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Abstract

Ion trapping serves as an invaluable technique for studying the quantum states of atoms
and molecules. By ionizing and trapping particles with dynamic electric fields, we can
localize them in space and isolate them from their environment. From here, they can be
addressed with lasers to manipulate their quantum states, which makes them great probes
for new physics. One experiment enabled by this work is the search for potential drifts
in the proton-to-electron mass ratio, , through studying the vibrational transitions of the
oxygen molecular ion. Drifts in this transition over time would indicate time dependence in

—currently understood as a fundamental constant—and thus, the presence of dark matter or
quantum gravity. A key component of this experiment is a co-trapped atomic ion species,
which sympathetically cools the motion of the oxygen molecules. Previously, the Hanneke
Lab successfully co-trapped beryllium atoms with oxygen molecules, but it became of interest
to co-trap oxygen with calcium instead, due to calcium’s larger mass, which provides more
favorable dynamics in the trap. This thesis project consists of taking a functional ion trap
system for beryllium and oxygen and making it suitable for calcium and oxygen. To do
so, we designed, built, and laid out the mechanical and optical systems to allow for the
trapping and cooling of *°Ca*. This included building and installing a calcium oven, as well
as designing and laying out a four-laser system to eventually laser cool 4°Ca*. This four-
laser system involves 423 nm and 375 nm lasers for photoionizing neutral calcium, as well as
397 nm and 866 nm lasers for cooling ionized calcium. Ultimately, we successfully ionized,
trapped, cooled, and imaged calcium ions in crystallized form. We also tested different trap
parameters for our linear Paul trap and examined how the ion crystal’s shape responded.
The Hanneke Lab now has a functional ion trap system that has the tools to trap calcium
and oxygen together to measure the vibrational transition of oxygen.
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Chapter 1

Introduction

lon trapping techniques o er a window into new physics, new technology, and thus, into
the future. By con ning charged atoms or molecules in dynamic electric elds, fundamental
physics constants can be tested and same-species qubits can be studied for the development
of quantum computing. This thesis project took an already working ion trap apparatus|
designed for®Be* atoms and'®0O; molecules|and made it suitable for 4°Ca* and 1°0O;
trapping. While the Hanneke Lab is on the hunt for new physics, motivations for this work
also derive from the development of optical-frequency, metastable-state, and ground-state

qubits in the eld of trapped-ion quantum computing.

1.1 lon Traps

lon traps in ultra-high vacuum create an ideal environment to con ne particles in space. The
positions of the trapped particles are known, and they are shielded from background gases.
From here, the quantum states of the trapped particles can be manipulated and studied.
These particles can be atoms or molecules. For atomic and molecular ions, since they are
charged, their spatial position can be manipulated by electric elds. If such an electric
eld is applied so that a particle is con ned within a small volume, it can be addressed,

manipulated, and studied using lasers.



According to Earnshaw's Theorem, charged particles cannot be con ned in space by
using solely electrostatic forces. To circumvent this issue, dynamic electric elds become of
interest. By using a sinusoidally oscillating eld in one plane while maintaining a constant
voltage along an orthogonal axis, charged particles can e ectively be trapped in space [1].
The development of the linear Paul trap is immensely important in Atomic, Molecular, and
Optical physics. More detail on the dynamics of the linear Paul trap will be provided in Sec
2.2. This chapter will rst build an intuition for quantum computing to motivate how ion
traps are useful for applications beyond fundamental physics experiments. This chapter will
then explain how ion traps are crucial to fundamental physics experiments, the goals of the

Hanneke Lab, and this thesis project.

1.2 Quantum Computing

Classical computers hold information and execute tasks through the use of bits and gates.
Bits are where information is stored, taking values of 0 and 1 (known as the binary digits)
[2, 3]. In computer hardware, this bit can take the physical form of a transistor, where
the absence of an electrical current through a wire represents a 0 bit (0 ) and the presence
of such a current represents a 1 bit (on) [3]. For bits to be useful, they must change or
react according to a presented task. Classical logic gates take advantage of bits, having two
inputs and one output. These gates include OR, AND, NOT, and NAND, all common logical
statements in mathematical logic [3].

Richard Feynman considered the possibility of quantum mechanical computers that could
simulate any physical system [4]. Quantum computers take advantage of quantum mechanics,
where wave-particle duality and other non-classical phenomena exist [3]. They operate with
guantum bits, known as qubits, which have two states as well)i and jli. However, qubits
have the ability to be in a superposition of states.

In short, quantum computers have greater computing and processing power than classical



computers. A qubit's state can now be represented in the following form:

Ji= Joi+

where

j PeiP=1

and and are complex numbersj j? is the probability of a qubit being in the jOi state,

andj j? is the probability of a qubit being in the j1i state.

Figure 1.1: Classical bit modeled by a light switch with no dimming features.

Figure 1.2: Quantum bit modeled by the Bloch Sphere.



