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Ultracold molecules are a promising next-generation platform for quantum information science,
precision measurement, and ultracold chemistry. However, quantum state control in molecules
remains less developed than in atoms due to the added complexity from their rotational and
vibrational degrees of freedom. In this thesis, I describe the development and operation of a cryogenic
molecular ion-trapping experiment designed to overcome these challenges using quantum logic
spectroscopy techniques. A single molecule is co-trapped with a Ca™ ion for cooling and readout,
while far-detuned Raman beams are used for internal molecular state control. Cryogenically cooled
radiation shields reduce the thermal radiation incident upon the trapped molecule, which can drive
undesirable rovibrational transitions. The apparatus also features a molecular beam machine for
loading a variety of species via resonance-enhanced multiphoton ionization. We demonstrate an
unprecedented level of control of a molecule, using an adaptive Bayesian scheme to realize single-state
preparation and non-destructive measurement of CaH™ with a single-state fidelity exceeding 99.4%.
The demonstrated techniques are applicable to a broad class of molecular ion species, establishing a

robust platform for molecular physics studies with high-fidelity molecular quantum state control.
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Chapter 1

Introduction and Background

In recent years, many new research avenues for scientific discovery in ultracold molecules
have been identified and pursued. Molecules have the potential to enable advances in precision
measurement, quantum information processing, and cold chemistry. However, these experiments are
often limited by the availability of methods for control of the molecules’ quantum mechanical states,
whereas analogous methods have proven instrumental in catalyzing advances in atomic physics
experiments over the last few decades. Developing generalizable, high-fidelity control techniques
for molecular quantum states remains a critical step toward unlocking the full potential of cold
molecules.

Over the course of my Ph.D.; I have designed, constructed, and operated an experiment
that exhibits unprecedented quantum-state control of a molecule via quantum-logic spectroscopy
techniques applied to a molecular ion trapped in a cryogenic environment; such techniques could be
applied to a broad class of molecular species. In this thesis, I will discuss the experimental apparatus
and methods, demonstration of high-fidelity state preparation, manipulation, and measurement of
CaH™, and implementation of a molecular beam for loading a wide range of molecular ions. To
provide context and motivation, I will begin with an overview of the current state of the field,

highlighting both progress and limitations in molecular quantum state control.



1.1 Quantum control of atoms and molecules

Quantum state-level control of atomic systems is a mature field that has enjoyed impressive
development in recent decades. A modern atomic physics experiment typically involves doing all of

the following operations to the atom(s):
(1) Spatial trapping
(2) Cooling to near the motional ground state in the trap
(3) Quantum state preparation
(4) Interrogating a feature of interest

(5) Quantum state measurement

I henceforth refer to operations 1-3 and 5 as quantum state control, whereas operation 4 represents
the scientific or technical application of the experiment. Invention, improvement, and extension
of quantum state control techniques is often a prerequisite for advancement of applications. For
example, development of magneto-optical traps has paved the way to realization of Bose-Einstein
Condensates (BECs) [1, 2|, while atoms in optical lattice traps [3| and tweezer arrays 4] have
expedited novel quantum simulations [5, 6]. Laser cooling techniques have enabled cooling of a
trapped atom to its motional ground state, allowing for precision operation and measurement; notable
examples include atomic clocks with accuracies better than a part in 1078 [7, 8] and precision
measurements of fundamental atomic properties that stretch understanding of the Standard Model |9,
10]. Preparation and measurement of a single quantum state, involving manipulation of internal
electronic and hyperfine degrees of freedom, has been demonstrated with near 99.99% fidelity |11,
12] and opens the door for high-fidelity, large-scale quantum computation [13].

Quantum state control has been realized in more than a dozen atomic species.! For a given

experiment, the species is typically chosen according to the criteria of the application; examples

'Nine species are represented in the collection of experiments cited in the preceding paragraph alone!



include low sensitivity to external perturbations [7], tunable particle-particle interactions [14], or high
sensitivity to the quantity to be measured [15]. A toolbox of quantum state control techniques exists
to achieve these criteria across atomic systems. Particles are confined using electromagnetic fields,
including radio-frequency ion traps and optical traps for neutral atoms. An electronic transition is
chosen for fast (~ns timescale) cycling (decaying back to the original state after excitation) to allow
for efficient cooling from ambient temperature, while manipulation of other electronic and hyperfine
transitions may be used for further cooling and state preparation. The cycling transition is then
used for efficient state detection.

Molecules are a natural extension to modern atomic physics experiments. Compared to atoms,
molecules provide a nearly limitless expansion to the variety of species, and their additional rotational
and vibrational degrees of freedom can provide clear advantages in many applications. Indeed,
many experiments are already leveraging molecules’ capabilities, including in precision measure-
ments [16-19|; demonstrations of molecular quantum gates [20-23], clocks [24], and BECs |25]; and
ultracold chemistry investigations [26-28|. Proposed applications of note include enhanced sensitivity
to possible variation in the proton-to-electron mass ratio [29], detection of parity violation [30],
precision measurement for enhanced understanding of cosmic spectra [31], and quantum information
transduction [32] for, e.g., quantum networking.

Despite all of this progress and opportunity, the challenges introduced by molecules’ additional
degrees of freedom have caused quantum control techniques for molecules to lag well behind those for
atoms. Spontaneous decay from an excited electronic level does not, in general, return the molecule
to a deterministic vibrational level; instead, it may decay to one of many vibrational levels with
branching ratios determined by the Franck-Condon factors (FCFs), precluding fast cycling transitions
for cooling and detection. To make matters worse, single photons can drive rotational and vibrational
transitions in polar molecules via interaction with the electric dipole moment. As ambient thermal
radiation (TR) often has high spectral overlap with molecular rovibrational transitions, this effect
can substantially hinder efforts to prepare and keep a molecule in a particular quantum state. The

situation is illustrated in Fig. 1.1.
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Figure 1.1: Challenges of molecular quantum state control due to vibrational and rotational degrees
of freedom. Laser excitation to an excited electronic state (solid purple arrow) does not lead to a
cycling transition because spontaneous decay (dashed purple arrows) typically populates multiple
vibrational levels. Many rotational levels lie within a vibrational level; thermal radiation (solid
red arrows) and spontaneous decay (dashed red arrows) can move the molecule up and down the
rotational and vibrational ladders.

A number of strategies exist to overcome the challenges of molecular quantum state control.
One example is direct laser cooling of molecules specially-chosen for favorable FCFs, for which decay
from an excited state predominantly populates only one or a few vibrational levels; with appropriate
repump laser light, efficient photon cycling is then possible [33-36]. An alternative approach is
forming molecules directly into the desired quantum state. This has been demonstrated for diatomic
neutral molecules by preparing two separate species of atoms in a particular state using standard

atomic control techniques, then adiabatically associating the atoms into a molecule [25, 37-39).



However, the scope of these techniques is limited. They are only applicable to specific molecular
species and, for experiments using the latter approach, state detection is destructive. To build a

broader toolbox for molecular quantum state control, a different strategy is needed.

1.2 Quantum-logic spectroscopy of trapped molecular ions

Performing experiments with molecular ions in ion traps provides several natural advantages
over neutral molecules. The trapping mechanism itself is independent of the internal state of the
ions. Furthermore, multiple ions confined within the same trapping potential interact strongly due to
their mutual Coulomb interaction and will thus have shared motional normal modes. If a molecular
ion of interest is co-trapped with a well-controlled atomic auxiliary ion, the molecular ion can be
sympathetically cooled via the auxiliary ion. A technique known as quantum logic-spectroscopy
(QLS) [40] allows information about the molecular ion to be transferred to, and read out from, the
auxiliary ion by mapping information about the molecule’s internal state onto the shared motion
among the ions. Unlike some other methods of molecular quantum-state control, QLS poses few
requirements on the internal structure of the molecule, permits preparation in a specific quantum
state, and allows for non-destructive state measurement.

QLS techniques have recently been applied to molecular ions with promising results [41-44].
In Ref. [42], resonant multiphoton ionization (REMPI) is used to ionize Ng preferentially into a
particular rotational level for ion trap loading, and a form of QLS is used to detect the presence or
absence of the molecule within that rotational manifold?; however, preparation of a single quantum
state is not demonstrated. In Ref. [43], preparation of a single quantum state of Ho " is demonstrated,
but state preparation and measurement (SPAM) fidelities are limited by the quality of quantum-logic
operations. These two experiments also benefit from the long rotational state lifetimes afforded by
non-polar molecules; in contrast, experiments working with polar molecules [41, 44] must contend

with stimulated rotational transitions due to TR.

2Rotational levels are typically split into multiple sublevels, as discussed in Section 2.1; I will often refer to a
rotational level as a rotational manifold to stress that it consists of more than one quanum state.
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Figure 1.2: Controlling a molecular ion (denoted m") with a co-trapped atomic ion (denoted a™) as
the auxiliary ion. The ions’ motions are coupled though their mutual Coloumb interaction, allowing
for sympathetic cooling and state transfer via QLS techniques.

The experimental apparatus central to my Ph.D. work is a second-generation system that
builds upon a room-temperature molecular ion apparatus developed within the NIST Ion Storage
Group since 2013. The room-temperature experiment has studied CaH" via QLS with a co-trapped
Ca™ ion, driving transitions between molecular states with pairs of far-detuned Raman beams. Novel
demonstrations include projective molecular state preparation [44], spectroscopy between rotational
manifolds using a frequency comb [45], atom-molecule entanglement [32], precision measurement of
the dipole moment of a trapped molecular ion [46], and efficient tracking and reversal of TR effects [47];
select results are shown in Fig. 1.3. Many of the underlying molecular control techniques discussed
in this thesis, and particularly those applied to CaH", were pioneered in the room-temperature
apparatus.

Despite the impressive results from the room-temperature experiment, it faces several key
limitations preventing realization of the platform’s full promise. For one, the room-temperature TR
interacting with the molecular ion stimulates rotational transitions on O(100 ms — 1 s) timescales,
limiting the measurement fidelity and experimental data rate. For another, the experiment is

designed for loading of CaH" (via a reaction of leaked Hy with an already-trapped Ca' ion), without
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Figure 1.3: Select results from the first-generation, room-temperature NIST molecular ion apparatus.
(a) A frequency scan of the detuning between Raman beams addressing a CaH " molecule. If a
transition is driven between molecular sublevels, that information is transferred to a co-trapped Ca™
ion via QLS and detected via Ca™t fluorescence. (b) A parity fringe demonstrating entanglement
between the trapped molecule and atom. (c¢) Detection of CaH™ in rotational manifold J = 4 after
preparation in J = 2 and application of a frequency comb as a Raman drive. (d) A measurement of
the shift on a particular molecular transition due to an RF electric field from the trapping potential.
The slope is used to infer the molecule’s dipole moment.



consideration for loading other molecular species. Finally, the ion trap itself exhibits relatively high
heating rates and micromotion that limit state manipulation fidelity and impose systematic errors.

To make further progress and extend to new molecules, improvements are required.

1.3 Features of the NIST cryogenic molecular ion experiment

The second-generation apparatus described in this thesis addresses the limitations of the
room-temperature apparatus. By using a liquid helium cryostat to cool the ion’s surrounding
environment, we observe an order-of-magnitude increase in rotational state lifetimes. We integrate a
molecular beam machine and a dye laser for loading myriad molecular species via REMPI without
introducing prohibitive amounts of background gas. We also use an ion trap with lower motional
heating and micromotion for high-fidelity operation. An adaptive, non-destructive molecular state
detection scheme allows for demonstration of SPAM fidelities of greater than 99.4% for a single
molecular quantum state in CaH ™, the highest such SPAM fidelity reported for a molecule.

The apparatus and techniques used in this thesis address each aspect of quantum state control
in ways that are not specific to a particular molecular species. A broad class of molecules can be
included in a molecular beam and ionized via REMPI for loading. Any molecular ion whose charge-
to-mass ratio is within a factor of three or so of that of the auxiliary ion can be co-trapped and will
have sufficiently similar normal motional mode participation to allow for efficient sympathetic cooling
and quantum-logic state transfer. The Raman beams, the only laser beams addressing the molecule’s
internal state, are far-detuned from any internal transition, meaning their absolute wavelength
is not molecule-specific. Another remarkable feature of our scheme is that the measurement is
non-destructive—it leaves the molecule in its pre-measurement state, which is required for many
applications and convenient for most others. Altogether, the techniques presented here open the

door to a new regime of molecular experiments that have not previously been feasible.



1.4 Thesis organization

This thesis will present the design, development, and operation of the cryogenic molecular ion
experiment within the NIST Ion Storage Group. In Chapter 2 I discuss the design of the ion trapping
apparatus, with a particular focus on the design decisions required to minimize the TR incident on
the trapped ions. In Chapter 3 I describe the basic atomic and molecular ion operations required for
high-fidelity QLS operation. In Chapter 4, I present high-fidelity state preparation, manipulation,
and measurement results achieved on a CaH" ion. Chapter 5 discusses the development of a
molecular beam machine that has been integrated into our ion trapping apparatus for loading of
various molecular species, and finally in Chapter 6 I summarize and present future prospects for

performing novel experiments on molecular ions.



Chapter 2

A cryogenic ion trapping apparatus

Much of my Ph.D. was concerned with designing and building a cryogenic ion trapping appa-
ratus that minimizes TR incident upon the trapped ions and is amenable to precision measurement
experiments with molecules. While many of these concepts have previously been realized individually
and in various combinations, putting them all together in one experiment was a serious and novel
technical challenge. In this chapter, I briefly discuss molecular energy level structure, motivate the
requirement of minimizing TR for experiments with polar molecules, describe the design of the ion
trap apparatus, and finally consider the system’s thermal budget. Design and implementation of the

molecular beam source for molecular ion loading will be covered in Chapter 5.

2.1 Molecular energy level structure

Molecular spectra exhibit energy splittings spanning many orders of magnitude across electronic,

vibrational, rotational, hyperfine, and rotational Zeeman levels, as shown in Fig. 2.1.

e Electronic splittings follow similar patterns to those in atoms and typically fall within

ultraviolet, visible, or near-infrared (IR) frequencies.

)

e Vibrational and rotational splittings are due to relative (lab-frame) motion of the molecules
constituent atoms and are therefore not found in atomic structure. Vibrational splittings are
due to spring-like interactions between each of the molecules’ constituent atoms; a (non)linear

molecule made up of N atoms will have 3N-5(3N-6) vibrational modes. Vibrational splittings
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in "small" molecules (<5 constituent atoms) often fall within IR frequencies, although larger

molecules may have lower-frequency modes.

e Rotational splittings are due to collective rotation of the molecule’s atoms about its
principle axis or axes. While diatomic and other linear molecules have a single rotational
axis and thus rotational mode, non-linear molecules can have up to three distinct rotational

modes depending on symmetry. They often fall within the ~10-300 GHz (mm-wave) regime.

e Hyperfine splittings follow similar patterns to those in atoms, typically falling within

microwave frequencies.

e Rotational Zeeman splittings arise from interaction of an external magnetic field with

rotation. For our experimental parameters, they are of O(10 kHz).

S.pl{'tting type  Rotational Zeeman Hyperfine Rotation Vibration Electronic
Splitting energy 10°ev  10%eV  10%eV  10%eV 10 3\9/5 ( lev
Splitting energy/k, | | , |272, [
. T I 1 I g I 1 T T I
Splitting energy/h 1 kHz 100kHz 10MHz  1GHz 100GHz 10 THz 1 PHz

Figure 2.1: Typical energy scales of various types of energy splittings in molecules. Rotational and
vibrational degrees of freedom are unique to molecules. For polar molecules, the temperature of
ambient TR can be a primary factor determining rotational and vibrational state lifetimes. The
scale of rotational Zeeman splittings assumes an applied magnetic field of O(0.1 mT), as is used in
this work.

A single TR photon will move molecular population among levels that are connected by a
dipole-allowed transition. For polar molecules,' some rotational and vibrational transitions are dipole
allowed. Room-temperature TR has a characteristic energy scale E = kT = 25 meV, setting the
scale of levels that are likely to be occupied.

To first order, the vibrational levels of a diatomic molecule correspond to those of a quantum har-
monic oscillator. In this thesis, CaH™ is the only molecule to be studied in detail. For CaH ™", the split-

ting between adjacent vibrational levels in the electronic ground state is AE, =~ 180 meV>>25 meV,

1Only symmetric molecules—e.g. Na, Ha, CO2...—will have a net dipole moment of zero in the frame of the
molecule, making them nonpolar. These special molecules can have nearly infinite theoretical rovibrational state
lifetimes regardless of the TR environment.
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so in a room-temperature TR environment the molecule will be in the ground vibrational (as well as
electronic) state > 99% of the time. Furthermore, CaH" does not have relevant hyperfine structure,
and we do not excite vibrational or electronic transitions. For these reasons, the remainder of this
discussion will be confined to rotational manifold structure.

The rotational structure of a diatomic molecule can be estimated by the rigid rotor model.
The Hamiltonian is:

—h?
Hpr = —V? 2.1
RR 2,& ’ ( )

where p is the reduced mass of the system and V? is the Laplacian operator. The corresponding
Schrédinger equation HrrW = EW can be expressed in terms of spherical harmonics Y, (6, ¢):
h?

HinY{"(0,0) = 55 (J + 1)¥"(0.6), (2.2)

where r is the bond length between the constituent atoms and rotational quantum number J =

0,1,2... The molecule’s rotational constant Bpg is defined as:

h

Br=——=
B= dreur?’

(2.3)

where c is the speed of light. Without perturbation, the system has eigenstates at energies E; =
hBrJ(J + 1) with 2J + 1 degeneracy. The degeneracy is lifted into Zeeman-type sublevels upon
application of a magnetic field. More details of this sublevel structure for CaH" are provided in
Section 3.3.3.

Smaller atoms typically form stronger, and thus shorter, bonds. Since Br %2, monohydrides
such as CaH™ have some of the largest rotational constants, and thus level splittings, of any molecule.
Even so, Bp c,g+ = 142.5 GHz, and the splitting J = 0 <> 1 is 2hBp ¢,p+ ~ 1.2 meV < 25 meV. In
a room temperature TR environment, the molecular population will be spread over many rotational

levels in equilibrium.
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2.2 Cryogenic advantage

The cryogenic experiment presented here is a successor to a room-temperature molecular ion
trapping experiment within the Ion Storage Group that has already demonstrated impressive control
and precision measurement of a single trapped CaH™ molecule [32, 44-47] with a co-trapped Ca™ ion
and QLS. However, the room-temperature TR environment, which is constantly driving rotational
transitions AJ = +1, poses a fundamental limitation on running such an experiment with a polar
molecule.

Transition rates between rotational levels can be described by the Einstein coefficients, which
dictate rates of photon emission and absorption. For a polar molecule interacting with a radiation
field, the stimulated emission or absorption rate B;_, s between states 7 and f is:

272 d?
B 5= W“(Vif)cgff, (2.4)

where u(v;¢) is the photon energy density at the transition frequency v;¢, d is the molecule’s electric
dipole moment, and cg;s is the Clebsch-Gordon coefficient between the initial and final state. Note
that cg?f > 0 only for transitions obeying AJ = £1.

All surfaces will emit photons (TR) according to their temperature and emissivity. For an

ideal blackbody at temperature T', the emitted photon energy density is given by Planck’s law:

8wh?
CS(th/kBT _ 1) )

u(y,T) = (2.5)

which is plotted for several temperatures and frequencies of interest in Fig. 2.2. Since w scales
superlinearly with temperature, and commercial liquid-helium cryostats can reach base temperatures

near the boiling point of helium at 4.2 K, cryogenic operation promises a reduction of stimulated

> 295

transition rates by 2 75

= 70x in a cryogenic system relative to a room-temperature system.

For transitions obeying AJ = —1, the spontaneous emission rate A;_,  is:
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Figure 2.2: (a) Blackbody radiation (BBR) spectral density as a function of frequency at room
temperature (295 K), measured experimental temperature (16 K), and liquid-helium temperature
(4 K) vs frequency as stipulated by Eq. 2.5. (b) Fractional reduction in BBR spectral density vs
temperature for the J = 0 <+ 1 transition frequencies in CaH" (285 GHz [46]) and COH™ (89
GHz [48]). The relationship is superlinear.

16m3d?

iaf = 7360h63 Vit (2.6)

Because the spontaneous emission rate is independent of photon energy density, it does not depend
on temperature and sets an upper limit for 75~¢.

A given rotational manifold typically has a multiplicity of rotational Zeeman sublevels. To
calculate the average lifetime for a given initial sublevel 7;,;, the transition rates to all accessible

final sublevels Js(f) must be considered:

Trs) =1/ Y. Brsgymastn T > Asstysis)- (2.7)
[ AJ==%x1 fLIAT=—1

In the upper panel of Fig. 2.3, 7y<3 (averaged across all Js(i)) are plotted for CaH™. The lifetime
of low-lying CaH™" rotational levels is O(1 second) at room temperature but is increased to ~tens of
seconds at cryogenic temperatures.

Besides limited state lifetimes, a related challenge imposed by TR is that in equilibrium, the

molecule population is distributed in a statistical mixture of many rotational manifolds according to
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_ By
the Boltzmann distribution (whereby population in a particular level is proportional to e *57) and

sublevel multiplicity. Given the characteristic energy scale kpT', a diatomic molecule with rotational

manifold energies near hBrJ(J + 1) will have a characteristic highest occupied J level given by:

1ksT
Jmaxioccupied ~ hB?R (28)

The lower panel of Fig. 2.3 displays the expected population fraction of different rotational manifolds
for CaH" as a function of temperature, accounting for a 2(2.J + 1) multiplicity. For this molecule at
room temperature, the most-populated rotational manifolds have a population fraction of about
13%, while J = 1-—the easiest manifold to work in due to its relatively long lifetime and low
mulitplicity—has a population fraction of just 6.6%, a bane to experimental duty cycle. In contrast,
at a temperature of 16 K (our measured experiment temperature), the J = 1 manifold has a
population fraction of 47%.

Because of the considerations discussed in this section, one of the primary goals of the
experimental system design is to reduce the TR experienced by the trapped ion as much as possible.
This objective is implicit in many of the design decisions discussed throughout this chapter; it will

be discussed explicitly in Section 2.7.

