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One of the useful applications of a quantum computer is quantum simulation.
While the quest for a universal quantum computer is still undergoing research,
analog quantum simulators can study specific quantum models that are classically
challenging or even intractable. These quantum simulators provide the opportunity
to test particular quantum models and scale up the system size to gain insight
into more exciting physics. The analog quantum simulator featured in this thesis
is a cryogenic trapped-ion system. It serves the purpose of a large-scale quantum
simulation by reducing the background pressure for storing a large ion chain with
a long lifetime. This work presents the construction and characterization of this
cryogenic apparatus and its performance as a trapped-ion quantum simulator.

Quantum information is encoded in the atomic state of the ion chain. The
entangling operation in trapped ions uses the collective motion of the ion chain
for quantum simulation. Therefore, it is imperative to develop a cooling mech-

anism to prepare the ion chain to near motional ground-state for achieving high



fidelity operations. Here, with this system, we explore another ground-state cool-
ing mechanism with electromagnetically induced transparency (EIT) in a four-level
system ('Yb*). EIT cooling allows simultaneous ground-state cooling across a
bandwidth of motional modes, which it is useful in a large ion chain. Finally, we
report the observation of magnetic domain-wall confinement in interacting spins
chains. Such confinement is analogous to the color confinement in quantum chro-
modynamics (QCD), where hadrons are produced by quark confinement. We study
the implications of such confinement in many-body spin system by observing the
information propagation after applying a quantum quench of the confinement Hamil-
tonian. We also measure the excitation energy of domain-wall bound states from
non-equilibrium quench dynamics. At the end of this experiment, we explore the
number of domain wall excitations created with different quench parameters, which

can be challenging to model with classical computers.
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Chapter 1: Introduction

Trapped ions platform is a promising candidate for quantum computing |1, 2]
and quantum simulations [3] for its long coherence time [4, 5], high fidelity qubit
state detection [6, 7], and entanglement [8]. Despite all these accomplishments in
this field, many improvements are still needed. Scalability remains a challenge.
As the number of qubits increases, high fidelity detection can be compromised due
to detection crosstalk [9], and entanglement schemes can get more complex [10],
especially in performing quantum computing. Analog quantum simulation, on the
other hand, has less restricted requirements. A quantum simulator may not be
a universal quantum computer, but it can be tailored to study quantum physical
models, notably the quantum Ising model in this thesis.

Furthermore, for quantum computing and quantum simulations in trapped
ions, the quality of the ultra-high vacuum (UHV) in the apparatus can limit the
lifetime of the ion chain due to background gas collisions with the chain. Such
collisions decrease the lifetime of the chain as the system size gets larger. One of the
brute force methods to overcome this challenge is to build a cryogenic ion trap to
reduce the pressure in the vacuum by cryo-pumping. Hence, the work in this thesis

focuses on analog quantum simulations with long ion chain in a cryogenic ion trap.



Throughout the lifetime of this experiment [11], we have demonstrated a significant
longer ion chain lifetime relative to its predecessor, the room-temperature quantum
simulation apparatus. However, integrating a cryostat into the ion trap system adds
complications in building the system. Therefore, this thesis will serve as a guide in
building a better next-generation cryogenic ion trap.

As an experimental physics graduate student, I am fortunate to build this
apparatus and learn physics with analog quantum simulations. The chapters in this
thesis are arranged to include the constructions of the apparatus till the quantum

simulation experiments that we have done with this device.

1.1 Chapter Summary

Chapter 2

Chapter 2 introduces the fundamentals of ion trapping, including '"'Yb™ as
the qubit and the linear RF-blade trap for trapping ions. In this lab, we have cycled
thru three RF-blade traps in which this chapter will describe the characteristics of
such RF traps. Notably, this chapter also explores the implication of segmented and
unsegmented RF blades in such trap design with the COMSOL simulation. Finally,
it provides the measured performance of trap #2.
Chapter 3

This chapter introduces the cryogenic apparatus, which provides a cryogenic
environment (4 K-10 K) to the RF trap. It first presents the motivation and de-

tails of the cryogenic trapped-ion system. Following the building of the RF trap in



a cryostat, it features the performance of the system, specifically the pressure im-
provement compared to the room-temperature counterpart of this experiment. With
the improved pressure around the ion trapping region, the cryostat also introduces
vibration into the system. We have characterized and measured the consequences
of such vibration with a Raman Ramsey test. Finally, we describe the maintenance
required for this system.

