwave-Assisted Optical Pumping

Microwave-assisted optical pumping has been demonstrated as a powerful technique for
initializing qubits in systems with 7 > 1/2 [TPL21, ARS22]. In this technique, 369 nm
addresses the transition 25, kb =3 — 2P1°/2F = 3. Four microwave tones are used to
transfer population from the undesired Zeeman sublevels to the F' = 3 manifold, where they
are optically pumped. These microwave pulses can be cycled pi-pulses, or can be applied in
a continuous fashion using an arbitrary waveform generator or by otherwise superimposing

the tones required.

9.7.1.3 Polarization-based Optical Pumping

The final common technique for optically pumping in systems with I > 1/2 is to used a purely
o, polarized beam to optically pump the ion into the stretched state 251/2F =3, mp =3
[HAB14]. From here, microwave pulses can be used to transfer the qubit population back
into the clock qubit. While technically straightforward, the fidelity of such a scheme is
limited by the polarization purity that can be achieved at the ion. Additionally, it requires
the cooling light to be oriented along the quantization axis, requiring either a change in the

trap geometry or a separate beam path dedicated to optical pumping.

9.7.2 State detection

Without the ability to perform the closed-cycle state detection found in spin-1/2 isotopes,
shelving to the 2F7"/2 is required to read out the state of the ground state qubit. In an
omg scheme, shelving would have to occur to a F' sublevel that does not interact with the

quantum information subspace of the metastable qubit.
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9.8 Microwave Spectroscopy of the F State

Microwave spectroscopy of the 2F7°/2 state requires a number of components:

e A way to deterministically prepare a single Zeeman sublevel in the 2F’70/2 manifold
e A way to deliver broadband microwaves to the trap

o A state-selective way to out-couple population to the ground state for state detection

9.8.1 Initial Pulse Sequence

Without knowing the hyperfine structure of the F state, it will not be possible to prepare
a single pure Zeeman sublevel needed for high-fidelity Ramsey spectroscopy. However, by
optically pumping into the 2F7"/2 via the ?D5/y F' = 0 state, only the three Zeeman sub-
levels of the 2F7"/2 F =1 are populated. This initial population is sufficient to perform a
straightforward microwave line scan with 1/3 contrast. State detection would be performed
by applying a 760 nm tone that only depopulates the F' = 2 state, followed by checking for

fluorescence via ground state Doppler cooling.

9.8.2 Spectroscopy of Subsequent Lines

Following the determination of the F' = 0 — F' = 1 microwave transition, state preparation

in the 2F7°/2 state can become more sophisticated.

9.8.2.1 MAOP and heralding in the F State

State preparation of the F' = 1, mpr = 0 state can proceed via heralding once one microwave
transition has been found. This is done by driving the F' =1, mp =41 — F =2, mp = £1
transitions, out-coupling the population in the F' = 2 manifold, and checking for fluores-

cence. This fluorescence check constitutes a projective measurement, and if no fluorescence
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Figure 9.7: Infidelity of MAOP state prep in the 2F7"/2 state as a function of optical pumping
duration. Assuming a reasonable microwave Rabi rate of 1 kHz can be achieved, the pumping

rate is essentially set by the lifetime of the 2Dj /2 state.

is detected, the ion has been projected into the F' = 1, mpr = 0 state. This procedure will,
however, have a 2/3 failure rate, requiring a great deal of post-processing or conditional logic

in the experiment.

This error rate can be improved by first performing a microwave-assisted optical pumping
step in the F state. In this case, the microwaves driving F' =1, mp = +1 - F =2, mp = +1
are simply turned on while the 411 nm narrowband optical pumping is still ongoing. If the
Rabi frequency of the microwaves is faster than 27/7.2ms, this will cause population to
transfer into the F' = 1, mp = 0 without any increase in the duration of the pulse sequence,

as the shelving rate will continue to dominate.
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Figure 9.8: The scheme for hyperfine spectroscopy in the 2/, state in 13Yb*. a) depicts
the process of preparing the F' = 1, mpr = 0 state in the 2F7(’/2. 411 nm light resonant with
the 251, F =2 — 5D/2 F = 0 transition, which decays indiscriminately into the 2F7"/2 F=1
state. By applying resonant microwaves (purple) to clear out the mp = 41 states while
760 nm light is resonant with the F' = 2 —! [3/2]4 Jo transition, we optically pump into
the mp = 0 state. b) depicts spectroscopy of the F' = 2 — F = 3 transition. Following

preparation of F' = 0, mr = 0, pi pulses are applied until the probe transition is reached,

and then spectroscopy is performed.

162



9.8.2.2 Hyperfine ladder

In order to measure the splitting between state F' and state F'+ 1, we always begin the pulse
sequence by initializing the ion to the F' = 1, mp = 0 state. We then apply microwave 7
pulses up each known transition in order to populate the F' = F, mp = 0 state needed to start
the spectroscopy. Then, the same type of measurement is performed as with the FF' =1 —
F' = 2 transition. Microwave interrogation is attempted, and population in the F' manifold
is out-coupled to the ground state and is measured. When a microwave transition has
been successfully found, the ion will not fluoresce and register as dark. Following successful
identification of the microwave transition via straightforward microwave interrogation, a
Ramsey sequence is performed in order to determine the transition frequency to the Hz level.
Figure [[Fig - Hyperfine Spectroscopy Scheme]| shows a schematic of the whole procedure

described in this section.
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CHAPTER 10

The future of 13Yb"

Following spectroscopy of the metastable state of '3Yb™, we will have unlocked a trapped
ion system with a hyperfine ground state qubit whose cousins have exhibited exceptional
SPAM fidelity [ARS22], and a metastable excited state whose long lifetime only increases
the number of potential experiments and quantum information schemes that can be explored.