2.3 Ion Trap

At the heart of the experiment lies a linear radio frequency (RF) ion trap, which uses static
and oscillating electric fields to spatially confine charged particles. In our experiment, the same
ion can often be trapped for days at a time before being lost to, e.g., background gas collisions or
accidental laser heating. Such highly stable confinement is of considerable utility for performing

precision physics experiments.
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Figure 2.3: BBR effects on CaH". The upper panel shows the state lifetime 7; of the lowest few
rotational states of CaH™ vs temperature. At high temperatures the increased photon density
drives stimulated transitions that limit lifetimes, while at low temperatures, 75o are limited by
spontaneous emission and are thus insensitive to temperature. The lower panel shows equilibrium
rotational level populations of CaH™ vs temperature. The calculation considers the Boltzmann
distribution and the multiplicity of states 2(2J + 1). The inset compares the population fraction
distribution at room temperature to that at the measured experiment temperature (16 K).

2.3.1 Ion trap background

A model linear RF trap [49-51] is depicted in Fig. 2.4. A DC potential provides confinement

in one azial dimension (z) and an RF pseudopotential confines in the other 2 radial dimensions
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(x,y). In particular, if pairs of opposing radial RF electrodes RFy have an applied voltage Vrp, =
+(Vocos(Qrrt) + U,)? and opposing axial DC endcap electrodes have an applied voltage Uy, the

total potential near the trap center (xr =y = z = 0) is given by:

K}U(]
Z

22 — 2
R2

O = (Vocos(Qrrt) + Ur) (1 + )+ (22 — ), (2.9)

where R is the RF electrode-to-ion distance, Zj is the endcap-to-ion distance, and x is a geometric
factor of order 1. Note that the differential DC voltage £U, applied to the pairs of RF electrodes is

not strictly necessary for trapping but serves to break radial motional mode degeneracy.

Figure 2.4: A model linear RF trap, which provides the basis for the trap used in this work. Trapped
ions (blue and purple points) are confined in a line (in the z dimension) by RF and DC electrodes.

A single ion’s radial motion is described by the Mathieu equations [52], which take the

form [53-55]:

d?i 0%p .
n + [a; + 2gicos(QrFpt)] L L= 0,i € {z,y}, (2.10)
with the parameterization
4o 2U, 4aVy . 3
a; = (’%UO + 7)7‘]2‘ =+t 5,1 € {xay}v (211>
0% R2 0% - R?

2This notation differs with much of the literature by a factor of 2, since in our trap voltage is applied symmetrically
to the two pairs of RF electrodes, rather than one pair being grounded.
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where o = L is the charge-to-mass ratio of the trapped ion. Our trap operates in the so-called first
region of stability, where a; < |¢;| < 1, i € {z,y}. Then, Eq. 2.10 can be solved to first order in a;
and ¢;. The resulting approximate solutions are harmonic oscillators.
The ion’s axial equation of motion also corresponds to a harmonic oscillator:
d’z  2arkl

=+ —5—2=0. (2.12)
dt? z2

Thus, a single ion’s secular motion is described by 3 harmonic (secular) frequencies given by:

+ 5 i€ {z,y}, (2.13)

\/ 202V¢  kalp | 2al,
w; = -
0% R4 z3 R?

vV2arkUy

7 (2.14)

Wy =

If multiple ions are confined in a single trapping potential and cooled such that their mean
kinetic energy is small compared to their Coulomb interaction, the ions will form stable arrangements
known as Coulomb crystals. A crystal of N ions will have 3N normal modes of motion whose
frequencies can be calculated numerically and fine-tuned experimentally. The description of their
motion can be quantized by expressing position and momentum variables in terms of harmonic
oscillator ladder operators [56]. In this thesis, I will be primarily concerned with the 6 modes of a
two-ion crystal. Then, the normal modes are well-described by one in-phase (IP) mode (where the
ions simultaneously move in the same direction) and one out-of-phase (OOP) mode (where the ions
move in opposite directions) for each dimension.

When the motion in a particular mode is cooled to near the motional ground state, it is often
convenient to parametrize in terms of 7, the average number of motional quanta that the ions would
possess if measured over many trials. While a room-temperature particle has n ~ ]ZBTZT ~ 10 (for w;

of O(MHz), as is the case in this work), our secular modes will often be laser-cooled to n < 1 during

3Here and in Eq. 2.13, upper (lower) signs correspond to z(y).
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experiments. See Section 3.2 for details of laser cooling methods.

If a static electric field displaces the ion from the radial center (x = y = 0) of the RF potential,
the RF electric field at the ion is non-vanishing and induces a second type of motion, known as
micromotion, at frequency QQgp. In practice, some micromotion also exists in the axial direction due
to the finite size of trap electrodes and imperfect trap construction. DC voltages on suitable trap
electrodes are used to move the ion in all three dimensions to minimize the observed micromotion.

More discussion on measuring and minimizing micromotion is provided in Section 3.2.4.

2.3.2 QOur ion trap

Our experiment deploys a linear RF trap design known as the wheel trap, in which the RF
(RFy) and radial micromotion-compensation (compg ) electrodes are constructed monolithically
by depositing gold on a 500 pum-thick laser-machined diamond wafer (see Fig. 2.5a). This design
has been optimized to trap small numbers of ions with low heating rates? and micromotion for
precision measurement applications |7, 57|; the high thermal conductivity of diamond also helps to
dissipate thermal load. Separate, titanium endcaps provide the axial confinement. The assembled
trap structure is shown in Fig. 2.5b.

To provide the RF potential, about 4 watts of RF power are sent into a meandering-line
resonator printed on a printed circuit board (PCB) (see Fig. 2.5¢ and Ref. [55]). The RF input
is split by a balun to deliver equal and opposite RF amplitude to the RFy electrodes. A tunable
capacitor on the resonator board allows for matching of the source and load impedances. Without
a load, our resonator resonance frequency is 27 x80 MHz; when connected in situ, the resonance
frequency drops to 2w x67.6 MHz due to the capacitance of the vacuum feedthrough, the in-vacuum
cryogenic shield feedthroughs, and the trap itself. Similarly, we measure a quality factor of 170 for
the unloaded resonator but 120 in situ due to lossy couplings.

Each endcap and compensation electrode is powered by a digital-to-analog converter (DAC)-

‘Heating rate ‘2—’: is the rate of increase of motional quanta over time for a trapped ion with no laser light applied;

it is typically attributed to surface effects on trap electrodes.
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controlled, high-voltage amplifier that can output up to 500 V. Each line passes through two
out-of-vacuum, low-pass filtering stages; RF bias tees allow for the introduction of RF voltages
on select trap DC electrodes for intentional excitation of secular motion. A fifth amplifier output
provides a common DC bias to the RF electrodes, allowing for an endcap-to-RF electrode DC voltage
differential of up to 1 kV. Another DAC output and a voltage divider circuit provide control of U,..
A diagram of the RF and DC signal paths is included in Appendix B.

Table 2.1: Geometrical and typical voltage parameters for our wheel trap. Single Ca™ secular
frequencies (wy, wy,w,) ~ 2w x (3.8,4.0,2.5) MHz.

Rl a | x| e | w|w o
425\/‘180\/‘1\/

0.25 mm ‘ 3.9 mm ‘ 4.4 ‘ 2w x67.6 MHz

2.4 Vacuum

Maintaining ultra-high vacuum (UHV, < 1077 Pa) at the ion trap is critical for operating a
precision QLS experiment; collisions with background gas can change the ions’ order, heat the ion
crystal, or cause ion loss from the trap. All connections to the vacuum chamber are made with CF
connections and stainless steel vacuum components. The system was baked at 80° C for several days
to reduce outgassing. When the experiment is cryogenically cooled, background gas pumping near
the ion occurs via cryopumping (particles adsorbing onto cold surfaces). To enhance this effect, a
small amount of activated charcoal, which has high adsorption capacity, is included inside the cold
stage. In the room temperature compartment, a 55 L/s ion pump and a titanium sublimation pump
(TSP) provide additional pumping and mitigate pressure spikes when the system is warming up. A
computer-aided design (CAD) drawing of the system is provided in Fig. 2.6.

An ion gauge measures the vacuum pressure at room temperature to be ~ 1078 Pa during

normal operation. Conductance from the ion to room temperature is poor, so this is not necessarily

®The axial micromotion minimum is found empirically to be displaced by 0.18 mm from the geometrical trap
center. To access this location, we require a highly imbalanced endcap configuration, with the two endcap voltages
(U1, Us) =~ (700,50) V. Note that UyUs ~ U§.
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Figure 2.5: Ion trap images. (a) Front view of the diamond trap wafer taken under a
microscope. RF voltages applied to the RFy electrodes provide radial confinement of the ion,
while compg (v electrodes are used for radial micromotion minimization. Electrodes are printed on
one or both sides of the wafer; dashed outlines indicate an electrode printed only on the back. The
traces are optimized for balanced capacitance for minimal excess micromotion. (b) Side view of
the mounted trap, including RF wafer and endcaps. The endcaps provide axial confinement of
the ion. Ablation occurs on the front (not visible) face of the targets, which have lines of sight to
the trapping region. A holder for an electron source as a potential ionization method for molecule
loading is attached to one of the endcaps. (c) Picture of RF meander-line resonator board
and illustration of connection to the trap chip. A balun on the Rogers PCB section ensures
an equal and opposite RF signal is applied to each RF line (one of which, printed on the backside of
the PCBs, is not visible); the differential DC voltage +U, between the lines serves to break radial
mode degeneracy. The coupling loop of the resonator is on the alumina PCB section; see Ref. |55]
for more details. RF lines must pass through layers of metal enclosures to reach the trap chip.
Lossy couplings at these feedthroughs limit the @ factor achieved by the loaded resonator and are a
significant contribution to the system’s thermal load. Custom-made spring clamps connect the RF
lines to the RFy electrodes.
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an accurate measurement of the pressure experienced by the ion. Nevertheless, typical observed
two-ion reorder rates of one reorder per several minutes are consistent with this value [58] and are
sufficiently low for experimental operation.

: - -
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Figure 2.6: CAD model of the vacuum chamber. In the room temperature compartment, vacuum
pumping occurs via an ion pump and a TSP, and the vacuum level is measured by an ion gauge.
Within the cold stage, pumping is largely due to cryopumping, and the pressure can only be observed
via 2-ion reorder events. The molecular beam chamber is pumped with turbo pumps and is separated
from the ion trap chamber by a 3-mm aperture, while the detection chamber is pumped by an
ion-getter combo pump and is closed off from the ion trap chamber via a gate valve under normal
operating conditions; these auxiliary chambers are discussed further in Chapter 5. The inset shows a
cutaway view of the nested cryogenic stages and the ion trap sitting at the center.

2.5 Cryocooling System

Cryogenic cooling power is provided via a Stinger cryostat from ColdEdge. Two compressors
circulate helium gas within a closed-cycle Gifford McMahon liquid helium cryostat system designed

to have low vibrations at the cold tip. The cold tip is mounted within a CF flange, and a 2 meter-long
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flexible hose delivers liquid helium from the cryocooler to the cold tip. More details of the Stinger
system, including a schematic and select operating procedures, are described in Appendix A.

One consideration of using a closed-cycle cryogenic system is the vibrations due to the
compressors. Vibrations can cause Doppler shifts of the laser beams as seen by the ion, limiting
the precision of ion spectroscopy. The Stinger is designed to decouple the compressor vibrations
from the experimental apparatus—it is quoted as having < 20 nm vibrations at the cold tip. We
added another layer of vibration isolation by making all connections between the Stinger system and
the ion trap flexible. Gold-coated copper braids connect the cold tip and radiation shield to the
experimental apparatus, while a bellows provides the vacuum connection (the flexible connections
also compensate for imperfect mechanical tolerances). The Stinger side of the bellows is secured
to the base of the optical table, which is in turn decoupled from the tabletop via active vibration
isolation (AVI) platforms. A diagram of the Stinger’s thermal and mechanical connections to the
experimental apparatus is provided in Fig. 2.7. For additional acoustic isolation, the cryocoolers and
compressors are located behind a wall on an isolated floor from the lab.

Within the Stinger, cryogenic helium flows to the cold tip to reach temperatures as low as
4 K. A radiation shield reduces the blackbody thermal load on the cold tip and is cooled by the gas
returning from the cold tip to as cold as 15 K. Additional thermal load imparted by the apparatus
can increase these base temperatures. An important performance metric of the Stinger is the cooling
power curve, which plots the achieved temperature as a function of heat load applied. Before
connecting the Stinger to the apparatus, we directly measured this curve for both the cold tip and
the radiation shield via a heater and temperature sensor attached directly to the end of the respective
component. The test results can be seen in Fig. 2.8. Note that these results are not necessarily
consistent across different Stinger systems.

Another factor determining the base temperature achieved at the ion is the temperature
gradient between the Stinger and the experiment. We expect this to be dominated by the thermal
resistance across the copper braids, although it could also be limited by the contact resistance of the

physical connections. The resistance of the copper braids was estimated by the manufacturer as



24

Optical Table

Pl
Q
o
o
=
o
=)
wn
Sr
Dl
o
wn
(i
Y

Q
[

Cu Braids

abue|4 wnnoep

pIaIYs uoneipey

Table Base

To Stinger I

Figure 2.7: Hlustrative cross-section of the apparatus, including thermal and mechanical connections
to the Stinger cryocooling system. The experiment chamber is connected non-rigidly to the cryostat
from below through a circular hole in the optical table; the cold stage containing the ion trap is thus
cooled to cryogenic temperatures while experiencing minimal vibrations.

3.3 K/W for the cold tip braid and a cumulative 0.4 K/W for the radiation shield braids. In an
attempt to reduce these resistances, we annealed the braids under vacuum at 300 C for 2 hours; the
annealing temperature, and thus likely the performance improvement, was limited by the fact that

the annealing occurred after the braid’s gold coating had been applied.
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Figure 2.8: Measured cooling power at each stage of the cryostat. The thermal load is applied via a
resistive heater directly to the stage under measurement, and the temperature is measured via a
resistance temperature detector (RTD). (a) Cold tip cooling power. Extrapolation is a linear fit to
last 4 measured points. (b) Radiation shield cooling power. Extrapolation is a linear fit to all points.

2.6 In-vacuum system

Much of the in-vacuum design is centered around minimizing the TR incident upon the ion
while still providing necessary electrical connections, minimizing vibrations, maintaining UHV, and
allowing for optical access. In this section, I will describe the various in-vacuum components, and in

the next section I will quantify the thermal effects on the apparatus.

2.6.1 Cryogenic stages

The ion trap sits inside of the gold-coated copper cold stage, which in turn sits inside the
aluminum radiation shield stage, which is housed inside the stainless steel vacuum chamber. The
four mounting posts for each stage are G10 tubes, affixed by metal screws. G10 is a composite
material—made by stacking and epoxying sheets of fiberglass—which has low thermal conductivity
while providing relatively high structural stiffness. To verify the mechanical stability of our mounting

design, we used the normal mode analysis tool in Autodesk Inventor. Ultimately, the final design was

SScrew connections that are cooled to cryogenic temperatures can loosen if the spacer material contracts more
than the screw material during cooldown. All such connections in our apparatus are engineered so that they tighten,
rather than loosen, upon cooling.
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chosen as a tradeoff between maximizing mechanical stability and minimizing thermal conductance
(see Section 2.7.1). It was found, for example, that G10 imparts a lower thermal load for the same
structural stability compared to stainless steel given practical constraints in our apparatus, and
that thin-walled, large-diameter tubes are the optimal post form factor. For our final design, the
lowest frequency modes as found by computational analysis are the pendulum modes (one of which

is pictured in Fig. 2.9d) at 536 Hz.

2.6.2 Wiring

Six high-voltage wires lead from the exterior of the chamber to the ion trap. The high-voltage
vacuum feedthrough pins are made of molybdenum. These are attached in vacuum to stainless steel
pins with a 1-2 um gold coating. Having a conductive outer coating thicker than the characteristic
skin depth of the 27 x67.6 MHz trap frequency allows for low-loss transmission of the RF signal,
while steel is a good thermal insulator. The wires are heat sunk at each cryogenic stage via sapphire
clamp feedthroughs; sapphire is chosen because of its high thermal conductivity and low dielectric
loss tangent, minimizing dissipative heating of the stages. An indium layer is used between the
sapphire and the pins to ensure good thermal contact. Custom, gold-coated spring clamps are used
to interface the wires to the trap chip.

Seventeen additional low-voltage wires also are passed into the cryogenic stages. They are
primarily 34 AWG BeCu wires used for four-wire temperature sensor measurements, with some
additional wires leading to an electron source and a heater on the cold stage. All of the wires use

interconnects on custom alumina PCBs for modularity and heat sinking.

2.6.3 Windows and apertures

Four sets of windows, 1/2" diameter at the cold stage and 1" diameter at the radiation shield
stage, allow for laser access along 4 orthogonal, horizontal ports; a fifth set, located vertically above
the ion (1" and 1.5" diameter, respectively), allows for vertical laser access and imaging. Windows

and apertures are possible leakage channels for TR from the outer, hotter surfaces. We primarily use
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Figure 2.9: In-vacuum design. (a) Partial vacuum assembly. The "lids" of both the cold stage
and radiation shield stage are removed. The buffer gas cannon (not mentioned elsewhere) allows for
the possible introduction of buffer gas for collisional cooling. (b) RAM tiles lining the inner
surface of the cold stage to absorb any leaked TR from high-temperature surfaces. Copper
apertures can be seen jutting into the interior the the cold stage; this design serves to minimize
possible TR leakage through apertures and windows. (c¢) Vacuum assembly with cold stage lid
in place. (d) Modal analysis in Autodesk Inventor. The lowest-frequency (pendulum) mode
is depicted; the color scale indicates displacement in arbitrary units. The system is considered fixed
at the room-temperature stage, which is screwed directly to the optical table.
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BK7 windows on the cold stage, because these are more opaque to TR, in the frequency range relevant
for molecular rovibrational transitions [59]. However, we leave one cold stage (horizontal port)
window as fused silica for possible UV or microwave optical access; on this window, an additional
copper cone is included within the cold stage for maximal TR rejection, as can be seen in Fig. 2.9b.
All radiation shield stage windows and room-temperature viewports are fused silica with a custom
anti-reflection coating.

Our molecular beam requires entrance and exit apertures in each stage (1 mm diameter in
the cold stage), which afford some small but direct line of sight from the ion to room temperature
surfaces. Finally, a gap is left between the sapphire feedthroughs and the main body of the cold
stage to allow for some vacuum conductance between the interior of the stages and the vacuum

pumps; direct line of sight from hotter surfaces to the inside of the cold stage is minimal.

2.7 Thermal load

The balance between the total thermal load on each stage and the respective stage’s cooling
power determines each stage’s operating temperature. The cold stage temperature is a major factor
in determining the TR experienced by the ion, while the radiation shield stage temperature directly
affects the cold stage thermal load in several ways. Sources of heat can be conductive (through
mounting structures or wires), dissipative (via trap RF dissipation), or radiative (from TR) [60]. In
this section, I discuss the contributions from these sources to the thermal load.

Some of these heating mechanisms depend on temperature differentials between stages; thus,
a full differential-equation solver is used to calculate the temperatures of the two stages as part of
one system of equations. When quoting the heat load contribution in the following, I will assume
the calculated operating temperatures, which are 8.6 K at the cold stage and 86.1 K at the radiation

shield stage. In Section 2.7.4 I will address discrepancies between calculated and measured values.
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2.7.1 Conductive heating

When two bodies at different temperatures are physically connected, heat flows from the
hotter to the colder body. The amount of heat flow (%) can be calculated according to the thermal

conductivity integral:

dQconductive A /Th
_— = — K(T)dT 2.15
dt L 3 ( ) Y ( )

where L and A are the length and cross-sectional area of the connection, respectively, and K(T) is the
temperature-dependent thermal conductivity of the connection material. The primary contribution
to the thermal load of both stages is due to the G10 mounting posts. The geometry of the mounting

posts and final calculated thermal loads are shown in Table 2.2.

Table 2.2: Mounting post geometry and calculated contribution to thermal load

OD (mm) | ID (mm) | L (mm) | “e=e (W)
Rad. shield stage 15.5 6.4 12.7 3.64

Cold stage 14.7 8.1 22.2 0.31

A secondary source of conductive heating is wiring. Of this, most comes from the 2 RF
connections and 4 DC connections to the trap, consisting of 0.71 mm-diameter stainless steel pins
with a 2 and 1 pgm-thick gold coating, respectively. Each has a 73 mm length from room temperature
to the radiation shield stage sapphire feedthrough (i.e., heat sink), and another 19 mm to the cold
stage sapphire feedthrough. In total, they contribute 160 mW to the radiation shield stage thermal
load and 110 mW to the cold stage. The contribution from the smaller DC wires is < 10 mW at

each stage.

2.7.2 Dissipative heating

We send about 4 watts into the trap chip during normal operation and measure a loaded

resonator Q of 120, meaning that there is about 41/120 = 44 watts of RF power delivered to the trap
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chip. Any resistance within the trap chip electrodes or capacitive coupling to lossy components will
lead to ohmic heat dissipation. An RF simulation was performed including geometric capacitances
and inductances at all feedthrough stages and losses commensurate with the observed Q values of
the loaded and unloaded resonator. From the simulation, it was found that ~700 mW of heat are
dissipated somewhere within the vacuum apparatus, much of this likely due to capacitive coupling to
lossy components. We conservatively assign 2/3 4 1/3 of this loss to the cold stage and the remainder

to the radiation shield stage.

2.7.3 Radiative heating

Every surface emits and absorbs photons according to its temperature and emissivity. When a
colder surface (at temperature T.) has line-of-sight to a warmer surface (at Tj), the total heat flow

from the warmer to the colder surface will be:

dQradiative €n€c 4 4
————— =o0gpd,———m (T}, — T, 2.16
dt Osb C€h+€c*€h€c( h c)v ( )

where og, is the Stefann-Boltzmann constant, A, is the area of the colder surface, and €, (e.) are
the surface emissivities. The 7% dependence of Eq. 2.16 underscores the importance of using a cold
radiation shield. Reducing the emissivities of the relevant surfaces (i.e., making them shiny) is also
very helpful. Besides the radiative heat load from the radiation shield stage, another contribution to
the cold stage radiative thermal load is residual radiative heating from room temperature that makes
it through windows and apertures in the radiation shield stage; however, conservatively estimating
10% TR power transmission through the radiation shield stage windows, this contribution turns out
to be < 10 mW.The total calculated radiative thermal load on each stage is indicated in Table 2.3.

