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Abstract

Trapping and cooling two-dimensional crystals of barium ions

Alexander Kato

Chair of the Supervisory Committee:

Professor Boris Blinov

Department of Physics

The design and characterization of a trap specifically designed to create 2D crystals of trapped

barium ions is presented. The trap is used to study the Doppler cooling of 2D crystals.

Ions in RF traps are subject to micromotion, a time-dependent driven motion caused by the

RF fields themselves. This micromotion leads to Doppler shifts in laser-ion interactions. Laser

cooling of 2D crystals can become increasingly difficult as crystals get bigger and are therefore

subjected to more micromotion. We explore two methods for Doppler cooling in the presence of

significant micromotion. The first method is to power broaden and detune cooling beams, reducing

the distortions on atomic lineshape due to micromotion. The second method is to use nanosecond

pulses of laser light synchronized with the trap RF in order to selectively cool the ions over a

narrow range of velocities.
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Acronyms

1D 1-dimensional. Referring to ions that crystallize in a straight line.

2D 2-dimensional. Referring to ions that form a shape that extends into a plane, but not into a

third dimension.

3D 3-dimensional. Referring to ion crystals that extend into all 3 dimensions.

AOM Acousto-optic modulator. A photonic device that diffracts light using sound waves.

CCD Charge-coupled device. An imaging device where brightness information is stored in pixels

as a charge and read out by summing along columns and rows.

CMOS Complementary metal-oxide-semiconductor. Each pixel has it’s own amplifier and can be

read out separately.

CPT Coherent Population Trapping . A phenomenon that occurs due to two-photon resonance in

a three or higher level quantum system. Related to EIT.

DAQ Data acquisition. Usually referring to a device that collects digital or analog signals, or

produces them.

DC Direct current. Voltage signal that does not change in time.

ECDL External Cavity Diode Laser. A laser diode with cavity formed by a diffraction grating,

with reflection feeding back into the diode to enable single-frequency operation.

vii



EIT Electromagnetically Induced Transparency. A phenomenon that occurs from two-photon

resonance leading to transmission of light through an otherwise absorptive medium.

EMCCD Electron-multiplying CCD. A CCD device with an integrated electron multiplier that

greatly increases sensitivity. These devices are often used for medical imaging, or more

relevantly, ion trapping imaging.

FDM Finite difference method. A method of calculating spatial derivatives numerically by evalu-

ating nearby points on a grid.

FWHM Full-width at half-maximum. The width of a curve (such as Gaussian) at half height.

GUI Graphical user interface. The interface for software with which a user interacts, usually on a

computer.

HV High voltage. Voltages that are high enough to warrant special care, typically 100s to 1000s

of V.

KTHNY Theory to describe melting in bulk 2D structures, named after J. Kosterlitz, D. Thouless,

B. Halperin, D. Nelson, and A. Young.

MD Molecular dynamics. Typically, this refers to a simulations where particle position and ve-

locity are tracked.

NA Numerical Aperture. The sine of the acceptance angle of an imaging system.

OBE Optical Bloch Equations. The equations that describe time evolution in a quantum system,

found my using the Lindblad master equation.

OD Outer Diameter. Refers to the diameter of the outermost edges of a circular shaped object,

such as a tube.
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ODE Ordinary Differential Equation. Differential equations that only contain full derivatives with

no partials.

PEEK Polyetheretherketone. A useful plastic that is compatible with UHV pressures.

PMT Photomultiplier tube. A device that converts photons into electrical pulses and is used to

detect small amounts of light or single photons.

QE Quantum Efficiency. Overall efficiency in a device that uses quantum processes.

RF Radio frequency. This generally refers to frequencies in the 1 MHz-100 GHz range.

SWR Standing wave ratio. Typically, this refers to the ratio of forward and reflected signals in

a transmission line, allowing one to determine resonant frequencies or perform impedance

matching.

TDC Time-to-Digital converter. A device that times a signal using a digital output voltage.

ToA Time of Arrival. Timestamp of arrival of a signal or single photon.

ToT Time over threshold. The time a measured signal remains over a predetermined threshold

value.

TTL Transistor-transistor logic. Protocol using bipolar transistors to achieve switching and main-

tain logic states. Typically, a square pulse in the range 3-5 V is used to trigger an instrument

or operate a switch.

UHV Ultra-high vacuum. Generally referring to pressures below 10−8 Torr.

UW University of Washington.
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Chapter 1

Introduction

Figure 1.1: A single ion, a chain of ions, and a 2D lattice of ions. Scaling up a trapped ion quantum
computer means increasing the number of usable qubits in a given area, which can potentially be
achieved by by increasing the dimensionality.

Trapped ions are remarkably well-suited for quantum information applications. They are held in a

UHV chamber that is lower in background pressure than atmosphere by 14 orders of magnitude,

and cooled with lasers to mK temperatures and below, or 5 orders of magnitude lower than room

temperature. Due to their charge, single ions repel each other and can be isolated in space, forming

near-ideal qubits. The ions can then be further cooled towards their motional ground state. Addi-

tionally, trapped ions have sophisticated and well defined energy level structures, and every ion of

the same species is identical. Combining these qualities together, trapped ions are one of the most

ideal realization of a qubit that exists in nature.
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1.1 Trapped ions in quantum information

The performance and quality of a quantum computer can be measured by several quantities, in-

cluding coherence time and fidelity. Coherence time is a measure of how long information can be

stored in a qubit before it is lost to noise in the environment. Fidelity describes how noisy target

operation (single- or two-qubit gate, state preparation, or readout) is relative to the ideal operation.

In ions, certain energy levels may be used as the states that define a qubit. These energy levels

can be particularly long-lived, meaning they make very good memories. In fact, for 171Yb+ the

coherence time has been shown to exceed 1 hour [1]! At present, some of the most state-of-the-art

quantum algorithms and quantum simulations have been performed with trapped ions. Single and

two-qubit gates, state preparation, and readout, have all been conducted with high fidelities that

should enable fault-tolerant quantum computing [2].

One criticism of trapped ion systems is the inability to scale up the system. Scalability describes

increasing the useful size of the system in a sustainable way–that doesn’t require excessive amounts

of power, space, and complexity. The bulk of quantum information work with trapped ions has

been performed in linear Paul traps. In these traps, ions form a line, or chain. Then individual ions

in the chain can be addressed by lasers to perform single and multiple qubit operations. But what

if we could extend this into two dimensions. Wouldn’t having more ions, or qubits, be useful?

1.2 2D crystals of trapped ions

It turns out that we are not the first to consider using 2D arrays of ions for quantum information

applications. But unfortunately, it is impossible to make the ideal square lattice in Fig. 1.1 in a

standard ion trap. 2D crystals of trapped ions can be made in RF traps or Penning traps. Pen-

ning traps have produced some beautiful 2D crystals of hundreds of ions–an example is shown

in Fig. 1.2. In Penning traps, 2D crystals are actively being pursued as a platform for quantum

simulations and quantum information processing, with demonstrations of entanglement between

hundreds of ions in a 2D lattice [3, 4, 5], and near-ground state cooling in a 100-ion crystal [6].

2



Figure 1.2: a) 94 ions in 2D crystal formation in a Penning trap from the Ion Storage Group at the
National Institute of Standards and Technology [7]. Ions in penning traps are difficult to address
individually with laser beams, which remains an outstanding challenge in quantum information
processing. b) 10 ions in 2D formation produced in the Blinov group parabolic mirror ion trap.

But in a Penning trap, ions continuously rotate around the trap at 100s of kHz, a necessary condi-

tion to maintain confinement that lead to difficulties in addressing single qubits for quantum logic

operations. Quantum information processing in Penning traps remains an active area of study, but

is outside the scope of this dissertation.

RF traps can also produce 2D crystals. In RF traps, ions are statically confined and can be

targeted individually by focused laser beams, making quantum gate operations much simpler lo-

gistically. However trapping and cooling large 2D crystals in RF traps remains a challenge. In this

work, I focus on 2D crystals formed in RF traps, and the difficulties that come along with it.

1.3 Micromotion

Why aren’t 2D crystals used in all ion trapping experiments for quantum information? The answer

can largely be boiled down to a single word: micromotion. It turns out that ions in RF traps aren’t

actually static, but undergo small oscillations about an equilibrium position. Micromotion is a fast,

driven motion that occurs in all RF traps and in contrast to other types of motion, it cannot be laser

3



Figure 1.3: Excess micromotion in a microparticle ring trap [8]. These extended trajectories indi-
cate a fast, periodic motion of the particles along the lines indicated. When micromotion in an ion
trap occurs along the direction of a laser beam, this motion will effect the light-matter interactions
through an apparent shift in the light frequency: the Doppler effect.

cooled.

Micromotion amplitude scales with the size of the crystal. Although in ion traps micromotion

is often too small to see directly, in dust traps that also use RF to trap charged particles, the fre-

quency of the drive voltage is sufficiently small that the particle covers a significant distance over

one cycle and micromotion can be easily made out by the naked eye. An extreme example of mi-

cromotion is depicted in Fig. 1.3, which shows the extended trajectories of charged microparticles

due to micromotion. Now consider a similarly structured crystal of trapped ions with a laser beam

pointing through. Each ion has a different amplitude of micromotion, and points in a different

direction. At any given time, the ions in the crystal have a large distribution of velocities with

respect to the direction of travel of the laser beam.

What effect does this have on the interaction of the laser with the ions? Each ion is travelling at

4



a slightly different velocity, so each ion is subject to a slightly different Doppler shift with respect

to light being emitted from the laser. Moreover, the micromotion is time-dependent and leads to

a frequency modulation. Finally, the amplitude of micromotion may exceed the spot size of a

focused laser beam, which can lead to amplitude modulation.

This apparent frequency and amplitude modulation in the rest frame of the ions cause them

to interact differently with lasers that are necessary for cooling and for performing qubit opera-

tions. Micromotion is a significant enough problem that ion trappers have primarily worked with

linear ion traps [9, 10] or surface traps (see chapter 2), geometries that allows micromotion to be

minimized.

Despite these problems, significant work has begun on using 2D crystals for quantum informa-

tion. In this work, I focus specifically on the effect of micromotion on Doppler cooling–that is the

initial stages of cooling that are essential for forming crystals in the first place, and a prerequisite

for quantum information experiments.

1.4 Quantum information with 2D crystals

2D crystals of trapped ions represent a natural way to scale up the capabilities of trapped ions

in a 1D chain [11, 12]. Error-correction is considered to be an important path for enabling the

advancement of quantum computing [13, 14]. In particular, error correction can allow for fault-

tolerance, or the limiting of the spread of error throughout the system [15]. Having more nearest

neighbours, or qubits that occupy an adjacent lattice site as in a 2D crystal, may enable a higher

error threshold for fault-tolerant quantum computing [16, 17]. In addition, quantum simulation

of 2D systems such as spin liquids [18], frustrated systems [19], quantum magnetism [20], and

spin-spin interaction [21, 22] may be more well suited to a native 2D geometry.

The main concern of micromotion is that it may push ions beyond the Lamb-Dicke regime [23,

24]–a regime where ions can be kept cold enough for high fidelity quantum logic operations.

Moreover, micromotion leads to frequency and amplitude modulation in addressing beams [17],
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presenting further obstacles.

However, several recent proposals suggest 2D and 3D crystals may be used for quantum com-

puting and simulations [17, 25, 26, 27, 28]. Quantum simulations with 2D crystals may be achieved

by making use of transverse motional modes to generate entanglement [26, 27, 17]. To overcome

the adverse effect of micromotion on gate fidelity, it has been shown that the segmenting of laser

pulses used to address these motional modes may be used [17, 25].

1.5 Context of this work

In this dissertation I address difficulties of cooling 2D crystals due to ion micromotion to help

enable the realization of 2D crystals as a platform for quantum information. Proposals for quantum

computation and simulation with 2D crystals assume that the crystals can be initially trapped and

stabilized, and laser cooled near the Doppler limit (chapter 3). Significant micromotion causes

difficulties in Doppler cooling, the first stage of laser cooling with trapped ions that allows enough

energy to be removed from the system before the ions get into an ordered formation (crystallize).

Doppler cooling is typically a straightforward process for trapped 1D trapped ion crystals [24, 29],

and the inability to perform this efficiently inhibits the ability to stabilize large 2D crystals in an

RF trap.

Effective Doppler cooling of crystals where ions have both large and differing amplitudes of

micromotion parallel to the cooling beam’s k-vector remains an outstanding challenge. In this

dissertation, I attempt to address this issue. Building up the necessary background in chapters 2

and 3, I will present a trap specifically designed for the production of 2D crystals in chapter 4. In

chapter 5, I present realistic simulations of the trap potential and ion trajectories within the trap. In

chapter 6 and 7, I demonstrate two techniques that may help enable more efficient Doppler cooling

of large 2D crystals: two-tone cooling and pulsed cooling.
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Chapter 2

Motion of trapped particles in oscillating

electric fields

Our goal now is to understand how 2D crystals of trapped ions crystals form, and some of their

properties. To do this we need to look at the equations of motion for a charged particle in an

oscillating electric field that describe an ion trap.

2.1 Ion trap principles

A charged particle cannot be trapped at a stable equilibrium point in 3D by static electric fields

alone. This is Earnshaw’s theorem. The best we can do is create a trap in two out of three

directions and an anti-trap in the third direction. A good intuition can be gained by considering a

2D saddle point potential. The potential surface would be described in 3D by the shape of a Pringle

chip, as in Fig. 2.1. If you spin that saddle point, you can get a potential that confines a charged

particle. This can be understood intuitively by considering a ball rolling on a saddle point. Without

spinning, the ball will roll from its original position and eventually roll off of the saddle. However,

if the saddle is spun at the right speed, the ball will not roll off of the saddle. As it rolls over the

one of the outward sloping aspects of the saddle, it will roll towards the edge, and as it rolls over

the inward sloping aspects, it will roll towards the centre of the saddle. The result is an oscillation
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around the ball’s original position.

In 3D, such a potential is described in Cartesian coordinates by the equation

V (x,y,z) = Ax2 +By2 +Cz2, (2.1.1)

where one of the coefficients A, B, or C, is negative. Spinning the saddle point, we obtain

V (x,y,z) = (Ax2 +By2 +Czz)cos(Ωt) . (2.1.2)

It turns out that the equations of motion that can be derived from this support stable oscillations

under the right conditions (coefficients A, B, and C as well as frequency Ω). This is explored in

the following sections. The time-averaged behaviour of such a potential is often referred to as

pondermotive.

Now just imagine a really small ball in a small but very rapidly rotating saddle. This is the basis

of an RF ion trap. For a charged particle in an electric field, the energy due to the pondermotive

potential can be described by a static, time-averaged quantity known as the pseudopotential, Φ.

For a charged particle with mass m, and electric field rotating at Ω, we obtain the expression

Φ(x,y) =
e2
∣∣∣~∇V

∣∣∣2
4mΩ2 . (2.1.3)

In Fig. 2.2 I have plotted Φ for m = Ω = e = 1 for simplicity.

2.2 Hyperbolic Paul trap and equations of motion

The easiest way to obtain the quadrupole potential described by Eq. 2.1.1 is to shape the electrodes

exactly in a hyperbola [31]. This trap is called the Paul trap, due to its development as an RF ion

trap by Wolfgang Paul. In the ideal case one gets A = B = −C/2 The potential in the x- and y-

directions is degenerate, and we refer to this as the radial direction. The z-direction is called the

axial, or transverse direction.
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Figure 2.1: 2D Saddle point potential. An RF ion trap is a rotating saddle potential. At any given
time, the ion is only confined in two out of three dimensions. Good demonstrations of how a
rotating saddle can confine a ball can be found online [30].

The motion of an ion in an oscillating electric field is straightforward for a single ion in an

electrode structure that produces a quadrupole potential, but quickly gets complicated for more

complex electrode structures, and by introducing additional ions into the trap. To build up an

understanding, I begin with the simple case of a single ion in a hyperbolic RF trap.

The motion of an ion in an oscillating potential is described by the Matthieu equation. For a

hyperbolic electrode structure, the potential is given in cylindrical coordinates (r,θ ,z) by [34]

V =
V0(r2−2z2)

r2
0 +2z2

0
, (2.2.1)
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Figure 2.2: Pseudopotential surface described by Eq. 2.1.3. Choosing a particle of mass m = 1,
we can compute the time averaged potential energy over a period of Ω.

where V0 is the voltage applied to the endcap electrodes, r0 is the radial distance to the ring elec-

trode from the trap center, and z0 is the distance to the endcap electrode. There is no angular

dependence due to the symmetry of the hyperbolic geometry. For an ideal Paul trap,

2z2
0 = r2

0. (2.2.2)

Applying both RF (at angular frequency Ω) and DC potentials to the trap, we obtain

V0 =UDC +URF cos(Ωt). (2.2.3)
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Figure 2.3: Schematic of a Paul trap. a) Snapshot of the RF voltage applied to electrodes. This
configuration leads to a saddle point potential as shown in Fig. 2.1. b) Cross section view of
the trap. Over a period of Ω a charged particle experiences a pondermotive force and remains
localized. Reproduced from [2].

where UDC and URF are the DC and RF potentials respectively. Now, given that the force on a

singly charged particle (with elementary charge e) in an electric field is ~F =−e~E, we differentiate

the potential to obtain

Fz =

(
∂V
∂ z

)
r
=

4eV z
r2

0 +2z2
0
, (2.2.4)

and

Fr =

(
∂V
∂ r

)
z
=
−2eV r
r2

0 +2z2
0
. (2.2.5)

From here, we plug Eqs. 2.2.4-2.2.5 into F = ma to obtain

mz̈ =
4e(UDC +URFcos(Ωt)z

r2
0 +2z2

0
(2.2.6)

and

mr̈ =
−2e(UDC +URFcos(Ωt)r

r2
0 +2z2

0
. (2.2.7)
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Figure 2.4: Photo of a Linear Paul Trap taken from our lab. This trap was used for experiments
with single ions, and a study of the highly forbidden transition [32, 33].

We now introduce the Matthieu parameters

az =
−16eUdc

m(r2
0 +2z2

0)Ω
2 , ar =−

az

2
, (2.2.8)

and

qz =
8eURF

m(r2
0 +2z2

0)Ω
2 , qr =−

qz

2
. (2.2.9)

Thus, we obtain

z̈+[az−2qzcos(Ωt)]
Ω2

4
z = 0, (2.2.10)

and

r̈+[ar−2qrcos(Ωt)]
Ω2

4
r = 0. (2.2.11)
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From here, one makes the substitution ζ = Ωt
2 to obtain

d2x
dζ 2 +[ax−2qxcos(2ζ )]x = 0. (2.2.12)

where x = r,z. This is the Matthieu equation, while a and q are known as the Matthieu parameters.

For certain values of a, q, and Ω, the solutions are stable. For a thorough discussion of stability,

please see [35] and [23].

It is useful to define the trap frequencies ωi (here i = r,z), sometimes referred to as the sec-

ular frequencies. These are frequencies that describes the strength of a harmonic oscillator. The

harmonic oscillator motion is called the secular motion, or thermal motion. In an ion trap, there

are 3 such frequencies, one for each direction. For a Paul trap, the trap frequencies in the x and y

directions are degenerate, and we have

ωr =
eURF√
2mΩr2

0
, (2.2.13)

and for the z direction (axial, or transverse direction)

ωz =
ωr

2
. (2.2.14)

These frequencies are useful for quickly evaluating the feasibility of an ion trap given a certain

trap size and availability of voltages and frequencies. For geometries that deviate from the ideal,

additional simulations are needed in order to calculate these quantities. See chapter 5 for examples

of how to estimate the trap frequency based off a given trap geometry.

