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Abstract

A quantum circuit is a widely used model for quantum computation. It consists

of quantum registers, which we refer to as qubits, and quantum gates. To build a

large-scale trapped ion quantum computer, the performance of executing quantum

circuits is a bottleneck. Atomic ions are great qubit candidates. However, high-

fidelity two-qubit gates extending over all qubits with individual control in a large-

scale trapped-ion system have not been achieved. Moreover, coherent gate errors

in deep quantum circuits exaggerate the error since they accumulate quadratically.

This thesis presents the effort to build a trapped-ion quantum computing system

that possesses individual qubit control, scalable high-fidelity two-qubit gates, and

the capability to run quantum circuits with multiple qubits. This thesis shows that

we realize and characterize high-fidelity two-qubit gates in a system with up to 4 ions

using radial modes. The ions are individually addressed by two tightly focused beams

steered using micro-electromechanical system (MEMS) mirrors. We accomplish the

highest two-qubit gate fidelity using radial motional modes to date. Two methods

of robust frequency-modulated two-qubit gate pulse design are introduced. With

the state-of-the-art scalable two-qubit gates, we propose a compilation technique,

which we refer to as hidden inverses, that creates circuits robust to residual coherent

errors. We present experimental data showing that hidden inverses suppress both

overrotation and phase misalignment errors in our trapped-ion system, resulting in

improved quantum circuit performance.
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1

Introduction

Increasing computational power has bene�ted our lives from every perspective in the

past decades and enabled breakthroughs in science and engineering. Theoretically,

the modern computer is a speci�c example of a Turing machine. At its core, it uses

transistors to manipulate numbers represented in base-2 or equivalently as series of

on and o� components. Guided by Moore's law, the transistor density has doubled

approximately every two years for half a century. The exponential scaling law has

brought us nanometer-scale bits and gigahertz clock speeds in the second decade

of the 21st century. At the same time, we are approaching the end of Moore's

law since when the scale of bits reduces to the size of a few atoms, and quantum

mechanics replaces classical physics as the dominant principle. Therefore, if this

trend continuous, we are likely to see a \diminishing marginal utility" as transistors

continue to reduce in size.

Additionally, there are still a large number of problems that remain unsolvable for

classical computers within a reasonable time. Certain problems that are intractable

for classical computers, in areas like optimization, quantum chemistry, biomedical,

and cryptography, attract a lot of interest from researchers across the world. As
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a straightforward example, simulating the dynamics of a single two-level quantum

system, such as interactions between electrons and atomic nucleus, can be done

quickly with current classical computers. However, once the number of particles

increases, the computational complexity of the system grows exponentially. Beyond

just dozens of particles, it is already too di�cult to solve via classical simulation,

let alone a practical problem such as a complex molecular structure simulation. For

example, even with the best supercomputer in the world, one cannot accurately

simulate the dynamics of an average-sized protein molecule that contains hundreds

of atoms.

Fortunately, every coin has two sides. The complexity of systems with quan-

tum properties provides a tool to solve some complex problems. In the early 1980s,

Richard Feynman and others proposed the idea that an arbitrary system could be

simulated by a well-control complex quantum system [1], which is now referred to as

a universal quantum computer. Later, David Deutsch, Richard Jozsa, Lov Grover,

Peter Shor, and others developed algorithms that take advantage of quantum prop-

erties [2, 3, 4]. Peter Shor and Andrew Steane proposed quantum error correction

theory simultaneously [5, 6]. With the pioneering work above, quantum computing

has been drawing more interest from academia and industry since the 1990s.

1.1 Quantum Computing Overview

The key distinctions of quantum computing with regard to classical computing are

quantum superpositionand quantum entanglement. To understand the di�erence, a

fundamental concept,quantum bitor qubit, is introduced.

The qubit's classical counterpart, the bit, has two possible states, either 0 or 1.