Note the large uncertainty in this calculation, which primarily stems from the emissivities
being roughly estimated from literature values. To make matters worse, the effective emissivities
depend not only on the metal surfaces, but also other exposed surfaces such as windows, mounting

posts, feedthroughs, etc. We do our best to use conservative, but reasonable, values for the effective
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Table 2.3: Calculated radiative thermal load based on stage geometries, emissivities, and tempera-
tures.

Am?) | & | e | Th (K) | To (K) | Cradintive (W)
Rad. shield stage | 0.080 | 0.1 | 0.3 | 295 86.1 2.76 (1.10)
Cold stage 0.031 [ 03]0.1| 86.1 8.6 0.01(1)

emissivities.

In addition to being a leading contributor to thermal load, radiative processes are also the
source of photons that drive undesired stimulated rotational state changes in the molecule. If the
cold stage were perfectly isolated from the external environment, the photon density experienced by
the trapped ion would simply be determined by the temperature of the cold stage. However, TR can
leak to the ion from the outer stages through windows and apertures. If the inner surface of the
cold stage is highly reflective, the leaked radiation could undergo many reflections before possibly
interacting with the molecule; in the worst case, the photon density at the ion could equilibrate to
that of the leaked radiation.

In order to dampen the internal reflection, we added radar-absorbing material (RAM) to the
inner surface of the cold stage as shown in Fig. 2.9b. The RAM is polypropylene based, injected
with metal particulates to maximize dissipation, and shaped into pyramids of ~1 mm height. It
boasts near-unity absorption at frequencies 2100 GHz [61]. We also cover the cold stage sapphire
feedthroughs—which are semi-transparent to mm-wave frequencies—with RAM wings, visible in
Fig. 2.9c.

Following discussion in Ref. [62], we estimate that the effective temperature Teg(r) at the ion
is an average of aperture areas and RAM tile coverage area, weighted by the respective temperatures.
In particular, summed over each aperture (ap):

 2ap Lap Ay (v) + Teola Aram

Tog(v) ~ : 2.17
H<V> ZapAg,p(V)"i_ARAM ( )
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where for a given aperture, T}, is the temperature of the incident BBR and Agp is the effective
area—the physical area scaled by transmission of incident BBR, which will be frequency-dependent
for a window or for a clear aperture with diameter comparable to the radiation wavelength. T.qq is
the temperature of the cold stage and Agawm is the total area of RAM tiles within the cold stage.
Equation 2.17 is an idealization. For example, it does not account for the fact that radiation
leaking through an aperture with direct line of sight to the ion will have a greater impact on effective
ion temperature than one with line of sight only to RAM tiles. Nevertheless, it can guide our design
decisions (e.g., make Aganm > > A}, suggests a frequency dependence in Tuq, and can be used to
place reasonable bounds on the expected final Teg(v). For our final construction, Agan =~ 24.7 cm?
and ) A;p <1.7 cm?; given the calculated stage temperatures, I estimate Tog < 20 K, with some
inverse dependence on v due to the absorption spectrum of BK7 [59]. For a discussion of observed

ion effective temperature, see Section 4.2.3.

2.7.4 System thermal performance: calculated and observed

In Table 2.4, I summarize the calculated thermal load contribution from each component at
each stage. Thermal load on the radiation shield stage is dominated by mounting posts and BBR,
while on the cold stage it is dominated by mounting posts and trap RF dissipation.

Table 2.4: Calculated thermal load at each cryogenic stage. The largest uncertainty contributions

come from imperfect characterization of trap RF dissipation location and the average emissivities of
the stages.

Cold stage thermal load (W) | Rad. shield stage thermal load (W)
Mounting posts (conductive) 0.34(5) 3.56(8)
Wiring (conductive) 0.12(1) 0.16(1)
BBR (radiative) 0.01(1) 2.76(1.10)
Trap RF (dissipative) 0.47(23) 0.23(23)
Total 0.94(31) 6.71(1.28)

Considering the thermal load contributions, cooling power curves, and copper braid conduc-
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tivities, I performed a numerical calculation of the expected steady-state temperatures at various
positions within the system. We also experimentally measure many of these values using diode or
RTD temperature sensors. The results are compared in Table 2.5.

Table 2.5: Temperatures at each cryogenic stage. Uncertainties in calculated values correspond
to uncertainties in thermal load as indicated in Table 2.4. Uncertainties in the measured values

indicate the range over which a sensor may read over weeks of operation; fluctuations are likely due
to changes of helium flow rate in the Stinger system.

Calculated operating |RF off] temp (K)

Measured operating [RF off]| temp (K)

Cold stage 8.6(2.0) [6.1(4)] 16.0(6) [11.5(5)]

Cold tip 5.4(1.0) [4.0(0)] 11.4(5) [7.3(4)]
Radiation shicld stage 86.1(8.4) [84.0(10.9)] 189(6) [186(6)]
Radiation shield 83.6(7.8) [81.6(10.4)] NO SENSOR

Examining Table 2.5, it is clear that the measured temperatures do not align with the calculated
temperatures. The cause of this discrepancy is not verified; however, there are several pieces of
evidence suggesting there is a failed thermal connection involving the radiation shield braids, perhaps
occurring during transport (see discussion in Section 4.4.) Unfortunately, we have no sensor on the
radiation shield to verify. If the thermal gradient across the radiation shield braids in calculation
is tuned such that the calculated and measured radiation shield stage temperatures match, the
subsequently calculated cold stage and cold tip temperatures agree within error bars with measured
values. The thermal loads calculated after this update are displayed in Table 2.6. Note that the
thermal load on the cold stage is ~2x larger due to the increased radiation shield stage temperature,
explaining the higher-than-expected measured temperature of 16 K under operating conditions.
We can also use the observed temperatures to put an updated bound on the expected effective
temperature: Teg < 30 K.

Prospective system upgrades may address the thermal connection issue and lower the cold stage
temperature. However, all experiments presented in this thesis are performed with the measured

operating temperatures indicated in Table 2.5.
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Table 2.6: Thermal loads back-calculated from observed temperatures. Specifically, the radiation
shield braid conductance has been modified in order for the calculated and measured radiation
shield stage temperatures to match. We suspect the conductance of this connection is lower than
anticipated due to a compromised mechanical connection.

Cold stage thermal load (W)

Rad. shield stage thermal load (W)

Mounting posts (conductive) 1.06 2.12
Wiring (conductive) 0.18 0.09
BBR (radiative) 0.19 2.31

Trap RF (dissipative) 0.47 0.23
Total 1.90 4.75



Chapter 3

Ion operations

Our apparatus is designed to utilize *°Ca™ as the auxiliary ion for QLS operations. One
primary benefit of Ca™ is that it is technically simple to manipulate. The four lasers needed to
address all transitions necessary for ground-state cooling and quantum-logic operations are all
diode-based, in the visible or near-IR, and fiber compatible. Another consideration is that the
auxiliary and molecular ions need to be of comparable charge-to-mass ratios « in order for both ions
to have comparable participation in their shared motional modes to allow for efficient sympathetic
cooling and quantum-logic operations. “°Ca’ lies within an appropriate mass range to operate
comfortably with molecules with masses ranging from approximately 15-100 atomic mass units.!

The first molecule we have investigated is CaH ", which has served as a practical starting point.
While this molecule is not especially remarkable with regards to, e.g., possible precision measurement
applications, it is a convenient benchmark so as to compare to the work of Refs. [44, 46, 47]. CaH™"
has a relatively simple level structure because it is diatomic, has a nuclear spin of 1/2, and has zero
electronic angular momentum and spin in its electronic ground state; it is also simple to form via
reaction with Hy from an already-trapped Ca™ ion. We primarily manipulate the molecule’s internal
state with a pair of Raman beams, far-detuned from any internal transition.

In this chapter, I will discuss basic ion manipulations—including loading, cooling, and QLS
operations—with a Ca™-CaH™ ion crystal. More technical details on the optical systems are provided

in Appendix C.

!Other molecular experiments intent on studying molecules as light as Ha™ [43] or as heavy as RaOCH3" [63]
operate with alternative auxiliary ions of a more suitable a.
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3.1 Ion state manipulation via electromagnetic fields

The ions in our experiments have two sorts of degrees of freedom: internal and external.
Internal degrees of freedom can involve a valence electron occupying different orbitals, vibration or
rotation due to relative (lab-frame) motion of a molecule’s constituent atoms, or smaller effects such
as the orientation of electron or nuclear spin. External degrees of freedom describe the motion of the
entire ion’s center of mass, due either to secular motion or micromotion as described in Section 2.3.1.
Coherent oscillating electromagnetic fields, typically in the form of laser light, allow for coherent

control of these states. Discussion in this section will follow treatment from Refs. [51, 53, 64].

3.1.1 Internal degrees of freedom

An electromagnetic field oscillating at a frequency near that of a transition in a particle can
induce population transfer between two states. Suppose the two states |g) and |e) have energy
difference hwg and the system has a non-zero dipole moment vector g, which may be either permanent
(in the molecule’s reference frame) or induced by the coupling field. For a coupling electric field
E(x,t) = Eo[ei(E'f_‘”t) + c.c.] at position # and time ¢ (where the wave vector k is in the direction k
of laser propagation, |E| =k= 27“, and A is the wavelength of the field), the interaction Hamiltonian

will take the form:

Hp = —p - E(z,t). (3.1)

In general, I will parametrize transition strengths by their Rabi frequency 2; when the field is
on resonance with the transition (w = wy), population will completely transfer from one state to the
other at time §. The Rabi frequency for a transition that only changes internal degrees of freedom
will be denoted €. For a dipole transition between |g) and |e):

Eg - e
QO(D),g<—>e = 0 <g“1,’ > (32)
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Not all of the transitions discussed in this thesis have a non-zero dipole moment vector. If

instead the quadrupole moment is the leading-order interaction, the interaction Hamiltonian is given

by:

1 oL;
Hg = 6 Z Qijai%a (3.3)
27‘7

where @);; are the electric quadrupole moment tensor components. The additional gradient term

leads to a relative decrease in Rabi frequency by a factor on the order of agk [51], where ag is the

Bohr radius; that is, Qg(g) ~ aokQyp) = :%g L for wavelengths relevant to this thesis and assuming

comparable electric field strengths.

Finally, most molecular transitions addressed in this work will be two-photon stimulated
Raman transitions. Here, |g) and [e) are coupled via two light fields (with frequencies w(2)) through
any short-lived excited state |r) that is (off-resonantly) dipole-coupled to both. The frequency

difference wy — wy is tuned to match the frequency difference between |g) and |e). In this case, the

29 T’Q e—=r
resulting Rabi frequency will be Qg = Z O(D)’QHA 0(D) et

one of the coupling fields from |r) and the sum is over all states |r) with the required couplings. The

, where A, is the detuning of

Raman transitions addressed in this work will be far-detuned, with A, ~ 100 THz >> Qq(p), and
thus will have considerably lower Rabi frequencies than a directly-driven dipole transition assuming
comparable electric field strengths. In practice, this means the intensity of the laser beams driving

Raman transitions will typically be much higher than other lasers in the system.

3.1.2 External degrees of freedom

A laser field can coherently add or remove motional quanta from an atom or molecule because
the particle’s finite wavefunction extent samples a gradient across the wavelength of the field. The

strength of this interaction is parametrized by the Lamb-Dicke parameter n:

- / h _—
Thmot = k- lmot 27 =k - Umot a0, (34)
MWmot
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where mot indexes the addressed motional mode, iyt is the unit vector along the direction of the
mode, m is the ion mass, wnet is the mode’s frequency, and ag is the extend of the ground-state
wavefunction. For the wavelengths, motional modes, and ion masses considered here, 1yot will range
from 0.05 to 0.1; we thus consider ourselves to be in the Lamb-Dicke regime, where nv/n + 1 < 1. In
this regime, the Rabi frequency €2,,¢;,41 of a transition that adds one quantum (along with changing

the internal state) is given by:

Qn<—>n+1 ~ Q077 VN + 1a (35)

where )y is the Rabi frequency of the same transition with no motional state change. Transitions
that do not change the motional state are called carriers, transitions that are wy,ot lower in frequency
than the carrier are red sidebands (RSBs), and those wmet higher are blue sidebands (BSBs). From
Eq. 3.5, sideband transitions are slower by a factor of ~ 1 compared to carriers.? Another notable
feature is that the sideband Rabi frequency depends upon the motional state of the atom or molecule.

Micromotion sidebands, for which the sideband frequency wyinv = Qrr, can be driven by a

lth

similar process [54, 65]. In this case, the Rabi frequency of the of the micromotion sideband is

given by:

W = QJi(B), (3.6)

where [ is the micromotion modulation index, which scales with the RF electric field amplitude
projection on k at the ion position, and Jj is the [*"-order Bessel function. In experiments described
in this thesis, we will be primarily interested in minimizing the observed J;(3) as a function of

applied, compensating DC fields in order to minimize micromotion of the trapped ions.

[An]

*Higher-order sidebands (An > 1) can also be driven but will be slower by a factor of ~ /2", Because of this

prohibitive slowdown, we typically operate with |An| < 1.
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3.2 Ca' operations

The internal level structure of 9°Ca™ relevant for the operations in this experiment is shown in
Fig. 3.1. The ion has a single valence electron and nuclear spin 0. We apply a magnetic quantization

field of 0.40 mT to split each atomic state into Zeeman sublevels separated by O(MHz).

4%P3))

34 MHz

397 nm Repumping TSl —
) 32D
Doppler cooling, 3/2
state prep, 393 nm State prep (397 o-)
i 729 nm
detection e e 732 nm G5C, LS
— - (7297)
425'1/2 A 4 == .

m=-5/2 -3/2 -1/2 +1/2 +3/2 +5/2

Figure 3.1: The relevant energy levels of Ca™’ accessed in our experiment. Solid lines represent laser
fields we apply to the ion, while dashed lines indicate transitions accessed as possible decay channels.
In a 0.40 mT magnetic field, the energy levels are separated into Zeeman sublevels with splittings
of O(MHz), which are shown for select levels in the right portion of the figure. State preparation
pumps population into the |S /5, m = —1/2) state with high probability, while ground-state cooling
and coherent quantum-logic operations are performed on the [S; 9, m = —1/2) <+ | D55, m = —5/2)
transition.

The Sy/5 «» Py transition (397 nm) is a dipole transition with an excited state lifetime
of just 8 ns [56], making it an ideal fast cycling transition for Doppler cooling and fluorescence
detection. Meanwhile, the S} /5 <> D5y transition (729 nm) is a narrow quadrupole transition with
an excited state lifetime of 1 s [66]. It is primarily used to drive coherent, motional sideband-resolving
transitions for ground-state cooling and quantum-logic operations. The long-lived D levels—which
may be populated either purposefully via 729 nm operation or accidentally via a low-probability
decay channel from the P levels—are depopulated (repumped) via dipole transitions (854 and 866
nm) to the P levels, from which decay back to the ground S/, state occurs quickly with high

probability. All of the laser systems used to address Ca™ are frequency-locked to a spherical cavity.
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The cavity axis to which the 729 nm laser is locked has a measured finesse of 3.2 x 10° [55].

All of the aforementioned laser light is sent through double-passed acousto-optic modulators
(AOMs) for fast power and frequency control; we obtain ~160 MHz frequency modulation range for
each Ca™ beam. After the AOMs, light is primarily sent to the ion though two paths: the 7 port,
which propagates perpendicular to the quantization B field, and the o port, propagating parallel
to the B field. The direction and polarization of the beams affect which transitions can be driven
and how strongly. A summary of all of the optical paths and associated applications is found in
Table 3.1, and detailed diagrams are provided in Appendix C.

Another important aspect of the optical setup is the imaging system, which collects photons
emitted from Ca™’ through a re-entrant viewport above the trap, achieving a numerical aperture
(NA) of approximately 0.4. A motorized flip mirror either allows the light to pass to a single photon
detector (quoted quantum efficiency 65% at 397 nm) or reflects it to a camera, which allows us to
differentiate ion number up to a few ions and distinguish ion order when a dark ion is present. A

vertical 729 nm beam can be sent to the ion through the imaging optics for micromotion minimization.

3.2.1 Loading

Ca™ is loaded in our trap via ablation. A 90-10 Al-Ca alloy is used as the ablation target; it
is installed within the endcap, recessed by 1.2 mm from the endcap face and 7.0 mm away from
the trap center. A Q-switched microchip 1030 nm laser (pulse duration 500 ps, repetition rate 9
kHz, pulse energy 40 uJ) is used as the ablation laser. Ablation light is sent through an AOM to
control the power and beam pointing in one dimension before being focused onto the ablation target.
For typical loading conditions, pulse energies after the AOM are ~10 pJ; the laser is focused by an
f = 150 mm lens to a spot size of ~ 35 pm diameter. The ablation laser is turned on to the target
for ~10 ms intervals while high-intensity, 400 MHz red-detuned, 397 nm cooling light is applied to

the trapping region. An RF drive is applied to the compy electrode at the frequency of a radial

3 and 1 denote direction of linear polarization; note that 1 has no projection along the quantization axis. O
denotes circular polarization with ¢~ orientation.
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Table 3.1: Laser systems summary

wavelength typ. power (mW)/ L.
uses port(s)[polarization?]

transition beam waist (um)

Doppler cooling
397 nm =], o]0,
detection 0.01/15 =], o10]
Si/2 = Pija vert. (fluorescence detection)
state preparation

ground-state cooling

729 nm (1]
quantum-logic operation 10/25
S1/2 < Ds o o[t], vert.[—] (MM drive)
micromotion drive
866 nm )
repumping 0.03/30 7[1]
D35 — Pyjo
854 nm
repumping 0.03/30 7[1]
D55 — P39
pumping
1064 nm
spectroscopy 200/15 m[=], o[O]

mol. sublevels
preparation /detection

secular motional mode for a single-Al™ ion to suppress loading of unwanted Al™. A standard ion
detection sequence (see Section 3.2.2) is then applied to check for the presence of an ion. If no
ion is detected, the process repeats with ~1 Hz duty cycle. If the loading process is repeatedly
unsuccessful, the beam pointing is rastered to hit other spots on the target and the beam power is
incrementally increased. A Ca™ ion is typically loaded within 1-3 minutes. Photoionization light is
not normally used.

Ablation loading in this system has come with some problems. Undesired loading of Al" ions,
while manageable, has prompted us to attempt using other types of ablation targets. A pure Ca
target was installed, but was exposed to air for too long and thus oxidized without being tested. A
CaTiOgz target was successfully used for several months, after which time a (presumed Ti) short

formed on the trap wafer, prompting us to return to the Al-Ca target. An additional problem is that
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ablation loading in a cryogenic environment for months at a time caused a persistently increasing
stray field. The stray field was reduced by going to room temperature for several days, and the effect
has been mitigated by loading at the geometrical axial center of the trap rather than the (axially
offset) axial micromotion minimum, attributed in part to the lower ablation powers required to load

at this location.

3.2.2 Doppler cooling and detection

The first step to cooling a hot ion is Doppler cooling, in which many red-detuned 397 nm
photons are repeatedly absorbed and then re-emitted on resonance by the ion (repump lasers are
also applied during this sequence). Because (on average) the emitted photons are of higher energy
than the absorbed photons, the ion loses energy during this process until it reaches an equilibrium
Doppler limit temperature set by the recoil energy of the emission. We use the 397 nm = light,
which has sufficient projection (/2: - Umot) on all motional normal modes for simultaneous cooling.
The theoretical Doppler limit temperature—determined by the photon energy, mode frequency, and
beam geometry—is 1 < 10 for all of our motional modes.

The first stage of our Doppler cooling sequence is precooling, in which the 397 nm light is
detuned red of the first micromotion sideband; we typically operate with a precooling duration of
500 wps. In the second stage, we Doppler cool with the 397 nm light detuned to where the slope of
the absorption spectrum is maximized—in our case, 17 MHz red of resonance. Pulse parameters
(powers, frequencies, and durations) are optimized experimentally; we approach the Doppler limit
after 200 s of near-detuned cooling.

For detection, the 397 nm light is tuned onto resonance to maximize the total number of
photons scattered; 866 nm repump light is used as well. Again, parameters are tuned experimentally
for optimal performance. The purpose of detection is to most efficiently differentiate the ion
fluorescing on S/, <> P /5 vs not fluorescing (e.g., because it occupies Ds /2). With this in mind,
we set the 397 nm power slightly below saturation to minimize background scattering of 397 nm

light to the single photon detector. We register 16 counts from the ion compared to 0.4 background
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counts in a 100 us detection window.

3.2.3 Ground-state cooling and coherent operations

The Sy /3 <> D5/o quadrupole transition, unlike the Sy /5 <> Py /5 transition used for Doppler
cooling and fluorescence detection, is narrow enough to resolve both motional sidebands and Zeeman
sublevels. We address the [S;/9,m = —1/2) <> [D5/5,m = —5/2) transition with the vertically-
polarized 729 nm 7 beam for both ground-state cooling and coherent operations. In this orientation,
|Am/| # 2 transitions are forbidden; see, e.g., Ref. [67] for more details on other possible orientations.

We use continuous sideband (CSB) cooling [68] to bring certain motional modes from the

Doppler limit temperature to the ground state. Conceptually, this requires the following steps:

(1) State Preparation: We prepare the state in |55, m = —1/2) using the 397 nm o~-
polarized beam. Since this polarization can only excite population out of [S; o, m = +1/2),
but the excited state can decay to either Sy, sublevel, the ion is asymptotically prepared in

S1/2,m = —1/2) after just 2 us. The situation is illustrated in the right panel of Fig. 3.1.

(2) Resolved Sideband Drive: The 729 nm 7 beam drives the |S) /o, m = —1/2,n = n;) —

|Ds5/2,m = —=5/2,n = n; — 1) RSB, reducing the motional excitation by one quantum.

(3) Repumping: 854 nm light removes population from the naturally long-lived Dj/y state.

For CSB cooling, all of these actions are performed simultaneously. Performance is particularly
sensitive to repump power, which is tuned experimentally.