Chapter /

Chapter 4 features the quantum simulations toolbox with a pair of counter-
propagating Raman beams to perform arbitrary single-qubit rotation and entangle-
ment between ions in the chain. With these basic operations, we then describe the
generation of the long-range transverse field Ising model. This chapter ends with
the extension of generating such model in the experiment . It also calculates the
overlap of the principal axes of the RF trap to the Ak of the counterpropagating
Raman beams.

Chapter 5

Before jumping ahead to the analog quantum simulation experiment, this
chapter introduces another ground-state cooling mechanism with electromagneti-
cally induced transparency (EIT). The motivation of EIT cooling is simultaneous
ground-state cooling of motional modes within a bandwidth. It describes the theory
behind EIT cooling in a three-level system and extends EIT cooling to a four-level
tripod system, notably in '™Yb" [12]. By exploiting the concepts of EIT cooling
in a three-level A system, the four-level tripod system can also be simplified to an

effective three-level system. Following the theoretical and numerical studies of EIT



cooling, we experimentally implemented EIT cooling in the system. Finally, this
chapter features the combination of resolved sideband cooling and EIT cooling that
can decrease the total ground-state cooling time while achieving a low motional
quanta of energy.
Chapter 6

At the end of this thesis, it features an analog quantum simulation experiment
of “Domain-Wall Confinement and Dynamics in a Quantum Simulator” [13]. The
effect of confinement here is similar to confinement in Quantum Chromodynamics
(QCD), where the confining potential increases asymptotically without bound as the
particles separate. In QCD confinement, quarks are confined into hadronic particles
by the strong interaction that increases with particle separation. Compared to
QCD confinement, the domain wall (the region between two anti-aligned spins) is
analogous to quarks, and the bound pair of domain walls is similar to meson (a
type of hadronic particles). We first study the consequences of such confinement
in a many-body system by observing the information spreading and the excitation
energy of domain-wall bound states from non-equilibrium quench dynamics. Finally,
we go beyond the confinement regime to explore the number of domain walls after

such quantum quenches with various transverse B-field strengths.



Chapter 2: Experimental System - Part I

2.1 Yb* Ion for Quantum Simulation

In the experiment, we trap '"*Yb™ ion, which has nuclear spin, I = %, in a RF
trap. The quantum simulation experiments in this thesis work with spin—% system.
Each of the spin states is encoded in the two hyperfine states of the 2S; /2 manifold
as [{.) = |[F=0,mr=0) and |1,) = |[F = 1,mp =0) (Fig. 2.1). In "YDb" ion,
the 281/2 HzPl/g transition is almost a cycling transition, but there is a 0.5% of
spontaneous emission events that the state decays to 2D3/s. Therefore, to close the
cycling transition, a 935 nm laser is on all the time to repump the state to ®[3/2];
and then decays back to 2S; /2. Doppler cooling, optical pumping, and detection
can be done by addressing the transition 281/2 <—>2P1/2 with a 369 nm laser [14,15]
(Fig. 2.2). We implement all these protocols by controlling the frequencies of the
369 nm light with Acoustic-optic modulators (AOMs) and Electro-optic modulators

(EOMs).
2.1.1 Doppler Cooling

After loading ' Yb* ions from the oven, we Doppler cool these ions with a

red-detuned 369 nm laser on 2S; /2 ~2P, /2 transition (Fig. 2.2 a). The efficiency of
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Figure 2.1: Energy levels of '™'Yb™ ion. The 25, /2 hyperfine manifold represents
the spin states of the spin—% system where |},) = |F =0,mpr=0) and [1.) =
|F'=1,mp = 0) are separated by hyperfine splitting wyr = 12.64GHz. The 369
nm laser addresses the transition from the 2S; /2 2Py /2, which is used for cooling,
optical pumping, and detection. There is 0.5 % chance for the state at 2P /2 to decay
to 2D3/2. To repump the state back into 281/2 <—>2P1/2, the 935 nm laser excites the
state from *Ds/5 to ?[3/2]; /2, then the state decays back to ?Sy/e. The off-resonant
355 nm Raman laser is used to perform coherent manipulation on the spin, which

includes spin rotations and simulating spin—% systems.



the Doppler cooling in reducing the average kinetic energy on the ions depends on

the scattering rate from Py 5, F = 0. The scattering rate' can be written as:

B sv/2
14 s+ 4(A/y)?