The equations of motion are comprised of fast oscillations at frequency Ω (micromotion), and

slower oscillations at the secular frequencies ωi. For amplitude of secular motion r1, the radial

equation of motion for a single ion in an RF trap r(t) around equilibrium position r0 is

r(t) = r0 + r1cos(ωrt)+ [r0 + r1cos(ωrt)]
qr

2
cos(Ωt). (2.2.15)
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A similar equation describes the axial motion. For detailed visualizations of the motion of an ion

in an RF trap, see chapter 5.

Some thermal motion is always present at frequency ω , and therefore some micromotion (at

frequency Ω) is always present. However, if r0 6= 0, then we have additional micromotion. This is

referred to as excess micromotion. Moving ions to a location where r0 = 0 is referred to as mini-

mizing micromotion, since at this point, the amplitude if micromotion cannot be further reduced.

A point where micromotion can be minimized has zero electric field, and is sometimes referred to

as the RF null.

2.3 Multiple ions in a trap

The forces due to that trap are the same for multiple ions, but now we must consider the Coulomb

repulsion between ions. The equations of motion quickly become impossible to solve analytically.

To solve for the trajectory of a particle we have the equation

~̈xi +(ax−2qxcos(Ωt))
Ω2

4
~xi−

e2

4πε0
∑

i

~xi−~x j∥∥~xi−~x j
∥∥3 = 0, (2.3.1)

where ~xi is the displacement vector of the ith ion and ε0 is the vacuum permittivity.

The approach is to solve the system of equations numerically. There are several ways to to this.

By using Newton’s method or similar, and providing reasonable guesses, one can find equilibrium

positions for all of the ions. Or, one can numerically solve the differential equations using an ODE

solver, and keep track of positions and velocities for all ions as they evolve in time. We take this

approach, which may be broadly referred to as MD simulations. I explain these simulations in

chapter 5.
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2.4 Linear Paul trap, aspect ratio

Varying the electrode geometry can lead to alternative shapes of trapping potentials, and trap ions

in different configurations. This can be described in terms of an aspect ratio

α =
ωz
ωr

. (2.4.1)

In an ideal hyperbolic trap, α = 2.

Another configuration that has been extensively studied is the linear Paul trap. The quadrupole

field is provided by four rods of alternating polarity and two distant endcaps, such as in Fig. 2.4.

In this case α depends on the spacing of the endcaps compared to the distance between rods, but

is typically quite small. The ions form a line, or chain along the trap axis, that runs along the

centerline between the rods. This axis of symmetry is important when considering micromotion,

and the reason that these RF traps are the most widely used for quantum information applications.

For a linear trap, we typically have that α << 1.

The aspect ratio is important because it defines the overall shape of the crystalline structures

that form when the ions relax to equilibrium positions. To realize 2D crystals it is necessary to have

α >> 1. Several configurations of ions with increasing aspect ratio are shown in Fig. 2.5. Below

we describe the rough shape that a crystal will take based on the range of α values considered.

ωx ' ωy >> ωz, α << 1: Ions form in a line, as in Fig. 2.5 (a) and (b).

ωx ' ωy > ωz, α < 1: Ions form in a zig-zag configuration, as in Fig. 2.5 (c).

ωx ' ωy ' ωz, α = 1: Ions form in a spherical shape, with no preferred direction.

ωx 'ωy < ωz, α > 1: Ions form in an oblate spheroid (that is, a spheroid compressed axially). For

small numbers of ions, the crystal may be 2D.

ωx ' ωy << ωz, α >> 1: Ions form in a 2D crystal configuration, as in Fig. 2.5 (d).

Detailed numerical studies of the 3D to 2D transition have been carried out to gain an under-

standing of the exact values of α that are needed [36]. It turns out that this occurs when
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α
2 =

√
96N
π3η3 , (2.4.2)

where N is the number of ions and η = 1.11. This assumes that ωx = ωy, in the case that these

frequencies are different, it is possible to create 2D crystals for lower values of α .

Figure 2.5: Visualization of the formation of 2D crystals ion a linear Paul trap. If enough DC
voltage is applied to the endcap electrodes, the ions are forced into a planar formation. The same
effect can be achieved by just bringing the endcaps close together. The panels (a-d) are described
in the main text.
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Chapter 3

Atomic and optical physics

3.1 Electronic structure, atomic transitions

Central to the discussion in this dissertation is atomic energy level structure, which is necessary

to understand the dynamics of laser cooling. Atoms contain electrons that arrange themselves in

orbitals that surround the nucleus of the atom. The structure of these orbitals give rise to discrete

energy levels. Unpaired electrons may then be excited to different energy levels within this atomic

structure. These are referred to as atomic, or electronic transitions. The details of these atomic

transitions are extensive, and well described by former group members. I omit many details, and

refer the reader to several excellent theses that explain these concepts [37, 38, 39] , and instead

provide a brief description below.

In quantum mechanics or atomic physics, the hydrogen atom is commonly studied because of

its simple electronic structure. Hydrogen has only a single electron and as a result the energy levels

and atomic wavefunctions are much more easily understood and to a good approximation, can be

solved analytically. As you increase in atomic number, the calculations quickly get much more

complex. Additionally, the transitions are often higher in energy, making them difficult to access

using lasers. However, atoms with a single valence electron can be understood by treating the atom

as a large, hydrogen-like atom where the outer electron behaves in a similar manner, and typically
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Figure 3.1: Partial energy level scheme for 138Ba+. The 493 nm and 650 nm transitions are used
for Doppler cooling. The other transitions are used for the so called shelving to the 5D5/2 state,
which is long-lived (metastable) and has many other applications in quantum information.

have many accessible transitions with commercially available lasers. For neutral atom physicists,

these are the alkali metals (rubidium, cesium, potassium, sodium, lithium). Ion trappers like to use

atoms that, when ionized, contain a single valence electron. Some of the most commonly trapped

ions in physics labs are beryllium, magnesium, calcium, strontium and barium (more recently,

radium! [40]).

Laser cooling was first demonstrated in 1978 [41] in Mg+ at the. National Institute of Stan-

dards and Technology in Boulder, Colorado, and was closely followed in Ba+ here at UW and

Heidleberg [42], and has revolutionizing the field of atomic physics. One of the first species of

trapped ions to be studied in depth was barium here at UW, and has been the continued species of

choice ever since in our lab. Today, barium continues to be of interest as a qubit in a trapped-ion

quantum computer. The partial energy level structure for 138Ba+ is shown in Fig. 3.1.

The mechanism of these transitions can be explained through an understanding of the wave-

function of the atom, and of the form of the external field that is driving the transition. The external
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field is often a laser, or microwave frequency source. The external field has a certain polarization

and amplitude; both are used in calculations relating to atomic transitions.

The external field induces an electric dipole moment (or higher order moment) in the atom,

which corresponds to a transition between two energy levels, with energy difference E =h̄ω0 (ω0

is the transition frequency). The transition electric dipole moment between two states |i〉 and | j〉 is

given by

~di j = 〈i| d̂ | j〉 , (3.1.1)

where d̂ is the dipole operator, qr̂, and . Dividing by the charge q, Eq. 3.1.1 also describes what is

known as the matrix element between the states |i〉 and | j〉.

The matrix elements describes the likelihood of transition based off of an integral of the overlap

of the wavefunctions against the induced dipole moment. A dipole transition corresponding to two

energy levels with large overlap is considered a strong transition, meaning that the excited state

typically has a short lifetime. The natural linewidth of these transitions Γ is large. This property

allows them to be addressed by lasers, which typically have a free-running linewidth less than that

of the atomic transitions. Such transitions are ideal for laser cooling, where a high likelihood and

short lifetime means an atom can scatter millions of photons per second, and thus experience a

large net damping force.

The transition rate is conveniently described by the Rabi frequency χi j

χi j =
~di j · ~E0

h̄
, (3.1.2)

where ~E0 is the amplitude of the driving electric field. The quantity χi j evaluates the energy scale of

the induced transition dipole moment in the presence of a resonant driving field. If on resonance in

a ideal two-level system with no loss, χi j describes the frequency in which the population oscillates

between the two states, known as the Rabi oscillations [43]. Please note my choice here to use χ

instead of the usual Ω for the Rabi frequency, since Ω is already used to describe the RF frequency

of the ion trap, and hence micromotion. We begin with the driven two-level system, the starting
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Figure 3.2: A two-level atomic system. The transition between states |1〉↔ |2〉 is driven by external
field (laser) with frequency detuned by ∆ such that ωL = ω0−∆, and Rabi frequency χ . The
transition has natural linewidth Γ, causing decay back to the ground state.

point for understanding laser cooling.

3.2 Driven two-level system, steady state solutions

A two-level atomic system is the most simple case. Ions such as cadmium have closed two-level

systems where the excited state has no probability of decaying to an outside energy level. This

makes Doppler cooling easier, as only a single laser is needed. The excited state in barium (6P1/2)

actually decays to the 5D3/2 state approximately one in four times. Therefore, barium is actually a

three-level Λ system, requiring a second laser. We will cover three-level systems in the following

sections. However, a solid understanding of a two-level system is valuable in understanding atomic

systems and Doppler cooling. We begin by looking for solutions to Schrödinger’s equation for the

wavefunction Ψ,

− i
h̄

∂

∂ t
Ψ = HΨ. (3.2.1)

The simplest solutions are steady state. Consider an two-level atom with energy splitting E =

h̄ω0, subjected to a laser of frequency ωL and detuned from resonance by ∆, as indicated in Fig.

3.2.

20



Figure 3.3: Atomic absorption spectrum for a two level system with Γ = 15 MHz (As with the
main cooling transition in Ba+. The two curves are for different values of s of 1 and 10. At higher
power, the transition is broadened. The width scales as Γ→ Γ

√
1+ s: This is power broadening.

In the basis of states |1〉 and |2〉, we have H = H0 +H1 with the unperturbed Hamiltonian

H0 =

0 0

0 h̄ω0

 , (3.2.2)

and the driven Hamiltonian, in the rotating wave approximation (see [43])

H1 =
h̄
2

 0 χ∗eiωLt

χe−iωLt −iΓ

 . (3.2.3)
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Note that this matrix is non-Hermetian, due to the loss term. Although this can cause issues with

solving Schrödinger’s equation, since this formalism ignores the time evolution of coherences (see

section on density matrix formalism), we are only looking for steady state solutions. Eq. 3.2.1 can

then be written

d
dt

a1(t)

a2(t)

=− i
2

 0 χ∗eiωLt

χe−iωLt 2ω0− iΓ


a1(t)

a2(t)

 , (3.2.4)

where |Ψ〉= a1(t) |1〉+a2(t) |2〉. The population of each state |1〉 and |2〉 is given by |a1(t)|2 and

|a2(t)|2. Now, if we make the coordinate transformation ã2 = a2eiωLt (going into the frame that

rotates with the laser frequency ωL), we get the equation

d
dt

a1(t)

ã2(t)

=− i
2

0 χ∗

χ 2∆− iΓ


a1(t)

ã2(t)

 . (3.2.5)

From here, we look for steady state solutions. That is d
dt a2 = 0 and |a1|2 = 1−|a2|2. From this

we obtain the solution for the excited state population |a2|2 (or in the density matrix formulation,

ρ22–see section 3.4 [43])

ρ22 = |a2|2 =
χ2

4∆2 +2χ2 +Γ2 . (3.2.6)

This equation is ubiquitous in atomic physics. The rate at which photons are scattered is simply

Γρ22. The population as a function of laser detuning is shown in Fig. 3.3 for 138Ba+ with Γ =

15 MHz. In this plot we also showing the the effect of increasing intensity through χ .

The shape of the absorption curve is a Lorentzian centered at zero detuning, with a width Γ.

Increasing the power past saturation increases the scattering rate while broadening the line. The

linewidth becomes Γ→ Γ
√

1+ s, where s is the saturation parameter s = I/Isat , and Isat = 2 χ2

Γ2 .
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3.3 Laser cooling

We can exploit the atomic transitions to cool atoms and ions. Consider an ion moving at a constant

velocity~v towards the laser beam with wavevector~k, as in Fig. 3.4. Then the laser beam appears

to be at a higher frequency in the ion’s rest frame–this is the Doppler shift. For a laser positioned

precisely at resonance for an ion at rest, a moving ion will experience a reduction in the scattering

rate. However, if the laser is red-detuned, that is tuned below resonance, in the ion’s rest frame

the laser is nearly resonant. When this is the case, the interaction of photons with the ion tends

to reduce the velocity of the ion in the direction of the laser, and thus results in cooling. This is

known as Doppler cooling.

The force due to scattering is given by

~Fscatt =h̄~kRscatt =h̄~kΓρ22, (3.3.1)

where Rscatt = Γρ22 is the scattering rate, and h̄k is the momentum carried by each photon. Now,

rewriting in terms of the saturation parameter s, and the rest frame detuning of the ion ∆→ ∆−~k ·~v,

we get

Figure 3.4: A laser beam with wavevector~k incident on ion with velocity ~v produces a Doppler
shift~k ·~v. A laser frequency may be detuned to selectively address ions according to their velocity.
If we choose ions with a velocity that directly opposes~k, the ion will receive a momentum kick in
the opposite direction to its motion, resulting in a net damping force.
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~Fscatt =h̄~kRscatt =h̄~k
Γ

2
s

1+ s+
(

2(∆−~k·~v)2

Γ

)2 . (3.3.2)

This expression may be hard to make sense of initially, but we Taylor expand in small v, and after

some algebra we get an expression of the form

~Fscatt = ~Fc− γ~v. (3.3.3)

This means we have a constant force ~Fc, and a term that is proportional and directly opposes the

direction of the ion’s velocity (damping coefficient γ), also known as a damping force. Because of

the Taylor expansion, we know that this term must be proportional to the derivative of the scattering

rate and hence the excited state population ρ22, with respect to ∆. Therefore, we can get a good

sense of where efficient cooling takes place by simply looking at the derivative of ρ22 with respect

to the detuning ∆, which is plotted in Fig. 3.5 for the parameters used in Fig. 3.3.

Applying the Taylor expansion to Eq. 3.3.2, we obtain [44]

~Fscatt =h̄~k
sΓ

2

(
1+

2∆(~k ·~v)
(1+ s)(∆2 + Γ2

4 )

)
. (3.3.4)

However, the picture is still not complete. Every time a photon is absorbed, a photon must also

be emitted. This imparts a momentum change h̄k in a random direction to the ion, leading to an

increase in the root mean squared velocity v2 . Equating 1
2kbT = 1

2mv2 we find the minimum

temperature that will be reached as a result of laser cooling. The coldest achievable temperature is

known as the Doppler temperature (TD) [43]:

TD =
h̄Γ

2kB
. (3.3.5)

The Doppler temperature is thus proportional to the linewidth of the transition used for cooling.

For Ba+, we get TD ' 3 mK. This value is important for evaluating the quality of laser cooling of

trapped ions. Although sub-Doppler cooling is possible, and often necessary for quantum informa-
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tion applications, efficient Doppler cooling is typically a prerequisite to even begin these processes.

In summary, to gain intuition about the quality of laser cooling, we need only find the excited state

population ρ22 and its derivative with respect to ∆.

3.4 3 level system, 138Ba+, density matrix formalism, optical

Bloch equations

Many ions and atoms, including Ba+ have cooling cycles that involve a third energy level. We

now generalize the previous sections to include this third level. However, the two-level model still

Figure 3.5: Derivative of ρ22 with respect to ∆ for the two-level system, which is proportional to
the rate of Doppler cooling.
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Figure 3.6: Schematic for the three level system that describes Doppler cooling in 138Ba+. The
cyan beam at 493 nm drives the |1〉 ↔ |3〉 transition with Rabi frequency χ13, detuning ∆1, and
natural linewidth Γ31. Similarly, the red beam at 650 nm drives the |2〉 ↔ |3〉 , detuning ∆2, and
natural linewidth Γ32.

provides many valuable insights and shares many of the same trends as in the three-level case.

One distinct difference when considering a three-level system in the steady state solution is

that a coherent superposition of the two lower energy states can occur, with no population in the

excited state. Since there can be no spontaneous emission from such a state, it is known as a "dark

state". This behaviour is not captured using the same approach as in the previous section, since the

evolution of the coherences is important.

We begin by writing down the Hamiltonian. Similarly to the two-level system, we use the

rotating wave approximation and move to rotating coordinates to obtain (in the basis of states |1〉,

|2〉, and |3〉, as depicted in Fig. 3.6)
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Figure 3.7: Absorption spectrum produced from solving the OBEs. The CPT appears where ∆1 =
∆2. For effective Doppler cooling, experimenters need to detune one of the two beams. Often
the repump beam (laser that addresses the |2〉 ↔ |3〉 transition) is detuned by 10s of MHz (dashed
line).

H =
h̄
2


−∆1 0 χ∗13

0 −∆2 χ∗23

χ13 χ23 (∆1 +∆2)

 . (3.4.1)

We use the Linblad master equation to find the optical Bloch equations for the density matrix ρ

ρ̇ =
i
h̄
[H,ρ]+L (ρ), (3.4.2)
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Where L (ρ) is the Louivillian that describes loss of coherence and radiative decay. We have that

L (ρ) = ∑
n

1
2
(2CnρC†

n−ρC†
nCn−C†

nCnρ), (3.4.3)

which is found by summing over the collapse operators Cn. We only consider radiative decay;

thus, our only loss terms come from Γ31 and Γ32. The collapse operators are
√

Γ31 |3〉〈1| and
√

Γ32 |3〉〈2|. Writing down the elements of Eq. 3.4.2 we get the OBEs:

ρ̇11 = i
χ13

2
(ρ31−ρ13)+Γ31ρ33, (3.4.4)

ρ̇22 = i
χ23

2
(ρ23−ρ32)+Γ32ρ33, (3.4.5)

ρ̇33 =−ρ̇11− ρ̇22, (3.4.6)

ρ̇21 = i
(
(∆1−∆2)ρ21 +

χ23

2
ρ31−

χ13

2
ρ31

)
, (3.4.7)

ρ̇31 = i
(

χ23

2
ρ21 +∆1ρ31 +

χ13

2
(ρ11−ρ33)−

1
2
(Γ31 +Γ32)ρ31

)
, (3.4.8)

ρ̇32 = i
(

χ13

2
ρ12 +∆2ρ32 +

χ23

2
(ρ22−ρ33)−

1
2
(Γ31 +Γ32)ρ32

)
. (3.4.9)

These equations are useful for studying dynamic situations as well as looking for steady state

solutions, and are useful for numerically solving the three-level system.

The absorption spectrum for this system is similar to that of the two-level system, with the

exception of the central dip, as seen in Fig. 3.7. This feature is caused by a coherent superposition

of the states |1〉 and |2〉 that forms when both driving fields are on resonance, pushing the popula-

tion into the dark state. This phenomenon is known as CPT, and may cause difficulties in cooling

near the sharp gradients of ρ22 with respect to ∆1. Therefore, it is necessary for experimenters to

increase ∆2, thereby moving the CPT feature away from resonance so that effective cooling can

take place.