To quantify the efficacy of cooling, we can compare the population transfer [S /5, m = —1/2,n =
| D59, m = —5/2,n = n; + 1), using a BSB or RSB pulse to add or remove a quantum of motion.
For an ion cooled near the ground state the RSB will exhibit lower population transfer because
population already in the ground state has no lower motional state to occupy, and thus the transition
is forbidden. If the motional population is assumed to be thermally distributed, the ground-state

population fraction Py is simply [69]:
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P,
Py=1--258~1-p, (3.7)
Ppsp

where Prgp(pgp) is the population transferred after an RSB(BSB) pulse. For example, after CSB
cooling our axial OOP mode (at 4.4 MHz, see Section 3.3.2) for 700 ps, we observe a final Py ~ 0.90
(n ~ 0.10). The sideband contrast, BSB coherence, and cooling/heating rates of this mode are shown
in Fig. 3.2.

The 729 nm 7 beam is used to perform coherent operations on the Sy /5 > Ds/5 transition.
Coherent operations do not necessarily require cooling to the ground state; however, high-fidelity

operations that change the ion’s motion do require ground-state cooling because of the n-dependence

of Eq. 3.5.

3.2.4 Micromotion minimization

To measure micromotion in 3 dimensions, we use our 729 nm 7, o, and vertical beams. We
compare the m-time at a particular power level on a carrier transition to one of the first micromotion
sidebands. For the m and vertical beams we address the [S /o, m = —1/2) <+ | D5 /5, m = —5/2) transi-
tion; for the o beam condition this transition is forbidden, and we instead use the [S; 5, m = —1/2) <
| D5 /2, m = —3/2) transition. In either case, the stray RF electric field at the ion in the direction of

probe laser’s wave vector can be calculated as:

e

-k
ak

=,

E-

(3.8)

Using Eq. 3.6 and the fact that Jy(z) ~ £ near z = 0, 8 is found experimentally from the ratio of the

3
micromotion sideband Rabi frequency compared to that of the carrier as § ~ 28—3. If the laser fields
at the carrier and sideband are not equal in amplitude, the calculation must be scaled accordingly.

Radial micromotion, attributed primarily to stray charge, is minimized by biasing compz and

compy . Residual axial micromotion, attributed to imperfections in trap geometry, is minimized by

moving the ion axially via the relative endcap voltages. The minumum axial micromotion is found
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Figure 3.2: Cooling and heating of the axial OOP motional mode. For all experiments

the ion is prepared in [S)/y,m = —1/2), and then a sideband pulse attempts to drive the
|S1/2,m = —=1/2,n =n;) = |D5/9,m = —=5/2,n = n; £ 1) transition. (a) Frequency scans across
the RSB and BSB. The strong asymmetry after ground-state cooling is characteristic of Py = 1.
All scans are done at a 110 us pulse duration. (b) Time scans on the BSB. When the ion
is Doppler cooled and thus distributed over many n, it does not flop coherently because of the
n-dependence of the Rabi frequency. (c) RSB drive after a cooling pulse of variable length.
During experiments, we typically apply CSB cooling for 700 us before experimental operations.
(d) Heating rate measurement. The data is taken by ground-state cooling, waiting a variable
delay (the "heating time") without applying any light, and then measuring either the RSB or BSB
contrast. We can then take the ratio over many trials to estimate n according to Eq. 3.7. The linear
fit indicates a base temperature of 0.08 quanta and a heating rate of 3.1 quanta/second for this
mode.

at a location displaced 180 pm axially from the trap center. For final compensation, we minimize
Qp (vertical) with compy and € (7) with compy, ideally pushing residual micromotion into the
o axis. Under typical experimental conditions, the measured RF electric field at the compensated

position is approximately F; = 310 V/m, Eyert. = 130 V/m, and E, = 190 V/m; this corresponds
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to J1(B) < 0.05 in each direction. The primary effect of this residual micromotion is a systematic

shift in the molecular sublevel splittings; the observed fields lead to shifts of O(100 Hz) [46].

3.3 CaH' operations

3.3.1 Loading

To load a Ca"-CaH " crystal, we begin by loading 2 Ca™ via ablation as detailed in Section 3.2.1.
Loading of a second Ca™ ion is similar to loading of the first, though marginally lower ablation
pulse energies and durations are required due to the beneficial sympathetic cooling effect of the
already-trapped ion. Once two Ca™ ions are loaded, we aim for CaH™ formation via the reaction
Ca®(42P, s2) + Ha — CaH™" + H; note that this reaction is only energetically allowed for Ca ™ initially
in the excited P/, state. To introduce Hy in our system immediately after cooling to cryogenic
temperatures, we send in a few dozen pulses of Hy via the molecular beam, some of which becomes
cryo-adsorbed onto the cold-stage components near the trap. Subsequently, when attempting to load
CaH™, we simply elevate the system temperature slightly (16 K — 19 K as read by a sensor near
the trap). Because our system temperature sits near the Ho adsorption/desorption threshold, this
small temperature increase leads to a large, fast outgassing effect (we observe a pressure increase
to 1077 Pa at the room temperature stage, though the pressure at the ions is likely higher). We
also run the 397 nm 7 beam above saturation of the Sy, — P/, transition at high duty cycle to
maximize the time spent in the P; /o state. Formation of CaH™ is identified by observing a decrease
in fluorescence counts, since these scale with the number of Ca™ ions in the trap. With this process,
we typically form CaH' within 1-3 minutes, at which point we immediately lower the 397 nm power
and reduce the system temperature to prevent a second reaction from occurring.

In general, we plan to introduce molecules to our trap volume for loading purposes via the
molecular beam; introducing gas via temperature elevation only makes sense in this special case. If

we were to achieve a lower base temperature, loading CaH ™" from a beam of Hy may well be desirable.
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3.3.2 Motional mode structure

With a Ca™-CaH™ ion crystal, we typically operate with the motional mode structure shown

in Table 3.2.

Table 3.2: Ca’™-CaH'T motional normal modes

Mode geometry | Frequency (MHz) /27
axial 1P 2.6
axial OOP 44
radial TP 3.8, 4.0
radial OOP 2.8, 3.1

We use the axial OOP mode at 4.4 MHz as the quantum-logic mode that serves as an
information bus between the two ions. Using a higher-frequency mode is advantageous because it
has lower heating rates and less off-resonant drive of/from the carrier compared to a lower-frequency
mode.* Additionally, OOP modes (compared to IP modes) are minimally sensitive to heating, since
the relative effect of voltage fluctuations on each ion will be nearly in phase with little variation in
magnitude across the two ions.

Motion in the radial OOP modes induces frequency shifts in the axial OOP mode due to a
nonlinear, parametric coupling effect (explored in [70]; see Fig. 3.3). To mitigate this, we CSB cool
the radial OOP modes to n < 1 and place the mode frequencies as far as feasible from half the
axial OOP mode frequency. We also CSB cool the axial IP mode to minimize possible Debye-Waller

effects. Total CSB cooling time for all 4 of these modes is 3.1 ms.

4Tt would be nice to push the quantum-logic mode to an even higher frequency. Technical constraints include
maintaining frequency separation (2 200 kHz) between all modes, achievable DC voltages (limited by amplifier max
output and risk of breakdown between trap chip electrodes), and minimizing dissipative thermal load from the trap
RF.
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Effect of radial OOP mode temperature on axial OOP mode
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Figure 3.3: Excitation of the |S; /9, m = —1/2,n = 0) <> |D5/5,m = —5/2,n = 1) BSB transition
for the axial OOP mode. Motion in the radial OOP modes leads to a shift in the axial OOP mode
frequency; the frequency offset, loss of contrast, and asymmetric lineshape of the BSB with Doppler
(as opposed to CSB)-cooled radial OOP modes are all characteristic of a thermal temperature
distribution near the Doppler limit. By ground state cooling the radial OOP modes, the axial OOP
mode demonstrates a near-Fourier-limited lineshape with an 800 us probe.

3.3.3 CaH™ internal structure

Following the discussion from Section 2.1, CaH™ has electronic, vibrational, rotational, and
rotational Zeeman level splittings. Its electronic and vibrational structure is investigated in Ref. [71].
We will primarily be interested in its ground electronic and vibronic state, which the molecule will
occupy more than 99% of the time in equilibrium.

CaH" has rotational energy levels at E; = BrJ(J + 1) with J = 0,1,2,... and 2(2J + 1)
multiplicity of sublevels from the projection of rotational angular momentum (j —-myg=—-J,-J+
1...,4J) and nuclear spin (I — m; = £1/2 from the H nucleus) onto the quantization axis. An
applied quantization field (B — |B| = 0.40 mT for experiments presented) separates the sublevels.

The situation is described by the following Hamiltonian:

~ 1 N N N n A
Hyot spin—rot = ﬁ(szRﬂ —gund - B — grunI - B — 2mer I - J), (3.9)

where py is the nuclear magneton, g and gy are the g-factors, and cy; is the spin-rotation coupling
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coefficient (see Table 3.3 for CaH " -specific values). We operate at an intermediate magnetic field for

which the last three terms in Eq. 3.9 all contribute similarly; sublevels are spaced by O(10 kHz).

Table 3.3: Theoretical CaH™ molecular constants for v = 0,.J = 1 [44]

Br ‘ g ‘ cry
142.5 GHz | -1.35 ‘ 8.26 kHz

We define quantum numbers as J, m = my + my,” and € = +, where ¢ differentiates states
with the same J and m but opposite parity of the superposition of product states. A more complete
description of the calculation of eigenstates is provided in the Methods section of Ref. [44].

In Fig. 3.4, the sublevel structure of J = 0,1, and 2 is shown. Transitions between sublevels
are addressed via far-detuned Raman beams. We use two paths of 1064 nm light for this purpose,
though in the far-detuned regime the strength of the drive is not sensitive to the choice of wavelength.
Each path includes an AOM double pass before continuing on to the ion with 7 or ¢~ polarization.
A frequency difference of O(kHz) or O(MHz) is used to drive Raman carrier or sideband transitions,
respectively, between sublevels within a rotational manifold; selection rules stipulate that we can
drive only Am = +1 transitions. We identify a signature manifold consisting of two sublevels
within each rotational manifold with J > 0. We label the manifold as |iy) = |J,—J — 1/2,—) and
liiy) = |J,—J +1/2,—). The signature transition |ij) <> |ii;) has a unique frequency (differing by
21 kHz at 0.40 mT) for each J within the vibronic ground state manifolds, so it can be used for
unambiguous state differentiation. All cooling occurs sympathetically via Ca™, and all read-out is

done via QLS.

3.3.4 Quantum-logic spectroscopy for state readout

Like most molecules, CaH" does not have a closed cycling transition analogous to the

S1/2 <> P13 detection transition in Ca™ because any excited electronic state can decay into many

SWe unfortunately use m to denote both atomic and molecular Zeeman sublevels, following conventions of prior
works. The intended meaning should be clear from context.
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Figure 3.4: Levels structure for J = 0,1, and 2 in CaH™; in thermal equilibrium in a 16 K BBR
environment, the ion’s population fraction in these levels will be > 99%. To concentrate the molecular
population from an unknown distribution across sublevels, a sequence of pumping pulses is applied,
which should move the molecule to |iy). To project and detect the molecule into the signature
manifold (green highlights), successive signature transition probes are applied. Microwave shelving
removes the population from the long-lived J = 0 manifold.

vibrational states, as depicted in Fig. 1.1. We therefore must utilize a different method to detect
the molecular state; for this, we use QLS on the signature transition. The protocol is shown in
Fig. 3.5. In brief, the quantum-logic mode is cooled to the ground state and the atom is prepared in
|Ds5 /9, m = —5/2,n = 0). The Raman beams are then switched on, nominally tuned to a signature
transition’s motion-adding sideband. If the transition is successfully driven, the ion crystal’s motional
state is changed from n = 0 — 1. A subsequent Ca™ BSB pulse maps this change onto the atom’s

electronic state, where it can be efficiently read out with fluorescence detection. Detection in |S)
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Figure 3.5: QLS protocol for driving and detecting a molecular signature transition. State prepa-
ration: The molecule is treated as occupying a signature manifold state (in this illustration iy,
e.g., after pumping), while the atom is prepared in |Ds/9,m = —5/2). The ions are cooled to
their ground state of motion via CSB cooling and projective purification. Molecular transition
drive: Raman beams address the molecule, detuned to the motion-adding sideband of the sig-
nature transition. If successful (probability 42 in this illustration), the drive will change both
the molecular state and the motional state of the ion crystal. QL state mapping: A BSB =«
pulse on the D55, m = —=5/2) [n = 1) — [S}/9,m = —1/2) |n = 0) Ca’ transition, which will only
change the atomic state if n > 0, maps the molecular state to the atomic electronic state. State
detection/projection: Fluorescence detection reveals the result of the molecular drive. A bright
result projects the molecule into the signature manifold with high probability, since the signature
transition is at a unique frequency within the molecular level structure.

indicates a successful signature transition drive and projects the molecule into the interrogated
signature manifold with high probability.
Since the fidelity of the QLS readout relies directly on proper state preparation of | D5 5, m = —5/2) [n = 0),
we introduce additional projective purification steps® [44] to ensure high-fidelity Ca' state prepa-
ration by exploiting the high-fidelity single-shot fluorescence detection distinguishing |S) and |D).

First, we perform CSB cooling on the axial IP, both radial OOP, and finally the quantum-logic mode.

50therwise, our false positive rate would be limited to our temperature after CSB cooling of @i ~ 0.1, as well as our
729 carrier 7 pulse fidelity.
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Next, we drive a 729 carrier 7 pulse on [S} /9, m = —1/2) — |D5/9,m = —5/2). We then attempt a
fluorescence detection; a dark result indicates we have successfully transferred population to the
D55 level. After that, we attempt a (nominally forbidden) BSB (|D5/o,m = —5/2) [n = n;) —
|S1/2,m = —1/2) |n = n; — 1)), which should only transfer population back to S5 if the ion is not
in n; = 0. A final fluorescence detection determines the result. If either of these two detection
attempts yields |S), the entire cooling process is restarted. With this projective purification step,

| D59, m = —5/2) |n = 0) is prepared with 2 99% probability.

3.3.5 Molecular state preparation

To prepare the molecule in a particular sublevel, we perform the following steps:

(1) Pumping to |ij): For a particular rotational manifold, we apply a sequence of Raman drives
to move population from any initial sublevel to |i;). We achieve directionality by first CSB
cooling, then applying motion-adding sidebands (which also drive molecular transitions)
that are followed by a brief (200 us) CSB cooling pulse to reset to the ground motional state
with high probability. Certain transitions with &pnitial 7 &anal couple so weakly as to make
sideband pulses prohibitively weak; in this case, we pump the £ = — manifold to the extreme
state with directional pulses, shelve £ = 4+ — & = — via carrier transitions as necessary, and

finally pump the £ = — manifold again.

J = 0, the longest-lived rotational manifold, presents a special case. It has no allowed
intra-manifold Raman transition and thus cannot be directly detected. We circumvent this
problem by shelving J = 0 — 1 with our 285 GHz source. The pumping scheme for J =0, 1,

and 2 is illustrated in Fig. 3.4.

Each pumping pulse takes ~1 ms and the full pumping sequence takes ~6 ms for J = 1 and
~12 ms for J = 2. Furthermore, if the population is initially in a sublevel that requires
many pumping pulses to move to |i;), it may have pumping efficiency <50% due to imperfect

calibration and population transfer, and thus the pumping sequence may need to be repeated.
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However, once the molecular population is found, a full pumping sequence is typically only
required after a TR interaction causes a rotational transition; this occurs on a timescale of

O(10 seconds) for CaH™ in our system.

(2) Checking the signature transition: If we can drive a signature transition sideband
and detect a state change via QLS, we will have detected and projected the molecule into
that signature manifold. We typically attempt multiple signature transition probes to build
confidence and leave the molecule in the desired sublevel; this procedure is discussed further
in Chapter 4. Normally, we begin an experiment by preparing the molecule in one of the
two signature manifold sublevels. If another initial state is desired, additional pulse(s) can

be used to reach that state.

When attempting to prepare the molecular state from an unknown initial state, we typically
alternate between pumping+checking J =1 — 3 (and shelving out of J = 0) until the state has been
projected into one of the signature manifolds. Since this allows us to track the molecular state >95%
of the time, and pumping rotational levels with J > 3 is more challenging, we are content to let TR

stochastically bring the ion back into J < 3 as necessary.

3.3.6 The signature transition

Driving the signature transition is central to our molecular SPAM operations. To resolve
sublevel splitting differences as small as 1 kHz, we must attempt commensurately narrow signature
transition probes. To maintain maximum contrast on such a probe, we need to stabilize the frequency
of the signature transition drive to within ~100 Hz over the course of an experiment. Since the
signature transition probes are motional sidebands, this requires stabilizing the quantum-logic mode

frequency as well as the rotational Zeeman energy splittings.
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3.3.6.1 Stabilizing the quantum-logic mode frequency

We measure the quantum-logic motional mode frequency by CSB cooling, applying a 2 ms-long
RF tickle (oscillating voltage) drive on an endcap electrode near the mode frequency, and shelving via
|S1/2,m = —1/2) [n = n;) — |D5/5,m = —5/2) [n = n; — 1) before detection; we obtain a lineshape
that is close to Fourier limited. We find that the mode exhibits significant drifts when running
our 729 and/or 1064 nm beams at relatively high power and duty cycle (such as when running a
molecular spectroscopy experiment), likely due to thermal or charging effects. We therefore perform
frequent (~1 per 15 seconds), interleaved feedback during experiments by measuring the relative
excitation on the slope on either side of the desired mode frequency and feeding back on the endcap
voltages accordingly. We estimate that we maintain mode frequency stability of < 50 Hz deviation
over the course of an experiment. We are limited both by the speed of the drift and by the resolution
of the 16-bit DACs that control our endcaps. We find that we can partially saturate the drift effect
(and thus mitigate the subsequent drift speed) by "pre-charging”" the apparatus by leaving our 729
nm vertical beam on at maximum power for approximately 30 seconds before starting experiments

at the beginning of the day or after an extended break.

3.3.6.2 Stabilizing the rotational Zeeman level structure

A number of factors can cause day-to-day, hour-to-hour, or even minute-to-minute shifts of
O(100 Hz) in the rotational Zeeman energy splittings. Roughly in order of slowest to fastest, these
include drifts in magnetic field, light shifts due to changes in Raman beam polarization, micromotion
drift, and light shifts from changes in intensity or beam-pointing. We calibrate each of these factors
at intervals appropriate to the drift rate they cause. During the calibration experiments, the ion
order is swapped so the atomic ion can serve as an in-situ sensor of the parameter being calibrated
at the normal molecular ion position.

We typically calibrate magnetic field and Raman beam polarization once per day. An

illustration of these calibration operations is shown in Fig. 3.6. | B| is found by dividing the measured

"Or perhaps pre-thermalizing
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difference in frequency between the [S) /5, m = —1/2) <> |D5/5,m = —5/2) and [S} )3, m = —1/2)
|D5/2,m = +3/2) transitions by 5Z = 67.18 MHz/mT, where pp is the Bohr magneton. A current
source is adjusted as necessary to set the current flowing through the B-field-generating coils
such that the field is 0.40 mT. Polarization is optimized by using the Raman beams to drive
transitions between Zeeman levels within the D5/ manifold. Maximizing the Rabi frequency of the
|Ds5 9, m = —5/2) < | D5 )5, m = —1/2) transition (with 1064 7 detuned blue of 1064 o) by adjusting
the waveplates setting the 1064 m beam polarization allows us to minimize the o component of the
7 beam, while doing so for the [D5/9,m = —5/2) <> [D5/9,m = —3/2) transition (now with 1064 7
detuned red of 1064 o) by adjusting the waveplates setting the 1064 0~ beam polarization allows us
to minimize the o™ component of the o~ beam. The protocol is illustrated in Fig. 3.6. To minimize
the rate of polarization drifts, each Raman beam passes through a polarizer after coming out of a
polarization-maintaining fiber and has only one reflection from a metallic mirror located before the
waveplates; see Appendix C.

Micromotion is a symptom of RF field at the ion that shifts the levels. We measure and
minimize micromotion in the radial directions between experiment runs, or via an interleaved tracking
experiment called about once per minute during long, sensitive experiment runs.

With our high Raman beam intensities and low sublevel splittings, light shifts can be very
problematic. To mitigate them, we set the relative intensities of the ¢ and m beams at the ion to a
fixed ratio near the "magic" 2:1 ratio which to first order makes the AC Stark shift uniform across
all sublevels within a given rotational manifold (more details are discussed in the Methods of [44]).
Operating at the magic ratio is important so that turning on and off the beams does not affect the
eigenstates of the system and the observed transition frequencies do not depend on beam intensity.
Still, the intensity of each beam at the ion position must be actively calibrated during the experiment,
typically once every 15-30 seconds, or else drifts in beam pointing or ion position will cause shifts in
transition frequencies. With our Raman beams focused to a waist of ~15 pum, we are sensitive to
< 1 pm drifts. To perform the required calibration, we swap the ion order, measure the Stark shift

imparted separately by each Raman beam on the Ca’ S} /2 ¢ D55 transition, and feedback to the
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Figure 3.6: An illustration of calibration procedures performed daily for B field and Raman beam
polarizations. B-field is determined by the difference in frequency between the [S) 5, m = —1/2) <
| D59, m = —5/2) and [S} jo,m = —1/2) <+ | D5/, m = +3/2) transitions. Polarization is optimized
for each Raman beam by minimizing the observed Rabi frequency on a transition that requires
(unwanted) o™ polarization of the beam to be optimized; the beam with unwanted polarization is
shown as transparent in the figure.

beam power servo setpoint as needed. Operations that require different Rabi frequencies than would
be achieved at the calibration intensities use a uniform scaling factor applied to both Raman beam
intensities to maintain the magic intensity ratio.