In this chapter, we will discuss several potential avenues of future research for the 2F7°/2 state

in 18Yb™.

10.1 Quantum Computation

10.1.1 The '3Yb" Qudit

An immediate feature of the F state is the large number of states available, even with a
relatively modest level of control. Such a structure allows us to encode quantum information
in more than a simple two-level system and use a higher-dimensional Hilbert space. Such
qudits are a potentially attractive option for quantum computing, especially in the regime

where hardware places strong limits on the number of ions that can be trapped together.

10.1.1.1 Why qudits?

Qudits allow you to use fewer ions When trapped ions are stored in an ion trap,
the physical parameters of the trap generally limit the number of ions that can be stored

in a simple chain of the type desirable for quantum computation, with state-of-the-art ion
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chains containing 61 ions in quantum simulation experiments [LWM23], and roughly 30 ions
in quantum computation experiments [CNE24]. As ion chains become large, the shared
motional modes that allow one to perform gates become harder and harder to manage, as
the spectral density of motional modes increases with each ion added to the chain. This
poses a technical limit on the number of ions that can be trapped within a single chain
before the motional modes become difficult to address. While schemes have been proposed

that mitigate some of these crowding effects [LWL19], these schemes add control complexity.

While there are ways to sidestep this using shuttling-based architectures and microtraps
[MBA23], these schemes may be undesirable in quantum simulation experiments where con-
stant all-to-all connectivity is an important feature. In these situations, qudits pose a clear
advantage, as the Hilbert space spanned by n d-qudits scales as d”, rather than 2" for qubits.

This represents an increase in the size of the Hilbert space by a factor of (d/2)".

Qudits may simplify certain quantum algorithms Qudit-based forms of certain quan-
tum algorithms have also been investigated/ For instance, a qudit implementation Grover’s
algorithm for quantum search has been proposed that utilizes the higher-dimensional prop-
erties of the qudits to reduce the number of ions that need to be controlled [ITV12]. Al-
gorithms for the quantum Fourier transform and quantum phase estimation have also been

found [CPZ11]. For a good review of the state of qudit quantum computing, see [WHS20].

10.1.1.2 Six-state clock qudit

Perhaps most straightforwardly, we can utilize the six mrp = 0 zero-field clock states in the
2F7"/2 state to create a six-level qudit. Full control of the system can be achieved by using
mp # 0 state as ancillae for state transfer, allowing for control of the qudit without having
to exit the metastable manifold. State preparation of the qudit can occur dissipatively in
the same way as discussed in section 9.8.2.1, or can be performed directly either by direct

transfer at 467 nm, or the two-step 411nm + 3.4um process.
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Figure 10.1: Qudit schemes in the *F7, state in 13Yb*. a) depicts the six-level clock qudit,
and shows an example of one of the SU(6) primitives (a rotation between |1) and |5)) using
the Zeeman states as ancillae. b) shows a potential for a 37-level optical qudit, composed
of all the states directly accessible via the 25, 2 F'=3,mp = 0 state. With the addition of

single-qubit gates in the ground state, the full 48-level qudit is potentially accessible.
10.1.1.3 Many-state qudit

In addition to the six-state clock qudit scheme, it is also possible to utilize the Zeeman
structure of the 2F7"/2 state to create a much higher-multiplicity qudit. This follows the work
of the Low et al. at the University of Waterloo, in which a 13-state qudit in the 2D5/2 state
of 3"Ba™ was controlled, with a potential increase to a 25-level scheme [LWS23]. Employ-
ing a similar scheme and using either direct or two-step transfer between the ground and
metastable states, the 48 Zeeman sublevels of the 2F7"/2 state can all be used as qubit levels,
with the main difficulty arising from the difficulty of frequency calibration and dephasing

due to the magnetic sensitivity of the states.

Quantum control of such a many-state system may prove difficult, and the implementa-
tion in [LWS23] requires the use of a single ground-state level that acts as a bridge connecting

the different states via an optical transition.
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10.1.2 FOFI qubits in the F state

In the presence of magnetic fields, and given sufficient higher-order Zeeman effect terms,
there exist values for the magnetic field for which the linear frequency dependence of the
magnetic field equals zero. These are referred to as First-Order Field-Insensitive (FOFT)
qubits, and a well-known example is implemented between the (zero-field) F' = 4, mp = 0
and F = 3, mp = 1 states of the *Ca™ ground state at 146 Gauss [Thol3]. These states are
desirable, since coherent population trapping [BB02] makes it impractical to operate an ion

trap at zero magnetic field.

The ground and metastable states of '™Yb™ are likely to exhibit such qubits as well,
potentially even with lower second order magnetic field dependence than the zero-field clock
qubits. To perform the analysis, we look at the derivative of the frequency between pairs of
states with respect to magnetic field. If this crosses zero, we have found a FOFI qubit. A

full table of these qubits are displayed in Table G.2.

It is worth noting however, that while these qubits are interesting to think about, they

pose a number of problems:

e They are difficult to predict in systems as complex as this one, as the exact magnetic
field dependence of the energy levels exhibits chaos, especially at higher magnetic fields
[PS24].

e As the number of states at each mp is preserved, qubits defined with mg # 0 can see

asymmetric couplings between o, and o_ polarization.
e FOFT qubits are ill-suited to performing certain types of geometric phase gates [BCM19]

e The large number of other states that aren’t magnetic field insensitive makes state
preparation difficult by any means other than by direct optical transfer the ground

state.
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Figure 10.2: An implementation of the simplest & code in the F' = 5 manifold in the 2]770/2
state. The codewords (red and green) are symmetrically spaced, making them more robust
to the Zeeman effect, and spaced far enough apart that rank-1 errors will not mix them.
The amplitudes of each sublevel are tuned so that no information can be obtained from the

polarization of a detected photon.