This phenomenom can be modeled by the Bloch sphere in Figure 1.2. Every point on
its surface except the poles represents some superposition of jieand j1i basis states.
The qubit's state can be modeled as a unit vector on this two-dimensional complex vector
space with two orthonormal basis vectorsjOi and jli [5]. Generally, the qubit's state can

be expressed on the Bloch sphere as

joi :coséjOi + € sinéjli:

Readout of a quantum state, as with any measurement of a quantum system, collapses
the wavefunction to one of the basis states, and it is not possible to get continuous data out.
Other tasks involved with quantum computing are quantum state preparation, quantum
gate operations, read out, quantum error-correction, etc. Generally, the quantum advantage
can be understood in the fact that the classical world, ruled by Newtonian mechanics, is a
special limit of quantum mechanics [6]. Simulating and completing tasks through quantum
computers should then have much greater computational power than classical computers.

Now, we are left with a couple questions: how can a quantum computer be realized? What
physical system can create a good environment for quantum information and processing?

According to David P. DiVincenzo, there are ve criteria in determining whether or not

a system can serve as an e ective quantum processor [6]:
1. The system needs a collection of two-level qubits.

2. The system needs to be able to initialize each qubit into an easily referenceable state,

as registers should be at a known value before computation.

3. The system needs to be able to have gate times much shorter than decoherence times
(decoherence times characterize how the qubits in a system interact with its environ-

ment and represent the decay of the superposition of states).

4. The system needs a universal set of gates, similar to the OR, AND, NOT, and NAND



gates of classical systems [3].

5. The system needs to be capable of accurately measuring the qubit state.

1.2.1 Atomic lons as Qubits

Trapped atomic ions show much promise as a candidate for qubits. Atoms are everywhere.
They can be made readily available, and if they are from the same species and isotope, they
will have the same structure and properties [7]. A common choice of atom for such tasks is an
atom in Group-Il, mainly for their relatively simple level structures with cycling transitions,
since they have only one valence electron after ionization.

With respect to DiVincenzo's criteria, trapped atomic ions pass with ying colors. The
system has a collection of two-level qubits, with their internal electronic states as th@ and
J1i qubit states [7]. Initialization into an easily referenceable state can be achieved through
exciting an ion to one of its excited states via a laser. The ion may decay into a state that
does not get excited by the frequency of the laser. The ion will then will then remain in that
state. This process, called optical pumping, eventually ensures the ion is in one of its qubit
states. In the case of°Ca', the jOi state could be the 3., metastable state, and thej1i
state could be the 4%, ground state (see Figure 3.9 for a full picture). This is simply one
possible type of qubit, known as the optical qubit.

Universal and high- delity gates have been demonstrated with trapped atomic ion qubits,
with coherence times much longer than gate times, satisfying DiVincenzo's third criteria
[7]. These operations can be achieved by applying laser or microwave drives of di erent
frequencies to the ions. Finally, their readout follows a simple process of coupling tie
state to a transition via a resonant laser and ensuring no coupling to th@®i state. The
transition, called a cycling transition, will scatter many photons in processes described in
Chapter 3, and thej0i state remains in the dark, making it clear what state the qubit is in
[7].

The process of laser cooling also proves to be crucial in state preparation for a two-

5



gubit-gate, which involves the shared motional modes of ions [7]. Laser cooling combats the
heating of the ions' motional modes (described in further detail in Section 3), but in this
process many photons get emitted, causing decoherence of the qubits. Due to this, cooling
cannot be done on data qubits, so a separate species of atomic ions can be introduced to
sympathetically cool the data qubits. These ions will not store information. Using this
solution, signi cant energy di erences between transitions in both species shield information
qubits from emitted light of coolant ions. This is known as dual-species ion trapping [7].
However, trapping multiple species of ions together causes a few issues such as (but not

limited to) [8]:

" Requirement of twice as many stabilizing lasers.

" Di culties cooling all of the shared motional modes.

A

Di erent species coupling di erently to stray elds.

1.2.2 omg Architecture

In 2021, a new blueprint proposed a potential solution, using the bene ts of dual-species ion
trapping and the simplicity of trapping ions of a single species [8]. This solution involves
using a single atomic species and takes advantage of three di erent electronic qubits a orded
by Group-Il elements. The three electronic qubits, optical-frequency (0), metastable-state
state (m), and ground-state (g), can all be addressed to perform necessary tasks without

a ecting the other.

Optical-Frequency ( 0): One ground state, one metastable state, and an energy splitting

with an optical frequency. This is the qubit previously discussed.

Metastable-State ( m): Two metastable atomic states, either as hyper ne splitting or Zee-
man states. Zeeman states appear when the ions are placed in a magnetic eld, and
degenerate states respond by splitting into di erent energy levels, scaled by the strength

of the magnetic eld.



Ground-State ( g): Two long-lived atomic ground states, either as hyper ne splittings or
Zeeman states. Hyper ne splittings occur due to interactions between the nuclear

magnetic moment and the electronic magnetic moments [9].