For numerically solving the equations, a number of available packages exist. Qutip is easy to
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Figure 3.8: Portion of a pulse train of width δ t = 10 ns and repetition rate fr = 8 MHz. The
resulting frequency comb is shown in Fig. 3.9.

get up and running to use for steady state solutions. For time dependent simulations, I found it

necessary to use other solvers such as those found in SciPy. The steady state solutions to Eqs.

3.4.4-3.4.9 are used in chapter 6, while the time-dependent solutions are used in chapter 7.

The three-level model is still somewhat simplified from the real world picture. In fact, The

Doppler cooling of 138Ba+ is actually described by an eight-level system. This is because of the

Zeeman effect–the splitting of energy levels of different spins in the presence of a magnetic field.

A state with spin S is split into 2S+1 sublevels. Therefore the 6S1/2 and 6P1/2 states are both split

into two separate Zeeman sublevels, and the 5D3/2 into four. A small magnetic field is typically

used to break the degeneracy of these states to prevent the ions from being pumped into a dark

state. Zeeman splitting is typically small compared to the fine structure, and therefore the system

is still well-approximated by a three-level system. A full treatment of the eight-level system is
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useful for understanding the full structure of dark resonances, and a good reference can be found

in [45, 46].

3.5 Frequency comb

Briefly here, we will discuss the concept of a frequency comb, due to its relevance in chapter

7. A frequency comb is the resulting frequency spectrum of train of light pulses. Consider a

monochromatic light source being pulsed at frequency fr, with pulse width δ t, as shown in Fig.

3.8. In frequency space, the light no longer monochromatic. The amplitude modulation leads

to frequency sidebands, whose height and position depend on the pulse widths and separation.

Frequency combs are a very active area of research, with a whole host of applications such as

spectroscopy, frequency standards, and laser stabilization.

For example, in Fig. 3.8 we show a pulse train with repetition rate fr = 8 MHz and pulse

width δ t = 10 ns, similar to the experiment in chapter 7. In Fig. 3.9, we plot the resulting Fourier

transform, showing the position and strength of the comb teeth relative to the carrier. The envelope

has width δ f = 1/δ t with teeth spacing fr.

3.6 Doppler cooling under micromotion

The greater the projection of micromotion in the direction~k of cooling lasers, the worse cooling

becomes. This is caused by variable Doppler shifts in the ion’s rest frame as it moves back and

forth over a period of micromotion. In terms of the OBEs in section 3.4, this means that we

introduce a time dependence in ∆1 and ∆2. To understand how this affects the absorption spectrum

and cooling, there are two approaches.

One approach is to solve for the steady state solution according to the OBEs for each point in

the ion’s micromotion trajectory, then time average the solutions. That is, to calculate the detunings

due to the ions instantaneous velocity at each point, and solve the OBEs for each detuning. Since

the absorptions of each beam are not correlated in time, we must average separately over each laser
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Figure 3.9: Fourier transform of the pulse train in Fig. 3.8. The comb width is given by δ f = 1/δ t
and the spacing of the teeth is fr.

detuning. This is the approach taken in chapter 6.

The second approach is to assume that the system is not steady state. This is especially true

for chapter 7, where we investigate pulsed laser cooling. Then the Rabi frequencies χ13 and χ23

are also time dependent, so it would be a poor assumption to look for steady state solutions. How-

ever, we are left with the problem of calculating an absorption spectrum. Without a steady state

solution, the absorption spectrum is not well defined. Instead, we can find a quasi steady-state

solution. Since the amplitude and frequency modulation both occur at fixed frequency Ω, we can

time average the excited state population at each detuning over many RF periods. This approach

produces an absorption spectrum that we can analyze, and is used in chapter 7.
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Chapter 4

2D trapping system

In this section I describe the extensive infrastructure that is actually needed to run an ion trapping

experiment. Although many of these components can be purchased, or are often built by a former

graduate student in the lab, assembling all of the components is a significant task for a single

graduate student. Building these components took me a a long time, so it is my hope that this

section will help future graduate students in getting their experiments up and running more quickly.

4.1 Prior work with 2D crystals

After gaining some understanding of 2D crystals in the previous chapters, it is useful to briefly

review the literature relating to 2D crystals of ions in RF traps.

2D crystals of ions in RF traps have been studied since some of the first demonstrations using

hyperbolic traps in the 1980s [47, 48], with observations of phase transitions into ordered struc-

tures [48, 49]. However, after the introduction of the linear trap in the 1990s, 2D crystals were not

given much attention. In the 2000s the crystalline structure of 2D crystals was explored [50] and

theorists began to consider 2D crystals as a platform for quantum information [16, 51]. Several

studies to understand the motional dynamics of ions in 2D crystals were also conducted [36, 52].

In the 2010s several groups began to investigate structural phase transition properties [53, 54]. Af-
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Figure 4.1: a) Cross-sectional view of the xy plane. The 8 ring sector electrodes are mounted on
a PEEK structure with optical access tunnels and wire guides. b) Cross sectional view of the xz
plane. The bored endcap electrodes provide strong transverse confinement while allowing high
NA optical access for imaging and future single ion addressing.
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ter proposals (section 1.4) were introduced to overcome micromotion in 2D crystals for quantum

information, more 2D experiments have been introduced around the world that aim to perform

quantum simulations. Experiments [55, 56] indicate that axial heating rates are at least two or-

ders of magnitude lower than radial, and thus the transverse modes may be largely unaffected my

micromotion and could be used to realize quantum simulations. Several new types of 2D traps

were designed with these proposals in mind [25, 26, 57]. Both EIT cooling [56] and polarization

gradient cooling [58], sub-Doppler cooling techniques that are useful for preparing a qubit register

before performing quantum logic operations, have been demonstrated using 2D crystals. Finally,

correlation spectroscopy has been performed on a 91 ion lateral 2D crystal [59] (more on lateral

crystals in chapter 6). In our system, we focus on radial 2D crystals, the largest of which is 54 ions

(chapter 6).

Although bulk phase transitions in 2D are well described by KTHNY theory [60], melting

in finite 2D clusters is not as well understood. 2D crystals of charged particles, including ions,

are an interesting platform to probe these transitions. Studies of melting and freezing have been

performed numerically (for example [61, 62]), and experiments have been conducted using 2D

crystals of charged microspheres (for example [63, 64]). More recently, ion trappers have begun to

use 2D crystals to probe orientational melting [65]. Such experiments may be a future application

of the trap described in this work.

4.2 The 2D trap

The trap was designed with 2D crystals in mind by Dr. Megan Ivory, a postdoc in our group. The

goal was to develop a trap with an aspect ratio α that was natural to the formation of 2D crystals

without significant application of static voltages. The design is loosely based off of another trap

used to create 2D crystals [26]. This trap was a modification of a hyperbolic trap, containing a ring

and two endcaps. In our case, the endcaps are hollow, truncated cones that allow for imaging of the

2D crystals. The ring is split into eight sectors, allowing for the shaping of the in-plane potential.
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Figure 4.2: Images of the ion trap assembly. a) View of trap segments with half of PEEK structure
removed and suspended. The trap electrodes and oven are visible. b) Assembled trap structure
in PEEK mount. The mount contains grooves for optical access and provides a pathway for the
wiring of the electrodes.

This allows the crystal shape to be adjusted. The trap schematic is shown in Fig. 4.1, with pictures

in Fig. 4.2.

The sectored design also allows for optical access of the lasers for photoionization and cooling.

In the y-direction, the 493 nm and 650 nm beams are copropagated (or counterpropagated, as in

chapter 6). At a 45° angle (90° from the barium oven), the 791 nm laser and 337 nm laser allow for

photoionization of neutral barium. The bored endcap electrodes allow for imaging (section 4.8) of

the 2D crystals, as well as future optical access for single ion addressing beams.

The trap components were built by the UW Physics Department Instrument Shop. The sectored

electrodes were machined out of stainless steel, while the endcap electrodes were electric-discharge

machined and electropolished smooth to avoid charge buildup at burrs or edges. The results of this

are shown in Fig. 4.3 for the endcap electrodes. Kapton-insulated wires are spot welded to connect

each electrode to a 10-pin vacuum feedthrough. The electrodes are housed in an a machined

structure composed of PEEK that contains radial tunnels for wire guides, laser access, and atomic

beam for ion loading. The trap assembly is mounted in a 4.5” spherical octagon vacuum chamber
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Figure 4.3: Left: unpolished endcap electrode, with scale in inches. Small jagged edges are visible
on the inner circle. Right: After electropolishing, many small burrs have been removed. Lots
of other material is also removed, however, the portion of the electrode closest to the ions (inner
circle) is smoother.

(Kimball Physics part no. MCF450-SphOct-E2A8).

4.3 UHV system

The UHV system is extremely important in all ion trapping experiments. Background gasses will

collide with the trapped ions, limiting the lifetime of ions and crystals. UHV pressures below

10−10 Torr are maintained using a Varian StarCell 20 L/s ion pump and an Agilent (formerly

Varian) TSP-275 titanium sublimation pump. The pressure is read using an Agilent HV-24P Nude

Bayard-Alpert Ion Gauge.

However, to reach the desired pressure from atmospheric conditions, ∼ 103 Torr, several steps

are required. Firstly, several stages of pumping are necessary to bring the system to a point where

the UHV pumping mechanisms can be turned on. First, a roughing pump (diaphragm pump) is

used to bring the system from atmosphere to 10−1 Torr. The a second stage of mechanical pumping

(turbomolecular pump) is used to reach ∼ 10−8 Torr.
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Figure 4.4: The UHV system containing the ion trapping chamber and all pumps necessary to
maintain low pressures. This includes and ion pump and titanium sublimation pump, as well as an
ion gauge for pressure measurement. The trapping chamber contains two electrical feedthroughs
for power the atomic oven and driving the trap RF. The system is attached to the bakeout pumping
station via a stainless steel hose.

At atmosphere, all materials are saturated with the water vapor present in air. Once the air

is pumped out, the water vapor begins to outgas from the surfaces, limiting the pressure that is

obtainable. Over time, the gas slowly escapes and the pressure lowers toward UHV levels.

This process could take many years, hence, another faster method is needed. Typically to

reach UHV pressures, thye system is first baked. This simply means to heat up your vacuum

system, causing an increased ougassing rate that speeds up the rate at which water vapor leaves

the surfaces. The hotter the bakeout, the faster adsorbed gasses are released and a shorter duration

of bakeout is needed. However, different components in the system typically have temperature
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limitations, such as wires, or plastics.

The UHV system attached to the bakeout oven is shown in Fig. 4.4. Our system is baked out

around 130° C, chosen to prevent a glass transition in PEEK. The bakeout is performed inside

a large isothermal convection oven. The system is attached to the roughing and turbomolecular

pumps through a long hose that extends out of the oven. In addition, a large external ion pump is

activated during bakeout. After bakeout (2 weeks), a valve on the system is sealed, and the system

is removed from the oven and placed on the optics table.

4.4 Barium ovens

Atomic beam sources (ovens) were historically an easily manufactured and implemented part of

the experiments in our group. However, since I joined the lab, we have been plagued by oven

issues. Here I summarize the issues and the solutions that were uncovered.

Currently, our atomic ovens are formed using stainless steel hypodermic tubing with an OD of

1.8 mm and wall thickness of 0.3 mm, as seen in Fig. 4.5. These tubes can handle up to 15 A of

DC current in vacuum before they overheat and burn out. These ovens usually emit barium for the

first time at 13-14 A, where the temperature of the oven reaches the melting point of barium. After

a first activation, the oven can operate at a much lower current (<7 A) to produce an atomic beam

of barium. A sample picture of an oven is shown in Fig. 4.5 (a). The tubing is first cut with a

diamond cutting tool on a Dremel, then spot welded to shim stock that makes up the leads that will

eventually be connected to the UHV electrical feedthrough. The shim stock should be of similar

thickness to the oven, so that it may have the same current carrying capacity. However, it must not

be too thick, otherwise forming the leads and spot welding them are difficult.

As a general rule of thumb for spot welding, begin with a small amount of pulse energy and

gradually turn it up as needed. If too much energy is applied, the part will explode, or be damaged.

Wrap the shim stock around the tube and spot weld so that the spot welded electrodes never actually

touch the tube itself. Otherwise you may put a hold in the tube. For the oven bottom, crimp shut
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and spot weld many times (use low energy so you don’t add holes here either). Spot weld a second

piece of shim stock here (not pictured), that will be used to connect to the electrical feedthrough.

Once finished, clean the oven in an ultrasonic bath using a solvent such as methanol.

Next, spot weld the two shim stock leads to the electrical feedthrough (Fig. 4.6), taking care

to keep the oven centered. There is some flexibility in the feedthrough pins, so it may be adjusted

afterwards, by bending them with pliers. The oven should then be pre-activated–that is to heat it

to its operating temperature so it expels much of the water vapor present. Barium is extremely

reactive, so the presence of water vapor absorbed in the oven tube may cause the barium vapor

to react before it reaches the trapping area. In addition, operating the oven causes additional

outgassing at a higher rate. By ensuring the oven has already surpassed the operating temperature,

we can reduce this effect.

Figure 4.5: a) Atomic oven constructed from stainless steel hypodermic tubing. The leads are spot
welded to the oven, and made from shim stock. b) Chunk of barium. The metal quickly grows
thick oxide layer in atmosphere so loading must be done in an inert environment. A few small
pieces of oxide have been slices off, and they shiny metallic barium is visible underneath.
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With one of the large re-entrant viewports removed from the system (as pictured in Fig. 4.2),

position the oven feedthough on the main chamber, making sure the oven does not touch any other

material, especially PEEK, which will melt. Bolt the feedthrough onto the chamber. Direct the

opening of the oven toward the trap center, ensuring there is line-of-sight from the oven. If neces-

sary, install a makeshift shield (using shim stock or other material) that blocks line-of-sight from

the opening of he oven to any viewport surfaces or electrical feedthroughs where it is undesirable

to have any buildup of metallic film.

Bolt together and pump the system down using the rough pump and turbo pump. Then, incre-

mentally turn the oven current up to 14 A and wait for 10 minutes. Turn the oven off, and allow

Figure 4.6: Barium oven spot welded to an electrical feedthrough. Make sure to position the leads
such that they can be easily spot welded to the feedthrough while keeping the oven centered. Too
much bending will cause stress in the oven and may cause it to fail.
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Figure 4.7: a) Bath formed from cardboard and tinfoil constructed inside the bakeout oven. CO2 is
denser than air and forms an inert environment in the working area to prepare the barium source.
b) Work area inside the bath, filled with dry ice. Ensure the CO2 levels reach above the working
area.

the system to cool before venting. This accomplishes oven pre-activation.

The next stage is to load the barium into the oven and install it back onto the system. It is

essential to do this timely, so that the barium does not have time to completely oxidize before

being in vacuum. If the barium is completely oxidized, it will not be an effective oven, since the

oxide has a much higher melting point. Therefore, it’s good to make sure you have everything you

will need ready to go before you begin.

Tools needed are tweezers (fine tipped), knife (use sturdy type that holds a razor blade, since

you’ll need quite a bit of pressure to cut barium), clean aluminum (or other hard) surface for cut-

ting, and a small drill bit or Alan key that fits inside the tubing. Don’t forget the oven feedthrough

as well and the barium itself.

The barium oven needs to be loaded in an inert environment to prevent oxidation, such as

CO2 or N2, or Ar. Any of these methods work, but loading in N2 (less dense than air) requires

sealing off the oven with indium, and later melting it off when activating. I found this to cause

issues because the indium often wets into the oven and prevents it from operating. Therefore, I

recommend using the CO2 bath method (or Ar), described below. This method is described in

some past theses, however, I feel extra detail is warranted given the amount of difficulties we had.

For more information regarding loading in N2, see Jennifer Lilieholm’s dissertation [66].

41



If loading in CO2, get 2 Kg (or more) of dry ice. Prepare bath by taping a foil perimeter in the

oven and try to have no leaks. An example is shown in Fig 4.7. Pour the dry ice in. Test the CO2

height by lighting a flame and seeing where it gets extinguished. When you are comfortable this

level is high enough, you may begin.

The goal is to put in slivers of barium that are as thick as possible but that can be put in the

oven without getting stuck. You want to fill the oven about 1/4 to 1/2 full. Never fill past where

the shim stock is spot welded since this area won’t get hot and barium above this point may not

be properly activated and render the oven useless. First cut off the oxide layer, exposing the shiny,

metallic barium as seen in Fig. 4.5. Cut a thick flake of barium. Then slice slivers from the flake,

using tweezers to hold the barium in place. Cut off any oxide. Once you are sure the slivers are the

right size, put 3-4 of the biggest, shiniest ones in. Make sure they fall down easily. Once all the

barium is in gently push down with the drill bit and check the height of barium in the oven.

Pump the system down again. Activate the oven slowly to reduce pressure spikes. Typically,

the barium melts in these ovens around 14 A, causing the oxide layer to "blast" off and leave you

with metallic barium. When activating, it is important to have the pressure at a level where the

mean free path is longer than the distance from the oven to trap or viewports. That is 1 mm for

10−3 Torr, 1 cm at 10−4 Torr, 10 cm at 10−5 Torr, and 1 m 10−6. So you should aim for 10−6 Torr

or lower. However, local pressures near the oven may be significantly higher and there is no way

to be sure of it, so pre-activation is important. We believe that the mean free path issue has been

the main cause of oven failures. This mechanism should not actually cause the oven to fail, but

makes it difficult to discern whether or not it is functioning correctly.

In a brand-new, clean bakeout system, one may expect to see barium spots appearing when

activating (or testing) the oven the first time, as in Fig. 4.8. However, after many years of repeated

opening and closing, our bakeout system may not be achieving the same base level pressures,

and pumps (especially the large ion pump) may operate at reduced pimping speeds. Since this

bakeout system has been used for over 15 years, some pump maintenance and part replacement

may be necessary to get the same base pressures, and faster. This does not effect the ultimate
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Figure 4.8: Tests for successful oven activation. a) A thin film may appear opposite from the atomic
oven or on nearby viewports. a) the rainbow like film is usually first to appear. It is not indicative
that the oven has been correctly activated. b) as a confirmation of barium vapor deposition, look
for a neutral density appearing at any thin film. c) Thick deposition of barium on the imaging
viewport. This is definitely indicative of a functioning oven, yet this amount of film may inhibit
imaging optics or laser access of the oven is not well shielded.

pressure of the ion trapping systems once they are fully disconnected from the bakeout system,

yet can make the oven tests (Fig. 4.8) appear inconclusive before the bakeout takes place and

the background pressure is lower. Therefore, it may be necessary to test the oven for successful

operation after bakeout, instead of before. It is a good idea to perform the test before removing the

trap system from the bakeout station. Oven testing often also results in the buildup of films on the

front viewport, as in Fig. 4.8 (c), where the distance from the oven to the viewport is shorter.

Finally, one should take into account the direction of over spray with respect to ionizing lasers.
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Since neutral atoms exiting the oven may be at quite high temperatures, they will be subject to

Doppler shifts in ionizing beams. Often different isotopes of the same atom have different transi-

tion frequencies, and in many cases, these differences can be bridged by a Doppler shift. This is

usually undesirable, so one can mitigate this issue by ensuring the oven makes a 90° angle with

respect to ionizing beams. In the 2D trap, we use this strategy.