Vs (2.1)

where the linewidth of 2P1/2 v = 19.7 MHz, saturation parameter s = I/[,, with

I as the beam intensity and I, = %, c is the speed of light and h is the Planck
constant, and A is the detuning from the 281/2,F =1 <—>2P1/2, F = 0 transition.
For optimal Doppler cooling that maximizes the scattering rate at A = /2, the

Doppler cooling temperature and average phonon numbers n are:

kgT = hl'/2
(2.2)
hw,(n+1/2) = hT'/2
Wy, 1s the motional modes of the ion chain.
The Doppler cooling laser has all polarizations m and o4 and is red-detuned
from the transition between 2S5 on F' =1 and ?Py,, on F = 0. For more efficient

cooling in " Yb™, we also couple the states in the F' = 0 in the %S;» manifold for

Doppler cooling (Fig. 2.2 a) with the second sideband of a 7.14 GHz EOM?.

2.1.2  Optical Pumping and Detection
The spin states are initialized to ||.) via optical pumping [14]. The first

sideband of the 2.105 GHz EOM excites the state from 2S; 5 on F' =1 and Py /5 on

F =1, then the state of the spins will decay to |}..) (Fig. 2.2 b). This process will

IThe scattering rates formula here is derived from the steady-state solution of the Optical Bloch
equation for a two-level system [16]. A detailed derivation of two-level system Doppler cooling is
shown in [17,18]. One can also find the optimal Doppler cooling parameters in 1"*Yb™ ion as a
function of B-field to include the Zeeman levels at the F' = 1 of the 2S; /2 manifold.

2There was no 14.7 GHz EOM when we set up the lab. Nowadays, 14.7 GHz EOM is commer-
cially available for 369 nm.



continue till all the states are in |},). From here, the spin states can be prepared to
product states along any axis of the Bloch sphere by applying rotation pulses with
microwave or Raman operations.

We detect the state of the spins in ion chain by collecting the spin-dependent
fluorescence on an Andor IXon Ultra 897 EMCCD camera with site-resolving imag-
ing. A resonant 369 nm laser between 281/2 on F'=1 and 2P1/2 on F' = 0 is shined
during state detection. Photons are scattered off when the spin state is in [1.), but a
negligible number of photons is scattered when the qubit is in ||.) (Fig. 2.2 ¢). We
can rotate the measurement along with any basis using global rotation pulses, which
allows the measurement of all individual magnetizations and many-body correlators
along any single axis.

At the beginning of the data taking, we calibrate the number of photons
scattered from the bright |1,) and dark |{,) states of each spin to find the binary
threshold for spin-state discrimination. The bright and dark states of the setup
in this thesis have an average fidelity > 97%, which is sufficient for the quantum
simulation experiments described here®. The dominant error sources here are off-

resonant mixing of spin states during detection, crosstalk between adjacent ions,

electronic camera noise, and laser noise.

2.2 The Fundamentals of RF Trap

Based on one of Maxwell’s equations, V - E = 0, the electric field has no

divergence in a region with no free charge density. From this equation, Earnshaw

3For quantum computing purposes, a higher state detection fidelity > 99% in '"'Yb* can be
achieved [7].
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Figure 2.2: Doppler cooling, optical pumping, detection schemes for '™ Yb* ion. a)
Doppler cooling: the second-order sideband of the 7.14 GHz EOM pumps the states
out from %Sy 5, F' =0 to ?Py /5, F = 1. b) Optical pumping: the first-order sideband
of 2.15 GHz EOM is applied to the resonant light of the 2Sy /5 <+?P1 2 transition to
excite the state to the /' =1 of the *P;, manifold. Optical pumping continues till
all the states decay to ||.). ¢) Detection: resonant light of 2S5, F = 1 to 2Py s,
F' = 0 transition is shined to the ion chain for spin-dependent detection. Scattered
photons indicate the state is in [1,). Conversely, detecting a negligible number of
photons indicates the state is in [|,).



proved that a charged particle could not be confined in all directions simultaneously
in a static electric field. However, a combination of static electric and magnetic fields
(Penning trap) or oscillating electric fields (RF trap) can confine charged particles.
Here, this experiment focuses on RF trap. In the experiment, we use a linear
RF trap with four gold-plated blades, which consist of two RF blades and two-
segmented static blades electrodes (Fig. 2.3). The total potential of the RF trap is
first simulated using finite element techniques with COMSOL, and the properties
of the trap are studied experimentally. However, for simplicity in understanding a
linear RF trap [19], the total potential at the center of the trap is:

KV 2 —y? U 2 + y?
70(1—1— = / )costzf—i—%(z2 - Y ) (2.3)
0

Vi Vo

Vz,y,z,t) =

S
(.