However, a qubit can also end up in a state other than|0y and |1y. It is called

2



�

�

x̂

ŷ

ẑ � | 0y

� ẑ � | 1y

| y

Figure 1.1 : A qubit state | y represented in a Bloch sphere.

superposition, which is a linear combination of states with complex coe�cients:

| y � � |0y � � |1y

where� and � are complex numbers.|0y and |1y de�ne a computational basis which

is calledZ basis. When we measure the qubit we �nd it in state 0 with probability

|� |2, or in state 1 with probability |� |2. Usually, we normalize the state| y so that

|� |2 �| � |2 � 1. We can also choose a di�erent basis to represent a quantum state. For

example, the two orthogonalX basis states are|�y � |0y�| 1y?
2

and |�y � |0y�| 1y?
2

, and

the two orthogonal Y basis states are|iy � |0y� i |1y?
2

and |� iy � |0y� i |1y?
2

. Considering

the normalization condition, we can rewrite the quantum state as:

| y � cos
�
2

|0y � ei� sin
�
2

|1y

which can be visualized in aBloch spherein Fig. 1.1.

The most important entangling state is theBell state. For example, we have a

state | y de�ned as:

| y �
|00y � | 11y

?
2

: (1.1)

Its fascinating property appears after the measurement on one of the two qubits.

If we measure the �rst qubit, we will obtain result 0 or result 1 each with a 50%

3



probability, and the two-qubit system will stay in a post-measurement state|00y and

|11y, respectively. The measurement result of the second qubit is always identical

to the �rst qubit's. Such property is a critical pillar in quantum teleportation and

quantum algorithms.

In order to perform quantum computation, we need an architecture or computing

routine called the quantum circuit. It has two basic elements, qubits andquantum

gates. Quantum gates represent the manipulation of the qubits. In order to do arbi-

trary operations in the 2N dimension Hilbert space, we can choose a set of universal

quantum gates. A typical choice contains single-qubit rotations, phase shift opera-

tions, and a two-qubit entanglement gate. Every physical platform has a di�erent

native universal gate set. A quantum circuit is imply the application of a sequence

of quantum gates on the qubits. Therefore, the requirements for high-performance

quantum circuits can be broken into three parts: 1. High-performance qubits; 2.

High �delity quantum gates; and 3. Circuit-level optimization. These requirements

guide the research presented in this thesis.

Since the 1990s, various quantum computing platforms have been developing,

and they all have their strength and weakness. In this thesis, I will be focusing on

trapped atomic ions, which are one of the leading qubit platforms for realizing a

quantum computer.

1.2 Quantum Computing with Trapped Ions

To defend the claim that trapped atomic ions are one of the most promising ap-

proaches to universal quantum computing, we compare ion trap quantum computers

to the �ve requirements for quantum computers de�ned by David DiVincenzo in

2000 [7].

ˆ A scalable physical system with well-characterized qubits

4



ˆ The ability to initialize the state of the qubits to a certain state

ˆ Long coherence time

ˆ A universal set of quantum gates

ˆ The ability to measure the qubit state

Trapped atomic ions ful�ll all �ve requirements with outstanding gate and measure-

ment �delities and naturally identical qubits [8]. Comparing to another relatively

mature quantum computing platform, superconducting circuits, trapped atomic ions

have an advantage in quality of qubit operations and coherence time, and supercon-

ducting circuits have implemented larger universal systems [8, 9, 10, 11].

Being one of the two most mature quantum computing platforms, trapped atomic

ions still face several problems. High-�delity qubit operations in a large-scale trapped

ion platform remain a challenge. The bottleneck of qubit operations in any platform

is usually the entangling gates. Although trapped atomic ions hold the record of the

highest �delity for entangling gates in the year 2021 [12, 13, 14], the best �delities

are not always implemented in a scalable fashion. Most of the high �delity records

are achieved in a two-ion chain without individually addressing single qubits. The

recent demonstration of the trapped-ion quantum charge-coupled device (QCCD)

proposal reveals the possibility to use ion numberN � 2 chain to conduct universal

quantum computing [15]; however, the �eld continues to debate the optimal length

of the ion chain [16]. It is bene�cial to explore the possibility of performing high

�delity operations in a N ¡ 2 ion chain, and it requires a system with the ability to

individually address qubits.