10.1.3 Robust qubit encodings

The high multiplicity of the 2F7"/2 state can also be used as a resource to improve the
robustness of quantum information to certain typed of errors. As a general concept, this
works be defining a number of codewords — superpositions of quantum states — in which

errors can be corrected without directly measuring their state.

10.1.3.1 A codes

A specific proposal for the 2F;’/2 state is the & code [JHC23|. While this scheme was
originally proposed as a way to leverage the high multiplicity of molecular rotational states
for error correction, the large number of states in the 2F7"/2 allows us to implement the

simplest example of the code in an atomic system.

Ultimately, the Acode seeks to insulate the quantum information from the specific noise
channels that are often the most problematic in trapped ion experiments: Rank-1 error such
as uncontrolled Zeeman shifts, unwanted dipole excitations, and unwanted dipole decays.

What is important about these processes is that they have a well-defined state space into
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which they will mix the atom: those with |[Am| < 1. If there is sufficient Zeeman structure,
we may therefore define codewords in which the individual codewords consist only of states
with |[Am| > 2, so that any dipole-like error process cannot mix the states. This is essentially
the Knill-Laflamme condition (1;|E} Ey|1);) = 6;;¢ap, Which essentially states that an error
channel with Kraus operators {E} must populate a unique set of states for each codeword
|1), equivalent to saying that errors cannot mix codewords [KL97]. We may suggest, for
instance, that we define the following two codewords in the 2F7"/2 F' = 5 state which E1

processes connect into disjoint subspaces:

1) = [mp = =5) + [mp = 2) (10.1)

[Y2) = [mp = 5) + [mp = =2) (10.2)

In reality, of course, atomic physics makes this code impractical, as the two states will
preferentially emit and absorb different polarizations of light: [i1) will preferentially emit
and absorb o_ light, and [¢) will preferentially absorb o, light. This asymmetry between
the two states means that we cannot satisfy the Knill-Laflamme condition, as the coefficient
associated with a given error channel ¢, is not independent of the codewords. In order to
counteract this, we must define our codewords as superpositions that preserve the quantum

information with regard to polarization as well. Such a codeword is:

1) = \/;WF =2)+ \/;mp = —5) (10.3)
1) = \/glmF =—2) + \/g Imp = 5) (10.4)

Such an encoding should be sufficient to correct rank-1 error processes, and sufficient to

detect rank-2 error processes.

This fairly loose demonstration of the concept of Acodes is far from rigorous, and a much

more complete theoretical treatment is given in the original paper [JHC23].
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Figure 10.3: An implementation of a lattice model implemented in the '™Yb™ metastable
state. Microwave tones (dashed) are used to connect the Zeeman sublevels, generating a
highly connected graph. By shifting the energy of one of the Zeeman sublevels (red), we can

cause the ion to evolve into the selected sublevel.

10.2 Quantum Simulation

10.2.1 Quantum Random Walks

The large number of Zeeman states in the metastable manifold that care connected by
microwave transitions allows us, with sufficient microwave control, to implement a lattice-
like model inside the F state, in which each state is connected to up to six neighboring states
with some amplitude. In such a model, quantum random walk-based search schemes have

been proposed [Won22].

Quantum search schemes require the existence of an oracle — an operator that imparts a
phase shift onto the state being searched for. In the metastable manifold, we could creates
such a phase shift by using a laser detuned from a narrow transition to introduce a light
shift on one of the Zeeman sublevels after the initialization of a uniform superposition of
all the Zeeman sublevels. Following this initialization step, microwaves can be turned on

continuously, allowing the ion to evolve into the selected state in faster-than-classical time.
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10.3 Precision Measurement

10.3.1 Quenching of F state Lifetimes

The 2F?

772 also poses potential advantages for atomic clocks. Due to the large nuclear spin of

178YD, the hyperfine interaction causes admixture between the 2F70/2 and 2P§/2 states. This
admixture has been predicted to quench the lifetime of the 2F7°/2 state in 13Yb" from its
measured 1Yb™ value of 1.58(3) years [LPH21] to as little as a few days [DF16]. This small
hyperfine-induced transition dipole moment significantly broadens the transition between
the S state and the F state, making it easier to drive without broadening it so much that it

ceases to be useful as a clock. Broadening the transition also reduces the power required to

drive the transition, helping to mitigate light shifts associated with the probe laser.

10.3.2 Sensitivity to fundamental physics

The presence of a large multipole hyperfine structure that makes the F state such a powerful
microscope on the multipole structure of the nucleus also makes it a good candidate for in-
vestigating effects that would change the nuclear structure over time. For instance, certain
theories of axion dark matter predict oscillations the nuclear radius [BBF23]. When consid-
ering only dipole hyperfine structure, this effect is small. However, the nuclear quadrupole
moment is significantly more sensitive to these effects, and by searching for variation of the
radio between the dipole and quadrupole terms in the hyperfine structure, these theories
can be tested more effectively. The *F7, state in 13Yb* has been shown to have a high

sensitivity to such effects [FM23].