Our ions are spaced by ~ 3 um, so a change in ion order (attributed to collision with background
gas) can lead to significant transition frequency shifts. Ion order is checked approximately once every
250-500 ms by checking the Stark shift on Ca™ in much the same fashion as intensity stabilization.
When the Raman beams are well-aligned to the molecule (in the desired ion order), the Stark shift
imparted by the 1064 nm ¢ beam differs by ~10 kHz depending on the actual ion order, allowing for

efficient discrimination with a ~ 100 ps 729 nm carrier pulse.
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3.3.6.3 Signature transition contrast

With all of these calibrations and servos deployed, we can measure the signature transition
frequencies in various J’s by preparing in one or the other signature manifold sublevel, attempting a
single motion-adding signature transition sideband, and reading the result via QLS. Some results
are shown in Fig. 3.7. We typically measure 85 — 90% contrast for J = 1 and 2. The factors limiting
contrast are not well-characterized but likely include residual drifts in the signature transition
frequency, imperfect population transfer fidelity during quantum-logic readout, and other technical
constraints. If only a single probe is used for preparation and/or measurement, SPAM fidelity will

be limited to the contrast of a single signature transition probe.
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Figure 3.7: Typical frequency scans of the signature transitions for J = 1 — 3 for both
lij) [n =0) — |iiy) |n =1) and |iij) |n =0) — [is)|n =1). The molecule is prepared with high
confidence using multiple signature transition probes, then the signature transition is driven and
detected via QLS as illustrated in Fig. 3.5. The relative Raman detuning is the difference fre-
quency between the two Raman beams (w, — w;). The discrepancy from the Rabi lineshape fit
near -8.8 kHz in the |ij) [n = 0) — [if}) [n = 1) scan is due to off-resonant two-step excitation to
|J=1,m=+1/2,£ =—)|n=2).



Chapter 4

High-fidelity quantum-state control of CaH™

Quantum control of molecules is a burgeoning field with applications including precision
measurement [16-19|, quantum information processing (QIP) [20-23|, and fundamental chemistry
studies |26, 28]. Techniques for achieving such control include direct laser cooling of molecules [33-36]
and formation of molecules in a desired quantum state through association of ultracold atoms [37-39].
The fidelity of molecular state control is approaching a regime relevant for QIP applications [20, 72,
73], with demonstrated single-state preparation, manipulation, and measurement fidelities exceeding
90% [20, 21, 74, 75|, and those for a manifold of states above 99% [42, 76, 77|. Expanding high-fidelity
quantum control capabilities to a wider variety of molecular species such as molecular ions will
unlock molecules’ full utility across quantum science applications.

We can consider, for example, a quantum networking application using a molecular ion as a fre-
quency transducer [32] between an atomic ion qubit (for high-fidelity gates) and a telecommunications-
band (telecom) photonic qubit, which is well suited for long-distance information transfer in optical
fiber. The atom’s state information could be mapped to the molecule via quantum logic; the appropri-
ate vibrational transition at a telecom wavelength could then be addressed. If the molecule is within
an appropriate cavity, it will emit into the desired mode with high probability for collection [78§].
Besides quantum networking, a number of proposals and experiments leverage molecular rotational
states as qubits [20, 21, 73, 79], since they can be long-lived and (for polar molecules) possess strong
electric dipole interactions between molecules. Precision measurement applications, particularly

those attempting to measure weak or uncertain signals, can also benefit from high-fidelity operations.
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Thus, demonstrating high-fidelity state preparation and measurement (SPAM) would validate the
practicality of molecules in a variety of applications.

In the experiments described in this chapter, we use QLS to control a CaH™ ion in a cryogenic
environment and achieve high SPAM fidelity. We observe rotational state lifetimes of 18 £2(10+1) s
for states with J = 1(2), reducing the dominant error mechanism in our system by an order of
magnitude over a comparable room-temperature apparatus [44, 47]. Operating in a cryogenic
environment dramatically reduces the size of the thermally populated molecular state space, with
population found in J € {1,2,3} 97% of the time. By adaptively probing the molecule multiple
times, detecting the outcome of each probe via a QLS detection protocol, and using a Bayesian
probability inference scheme to quantify our confidence in the populated molecular state [80, 81],
we demonstrate SPAM in a single quantum state with < 6 x 1073 infidelity. Our protocol does not
require any molecule-specific lasers and our detection scheme is non-destructive. To my knowledge,
this result represents the highest such SPAM fidelity of a molecule demonstrated to date and further

establishes molecules as a viable QIP platform.

4.1 Experiment protocol

In our experiment, a single signature transition sideband probe has ~ 85% population transfer
efficiency. To achieve = 85% detection fidelity, we attempt multiple signature transition probes.
Based on the binary result R € {S, D} (detection of Ca' in [S} /) or [Ds/5) after the QLS sequence),
the confidence P(in) that the molecules lies within the probed signature manifold is updated according
to Bayes’ rule [80]. Specifically, given an initial probability P(in) that the molecule occupies the

signature manifold and an outcome R of a QLS sequence, the confidence is updated according to:

P(R|in)P(in)

P(in|R) = P(in)P(R|in) + (1 — P(in))P(R|out)"

(4.1)

We empirically estimate the conditional probability P(S|in) = 0.85 = 1 — P(D|in), corresponding to

the observed single-molecular-probe success probability after high-fidelity state preparation; and
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P(S[out) = 0.009 = 1 — P(Dlout), corresponding to the purification level of |Ds/5) |n = 0) prior
to the molecular probe. More specifically, P(S|in) is determined by the contrast of the fit of the
signature transition probes (such as is shown in Fig. 3.7) and P(S|out) by the |.S) probability when
running a QLS sequence with no probe pulse.! A predetermined confidence threshold Cr is selected,
and P(in) is initialized to 0.5.

For a detection sequence, probes are repeated until one of the following 3 conditions are met:

e P(in) > C7 AND the final (successful) probe was on the |iij) |n = 0) — |is) [n = 1) transition

(in-manifold detection)
e 1 — P(in) > Cr (out-of-manifold detection)

e 25 probes have been attempted

A flowchart representing the experimental sequence is presented in Fig. 4.1. In general, an
experimental sequence is composed of "preparation", "experiment", and "measurement" stages.
Preparation in |iy) consists of making an in-manifold detection (possibly including pumping steps
if the molecular state is initially unknown) while measurement consists of a detection attempt in
the prepared manifold to determine whether or not the molecule still resides there. One or several
experiment pulses may be applied between preparation and measurement.? A typical experimental
run will involve many experimental sequences, with occasional breaks for ion order checks or tracking
experiments for servo corrections to stabilize the signature transition frequency.

Preparation may involve many pumping pulses if the initial state is unknown. The “pump within
J to |iy)” action consists of multiple rounds of cooling to the motional ground state and then driving
directional, motion-adding sidebands on molecular transitions to move molecular population from

any initial sublevel to |i;). Due to molecular selection rules, the J = 0 transition cannot be driven

LOur control system also allows for these values to be updated in real time during an experiment based on certain
probe results, though this capability is not implemented for the experiments described in this chapter.

2A molecular experiment could take many forms, depending on the application; in principle, this could include
driving rotational Zeeman, rotational, vibrational, or even electronic transitions. Our experiment has been thus far
confined to investigating rotational Zeeman transitions (via Raman drive) or rotational transitions (via microwave
drive, or passively via TR interactions).
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Servo corrections: every ~15 seconds
(e.g., axial confinement, Raman intensity)

Order checks: every 15 sequences

Experimental Sequence

Preparation:
Bayesian State Preparation

Out-of-
manifold
In-manifold

Measurement:
Bayesian State Detection in J,

Bayesian State Preparation

- In-manifold .
Bayesian State Prepared in |iz,)
Detection in J,
d

[ Out-of-manifol
|D) S)

Bayesian State Detection

P(in) > C; P(in) < C;

@—manifold detection ) @ut-of—manifold detectiorD

Figure 4.1: Full experimental protocol, including experimental sequence with Bayesian state prepara-
tion and detection subprotocols. Here, J, and m, are the system’s “guess” of the molecular rotational
and signature manifold state, respectively: they are initialized to J, = 1 and my = |ij). Grey boxes
represent subprotocols expanded elsewhere in the flowchart, dark blue boxes indicate physical actions
performed on the ions, green boxes indicate software logic updates, and light blue ovals indicate the
endpoint of a subprotocol. The experimental sequence is performed (with occasional breaks for ion
order check and servo experiments) until the desired amount of data has been collected.
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by our 1064 nm Raman beams. To detect the molecule when it is initially in the J = 0 manifold,
we deshelve population from J = 0 into |ij) by executing |[J =0,m = —1/2,{ = —) < [i;) and
|J =0,m=1/2,£ = +) < |if1) deshelving pulses using a 285 GHz microwave source. A subsequent
successful preparation in J = 1 will indicate that the molecule was originally in J = 0, but prepared
in |i).

“Partial pump” refers to a pumping pulse on the |ii;) — |is) transition (and in J = 1, a
preceding |iii;) = |J = 1,m = +1/2,£ = —) — |ii;) pumping pulse). This action is necessary due to
a small probability to transfer the molecular state without an |.S) detection (as well as the possibility
of off-resonant excitation from |iiy) — |iii;)). Because of partial pumping, the Bayesian detection
sequence does not strictly detect one particular initial sublevel, but rather either sublevel in the
signature manifold (and for J = 1, including |iii;)).

The recorded result of a measurement typically corresponds to the result ("in-manifold" or
"out-of-manifold") of its Bayesian state detection sequence. However, in the rare cases where the
detection sequence terminates due to hitting 25 probes (and thus with 1 — Cr < P(in) < Cr) we
threshold measurement results as P(in) > 0.5 and P(in) < 0.5. Note that this "timeout" condition
occurs for < 0.1% of measurements and can likely be attributed to ion reorder events and/or
mid-measurement rotational manifold transitions.

At the conclusion of state preparation, we would like to ensure that the molecule resides
in one particular sublevel (|iy) for the experiments presented here). To do that, we require the
final, successful probe to be in the |ii;) — |iy) before completing an in-manifold detection. This
requirement has the added benefit that preparation can be bypassed after an in-manifold measurement,
as indicated in the Experimental Sequence panel of Fig. 4.1.

Since we currently do not have a method to drive transitions between rotational manifolds
(besides J = 0 <> 1), we may be waiting tens of seconds for thermal redistribution to bring the
molecule into a particular manifold. To increase total data rate, we typically conduct experiments
in multiple manifolds within a single experimental run. If preparation cannot be completed after

pumping in one manifold, we cycle through different manifolds until a successful preparation is made.
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Here I will present SPAM results for J = 1 and 2, which collectively are occupied for > 80% of the
total experimental duty cycle (with shelving out of J = 0). Though the lifetime, pumping efficiency,
and observed SPAM fidelity are lower for J = 3, we still attempt to prepare it if preparation cannot
be completed for J < 3; information gained from this is included in the BBR environment data

presented later in the chapter.

4.2 Results of high-fidelity state control investigations

4.2.1 SPAM

To characterize SPAM fidelity within a given signature manifold, we omit the experiment
stage. We define SPAM infidelity as the probability that the molecule is measured to be out of the
prepared manifold after preparation. Fig. 4.2 presents the measured SPAM infidelities for the J =1
and 2 signature manifolds as a function of Cr.

Varying Cr is a tradeoff between confidence achieved and number of probes required per
detection event. In the absence of other error mechanisms, the measured fidelity is expected to be
at or above Cr (black dashed curve); this is true for our data for Cp < 0.997. For Cr > 0.997,
other error mechanisms contribute significantly. For the C'r with the lowest infidelity, we observe
an infidelity of (1.39 +0.23) x 1073 for J = 1 (Cr = 0.9997, with an average of 2.96 probes taking
22.5 ms per measurement) and (1.81 4 0.30) x 1073 for J = 2 (Cr = 0.997, with an average of 2.37
probes taking 17.3 ms per measurement). Reported uncertainties are statistical and represent one
standard deviation.

Despite the reduction in TR due to cryogenic operation, rotational level changes during
measurement are the leading error mechanism at high Cr. To quantify the expected error due to
rotational state change for a given data point, we compare the average duration of a measurement
sequence to the observed rotational manifold lifetime. The average number of probes per measurement
ranges from 2.3 to 4.9 across the range of C'r’s considered here, the average probe duration is 7.6

(7.3) ms for J = 1(2), and the observed rotational state lifetimes are 18+2 (10+1) s, as detailed
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Figure 4.2: Results of SPAM infidelity characterization vs confidence threshold Cr for the J =1
(blue triangles) and J = 2 (red squares) signature manifolds. Infidelities are calculated by observing
the fraction of measurement sequences that determine the molecule to be out of the prepared manifold
immediately after preparation. Post-selected infidelity omits measurements that are followed by
preparation in a different rotational level. Error bars denote one Wilson interval. For Cp < 0.997,
infidelity tracks 1 — Cp (black dashed line). Lifetime-limited infidelity (blue (red) dashed curves for
J = 1(2)) is calculated by dividing the observed average measurement sequence duration by the
observed average lifetime for each data point; the uncertainties, indicated by the shaded backgrounds,
are chiefly due to uncertainties in the experimentally-determined lifetimes. As Cr approaches 1,
more and more probes are needed for measurement, increasing the likelihood of population loss
during measurement. For comparison, we also provide the expected limit in a room-temperature
environment (dot-dashed lines) based on theoretical lifetimes.

below. The lifetime-limited fidelities plotted in Fig. 4.2 (colored, dashed curves) are calculated by
dividing the average measurement duration by the observed lifetime, representing the fraction of
measurements during which a rotational state change is expected to occur. These limits provide an
explanation for the increasing infidelities at high C7 (since more probes, and thus more time, are

required to achieve the required confidence) and the higher infidelities for the shorter-lived J = 2
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manifold, compared to J = 1, at high Cr.

To quantify contribution from other error mechanisms, we can post-select away measurements
that are immediately followed by preparation in a different rotational level. By doing so, we omit
instances where a rotational transition has occurred during measurement. The post-selected infidelity
is as low as (6.5 4 1.6) x 107* for J = 1 and (6.3 +2.0) x 10~* for J = 2, both for C7 = 0.9997.
Sources for this residual infidelity may include collisional ion reordering events and fluctuations in
the signature transition sideband frequency. Further discussion is provided in Section 4.3.

At 295 K, the theoretical rotational level lifetimes are 2.0512 + 0.0008 (0.8825 + 0.0015) s for
J = 1(2) where the uncertainty in the theoretical lifetimes originated from the uncertainty in the
permanent dipole moment of the molecule [46]. Both theoretical and experimentally measured [47]
lifetimes are about an order of magnitude shorter than what is observed in the cryogenic environment,
corresponding to an elevated theoretical fidelity limit. These limits are shown by the dot-dashed
curves in Fig. 4.2, which are calculated according to the theoretical rotational level lifetimes and
observed average measurement durations. From these limits, we infer that a room-temperature
system using the same SPAM scheme would be limited to infidelities 2 0.01. Thus, the reduced

ambient TR enables improvement of SPAM infidelity by about an order of magnitude.

4.2.2 Shelving out of signature manifold

Since our measurement does not distinguish between states within the signature manifold,
the SPAM fidelity results presented thus far cannot be considered to be of a single quantum state.
Nevertheless, we expect that our preparation sequence concludes with the molecule in state |iy)
with near-unity probability due to the requirement that preparation ends with a |ii;) — |is) probe.
As proof of the purity of the prepared state and further demonstration of our molecular quantum
state control capabilities, we introduce an experimental pulse with variable duration coherently
transferring population from the prepared sublevel |i;) to the out-of-manifold sublevel |1, —1/2,+)
via a Raman carrier drive. The resulting Rabi flopping, measured with Cr set to 0.997, is shown in

Fig. 4.3. Additional data was taken near the w-time for better statistics; after a w-pulse, population
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was measured to be in manifold with (5.6 + 1.2) x 103 probability. We take this number as an
upper bound on our single-quantum-state SPAM infidelity, though it includes some contribution

from imperfect state transfer.
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Figure 4.3: : Rabi flopping on |i;) <> |1,—1/2,4+) by a pulse of variable duration that is resonant
with the transition and applied between preparation and measurement. The fit is to an exponentially-
decaying sinusoidal function.After a m-pulse (620 us duration), the molecule is measured in manifold
with probability (5.6 £ 1.2) x 1073. Error bars denote one Wilson interval.

After a 7 pulse, population was measured to be in manifold with probability (5.6 41.2) x 1073,
Achieving such high shelving efficiency demonstrates that (a) we can perform high-fidelity, coherent
manipulation of the molecular state, (b) we prepare in a single sublevel with high probability, and (c)
our measurement protocol reliably detects out-of-manifold as well as in-manifold states. Note that
compared to the QLS sequence, which relies on sideband drives for both molecule and atom, the
carrier shelving pulse achieves much higher contrast. Nevertheless, we believe the residual population
measured in the prepared state after a m pulse is due primarily to imperfect state transfer, e.g., due

to differential fiber noise between the Raman beams.

4.2.3 Observations of thermal environment

By continuously attempting to prepare and measure the molecular state for J € {1,2,3},

we actively track the ion’s rotational state occupation and infer rotational level lifetimes. Doing
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so, we can extract information about the TR environment interacting with the ion, assuming
rotational transitions are driven solely by TR [47]. The population fractions, ion lifetimes, and
inferred blackbody temperature for each rotational state J € {1,2,3} are shown in Table 4.1. These
data were obtained by tracking the molecular rotational level for about 1 hour by running SPAM
experiments with C'r set to 0.997. Note that the ion was actively deshelved out of J = 0 if suspected
to reside there. The blackbody radiation (BBR) temperature is inferred from the lifetime assuming
an ideal blackbody environment. The inferred blackbody temperatures are significantly hotter than
the measured cold stage temperature of 15.8 K. Both the lifetimes and occupation fractions suggest

a photon density more consistent with ~35 K.

Table 4.1: Rotational level tracking over 64 minutes of repeated preparation and measurement
attempts with active deshelving out of J = 0 states. The lifetime is found by dividing the total
time spent within a level by the number of times the molecule was observed to leave the state,
and the effective BBR temperature is found by comparing the observed lifetime to theory [47, 82].
Uncertainties in measured lifetimes are statistical, while uncertainties in inferred BBR temperature
include both statistical contributions and uncertainty in the molecule’s permanent dipole moment [46].
We cannot directly measure population in J = 0, but we assume the molecule has transitioned
there if it is detected in J = 1 only after a J = 0 — 1 deshelving pulse. The unaccounted-for 0.03
population fraction is attributed primarily to occupation of J > 3, which we do not attempt to
detect.

J | Occupation fraction | Lifetime (s) | BBR temp. (K)
1 0.48 18.1 £ 1.8 42.3%33
2 0.36 10.24+0.9 33.6752
3 0.13 5.5+ 0.6 30.975 ¢

We can also cast state tracking experiments presented in Table 4.1 in terms of a transition rate
matrix as shown in Fig. 4.4. Each entry is found by dividing the number of instances the molecule
was observed to change states (from initial to final) between consecutive experimental sequences
by the total amount of time spent measuring the molecule in the initial state. The molecule is
determined to be in an "unknown" final manifold if 14 consecutive preparation attempts (pumping
J =0 — 3 and detecting J = 1 — 3) do not result in a successful preparation; these are attributed

largely to the molecule occupying a manifold of J > 3. More than 96% of observed transitions obey



69

AJ = £1, suggesting that transitions are dominated by TR-induced transitions (which must obey
this selection rule), rather than other transition mechanisms such as collisions or excitation to an
excited vibrational or electronic level. The most prominent entry not obeying the selection rule is
J = 2 — unknown, which is likely due to inefficient pumping of the J = 3 manifold such that the

molecule makes a second transition before preparation can occur in J = 3.

(a) (b)
Transition rate (1/second), observed Transition rate (1/second), theory

11 0.016(3) - 0.037(4) 0.000 0.001(1) 11 0.0086 - 0.0359 0.0 0.0
5 S
% 8
©

w2 0.000 0.049(6) = 0.046(6) 0.004(2) 52 0.0 0.0473 - 0.0573 0.0
& !
b= E
k=i g

3{ 0.000 0.004(3) - 0.065(11) 31 0.0 0.0 = 0.0756
0 1 2 3 unknown 0 1 2 3 unkﬁown
Final state (J) Final state (J)

Figure 4.4: (a) The observed transition rates over 65 minutes of state tracking. Uncertainties
are statistical. Changes of |[AJ| > 1 may be attributable to multiple transitions occurring before
preparation could be completed, or to transition mechanisms such as collisions that do not obey this
selection rule. (b) Theoretical transition rates assuming a 35 K BBR environment.

We also present the calculated transition rate matrix assuming an ideal blackbody environment
at 35 K and using the stimulated and spontaneous transition rates calculated from the Einstein
coefficients as detailed in Section 2.2. When comparing to the observed values, a general trend
emerges in that the lowest frequency transition (J = 1 — 0) is observed to occur faster than the
predicted rate, while transitions at higher frequencies (J = 2 <> 3 and J = 3 — unknown) are
observed to occur slower than the predicted rate; this is also borne out by the J-dependent effective
temperature trend seen in Table 4.1. These trends suggest that the environment deviates from ideal

blackbody behavior, exhibiting excess or suppressed photon density at certain frequencies.
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4.3 SPAM error budget

By post-processing the data accrued for the high-fidelity SPAM results presented in Sec-
tion 4.2.1, we can extract information about various error mechanisms affecting our SPAM fidelity.
Errors due to TR-induced loss are inferred by counting the number of instances in which an out-
of-manifold measurement was followed by preparation in a different manifold (i.e., the difference
between the raw and post-selected infidelities plotted in Fig. 4.2). Another leading error mechanism
arises from the sub-unity confidence threshold. This error occurs when a sufficiently large number of
false-negative outcomes leads to an inaccurate out-of-manifold detection. Assuming that the false
negative and false positive probabilities used in the Bayesian update are accurate, this error will
always be < 1— Crp. To quantify more precisely, we estimate sub-unity C'r error as the average confi-
dence P(in) obtained at the conclusion of Bayesian state detection for out-of-manifold measurements.
If this estimate exceeds the post-selected infidelity, the contribution from sub-unity Cr is capped at
the post-selected infidelity.> Any remaining discrepancy between total observed infidelity and the
sum of the TR~induced loss and sub-unity Cr contributions is attributed to other mechanisms.

The results of this analysis are displayed in Fig. 4.5. As expected, contribution from sub-unity
C'r falls off with increasing Cp. Meanwhile, TR-induced loss errors increase with increasing C'r due
to the increased average measurement duration. A plot of the average measurement duration for
each experiment condition is shown in Fig. 4.6.