4.5 Lasers and alignment

Diode lasers are cheap and have become the bread and butter of atomic physics. The accessibility

and utility of these lasers has led to great advancements in the field. They can be made to operate

with extremely narrow linewidths for precision measurement experiments, and can typically be

incorporated in a simple setup that even a motivated undergraduate student can build. The vast

majority of the lasers used in our lab are diode lasers.

Early atomic physics experiments necessitated large, expensive laser such as titanium sap-

phire to access the necessary atomic transitions. The price of these lasers is often in the range of

$100,000. In contrast, a typical diode laser setup can be constructed for less than $10,000.

Diode lasers consist of a semiconductor gain medium with an optical bandgap and a small pack-

age. Running current across the device terminals causes lasing. These devices are typically devel-

oped by the semiconductor industry for a specific application. By circumstance, atomic physicists

are now often able to capitalize on convenient laser diode wavelengths to build affordable lasers

for their experiments.

A prime example of this is the development of ∼ 780 nm laser diodes for CD’s, conveniently

enabling use for addressing the 5S1/2↔ 5P3/2 transition in rubidium. Before these diode began to

become cheap and widespread, Rb was typically addressed with Ti:sapphire lasers but now, Rb is

one of the most common species used for atomic physics experiments.

For the trapping of barium ions in this dissertation, four lasers were used. For Doppler cooling,

a 493 nm beam is needed, as well as a 650 nm beam for repumping. Before trapping, two lasers
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Figure 4.9: a) Plot of wavelength vs. temperature for the a Sharp GH04850B2G laser diode. The
central wavelength increases as temperature increases in a roughly linear fashion. The temperature
is used as the first stage of tuning to tune the laser to the correct operating wavelength. b) An
xyz stage for translational alignment as well as adjustment of the focal point of the laser beam, in
.001" increments. c) ECDL cavity in the Littrow configuration. The brass flexure mounts allow
the cavity to be easily aligned and coarse tuned using a fine-pitched screw. Fine control of the
wavelength is achieved by pushing against the flexure with a piezo. The whole brass structure is
mounted to a plate with a TEC that regulates the temperature of the diode.
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are used to photoionize neutral barium, a diode laser at 791 nm and a pulsed nitrogen laser (SRS

NL-100) at 337 nm. Photoionization is not described in detail in this dissertation, but is well

documented in past works from our lab [39, 66, 38].

The typical approach is to find a laser diode that is close in wavelength to a desired transition,

then build an ECDL to narrow the linewidth and tune the wavelength. Different batches of laser

diodes can have different central wavelengths. For example, we use diode prodeced by Sharp (see

Fig. 4.9 (a)) diodes to address the 6S1/2 ↔ 6P1/2 transition in neutral barium as the first step in

a two-photon ionization process. Although the range of wavelength operation is quite narrow to

be useful for atomic physics, the central wavelength of a laser diode can be adjusted by changing

the operating temperature, as well as supplying feedback using a cavity. This direct diode setup is

much more simple than the 986 nm frequency doubled setup used previously. Diodes at 986 nm

from the medical industry produce light at 493 nm when frequency doubled. An example of the

wavelength characteristics of one of these Sharp diodes is shown in Fig. 4.9 (a).

Laser diodes for DVD players were developed near 650 nm, these address the 5D3/2↔ 6P1/2

repump transition. And finally 405 nm laser diodes for Blu-Ray were more recently developed,

we have started to use these to address both the 399 nm transition in neutral Yb and the 413 nm

transition in neutral barium, both useful in photoionization.

The 493 nm and 650 nm beams are combined in a single-mode optical fiber before being sent to

the trap. This ensures a neat, Gaussian profile that focuses predictably. The beams are then focused

into the trapping area using a 30 cm lens. For alignment, the lens is mounted on a xyz stage (see

Fig. 4.9 (b)) with .001" resolution. For initial alignment, the combined beams are purposefully

clipped on the side of the trap in each direction. In this way, the coordinates where the beam is

clipped are recorded and averaged to find the rough location of the trap center.

The precise wavelength and frequency of laser light is important for addressing atomic transi-

tions, therefore a reference is needed. There are several ways to do this, including atomic refer-

ences such as vapor cells. Observing fluorescence from a trapped ion is perhaps the best reference

to use to tune your laser. However, before trapping, it can be difficult to use an ion as a reference.
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We use a High Finesse WS/7 wavelengthmeter to read out the wavelength or frequency of laser

light. The wavelengthmeter is read out and controlled via software described in section 4.10.

4.6 AOMs

AOMs are used in most (if not all) atomic physics labs. They serve many purposes. To name a

few: shuttering beams, deflecting beams, shifting beam frequencies, and frequency or amplitude

modulation of beams. They are essential to the work in chapters 6 and 7, so here a brief description

is warranted.

An AOM is a device that diffracts light using sound waves. In a crystal, if the right conditions

are met (angle, frequency of sound waves, wavelength), Bragg diffraction occurs. The diffracted

orders are shifted in frequency by amounts equal to integer multiples of the sound waves. Typically,

one maximizes diffraction into the 1st order to use for experiment, and blocks the other diffracted

beams. An example of a beam passing through an AOM is shown in Fig. 4.10.

The first order beam may be shifted in frequency by simply changing the frequency of sound

waves (chapter 6), and the diffracted orders can turned on and off quickly, making effective shutters

that can be used to create light pulses (chapter 7).

4.7 RF and DC delivery system

High voltage RF used to trap ions is typically delivered by a helical resonator, which served the

purpose of transforming a low voltage high current signal to high voltage, low current. It also

serves as a narrow band filter, reflecting unwanted frequencies and leaving only a small range

of frequencies that make it to the trap. In many cases, one will likely find an unused helical

resonator built by a former graduate or undergraduate student, that will easily be incorporated

into a new experiment. However, in some cases, a custom design may be needed to achieve the

necessary voltages, or frequency range that is needed for a particular experiment. In the following

subsections I describe our design. In our case, special care was needed in order to obtain both a
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Figure 4.10: a) Laser beam focused through an AOM. RF sound waves in a crystal diffract the
light, producing multiple orders separated by the frequency of the sound (∼ 200 MHz). The AOM
can be used as a shutter, frequency shifting device, or amplitude modulator, as done throughout
this work. b) Typical rise time vs. beam diameter for the AOMs used in this work. The smaller the
beam diameter, the faster the rise time. This comes at the expense of diffraction efficiency [67].

relatively low frequency and high operating voltage, requiring a large resonator volume.

A helical resonator is comprised of a shielding canister, containing a primary coil and an an-

tenna coil. RF power is sent into the antenna coil where it is inductively coupled to the primary

coil. On resonance, low-voltage, high-current signal is converted to high-voltage, low-current.

This high voltage signal drives the trap.

One can calculate the voltages needed for an ion trap based off of simulations (see chapter 5),

or by using a formula for simpler trap geometries, such as a linear or hyperbolic trap. Then, it is a

good idea to design a resonator that can exceed this voltage by approximately 50%, since typically

the actual voltage on the electrodes is somewhat lower than the design voltage. A detailed design

guide is given in [68, 69].

The performance of a resonator is often determined by it’s quality factor Q, a measure of energy
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Figure 4.11: a) View of inside of the helical resonator. Two interwound coils generate the RF
needed to drive the trap. The coils are kept isolated with the help of Teflon spacers. b) View of the
RF resonator attached to the trapping system. A box containing the RF filters is visible just above
the resonator.

stored to power lost per cycle. Q can be expressed as

Q =
ω0

∆ω

= ω0
L
R
, (4.7.1)

where ω0 is the resonant frequency, ∆ω is the half power bandwidth, L is the total inductance of

the resonant system, and R the resistance. Here we should note that when the trap is being driven

by the resonator, we have that ω0 = Ω. The resonant frequency ω0 can also be written as

ω0 =
1√
LC

, (4.7.2)

where C is the capacitance.
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The voltage across the trap load delivered by the resonator is given by [68]

Vout = κ
√

PQ, (4.7.3)

where P is the input power and

κ =

(
L
C

) 1
4

. (4.7.4)

This equation helps us choose resonator parameters to built a system capable of meeting our ex-

perimental needs. Firstly, one should do some calculations as in chapter 2, taking into account the

trap geometry through simulations such as those in chapter 5, to estimate a trapping frequency and

voltage, before setting out to design a resonator.

Many labs use standard copper pipe (from the plumbing section of the hardware store) and

thick gauge conductor from the electrical section. It is often not necessary to spend much time

thinking about the theory and design of the resonator, simply winding a coil often results in a

resonator that generates a high enough output voltage to trap. However, we tried several resonators

of this size on our trap, and did not observe any ions crystallizing, and had difficulties trapping at

all. Therefore, we went back to rethink the resonator design.

In our case, we have a heavy element in a relatively large trap, and therefore need a fairly

low frequency and high output voltage to achieve the necessary trap depth and frequency. To

accomplish this, we seek a high Q while also maintaining a low ω0. Jumping ahead to chapter 5,

we need a voltage of at least ∼ 800 V, therefore we should aim about 50% higher for 1200 V at a

frequency of∼ 10 MHz. To achieve a higher voltage, one seeks to maximize Q, while maintaining

the highest possible κ . Since Q scales with volume, this typically means that a larger resonator with

the best possible ratio of L to C will have the highest voltage output. A larger diameter coil with

more turns increases L, while having a small winding pitch or having a coil diameter that is too

close to the shield diameter increases C. The addition of the ion trap load, including the feedthough

to the vacuum system, typically increases C drastically. Finally, one typically minimizes R by using
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thicker conductors, in order to avoid unnecessary drops in Q.

Based on the project needs and available materials, a resonator was designed with the following

parameters: a winding pitch of 1.5 cm, a coil diameter of 9.5 cm, a coil length of 20.3 cm, a shield

height of 30.5 cm, an shield OD of 14 cm, and a conductor diameter 0.6 cm (0.25"). The antenna

coil is wound from standard copper wire from the lab, approximately 1 mm in diameter.

For our resonator, we use two interwound coils, so that the two endcap electrodes may be DC

biased individually. The coils were wound around a thick metal rod of the above diameter, and

made from refrigerator tubing. Because of the skin effect, it is not important for the conductor to

have a solid core, and more important to have large outer surface area, so refrigerator tubing works

well due to easier bending and manipulation than a solid copper conductor of the same thickness.

To control the winding pitch, the coils can be stretched or compressed after winding. The coils

were wound through Teflon frames with pre-drilled holes to set the final pitch and keep the two

coils from touching.

The shield was chosen due to its availability in the physics machine shop materials section.

Caps for the shield were formed from circular copper plates and thick copper shim stock. The

Figure 4.12: a) Arcing between the HV wires leading to the endcap electrodes and ground wires
leading to the ring sectors. The ground and HV leads must be kept well isolated, and spacers or
receptacles need to be made from low loss material such as Teflon. The wires need to be well
shielded so avoid RF interference in nearby lab electronics. b) Adding HV capacitors in parallel
lowers the RF frequency.
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copper shim stock was bent around the circumference of the plates and soldered with solder and a

blow torch. A small gap in the circumferential shim stock was left to allow for a large hose clamp

to be installed that serves to lock the caps in place once positioned as desired.

The resonator is interfaced to the ion trapping system through an HV vacuum feedthrough

(Solid Sealing FA14259). The coils are terminated with gold plated pins that connect to the

feedthrough. The leads are well shielded from the environment using thick copper shim stock.

One must take care to avoid the touching of any of the 10 conductors here, as if they get to close,

arcing may occur, as seen in Fig. 4.12 (a). Any spacers need to be made of low loss material–Teflon

is usually the best option.

One can monitor the resonator performance using a SWR meter, a simple passive device that

allows one to monitor forward and reflected power. This allows us to determine two things: that

the transmission is maximized when ω = ω0 indicating that we are on resonance, and when the RF

source is well impedance matched to the load. For maximum transmission of power and highest

voltage across the trap, the load impedance looks like that of the source (typically 50 Ohms). This

may be accomplished by impedance matching.

The typical procedure is to slowly sweep the frequency of the source, until a small dip in the

reflected signal is observed on the SWR meter occurring at ω = ω0. Then, keeping the frequency

on resonance. To perform impedance matching, one alters the antenna coil by either adding turns,

or changing the winding pitch. Additionally, one can control the distance from the antenna coil

to the primary coil, dynamically adjusting mutual inductance, and coupling capacitance. Without

qualitatively analyzing the impedance matching circuit you have created, one typically is able

to achieve ≤ 5% reflected signal when on resonance. Once resonance and matching has been

established, the system is ready to be used for trapping.

The resonator was first tested unloaded. We find that ω0 = 20 MHz and Q∼ 400. RF discharge

may be observed with enough drive voltage, indicating that the voltage is well above 1 kV. After

attaching to the vacuum feedthrough, I find that ω0 = 12.47 MHz and Q = 225. Eventually, the

loaded operating voltage is limited by arcing in the vacuum feedthrough, or sometimes outside the

52



Figure 4.13: Filtering and biasing circuits to allow DC voltages to be applied to the electrodes. a)
View into the shielded filtering box. Each electrode has its own filter to prevent RF from travelling
to the DC supply and maintain ground potential. b) Schematic of the low-pass filtering circuits.

chamber (Fig. 4.12).

For the experiments in chapter 6, two HV capacitors with 25 pF were installed on each HV line

(Fig. 4.12 (b)) to increase RF confinement and reduce radiation effects on laboratory equipment,

dropping the resonant frequency to 10.24 MHz and Q to 180. For the experiments in chapter

7, the frequency was further dropped using a total of 4 HV capacitors on each coil, to achieve

Ω = 8.24 MHz with Q = 150.

In addition to RF voltages, DC voltages are needed to produce the desired trapping potential.

Incorporating DC voltages on ion traps must be done with at least some RF filter circuit, to prevent

RF pickup from occurring on ground electrodes. RF pickup can greatly alter the trap potential and
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introduce out of phase components. The filtering circuit is shown in Fig. 4.13. We use a simple

low pass filter with a cutoff frequency of ∼ 3 MHz. For the endcaps, where RF is delivered, the

DC must be introduced at the low voltage ends of the coils.

There are 10 independent DC voltages that are used for tuning the trapping potential as well

as compensating for stray fields. The potentials are all controlled from a single HV supply that is

adjusted on each channel separately using a 50 kOhm 10-turn potentiometer. Thanks to Gabriel

Moureau for building the "box of potentials".

Having a proper ground reference is essential to a well functioning ion trap. It is easy to

have insufficient or improperly referenced ground and may lead to many frustrating hours with no

results. Typically, the optics table on which the ion trapping system rests is an ideal ground, so

solidly grounding both the ion trapping chamber and the RF resonator is important. RF travels

through the surface of conductors and avoids the core due to the skin effect, so thick or stranded

copper conductors are recommended.

4.8 Imaging

As we learned in chapter 3, ions scatter photons at a rate Γρ33, determined by the parameters of the

laser cooling. The scattered photons can then be collected, and imaged onto a device. Imaging is

important as its tells us many things about how ions are behaving in the trap. Firstly, the presence

of fluorescence tells us that ions in fact have been trapped. The relative brightness can tell us how

well we are laser cooling, and also serves as a frequency reference to tune the lasers. Secondly, if

the device is position sensitive, it can provide us with images of crystals.

We image the fluorescence from the trap through the endcap electrodes, using either a PMT

(Hammamatsu) or EMCCD camera (Andor iXon). Light is collected using a long working dis-

tance 0.28 NA Mitutoyu objective, and spatially filtered using a ∼ 200 µm pinhole before being

refocused and imaged using a 25 mm aspheric doublet. The imaging setup is shown in Fig. 4.14.

The magnification of the imaging system can be found using M = di
do

, which can be written in terms
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Figure 4.14: Imaging system used to collect fluorescence from the 2D crystals. A long working
distance objective collects ∼ 3% of scattered photons. A spatial filter blocks off-axis scatter. The
fluorescence is then refocused onto a EMCCD camera or PMT.

of the distances Xi labelled in Fig. 4.14

M = M1M2 =
X2

X1

X4

X3
. (4.8.1)

For the images in this chapter, the M = 78. In chapters 6 and 7, M = 98.

The PMT and camera are both mounted on an aluminum box containing a motorized flip mirror

so that ion images may be directed towards either instrument as desired. The box is sealed off with

black masking tape to prevent room light from reaching the imaging devices. In front of the box,

a 493 nm bandpass filter is installed, blocking stray scatter from room lights and other lasers

(337 nm, 791 nm, 650 nm).
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4.9 Tpx3 Camera

Much of the research in this dissertation was made possible thanks to our collaborators at Brookhaven

National Labs. I owe much to Andrei Nomerotski for continued support with the use of the camera,

and Peter Svihra for help with understanding the data structure and processing software. The Tpx3

Cam (Amsterdam Scientific Instruments) is a CMOS device that has the ability to timestamp in-

coming photons, and was central to the data collection in chapters 6 and 7. Additional applications

of the camera in our group’s work are presented in [39]. The same camera has been used before

for studies of ion crystals [70], single photon counting [71, 72] and quantum optics experiments

where simultaneous imaging and time-stamping of multiple single photons is required [73, 74].

The Tpx3 camera is composed of an high QE optical sensor [75] bump bonded [76] to a read-

out chip, the Timepix3. The chip is 256× 256 pixels (each pixel is 55× 55 µm). The ions are

imaged with the same optics as section 4.7. The image is intensified with an intensifier (Photonis

Figure 4.15: Reading the PMT signal through the DAQ card using the GUI installed on the lab
computers. The GUI allows the user to easily adjust the PMT exposure and read out data, with the
option to save acquired data. In addition, the user can control individual digital outputs that can be
used to turn AOMs on and off easily.
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Figure 4.16: The wavelengthmeter control software. In addition to reading wavelength and fre-
quency, the user can use this software to change the channel to which laser is being transmitted to
the wavelengthmeter, or lock a particular laser to a chosen frequency value.

CricketTM) with high-QE-green photocathode and captured using the Tpx3 Cam. The intensified

camera is single-photon sensitive and provides time-stamping functionality in each pixel with pre-

cision of 1.6 ns, allowing for spatial and temporal resolution of images [77, 78]. A TDC with

260 ps time resolution allows us to time-stamp pulses that are synchronized with Ω in order to ob-

serve micromotion [79]. ToT is also recorded, and a threshold may be set so that unwanted events

are not recorded. Each pixel has dead time of 475 ns+ToT so that multi-hit functionality, indepen-

dent from other pixels, is possible. The system is read-out using a fast, 80 Mpixel/s bandwidth

system called the Speedy PIxel Detector Readout (SPIDR) [80].

4.10 Control system, GUI

Much of the experimental control is done through our Python-based GUI. The GUI is designed to

interface with our National Instrument DAQ cards. This initial design of the software is based upon

previous students’ LabVIEW modules, and makes use of the Spinmob [81] Easy GUI Generator
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package (thanks Jack Sankey-still using it!), with many add-ons using PyQt5. The software is

installed on most of the lab computers, and is available on the lab Google Drive.