Ytterbium ions have also been used as a probe of Lorentz symmetry violations that
would arise from certain theories that aim to unify gravity with the other fundamental
forces [DFS16, SHL19]. The sensitivity of the F state to this effect comes from the high

degree of anisotropy in the stretched Zeeman states of the F state, and Lorentz symmetry
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violations would correspond to orientation-dependent shifts of this highly anisotropic electron
distribution. By probing a transition within the F' state and monitoring the clock as the
Earth orbits the sun, for instance, a small shift in the clock frequency could indicate a

Lorentz symmetry violation.

To this effect, several experiments are now pursuing !Yb™ E3 optical clocks in [YGY24,

ASL24).
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APPENDIX A

Useful Angular Momentum Formulas

A.0.1 Recoupling

A.0.1.1 Recoupling two angular momenta

This is the one that you're taught in Sakurai: how do you convert from the |j;, my; jo, m2)

basis to the |j1, j2, J, m) basis?

1, 72, J,m) = Z (91, ma; Jo2, ma|J, m)|j1, ma; ja, ma)

mi,ma2

e m aoog2 J . .
= Z (=) mm /25 41 |J1, ma; Ja, ma)
mi,m2 m; mg —m

A.0.1.2 Recoupling three angular momenta

Recoupling three angular momenta can be done easily if they have the right form:

. SR . . J1 J2 J12
(J12, 73, 3191, G2z, §) = (=) T2 \/<2312 +1)(2j23 + 1) S
J3 J J23
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A.0.1.3 Recoupling four angular momenta
Same goes for four:

J1 J2 Ji12
(j12, 3, 317135 Joas 7) = /(213 + 1) (220 + 1) (2514 + 1)(2503 + 1) Js  Ja Jsa (A.4)

j13 j24 .]

Example: LS to JJ For instance, converting from LS to JJ coupling the coefficients are

expressed:
l. I, L
((lese)es (150)Jos I|(Uslo) Ly (8¢50)S, J) = \/(Qjc +1)(24o + 1)(2L + 1)(25 + 1) Sc So S
Je Jo J
(A.5)

A.0.2 More complicated recouplings
A.0.2.1 JK to LS

Decomposing a state in the JK-coupled basis into LS/Russell-Saunders coupled states is

more complex than simply a single 65 symbol. The formula is:

[Jo K, Jymy) =Y (=) lertomemson Kobm ) (97, 4+ 1) (2L + 1)/ (2K + 1)(25 + 1)
L,S

A.
Se e Je L s. K (A-6)
X |L, S, J, MJ>

l, K L se J S
A.0.3 Reduction Theorems

These theorems are used in almost every atomic matrix element calculation to simplify the

problem. In Wes’ words, " Use the Wigner-Eckart theorem whenever you can.”
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A.0.3.1 The Wigner-Eckart Theorem

The Wigner-Eckart theorem tells us that for the ¢g-th element a spherical tensor operator or
rank k, the matrix element can be reduced to a 35 symbol that encodes all the rotational

dependence, and a rotationally invariant reduced matriz element, denoted with double bars

GIT®15):

i kg

(Gm|TP)f m') = (=) GIT®5) (A7)

-m q m
A.0.3.2 The repeated reduction formula

Also called the spectator theorem, this allows you to "factor out” parts of a reduced matrix
element that do not participate in the interaction. If J = j; 4+ jo, and T" only acts on the j;

subspace:

-/

.. SETIR T jl J1 . .
(1, gos TINTEI |71, g3y ') = 0 (=) 4/ (2T +1)(20" + 1) o GlIT®)
J J J2
(A.8)
A.0.4 Tensor Operator Math

A.0.4.1 Dot products of tensor operators

AW B0 =N (—)14® B¢) (A.9)
q

A® . B — (22l 1 [A® @ B®]Y (A.10)
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<fy’j17j27 ‘]7 m|T(k71) ' U(k72)|7/’j17jé7 ‘],7 m,> -

. J1 J2 . . . .
0.7 Ot ()11 F52H7 47 > A lTPNY, 50" 4 lU S, )

Jo 1 k) 5

A.0.4.2 Multiplication (contraction) of tensor operators

Tq(k) - ZUﬁ, q1; k2, g2l K, q>Tq(f1)Tq(52)

q1,92

(k)

= [T(’fl) ® T(b)}

q
Sy (MR g
q1,92 91 92 —q

A.0.5 Explicit values for reduced matrix elements

GITO5) = V25 + 1
GITD5) = Vi + 1)(25 + 1)

i) = 11T = DG+ D +3)

For more of these, see Application 13 in chapter 5 of Zare [Zar91]
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APPENDIX B

Equivalence of Zeeman Matrix Elements

In deriving the matrix element of the Zeeman effect, one can arrive at two different expres-
sions, depending on whether one begins with the Wigner-Eckart theorem, or with a change
of basis. Here, we will use diagrammatic methods to demonstrate their equality. A good in-
troduction to these methods can be found in [Zar91], with a very in-depth treatment given in

[KMVS8S]. In the derivation below, we use the relatively common shorthand [F] = (2F + 1).