Quantum systems are vulnerable to noises of di�erent kinds, which lead to a wide

variety of errors. According to the frequency spectrum of the noise, the error can be

divided into coherent error (slow) and stochastic error (fast). In the case of trapped

5



ions, careful system calibration can reduce the coherent error to such a low level that

we can hardly measure it. However, inevitable slow drifts of the environment require

constant recalibration, limiting the quantum circuits' depth and performance and

the duty-cycle of computation. The coherent error can often be suppressed by clever

control, which improves the circuit performance for a small cost. Stochastic error,

on the other hand, is trickier. It can only be suppressed by dedicated engineering

and fault-tolerant quantum error correction [17].

The theme of this thesis is our contribution to improving gate and circuit perfro-

mance in ion chains, with the ultimate goal of improving the performance of quantum

circuits in a trapped-ion quantum computer.

1.3 Thesis Overview

In this thesis, I describe the basics of ion trap quantum computing and then my own

work on understanding noise sources and improving ion trap performance. Chapter

2 discusses atomic ion qubit candidate selection, qubit preparation, and qubit mea-

surement. Models of the gates belonging to the universal quantum gate set in our

trapped-ion quantum computing platform are introduced in Chapter 3. With the

knowledge of the experimental requirements, Chapter 4 presents the hardware and

control system of the experimental setup. Characterization of the single-qubit and

two-qubit gates performance in experiments are introduced in Chapter 5. Chapter 6

includes the circuit compilation technique that suppresses coherent errors.
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2

A Hyper�ne Qubit

High-quality qubits are the �rst requirement for high-performance quantum circuits.

In the context of trapped atomic ions, there are a few popular candidates, such as

Be� , Mg� , Ca� , Sr� , Ba� , Yb� , etc. [8]. These elements share a common point:

they are all alkaline-earth-like atoms, which means the neutral atoms have two outer

electrons. After ionizing one of the outer electrons, the ion behaves like a hydrogen

atom. The relatively simple energy level structures are quantum control friendly.

Another thing we need to consider when we pick the physical qubit candidate

is how to encode the qubit states in the energy levels of an atomic ion. Obviously,

an ultra-stable two-level system is an excellent choice to encode qubit state|0y and

|1y. At the moment, the most accurate tool for timekeeping is an atomic clock which

takes advantage of the stable hyper�ne splitting of the ground state. The hyper�ne

splitting of the ground state arises only from the Fermi contact interaction between

the electron and nuclear spin. Therefore, the interaction is �rst-order insensitive to

any external electric or magnetic �eld perturbations. Encoding the qubit states in

the hyper�ne splitting is a popular choice in the trapped-ion community. We choose

an isotope with a half nuclear spin so that it has hyper�ne structures.
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Other than hyper�ne qubits, Zeeman qubits are usually encoded in ground state

Zeeman splitting, and optical qubits, which are usually encoded in theS Ø D

transition, are also popular candidates for quantum computing.

2.1 Hyper�ne Qubit

In our system, we trap171Yb � ions as our hyper�ne qubits. Pioneer work on trap-

ping and manipulating 171Yb � has been conducted over a decade [18]. We have

a great foundation to start from, and our work shown in this chapter further pol-

ishes the quantum control protocol. The qubit states|0y and |1y are encoded in

the hyper�ne structure of the 2S1{2 ground state, where|0y � | F � 0; mF � 0y and

|1y � | F � 1; mF � 0y are separated by 12:642812118566 GHz� 310:8pB 2q Hz. The

detailed energy structures can be found in Fig. 2.1.

The transition frequency between the qubit states is in the microwave frequency

range. Therefore, we can drive the transitions by broadcasting resonant microwaves.