J/

where x and p are the geometric factors that depend on the trap geometry and the
orientation of the RF and static electrodes of the ion trap. The Vg (Up) is the RF
drive amplitude (axial) voltage, R (Z) is the transverse (axial) distance from the
ion to the electrode, and €2, is the RF drive frequency. In this derivation, x and y
are the transverse directions of the trap, and z is the axial direction, which is along
the trap axis. V; from Eq. 2.3 describes the time-varying potential near the axis of
the trap that the gradient of the electric fields yields the effective pseudopotential,
which confines the ion chain radially. V5 in Eq. 2.3 is a static potential that traps

the ion chain axially. From Eq. 2.3, the total electric field is

xT —T Ex
KV U
E(z,y,2,t) = —— | —y| cosQut —p— | -y | + | E
R2 ) Zg Yy y
0 2z E,
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Figure 2.3: Linear RF trap in a cryogenic setup. a) The physical mounting of the
linear RF trap with four gold-plated blades. b) The CAD model of the linear RF
trap in a).

11



Here, we assume F, = 0, I, = 0, E, = 0. Using the total electric field, we can
find a set of equations of motion for a single ion with charge e that resembles the

Mathieu equation [20]:

Z a,x + 2q, cos(Qqt)x
Q3
il T+ 71 |yt 2, cos(Qqt)y | =0 (2.4)
z a,z + 2q, cos(Qqt)z
where a, = a, = —%az = —éez%g and ¢, = —q, = %,qz = 0. By making the
0°%d d

substitution of Q4t = 27, Eq. 2.4 is in the form of i + (a, + 2¢, cos(27))u = 0. The

stable solution of the Mathieu equation can be expressed as:

u(t) =P Y Concos((2n+ B)7) +iPy Y Coysin((2n + B)7) (2.5)

n=oo n=oo

where P, and P, depend on the initial conditions. [ and coefficient C5, can be
solved by plugging this stable solution into the Mathieu equation. The details of
this calculation can be found in [21,22] with the assumption all the |a| < 1 and

lg| < 1. The solution of Eq. 2.4 can be approximated as

x(t) 71 cos(wyt + @) [1 + % cos(Qqt)]
y(t) | = |y cos(wyt + ¢y)[1 + % cos(Qt)] (2.6)
_Z(t)_ | 21 cos(w.t + ¢.)[1 + £ cos(th)]_

where 1, y1, 21 are the first-order amplitude of the ion positions in all directions,
¢z, are the phases that determine by the initial conditions of Eq. 2.4 and w,, ., ~
Q[ Ay + %qiy’ , are the secular frequencies of the ion in all directions. Therefore,
for a single ion case, the ion will experience a secular motion in a harmonic oscillation
with frequencies w, , . and amplitude x1, y1, z; for each direction. Furthermore, due

12



to the RF-field generating the pseudopotential for trapping ion, there is an ion
motion depends on the cos(£24t). This is called the ‘intrinsic micromotion’ of the

trap. In addition, a uniform static electric field (Eg.) or stray electric field can cause

‘excess micromotion’. Eq. 2.4 will be in the form i + 2¢, cos(27)u = EEdT“, where
4 is a unit vector. The solution is approximated as:
—x(t)— —(xo + z1 cos(wat + @) [1 + & cos(th)]_
y(t) | = | (Yo + 1 cos(wyt + ¢,))[1 + 2 cos(Qt)] (2.7)
2(t) (20 + 21 cos(w.t + ¢2))[1 + £ cos(Qqt)]
which the excess micromotion term (zg, Yo, 20) = efjc . (Uf—z, w%, wi) with Z, 7 and 2 as

unit vectors for all three directions of the trap. Depending on the degree of control
on the static electric field of the trap, this excess micromotion term can be nulled

by compensating the stray electric field with trap electrodes.