We begin with the expression 2.29 obtained by recoupling from the F,mp basis to the

my, my basis:

/
[F/]1/2[F]1/2 Z (_)mlp-&-mp—ﬂJ—QImJ J I F J I F (B.l)

!
mr,myJ my mry —mF my my —MmMmg

We must first recognize that m; represents the z-component of a rank-1 spherical ten-
sor: my = (J|Jél)|J>. Applying the Wigner-Eckart theorem and noting that (J||J||J) =

J J 1
VJ(J +1)(2J + 1), this allows us to write m; = \/J(J + 1)(2J + 1) , giv-

my —my 0

ing us

= [FPPIFPTT+ DRI+ 1) S (—)rtmesas-arom,

mr,mj
J J 1 J 1 F’ J 1 F
(B.2)
my —my 0 my m; —mhg my m; —mpg

We can now start to use diagrammatic methods. We convert each of our 3; symbols into

vertices, and start combining edges where the projection quantum numbers m are being
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summed over:

= [F)PIF I+ DRI+1) Y (=)

mr,m.j

+ ]_70 + F/,m%+ F7mF

= [F)"PIF T+ DRI+1)Y (=)

my

[7mI F7mF
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(B.5)

We now use identity 4.55 from [Zar91] to remove the three remaining geometrically-dependent
legs and turn them into a new 35 symbol and a geometrically invariant part. This is essen-

tially a form of the Wigner-Eckart theorem.

= [F'PF1"?J(T + 1)(2] + 1) (=)

F F +

1 +

J J F, mp
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 [F2[FY2 /T (T + 1)(2] + D)(= )3+ 2 me—1

F, mg

Finally, we convert back into 37 and 65 symbols to recover equation 2.30.

F' F 1 F 1 F

= (FRLE) T DT () e
J J I —mp 0 mlp
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APPENDIX C

Ytterbium Hyperfine Literature

Table C.1: Hyperfine coefficients reported in the literature for 1'Yb™

State A (MHz) Type Source
12642.8121242(14) Experiment [BSW83]
12645(2) Experiment |[MGH94]

%S, 12642.812118466(2) Experiment [FSL9T]
12642.812118471(9)  Experiment [TSB95]
12642.8121184690(8) Experiment [HXZ24]
2P10/2 2104.9(13) Experiment |[MGH94]

33/ -2500 Experiment [ET96]
/22210 Experiment [Rom21]

2 po 877(20) Experiment [BM92]
3/2 875.4(10) Experiment [FFE17]

25 430 Experiment [ET96]

2 400.48 Theory [I6a06]
13/2]3,, 4430.5(30) Experiment [Rom21]
(57212 -107(6) Experiment [FFE17]
52199 Theory [PSW11]
-63.6 Experiment [RTG99]

D5 -12.58 Theory [Ita06]
-63.368(1) Experiment [TEM21]
905.0(5) Experiment [TRM99]
2F2), 1105 Theory [PSW11]
905.134(5) Experiment [Rom21]
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Table C.2: Hyperfine coefficients reported in the literature for '™Yb™

State A (MHz) B (MHz) C (MHz) Type Source
-3508 - - Experiment [KN56]
. -3497.24007985(9) - - Experiment  [MBGS7]
V2 3497.5(6) - - Experiment  [MGH94]
-3529.66 - - Theory [MAT11]
-600 - - Experiment [KN56]
2 po -581.2(4) - - Experiment |[MGH94|
1/2 -612.36 - - Theory [MA11]
-582(1) - - Experiment This Work
33/9)° 608 - - Theory [Rom21]
/2 611.5(3) - - Experiment This Work
2 po -245(10) -1460(50)  — Experiment [BM92]
3/2 -88.973 -1839.779 - Theory [MA11]
1110.31 951.4 N Theory [ta06]
?D3)s -104.479 902.301 - Theory [MAT11]
-117.87(3) 963.3(21) - Experiment This Work
13/2]3,, -1230(30) -580(120)  — Experiment This Work
'5/2]2,, -55 -1720 0 Theory [PSW11]
3.47 1190.4 0 Theory [Ita06]
2Dy 22.078 1165.046 0 Theory IMA11]
20(20) 1210(90) 0O Experiment This Work
304 23680 0 Theory [PSW11]
2240 4762 0 Theory [DF16]
2po, 241 15330 0.00 Theory IXLC20]
2252 5622 0.00 Theory [XLC20]
-239 -5330 0.02 Theory [XLC20]
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APPENDIX D

Hyperfine Decay Branching Ratios & Lifetimes

If we wish to determine the relative amplitude of various hyperfine components of a decay, the
repeated reduction formula (A.8) is our friend. Take, for instance, the possible decays of the 2F7°/2
state in ''YbT. The F = 3 level can decay via electric octopole decay to both the F = 0 and
F =1 state in the 251/2, but the F' = 4 state is only able to decay to the F' = 1 state. We know
from Fermi’s golden rule that the decay rate is proportional to the square of the reduced matrix
element of the transition: )
| 2510 FIITOFg, F)
2F 41

We can apply the repeated reduction formula to extract the dependence on F' into a geometric

FF,F/ X (Dl)

prefactor applied to the total lifetime of the state:

2

1/2 7/2 3 2
Tpp o Sy 0| T2 F2 D.2
F,F { Fo 1/2} (512l I 7/2> (D.2)
2
1/2 7/2 3
o /
=2F +1)(2J+1) { - 1/2} Iap (D.3)
Plugging in the different values of F' and F’, we obtain the following prefactors modifying each
decay:
4
30 = ?F2F7/2 (D.4)
3
'3 = ?szm (D.5)
Lyp =T2p (D.6)

Of note is that when we total the decay rate of the F' = 3 and F' = 4, we see that the total

decay rate of the F state is indeed preserved. Figure D.1 shows a schematic of all the relative line
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Branching

0

2812 ? 7/

Figure D.1: A diagram of the branching ratios of states involved in shelving. Branching
ratios from the 2Dy, are from [TEM21] and this work, while those of the '[3/2]3/, are
inferred from the DREAM database [QP20].
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strengths involved in the shelving process.
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APPENDIX E

Magnetometry Procedure

In order to correctly determine the magnetic field on the ion, we performed detailed magnetometry
of the trap center. While the ion itself is a sensitive probe of the magnetic field magnitude, its
direction must be inferred from the magnitude’s dependence on the various coil currents. Let us
begin by writing out the form of the field magnitude as a function of the current applied to a

magnetic field coil:

B = \/ 0l + Bpg)? + Bhg . (E1)

This function describes a hyperbola with slope 7,, minimum value Bpg, |, and horizontal offset
Bpg,|- By scanning the current across a wide range, the coil constant 1 can be determined, as well

as the projection of the coil’s magnetic field onto the background magnetic field.