Fig. 2.2 represents the frequency spectrum of two microwave transitions. The

peak on the left is the carrier transition which is between|F � 0; mF � 0y and

|F � 0; mF � 0y. The peak on the right corresponds to the Zeeman transition be-

tween |F � 0; mF � 0y and |F � 0; mF � 1y. The experiment data shows that in

our system. the Zeeman splitting between|F � 0; mF � 0y and |F � 0; mF � 1y is

around 7.286 MHz which infers a� 5:2 G magnetic �eld at the ion location. Using

the calculated strength of the magnetic �eld, we can predict the carrier transition

frequency to be

12:642812118566 GHz� 310:8p5:22q Hz � 12:64282 GHz;

which agrees with the measured carrier frequency.
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Figure 2.1 : Relevant energy levels of171Yb � ions in quantum computing experi-
ments. Inset shows the ionization route where 398.9 nm and 355 nm beams are used
to ionize one of the two outer electrons.

2.2 Ion Loading: Ionization and Doppler Cooling

The ions can be trapped in a harmonic potential well because they are charged

particles. The method to construct the potential will be discussed later in this

chapter. Suppose we have the harmonic potential and hot Yb atoms at the trapping

location. We need to ionize the neutral atoms and cool down the ions to lower the

kinetic energy than the trapping potential depth. We use a 398.9 nm laser beam and

a 355 nm laser beam to perform the ionization, which is a two-photon process. At

9



Figure 2.2 : Microwave transition spectrum. The left peak corresponds to|0y Ø |1y
carrier transition. The right peak corresponds to|0y Ø |F � 1; mF � 1y Zeeman
transition.

the same time, we illuminate the ions with a 369 nm laser beam to apply Doppler

cooling.

The inset of Fig. 2.1 shows the ionization scheme for isotope171Yb. First, the

398.9 nm laser beam brings the atom from the ground state 6s2 to the excited state

6s6p. Then any laser beam whose wavelength is shorter than 393 nm can cover the

gap between 6s6p to continuum. In theory, 398.9 nm beam and 369 nm beam are able

to ionize the neutral atoms. In practice, the 369 nm beam, which is used mainly for

Doppler cooling, has limited beam intensity at the trapping location. We can increase

the intensity of the 369 nm beam; however, the large intensity reduces the Doppler

cooling e�ect. Another more convenient way to go is using a 355 nm pulse laser beam.

We use the pulse laser for operations relevant to Raman transitions, which require

relatively large power. Also, 355 nm is a wavelength where we can obtain almost

\in�nite" power from commercial laser devices. Therefore, the ionization scheme in

our system includes a 398.9 nm continuous wave laser from Toptica1, which drives

the 6s2 Ø 6s6p transition, and a 355 nm pulse laser from Coherent2, which close

1 Toptica DL 100 399 nm, 0:1 mW at the trapping location
2 Coherent Paladin Compact 355-4000, 40 mW at the trapping location
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the gap between 6s6p to continuum. As a reference, in order to obtain the isotope

171Yb � , the measured frequency of 398.9 nm laser beam from the wavelength meter3

is 751.527600 THz.

In experiments, we have two methods to produce neutral Ytterbium atoms.

Method 1 is using a tube-shaped oven that contains Ytterbium metal pieces. We heat

the oven and evaporate neutral Ytterbium atoms to the trapping location. Method

2 is ablating Ytterbium metal pieces with an IR pulsed laser to produced neutral

atoms.

We use a 369 nm laser4 beam which are red-detuned from the
�
�2S1{2; F � 1

D
Ø

�
�2P1{2; F � 0

D
and

�
�2S1{2; F � 0

D
Ø

�
�2P1{2; F � 1

D
transitions. The zeroth-order 369

nm laser beam is locked to the transition
�
�2S1{2; F � 1

D
Ø

�
�2P1{2; F � 0

D
(15 to 20

MHz red-detuned), and a 14.7 GHz sideband is applied to the beam with an EOM5

to drive the
�
�2S1{2; F � 0

D
Ø

�
�2P1{2; F � 1

D
transition. The red-detuned 369 nm

photons scatter o� the ions which are moving towards the beam source and on average

dissipate the kinetic energy of ions. The �nal Doppler cooling temperature is limited

by the frequency uncertainty and the recoil limit. The �nal cooling temperature can