2.3 Motional Modes of the Trapped Ions

From section 2.2, the effective pseudopotential and static potential in RF traps
confine the ions with secular frequencies, w,, ., along each direction. As more ions
are added, the ions in the chain will push each other away due to the Coulomb
repulsion. When these two attractive and repulsive potentials balance out each
other to have minimum energy, the ion chain will be in an equilibrium position. The
notable configurations of the equilibrium position ion chain in this thesis are linear
and zigzag ion chains. We mainly use a linear ion chain for quantum simulation

purposes. The condition to obtain N number of ions in a zigzag chain is when
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the ratio of the transverse frequencies w; to the axial frequency wayial, Wi/Waxial <
N/+/log(N) [23], where the ion chain is squeezed axially.

However, when the ion positions are perturbed from equilibrium, the ions will
experience oscillations with respect to the equilibrium position. These oscillations
can be Fourier transformed to find the normal modes of vibration in the N-ion
chain, and there will be 3N motional modes which consist of two sets of transverse
modes and one set of axial modes. The motional modes along the transverse di-
rections are higher than the axial motional modes due to the stronger transverse
confinement. The transverse center-of-mass (COM) motional mode is the highest
transverse frequency. Conversely, the axial COM motional mode is the lowest fre-
quency. In trapped-ion quantum computing, these motional modes mediate the
spin-spin interaction via the Mglmer-Sgrensen scheme [24,25] to generate entangled
state in trapped ions. As for quantum simulation, this scheme is implemented where
motional modes are off-resonantly excited to generate the Long-Range Transverse

Field Ising Model (TFIM)*.

2.4 Experiment Linear RF-Blade Trap

In the experiment, we choose a linear RF-blade trap for its high optical access
in all directions. The trap consists of two RF blades and two static blades. Each
of the blades is made of alumina. They are coated with a 100 nm titanium layer
followed by a 1um layer of gold. Each blade is electrical-connected with a gold

ribbon, which is wire-bonded onto the blade, and the other end of the ribbon is

4The details are in Chapter 4.
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Figure 2.4: Wire bonding electrode. a) This an example of wire bonding a 0.015”
wide and 0.001” thick gold ribbon onto a static blade with five different electrodes
in it. b) We solder 800 pF capacitors for each static electrode to shunt RF pickup
voltages. ¢) The blades are mounted on the sapphire holder. d) Each gold ribbons
goes through the holes on the sapphire holder, and the other end of the ribbon are
soldered to a copper pad (Fig. 2.3 b).

soldered to the copper pads (Fig. 2.3 and 2.4). These blades are mounted in 60°/30°
configuration onto the sapphire holder, which also acts as an effective heat sink for
the higher thermal conductivity of sapphire. The detail of the trap construction is
in Ref. [11]. In the lab frame, the axial direction of the trap is z, and the transverse

directions are y and z.
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Segmented RF Blades Unsegmented RF Blades

Med view

Figure 2.5: Two different CAD designs of the linear RF-blade trap. Both designs
have two segmented static blades (each with five individually controlled electrodes)
and two RF blades (each blade with a global RF bias). C (M, E) shows the center
(mid, end) static electrodes. Left: The RF blades consist of a blade with five
segments along the axial direction of the trapping region. Right: The RF blade
consists of a blade with no segment. a) An angled view of the trap model in CAD.
b) A side view of the trap model in CAD.
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Ytterbium N\ Ytterbium
oven oven

Figure 2.6: Trap #1 with both enriched '"'Yb and natural Yb abundance ovens
near the trap.
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2.4.1 A Brief History of Traps Used in this Lab

To date, we have used three variations of hand-aligned linear RF-blade traps.
Each of them has four blades, with two as the static® blades and another two as the
RF blades. The same type of blades is aligned diagonally opposite with each other.
The design of trap #1 and #2 are the same with their RF blades segmented (left
of Fig. 2.5), unlike the unsegmented RF blades in trap #3 (right of Fig. 2.5).