Performing such scans for each of the three coils allows one to determine the background
magnetic field along the three axes of the coils. If the coils are perfectly orthogonal, we can stop
here. However, in the case that the coils are not orthogonal, we can still determine the geometry of
the magnetic field by quantifying the angles between the coils. To do this, we perform six further
scans, two for each coil, in which a constant current is applied on one of the other coils during the

scan. In this case, the form of the hyperbola becomes

IB(I,))| = \/ (ndn + Baa| + nlm €08 0nm)? + (Ba,1 + Nl S0 )2 (E.2)

By comparing the difference in offsets between the unperturbed hyperbola and the perturbed

hyperbola, we can extract the quantity cos 6., for each pair of coils.

From here, extracting the magnetic field due to the coils is a matter of somewhat convoluted

geometry. We must first construct an orthogonal system of axes on which to define the axes of our
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coils. One coil can be chosen to define the z-axis, and a second coil can be chosen to define the
x-z plane. The third axis is then fixed by its orthogonality to the first two. Skipping the tedious

algebra, we can write the expressions for the three coil axes in terms of the angles 6,,,:

sin 013 €OS  8in Gog 0
U = 0 ,Ug = | sinpsinfas | ,U3= |0 (E.3)

cos 013 cos a3 1

cos 019 — cos 013 cos 93
= EA4
cosy sin 913 sin 923 ( )
The background field may be computed as
By —11.B . By| — tig; By — ti2. B ) . .
S LT POV AL TEU R PP
Uly U2y

Where B; is defined as the magnetic field along the axis of coil 4, as determined by E.2. We can

now write a formula for the magnetic field as a function of the coil currents:
B(I) = UI + Bpg (E.6)

Where U is the transformation matrix whose columns are u;, and I is the vector of coil currents.
We can invert the above formula to compute the coil currents needed to produce a total field. We
tested this procedure, and found that after proper calibration, we can estimate the magnetic field

up to several milligauss.
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APPENDIX F
Zeeman Dependence of the F State in 'Yb™"

Table F.1: The magnetic field dependence of the F state in

at low field to fourth order.

F  mp 1st-Order (kHz/G) 2nd-Order (Hz/G?) 3rd-Order (Hz/G3) 4th-Order (Hz/G?)

6 -6 5.59961 x 109 0 0 0
6 -5 4.66634 x 109 -162.694 0.0113 0
5 -5 4.93305 x 109 162.694 -0.0113 0
6 -4 3.73308 x 10° -295.807 0.0165 0
5 4 3.94644 x 10° -675.851 0.2466 0.0004
4 4 4.31983 x 109 971.658 -0.2631 -0.0004
6 -3 2.79981 x 109 -399.339 0.0167 0
5 -3 2.95983 x 106 -1328.05 0.3337 -0.0004
4 -3 3.79993 x 10° -27654.8 -206.275 11.1994
3 -3 3.23989 x 10° 29382.2 205.925 -11.1990
6 -2 1.86654 x 106 -473.291 0.0132 0
5 -2 1.97322 x 106 -1793.91 0.2932 -0.0016
4 -2 3.46677 x 10° -4335.93 -5.3956 -0.0084
3 -2 2.5342 x 10° -43544.4 -138.176 22.6236
2 -2 2.15901 x 109 50147.6 143.265 -22.6136
6 -1 933269 -517.662 0.0072 0
5 -1 3.60032 x 10° -5214.78 -11.7664 -0.01327
4 -1 986610. -2073.42 0.1679 -0.0026
3 -1 1.73338 x 106 -1722.72 7.4583 -0.0044
2 -1 1.26871 x 106 -53408.4 76.4575 26.0203
1 -1 1.07789 x 106 62937. -72.3246 -25.9999
6 0 0 -532.453 0 0
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Table F.1: (continued) Magnetic field dependence of the F

state

B

mg

1st-Order (Hz/G

~—

2nd-Order (Hz/G?)

3rd-Order (Hz/G3)

4th-Order (Hz/G%)

S T O e O O W R OO N W R OO RN W R OO N W R O

S O O = b s W W W WNDNDNDNN R R R e RO O O o O

o O O o O

—933269
—3.60032 x 10°
—986610
—1.73338 x 106
—1.26426 x 10°
—1.08235 x 10°
—1.86654 x 10°
—1.97322 x 106
—3.46677 x 10°
—2.53181 x 10°
—2.1614 x 106
—2.79981 x 106
—2.95983 x 10°
—3.79947 x 106
—3.24035 x 106
—3.73308 x 106
—3.94644 x 10°
—4.31983 x 10°
—4.66634 x 106
—4.93305 x 106
—5.59961 x 10°

-6953.12
-2166.6
-851.496
-06819.4
67323.1
-517.662
-5214.87
-2073.43
-1722.51
-53617.9
63146.3
-473.291
-1793.91
-4335.88
-43898.4
50501.5
-399.339
-1328.05
-27934.6
29661.9
-295.807
-675.85
971.657
-162.694
162.694

0

0.0015
0.0003
-0.0064
290.463
-290.458
-0.0072
11.763
-0.1675
-7.4613
409.107
-413.234
-0.0132
-0.2930
5.3926
394.853
-399.939
-0.0167
-0.3337
254.278
-253.928
-0.0165
-0.2466
0.2631
-0.0113
0.0113

0

0.0271
-0.0030
-0.0466
23.0896
23.0670

0
-0.01530
-0.0027
0.0006

16.7767

-16.7593

0
-0.0017
-0.0073
9.3976
-9.3886
0
-0.0004
2.8378
-2.8374
0
0.0005
-0.0005
0

0

0
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APPENDIX G

FOFI Qubits

This appendix contains data on all the First-Order Field-Insensitive qubits I computed with

my Zeeman structure code.