be estimated from the velocity distribution and is given by

TDoppler �
~

2kB

; (2.1)

wherekB is the Boltzmann constant. Also, The temperature limit due to the recoil

e�ect is given by

Trecoil �
~2k2

2Mk B
; (2.2)

where M is the mass of the atom. Typically, recoil temperature is lower than the

Doppler temperature. To maximize the cooling e�ciency, the Doppler cooling beam

3 HighFinesse Wavelength Meter WS Ultimate
4 MogLabs 369 nm diode laser
5 Qubig Free-space EOM PM - Yb+ 14.7
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Figure 2.3 : Relevant transitions in Doppler cooling procedure. A 369 nm laser
with 14.7 GHz sidebands and a 935 nm laser with 3.1 GHz sidebands are involved.

intensity is below the saturation intensity I sat � �hc
3� 3 
 , where 
 � 2� � 19:6 MHz is

the natural linewidth of the S to P transition, and the frequency of the cooling beam

is about half of the natural linewidth 
 . The atom can hop to the2D3{2 state with a

small probability, and we can bring it back to the cooling cycle by applying 935 nm

laser6 beam with 3.1 GHz sidebands which are added by a �ber EOM7.

Fig. 2.3 presents the details of the energy levels and the laser beams which we use

in the Doppler cooling procedure. As a reference, the resonant frequency of 369 nm

is 811.288800 THz reading from the lab wavelength meter. The frequency of the 935

nm laser is read as 320.569540 THz. In the experiment, we �nd that the transverse

6 Toptica DL 100 935 nm
7 iXblue NIR-MPX800-LN-10-P-P-FA-FA

12



Figure 2.4 : Relevant energy level diagram for optical pumping and detection. (a)
Relevant transitions for optical pumping. Solid blue arrows represent the transition
we drive with a pumping laser beam. The light sky blue dashed arrows show the
possible spontaneous emissions. (b) Population in|1y can be excited to2P1{2 F �
0 state. It emits ion 
uorescence at a high rate because of the 8.07 ns lifetime.
Population in |0y cannot be excited because the 12.6 GHz detuning is much larger
than the 20 MHz natural linewidth. A portion of the 
uorescence photons is collected
by either a camera or PMT.

motional mode temperature after Doppler cooling can be as low as 5 to 8 phonon

at a motional frequency around 2.5 MHz. We note that the cooling process cannot

sustain when an external magnetic �eld absents [19], so we have a 5.2 G magnetic

�eld at the trapping location generated by several permanent magnets.

When cooling beyond the Doppler limit is required, we have two \sub-Doppler

cooling" methods , sideband resolved Raman cooling and electromagnetically-induced

transparency (EIT) cooling, available in our system.
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2.3 State Initialization and Detection

States of ion qubits are initialized to|0y by optical pumping. The resonant 369 nm

beam with 2.1 GHz sidebands8 drives transitions between theF � 1 S manifold

and the F � 1 P manifold. The F � 1 P manifold has a probability of decaying

to qubit state |0y or F � 1 S manifold. Any population in state|0y is settled here

since the laser is 12.6 GHz o�-resonant from any possible transition. The process

will keep going until all population is settled in |0y state. Fig. 2.4(a) shows the

relevant transitions we drive in optical pumping. In the experiment, we turn on

the transition for 15 � s. We note that the 2.1 GHz signal we added to the EOM

should be limited in power. Driving the EOM with high power results in drifting

beam polarization after the free-space EOM. Depending on how one designs the 369

nm laser modulation optics, drifting beam polarization will reduce Doppler cooling

e�ciency or detection e�ciency.

State detection uses the standard state-dependent ion 
uorescence techniques.

We take advantage of the short P state lifetime. The detection beam is resonant

with the |1y and F � 0 P state. If the qubit is in |0y state, the detection beam will

not scatter the ion due to the 12.6 GHz frequency detuning. If the ion is in|1y state,

detection photons will be scattered and collected by a camera or photomultiplier

tube (PMT). The state preparation and measurement (SPAM) error in our system

is about 99.93%.