The two main modules used for these experiments are the Wavemeter Readout and Laser Lock

and Ion Trap Control Suite. The wavelengthmeter module communicates with the wavelengthme-

ter to allow the user to read wavelength, change channels through an optical cross connect switch,

or use an analog output to feed back to a laser to servo its wavelength. The Ion Trap Control Suite

is used to read off data collected from the PMT, to control analog outputs for arbitrary waveform

generation to control external instruments such as a frequency synthesizer for frequency sweeps,

and for digital logic.

The current pulses from the PMT are collected for a set exposure time, typically around 20 ms.

Then, the pulses are stored in a buffer and eventually read out, as shown in Fig. 4.15. The unfiltered

signal is inherently random due to the Poissonian nature of photon statistics, and it can be difficult

to discern weak signals from noise without some kind of signal filtering. To accomplish this, a

moving average is applied to smooth out the signal.

4.11 Trap operation

After initially setting up the full system in the fall of 2018, no ions were trapped for quite some

time. Before attempting to trap, almost all of the components described in this chapter needed to

be independently verified and improved. Finally, after approximately four months, we started ob-

serving a fluorescence signal on the PMT. At first, only weak clouds of fluorescence were observed

(Fig. 4.17 (a)), and ions would not crystallize. Eventually, parameters such laser frequency, and

compensation voltage were better optimized, leading to crystalline structures. For a few ions, we

would see structures such as the one seen in Fig. 4.18 (a). For more ions, the crystals would form

rings, such as those seen in Fig. 4.17 (b), and would not fully crystallize.

From here, DC compensation voltages and laser positioning were slowly optimized to move

the crystals towards the RF null. An easy way to accomplish this is to turn the RF voltage up and
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down. As the RF is turned up, the ions are more strongly confined and move towards the center,

as observed on the camera. Then, one turns the RF back down, and instead uses DC voltages to

move the crystal in the same direction. When turning the RF up no longer moves the crystal, it is

near the RF null. Once trapping had been established, the trap was operated as follows.

138Ba+ ions are loaded into the trap at a rate of approximately 1 ion/s using two-step resonant

photoionization with a 791 nm ECDL and a 337 nm nitrogen laser. We observed 2D crystal ge-

ometries that agree with predicted shell structure [52, 61]. For example, in Fig. 4.19, a 28-ion

crystal is shown. For the trapping potential used to produce such crystal we measure single ion

in-plane secular frequencies of 203 kHz and 221 kHz through application of a tickle voltage (sec-

tion 4.11) delivered to one of the ring sectors. From Eq. 2.4.1, we infer that the transverse trap

frequency is ∼600 kHz with the parameters given in Fig. 4.20. Laser-cooled crystal lifetimes of

several hours have been observed, with background collisions occasionally (approximately once

every 10 minutes) leading to dark ions appearing in the crystal structure or reordering of ions. At

maximum, the 2D crystals are not larger than 3 shells, or ∼ 30 ions, though larger numbers of ions

Figure 4.17: Preliminary configurations before crystallization was achieved. a) a large cloud of
weakly fluorescing Ba ions. Parameters such as laser detuning and power, stray field compensation,
and RF power level can help improve cooling of a cloud in order to encourage ions to crystallize.
b) Ion crystal containing 3 shells. The ions are not cold enough to crystallize, so they rotate freely.
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Figure 4.18: 2 ions being displaced around the trap. When close to the center, cooling is improved
drastically. Ion spacings are approximately 10 µm. a) Two ions ∼ 40 µm from the trap center. b)
Two ions near the trap center.

were observed to crystallize in 3D structures.

In Fig. 4.20 we also demonstrate the tunability of our trap aspect ratios. In (a) through (f),

we increase the voltage on two opposing segments of the ring by a total of 15 V in steps of 3 V.

The shape of the ion crystal changes from a nearly circular in (a) to a linear crystal with in- and

out-of-plane zig-zag in (e) and (f). The effect of increasing the endcap bias voltage by 5 V in steps

of 2.5 V is shown in Fig. 4.20 (h-j). The ion spacing in the plane of the crystal increases as the

endcap voltage (radial confinement) is increased (decreased).

The amplitude of the excess in-plane micromotion is given by qrd/2, where qr is the radial

Matthieu parameter, and d is the distance from the ion to the trap center [82]. Based on the trap

voltages, we estimate the scale of the planar micromotion to be 0.051 µm for every 1 µm of

displacement from the trap center. In Fig. 4.20 (d), the distance between ions on each end of

the crystal is approximately 54 µm. This yields an estimate of a ∼2.8 µm of additional excess

micromotion between these ions, which is in good agreement with a measured increase in ion

image size of about 2.6 µm (1/e2 brightness) between the ions.
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Figure 4.19: 28 ion crystal. Using the experimental parameters in this chapter, we found it was
difficult to trap crystals much larger than ∼ 30 ions.

4.12 Measuring trap frequencies

Measuring secular frequencies can be done by exciting using a small voltage on the trap electrodes,

sometimes referred to as a tickle voltage. If the voltage is applied at the trap frequency, an ion will

be excited. By sweeping the frequency of the applied voltage, all of the trap frequencies can be

measured.

One way to apply the AC voltages is simply to modulate the trap RF. This can be done by using

a modulation input on a function generator or synthesizer. When the modulation nears the secular

frequency, the ion is excited in the direction of motion corresponding to the motional resonance.

For more information on normal modes, see chapter 5. This causes a dip in fluorescence as the

ion’s motion brings it out of resonance with the laser beam, that can be observed using a PMT as

61



Figure 4.20: Trapped ion crystals produced at different trapping potentials. (a),(b),(h) begin with
∼1000 V of RF at 12.47 MHz. (a) A 29-ion crystal. All ring sector electrodes are at -152 V with
endcaps at -145 V and -150 V, a configuration found to compensate stray DC electric fields and
allow crystallization near the center of the trap. (b-g) 13 ion crystal with a voltage increase on two
opposing sector electrodes, changing the shape of the potential and crystal shape. In (f) and (g) the
ions begin to zig-zag out of plane. Two opposing sector electrodes are each increased by 15 V in
3V increments. (h-j) 6 ion crystal with increasing voltage on each endcap electrode by 5V in 2.5V
increments. (k) 20 ion crystal with reduced asymmetry. Non-fluorescing ions are other isotopes of
barium that are not addressed by the cooling laser. Image scales are consistent in frames (b-g) and
in (h-j).

in 4.21 (a). Alternatively, the ion’s extent on a CCD image becomes elongated (Fig. 4.21 (b)), and

can be easily identified.

The trap frequencies are excited by different amplitudes of tickle voltage, since some are more

easily excited than others. Lower frequency normal modes are more easily excited, and normal

modes with a component in the direction of cooling laser propagation produce greater fluorescence
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Figure 4.21: Measuring the trap frequency using a tickle voltage. a) Frequency sweep recorded
using the data acquisition GUI. A dip in fluorescence appears when the applied voltage reaches a
frequency that is equal to a secular frequency. b) Single ion excited by a resonant tickle voltage.

shifts and are more easily observable. Therefore, it is difficult to measure all frequencies with a

single sweep. A good practice is to look for radial trap frequencies in the range 180-400 kHz and

transverse frequencies in the range 700-900 kHz. The range searched should first be estimated, to

make a successful measurement more likely.
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Chapter 5

Trap simulations

To understand the dynamics of ions within a trap, it is necessary to have a solid understanding of

the forces that drive their motion. These forces arise from the electric field generated by applying

potentials to the trap electrodes. If you know the electric fields, it is possible to calculate all of the

forces each ion experiences and track their positions and velocities. This information can be used

to predict crystal structures and stability, and when combined with actual data take from the ion

trap, can be used to extract useful properties such as crystal temperature.

In this chapter I present two separate simulations that when combined, provide a realistic pic-

ture of the dynamics of ions in the trap. The first type of simulation is an FDM simulation of the

trapping potential that arises due to voltages on the trap electrodes. This simulation tells us what

the field structure looks like and gives us a guideline for voltages that promote the formation of 2D

crystals.

The second type of simulation is an MD simulation. This simulation builds on the previous

simulations, using the electric field from the simulation to calculate a trap force. In addition, each

ion feels Coulomb repulsion, and damping (cooling) to remove energy from the system, leading to

crystallization. Other forces such as stray fields may be introduced as well. This type of simulation

tracks a particle’s trajectory is referred to as an MD simulation.
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Figure 5.1: Simulated electric potentials for the 2D trap. Each endcap is brought to a potential of
1 V, and the resulting potential everywhere is simulated using the technique described in section
5.1. Top: color plot of the potential in the xy plane for z = 0. Bottom: color plot of the potential in
the xz plane for y = 0. The electrodes are partially shaded to aid the eye.
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5.1 FDM simulations of trapping potentials

We first simulate the potential in the trapping area by defining the electrode structure and solving

for the potential using the FDM [83]. Near the trap center, a functional form of the potential is

obtained from performing a least squares fit of the numerical values [26] to be used in the MD

simulations.

Our goal is to numerically solve Laplace’s equation for the trap,

∇
2V (x,y,z) = 0. (5.1.1)

We divide our trap electrodes and trapping area into an equally spaced N×N×N grid (we use

N = 400), where each grid point has length δx = δy = δ z. Using the symmetric difference ap-

proximation, we can then write the second derivative of V as

∂ 2V (x,y,z)
∂x2 =

V (x+δx,y,z)+−2V (x,y,z)+V (x−δx,y,z)
(δx)2 , (5.1.2)

with a similar expression for derivatives with respect to y and z. Hence, we can write down the

Laplacian. Rearranging terms, we get

V (x,y,z) =
1
6
[V (x+δx,y,z)+V (x−δx,y,z)

+V (x,y+δy,z)+V (x,y−δy,z)+V (x,y,z+δ z)+V (x,y,z−δ z)].
(5.1.3)

We can then solve for V by defining the boundary conditions, and iteratively updating the grid until

the potential converges to a constant value everywhere.

In order to implement this solution we must first define the electrodes on the grid. To find

the trap geometry one should refer to the Solidworks drawings and assembly, where the exact di-

mensions of all parts can be found. These files, along with the mathematical definition of the trap

electrode structure, can be found on the Blinov lab Google drive. The simulations are found in

"fieldfunc.py" (contains the functions used in the FDM process) and "field.py" (the overall simula-
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Figure 5.2: Color plot of the simulated electric potentials for the 2D trap in the xy plane for z = 0.
Two opposing ring sector electrodes are placed at 1 V, and the resulting potential is simulated using
the technique described in section 5.1.

tion of the potential).

I find that the solution is most quickly found by beginning with a large step size and using suc-

cessively smaller spatial steps. To begin, I use steps of 4δx, then 2δx, then 1δx. I find the solution

converges well in a reasonable amount of time for 300, 150, and 150 iterations respectively. More

iterations, and smaller grid spacings may be used for increased accuracy at the expense of longer

computation times. To speed up the computation, we make use of the Numba package in Python,

which has been found to allow for substantial speed ups in Python-based programming [84]. The

simulated potential for 1 V on each endcap is shown in Fig. 5.1 , and the potential for 1 V on two

opposing ring sectors in Fig. 5.2.

Before having the trap parts manufactured, and attempting trapping, it is useful to examine the

shape of the pseudopotential as calculated in Eq. 2.1.3. To calculate it, we first need the electric

field,

~E =−~∇V. (5.1.4)
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Figure 5.3: Color plot of the simulated pseudopotential for the 2D trap with 1 kV applied to the
endcap electrodes. Top: color plot of the xy plane for z = 0. Bottom: color plot of the xz plane for
y = 0. The pseudopotential can be used to calculate the trap depth and trap frequencies.
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The pseudopotential Φ is extremely useful because it gives as an approximate, time-averaged

potential energy that is felt by a particle of charge q and mass m over an RF cycle at frequency

Ω. We can use the information to tell us the trap depth, the trap strength, and the shape of the

trapping potential. For 138Ba+, with an amplitude of RF voltage of 1000 V applied to the endcaps

and Ω = 2π×10 MHz, Φ is shown in Fig. 5.3.

The trap depth tells us the height of the potential energy barrier to charged particles leaving the

trap. This is useful in the design phase when deciding if a trap will have adequate depth to keep ions

confined, especially as they are loaded. The neutral atoms originate from an atomic oven, which

spews out atoms with a Maxwellian velocity distribution corresponding to the temperature of the

oven. These hot atoms are ionized, and depending on the scheme used, may have kinetic energy

added if the photons from the ionising beams are more energetic than the ionization threshold.

The total average kinetic energy can then be computed and compared against the trap depth in the

direction of the atomic beam to estimate the effectiveness of confining the hot ions. Once they are

cooled, ions need a much smaller trap depth to remain confined.

For example, consider an oven at 600 °C (realistic for Ba, evidenced by the orange glow of the

oven), corresponding to a kinetic energy of approximately 0.1 eV, or 400 m/s. Therefore, having a

depth of at least 0.1 eV would be desirable. It is an easy quantity to calculate, and can simply be

read off of the pseudopotential plot. For example, in Fig. 5.3 we can see that in the radial direction

(xy plane), the trap depth is approximately 10 eV, while in the axial direction, it is approximately

5 eV. Therefore, lack of trap depth should not be an issue for us.

The trap strength refers to the trap secular frequencies ωi. These tells us the strength of the

harmonic confining potential in each direction. The frequency of harmonic motion is related a

spring constant ki = mω2
i . The stronger the trap, the stiffer the spring. To find the trap secular

frequencies, one fits the pseudopotential near the trap center, using the model described later in

this section. The effect of the static potential may be added to evaluate the effect of DC on the trap

frequency. Using the simulations in "field.py", one can estimate the trap secular frequency based

on applied voltages to the electrodes, and RF amplitude.
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Finally, we can look at the overall shape of the pseudopotential, or compare the ratios of trap

strengths. If the trap is stronger in one direction than others, the spatial extent of an ion’s thermal

motion in that direction will be smaller. For a 2D trap, we are looking for a trap shape that is

strongly confined in one direction, while more weakly confined in the other two. Essentially, we

can use the description from Eq. 2.4.1 to evaluate if 2D crystals will be formed, and if not, what

kind of DC voltages we might need to do so.

Although the plots in this chapter are useful for design and initial trapping, a different approach

is needed when considering the dynamics of charged particles in the MD simulation. The 400×

400× 400 grid would need to be searched through each time to find the corresponding electric

field and force that each ion experiences, and this is a vastly inefficient process. Moreover, the

granularity of the grid is not as small as the ion spacing (1 cm/400 = 25 µm). Therefore it will

not give us accurate results.

Instead, a functional form is much more convenient and orders of magnitude faster, and solves

the problem of granularity. Moreover, we are not interested in what happens outside of the region

near the center of the trap, where the potential is anharmonic. Instead, we concentrate only on the

trapping regions where the displacement from the center of the trap is much smaller than the trap

size. Here, we can approximate the potential as harmonic. We fit the potential from Fig. 2.1 to a

three-dimensional function with form

V (x,y,z) = c1x2 + c2y2 + c3z2 + c4xy+ c5xz+ c6yz+ c7. (5.1.5)

The potential is fit at 1 V, but scales linearly with the endcap voltage. In the case of finding the

DC potential, we can also use this functional form, but with different coefficients. The coefficients

for each desired configuration of applied voltages should be stored in a file that may be opened

when running the MD simulation, and can be scaled for arbitrary voltages. An example of the fit

along the z-axis of the trap for the parameters of Fig. 5.1 is shown in Fig. 5.4.

One should note that by choosing a functional form, we might be losing information about

higher order polynomial contribution to the potential. We justify this by considering the trapping

70



Figure 5.4: Demonstration of the process to find a functional form for the electric potential for
parameters in Fig. 5.1. a) Plot of electric potential vs position on the z-axis. b) the potential is
approximately harmonic near the trap center, while not elsewhere. The coefficients can be used to
estimate the trap frequencies.

area (typically ∼ 100 µm across), which is very small compared to the actual trap size (electrode-

electrode distance is 4 mm in the radial plane). Near the trap center, the potential is approximately

harmonic.

If the potentials applied to the electrodes are symmetric (i.e. the same voltage on the endcaps,

and the same voltage on opposing ring sector electrodes), we can use the coefficients from the fit

of Eq. 5.1.6 to calculate a functional form of the total energy

U = Φ+ eVDC, (5.1.6)

where VDC is the DC potential. This involves one simulation and fit for Φ, and a separate one for

VDC.

The strategy I used experimentally was to use the endcaps to provide additional axial confine-

ment and two opposing ring sectors to adjust the in-plane trapping potential, as described in chapter

4. Therefore, for the MD simulations in this chapter, I only really need to simulate two configura-

tions: 1 V on each endcap, and 1 V on two ring electrodes. All else can be accomplished by simply

scaling the coefficients from each fit of Eq. 5.1.6 according to the desired voltage applied.
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5.2 Estimating trap frequencies

Estimating the trap frequency based off a chosen configuration of electrode voltage is a useful tool

when attempting to create a crystal of desired size and number of ions. For example, to form a 2D

crystal, we are looking to achieve the condition from Eq. 2.4.1 of trap secular frequency ratios.

We first consider a trap with no static voltages, and potential determined by Eq. 5.1.6. Then,

we calculate

|~E|2= |−~∇V |2=V 2
RF(4c1x2 + c4y2 + c2

5z2 +4c1c4xy+4c1c5xz+2c4c5yz+4c2
2y2 + c2

4x2

+c2
6z2 +4c2c4xy+4c2c6yz+2c4c6xz+4c2

3z2 + c2
5x2 + c2

6y2 +4c3c5xz+4c3c6yz+2c5c6xy),

(5.2.1)

and can easily calculate Φ from Eq. 2.1.3. Equating Φ = 1/2mω2
i x2

i , we obtain an expression for

each trap frequency. For example, we look along the x-axis with y = z = 0 to obtain

ωx =VRF
e√

2mΩ

√
4c2

1 + c2
2 + c2

5. (5.2.2)

Similarly, we get ωz =
eVRF√
2mΩ

√
4c2

3 + c2
6 + c2

5. Due to symmetry we get c1 = c2→ ωy = ωx.

Now, for the case of additional static voltages, we can use a similar strategy. Consider a trap

with DC potential Vring applied to two opposing ring sector electrodes, and Vend applied to the

two endcap electrodes. This is a common configuration when trying to trap 2D crystals. The

coefficients from the fit for the two opposing ring electrodes according to Eq. 5.1.6 are given by

c′1.......c
′
7. Consider a rotated coordinate system so that the two opposing electrodes align with the

y-axis. One must first perform a coordinate transformation to the variables c′1.......c
′
7.

This time, equating Φ+ eVDC = 1/2mω2x2
i , we obtain

ωx =

√
e2V 2

RF(4c2
1 + c2

4 + c2
5)

2m2Ω2 +
2e(Vendc1 +Vringc′1)

m
, (5.2.3)
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ωy =

√
e2V 2

RF(4c2
1 + c2

4 + c2
5)

2m2Ω2 +
2e(Vendc2 +Vringc′2)

m
, (5.2.4)

and

ωz =

√
e2V 2

RF(4c2
3 + c2

6 + c2
5)

2m2Ω2 +
2e(Vendc3 +Vringc′3)

m
. (5.2.5)

Different trap frequencies for arbitrary combinations of electrode voltages can be calculated in

this way, so long as the configuration is symmetric. Keep in mind, the crystals will form along the

radial direction that is strongest, so the coordinate system needs to be rotated accordingly before

calculating the trap frequencies. The calculation, along with rotations, can be found in Field.py.