This solution bears the name of theomg architecture. Since theomg architecture only
requires a single species of atoms, laser cooling becomes more e cient, all ions respond to
the dynamic eld similarly, the impact from stray elds diminishes, the number of lasers and
optical components reduces, and only one species of atom needs to be loaded and trapped
[8].

Di erent combinations of these qubits can work as the state preparation, gate, storage,
and readout functions of a quantum operation. Note that these processes require much more
complex and thoughtful engineering, but | will leave the discussion of trapped-ion quantum

computing until Chapter 5.

1.3 Searches for New Physics

While quantum information is an applied eld that uses ion-trapping techniques, many of

the same techniques are used for precision measurements and probes for new physics.

1.3.1 Atomic Clocks

The use of trapped atomic ions as qubits derived from the development of atomic clocks
[7]. In general, clocks operate via a regular, periodic event. This event occurs at a constant
frequency and serves as a stable time reference. Atoms make ideal systems as frequency
standards, as they are naturally occurring, abundant, and have two quantum states that
correspond to one of its natural oscillations [10]. For example, the Systeme International

(SI) unit for the second, is the de ned by an atomic transition [11].



1.3.2 Standard Model

The Standard Model of particle physics is the most accurate and successful model in terms
of understanding, explaining, and predicting many phenomena in di erent elds of physics
[12]. However, it is not perfect. It cannot explain and predict the observed di erence in
matter and antimatter, and it cannot provide the framework for combining gravity with its

own fundamental interactions [12]. While attempts to search for new particles can occur at
the high-energy particle physics level by the use of a large scale collider, new physics can also
be found using low-energy precision measurements. Thus, techniques such as those involved

with clocks can be used to probe for new physics.

1.3.3 Fundamental Constants

Fundamental constants are parameters that are not de ned by the theories they appear in.
This means that fundamental constants are not predicted values, rather measured values

[13]. Two examples of fundamental constants include:

1 €
4 ohC’ ( )
the ne structure constant, and
my
= & 1.2
a3 (1.2)

which is the proton-to-electron mass ratio. The ne structure constant de nes the strength
of the electromagnetic interaction.

Certain theories propose the idea that these fundamental constants are not actually
constants, rather dynamic elds [12]. Amongst these theories are discrete quantum gravity
and dark matter [14, 15]. The possibility of the variation of fundamental constants can be

addressed via studying atomic and molecular clocks, which have become crucial for these



searches due to their high precision.

Molecular spectroscopy o ers more opportunities to monitoring these constants. Molecules,
which are multiple-atom systems, allow for the atoms to vibrate and rotate with respect to
one another. These added degrees of freedom lead to more energy levels, known as the rovi-
brational states, and they have spectra lled with many transitions. If the proton-to-electron
mass ratio is spacetime dependent, so are atomic and molecular spectra [12].

If fundamental constants are found to be dynamical, then it means there is new physics

that has not yet been postulated [16]. Thus, the bounds of knowledge can be pushed.

1.4 Searches for drifts in

In the Hanneke Lab, we hope to search for drifts in through the vibrational transitions
of diatomic molecules. As previously stated, molecules have more degrees of freedom than
atoms, so they have more energy levels. A good way to probe for drifts is to nd two states

which respond di erently to

hf =EY) E%X) (1.3)

and we can monitor the frequency of the energy di erence, wheréh is Planck's constant.
Any shift in f can be related to a fractional change in [17].

A diatomic molecule can be modeled by two masses on a spring, or more speci cally,
the harmonic oscillator. Sincem, governs the total mass at the ends of the spring, anth
governs the chemical bond (which serves as the spring constant), it intuitively follows that
a drift in my,=me would change the vibrational frequency of a diatomic molecule. A more
guantitative approach is provided below, following the derivation in [18].

In quantum mechanics, one can use the harmonic oscillator potential and solve for the

eigen-energy levels [19]:



En = hio(v+ %): (1.4)

In Equation 1.4, f, is the oscillation frequency of the diatomic molecules; is the vi-
brational quantum number given in integer steps, andh is Planck’'s constant. However, in
the Hanneke Lab, we like to write the harmonic vibrational energy in units of wavenumber{
cm 1. Looking at just the vibrational energy of a diatomic molecule, we can express it in

units of wavenumber:

= v+ D) (1.5)

and

r
f

_°
c

e

1 kK
= 2c E: (1.6)

In Equation 1.6,k is the spring constant of the oscillationg is the speed of light, andn is
the reduced mass of two indentical nuclei. Note that there are other energies associated with
diatomic molecules, but since vibrational transitions hold the highest sensitivity constant
and vibrational transitions are the simplest to drive, we focus on the vibrational energy.
More detail and description of the sensitivity constant can be found in [17]. Sinde is
proportional to the mass of the electronm,, and the reduced mass is proportional to the

mass of the proton,m,, we can make the relation

r_
E/ 1./ —= : (1.7)

Ultimately, we can relate the di erence in energy from Equation 1.3 to a fractional change

in , related by an absolute sensitivity factorc . This can expressed, from [15], by
E=c—: (1.8)

10



Our molecule of choice i$°0;, and we study thev = 0 to v = 16 vibrational transition.