2.4 EIT Cooling

As mentioned previously, electromagnetically induced transparency (EIT) cooling is

one ground-state cooling technique that can go beyond the Doppler cooling limit.

EIT cooling was initially proposed two decades ago [20]. To understand the cooling

8 Added by Qubig Free-space EOM PM - Yb+ 2.1
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Figure 2.5 : A general three-level structure drived by two �elds.

technique, we review the EIT phenomena here. We can obtain the basic idea from its

name. The atomic medium that was opaque to a certain color becomes transparent

due to EM induction (illumination by carefully calibrated laser beams).

EIT phenomena happen in a three-level system driven by two EM �elds which

are shown in Fig. 2.5. Let us consider the case that we have a strong coupling beam

Ec and a weak probe beamEp. We call a beam a strong coupling beam when its

Rabi frequency is either larger or comparable to the spontaneous emission rate of

state |2y. The weak probe beam has a Rabi frequency that is much smaller than

the spontaneous emission rate. The coupling beam is resonant with the transition

frequency of|0y Ø |2y. So we have! c � ! 2 � ! 1and� � 0: When we scan the driving

frequency! p of the probe beam, we obtain an absorption spectrum. With the absence

of the coupling beam, a peak appears at� � 0 on the absorption spectrum. It is

when the probe beam is resonant with|1y Ø |2y transition. At the moment, the

atomic medium is opaque to the probe beam.

However, when the strong coupling beam is turned on, the excited state|2y is

dressed. Let us consider the subsystem which only involves state|0y, state |2y, and
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the coupling beam. The simpli�cation is valid because the probe beam is so weak

that its in
uence on the energy structure is negligible. Therefore, the system can be

described by the Jaynes-Cummings model. The Hamiltonian is written as

Ĥ ptq �
~
2


 ce� i! c t |2y x0| � h:c: (2.3)

where 
 c is the Rabi frequency of the coupling beam. Solving the Schr•odinger

equation and we can obtain two stationary states:

| � y � ei 
 c t {2 |0y � | 2y
?

2
; (2.4)

| � y � e� i 
 c t {2 |0y � | 2y
?

2
: (2.5)

The corresponding eigenvalues are~! 2 � ~
 c{2. From another perspective, we say

that |2y is dressed into two separated energy levels by the coupling beam. The two

energy levels are separated by~
 c, so we can tune the energy levels by adjusting

the coupling beam intensity. With the presence of the coupling beam, the peak

in the absorption spectrum splits into two peaks. The transitions|1y Ø |  � y and

|1y Ø |  � y destructively interfere at where|1y Ø |2y used to be. The scattering

rate drops to exactly zero. Therefore, if the probe beam is resonant to|1y Ø |2y,

the atomic medium becomes transparent to it because of the interaction with the

coupling beam. That is why the phenomena is called electromagnetically-induced

transparency.

The basic idea of cooling by taking advantage of EIT is using the Fano-shaped

absorption spectrum to enhance the red sideband transition while simultaneously

suppressing the carrier and blue sideband transitions. Because of the short2P1{2

state lifetime, 8.07 ns, the system keeps losing phonons, so the temperature of the

corresponding motional modes is cooled down.

In the case of171Yb � , it is more complicated than a � system{ three ground states
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Figure 2.6 : (a) Relevant energy levels involved in171Yb � EIT cooling. The probe
beam is blue detuned �p from |1y Ø |ey resonance. The coupling beam is blue
detuned � c from resonance. (b) The simulated absorption spectrum. The light red,
black, and blue vertical lines correspond to red sideband, carrier, and blue sideband
transition frequencies. The red sideband transition is enhanced, while the carrier
and blue sideband transition are suppressed.
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and one excited state are involved [21] as shown in Fig. 2.6 (a). Three stationary

states are generated in this case, as showed in Fig. 2.6 (b). The system can be

described by an e�ective Hamiltonian:

Ĥ {~ �

�

�
�
�
�

0 
 � �

2 e� i~kc �~r � 
 �
2 e� i~kp �~r 
 � �

2 e� i~kc �~r


 � �

2 ei~kc �~r � c � � Zeeman 0 0
� 
 �

2 ei~kp �~r 0 � p 0

 � �

2 ei~kc �~r 0 0 � c � � Zeeman

�

�
�
�



� �a : a; (2.6)

where � j is the detuning from |ey and ~kj is the wave vector for beamj . j � c

corresponds to the two coupling beams with� � polarizations, andj � p corresponds

to the probe beam with a� polarization. The absorption spectrum and cooling limit

can be obtained by solving the master equation with Lindblad terms:

d�̂
dt

� � i rĤ; �̂ s � L �̂; (2.7)

where L is the Lindblad operator corresponding to the three spontaneous decay

channels. The emission rates to the three ground states are all �{3. Therefore,

ci �
a

� {3|iy xe|, i P t� ; 0; �u , � � 2� � 20 MHz. Further details can be found in

Ref. [21].

In experiments, the probe beam (EIT 1) is 2� � 44 MHz blue-detuned from

resonance of transition|1y Ø
�
�2P1{2; F � 0

D
. The coupling beam (EIT 2) is 2� �

37:68 MHz blue-detuned from resonance. The two beams have a counter-propagating

con�guration. The details of the optical setup are discussed in Sec. 4.2.1. Because of

the wide width of the absorption peak, we can cool multiple motional modes of the

ion chain simultaneously. In our setup, after 1 ms Doppler cooling and 250� s EIT

cooling, a two-ion chain transverse COM mode and tilt mode can be cooled under 0.3

quanta/s. The ability to cool multiple modes in a two-ion chain and a ten-ion chain

(n � 10) is shown in the red sideband spectrum in Fig. 2.7. After EIT cooling, the
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red sideband transition peaks are well suppressed, meaning that the corresponding

motional modes are in states closed to motional ground state.

2.5 Surface Electrode Ion Traps

In this section, we can for the time forget about all properties of171Yb � ions but the

fact that they are positively charged particles. Coulomb interaction allows ions to

be trapped in a \bowl"-shaped electric potential. The trapping potential is a com-

bination of static direct current electric �eld and radio frequency oscillating electric

�elds. The radiofrequency oscillating �eld applies a ponderomotive force on ions and

creates a pseudo-potential as,

 p �
v2

rf q
2

4m! 2
ef

E 2; (2.8)

wherevrf is the amplitude of voltage on RF electrodes,q and m is the charge and the

mass of an ion,! rf is the driving frequency of RF �eld, and E is the static electric

�eld generated by RF electrodes when they are applied with 1 V DC voltage.

Fig. 2.8 shows the surface electrode ion trap used in our experiments, the Phoenix

trap fabricated by Sandia National Laboratories [22]. It contains a large RF electrode

that generates the ponderomotive pseudo-potential. It also has 94 independent DC

electrodes to make further potential adjustments. Like Phoenix traps' predecessor

High Optical Access Trap 2 (HOA 2) [23], they all have a slot at the center region

of the trap for optical accessing.

In experiments, ions are trapped� 70 � m above the trap surface. Applying

250 V, 46.3415 MHz RF signal, the trap features 2:5 MHz z-direction radial trap

frequency.
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Figure 2.7 : Experimental red sideband absorption spectrum before and after EIT
cooling. Gray curves represent the red sideband spectrum after 1 ms Doppler cooling.
Red curves represent the red sideband spectrum after 1 ms Doppler cooling and then
250 � s EIT cooling. (a) The top �gure shows the spectra in a two-ion chain. The
temperature after EIT cooling is around 0.23 quanta/s. (b) The bottom one shows
the spectra in a ten-ion chain.
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Figure 2.8 : On the top is a picture of the Phoenix surface trap mounted on the
back 
ange of the ultra-high vacuum chamber. The bottom �gure is the electrode
layout of the Phoenix trap. It has 94 independent DC electrodes and 1 RF electrode.
It has a slot at the center region, which allows optical access from top and bottom.
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