5.3 MD simulations

A valuable tool for studying the dynamics of ions in a trap are realistic simulations of their tra-

jectories. Building on the functional form for the force due to the trap in the previous section, we

can add in the Coulomb potential. Finally, a method of dissipating energy is needed to damp the

motion of ions, so that they relax into their equilibrium positions (crystal formation). Additional

forces that arise from other trap effects, such as stray fields, can then be added on as desired.

We can describe the force on the ions using Newton’s second law:

~Fnet = ~Ftrap +~FCoulomb +~Flaser +~Fstray. (5.3.1)

From here we can calculate the equations of motion according to

~̈x = ~̇v =
~Fnet

m
;~v = ~̇x. (5.3.2)

Given the form of the trap potential from Eq. 5.1.5 we differentiate it to find the electric field and
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force

~Ftrap = e~Etrap =−e~∇V (x,y,z)=−e [(2c1x+ c4y+ c5z)x̂+(2c2y+ c4x+ c6z)ŷ+(2c3z+ c5x+ c6y)ẑ] .

(5.3.3)

This can be applied for each voltage configuration and voltage level required. For the RF voltage,

we can easily add in the time dependence by multiplying by cos(Ωt).

The laser force is implemented via a damping term of the form from Eq. 3.3.3 with damping

coefficient γ . This can be calculated as in chapter 3, or set higher to achieve equilibrium results

more quickly.

A stray field works to displace ions through a constant electric field ~Estray:

~Fstray = e~Estray. (5.3.4)

And finally, the Coulomb force has form

~FCoulomb =
e2

4πε0
∑
i6= j

~xi−~x j∥∥~xi−~x j
∥∥3 , (5.3.5)

as introduced in Eq. 2.3.1. The Coulomb force is the toughest to implement, since it involves

knowing the position of all ions and calculating the displacement vector between each possible

combination. Hence, it is the most time consuming and ultimately the limit to the run-time of the

MD simulation.

5.4 Implementation

The simulations are written in Python for simplicity, and are based off of several previous studies

of trapped ions using MD simulations [85, 54, 86]. Special thanks to all who worked on the simu-

lations over the years: Zeyu Ye, Apurva Goel, and Samip Karki. However, the simulations start to

take unreasonably long once many ions are added into the trap. Python is inherently inefficient, so
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Figure 5.5: Displacement of the x coordinate of an ion as it cools and settles into equilibrium. At
t ' 1.2 ms, the crystal is given a kick and velocities are assigned to each ion at a temperature of
16 mK. The crystal is then allowed to thermalize.

the code should eventually be written in C or another language that is more efficient.

However, the readability is better in Python, which is more conducive to multiple users. We

chose to use the previously mentioned package Numba. This led to an order of magnitude decrease

in runtime, so that simulations of many ions only takes a few minutes, instead of tens of minutes.

The main high-level simulation is contained in the file simmain.py, and the functions that run

under the hood are contained in simfunc.py. We use the Velocity Verlet algorithm, which is simple

to implement and relatively fast. Firstly, we are given initial conditions at time t0,~x(t0) and~v(t0).

Knowing the form of the forces that are felt, we calculate ~̈x(t0) through Newton’s second law. We

then calculate the evolution of~x(t +∆t),

~x(t0 +∆t) =~x(t0)+~v(t0)∆t +
1
2
~̈x(t0)∆t2. (5.4.1)
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Figure 5.6: Visualization of the trajectories of a 28 ion crystal undergoing micromotion. Top: the y
position vs time for a single ions within the crystal. The fast oscillations are micromotion while the
slow "drift" is the secular motion of the ion. Bottom: the xy trajectory for each ion in the crystal,
showing the relative amplitude and direction of micromotion for each ion.

76



Then, we calculate ~̈x(t0 +∆t) and use the result to find the velocity~v(t0 +∆t)

~v(t0 +∆t) =~v(t0)+
~̈x(t0)+~̈x(t0 +∆t)

2
∆t. (5.4.2)

The process is repeated until the desired number of time step have been completed.

One limitation of the Velocity Verlet algorithm is that it only truly represents a conservative

system. Since our system is time dependent, and driven by the RF field, this isn’t true. To account

for this, we make the timestep small compared to the RF period [86, 87].

The data managed using NumPy arrays for easy and fast manipulation, allowing them to be

easily vectorized and used with Numba. The simulation trajectories are saves as .npy files (native

Numpy file extension) and can be easily loaded using the np.load() command. The data arrays are

organized as follows. In each data file, four arrays are contained: "N", "Y", "t", and "accf". "N"

contains the number of ions in the simulation, which is essential if this is not know a priori for data

analysis. "Y " contains the trajectory information for each ion. The index of this array determines

if it is an x, y, or z position or velocity. The Cartesian coordinates of a given ion j are given by

(x,y,z) = (Y [3 j],Y [3 j+1],Y [3 j+2]) and its velocity by (vx,vy,vz) = (Y [6 j],Y [6 j+1],Y [6 j+2]).

"t" contains the time for each point in all ions trajectories, and "accf " contains the final acceleration

for each ion, which is useful if one simulation’s trajectories are to be used as the initial conditions

for another simulation.

5.5 Cooling, equilibration

We introduce damping into the system in order to allow for ions to become cool enough to crys-

tallize and relax to equilibrium trajectories. This is done in practice using cooling lasers, yet

the equilibration time for a large 2D crystal may be 100s of ms. Due to the short timescale of

T = 2π/Ω ' 100 ns, this means about 107 time steps would be needed. This would amount to

keeping track of 6N×107 floats, which leads to prohibitively large data files and RAM consump-

tion on a regular computer.

77



Figure 5.7: Radial and axial normal modes in a 2D crystal. Top: the breathing mode coincides
with the driven motion due to the trap RF. Bottom: axial modes are much higher in frequency than
radial modes. They are more easily cooled, and have lower heating rates, making them ideal for
quantum information applications.
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As previously mentioned, to make sure that the time dependent driving force from the trap at

frequency Ω does no lead to errors in the simulation, we require that ∆t << T . We choose time

steps ∆t = T/20. Ions are given random initial positions within the trapping area, and veloci-

ties are sampled from a Boltzmann distribution at an initial temperature of 100 K. Although the

neutral barium atoms are initially at a higher temperature when they are ionized in the trapping

area, we find that initializing the simulation at these higher temperatures does not yield different

results, and thus beginning at a lower temperature saves computation time because the equilibrium

configuration can be reached in fewer time steps.

We introduce a rapid cooling that is adiabatically turned off over the course of the simulation

[87]. Depending on the trap parameters used, it is convenient to set the damping coefficient to

be 1-2 orders of magnitude higher than is physically possible, allowing the equilibrium positions

of ions to be found more quickly. This damping is not physical, and will cool the crystal down

towards absolute zero. The result is clear micromotion oscillations around an equilibrium position

for each ion. The temperature can then later be set (section 5.6) to a more realistic value. An

example of this process is shown in Fig. 5.5, and the result of the cooled crystal with micromotion

in Fig. 5.6.

5.6 Ion crystallization and small oscillations, melting

If enough energy can be removed from the system due to processes such as laser cooling (chapter

3), the ions eventually reach equilibrium positions. If the ions become localized to a smaller

extent than the spacing between neighbouring ions, we refer to the formation as a crystal. To

understand the behaviour of ions in a crystal, it is convenient to describe the motion in terms of

small oscillations about equilibrium positions, or normal modes of oscillations.

As we learned in chapter 2, ion motion is composed of secular motion and micromotion. Sec-

ular motion is harmonic oscillator motion. A single ion is a 3D harmonic oscillator, and N ions

are N coupled 3D harmonic oscillators. For each ion, there are three normal modes. The normal
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Figure 5.8: Radial normal modes of oscillation of a 28 ion 2D crystal. Top: example of an intrashell
mode. Bottom: a rotational mode.
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modes can be divided up into two categories according to the symmetry of the trapping potential:

radial and axial. The radial modes are weaker and more easily excited, while the axial modes are

strong. The strong modes are useful for quantum logic operations due to easier accessibility and

lower heating rates, and are the bases of several proposals to use 2D crystals for quantum simu-

lations and computing (see section 1.3). The breathing mode is composed of motion of all ions

simultaneously towards and away from the trap center. This mode is continuously driven by the

trap RF, and its displacement vector coincides with micromotion. An example of an axial mode

and breathing mode can be seen in Fig. 5.7.

To understand the temperature that must be reached for a given crystal to form, one needs to

know the ion spacing for ions that participate in the lowest frequency rotational modes. Then the

temperature can be estimated by 1
2kbT = 1

2mω2x2.

Radial modes include the breathing mode, many modes that include intrashell motion (between

shells), and rotational modes (Fig. 5.8). When a crystal is in thermal equilibrium, the temperature

of each mode is equal. Weaker modes will be excited to larger displacements. Eventually, the

displacement can exceed the spacing between ions, at this point the crystal melts. If the crystal

melts due to an intrashell mode, it is referred to as intrashell melting, or radial melting. If it melts

by a rotational mode, it is referred to as rotational melting, or orientational melting. Typically, the

lowest frequency modes are rotational (Fig. 5.8) in a hyperbolic trap, and orientational melting

occurs first, followed by intrashell melting. In fact, many numerical and experimental studies have

been conducted to gain insight into the process using dust traps [64, 88, 61]. Using the 2D trap to

further understand the onset of melting may be another interesting application.

However, it is a non-trivial problem to calculate the exact frequency of each normal mode. In

the pseudopotential approximation, one can calculate normal modes by knowing the equilibrium

configuration and expanding Φ(x,y,x) to quadratic order, and solving the resulting eigenvalue

equation. Yet the solutions are much more complicated by micromotion. In this case, one needs to

use the periodic crystal solution [89]. A good practical implementation is shown in [87].

This periodic crystal approach involves solving for the periodic motion of each ion in the crystal
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around it’s equilibrium point. Our MD simulations are useful in obtaining equilibrium trajectories

to do this, as in Fig. 5.6. The difference from the pseudopotential case is a reduction in frequency

of all modes [27]. This can drastically effect predictions of the lowest frequency mode, which

incidentally, is the most important for estimating the melting temperature. Instead, I find it more

simple to use the velocity kick method (section 5.6) to perform temperature estimations.

5.7 Temperature estimation

Measuring the temperature of an ion crystal in the simulation is difficult, since it requires extracting

the kinetic energy of the ions. Because micromotion is significant, the kinetic energy of the ions

is typically dominated by these fast oscillations, but the thermal temperature is determined by the

secular velocities. Averaging over several periods of micromotion is possible in principal, yet we

found this difficult. Instead, we find it more simple to set the temperature of a crystal, and simulate

a CCD image to examine the extent of trajectories of ions within the crystal.

Simulating a CCD image of ion crystals is a useful way to compare experimental data with

simulations. It is difficult to extract information about the dynamics of the crystal since camera

speeds are typically much slower then the timescale of both secular and micro motion. In the past,

simulated CCD images have been used extensively to gain understanding about crystal dynamics,

such as temperature [54, 86].

After the equilibrium configurations are found, the crystals are given velocity kicks [86]. All

ions are assigned a random velocity selected from the Boltzmann distribution at a chosen temper-

ature. Then the crystals thermalize over 10,000 RF periods. Finally, an image is generated by

tracking the ions position over an array of pixels that represent the physical pixels the imaging

device that was used. This approach is used in chapters 6 and 7. A demonstration is shown in Fig.

5.9 for a 28 ion crystal formed using the same parameters as in chapter 4. The velocity kicks are

applied in userconfig.py and the CCD images generated in "create_image.py.
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Figure 5.9: a) An EMCCD image of 28 ions in a 2D crystal. b) MD simulation depicting the 28
ion crystal. The temperature is set to 16 mK using the velocity kicks method.
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5.8 Going farther

Realizing a simulation that fully represents the dynamics of the ions in the trap is certainly possible,

yet computationally expensive. One could use the Velocity Verlet algorithm (or other) to track

positions and velocities as done in this chapter, while solving the time-dependent OBEs for each

ion. In addition, one would need to keep track of photon absorption and emission events, which

occur randomly. Additionally, with real experimental values for damping, a much longer time scale

may be necessary, and time steps would need to be small with respect to τ , T. Putting all of this

together, one could develop a more realistic simulation that may capture some additional insights

into the laser cooling dynamics. Progress towards this goal has begun, but is not yet complete.
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Chapter 6

Two-tone cooling

6.1 2D crystals, quantum information, and micromotion

Proposed schemes to use 2D crystals of trapped ions in RF traps for quantum information ap-

plications exploit symmetry in the transverse direction, where micromotion can be compensated

and minimized for every ion in the crystal [26]. Lasers addressing ions in this direction are not

Doppler-shifted in the ion’s rest frame, and high fidelity one- and two-qubit operations can the-

oretically be achieved [17]. However, these operations require that the crystal can be effectively

cooled and stabilized.

The presence of large, position-dependent micromotion in the plane of the crystal makes the

regular monochromatic Doppler cooling inefficient for large 2D crystals. This concept is illustrated

in Fig. 6.1. A 28-ion crystal with individual instantaneous velocities (~v) due to the micromotion

are shown in Fig. 6.1 (a), along with the direction of the Doppler-cooling laser. Ions that have

small velocity component along the laser k-vector (~k) interact more efficiently with the laser and

scatter more photons, which leads to better cooling of those ions. This can be seen in Fig. 6.1 (b),

where the ions that scatter the Doppler-cooling light more efficiently appear as brighter spots.

2D crystals in RF traps can be produced in radial [83, 55] or lateral geometries [25, 53]. In

the radial geometry, the RF electric field electric field has cylindrical symmetry. 2D crystals can
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Figure 6.1: Two-dimensional radial ion crystal in a sectored-ring ion trap. a) EMCCD image of
the 28 ion crystal depicted in (b). Doppler shifts~k ·~v lead to uneven fluorescence profile over the
ion crystal. Note that the ions in 2D Coulomb crystals form "shells", with three shells indicated
in this particular crystal by the dashed yellow (white) lines. b) Schematic of laser cooling of a
28-ion 2D crystal undergoing "breathing" oscillations due to the micromotion. The ions’ positions
are indicated by the black dots, while the instantaneous micromotion velocity vectors~v are shown
with the arrows. The large transparent light-blue (grey) arrow indicates~k for the Doppler-cooling
laser beam.
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be formed in the plane where the transverse electric field has a node, and micromotion in the

transverse direction can be minimized for all ions in the crystal. Radial 2D crystals were first

explored over 30 years ago for up to 15 ions [90], and more recently up to ∼ 30 ions [83, 57]. The

planar and transverse normal modes have been shown to be well decoupled, and low heating rates

have been demonstrated [55].

Lateral 2D crystals have been studied since the introduction of the linear Paul trap [9], lead-

ing to investigations of normal mode structure [91] and demonstrations of sub-Doppler cooling

techniques [58]. Recent improvements in microfabricated ion trap capabilities have led to the

formation of 2D crystals that can be cooled near the motional ground state [56]. An advantage

of lateral 2D crystals is the ability to cool ions along the trap axis where micromotion is largely

non-existent, and larger 2D crystals have been reported using this method [92, 59]. Both types

of geometries continue to be studied as the potential platforms for scaling up 2D ion crystals for

quantum information applications.

To avoid the adverse effects on laser cooling due to micromotion, one can cool largely along

an axis where no micromotion is present [25, 92], such as with lateral 2D crystals. However, at

least some of the cooling beam’s k-vector must point in a direction where micromotion is present,

since otherwise thermal motion in all directions is not cooled. As the size of crystals scales up,

this effect may become significant. For radial 2D crystals [55, 57, 93], and for 3D crystals, it is

generally not possible to isolate a direction in space with no excess micromotion.

As an ion travels back and forth over a period of micromotion, laser light is Doppler-shifted by a

different amount at each point in the ion’s trajectory. This can be seen as the frequency-modulation

of the laser light in the ion rest frame, with a modulation depth proportional to the micromotion

amplitude. As the micromotion amplitude is increased, ions may be heated where cooling may

be expected, or the laser may be completely off resonance [29, 24]. This is likely the reason that

radial 2D crystals so far have been limited to sizes of no more than ∼30 ions [57, 54, 83].

In this dissertation, we study radial 2D crystals, where the influence of micromotion on Doppler

cooling cannot be neglected. Micromotion causes a time-dependent Doppler shift of cooling lasers
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in the ion’s rest frame. For a 3-level atom such as Ba+ (Fig. 3.1), this causes the laser detunings ∆1

(∆2) of the 493 nm (650 nm) to vary according to the instantaneous velocity of the ion. Consider

an ion oscillating in an RF trap at Ω = 2π×10 MHz, with amplitude of 1 µm. Then the maximum

velocity of the ion is approximately 60 m/s leading to an instantaneous Doppler shift of 125 MHz

of the 493 nm beam.

In this chapter, we first discuss the impact of micromotion on the interaction of a single ion

with Doppler cooling lasers, extending previous models to include the Λ-system. We use the

model to estimate the frequency of a second tone in the Doppler cooling lasers to address ions

with differing amounts of micromotion. We then demonstrate the ability to Doppler-cool radial 2D

crystals of up to four shells and over 50 ions using this two-tone scheme–an increase of a full shell

or approximately 160% increase in ion number. The crystals are analysed, extracting individual

micromotion amplitudes for all ions. This information is used to find the trap center, as well as to

directly measure the Matthieu parameters qx and qy.

6.2 Doppler cooling under micromotion; two-tone cooling

Consider a single ion in an RF Paul trap displaced at a time-averaged equilibrium position r0

from the center in the crystal plane. Then the equation of motion (Eq. 2.2.15), assuming that

micromotion dominates, is

r(t) = r0

[
1+

q
2

cos(Ωt)
]
, (6.2.1)

where q is the Matthieu parameter. The amplitude of excess micromotion is therefore A = qrs
2 .

For a true Paul trap with hyperbolic electrodes,

qr = qz/2 =
8eV

mR2Ω2 (6.2.2)

where e is the elementary charge, V is the amplitude of voltage applied to the RF electrodes, m is

the mass of the ion, and R the radius of the hyperbolic ring electrode. Therefore, for a fixed r0,
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Figure 6.2: Calculated population of the 6P1/2 state ρ33 as a function of detuning ∆1 of the 493 nm
laser from the 6S1/2↔ 6P1/2 transition frequency is plotted for six different micromotion ampli-
tudes A, indicated in the box in the upper-right, along with the corresponding modulation indices
β . ∆2 is set to -20×2π MHz in the lab frame. The scale of the solid line is 1:3, while all of
the dashed lines are 1:1.The CPT feature is visible at ∆2 = −20× 2π MHz in the A = 0.00 µm
curve. For non-zero values of A, the spectrum is distorted by Doppler shifts due to micromotion,
obscuring the CPT feature. This CPT feature is shifted by different amounts over a period of mi-
cromotion, causing ripple features to occur. The inset in the upper-left shows the relevant energy
levels, transition wavelength, decay rates and detunings in 138Ba+.

increasing the trap voltage or decreasing Ω lead to a larger A. One can also adjust A by ion species

selection or through a change in the size of the trap.

Since A ∝ rs, then for a symmetric crystal A is the same for all ion in each concentric shell.