1.5 Experimental Setup

To probe for driftsin , the Hanneke Lab uses dual-species ions in a linear Paul trap, operated
in ultra-high vacuum. Linear Paul traps, which will be discussed in detail in Chapter 2, apply
a quadrupolar eld that oscillates at a radiofrequency (RF) in one plane and a static eld
along an orthogonal axis. We use the linear Paul trap designed by former thesis student
Shenglan Qiao, which is known as the Qiao Trap [20]. The trap is made up of what looks
like four electrodes, but in reality is 12, since two of the electrodes are segmented into ve
subelectrodes. The segmented electrodes provide the static potential along the trap's axis.
To probe for drifts in , we use!®O; molecules, due to their electric dipole forbidden
transition with high sensitivity to shifts in , as explained in Section 1.4. ©molecules get
introduced through a molecular beam, and they get ionized through a laser process called
2+1 resonance enhanced multi-photon ionization (REMPI) via a 301 nm pulsed laser. To
cool the molecules, we introduce an atomic species into the trap through an oven and a
photoionization process. Then, we can laser cool the atomic ions in order to sympathetically
cool the*0O; molecules. The cooling process also uoresces the coolant atoms, so it allows
us to see the amount of ions in the trap, where the coolant atoms appear bright aktD;
appear dark. Then, we will drive the vibrational transition of 1°O; via a 767.6 nm laser
to its 16th excited vibrational state. Next, we will apply a 355 nm laser, which will split
the molecule apart into two atoms only if the molecule is already in its 16th excited state.
From there, we can employ tricks in the RF trap (explained in Section 5.2) to test to see if
there are O atoms inside of the trap. This will allow us to see if we successfully drove the
transition from v =0 to v = 16. From here, we can track the frequency at which we drove
the transition, and perform this measurement over the course of a year and test for drifts.

To prevent background gases from interfering with the trapped particles, we operate our

11



Figure 1.3: Qiao Trap modeled on SOLIDWORKS with laser propagating along trap axis
(Credit: James Kubasek).

trap at ultra-high vacuum. Our vacuum chamber has seven viewports, six along the sides
so that lasers can be propagated through the trap, and one larger viewport on the top so
that we can image the ions. The lasers are all tuned, monitored, modulated, and stabilized

in separate parts of the lab and ber coupled to the trap.

1.6 Upgrades

The Hanneke Lab had a set-up suitable for driving the transitions 3O} and had previously
state-selectively ionized®0O; . °Be" was used to sympathetically cool thé®O3 . However, it
became of interest to cool with an ion of a heavier mas®Ca’. Using“°Ca* provides more
ideal dynamics in the trap when it is cooled to an ionic crystal structure. A heavier coolant
ion, like 4°Ca*, leads to a trapped crystal structure in which the coolant ion forms around

the target ion (*°0; ). Using “°Ca" provides the following bene ts:

" There is more e ective laser cooling due to closer proximity between the di erent

species.

12



A

It will be easier to detect and count!®O; since they will appear as a dark core in

uorescing “°Ca* formation.
= 1607 will form closer to the axis and will see a more uniform beam.

~ The lasers associated with the transitions df°Ca* are much easier to use than those

for Be'.

These reasons will be further developed in Section 3.2.

For the process of laser cooling, beryllium got introduced into the trap chamber by
running current through an oven in a mount attached to the base of the chamber, just in
front of the trap. They were then ionized to B& by laser-induced transitions, with similar
techniques applied to achieve laser cooling. Upgrading the trap to be suitable fiCa

requires some new mechanical and optical systems:
" A way to load calcium into the chamber, or in other words, a functional calcium oven.

" A photoionization laser system to ionize¢°Ca. This includes a 423 nm resonant tran-

sition to excite “°Ca and a 375 nm laser which ionize$Ca.

" Laser systems for laser cooling. These include a 397 nm laser for the Doppler cooling

transition and a 866 nm laser to repump any ions stuck in a metastable state‘8Ca" .

The laser systems involve much more than what was mentioned, as they must be tuned,
modulated, and stabilized according to our needs. More details on this will be given in
Chapter 3. In short, this project aims at switching the co-trapped atomic ions from Beto
Ca’, due to the more desirable features of Cawhen co-trapped into an ion-crystal with
0;.

Now, why even go over themg architecture solution if this project's goal is to develop a
new dual-species trap? Well, the answer is that themg architecture is a recent a develop-
ment in a eld that uses much of the same techniques we use, and the application of thag

architecture could be an exciting development in an already exciting and rapidly growing

13



eld. lon trapping techniques are not just limited to fundamental physics experiments, they
also are one of the leading techniques in the development of quantum technologies.