Another possible error mechanism is changes in ion order due to collisions with background
gas, which will cause a decrease in detection fidelity due to the change in light shift magnitude for
the molecular levels induced by the tightly-focused Raman beams. During SPAM experiments, the
ion order is checked and reset as necessary every 15 experimental sequences. We can estimate the
infidelity contribution by calculating the fidelity increase when post-selecting away all sets of 15
measurements that are followed by detection of an ion reorder; from this we infer a contribution of

< 2.6 x 10~ for all experiment conditions. This is also consistent with our observed reorder rate

3Otherwise, total estimated contributions would exceed the total observed infidelity.
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Figure 4.5: Comparison of infidelity mechanism contributions vs Cr. At low Cr, most errors are
attributable to the sub-unity threshold, while at high C7, TR-induced loss dominates.
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Figure 4.6: Average measurement duration vs Cr. As Cr increases above 0.97, more probes are
required to cross threshold, increasing the average measurement duration. Statistical error bars are
smaller than the plotted markers.
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(~1 reorder/3 minutes from an independent measurement) and the decrease in detection fidelity we
observe when purposefully operating in the "wrong" order.

Finally, we attribute remaining errors to signature transition frequency fluctuations, which can
increase the false negative probability P(D|in). In this case, P(in) will not be faithfully estimated
by application of Eq. 4.1. Though we interleave servos of several parameters whose drifts can
cause shifts in the signature transition sideband frequency—such as axial OOP motional mode
frequency, Raman beam intensities, and micromotion—some drift still occurs. Figure 4.7 shows
the post-selected infidelity of each SPAM experiment run with Cp > 0.997 as a function of the
(post-processed) P(S|in) during measurement throughout the run; the outlier is one (of four) runs at
J =1,Cr = 0.999 and helps to explain the relatively high contribution from "other mechanisms" for
this data point as shown in Fig. 4.5. Such errors could be mitigated by more frequent calibration of
the signature transition sideband pulse parameters, empirically updating the value of P(S|in) used

in the Bayesian calculation in real time, and technical improvements to reduce drifts.
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Figure 4.7: Effect of signature transition drift on infidelity. Each point represents a measurement run
with Cp > 0.997. The four runs per Cp (per J) are all of the data used for determining the SPAM
infidelity plotted in Fig. 4.2. Observed P(S|in) considers every signature transition probe during
every measurement within the run. The linear fit considers all points regardless of J or Cr. The
annotated outlier represents one (out of four) runs with J =1, Cp = 0.999. Calibration experiments,
e.g., of the signature transition frequency, were sometimes performed between runs.
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4.4 State lifetime limitations

We would like to know why the temperatures inferred from lifetimes (as shown in Table 4.1)
are significantly higher than the measured inner shield temperature of 15.8 K. We investigated

several possible causes:

e Trap electrode temperature: Under normal operating conditions, about 0.5-1 W of
RF power is dissipated on the cold stage. Though expected thermal gradients across the
diamond trap chip are minimal, localized defects or poor thermal contact could raise electrode
temperatures, thus increasing the TR experienced by the ion. However, no significant change
in lifetime was observed when operating with an RF power increased by a factor of 1.6

compared to normal operating conditions, ruling out electrode heating as a dominant factor.

e Background gas collisions: Collisions with background gas can cause transitions between
rotational levels. Prior experiments (in a different, room-temperature apparatus [47]) set
bounds on the contribution of background pressure to transition rates. Scaling to our
experimental conditions [58] by accounting for differences in reorder barrier (inferred from
motional mode structure) and collision energy (due to the decreased ambient temperature),
we expect a contribution of < 1/200 s, ruling out background gas collisions as a dominant

factor.

e Thermal radiation leakage: TR from warm surfaces can reach the ion via windows and
apertures. The vast majority of potential leakage by physical area is the BK7 windows.
Using an uncoated BK7 window and the ion or a thermal power head, we measured an
absorption coefficient of ~ 5.8 cm ™! at 285 GHz, meaning that our 3 mm-thick BK7 windows
attenuate by ~ 80%. Though we do not have the technical ability to measure at higher
frequencies (J = 1,2, and 3 lifetimes are primarily affected by 570-1140 GHz radiation),
attenuation at these frequencies is expected to be significantly greater [59]|. Using Eq. 2.17

and assuming unity, room-temperature transmission through the fused silica window and



4.5

74

apertures, we conclude that leaked radiation may contribute to, but does not explain the
majority of, the observed lifetime discrepancy. The only caveat would be if the RAM tiles

are not having the expected attenuation effect.

e Geometrical effects: Trap electrode separation (0.5 mm) is on the order of the wavelength of
relevant radiation (0.4-1.1 mm for transitions affecting the lifetimes of J = 1 and 2), implying
that near-field effects may shape the local TR spectrum. Similar observed discrepancies in
other systems have been attributed to this effect [47, 83]; it may be a contributor to the

observed reduced lifetimes.

Data rate

The data rate in our experiments is influenced by many factors. These include:

e Time spent in J. We currently do not have the ability to drive rotational state-changing
pulses (besides J = 0 <> 1), so our duty cycle for performing an experiment within a given
rotational manifold is limited by the fraction of time spent in that manifold due to stochastic,

TR-induced transitions—see Table 4.1.

e Pumping efficiency. Even if molecular population is in the correct J, we cannot perform
experiments if we have not moved the population to the signature manifold. For J = 1 and
2, which have long lifetimes and low sublevel multiplicity (therefore requiring less pumping

pulses), this effect is small. However, at higher J, this can be a significant factor.

e Time spent in servos. For the experiments described here, approximately 40% of the
duty cycle is spent performing servo corrections. The majority of that time is spent servoing

the quantum-logic motional mode frequency.

e Detection duration. This depends on both the number of probes required to cross
threshold and the duration of a single probe. The number of probes required depends on the

false positive and negative probabilities, P(S|out) and P(D|in), as well as Cr (see Fig. 4.6).
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The duration of a single probe (currently ~ 7.5 ms) is dominated by cooling—only about

10% of the time per probe is spent on the probe pulse itself.

e Experiment pulse duration and subsequent population recovery. This contribution
to sequence duration always includes the duration of the experiment pulse itself. If the
experiment pulse did in fact transfer the population out of the signature manifold, this
will also include the operation required to undo the experiment pulse and the preparation
sequence(s) applied to verify that the molecule has been returned to the signature manifold.
This factor is not at play during the SPAM experiments since there is no experiment pulse,

but it is, e.g., in the carrier Rabi flop experiments.

The data rates achieved for various experimental conditions are provided in Table 4.2. As
expected, data rate is decreased for J = 3 compared to J = 1 and 2 (because of the thermal
distribution of population), higher Cr (because of the increase in required number of probes per
detection), and an experiment that includes an experiment stage (since time is spent applying the
experiment pulse and recovering the population after it has been successfully driven out of the
signature manifold). Straightforward strategies to increase data rate for future experiments include
introducing additional tools for deterministic rotational state preparation, increasing the efficiency
of cooling throughout the experiment, and reducing parameter drifts such that less time needs to be
spent running servo experiments.

Table 4.2: Data rate (experimental sequences/second) for various experimental conditions. The
uncertainties are estimated from the spread of values obtained during separate experimental runs.
"SPAM" indicates a SPAM infidelity experiment (that is, no experimental pulse), while "carrier

Rabi flop" experiments involve an on-resonance time scan (e.g., an experimental run collecting data
for Fig. 4.3).

J | SPAM, Cp = 0.997 | SPAM, Cr = 0.9999 | Carrier Rabi flop, Cp = 0.997

1 12.1(2.9) 6.5(1.0) 2.4(0.6)

2 11.1(2.7) 6.5(1.1) 2.6(0.6)
3 3.8(1.0) 1.5(0.5) -




Chapter 5

A molecular beam source for molecular ion loading

The experiments described so far in this thesis are performed with CaH". In this case,
the "base" ion (Ca™) is loaded by ablation, and CaH" is subsequently formed via reaction with
background Hs, which is desorbed from cryogenic surfaces when the system temperature is increased.
However, CaH™" is a special case. Ablation is not a generalizable loading technique (though we can
load Al" from our ablation target alloy.!) Introduction of Hy background gas via heating is also a
unique scenario, since almost all other particles will not be gaseous near cryogenic temperatures.
Thus, in order to trap and study a broader class of molecules, a different procedure is needed.

To achieve a general loading protocol, we use a supersonic molecular beam, which can deliver
intense, directed bursts of gas to our ion trap. This in turn can be used to form trapped molecular
ions, for example by photoionization and/or reaction. The remainder of this chapter describes the
design, testing, and integration of such a molecular beam machine for the cryogenic molecular ion

trapping experiment.

5.1 Molecular beam fundamentals

Generally speaking, a molecular (or atomic) beam consists of a directional flow of gas within
an experimental vacuum apparatus. It is typically produced by allowing gas to expand from a
high-pressure reservoir into vacuum through a small aperture (the nozzle). In vacuum, at least one

additional aperture is included to define the propagation direction, and a pumping system removes

We could in principle install several different metal-based ablation targets if we desired to load a variety of
metal-based ions.
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excess gas? from the region of vacuum between the apertures (the differential pumping volume).
Molecular beams may be continuous or, if there is means to rapidly open and close the nozzle, pulsed.
Continuous beams are typically effusive (gas particles exit the nozzle due to random thermal motion),
but a pulsed beam may operate in the supersonic regime.

The kinematics of molecular flow are determined by collisions, either between the individual gas
molecules or between molecules and surrounding surfaces. A molecular beam enters the supersonic
regime when the mean free path )¢ (the average distance traveled by a molecule before colliding
with another molecule) in the reservoir is much less than the nozzle diameter dy. A couple of unique

properties of a supersonic beam emerge [85, 86|:

e Cold translational and internal temperature: Isentropic expansion from a high to a
low pressure environment results in a decrease in the molecular beam’s translational and
internal temperatures [87]. The reduction factor depends on details such as gas species
and reservoir pressure (Pyes), but final temperatures will often lie between 1 - 10 K. This
corresponds to a fractional longitudinal velocity spread % of < 0.1 [85], where v is the

average longitudinal velocity and Awv is the absolute velocity spread.

e High average speed: Just because it’s cold, doesn’t make it slow: because molecules that
exit the valve have preferentially undergone collisions from behind, v will be higher than for

a Maxwell-Boltzmann speed distribution at the reservoir temperature (Tyes). The average

YkBTres

(v—D)m [88], where ~ is the ratio

speed of a molecule in a supersonic beam is Vsypersonic ~
of specific heats (Cp/Cy ) and m is the molecular mass. For a diatomic molecule (y = 7/5),

this is ~1.7x faster than the average of a Maxwell-Boltzmann distribution.

When the valve is pulsed, gas exits within a spherical wave; aperture(s) allow for differential
pumping and define the beam axis. However, using simple holes as apertures for a high-density
supersonic molecular beam is problematic. If even a small percentage of molecules in the beam is

reflected from the inner diameter of the hole, thus causing increased internal collisions with the

2About 10'° particles/pulse are released from our valve [84].
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remainder of the beam, the characteristic features of the beam such as low temperature and high
density will be lost. To avoid this phenomenon, sometimes referred to as beam interference, a
specially-shaped aperture known as a skimmer must be used to minimize the number of collisions
between redirected molecules and the central portion of the beam. The main features of a skimmer
are thin walls (< 10 pm at the orifice) and a curved shape, as shown in Fig. 5.1b. For some
computational models of beam transmission through a skimmer, see Ref. [89].

Sufficient vacuum pumping speed in the differential pumping volume is required to (a) reduce
the background pressure below < 1073 torr before each subsequent pulse of the molecular beam to
avoid deleterious collisions with residual background gas [85] and (b) pump molecules much faster
than they can effusively leak through the skimmer to the experimental chamber, keeping the gas
load tolerably small. A second skimmer plus differential pumping stage is often employed to better
meet this second requirement.

Our experiment employs a piezoelectric (PZT) valve, commercially available from MassSpecpecD
and pictured in Fig. 5.1a, to generate a supersonic molecular beam. A conical nozzle (dy = 150 pum)
is sealed via a control voltage (~200 V) applied to a piezo-controlled cantilever. By manipulation of
the control voltage, the valve can generate gas pulses as short as ~ 10 us with variable repetition

rates up to 5 kHz. We find an optimal P, for, e.g., a pure Ny beam to be ~3 bar (in this regime,

k B Tres

WQPM ~ 22 nm < dp, where 7,

the condition for supersonic expansion is easily satisfied: A\g =
is the bond length of N3). We employ 2 skimmers, commercially available from Molecular Beam
Dynamics, and pump each differential pumping region with a dedicated turbomolecular (turbo)
pump.

In our experiment, the ultimate figure of merit for the molecular beam is the density of
molecules in the trapping region. The Amsterdam valve has measured beam densities of ~ 5 X
102! particles/s/steradian [84, 90] when measured before any apertures. Meanwhile, we conservatively
estimate loss in density from each skimmer as 50-90% (though it can heavily depend upon factors

such as beam density and skimmer diameter, see [89]). Under these assumptions, considering the

valve-to-trap distance in our system of 50 cm, Vsupersonic,No = 780 m/s, and a measured fractional
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(a) (b)

Figure 5.1: Images of two specialized hardware components of our molecular beam machine. (a)
The PZT valve as employed in our experiment, with mechanical, electrical, and gas connections to a
vacuum flange. (b) A skimmer; two such skimmers, albeit with different diameters, are employed in
our experiment. The valve and skimmers are both commercially available.

velocity spread of ~0.1, we can make an order-of-magnitude estimate of the expected peak molecule
density at the trap: 2 x 10! particles/cm3. This is an equivalent density to a pressure of 8 x 1074 Pa

of thermal gas at room temperature.

5.2 Molecular beam testing

We initially added our molecular beam directly to our ion trap chamber with no prior testing
and attempted to observe CaH™ formation. However, this proved to be an ineffective way to confirm
the molecular beam alignment to the trap. We had not yet gone cryogenic at that time, and the
rate of CaH ™" formation from background gas overwhelmed any signal we may have seen directly.
Besides, our group had little technical experience with molecular beams, so we were not confident in
our beam design or in estimating the expected particle density in the trapping region.

We therefore performed a series of tests with our molecular beam in a separate, test assembly
to optimize the valve parameters (Pes, valve control pulse duration) and orifice parameters (valve-

to-skimmer distance, skimmer alignment, additional apertures). For preliminary testing, we ionized
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either Hy or No via EII with an electron source near the ionization region; in later testing, we ionized
Ny with a resonant multi-photon ionization (REMPI) scheme, described further in Section 5.3.
In all cases, we ionized between two plates held at a differential voltage, which accelerated ions
perpendicularly from the beam’s longitudinal direction towards a charged-particle detector. A
schematic of the molecular beam testing apparatus can be seen in Fig. 5.2a.

We reached a number of useful conclusions during these tests, which I will summarize here:

e Valve parameters. For both Hy and N», the optimal valve parameters needed to achieve
high maximum density are P,es = 3 bar and a control pulse duration of 12 us. We attribute
the reduction in signal at higher P,es or pulse duration to beam interference. See Fig. 5.3a

for illustration.

e First (fixed) skimmer. We found that including this skimmer, as opposed to only having
the one (translatable) skimmer, improved total transmission through the system, likely
reducing beam interference effects due to reflections from chamber walls at the second
skimmer. It also helped with differential vacuum pumping to reduce the gas load to the
ionization (or ion trap) chamber. Increasing the valve-to-first skimmer distance yielded
an increase in transmission, though with diminishing returns (see Figure 5.3b); the final
distance of 6.5 cm was a compromise between beam density and system compactness. All
tests were run with a fixed skimmer diameter of 3.0 mm. For more thorough investigations

of beam density as a function of valve-to-skimmer distance, see, e.g., Ref. [86].

e Second (translatable) skimmer. For this skimmer, we tried skimmer diameters of 0.6,
1.0 and 1.5 mm. We found that reducing the skimmer diameter to 0.6 mm had little impact
on the final beam density and minimized the gas load to the ionization (or ion trap) chamber.
Figure 5.3c shows how the signal varies with translational (mis)alignment of the skimmer.
The results suggest that alignment to within approximately one skimmer diameter is sufficient

to maximize the count rate.
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Figure 5.2: (a) A schematic detailing the basic operation of our molecular beam test
assembly. A piezo valve is pulsed for ~12 us. The resultant gas pulse passes through 2 skimmers,
the second of which can be independently translated for alignment. Apertures after the skimmers
were used to mimic the apertures in the cryo stages and endcap. The molecules are ionized between
two parallel plates, either via an electron source or a REMPI laser (see Section ?? for more details).
The lower plate is held at a positive voltage to accelerate ions upward towards the charged particle
detector and electrons upward into the ionization region. Apertures in both plates are covered with
a conductive mesh. The front of the detector is negatively biased to pull in ions (and to provide the
differential voltage necessary for signal amplification within the detector). The output of the detector
is sent to a pulse-counting unit; ideally, one T'TL pulse is sent to the ARTIQ control system for each
ion entering the detector. (b) A CAD model of the final molecular beam configuration
integrated with the ion trap chamber. The detection portion of the beam test assembly is
installed after the ion trap chamber to verify molecular beam alignment. Axial optical access allows
for an alignment laser to be sent through the entire system to the valve nozzle; it is also used to
deliver REMPI light to the trapping region.
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e Apertures after skimmers. We placed apertures after the skimmers to simulate the
various cryo shield and trap features, the smallest of which is a 300 pm-aperture in the
endcap. The situations are not identical, since in the actual apparatus the smallest apertures
are cryogenically sticky, thus limiting internal reflections; also, the 300-pum aperture in the
endcap is roughly skimmer shaped. Nevertheless, we saw no significant reduction in inferred

transmission density through test apertures as small as 400 ym in diameter.

e Charged particle detector. We initially used a multi-channel plate (MCP) for measuring
the signal in our detection chamber.? However, we eventually switched to a Channeltron
single-channel electron multiplier (CEM) because it is cheaper and more compact. The CEM
provides a sufficient signal for our purposes with only a small (~2x) hit in signal-to-noise
ratio compared to the MCP. All of the measurements shown in Section 5.3 are taken via the
CEM. The signal amplitude is sensitive to CEM bias voltage (Viron) and to the threshold
of the discriminator to which the CEM signal is sent; these are experimentally optimized
for collection efficiency. The acceleration voltage Vplate in the ionization region is also

experimentally optimized. Typical values are Vitron = —1900 V and Vjjae = 35 V.

5.3 Ionizing from a molecular beam

Ionization of the neutral molecules within the supersonic beam is required for ion formation
and trapping (except in the case of reaction with an already-trapped base ion). Two techniques for
doing this are electron impact ionization (EII), whereby collision with an energetic electron removes
a previously-bound electron; and photoionization (PI), whereby the molecule absorbs photons until
it gains enough energy to lose an electron.

EII is an appealing option because it is broadly applicable to nearly any molecule, with typical

cross-section peaks near 70 eV [91].% In our test assembly, a commercial electron source is positioned

3Thank you to the Lewandowski group at JILA for allowing us to borrow your MCP and for sharing your molecular
beam expertise!

“Implementing an EII electron source is also a cheap and simple option compared to a PI laser system.



83

(a)
9 -
e
8 1 M |
L S ° o
&7 ‘.
8. 1 ‘‘‘‘‘‘‘‘ g 20
o 6 e » 5 %
=2 ; .
g / ¢ i S s B
S 54 R S ® Time since valve pulse (ps)
b= ¢
C o._
> rJ
g 41 |
o 3 A ° Pres = 4 bar S
® Pres =3 bar '
24 ® Prs=2bar
® Pres=1bar
1 - T T T T T T
5 10 15 20 25 30
Valve opening duration (us)
(b) (c)
7 s (i — -
401 o nofixed skimmer | | ° . T
354 * 3 mm fixed skimmer 67 K
> I
2 3.0 251
) =2 .
2 2.5 o g 4
= )
3 2.0 £ 31
9] > 5\\
515 E 27
o - |
1.0+ =117
b \'\
0.5+ T T T T T T T 01 T T T T T T T |.
0 1 2 3 4 5 6 —-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
Valve-fixed skimmer distance (cm) Translatable skimmer vertical position (mm)

Figure 5.3: Select examples of molecular beam optimization. Data is background-subtracted
and integrated over the observed duration of the molecular beam at the detection region (50-
200 us, depending on the gas species and valve-to-detection chamber distance). For each case, the
configuration chosen for operation corresponds to the highest plotted point. All curves are included
only as guides to the eye. (a) Piezo valve opening time and backing pressure. Legend entry
indicates pressure of Hs gas in the reservoir; data were qualitatively similar for No. Valve opening
duration refers to applied voltage pulse. Curves were taken in the test assembly with the final
skimmer configuration and after a 400 pm aperture; ionization was EII. Inset shows an example of
the detection signal. Signal above the average background before the pulse (green line) is integrated
over the molecular beam duration (orange points). The high background is characteristic of EII
in our test assembly. (b) Valve-fixed skimmer distance. Data were taken with a beam of Hy
in the test assembly after a 3 mm aperture; ionization was EIl. Vacuum was broken between each
measurement; the configurations were normalized by comparing to the count rate with a controlled
leaked background pressure. (c) Translatable skimmer alignment. Data were taken with a
beam of No passing through the ion trap chamber; ionization was REMPI. The horizontal skimmer
position was set near its optimal value, and the REMPI beam was aligned for each skimmer position.
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underneath the ionization region and the electrons are accelerated upwards to cross the molecular
beam (see Fig. 5.2a). At our actual ion trap, we have installed an electron source inside of a metal
housing attached to the endcap (the one which the beam passes through before reaching the trap,
pictured in Fig. 2.5) with the goal of ionizing from the molecular beam while minimizing stray
electrons reaching the trap surfaces and causing detrimental charging. This source was successfully
used to form Ny molecules from leaked N5 during early testing at room temperature.

There are several potential drawbacks to using EIl. One is that the large number of generated
electrons creates a substantial risk for charging of surfaces—of particular concern in a cryogenic
environment, where charges tend to get "stuck" on dielectric surfaces and linger for minutes or
hours. A second is that EII is fairly indiscriminate to what particles it will ionize. In the future, we
will likely want to send in a seeded beam (see Section 5.4) but selectively load the the molecule of
interest rather than the seed. An electron source also requires a high current draw and generates
substantial thermal load during operation. Finally, the electron source installed near the trap failed
for unknown reasons while attempting to operate cryogenically, so we have been unable to test it in
such an environment. For all of these reasons, we have turned to PI loading in our chamber.