This means there will be two identical regions in each crystal where the projection of micromotion

amplitude in the direction of~k for a particular cooling beam is the same, but with opposite phase.

If the crystal is displaced from the origin, the micromotion pattern will no longer be symmetric

about the crystal center.

When a laser with wavevector~k is incident on the ion undergoing micromotion of amplitude

A about ~rs, the frequency of laser light is modulated at RF drive frequency Ω. The frequency
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deviation due to the micromotion-induced Doppler shift is~k ·~v, where the ion velocity ~v = ~̇r(t).

Thus, the frequency modulation index is given by

β =
~k ·~vmax

Ω
=
~k ·~rsq

2
, (6.2.3)

where~vmax is the is the maximum velocity of the ion due to the micromotion. When the laser beam

is parallel to the direction of the ion displacement ~r0, β = kA.

To understand the influence of micromotion on laser cooling, one can solve the OBEs for the

Λ-system and study the behaviour of the excited state population ρ33, as demonstrated in chapter

3. For a single two-level ion undergoing micromotion, an analytic solution exists [29]. However,

at higher laser intensities, and in the case of a three-level atom, the solution must be found nu-

merically. For the two-level system, this can be done by finding the steady state solution for each

detuning over a period of micromotion, then time averaging the results [29]. We extend this model

to study a three-level Λ-system, which is applicable to the cooling of 138Ba+ that we trap and laser-

cool. In the three-level case, the numerical approach must be extended to also time-average over

each repump laser detuning ∆2(t2) in addition to the main cooling transition detuning ∆1(t1), since

there is no guarantee that photons from each beam will be absorbed at the same point in the RF

period. Although the spectrum of the laser is different than in the two-level case, we find similar

trends.

In Fig. 6.2, the population of the excited state |3〉 in a three-level Λ-system is plotted as a

function of lab frame detuning ∆1 of the laser from the atomic resonance frequency for different

micromotion amplitudes. We consider a single trapped 138Ba+ ion Doppler-cooled on the 6S1/2↔

6P1/2 transition near 493 nm (|1〉 ↔ |3〉 transition) with a natural linewidth of Γ31 = 2π×15 MHz

and repump transition 5D3/2↔ 6P1/2 near 650 nm (|2〉 ↔ |3〉 transition) with a natural linewidth

of Γ32 = 2π×5 MHz undergoing micromotion at Ω = 2π×10 MHz, and a saturation parameter

for both lasers of s = 10, similar to our experimental parameters. To avoid the effects of CPT that

can reduce cooling efficiency or cause ions to go into a dark state, the 650 nm laser is typically red-

detuned by 10s of MHz. We numerically calculate the steady-state population ρ33 as a function
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Figure 6.3: Schematic of the two tone laser cooling configuration. The 493 nm and 650 nm beams
are split into two distinct frequency tones by AOMs. The unshifted beams (ν1 and ν2) and blue-
shifted beams (ν ′1 and ν ′2) are combined separately, then counter-propagated through the trap.

of ∆1 for different amplitudes of micromotion A fixing the lab frame repump laser detuning ∆2

at -20 MHz. Assuming that the natural linewidths Γ31 and Γ32 of the |1〉 ↔ |3〉 and |2〉 ↔ |3〉

transitions, respectively, obey Γ31 >> Γ32, the sign of the derivative ∂ρ33
∂∆1

determines whether

heating or cooling will occur, while its magnitude is proportional to the heating or cooling rate.

Distortions to the atomic resonance become pronounced when the Doppler shift due to micro-

motion is of the order of the power-broadened linewidth of a transition Γ
√

1+ s = Γ′. In terms

of the modulation index β this condition can be written as βΩ ' Γ′. As one can see in Fig. 6.2,

for β > 3 the absorption line shape starts to deviate significantly from the Lorentzian by becoming

lower and broader. The detuning ∆1 that correspond to the largest value ∂ρ33
∂∆1

, and thus the most

efficient cooling, shifts to the red. The cooling rate decreases quickly, by a factor of ' 10 (Fig.
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6.7) for an ion with A = 0.25 µm as compared to an ion with no micromotion.

As a result, the cooling beam must be farther red-detuned away from resonance for at least

some of the ions in order to cool the ensemble enough to promote crystallization. Since the photon

scattering rate is proportional to ρ33, the off-resonant ions also appear brighter or dimmer in a time-

integrated image [57] such as Fig. 6.1 (b). Yet ions with micromotion that is perpendicular to~k

do not vary in brightness. When the efficiency of Doppler cooling is lowered due to the distortions

of the absorption line shape, the ions may not fully crystallize and appear as rings without fully

localizing, or may fail to crystallize at all. When the amplitude of thermal oscillations exceeds the

inter-ion spacing, we refer to the crystal as melted.

To address the distortions and cool large crystals, it has been proposed to implement multi-

tone laser cooling, or to power broaden the transition and detune the cooling laser [29]. Power

broadening may be limited by available laser power as the size of the crystal grows. For example,

in our system, we can achieve a maximum saturation parameter of approximately s = 20 for a

beam waist of 50 µm. The spectrum in this case is still quite distorted when β = 15, which occurs

at A ' 1.2 µm. In addition, cooling rates are reduced and the Doppler-limited temperature is

increased at higher saturation parameter values. This may lead to the onset of melting of the crystal

due to low frequency (soft) normal modes of oscillation, where the amplitude of oscillations can

exceed the ion spacing even at temperatures of 10s of mK. We note that over the last 15 years,

additional red detuned cooling beams have been used by a rising number of groups to cool ions

after large heating events based on empirical evidence of their utility. To the best of our knowledge,

this work has not yet been published, and nobody has explored using a second cooling tone to

improve cooling of ion crystals where ions experience differing amounts of micromotion.

We should point out that one may wish to operate in the regime Ω >> Γ; in this case the

spectrum is divided into micromotion sidebands separated by nΩ [24]. While this case may be

useful, it is experimentally difficult to study since multiple cooling tones would be needed to cool

even small 2D crystals, yet it may be easier to manage for larger ion crystals where the laser tones

can be evenly spaced. Increasing Ω may also be impractical for some trap geometries where very
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high RF voltages would be needed, such as the present experiment. However, this strategy may

be suitable for trap geometries with a small spatial size, such as a surface trap [25]. For our trap,

a factor of two reduction in β by increasing Ω while maintaining reasonable trap strength would

require greater than 2000 V amplitude of RF drive, which is typically enough to cause arcing in

the RF delivery system. Thus, we do not explore this regime in this paper. We study the two-tone

Doppler-cooling of 2D ion crystals with moderate power broadening and demonstrate that larger

crystals can be stabilized.

Finally, we note that the steady state picture that we presented in this section is incomplete,

since each ion is continuously changing in velocity and hence the amount of Doppler shift. While

the steady state solution allows one to compute a laser frequency that results in net cooling over a

period of micromotion, in reality, a constant frequency laser tone designed to address ions with a

chosen amount of micromotion only cools optimally for part of each RF phase.

6.3 Experimental system and methods

The trap is mostly the same as described in chapter 4, with the addition of some HV capacitors to

lower the RF drive frequency. RF at Ω = 2π × 10.42 MHz is delivered to the endcap electrodes

via a double-coil helical resonator, resulting in trap voltages in the range 800-1500 V.

Two tones of Doppler cooling light for cooling beams are counter-propagated through the trap

in the ± x direction as shown in Fig. 6.3, making an angle of θ ' 10° with respect to the crystal

plane. Both Doppler-cooling lasers at frequencies ν1 (493 nm beam) and ν2 (650 nm beam) are

divided into two separate beam paths. One branch of each beam is double-passed through an AOM,

generating a second frequency tone (ν ′1 = ν1 +∆ν1 and ν ′2 = ν2 +∆ν2). The AOMs are driven by a

signal generators with variable amplitude and frequency (HP8640B), which is then amplified. This

allows for the second frequency tone of each beam to be adjusted dynamically while maintaining

the beam pointing.

The unshifted beams (ν1 and ν2) and shifted beams (ν ′1 and ν ′1) are combined separately and
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Figure 6.4: Example of data used to determine the location of the trap center and the pla-
nar Matthieu parameters qx and qy of the trap. (a) A 48-ion crystal, overlaid with the trajec-
tory extracted for each ion over one RF period. There is a dark ion (different isotope of bar-
ium) located at the trap center. The dark spot at (x,y) ' (8,−32) is a dead spot on the in-
tensifier, which is also present in ion images in Fig. 6.6. The trap secular frequencies are
(ωx,ωy,ωz) = 2π × (214,185,788) kHz. b) Micromotion amplitude of ions in both the x- and
y-direction as a function of the equilibrium position of the ions. The amplitude is allowed to be
negative as the phase changes over the RF null. The straight line is a linear fit to the data where the
intercept with the horizontal axis indicates the trap center (red dashed lines).

counter-propagated through the trap. The beams are focused to a waist of approximately 50 µm.

Trap frequencies are measured by frequency modulating the RF drive and observing fluorescence
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dips on a PMT, as outlined in chapter 4.

The ions are imaged using the objective described in chapter 4 onto the Tpx3Cam. For the

data taken using the Tpx3Cam, we first fold single photon events into a single period of the RF

drive (96.0 ns). The position of the ion is tracked over the period by fitting the image of each

ion to a rotated elliptical Gaussian for frames that consist of equal increments in time, similarly

to previously established methods [79]. The position over T is then fit with a sinusoid according

to Eq. 6.2.1. The amplitude of micromotion and the equilibrium position are extracted from the

fit. Finally, the micromotion amplitude of each ion is plotted against the equilibrium position

position and a linear fit is used to extract the slope and intercept with the horizontal axis, yielding

the parameter qx and qy and the location of the trap center. This information is used to determine

Figure 6.5: Plots of x and y micromotion vs x and y position for each ion from Fig. 6.4. Using a
least squares fit, we extract the slop of each line and hence the Matthieu parameters qx and qy.
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the scale of Ax and Ay in the ion images. Fig. 6.4 shows an example of such a measurement. A

48-ion crystal is stabilized in the trap, shown in Fig. 6.4, and the micromotion amplitude vs. ion

equilibrium position for both x- and y-axis is shown in Fig. 6.5.

∆ν1 and ∆ν2 are empirically determined as follows. We first trap a crystal (3 shells) using only a

single, unshifted tone of each cooling beam at ν1 and ν2, blocking the blue-shifted tones at ν ′1 and

ν ′2 . We measure the amplitude of micromotion for outer ions using the technique described above.

We then use the results of these preliminary measurements as a starting point for the estimating

∆ν1 and ∆ν2 using the simulations depicted in Fig. 6.2, aiming for a detuning that maximizes ρ33.

Next, ν1 and ν2 are adjusted so that the outermost ions appear brightest, indicating where ρ33 is

maximized. The tones at frequencies ν ′1 and ν ′2 are then unblocked, and their effect on the crystals

are observed while dynamically adjusting ∆ν1 and ∆ν2 .

6.4 Results and discussion

We observe that tuning ∆ν1 has a pronounced effect on the ability to cool and stabilize large ion

crystals, and often causes crystallization or melting to occur as the value is changed. We observe

that increasing ∆ν1 towards its optimal value appears to make the crystal colder, until it is suddenly

heated and melts. This likely occurs as the ν ′1 reaches a high enough frequency to heat outer ions

in the crystal that have higher micromotion amplitudes. We position ∆ν1 just below this point. ∆ν2

is then adjusted around its original setting but observed to affect the crystal to a much lesser extent.

We observe that once a crystal with four shells has formed, the second tone can then be blocked

and the ions remain crystallized for approximately 10 seconds before melting. The crystal will

then not reform until the second tone is reintroduced.

We find that setting ∆ν1 = 101 MHz and ∆ν2 = 66 MHz allows us to trap and cool larger

radial 2D crystals than we were previously capable of with a single-tone Doppler cooling setup.

The best results are achieved by slightly compressing the crystal along the axis of propagation of

cooling light, in order to reduce the extent of micromotion along that direction. The crystal shown
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Figure 6.6: A 54-ion radial 2D crystal at different phases of micromotion. There are four dark
ions (different isotopes of barium) located near the trap center. The trap secular frequencies are
(ωx,ωy,ωz) = 2π× (203,147,768) kHz. (a) The minimal extent of the crystal that corresponds to
the phase of the micromotion when all ions are closest to the trap center. The top-most ion lies
outside of the image area for most of the RF period, but can be seen here. (b) the maximal extent
of the crystal that corresponds to the phase of the micromotion when all ions are farthest from the
trap center. Both images are integrated over time intervals that correspond to 1/36 of the RF period
(approximately 2.67 ns).
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in Fig.6.4 has 48 ions. By fitting the data of micromotion amplitude vs. position, we find the

horizontal intercept (trap center) (x,y)=(140,153)±(6,6) pixels and the slope (in-plane Matthieu

parameters) (qx/2,qy/2)= (0.032,0.028)±(0.001,0.001).

The largest crystal we are able to stabilize is a 54-ion crystal shown in Fig. 6.6. To our

knowledge, this is the largest radial 2D ion crystal ever produced, where all ions in the crystal

are efficiently cooled and localized to less than the ions’ spacings. The two panels in Fig. 6.6

correspond to the two opposite phases of micromotion with the minimal (a) and maximal (b) crystal

spatial extent.

The largest amplitude of micromotion here exceeds 1.5 µm, which corresponds to a peak-peak

oscillation of 6 pixels on the camera image. This peak-peak distance is more than two times larger

than the diffraction limited spot size of our system of 1.1 µm, and is clearly visible in a time-

integrated image (Fig. 6.8). In our crystals, β ranges from 0 at the center of the crystal to greater

than 15 for ions at the top left corner of Fig. 6.6.

Although the crystals are cooled enough that individual ions can be resolved, thermal motion is

clearly visible in the larger crystals. Measuring this temperature may be difficult, since the estab-

lished methods will likely fail for crystals with significant micromotion. Scanning the cooling laser

will not yield useful results, since the response of each ion is different. Methods for thermometry

of ion clouds under micromotion have been established [94], but do not extend to the temperature

range where crystallization occurs.

We use the MD simulations to estimate the temperature of the 54-ion crystal. By finding a

simulation that yields a crystal with a similar spatial extent of the ion images, we estimate the tem-

perature [54]. For the 54-ion crystal, we find that the trajectories are consistent with temperature

of ∼20 mK, approximately 7x higher than the estimated cooling limit in this power-broadened

system. The results are shown in Fig. 6.8.

We also compare this to the spatial extent of outer ions in the crystal with the lowest calculated

normal mode frequency [89]. The data collected is folded into a single period of micromotion.

In order to separate out spreading due to micromotion from thermal motion, we select data from
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Figure 6.7: Integrated image of 54 ion crystal and simulated images at various temperatures. a)
Data taken with the Timpepix3 camera, the same as used in Fig. 6.6. b) Simulated image of the
crystal at 10 mK. c) simulated image of the crystal at 20 mK. d) simulated image of the crystal
at 30 mK. Here, the onset of radial melting can be seen as the ions in the outer shells begin to
delocalize. The point spread function of the imaging optics is not applied to the simulated ion
images.

only 1/16th of the period. The ion fluorescence profile is the fit to determine the Gaussian rms

spread of the ions in the outer shell, taking into account the finite spot size due to our imaging

optics [95]. We assume that at equilibrium, the thermal occupation of all modes is equal. Then,

according to the spatial extent of the outer ions’ motion and the lowest calculated normal mode

frequency, the temperature is approximately 20 mK, in good agreement with the result obtained

from the simulated images.

In Fig. 6.7, the derivatives of the curves seen in Fig. 6.2 in the main text are shown, so as to

compare the relative cooling rates at different micromotion amplitudes. Even for ions with just

0.25 µm of micromotion amplitude, the cooling rate is decreased by a factor of 10 relative to an

ion with no micromotion.
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Figure 6.8: Integrated image of 54 ion crystal and simulated images at various temperatures. a)
Data taken with the Timpepix3 camera, the same as used in Fig. 6.6. b) Simulated image of the
crystal at 10 mK. c) simulated image of the crystal at 20 mK. d) simulated image of the crystal
at 30 mK. Here, the onset of radial melting can be seen as the ions in the outer shells begin to
delocalize. The point spread function of the imaging optics is not applied to the simulated ion
images.

The high temperatures are likely the result of a combination of the decrease in cooling rates in

Fig. 6.7 due to the distortion of the atomic lineshape, and due to power broadening. Additional

tones may help produce larger, or colder crystals using Doppler cooling techniques. However,

while additional tones may increase cooling efficiency in some areas of a crystal, they may lead

to heating in others. It may also be necessary to control the spatial extent of the laser beams that
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provide the additional tones to selectively reduce this effect. Finally, a second set of beams at

90° may also further increase cooling capabilities of large crystals.

For larger crystals than studied here, the frequency of the soft modes may drop even further [27]

and lead to even lower melting points. This could further limit the extent of power broadening and

in order to keep the Doppler temperature below the melting point, and increase the emphasis on

multiple cooling tones. Further study is needed to determine the limitations to radial 2D crystal

size using Doppler cooling techniques.

The cooling techniques studied here will need to be further improved in order to be useful

for quantum information applications. The large amplitudes of thermal motion may contribute to

errors in the addressing of qubits by laser light, as individual ions move out of a focused laser

beam or other ions move into its path. However, as long as the amplitude of thermal motion is kept

smaller than the inter-ion spacing, the crystals should still form. While the amplitude of thermal

motion may be large in the plane of the crystal, in the transverse direction, it has been shown

that sub-Doppler cooling is possible [56], and that the transverse motion is well decoupled from

in-plane motion [55].

In summary, we demonstrate two-tone Doppler cooling of radial 2D crystals of trapped ions.

We show that having a second, counterpropagating laser tone helps cool larger radial 2D crystals.

We are able to trap, stabilize and efficiently cool crystals with up to 4 shells, and 54 ions. The

micromotion of ions in the crystals is analyzed and used to extract the planar Matthieu parameters

qx and qy, as well as to locate the trap center.
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Chapter 7

Micromotion-synchronized pulsed Doppler

cooling

7.1 Introduction

To trap and cool large 2D crystals, it may be important to it least have some of a beam’s k-vector

point in the direction of micromotion. Hence, the detrimental effects on Doppler cooling must be

overcome. Due to micromotion, the cooling laser frequency in each ion’s rest frame is continuously

Doppler-shifted by varying amounts across a crystal. This causes the absorption spectrum and

range of frequencies for which steady state cooling is efficient to vary for different ions. The

results of chapter 6 suggest that multi-tone Doppler cooling may be an avenue for stabilizing even

larger crystals.

There exist two points per RF period T where the velocity v = 0 for all ions simultaneously.

In this chapter, I propose to use ∼ns laser pulses synchronized with the nodes in the micromotion

velocity (dashed line in Fig. 7.1 (a)) in order to narrow the range of ion speeds which need to

be addressed by the cooling beam. I then show that this technique can be useful when cooling

multiple ions with differing amounts of micromotion using a single-tone laser beam.