The next chapters will discuss in detail the mechanisms related to this project and how
they relate to the ultimate goal of measuring drifts in . In Chapter 2, | will discuss the
theory behind RF traps, our trap set-up, our RF circuit, the vacuum chamber, and our
oven upgrade. Then, in Chapter 3, | will develop the atomic theory necessary to understand
the transitions we drive in4°Ca, as well as the optical components that allow us to tune,
monitor, modulate, and stabilize the laser frequencies. In Chapter 4, | will show how we
successfully trapped®Ca* into a Coulomb crystal form and discuss how we can change its
position through the adjustment of DC and dynamical voltages in the Qiao Trap. Finally,
| conclude by tying all of the work back to the ultimate goal of measuring drifts in , what
steps are left to achieve that goal, and a brief discussion tying the work to trapped-ion

guantum computing.

14



Chapter 2

Radiofrequency Traps

In order to conduct fundamental experiments that probe for drifts in the proton-to-electron
mass ratio, we must con ne atoms and molecules together. In this chapter, | will discuss the
mechanical systems that trap charged particles in three-dimensional space. | will start with
the theory of the linear Paul trap and how we apply it to the needs of the Hanneke Lab.
Then, | will discuss the circuit board that drives our trap, the vacuum chamber in which

our trap lives, and recent upgrades to our system.

2.1 A Motivating Example

To motivate this chapter, consider charges located at the corners of a cube, each with charge
+Q. Now, imagine a charge +Q is placed directly at the center of the cube, such that its
distance from each charge is the same. While it is tempting to say that the charge is in
stable equilibrium from a symmetry standpoint, it is not the case. If a charge directly in the
center were to be in stable equilibrium, it must be at a local minimum of potential energy.

However, general solutions to Laplace's Equation

=0 2.1)
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Figure 2.1: Motivating problem to begin thinking about Earnshaw's Theorem. Point charges
of all equal charge sit on the corners of a cube. If a point charge is placed at the center, it
is not in stable equilibrium. Problem inspired from [19].

tolerate no local minima or maxima. The standard electrostatic potential energy
U=Q

cannot provide the function of keeping +Q in stable equilibrium, if is some electrostatic
potential. This problem is an example of Earnshaw's Theorem at play, which states that a
charged particle cannot be held in stable equilibrium by electrostatic forces alone. Example

problem inspired by [19].

2.2 Linear Paul Trap

So, how does one con ne a charged particle in three-dimensional empty space? We still
require a potential energy minimum in a desired region of space. The trick to circumventing
Earnshaw's Theorem is to drop the electrostatic restriction. We can achieve this by using
both a static voltage Uy and a potential of amplitude V oscillating at a radiofrequency. In

three-dimensional space, this can be modeled by

= Up(x 2+ y2+ z2+ Vceos( t)( %2+ Y2+ %?); (2.2)
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Figure 2.2: Simpli ed illustration of the Qiao Trap, the Linear Paul Trap used by the
Hanneke Lab. Note that in reality two of the electrodes are actually segmented to provide
axial con nement.

where is a radiofrequency. The geometric factors,, , , © ©, and © paired with

Equation 2.1, impose the conditions

+ + =0 (2.3)

and
O+ %+ 0=0: (2.4)

While there are a couple of options for the values of the geometric factors, the linear Paul
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trap used by the Hanneke Lab utilizes the following:

(2.5)

The linear Paul trap can be made using four electrodes of near hyperbolical cross-sections
that extend along the z-direction, creating a quadrupolar eld, as shown in Fig 2.2. The
geometric choices given by Equation 2.5 lead to dynamical con nement on the x-axis and
y-axis (radially) and static con nement on the z-axis (axially). The linear Paul trap used
by the Hanneke Lab was designed by Shenglan Qiao [20] and is known as the Qiao Trap.
It uses hyperbolic curvature only at the tips of the electrodes so that we have access to the

center of the trap for lasers and imaging.

2.2.1 DC Potential

First, we will take a look at the static portion of the potential. The Qiao Trap applies a
DC potential to two opposing electrodes, which are segmented into ve sub-electrodes. The
outer segments measure 20 mm in axial length, and the three inner electrodes measure 3 mm
in axial length to provide axial con nement (as represented in Figure 2.3). The other two
electrodes remain solely driven by the RF (to be discussed in Section 2.2.2), though they are
capable of independent DC bias if desired.

Other linear Paul traps use endcap electrodes at the axial tips of the trap to provide
axial con nement. However, we wish to place mirrors where those endcaps would go so that
we can build up laser power for a beam propagating down the trap's axis. This choice leads

us to relinquish radial symmetry, so we therefore de ne our geometric factors as
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Figure 2.3: Top view from the Qiao Trap. Only two electrodes are in view, with one of them
segmented (driven at DC and at an RF) and the other solid (driven at just the RF). For the
segmented electrode, the middle three sub-electrodes are 3 mm long each, and the outer two
sub-electrodes are 20 mm long each.