Efficient PI of a molecule typically requires tuning a laser or lasers to a specific resonance
frequency, exciting a molecule’s electron in steps until it finally is excited to the continuum—this is
known as resonant multi-photon ionization (REMPI). Virtually any molecule has one or more efficient
REMPI paths. Typically, the biggest technical overhead associated with REMPI is generating the
appropriate wavelength(s) for the molecular species in question at sufficiently high intensity. We
have chosen a tunable dye laser for this purpose—a LiopTec LiopStar, pumped with a Quantel 450
Nd:YAG. The YAG has a pulse repetition rate of up to 20 Hz, outputs up to 450 mJ, 10 ns pulses at
1064 nm, and comes with frequency conversion modules to easily switch between desired harmonics.
Coarse wavelength tunability of the dye laser system comes from the freedom of the choice of dye,
pump harmonic, and frequency-conversion crystal, while fine tuning comes from adjusting the angle
of a diffraction grating within the dye laser cavity. With this system, we can achieve 2 1 mJ pulse

energies at 20 Hz across a nearly continuous spectrum from 200-5,000 nm. This will allow us to
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switch to loading different molecular species without needing a new laser. Note that, in lieu of
obtaining multiple dye laser systems, we will select REMPI schemes that do not require multiple
colors.

We have demonstrated REMPI of No. To do this, we use 237 nm light for a 241 REMPI
scheme [92, 93]. This drives a 2-photon resonant transition from the electronic and vibrational
ground state to an electronically and vibrationally excited state (XlE; (v =0) = a'Tl (v = 10)),
with a third photon providing just enough energy for ionization; see [94] for the complete Ny level
structure. While resonant excitation to a lower vibrational level would have a higher FCF and
correspondingly higher Rabi frequency, X 12;(0 =0) — a'll,(v = 10) is the lowest-energy resonant
excitation that allows the final ionization step to be of a single, same-color photon, i.e. 2-++1 REMPI.
Note that the laser source is sufficiently narrow to distinguish different initial and final rotational
states of the resonant transition. In our molecular beam test assembly, we can use the piezo valve
either as a leak valve (by sending in high-frequency, low-dose pulses) or to generate a supersonic
beam (in which case it must be timed with the dye laser pulse).

When introducing N9 and firing the REMPI laser into the test assembly, we observe a time-
of-flight (TOF) spectrum of ions on the CEM (shown in Fig. 5.4a). Even with the REMPI laser
far from resonance, some counts can be observed, which are attributed to photoelectrons produced
by stray UV photons hitting surfaces such as windows. In fact, we retracted the windows away
from the ionization region (from 3.5 cm to 16.0 cm) to reduce this effect. The REMPI'd ions arrive
in a narrow TOF region at the CEM. Laser alignment, extraction voltage, and CEM bias are all
optimized on this signal.

To observe the REMPI spectrum (displayed in Fig. 5.4b), the wavelength is scanned with the
internal dye laser grating; excess counts within the REMPI TOF window are averaged over 50-100
attempts at each point. Laser power is reduced as necessary such that the CEM detector is not
saturated at any wavelength in the scan. Peaks in the spectrum are assigned to particular initial
and final rotational transitions by comparing to published experimental and theoretical data [92, 93],

with which our data is consistent. Transition labels P, Q, R, and S correspond to transitions of AJ=
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-1, 0, 1, and 2, respectively; the subscript indicates the initial rotational state. The concentration of
the signal into a few peaks (of low initial rotation) is characteristic of a rotationally cold supersonic
beam. Note that for these data the REMPI occurred in a modified configuration with no translatable
skimmer and a valve-to-ionization region distance reduced to 25 cm. This was done to maximize
signal; no qualitative difference in behavior was observed when adding the translatable skimmer and
increasing the valve-to-ionization region distance.

After demonstrating our ability to send a molecular beam through the requisite skimmers and
apertures and perform REMPI, we moved the molecular beam machine to the ion trap chamber (as
pictured in Fig. 5.2b). The piezo valve and skimmers are placed on one side of the chamber, while
the detection apparatus is placed on the other side. Both differential pumping stages utilize turbo
pumps. To avoid introducing vibrations, the first turbo pump is a magnetically-levitated model,
while the second is connected non-rigidly via a bellows (it is mechanically fixed to the overhead
support structure). Both chambers reach a base pressure near 10~¢ Pa when the beam is not being
pulsed. The detection chamber includes a getter-ion combo pump and reaches a similar pressure; it
is also closed off from the ion trap chamber via a gate valve when not in use.

We can roughly align the entire apparatus by sending an alignment laser beam along the
molecular beam axis and seeing it (via a camera) reflecting off the PZT valve nozzle. At this stage,
some amount of the molecular beam passing all the way through the ion trap chamber into the
detection region can be ionized and detected. Final alignment of the translatable skimmer is done
by optimizing molecular beam signal; with 2.4 mJ pulses, we can detect up to 8 ions per pulse on
the CEM. The measured pulse shape and REMPI spectrum can be seen in Fig. 5.5. Now, confident
that we can ionize several molecules per molecular beam pulse, we are ready to attempt loading
molecular ions into our trap via REMPIL.

Loading N2 via REMPI is an ongoing project. The REMPI beam must be aligned carefully to
avoid high charging rates (or worse, ablation of trap electrodes). To improve beam quality and thus
mitigate these risks, we use a high-energy diamond pinhole as a spatial filter at an out-of-vacuum

focal point. The ionization process is limited by the 2-photon XlE;(v =0) — alﬂg(v = 10)
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Figure 5.4: (a) Sample TOF spectra. The Ny leak is introduced by sending low-density, frequent
pulses of gas (not timed with the REMPI pulse) to increase the background pressure to ~ 107° Pa,
compared to the steady-state background of < 107 Pa; the PI beam is set to 237.059 nm for
resonant spectra and 236.953 nm for off-resonant spectra. Data is taken with 1.95 mJ PI pulses.
The broad hump at ~9.2 us, sensitive to Ny pressure but insensitive to PI wavelength, is attributed
to EII via photoemission. The narrow peak near 10.5 us is attributed to REMPI of No. Subsequent
REMPI data such as that shown in (b) is taken by considering only the integrated counts within this
peak. (b) The REMPI spectrum of N3. The molecular beam data is taken in the test setup
with only the fixed skimmer in place. The leak data is taken over two runs on different days and
have been scaled to match in the overlap region. The relative peak heights of beam vs leak should
not be directly compared. The wavelength is scanned via a grating forming the dye laser cavity and
is measure on a wavemeter. The peaks in the spectrum are identified by comparing to literature; the
lack of peaks originating in J > 2 indicates a rotational temperature of O(10 K) (see Eq. 2.8). The
additional peaks in the leaked spectrum generally correspond to multiple transitions from different
branches (see Ref. [93] for a simulated spectrum).
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Figure 5.5: Molecular beam of Ny passing through ion trap. Data taken with 2.4 mJ dye laser pulses.
(a) REMPI signal at optimal wavelength as a function of delay between opening the piezo valve and
triggering the dye laser. The flight time of 1.05 ms over a distance of 800 mm is consistent with
the expected supersonic velocity of Na. (b) REMPI spectrum of No. The spectrum is qualitatively
similar to the spectrum observed after a single skimmer, see Fig. 5.4b.

resonant step and thus scales quadratically with pulse energy. We cannot directly calculate the
required pulse energy without knowing the difference between ion loading efficiency and the detection
chamber’s collection efficiency; if we assume the two efficiencies are comparable, loading one ion
per minute with a 20 Hz beam pulse repetition rate would require pulse energies of approximately
25 pJ. This is likely an underestimate of the required energy, since the actual trapping efficiency is

expected to be relatively low.

5.4 Prospects of loading a broader class of molecular ions

A long-term goal of our experimental apparatus is to be able to study many different molecular
ion species. One prerequisite to accomplish this is to be able to load the desired species.

So far, we have discussed (at least the prospect of) loading two different molecular species
within our ion trap. One of these is No ™ via REMPI. Molecular beam loading efficiency is determined
by (a) beam density and (b) ionization and capture efficiency. Regarding (a), N2 has an advantage

compared to an arbitrary molecule because it is possible to generate a pure beam of Ns. In contrast,
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most molecules suffer from the formation of weakly bound Van der Waals clusters within the low-
temperature, high-density environment of a supersonic beam; the formation of such clusters causes
heating and other unwanted effects, ultimately prohibiting pure beams [86]. However, virtually any
gaseous molecule can be seeded at the ~1-5% level in a non-interacting carrier gas, typically an
inert gas such as helium, neon, argon, krypton, or xenon. The average velocity, velocity spread, and
internal temperature of the resulting beam will be defined primarily by that of the carrier gas.’
While seeding dilutes the density of the gas of interest, this can be partially compensated by using a
light carrier gas with low velocity spread.

On the other hand, regarding (b), Ny is one of the most challenging molecules to ionize via
REMPI due to its high PI threshold (~16 eV). We use a 2+1 REMPI scheme, which requires three
237 nm photons and a resonant v = 0 — 10 transition with a relatively low FCF. A "typical"
molecule will generally require less and/or lower-energy photons, making its ionization efficiency
comparatively higher. Combining the considerations regarding beam density and ionization efficiency,
we conclude that loading an arbitrary molecular ion will generally not be significantly more difficult
than Ny '; exact achievable loading efficiency will depend on available REMPI pathways.

Other technical limitations exist. A molecule ionized in the trapping region will not necessarily
be permanently trapped; efficient sympathetic cooling is required. Cooling will be most efficient for
Qo+ A umol. In Ref. [95], it was found that operating with multiple cooling ions during the REMPI
loading process is beneficial for loading efficiency, a strategy we also plan to try. For molecules with
many constituent atoms (2 5, e.g. as discussed in Ref. [96]), fragmentation during the REMPI
process can become a limiting factor. Introducing metals into a molecular beam is a technical
challenge but has been demonstrated by ablating a target near the valve nozzle to seed a beam of
carrier gas [97].

The other molecule we have discussed is CaH ™", which is formed via reaction with Hs from an

already-trapped Ca™. As we consider broadening the range of molecules we would like to study in

>That is, molecules of both species that make up the beam will have the same average velocity, etc.—the expected
value of the parameters can be found by the expected values of the constituents, weighted by their concentration in
the beam [85].
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our ion trap, we find that utilizing reactions is a widely valid strategy. For example, during some
preliminary room-temperature tests, we consistently observed polyatomic molecule formation via
the following reactions within our ion trap:
Ca™+ HyO — CaOH" + H
No"+Ho— NoH" + H

with Ny loaded via EII and the (inferred) reactants likely due to residual contamination from
pulsing the PZT valve. Here, the masses—and thus the likely identity—of the products, were
inferred by observing the change in motional mode structure due to the change in ay,e (via probing
a co-trapped Ca™ ion). More generally, reactions between ions and neutral molecules are typically
fast because of long-range interaction between the charged particle and the molecule’s induced (or,
for polar species, permanent) dipole moment.5

With a molecular beam, much more complicated reactants can be introduced. For example,
the Lewandowski group at JILA has observed and analyzed reactions between trapped ions and
neutral molecular beams involving complex, organic compounds such as:

DC3D3 (propyne) (or HoC3Hy (allene)) + CoDo " (acetylene) — ... [100]
CH3CN (acetonitrile) + CCIT— ... [101]
It should be noted that in these experiments (meant in fact to study the behavior of various reaction
pathways), multiple reactions products are possible, a limitation if one’s goal is to consistently form
a particular molecular ion.

When loading CaH™" via reaction, we do not typically introduce Hy from the molecular beam
but instead rely on background gas by increasing the cold stage temperature above the Hy desorption
threshold, which is not possible for an arbitrary molecule. However, since other species will stick
very efficiently to cryogenic surfaces, we can introduce molecular beam pulses at a high repetition

rate without worrying about vacuum degradation. Under typical conditions, we estimate that we

51n fact, any ion trapper with less-than-ideal vacuum conditions (or a trap with many ions) will complain about
undesired reactions with Ha, which is typically the most abundant background gas in a UHV system. BeH™ [9§],
CaH™, AIH' [55], and BaH"[99] are just some examples of observed accidental molecular ion formation in ion traps
via reaction.
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will be able to generate a molecular reaction between a trapped ion and a molecule from the beam

on a timescale of O(minutes).

As proof that REMPI loading is a general loading technique for a broad class of interesting

molecules, I describe available REMPI pathways for a handful of molecules pertinent for possible

precision measurement applications in Table 5.1.

Note that all of these molecules have many

demonstrated or calculated REMPI pathways; I have simply chosen one convenient, single-color

scheme for each. Some future plans for the apparatus, including investigation of some of the molecules

referenced in Table 5.1, will be discussed in Chapter 6.

Table 5.1:  Available single-color REMPI schemes for select molecular species with proposed precision
measurement applications.

Species Scheme A (nm) | YAG harmonic/dye Proposed application
N, 2 + 1192 237 3'd /Coumarin 480 | Base for NoH ™, interstellar chemistry [31, 102]
CO 2+ 1[103] | 230 34 /Coumarin 480 Base for COH" /HCO™, resolvable isomers
Oq 2 + 1 [104] 301 284 /Rhodamine 610 | Sensitive m,/m, variation measurement [29]
CHDBrI | 1+ 11(96] 250 34 /Coumarin 503 Parity violation measurement [30, 96|



Chapter 6

Conclusions and outlook

In this thesis I have described the design and construction of an experimental apparatus for
achieving quantum state control of a broad range of molecular ion species. I have also demonstrated
high-fidelity SPAM and coherent manipulation of CaH™. This demonstration, however, only scratches
the surface of the possibilities afforded by such a device. In this chapter, I will recapitulate key
takeaways from our experiments, outline several system upgrades that will allow us to achieve an
even greater level of control, and propose future experiments involving new molecular species that

could be pursued in this apparatus.

6.1 Experimental findings and contextualization

We have demonstrated a molecule-ambivalent protocol for high-fidelity molecular quantum
state control, achieving record single quantum state SPAM and transfer fidelities above 99.4% in
CaH™. These results were enabled by rotational state lifetimes enhanced by an order of magnitude
due to cryogenic operation. Our techniques are generalizable to a variety of molecular species,
enabling a new regime of precision measurement, QIP, and chemistry applications with molecules.

The approach presented here can be compared to that demonstrated in Ref. [42], which uses
multiple QLS probes to identify the rovibrational manifold of an N ion with > 99% fidelity. However,
our approach stands out by affording sublevel-specific state preparation, allowing for high-fidelity,
single-quantum-state, coherent operations. In Ref. [43], QLS with Ho" is used to achieve single

quantum state-resolving, coherent manipulation; however, fidelities in that work are limited to
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< 90%. Additionally, our results are achieved with a polar molecule susceptible to TR-induced
transitions by reducing the ambient temperature and using adaptive Bayesian detection to minimize
measurement duration. Similar experiments with CaH™ in the room-temperature apparatus in the
Ion Storage Group have only achieved <97% fidelity, limited primarily by TR.

Loading of an ion trap via REMPI from a molecular beam has previously been demonstrated [42,
95|. Alternative, less technically demanding methods for loading molecular ions for QLS are also
possible. For example, EII loading of Ho™ from ambient background gas has also been realized [43];
however, this scheme suffers from long loading times and significant charging effects. Moreover,
loading any other molecular species with this strategy would likely be impractical. Another possibility
is introducing molecules effusively through a room-temperature orifice, though gas and heat loads
are both concerns with this design. Yet another alternative is loading in a room-temperature trap
and then using ion optics and fast-ramping trap voltages to shuttle ions into a separate, cryogenic
trap; this alleviates some problems associated with charging and neutral gas delivery but introduces
an alternative set of technical challenges.

Demonstrating reliable REMPI-based molecular beam loading in our cryogenic wheel trap—unlike
the room-temperature, larger-volume, 4-rod trap used in Ref. [42]—has posed a significant challenge
due to smaller apertures, charging, and reduced trapping volume. Nevertheless, I believe that REMPI
loading from a beam is the most promising method for loading a cryogenic apparatus with a general

molecular species for precision experiments.

6.2 Potential system upgrades

Only about 8 months have elapsed between the first attempts at molecular spectroscopy in
the cryogenic experiment and the submission of this thesis. Most of this time has been focused on
developing and debugging the control software, finding optimal loading and calibration procedures,
and pushing the limits of system performance with CaH™". Along the way, we have identified several

deficiencies in the system that we would like to eventually address.
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6.2.1 Improving rotational state lifetimes

We calculate an expected cold stage temperature of 8.6 K but measure a cold stage temperature
of 16 K. We attribute much of this discrepancy to the higher-than-expected temperature of the
radiation shield stage, which reaches a measured base temperature of 189 K, compared to an expected
86 K; we suspect this difference is due to a loose mechanical (i.e., thermal) connection between the
copper braids and the Stinger’s radiation shield. One piece of evidence for this is that cool down of
the radiation shield stage occurs on a longer time scale than that of the cold stage, as shown by
the temperature log in Fig. 6.1. This is despite the fact that radiation shield copper braids have a
significantly larger cross-sectional area, and thus expected thermal conductivity, than those for the
cold stage. Other reasons to suspect this connection is compromised are that the radiation shield
braids connect with a lower total surface area and that flat-head rather than hex-head! screws were
used for these connections due to part availability. Finally, significant stress may have accidentally
been placed on the braid connections during vacuum assembly due to the fact that the vacuum
sections on either side of the braids are not rigidly connected. Some pictures from the vacuum
assembly are shown in Fig. 6.2.

The apparatus was not designed for modular iterations. As shown in Fig. 6.2c, accessing the
lower portion of the vacuum chamber requires pulling the entire vacuum system out of the optical
table. Making the system more modular, for example by allowing the copper braid connections to be
accessed from above, would allow for easier future modifications to the system. If/when the copper
braid connection problem is addressed, such an upgrade could perhaps be incorporated.

Reducing the radiation shield stage temperature would reduce the temperature of the cold
stage (due to reduced thermal load),? thus reducing the total TR incident on the ion. Still, the
observed differential between the ion’s effective temperature (~35 K as inferred from rotational

state lifetime) and the measured cold stage temperature suggests that at least one other factor

'Hex-head screws were used for all other thermal connections in the assembly and can be tightened significantly
more than the flat-head variety.

2Tt may also reduce the leaked TR, since much of that will originate from the radiation shield stage, though some
will also come from room-temperature surfaces.
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Figure 6.1: A typical log of the apparatus cooling down from room temperature. The Stinger
itself ("blue can") cools down in about one hour; the temperature at the cold tip ("cold head")
approaches base temperature after 5 hours; after that it is limited by the radiation shield stage
temperature ("intermediate baseplate"), which takes about 16 hours to reach equilibrium. The longer
thermalization time of the radiation shield stage suggests that it may suffer from a compromised
thermal connection.

Figure 6.2: (a) The copper braids during vacuum assembly. The connections to the cold
stage (center braid) and radiation shield stage (left and right braids) can be seen. (b) Vacuum
chamber during assembly. A homemade 80/20 cart was used to maneuver the vacuum chamber.
Two threaded rods were temporarily installed during assembly and transport to constrain movement
of the components above and below the non-rigid connections (i.e., the copper braids and the bellows
visible in this picture). The crookedness of the bellows suggests that some relative movement still
occurred, perhaps causing the mechanical connection between the copper braids and the radiation
shield to fail. (c¢) Lowering the vacuum chamber into the optical table. Accessing the copper
braids for modification would be an invasive process requiring this step to be reversed.

contributes significantly to reduction of state lifetimes. As addressed in Section 4.4, possible reasons

include contribution from leaked TR and trap geometry effects. To further isolate the root cause, we
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would need to iterate through different in-vacuum designs. For example, we could switch in different
windows (a thicker substrate, an ITO coating, or a fine metal mesh may reject certain frequencies
more effectively than our current design), change the RAM tile configuration, or introduce a different
ion trap with different geometry. Such investigations would be interesting in their own right but are
unlikely to be the subject of near-term investigations in our apparatus.

The extent to which the ion’s effective temperature matters for a particular experiment is
dependent on both the molecular species under study and the application. For example, most
molecular species have B mol < Bp o+, meaning that (from Egs. 2.4 and 2.5) their lowest-lying
rotational levels will have longer lifetimes than those found in CaH". However, such molecules may
also have smaller vibrational level splittings; if AFE, < kpT, excited vibrational states will contain
appreciable equilibrium population fractions, keeping TR reduction relevant.

Applications in molecular QIP have the strictest fidelity requirements and thus will be most
sensitive to TR-induced transition rates. The focus for this apparatus moving forward will likely
be in precision measurement applications, which may not require such high fidelity. Nevertheless,

minimizing TR remains valuable in this context when searching for weak or unknown signals and for

maximizing duty cycle.

6.2.2 Reducing motional mode drift

A technical issue that currently plagues day-to-day operations in our experiment is motional
mode frequency drift. This drift always occurs monotonically whenever we turn on our highest-power
(729 nm or 1064 nm) beams. The fastest drifts are observed due to the 729 nm vertical beam,?
which does not cleanly exit the chamber but rather scatters off various electrodes and other surfaces
near the trap. Without servoing, and with typical beam powers and duty cycles used in molecular
spectroscopy experiments, the drift rate of the axial OOP mode frequency is ~ 5 Hz/s. This sets

the timescale at which we must pause experiments to servo the axial confinement. It also limits the

beam power we are able to use in some cases, e.g., during CSB cooling, slowing down our operations

3Fortunately, this beam is not used during typical experimental operation except for occasional micromotion checks.



97

and ultimately limiting the fidelity of our experiment.

The mechanism for this drift is hypothesized to be due either to charging or temperature
effects (note that either could be exacerbated by operating in a cryogenic system). Whatever the
underlying mechanism, the drift is clearly caused by photons scattering within the cold stage, and
indeed we have measured, e.g., 2 20% loss of the 1064 o beam between entrance and exit of the

vacuum chamber. When vacuum is next opened, it will be instructive to determine exactly where

this loss is occurring and address it accordingly.

6.2.3 Incorporating a general rotational transition drive

The only control we have over rotational levels is via a 285 GHz microwave source driving
the J = 0 +> 1 transition; otherwise, the molecule’s rotational level is determined stochastically due
to spontaneous and TR-induced transitions. Given our TR environment and the rotational level
splittings of CaH ", this is sufficient to perform experiments with the molecule in J = 1(2) 48(36)% of
the time, a reasonable experimental duty cycle. However, if we wanted to perform an experiment in
a higher J level, we would be saddled with much lower duty cycle. Another concerning consideration
is that when operating with a molecule with a lower rotational constant such as COH" (B = 89
GHz), the rotational level lifetimes will be O(minutes), and in equilibrium the molecule will be
spread over J =~ 0 — 8. Thus, to make a measurement in a particular J, we could easily be waiting
10 minutes or longer. Having the ability to drive rotational transitions could allow for deterministic
rotational level preparation, drastically improving the duty cycle for many conceivable experiments.