G.1 1BYp*

G.1.1 Ground State

Table G.1: All first-order field-insensitive qubits in the ground state of '™Yb™
B (G) Qubit (|F,mpg) < |F',m})) splitting (MHz) 2nd order (kHz/G"2)

642.137 |2, -2) ¢+ |3, —1) -10,340.0 -0.74
642.673 |2,1) > [3,0) -10,339.7 -0.74
1248.04 |2,—1) > |3, —1) -9,890.9 -0.79
1944.73 |2, -3) <+ |3, —2) -9,026.3 -0.85
1945.2 [2,0) ¢ |3, —1) -9,025.5 -0.85
2495.85 |2,0) < |3, 1) -7,819.0 -1.00

G.1.2 F State
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Table G.2: All first-order field-insensitive qubits below
2000 Gauss in the F state of 1™Yb™. Qubits are labeled
by their zero-field quantum numbers, but it should be
remembered that these quantum numbers no longer ap-
ply in the intermediate-field regime. Due to the chaotic
nature of the Zeeman effect [PS24], the nature of these
qubits is also highly dependent on the exact hyperfine
structure of the F state, which has not yet been mea-

sured with precision.

B (G) Qubit |[F,mp) <> [F',m}) splitting (MHz) 2nd order (kHz/G"2)

0.0 |3,0) « [4,0) 79 242.9
0.0 |5,0) <> [6,0) -5,970 6.4
0.0 |4,0) « |5,0) 278 48
0.0 |2,0) « [3,0) 750 56.0
0.0 |1,0) ¢ [2,0) 828 12.2
0.7 |4,0) + |5,1) 1,372 -127.1
0.8 [3,—1) |4, —1) 79 229.2
1.8 ]4,2) < |5,2) -1,379 -99.6
2.0 |3,-2) < |4, -2) 79 188.3
46 [3,1) > [4,2) 77 179.4
47 |3,-3) < |4,-3) 78 119.8
48 [3,0) ¢ |4,1) 77 208.8
48 |4,3) > |5,3) -1,379 -53.8
49 [2,1) ¢ [3,1) 751 -86.9
52 3,2) < [4,3) 78 122.8
55 |3, —1) <> |4,0) 76 211.1
6.8 |2,—2) < [3,-3) 751 -48.6
71 13,-2) & [4,—1) 74 185.9
73 |4,-3) ¢ |5, —2) -1,376 -109.4
78 |4,-2) & |5, —1) -1,376 -108.1
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Table G.2:

qubits (13Yb*, F state).

(continued) All first-order field-insensitive

B (G)

Qubit |F,mpg) <> |F', m/p)

splitting (MHz) 2nd order (kHz/G"2)

8.0
9.6
10.2
10.8
10.9
11.5
14.5
16.3
17.2
20.9
39.4
40.8
41.4
49.1
60.7
89.9
92.1
109.4
111.9
112.9
122.8
129.2
139.6
141.7
162.0
167.1
197.0
205.2
211.3

|4, —4) <> |5, —3)
|4, —1) <> |5,0)
12,—1) <> |3, —2)
13,3) <> |4,4)

13, =3) <> |4, —2)
14, —5) <> |5, —4)
14,0) <> 15, 1)
12,0) < |3, —1)
15, —1) <> 16, —1)
12,2) < 13,2)
14,1) <> |5,2)

15, —2) <> |6, —2)
12,2) < 13,2)

11, —1) < ]2, —2)
12,0) < |3, —1)
|5, —3) <> 16, —3)
12,1) < |3,1)
14,4) < |5,4)

12, —2) <> |3, —3)
12,—1) > |3, —-2)
12,0) < [3,0)
11, —-1) < |2, -1
15,—1) <> |6, —1
12, —-2) <> |3, -2
12,—1) +» |3, —1
12,-2) < |3,—1
|5, —1) <> 16, —1
|5,4) <> 16, 3)
15,3) +> 16, 2)

)
)
)
)
)
)

1,376
1,374
753
77

71
1,375
1,372
758
-3,824
757
1,361
-3,826
756
825
751
-3,831
705
-1,359
703
710
637
636
-3,303
555
554
389
-3,816
3,925
-3,028

-92.6
-89.3
-65.5
37.9
132.5
-56.9
-54.6
-39.6
3.1
-12.9
-13.2
2.6
7.5
3.7
15.0
1.7
17.7
-3.5
13.6
124
20.5
31.2
-42.5
23.6
18.0
27.6
8.8
9.2
6.3
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Table G.2: (continued) All first-order field-insensitive
qubits (13Yb*, F state).