@ )

(2.6)

where is a dimensionless \fudge" factor due to the electrodes not being perfectly hyperbolic
(as well as geometric impurities)zq is the axial distance from the center of the trap to the
end of the middle electrode (1.5mm), and is a constraining parameter to account for the
lack of radial symmetry. In a case where we do have radial symmetry,= 3. The static

portion of the eld can now be expressed as
oc = (@ (X7 W) (27)

Since the DC electrodes are separated into ve subsections, we set them at di erent

voltagesU;, U,, Us, Uy, and Us. In this labeling, U; and Us are the outer electrode voltages,
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U, and U, are the voltages of the outer 3 mm electrodes, atd is the voltage of the innermost
electrode. IfU, and U, are set to the same voltage, we say thai is the di erence between
U, and Us [21].

For a singly ionized particle, Equation 2.7 can be represented as done in [22] but with

the constraining parameters:

m
bc = ﬁ! 225 (xZ+@ YA (2.8)
where S
2 jgUo
| =
I, — (2.9)

2.2.2 Dynamic Potential

For the dynamic portion of the potential, all four electrodes are driven with an amplitude of
V—2°, whereV, is the peak-to-peak voltage of the oscillating eld. For this quadrupolar eld,
two opposing electrodes are in phase with one another, while adjacent electrodes amaut
of phase with one another.

We de ne our geometric factors as

oo 1
r
oo 1 (2.10)
rs
°=0:

The valuer, represents the distance from the tip of one of the hyperbolic electrodes to the
center of the trap (in a cross-sectional view represented in Figure 2.5). In other wordsg,

is the radial distance from the center of the trap to the tip of the trap electrode, and it is
equal to 1.25 mm.

This creates a opping saddle that oscillates with , as represented Fig 2.4. Each time
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Figure 2.4: A representation of the oscillating potential at t=0 and at a phase shift later.

the value t increases by , the potential changes sign, as expected from a cosine function.

For a charged particle found in this potential, the equations of motion are given by

. Zd@
m @Xx

,- 290, 1
m @y

where Zj¢g is the charge magnitude and m is the mass of a charged particle. Plugging

Equation 2.2 into Equation 2.11, the equations of motion become

X = 22—Jej[Uo +V %cos( t)]x
22”? . (2.12)
y= Je][UO +V Ccos( t)]y:

m

With the use of the relations

= 7t; (2.13)
_ 8ZjgUy . _ 2ZjeVp °.
L e (2.14)
8ZjgUp 2Z eV ©,
a, = 150, b (2.15)
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Figure 2.5: Cross section of the trap with the z-axis into and out of the page. Relevant
distances are described such as the distance from the tip electrode to the center of the trap,
as well as the center electrode length.

the equations of motion (Equation 2.12) can be put in Mathieu di erential equation form

@x

@z +[ax 2gccos(2)]x=0
Ay . N (2.16)
@2 [a, 2q,cos(2)]ly=0:

Note that in Equations 2.14 and 2.15, we have place¥ instead of V, whereV, is the
peak-to-peak voltage.

The dimensionless; and g parameters govern the stability of motion. In stable motion,
the amplitude of particle oscillation will not grow over time, but in unstable motion, the
amplitude of the particle oscillation will grow over time.

Mathematically, the Mathieu Equations have general solutions with periodic coe cients,

Cn's, and a real valued exponent, ;, wherei 2 f x;yg. Following the work of [23{25], the
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value 2 in a simpli ed form can be expressed as
1 1
2= g —+ D) 2.17
P=a a(r* g (2.17)

where A and B are both continued fraction expressions governed by tli&, coe cients.
Regions of stability are bounded by combinations of; and g that give ;=0 and ;=1.
However, in the lowest order approximation of ion trajectory, j@j; of) 1, it has been
determined that

Q.
5

A (2.18)

Figure 2.6 represents the lowest region of stability in a plot aj; versusay. Values ofVj,
m, ro, and must be carefully chosen in accordance to the charged particle's properties in
order ensure @ and ¢ are in the stable region.

In the case of the Qiao Trap and a singly trapped ion, Equations 2.14 become

_ 8gUo
x = m—zz(z) (2.19)
_ 2g\Vo
= m o (2.20)
Suppose one wants to achieve stability witlyy = :2 (equivalent toq, = :2) for a singly-

ionized calcium atom while driving at 10.85 MHz. The electrodes must then be driven at

around V,=300.8 V peak-to-peak.

2.2.3 Pseudopotential Approximation

In the low q limit, where (jaj;?) 1, a charged particle will experience a harmonic oscillator

pseudopotential described in [22] of

m
0= =1 2(X2+ y?); (2.21)
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Figure 2.6: Plot of g versus ¢ in the lowest region of stability diagram for a linear Paul
trap. Reprinted with permission from [25] under license number RNP/26/APR/104119.

where the radial oscillation frequency is given by

L= (2.22)

2 2

However, since our DC potential has radial components, the radial pseudopotential is

weakened, and now the total potential in the x and y components can be expressed as

e %(!5 | 2)x2 (2.23)
and
y= %(!? @ )2y (2.24)

This modi es the frequencies in each direction to

ly= 12 12 (2.25)
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and

ly= 12 (1 ) 2 (2.26)

z

Note that we introduce asymmetries to the pseudopotential since our geometric factors
in the x and y are scaled by and (1 ). To predict the motion of a trapped ion, we must
know what our and factors are, which we simulate in Section 2.2.4.