Pulsed Doppler cooling has been used before with the intention of broadband cooling [95]
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Figure 7.1: a) An ion oscillating back and forth at frequency Ω in the direction of the wave vector~k
of a cooling beam leads to a time dependent Doppler shift. The transparency of each dot represents
the magnitude of it’s velocity~v, also indicated by the arrows. By pulsing a laser on (laser intensity
indicated by the dashed line) during only a small portion of the ion’s trajectory when the velocity
is minimal (darkest points), one can selectively cool a smaller velocity class. Time is measured in
units of the RF period T . b) Doppler shift of a 493 nm light in the reference frame of a Ba+ ion
undergoing micromotion at 8 MHz with 3 µm amplitude. The instantaneous Doppler shifts exceed
300 MHz, which is large compared to the 15 MHz natural linewidth of the transition.

or generating frequency comb teeth deep into the UV range, offering to reduce the complication

associated with harmonic generation of light [96, 97]. However, laser pulses have not been used to

cool trapped ions synchronized with the trap RF.

103



Previous approaches to modelling Doppler cooling under micromotion have relied on time

averaging steady state solutions to the Schrodinger’s equation or the optical Bloch equations by

sampling velocities over a period of micromotion to produce an atomic absorption spectrum [93,

29, 24]. Yet in the presence of significant micromotion, the cooling is not steady state since ions

may be experiencing Doppler shifts much larger then the linewidth of the atomic transition Γ and

rapidly changing on a timescale similar to the excited state lifetime τ . Moreover, pulsed lasers

cause frequency combing effects and fast intensity changes that cannot be captured in the steady

state. Therefore, to understand how pulsed Doppler cooling works, we numerically solve the time-

dependent optical Bloch equations.

7.2 Pulsed Doppler cooling

Consider a crystal of 138Ba+ ions undergoing micromotion at a frequency Ω= 2π×8 MHz (period

T = 2π/Ω = 125 ns), interacting with the 493 nm Doppler-cooling laser (natural linewidth Γ32 =

2π × 15 MHz) and 650 nm repump laser (natural linewidth Γ32 = 2π × 5 MHz), Fig. 3.6. These

values are similar to what our experiment is capable of, and are well representative of the regime

where Ω < Γ32. Each ion experiences oscillations around a fixed point described by~r = Acos(Ωt)

where A = qr0/2 is the micromotion amplitude. Here, r0 is the displacement of the equilibrium

position of the ion from the trap center, and q is the relevant Matthieu parameter. Hence, the

instantaneous velocity is v = AΩsin(Ωt), and the instantaneous Doppler shift in the ion’s rest

frame is~k ·~v = kAΩsin(Ωt), where~k is the laser wave vector. An example of this is shown in Fig.

7.1 (b) for an ion with micromotion amplitude A = 3 µm.

We now introduce the effect of a pulsed laser. We consider pulses with a Gaussian temporal

profile, such that the intensity of the pulse I is given by

I(t) = Ipeake−
(t−tp)2

2σ2 , (7.2.1)

where Ipeak is the maximum intensity. The pulses are centered at the desired time tp, and σ is the
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Figure 7.2: Benefits of using pulsed Doppler cooling. Excited state population ρ33 is plotted as a
function of the cooling laser detuning ∆ for: a) different pulse widths δ t and fixed amplitude of
micromotion A = 3 µm, b) fixed pulse width δ t = 5 ns and different micromotion amplitudes A.
This is close to the condition of Eq. 7.2.4. c) fixed δ t = 10 ns, A = 0 µm and different cooling
laser intensities listed in terms of the saturation intensities s1 and s2 of the cooling and the repump
lasers, respectively. Narrowing the pulse width narrows the absorption spectrum considerably,
leading to a more uniform spectrum across ions with differing amounts of micromotion. This may
lead to an improved average cooling rate over the entire crystal. Saturation affects the cooling
spectrum in a similar way to the steady-state case, but at higher average laser powers.
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Figure 7.3: Cooling rates corresponding to the scenarios in Fig. 7.2. a) Fixed A = 3 µm with
different values of δ t. b) Fixed δ t = 5 ns with different values of A. c) Fixed δ t=10 ns with no
micromotion and different saturation levels.

standard deviation of the Gaussian pulse (the FWHM δ t = 2.36σ ). The ion’s velocity crosses 0

at times tn = nT/2 where n is an integer. Therefore, the lasers can be pulsed up at Ω or 2Ω while

selecting velocities near v = 0. As we will see, I choose to pulse the lasers at Ω, with a phase shift

of π between the two beams.
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The equations are solved using a 4th order Runge-Kutta algorithm, keeping time steps small

compared to T (<< 1ns). We let the system evolve until it reaches a form that is periodic over the

RF period, typically about 50 T . We then let the system evolve for additional 100 T .

We model the behaviour of the excited state population, ρ33, as shown in Fig. 7.2. In order to

compute the absorption spectra, we time-average the solutions over many periods of micromotion.

In Fig. 7.2 (a) we show the benefits that can be obtained by pulsing the cooling beams, as opposed

to continuous cooling, for different pulse widths. The absorption spectrum for continuous cooling

obtained via this method (solid line in Fig. 7.2 (a)) is similar to those found using the steady-

state model [93], yet the adverse effects due to CPT are far more pronounced. As the amplitude

of micromotion becomes large, multiple dips appear at multiples of Ω. This is in contrast to

the steady-state solutions, where these CPT features smooth out as the spectrum becomes power

broadened [93]. In Fig. 7.2 (b) we plot the absorption spectra for the fixed laser pulse width of 5 ns

and various micromotion amplitudes. We note that the absorption line width remains essentially

unchanged as the micromotion amplitude increases from 0 to 3 µm. In Fig. 7.2 (c) we show the

effect of power broadening in pulsed cooling, which shows the expected behavior of the line width

increasing at higher laser intensities. The cooling rates corresponding to the scenarios in Fig. 7.2

are shown in Fig. 7.3.

In order to cool the ions effectively we must take into consideration the level of velocity selec-

tion due to the pulse width, the frequency combing effects from the pulse train, the influence on

CPT dips, and the saturation effects. Each has a substantial impact on cooling efficiency and must

be considered individually and with respect to each other.

First, we consider the effects of CPT when cooling using pulsed lasers. For a three-level Λ-

system such as 138Ba+, the combined effect of the CPT and the frequency combing leads to a

complicated absorption spectrum that does not yield good cooling. Instead, by alternating the

cooling and the repump pulses at frequency Ω (as can be seen, for example, in Fig. 7.4 (b)),

we can eliminate the CPT effect altogether. In this case the cooling transition and repump are

never illuminated simultaneously and we have that 2π/Γ = τ << T and the absorption spectrum

107



resembles a two-level system (for the following discussion Γ = Γ31). The CPT dips no longer

exist and do not effect the absorption spectrum under micromotion. We also note that for a true

two-level system such as 114Cd+, the CPT effects would not be a consideration.

Next to consider are the frequency comb effects, which can also be detrimental to the cooling

process. Consider a Gaussian laser pulse with a standard deviation σ , and thus a FWHM δ t =

2.36 σ . Narrow pulses give the best velocity selection, but too narrow and combing effects become

a nuisance, as more teeth fit into the comb envelope and broaden the absorption spectrum. The

repetition rate fr = Ω/2π with pulse width δ t produces a comb with teeth separated by fr and

envelope width δ f = 1/δ t. If Γ > Ω then the teeth are not resolved and the effect is a broadening

of the absorption spectrum to width Γc ∼ δν , where Γc is the approximate comb broadened

Figure 7.4: Schematic for pulsed laser cooling and temporal profile of laser pulses. a) The schemat-
ics of the experimental setup. Optical pulses at frequency ν ′1 and ν ′2 are generated via AOMs, using
the first diffracted order. The two pulsed beams are combined after the AOMs and sent to the trap.
RF pulses that drive the AOMs are generated by sending short TTL pulses from a programmable
data generator into fast RF switches. Two phase-locked RF synthesizers are used to drive the trap
RF, to synchronize data acquisition and time measurement with the fast camera, Tpx3Cam, and to
trigger the pulses from the data generator.
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Figure 7.5: Temporal profiles of the combined 493 nm and 650 nm optical pulses used in the
experiment measured with a fast photodiode. The pulses are found to have δ t of 10 and 13 ns
respectively for 493 nm and 650 nm light. Inset: single ion cooled using laser pulses synchro-
nized with the trap RF. Using this technique, the ion is illuminated only at its endpoints of the
micromotion trajectory. The micromotion amplitude is measured to be ∼ 3 µm.

linewidth. In our case, we restrict our attention to the case Γ > Ω, since it is experimentally

feasible given the range of trap strengths and the ion species used.

On its own, pulsing does not improve the Doppler cooling. However, in the presence of signif-

icant micromotion the pulsing can be effective in narrowing the width of the absorption spectrum.

The approximate absorption linewidth due to micromotion broadening ΓΩ is twice the maximum

Doppler shift~k ·~vmax. Yet in addition to this broadening, the absorption spectrum is also distorted.

When we pulse the lasers such that Γc < ΓΩ, improvements can be seen. This can be thought of

as an effective reduction of the micromotion modulation index β = kvmax/Ω. For an ion cooled by
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a pulsed laser, velocity selection using a pulse with a width δ t leads to v′max = AΩ2δ t, while for a

continuously cooled ion, vmax = AΩ. Therefore we obtain an expression for a reduced modulation

index β ′

β ′

β
=

v′max
vmax

= Ωδ t (7.2.2)

in the limit δ t/T << 1. Thus, we find the approximate condition where pulsing is effective when

Γc ≤ ΓΩ, that is

2πδ f ≤ 2β
′
Ω (7.2.3)

leading to the condition

δ t ≥
√

π

βΩ2 . (7.2.4)

For example, with A = 3 µm at Ω = 8 MHz, we have that δ t ≥ 5.6 ns. In this limit, the cooling

rate of a single ion does not improve, but the average cooling rate across all ions in a crystal can

be improved dramatically when considering a single cooling beam.

Finally, one must consider the power broadening. Since the laser is pulsed, only a fraction of

the power is delivered to the ion in contrast to the continuous wave laser cooling. Saturation and

saturation intensity are steady-state concepts, yet some intuition can be gained by replacing the

saturation parameter s with a reduced saturation parameter, s′ = s(δ t/T ). The power broadened

linewidth is then reduced to Γs′ = Γ
√

1+ s′.

We note that the scenario would be quite different in the case Γ < Ω. In this case the effect

of micromotion is to cause resolved sidebands in the absorption spectrum spaced at Ω [29, 24].

Therefore, pulsing the laser at Ω would add comb teeth spaced equally to the micromotion side-

bands. One could align teeth with sidebands in order to maintain cooling. This would not require

selecting nodes in the velocity due to micromotion. Moreover, since the comb teeth are resolved,

the features of the absorption spectrum may not be broadened. We leave this regime to be further

explored.
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Figure 7.6: Scattering rates of single ions over the RF period T for the continuously cooled (a) and
pulsed cooled (b) 28-ion crystal centered near the trap RF null, taken with the Tpx3 camera. The
trap frequencies are (ωx,ωy,ωz) = 2π×(193,266,737) kHz. Insets are integrated EMCCD images
of the crystals. The laser propagates in the y (vertical) direction in these images, and the dashed
lines represent y = 0. Ion spacing is approximately 10 µm. Each curve represents fluorescence of
a single ion, as labelled in the inset of (a). These ions are chosen to represent the wide distribution
of micromotion amplitudes across the crystal. Vertical scales in arbitrary units are identical in
both panels. a) Relative scattering rates of ions 1,2,4,6 an 7 over an RF period using continuous
laser cooling. Broad variations of the scattering rates due to Doppler shifts can be seen between
different ions with different micromotion amplitudes. b) Same as (a), but with pulsed laser cooling.
Scattering rates for different ions are now nearly identical. The scattering rate variation over the
trap period is due to the pulsed nature of the lasers cooling.
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In summary, shorter pulses will help to cool an ion until the condition in Eq. 7.2.4 is reached.

Therefore, when considering a large crystal, one should consider the distribution of amplitudes of

micromotion. Shorter pulses will help cool ions where the amplitude of micromotion is greater

and where a large range of micromotion-induced Doppler shifts needs to be covered, but it will

not help if the micromotion amplitude is small, or if cooling to near the Doppler limit is needed.

However, average cooling rates across all ions may be improved, leading to an overall lower crystal

temperature.

7.3 Experiment and methods

The ion trap and the Doppler cooling setup is similar to the one described in chapters 4 and 6,

with the RF drive frequency further reduced to 8.39 MHz. Pulses of cooling light are created

using Crystal Technology 3200 series AOMs with a central frequency of 200 MHz, driven by a

HP 8657D signal generator. The RF signal at 200 MHz is sent to the AOMs through Minicircuits

ZASW-2-50DR+ switches that have a typical rise/fall time of 6 ns. The switches are controlled

using a DG2020A Data Generator that has a rise/fall time of 2 ns.

The trap RF is produced by a Siglent SDT 2042X arbitrary waveform generator. The second

channel of the generator is used to send trigger pulses at 100 kHz to the Tpx3 camera to synchronize

the camera internal timing with the trap RF. A second Siglent SDT 2042X arbitrary waveform

generator is phase-locked to the first one using the 10 MHz time base, and is used to trigger the

DG2020A Data Generator. Two channels of the second Siglent SDT 2042X with adjustable phase

allow the relative timing of the 493 nm and 650 nm laser pulses to be tuned, as well as the relative

phase of both pulses with respect to the trap RF. A schematic of the setup is shown in Fig. 7.4.

Laser pulses are measured using a Thorlabs PDA10A fast photodiode and Rigol DS 1202-ZE

oscilloscope. The pulse parameters are roughly adjusted so that the pulses are separated to as

close to T/2 as possible given the granularity of DG2020A (∼ 5 ns). The width of the pulses is

determined to be 10 ns and 13 ns for the 493 nm and the 650 nm lasers, as depicted in Fig. 7.5. For
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each beam, the total power is measured to be approximately 1/10th of the continuous wave power.

We find that it is necessary to use full power (i.e. non-pulsing) cooling laser beams when first

forming the ion crystals with more than a few ions. We cool crystals using a red-detuned lasers as

used in previous experiments [83, 93]. Once the crystal has formed, the pulsing is turned on.While

initially trapping, ion crystal formations are observed using the EMCCD camera. For fluorescence

data collection, the Tpx3 camera is used.

As soon as the pulsing has begun, if the timing of the pulses is correct, the ions become quite

dark. This is because the cooling laser frequency is significantly (a few hundred MHz) red-detuned

to enable continuous Doppler cooling. The main cooling beam at 493 nm must be quickly tuned

up towards the resonance by ∼ 100 MHz. If the crystal appears bright in some areas but not others

and easily melts, the phase of the pulses relative to the trap RF is incorrect causing only certain ions

with the correct velocity range to fluoresce brightly. Typically, these crystals do not last long before

Figure 7.7: Four ions cooled with continuous illumination and by pulsed cooling. Trap frequencies
are the same as in Fig. 7.6. a) Time-integrated image of the continuously cooled crystal. b)
Integrated image of the crystal cooled using the pulsed method.
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melting. If the relative phase is nearly correct, the crystal appears mostly uniform in brightness

and does not melt, and the cooling beams are successfully illuminating ions only near v = 0.

To fine-tune the relative phase of the laser pulses to the trap RF, we trap and cool a single

ion and displace it from the trap center by applying a bias voltage to one of the trap’s sector

electrodes to induce a large amount of micromotion for the ion. We then dynamically adjust the

delay between the laser pulses and the trap RF zero-crossing while monitoring the ion image with

the camera. The correct phase is achieved when the ion image appears as two spots corresponding

to the ion positions at the micromotion extrema, as shown in the Fig. 7.5 inset. The frequencies of

the cooling and repump lasers are then tuned up as far as possible towards the resonance without

melting the crystal. When correctly configured, the pulses select velocities near v = 0 and the

lasers can be tuned farthest into the blue.

We trap and cool a 28-ion, 3-shell 2D crystal centered near the trap’s RF null with and without

the pulsed laser method, as shown in Fig. 7.6. The cooling laser direction is vertical in the ion

crystal images, and the location y = 0 of the trap’s RF null in that direction is indicated by the

dashed white line. Ions in this crystal experience micromotion up to A ∼ 1.5 µm (β = 19), with

about half the ions above the y= 0 line oscillating out of phase with the ions below. We observe that

all ions have a relatively uniform scattering rate (and therefore brightness) when using the pulsed

laser method as compared to the continuous laser cooling, where a broad variations of scattering

rates are observed. We also note that scattering rates of ions above and below the y = 0 line (e.g.

ions 1 and 7 in Fig. 7.6 (a)) are out of phase for the continuous laser cooling, as expected. For the

pulsed laser cooled ions, this phase flip in fluorescence is not observed, since the scattering rate

is now determined by the pulse profiles. In addition, the crystal temperature is reduced modestly

from approximately 15 mK in the continuous laser cooling to 13 mK in the pulsed laser cooling

case, as determined from the spatial extent of the ions [93]. We also trap and perform pulsed

cooling on a 4 ion crystal displaced from the trap RF null where micromotion amplitude for one of

the ions exceeds 4 µm (Fig. 7.7), corresponding to a maximum Doppler shift of ∼ 400 MHz and

β > 50.
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To fully explore the benefits of pulsed Doppler cooling, we need to reduce the pulse widths

down to the limit imposed in Eq. 7.2.4. Since we are limited to δ t ∼ 10 ns by the available

hardware, the cooling rates and the ion fluorescence profiles are still not fully uniform across

crystals formed in this trap. Faster RF switches and AOMs, and lower trap RF drive frequencies

may enable this region of pulsed laser cooling to be more fully investigated.

7.4 Conclusion

We have proposed and demonstrated the use of pulsed lasers to perform velocity-selective Doppler

cooling of ions undergoing micromotion. The pulsed cooling allows ions with differing amounts of

micromotion to be addressed by a single cooling beam, and improves the average cooling rate even

when the amplitude of micromotion becomes significant. Ultimately, we are limited by available

laser power and minimum pulse duration. In future experiments, we intend to use shorter laser

pulses to explore the limitations of pulsed Doppler cooling.
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Chapter 8

Outlook

2D crystals of trapped ions are already being pursued by many groups for quantum simulations

and computation. In this work, I outlined and demonstrated two techniques for improving the

Doppler cooling of large 2D crystals under micromotion. However, neither method was explored

to its full extent. Multi-tone cooling may allow for a greater range of micromotion to be addressed

in a 2D crystal. Moreover, different configurations of beams (i.e. counterpropagating, crossed), in

addition to multiple tones, may allow for some improvements. The pulsed cooling technique was

demonstrated, yet I did not get close to the limit imposed in Eq. 7.2.4. I expect that significant

improvements to both experiments in chapters 6 and 7 can be made in terms of trapping infrastruc-

ture, lasers, and control electronics that will lead to cooling and trapping of 100s of ions in radial

2D crystals.

In addition to improving cooling, laser systems will need to be set up for using barium as a

qubit. For example, the ground state hyperfine splitting in 133Ba+ or 137Ba+ are both currently

being used as high-quality qubits. For Doppler cooling, electro-optic modulators are needed to

span the hyperfine splitting of the ground state. And for single and two-qubit operations, Raman

lasers (typically 532 nm for barium) would need to be installed. A system for spatial control of

the addressing beams in 2D would be needed to focus the beams onto arbitrary ions within the

crystals. I look forward to seeing further progress towards these goals both in our lab and within
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the ion trapping community.
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