B (G)

Qubit |F,mp) <> |F’',m),) splitting (MHz) 2nd order (kHz/G"2)

243.4
247.6
250.3
268.8
271.5
307.6
350.0
380.4
391.2
398.4
667.3
702.1
720.2
731.5
863.4
919.8
982.0
1007.7
1059.6
1111.6
1177.5
1253.7
1293.6
1353.0
1438.7
1498.4
1513.0
1515.9
1537.9

11,0) <5 |2,1) 622 9.3
15,2) <> |6, 1) -3,944 3.6
1, —1) < [2,0) 372 11.6
14,2) <5 |5,3) -1,191 54
12,0) > [3,1) 404 3.0
15,5) <> |6,4) -3,950 2.9
13, —1) > |4,0) 547 -3.0
12, —1) <> [3,0) 253 1.7
15,0 <> |6, —1) 4,029 2.2
15,5) <> |6,5) -3,770 0.7
12,1) <> 3,2) 483 0.4
14, —6) <> |5, —5) 1,222 0.3
15,2) ¢ |6, 1) 3,847 1.8
15, —1) < |6, —1) -3,688 14
12,2) <5 3,3) 324 0.6
15,0 <> |6, —1) -3,944 14
15,1) <> [6,1) 2,410 -40.8
11,1) <5 |2,2) 2,379 -28.9
15,0) < [6,1) -848 6.3
15,0) <> |6, 0) 2,977 3.5
15,3) <> [6,2) -3,181 32
15,3) <> [6,4) -3,071 -0.9
15, —3) < |6, —3) -3,478 -0.9
15, 4) <5 |6, 4) -3,350 -0.9
|5, —1) < [6,0) -866 5.6
15, —3) < |6, —2) 2,577 1.3
11,1) <5 |2,2) 2,166 1.9
15,5) <> |6,4) -3,414 1.3
15, 4) <> |6,3) -2,036 3.8
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Table G.2: (continued) All first-order field-insensitive
qubits (13Yb*, F state).

B (G) Qubit |[F,mp) <> [F',m)) splitting (MHz) 2nd order (kHz/G"2)

1601.7 |5,1) +» |6,2) -1,239 -3.8
1613.5 |5, —2) > |6, —1) -1,585 -2.3
1645.7 |5, —2) <> |6, —2) 2,627 1.6
1689.7 |5,2) <+ [6,3) -2,239 15
1729.7 |5,3) <+ [6,3) -2,270 1.9
1937.0 [2,2) ¢ [3,3) 375 0.1

G.2 Other Species’ Ground States

G.2.1 Be"

B (G) Qubit (|F,mp) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)

119.472 1,0 < |2, 1) 1,207.5 6.10
119.766  |1,1) < [2,0) 1,207.3 6.10
223.162 [1,1) < |2,1) 1,082.4 7.25
G.2.2 BMg"

B (G) Qubit (|F,mg) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)

109.438 |2, -2) «» |3, —1) -1,763.1 -4.33
109.739  [2,1) <> |3,0) -1,763.0 -4.33
212.894 [2,—1) < [3,—1) -1,686.5 -4.66
331.611 |2,—3) <+ |3,-2) -1,539.1 ~4.98
331.873 [2,0) > [3, 1) -1,538.7 -4.98
425.656 |2, —2) ++ |3,—2) -1,333.1 -5.89
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G.2.3 ®Ca*

B (G) Qubit (|F,mpg) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)
145.931  [3,-2) <> |4, —1) -3,200.0 2.41
146.763  [3,1) ¢ |4, 0) -3,199.7 241
288.028 |3, —1) ¢ |4, —1) -3,123.0 2,51
430.627 [3,—3) < |4, —2) -2,085.8 -2.59
440.403 [3,-2) <> |4, —1) -2,084.9 -2.59
575.901 |3, —2) ¢ |4, —2) -2,793.0 -2.81
738.667 |3, —4) ¢ |4, —3) -2,496.3 -3.12
739.310 |3, —1) ¢ |4, —2) -2,494.8 -3.12
863.465 |3, -3) ¢ |4, —3) 2,132.7 -3.68
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G.2.4 %St

B (G) Qubit (|F,mpg) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)
179.944 |4, -2) ¢ |5, —1) 4,977.2 11.56
181.011 [4,1) ¢+ |5,0) 4,976.9 “1.56
357.295 |4, —1) ¢ |5, —1) ~4,901.2 -1.60
541.360 |4, —3) ¢ |5, —2) -4,769.5 -1.63
542.382 4,0 ¢ |5, —1) 14,768.6 -1.63
714.480 |4, -3) ¢ |5, —2) 4,584.3 171
004.669 |4, —4) ¢ |5, —3) 14,3225 -1.80
005.594 |4, 1) <> |5, —2) 4,321.0 “1.80
107148 |4, —3) ¢ |5, —3) ~4,001.0 -1.96
1274.97 |4, —5) ¢ |5, —4) 13,5372 2.22
1275.72 |4, —2) ¢ |5, —3) -3,535.1 -2.22
1428.16 |4, —4) > |5, —4) -3,000.3 -2.62
G.2.5 ¥Ba*

B (G) Qubit (|F,mg) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)
686.122 |1,1) < [2,0) 6,939.0 1.06
686.924 |1,0) ¢ |2,1) 6,938.4 1.06
128121 |1,1) ¢ |2, 1) 6,221.4 1.26
G.2.6 '“"Ba"

B (G) Qubit (|F,mp) <> |F',m})) splitting (MHz) 2nd order (kHz/G"2)
767.640 |1,1) < [2,0) 7,764.4 0.95
768.644 |1,0) ¢ |2, 1) 7,763.7 0.95
1433.55 [1,1) ¢ |2, 1) 6,961.5 1.13
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