Note that if q values are very low, which is the regime in which the Qiao Trap operates,
there also exists \micromotion" in addition to the \secular" motion described above. This
micromotion oscillates at a higher frequency, with smaller amplitudes than the secular mo-
tion, and out of phase with the RF frequency. This occurs the further the particles are

from the trap's axis [25].

2.2.4 RF Trap Operating Conditions

We have known that when we run our DC electrodes for axial con nement dt,;, U,, Us,
U4, Us, symmetric choices ofU; and Us do not aect , the geometric factor, nor , the
asymmetric factor introduced by the DC electrodes [21]. Previous work in the Hanneke Lab
often setU;=0. However, sometimes we wish to have deeper potential wells, which can be
achieved by lettingUs; < 0. Thus, we recalculated and for di erent con gurations and
ratios of Us=U,. We used simulation software in order to estimate and factors.

By simulating their values, we can estimate an ion's oscillation frequency in each direc-
tion. We use SIMION software to simulate the potential and t it to a hyperbolic function
in orderto nd , which turned out to remain constant at = :17 for all ratios ofUs=U,. We
then ran tting functions using the values of inorderto t to a potential. However,
showed dependence on the ratids=U,, as shown by Figure 2.7. As the ratidJs;=U, increases,

increases.
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Figure 2.7. as a function of the ratio ofU; {the innermost 3 mm electrode{ andU, { the
outer 3 mm electrodes. As the the ratio increases, so does

2.3 RF Circuit

In order to trap ions in the Qiao Trap, we drive the electrodes with a circuit. This circuit acts

as an LC resonator and uses spaces between out of phase electrodes (the adjacent electrodes
in Fig 2.5) as the main source of capacitance. In order to achieve small values of g, we must
drive the electrodes at voltages around 50-200 V, meaniﬁ% ranges from 50-200V. Typical
source generators nd these values di cult to drive, so we use a step-up transformer to reach
such values. As shown in Figure 2.8, due to the transformer's secondary coil being part of
the RF circuit board, it acts as an inductor (which creates the LC resonator). The resonance
frequency of this LC resonator should be as high as possible, since high RF frequencies are
associated with more tightly bound ions, which need to be close together and near the trap's
center in order to be addressed by lasers. The RF frequency of our board ranges between
10.8 MHz and 12.5 MHz [26].

The circuit also introduces the ability to adjust the RF null (the trap's equilibrium
position in the saddle of Figure 2.4) by adjusting the relative potential across in-phase
electrodes. This is achieved by adding an adjustable capacitor across each electrode, which
moves the equilibrium point away from the center of the trap. Having the ability to adjust

ion position is helpful in order to ensure that the ions see a uniform beam. Note that this
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Figure 2.8: A simpli ed circuit diagram of the LC resonator for the RF drive of electrode
potentials. T1 represent the step-up transformer, C1 is the equivalent capacitance of about
20 pF for the electrode-capacitor system, which is shown on the right. Each capacitor
between the electrodes is of about 5 pF. Note that this is only one aspect of the full circuit
board designed in [26]. Figure credits to [26].

only applies to the 767.6 nm beam that propagates down the trap's axis in an in-vacuum
cavity, addressing the oxygen molecules.

Finally, the circuit o ers the functions of voltage o set and modulation. The voltage o set
allows us to apply static potentials on the segmented electrodes to provide axial con nement
and to correct for asymmetries in trap geometry. Finally, the modulation function allows
us to test the real frequencies of the secular motion experienced by trapped particles. By
driving at a lower frequency than the RF, but in the same ballpark as the expected secular
frequencies, we can essentially drive a harmonic oscillator near its resonance frequency. When
the trapped particles' amplitudes respond greatly to the modulation, we will know that we

are driving at the particles' secular frequencies [26].

2.4 Vacuum Chamber

If there are background gases and particles other than the ones we are trapping, our trapped
particles could be knocked out of the potential well. In order to run experiments on trapped
particles, they must be able to stay in the trap. Charged particles outside of the trap become
useless for the experiment. Thus, we operate our experiments in Ultra High Vacuum (UHV),

which is generally de ned around 107 Torr [27], but we ideally want 10 *° Torr for our
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Figure 2.9: SolidWorks model of the vacuum chamber. The length of the full model is about
80 cm in length.

experiments [26]. Important phenomena and components are italicized in this section. The
trap chamber used by the Hanneke Lab, as shown in Figure 2.4, is separated into three

separate chambers:
1. The Molecular Beam Source Chamber (kept at around 10 Torr)
2. The Di erential Pumping Chamber (kept at around 10 8 Torr)
3. The lon Trap Chamber (ideally kept at around 101° Torr)

Chambers 1 and 3 both connect to chamber 2 via skimmers, as shown in Figure 2.10.