Our current Raman beams’ available relative frequency span is limited by the double-pass
AOM bandwidth, which is ~100 MHz; this is far too small to drive rotational transitions that are
typically 10s or 100s of GHz. Introducing two paths of a frequency comb as a Raman drive provides
an attractive and versatile option for driving transitions between rotational levels [45]. Frequency
combs can cover a spectral range of 10s of THz. If a Raman beam path is sent through an AOM with
bandwidth greater than the comb tooth spacing frep, any frequency difference within the comb’s

spectral range can be accessed by scanning the relative detuning of the paths. Since all of the comb
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teeth are equally spaced, once the frequency difference of any two pairs of comb teeth matches that
of the transition to drive, all comb teeth will be part of a pair that will contribute to coherently
driving the transition, as illustrated in Fig. 6.3. This strategy for driving rotational transitions has

previously been demonstrated on CaH™t [45].

Path 1 Path 2

ftransition

Figure 6.3: Using a frequency comb to drive rotational Raman transitions. The comb light is split
into two paths, which are both ultimately sent to the ion to form a Raman drive; an AOM is used
to shift the frequency of one of the paths. An AOM frequency can be found such that pairs of comb
teeth line up to drive the transition (firansition = 7 X frep + faoM, Where n is an integer). Pairs
of lines with the same dash style indicate different pairs of comb teeth (one from each path) that
contribute to driving the transition. Figure adapted from [45].

For a linear molecule, selection rules require that a two-photon Raman transition satisfies
AJ = 0,£2. For fully deterministic state preparation, a method for driving AJ = =£1, such as
the microwave source we currently use, would still be required. In addition to deterministic state
preparation, using a frequency comb to coherently drive rotational transitions would enable exciting

scientific applications in precision measurement and quantum information.

6.3 Prospects for future experiments

While the experiments performed so far with this apparatus have been confined to CaH ™", we

are actively working towards loading and spectroscopy of other molecular ion species, chiefly for
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precision measurement applications. Any change in species will bring unique experimental challenges,

but the ability to work with increasingly complex molecules brings expanded scientific opportunities.

Limitations on usable species

A major premise of our experimental design is that it is generalizable to many molecular

species. Before discussing what species with which we may wish to operate for future experiments, I

will first mention some restrictions to the species we can choose.

e Charge-to-mass ratio: We must work with molecules whose charge-to-mass ratio el
is within a factor of a few of our chosen auxiliary ion, “°Ca™, for two reasons. One is that
ions with ame < ac,+ will not be included in the trap stability region for typical operating
parameters. A second is that for large o mismatches, participation in the shared motional
normal modes is significantly imbalanced, hindering sympathetic cooling and quantum logic
transfer (QLS experiments with imbalances as large as {5 [43]< qhel < 3 [80]* have been
realized). However, this is not a fundamental problem; quantum logic-style operation with

molecules has been demonstrated with auxiliary ions ranging from *Be’ [43] to 226Ra’ [63],

allowing for ame’s spanning more than two orders of magnitude.

Molecular beam loading: In our apparatus, loading a particular molecule requires
that it can be included in a molecular beam and ionized with REMPI (or formed by
successive reactions beginning with such a molecule). This applies to a broad class of gaseous
molecules and could even be expanded to some metallic species [97]. Recently, the organic
molecule aminostyrene (CgHgN) was loaded in this manner [105]; the Lewandowski group has
demonstrated loading a variety of large molecules [28, 100, 101], including using reactions. A

more detailed discussion of molecular beam loading considerations is provided in Section 5.4.

e Internal level structure complexity: Molecules with more complicated internal level

structures will become increasingly difficult to prepare in a particular sublevel using the

4Strictly speaking, Ref. [80] probes an atom rather than a molecule, but the a-mismatch challenge is analogous.
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methods described in this thesis. Higher nuclear spin leads to denser sublevel structure,
while polyatomic molecules will have additional vibrational and (if non-linear) rotational
degrees of freedom. We expect that our molecular quantum state control toolbox will expand
by necessity as we work with progressively more complicated molecules, but it is still unlikely

that we will ever boast the same level of control of, say, an organic molecule as we currently

do with CaH™.

With these limitations in mind, I list some experiments that could feasibly be pursued in our system.

6.3.2 Isomer detection and state-resolved chemistry

Isomers—molecules with different arrangements of the same constituent atoms—have similar
energy level structures and are thus difficult to distinguish using standard molecular spectroscopy
techniques (and impossible using techniques that rely on differences in « such as direct mass spec-
trometry). Current methods typically rely on bulk behavior (chromatography [106], nuclear magnetic
resonance [107]) or destructive techniques (fragmentation patterns [108], reaction tendencies [109]).
The QLS protocol described in this thesis could provide a non-destructive, single molecule-resolving
method for differentiating isomers, since isomeric differences in rotational (and perhaps rotational
Zeeman sublevel) energy splittings are readily resolvable.

As a demonstration of this capability, we consider the isomers COH"/HCO™. As a linear
molecule with By oo+ = 89 GHz [48] and nuclear spin 1/2, COH™ has a similar rotational and
sublevel structure as CaH". CO™ can be readily formed from single-color REMPI [103],% and reaction
with Hs can probabilistically form either isomer. For proper choice of magnetic field amplitude, the
J =1 signature transitions in the two isomers differ by ~1 kHz; differences in rotational splittings
are much greater. Thus, we could load either isomer in our trap and differentiate the two with
near-unity efficiency.

Perhaps the most exciting prospect of the isomer differentiation capability is that we have

PNIST protocols make working with CO gas prohibitively difficult; we currently plan 3-+1 REMP(dissociative)l
from COg [110].
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control of the quantum state which the molecule occupies. One could imagine, for example, preparing
CO™ in various quantum states before the reaction with Hy occurs and observing differences in the
relative likelihood of the two isomers to form. State-resolved chemistry is an exciting and active

area of research |27].

6.3.3 Spectroscopy for interstellar chemistry

Our apparatus allows us to measure transitions in molecular ions with a precision orders of
magnitude better than current standards [45, 46]. Astrophysics is a field in which knowing spectral
lines with high precision is crucial [31]. NyH" and COH' are two molecular ions prevalent in
the interstellar medium [102, 111], and identification of their (rotational transition) lines within
dense spectra can be crucial, e.g., for determining Hs density in a particular region of interstellar
space [112]. With the introduction of a suitable frequency comb, we could measure such lines with

unprecedented precision, allowing astrophysicists to identify them unambiguously.

6.3.4 Larger molecules towards parity violation observation

As we continue to build our molecular control toolbox, we expect to begin performing
experiments with larger molecules with a more complex internal structure. One exciting potential
application is observation of parity violation. Predicted spectroscopic shifts between enantiomers
(opposite-handed chiral molecules) are small but, for the appropriate choice of molecule, are predicted
to be of O(1 Hz) [96], a level which is feasibly resolvable in our system. Note that chiral molecules must
consist of a minimum of 4 constituent atoms in a fully asymmetric configuration, meaning that they
will have three distinct rotational modes with which to contend. Besides internal state complexity,
dissociation during ionization can also be a significant challenge for such large molecules; Ref. [96]
suggests several candidate molecules suitable for both REMPI ion production and spectroscopic

parity violation measurements.
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6.4 Conclusion

As the field of quantum state control progresses further into the molecular frontier, quantum
logic will be a powerful tool. After many years of focusing on CaH" within the molecular branch of
the Ion Storage Group, it is exciting and rewarding to begin experiments with new species. Recent
work has been directed towards demonstration of loading No™ into the trap, with CO™ loading
coming close behind. I look forward to seeing the results that emerge from the cryogenic molecular

ion trapping apparatus in the years to come.
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Appendix A

The Stinger cryogenic system
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Figure A.1: A schematic of the Stinger system, including both components provided with the
commercial system (blue squares and manifold image) and those retrofitted by us (green squares).
We have also added a number of valves to the helium and vacuum lines. These allow us to perform
a variety of operations, including the unclogging procedures described in the text.
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Standard Stinger operating procedures can, of course, be found in the manual provided with

the system. However, the Stinger system was not designed to operate continuously at cryogenic

temperatures for weeks at a time, as we generally would like to do. When attempting to operate

in this mode, the system exhibits a behavior referred to as "clogging," in which the helium flow

through the system becomes restricted over some period of time; this is believed to occur due to

the accumulation of cryo-pumped contaminants. This can happen suddenly and cause the cold tip

temperature to exceed 100 K in a matter of hours if not addressed. Without additional mitigation

procedures, our system is observed to clog at least once every six days of cryogenic operation. In

order to not experience unexpected clogs, we have had to come up with our own set of procedures,

which I will outline below. It should be noted that many of these techniques were pioneered by

others; see, e.g., Ref. [113].

We implement the following strategies to mitigate clogging during experimental operation:

e Introducing an adsorbent helium purifier to the Stinger cryocooler helium supply line (see
Figure A.1), commercially available from Supelco. This increases our maximum clogging
period from 6 to 17 days. The purifier must be regenerated (via a 24-hour, 100°C bake) every
month and replaced every 3-4 months. During these procedures, manual valves installed in

the helium line allow us to temporarily bypass the filter.

Running weekly mini warm-ups to ~60 K with the recirculating compressor closed off. This
allows the contaminants to degas, at which point they can be pumped away via a scroll pump
through the vacuum port of the manifold. These mini warm-ups take about an hour and,
after the system has returned to equilibrium, do not significantly affect trapping conditions
such as micromotion. We have automated the system with pneumatic valves, serial control
of the F-70 compressor, and integrated readout of the cryocooler temperature so that these

warm-ups can occur at the click of a button.

In cases of persistent clogging (such as due to an exhausted filter or accidental contamination),

a warm-up to room temperature may be necessary. In extreme cases, the entirety of
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recirculating helium can be pumped out and replaced.

With a properly-maintained helium filter and regular mini warm-ups we can operate practically

indefinitely at cryogenic temperatures.



Appendix B

Experimental control system

Our experimental control system is built in ARTIQ (Advanced Real-Time Infrastructure for
Quantum physics). ARTIQ is developed by M-labs, initially in partnership with the Ion Storage
Group. Control code is written in Python and compiled onto a Zynq ZC706 FPGA, which routes
the FPGA I/O ports to direct digital synthensizers (DDSs), digital-to-analog converters (DACs),
and transistor-transistor logic signals (TTLs). DDSs are primarily used to control AOMs; DACs are
primarily used to set trap voltages and laser servo setpoints; and TTLs are used for a wide variety
of applications, including receiving photon counter signals, pulsing the molecular beam valve, and
switching servos on and off. Experiments can be run through a graphical user interface (GUI), which
has been programmed for versatile on-the-fly modifications of experimental parameters and provides
real-time plotting of experimental results. An example screenshot of the GUI is shown in Fig. B.1.

Control of trap electrode voltage and laser system intensity and frequency output are the
primary functions of the control system. Schematics of the RF and DC voltage paths and laser
output control (for lasers that employ active intensity servos) are displayed in Fig. B.2. Note that
while relative frequency adjustments of the laser systems are provided via DDS outputs to AOMs,
absolute frequency stabilization of Ca™ lasers to a cavity reference is described in Appendix C and

Ref. [55].



ARTIQ Dashboard - Mol
Explorer

Revasion: A
10 - Start up settings
Bayesian
COH
CryoMol voltages Ot panel handler with voltage controlier
DatasetCreator
Doppler cooling datection experiment
Example panel handler
Exp 10 do serial comms
Exp 10 set TTL output (in cases of input_output bug)
Exp_list
Molegular_Spectroscopy
Exp mol spec
ExpMolCalib: Calibration
ExpMolCond: Exp mel spec conditional
ExpMolPump44 Set pumping pulses
ExpholPumpdGealib; Set pumping pulses
ExpMalPump: Set pumping pulses
3 Notused
Pulse DAC voltage
Read dataset
Set dataset
Sinara
Startup
Test kernel from string
VeltageControl
artia clecks features

< v

i Open W suomt

Ewplorer  Datassts  Applets  DOS  Shortass  DAC

Applet ExpMolCalib: J=1

iE

J=1, RID 155023-20250509_221452: ExpMolCalib Time (us)

& %

o 200 400 600 B0 100
MW_pulse_t (us)
m -]
prt com | J_owkput_trgy Hfip_mirror| 357_sig_TntH _piezovoive ~
m ™ ™ " u u
0 ‘ 0 ‘ 0 ‘ 0 ‘ o 0
3 '.m.m-n‘ ni_jdoe_idac| 1i_flashlamp| 3_shuftes_39/ | tl_397_pi
™ ™ ™ " m m
0 0 0 0 o 0
& | F2s_sig_ret_{ | ul_2850Hz v

t [s00 us 5l
des_397 pl fon |-78 MHz 1 a0n [0.18 3| pOn 0007V fa
ds 866 pi e — aon [0.2 5| ponlozv 2]
dds 854 pi fon [ 3] 20n [03 5| ponfiv 2]
L2 ca Doppler =
t [2000s =)
dds 397 pi fon 17w 3] aon [o:22 | pom ooy 3]
dds_B66_pi fon [0 5| aon [0.48 :l pon oty 3]
dels 854 pi fon [0 Mtz ] a0n [05 Al pomiv 2
L ca Detect ]
t[100us B
ot 39731 oo on on
ads 866 pi fon[4me 3 a0n [o34 Bl pomfoav ]

t[s00us B
o 357 51 o[ 3] N — =
e 866 51 S r— e — pon
ddls_B54.pl fonfoma 2] a0n [o:31 2| pomiv

bR Ca EIT Cooling L]
L") Ca Cont 581 cooling [

t [600 us B
dds_397 sig fom -40Mez S a0n |0.14 = [ :j sb 0 8
dds 729 fom [-2.511 2] aom [0.73 2] pon[1v 3] sb -1 S|
oo oafiwe E]  safn B e B ap B
[ Dve dote: [May 19 2025 00:00:00 2] Pipeline: [main || &
e =L e
WARNING ~ | Revson: [current 11 X Terminate instances

115

Figure B.1: A screenshot of the ARTIQ GUI. Panels allowing for experiment selection, modification
of experiment parameters, T'TL control, and real-time display of current experiment results can be

seen.
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Figure B.2: Schematics showing control of select laser system output and trap voltages. Photodiode
(PD) signals are obtained using beam pick-offs near the trap chamber (see Appendix C). All trap
electrodes have a common bias —Vp applied in order to maximize the dynamic range of voltage
differential between the RF electrodes and the endcap electrodes. Grafana is a data logging software.



Appendix C

Optical systems

Manipulating the quantum states of ions in our experiment requires delivering coherent
electromagnetic radiation, primarily in the form of laser light. In this section, I will note the lasers
that generate this light, the mechanisms we use to stabilize the frequency of the light, and the
systems used to precisely control the frequency, amplitude, and timing of the light that is ultimately

delivered to the ion.

C.1 Lasers

At the core of the optical system is a series of commercially available lasers. All of the lasers
addressing Ca' are located or referenced to lasers in a neighboring Ion Storage Group lab—this
lab will henceforth be referred to by its room number, 1H116. Each of these lasers is ultimately
referenced to an optical spherical cavity in 1H116. For more details on the Ca™ lasers and locks in
1H116, see Ref. [55].

The lasers used to address our ion are as follows:

e 397 nm laser: A Toptica ECDL that can output up to 15 mW. To stabilize the laser
frequency, the beatnote between this laser and the 397 nm laser in 1H116 is frequency-locked
to 20 MHz via a NIST digital servo box, which feeds back to the laser current for fast

compensation and to the laser piezo voltage for slow compensation.

e 729 nm laser: A Toptica ECDL/TA PRO that can output up to 500 mW. To stabilize the

laser frequency, the beatnote between this laser and the 729 nm laser in 1H116 is phase-locked
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to a ~1 GHz signal provided by an HP digital synthesizer; fiber noise cancellation has been
added to the trans-lab fiber. A Toptica FALC module performs the fast current lock, while a
digital servo box provides the slow piezo voltage lock. The ISG room-temperature molecule
apparatus has the ability to use measurements on a trapped Ca™ to feedback directly to an
AOM in the optical path of the 1H116 729 nm laser, compensating for slow drifts in cavity

parameters.

854 and 866 nm lasers: Both wavelengths of repumping light are taken directly from
lasers in 1H116. The 854 nm laser is a Photodigm distributed feedback laser and the 866

nm laser is a Toptica ECDL.

1064 nm laser: The laser generating our Raman beams is an IPG fiber laser that can
output up to 5 watts. Since only the relative detuning of the different paths of this laser

matters, the absolute frequency does not need to be stabilized.

AOM boards, beam launchers, and imaging

For space efficiency, ease of use, and alignment stability, we have built all of our AOM optical

paths on custom-machined aluminum boards. Each board is 22" x 16" x 0.5” aluminum, holds 2-3

AOMs, and uses 0.5” Polaris optical mounts. All light is fiber coupled on and off the boards. Beams

are sent through their corresponding AOMs in a double-passed manner to increase the achievable

bandwidth and so that fiber coupling efficiency is not significantly affected by changing the AOM

frequency. The AOM board layout is detailed in Fig. C.1, and a picture of the 729 AOM board is

included in Fig. C.2. A few more details about each board are as follows:

e 397 board: This board contains 3 AOMs corresponding to 3 output fibers, but we typically

only use the 1st and 3rd (leading to the o and 7 port, respectively; the 2nd has been aligned
in the past for testing purposes). The Oth order is "recycled", meaning that if the 1st AOM
is not receiving RF power, the beam passes along to the 2nd AOM, etc. The complications

of this are that if certain optics are adjusted in a particular path, everything downstream
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must also be adjusted. Additionally, if multiple AOMs are on at the same time, the output
power of the downstream AOMs will depend on the deflection efficiency of the previous
AOM(s). However, no experiments that we run require different 397 nm beams to be on at

the same time.

An additional feature of this board is that the Oth order that passes all the way through
all AOMs is retroreflected to the m-port fiber upon actuation of a mechanical shutter. This
light is effectively ~400 MHz red-detuned from the |S}/9) <+ [P /o) transition. Sending this
light to the ion during the loading process leads to greatly improved loading efficiency; see

Section 3.2.1 for more details.

e 854 + 866 board: This board has 2 inputs and 2 outputs, one for each wavelength. Both

outputs are sent to the 729 board.

e 729 board: This board has 3 AOMs and corresponding output fibers, which go to the «, o,
and vertical ports, respectively. The 854 and 866 nm beams are combined using dichroics
with each other and then with the 729 beam deflected by the first AOM such that they all
go through the same fiber leading to the 7 port. Like the 397 board, the subsequent 729

AOMs use recycled Oth-order light.

e 1064 board: This board takes as input the fiber leading directly from the fiber laser;
light goes through 2 AOMs and corresponding output fibers, leading to the m and o ports.
However, the recycling strategy cannot be used in this case because the beams are used
simultaneously to drive Raman transitions. Instead, the input beam is split with a ~60:40

beamsplitter.

All of the AOM outputs are sent to one of two custom-designed aluminum “beam launcher”
breadboards located at the m and o ports where they are combined and sent to the ion (with the
exception of the 729 nm vertical beam, which is sent through the imaging port). The beam launcher

board is mounted on a motorized translation stage for alignment to the ion. The 397-nm beampaths



120

INIST digital servo (20 MHz offset lock)]

|DLC ProI

To wavemeter

T

397 nm
from 1H116

Piezo control
Current control

R R ——

1
397 nm Laser head breadbgtzd_! 397nmao | 1

to beam launcher

1 1
397 nm 7t % O\ M
to beam launcher V _é%

1
1 397 nm AOM board

1

854 nm
from 1H116

&

=
=

Signal generator ~62 MHz 866 nm
from 1H116

*y

854/866 nm AOM board

DLC + FALC

Piezo control
Current control

E Laser head 729/854/866 nm to |

1tbeam launcher
m Photodiode

% Optical fiber collimator
1
Optical fiber
729 nm to
& Beam pick-off o beam launcher
IZ Beamsplitter 1

% Dichroic beamsplitter

y Mirror

i
i

D Lens 1
729 nm to 1 m :
Retroreflector vertical/imaging board : 1
[ 729 nm AOM board 1
! Mechanical shutter
= 3 -
AOM
i |
m Beam dump 1064 nm to : N m i
nbeam launcher | U
l DDS output 1
1
l Servoed DDS output 1
1
Lom I H 1
1064 o iber laser 1
1064nmto |
o beam launcher :
I 1064 nm AOM board

Figure C.1: A diagram showing the optical path of each of the lasers through the AOM boards.
After being coupled off the board, they all lead to beam launchers at the experiment chamber, as
shown in Fig. C.3.
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Figure C.2: A picture of the 729 AOM board.

include a PBS and a 50:50 pickoff to a photodiode for intensity servoing; the 397 o beampath also
includes A/4 and A\/2 waveplates. The 729 7 and o beampaths include a beam sampler pickoff
for intensity servoing. The 397 and 729 ¢ beams are not currently servoed. Each 1064 nm beam
is expanded to ~12-mm diameter to reduce the beam waist (and thus increase intensity) at the
ion, reflected off a gold-coated mirror to minimize polarization fluctuations, and then sent through
A/4 and A\/2 waveplates. The 1064 nm collimating lenses are mounted on a motorized translation
stage so that these beams can be aligned independently of the Ca™ beams. Reflections from the
dichroics combining the 1064 nm and Ca™ beams are used to servo the 1064 nm beam intensity.
Once combined, all beams at each launcher are sent through a broadband doublet lens (f = 150

mm) to the ion. A schematic of the beam launchers is shown in Fig. C.3.
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Figure C.3: A diagram showing the optical paths leading to and from the ion.

The imaging system collects photons emitted from the ion from above through a re-entrant
viewport designed for high numerical aperture (NA) and thus photon collection efficiency. A 2”-
diameter multi-element lens system custom-designed using Zeemax to compensate for aberrations
from the in-vacuum windows and viewport (design adapted from Ref. [114]) collimates the photons
before they are sent to either the single photon detector or the camera. A PBS allows the vertical
729 nm beam to be sent through the same set of optics to the ion. This beam must be offset from

center to avoid being blocked by the trap chip.
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