The chamber 1 to chamber 2 skimmer is 1 mm in diameter, and the chamber 2 to chamber

3 skimmer is .5 mm in diameter.

The full trap system is comprised of mostly stainless steel. However, other materials are

used, such as:

" Copper for the electrodes, gaskets (used for the connections between chamber parts),

and wires.

28



Figure 2.10: Skimmer, used to limit ow between vacuum chambers, on top of a 2.75 inch
diameter copper gasket.

"SI0, for the six small viewports on the sides of the trap chamber (to send laser beams
through) and the larger viewport at the top of the chamber (to allow for imaging of

the ions).

A

MACOR ceramic comprised of 55% uorophlogopite mica and 45% borosilicate glass

to support the trap [28].

~ Plastics (with few outgassing issues) for the electrical connections, insulations, and

some valve seals.

When pumping down, it is common to be unable to reach desired vacuum pressures due
to a phenomena calledraporization This process begins with intermolecular forces binding
solid and liquid molecules to the sides of the chamber. Sometimes, these molecules will
vaporize and enter the trap, increasing the pressure [27]. To combat this, we use a process
called \bake-out", where we increase the temperature of the trap, ranging from to
160 C. This process increases the kinetic energy of all desired molecules on the walls of the
vacuum chamber. By increasing their kinetic energy, they can transition to gas molecules
and then be removed from the trap via the pumps.

Chambers 1 and 2 both uséurbo pumps which are cylinders with blades that strike gas
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molecules out of the trap chamber [27, 29]. We use the Leybold TurboVac 90i for chamber 1,
and we use the Agilent 304 Fs turbo pump for chamber 2. To pump down chamber 3, we use
a turbo pump and a diaphragm backing pump. After this, we replace this combination with
another combination: a getter pump and an ion pump. This new combination maintains
the vacuum pressure. Theon pump ionizes gases in the vacuum, attracts them to cathodes,
and sends them out of the vacuum. Thegetter pumpuses chemisorption, a process in which
gases in vacuum bind to the getter surface through chemical reactions. The getter pump's
e ectiveness in interacting with the gases depends on the cleanliness of the getter surface
[27]. When the getter pump is exposed to atmospheric pressure, oxygen and hydrogen Ims
begin to form on the surface, making the pump non-functional. Fortunately, the bake-out
process reactivates its e ectiveness. We use the NexTorr D 100 pump, which includes both
a getter pump and an ion pump [29]. During bake-out, when the bonds between hydrogen
or oxygen on the getter surface are broken, they can then be evacuated out of the vacuum
via the turbo pump.

In order to monitor the pressure in our vacuum, we use ion gauges in all three chambers.
lon gaugesoperate similarly to ion pumps by rst ionizing the gases, then collecting them,
measuring the current of collected gases, and converting that current into a pressure reading.
We use the Lester 354 Series gauge for chambers 1 and 2, and we use the NR-F-UHV SRS
gauge for chamber 3.

During the initial pumpdown, we use aresidual gas analyzerthe SRS RGA 100, which
uses an ion gauge and a quadropole mass lIter [30]. We use the residual gas analyzer during

intial pumpdown, as it is quite e ective at identifying leaks.

2.5 Mechanical Upgrades

Previously, the Hanneke Lab trapped®O; with °Be*, but new directions have led to the

desire of trapping!®0O; with “°Ca’. In order to get beryllium into the trap, we run current
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(@) (b)

Figure 2.11: (a) Oven with three beryllium ovens mounted in front of the trap while the
trap is out of the chamber (and without the electron guns). Note that this is an old photo.
(b) Close up image of the back of the oven mount with one beryllium oven (in the leftmost
spot), the newly installed calcium oven (in the rightmost spot), and electron guns wired up.
Note that this photograph was taken just before we wired up the calcium oven.

through an oven in a mount (mounted along with other ovens and electron guns). The
mount has three spots for ovens, as shown in Figure 2.11. We built an oven to replace one
of the existing beryllium ovens, as described Appendix A. The calcium oven is made up of a
stainless steel (316) tube with a slit cut in the middle. The top and bottom of the tube are
crimped shut, with calcium granules inside of the tube. The ends of the tube are welded to
a molybdenum wire and a constantan ribbon for electrical connections.

This upgrading process also involved bringing the trap out of vacuum, opening the trap,
installing the oven, rewiring the oven feedthroughs, resealing the vacuum, and pumping back
down (see Section A.3). Since the oven feedthrough pins are only rated to 5 A, we could run
maximum of 5 A through the oven. However, the calcium ovens needed more current than
this, so we used two pins and a 2-1 connection to increase the max current to 10 A. This
process required rewiring on both the vacuum side and the air side. After completing these
processes, we baked out the chamber for two weeks.

Now, to get calcium into the trap, we run current through the oven assembly, heating it
up. This increases the vapor pressure of the calcium, which then escapes through the slit in

the stainless steel tube showed in Figure 2.12b.
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