Trap #1: The blades in this trap are damaged and are no longer in use. During the
initial stage of the experiment setup, we placed the two Yb ovens (Fig. 2.6) near the
RF trap, which were located at the 4 K stage of the cryostat® (Fig. 2.6). The main
flaw of having the ovens in the 4 K region was these ovens would heat the 4 K stage,
and the trap would physically move due to thermal expansion/contraction. As a
result, the alignment of the cooling lasers needed to be adjusted when the ovens are
ramped up/down. After a few iterations of this inconvenient trapping process, the
performance of trap #1 degraded as the gold coating on the blades was peeled off.
We attribute this to the temperature gradient from the heating the oven and the 4
K environment of the trap.

Trap #2: This is the trap that we are currently using. It has the same design as
Trap #1, but the enriched '™ Yb oven is located at the room temperature section of
the apparatus (Fig. 2.7). There is a line of sight between the oven and the ion trap
at 4 K such that Yb flux can enter the trap during ion loading. One disadvantage of

this setup is compromising the 4 K stage background pressure. This setup exposes

5Also known as constant voltage or DC in lab terms.
5The details of the cryostat will be explained in the next chapter.
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the ion trap region to the room temperature vacuum region’. Ablation loading can
be an alternative to oven loading in the cryogenic setup. With ablation loading,
the 4 K region will be less exposed to the room temperature region, improving
the overall pressure around the trap. Unfortunately, there was a DAC malfunction
accident on the oven control. As a result, the trap was blasted and coated with Yb
flux (Fig. 2.8)®. We cleaned up most of the Yb on the trap but the remaining Yb
left has altered the electric field lines of the trap. Such change in the electric field
lines is most prominent when we apply the 355 nm Raman beams in weak trap-axial
confinement. The dielectric charging in the trap from the Raman beams pushes the
ion chain along the axial direction.

Trap #3: This is a linear-blade RF trap. It uses unsegmented RF blades, unlike
the previous traps. We are not using this trap. The combination of unsegmented
RF blades with the segmented static electrodes creates an extra and unwanted axial
confinement near the segmented regions. This results in the ion chain splitting
into multiple sections, especially for large ion chain larger than the center electrode

(= 150pm).

2.4.2 Segmented and Unsegmented RF trap COMSOL analysis along
the axial direction of the RF-blade trap

The lab explores two different RF-blade trap designs: segmented and unseg-

mented RF traps with segmented static electrodes. The potentials of both trap

“We have 1 x 1079 Torr pressure gauge on the room temperature vacuum region. The pressure
of the room temperature region is on the order of 10~ Torr, unlike the vacuum of the room-
temperature apparatus that is < 1 x 107! Torr. Due to the low temperature and low background
pressure from differential cryo-pumping, the background pressure of the cryogenic trap’s surround-
ings is < 1 x 10~ Torr.

8We kept the Yb coated window as our souvenir of this battle.
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[ Room Temperature Stage |

Figure 2.7: Cross-section view of the cryostat for the experimental region. It has
both the 40 K and 4 K regions, which are enclosed by 40 K and 4 K shields. The
oven is located outside the shields and in the room-temperature vacuum. The RF
trap is in the 4 K region.
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Figure 2.8: Aftermatch of DAC malfunction on the oven. a) This is the pinhole
connecting the room temperature oven to the 40 K stage. b) Yb coated the 40 K
pinhole. ¢) 4 K shield pinhole allowing Yb flux to enter the trap. d) Yb flux passed
through the trap and imprinted on the window opposite the oven. A ‘negative
image’ of the trap was formed.
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Figure 2.9: Axial view of the trap model for COMSOL. The distances between the
tips of the electrodes are 340um/140um. The bottom magnified view illustrates the
distances between the tips of the electrodes
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Figure 2.10: COMSOL potential simulations for the segmented and unsegmented
RF traps along the axial (x) direction of the yz-center of the trap. The gray lines
represent the gap locations between the center blades (length: 75um) and the two
adjacent blades. The green (blue, red) displays the XY (XZ, ZY) potential along
the x-direction of the trap. The segmented RF trap x-axis potential simulation
(darker colors of green, blue and red) shows a more uniform potential along the
z-axis. Conversely, the x-axis potential simulation of the unsegmented RF trap
(lighter colors of green, blue and red) behaves sinusoidally.
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designs are simulated with COMSOL. COMSOL provides a close approximation to
the trap potential, although deviations from the simulation are expected as all the
blades are hand-aligned. We import the CAD designs of the trap into COMSOL.
For a direct comparison between the two models, the separation between electrodes
(Fig. 2.9) is kept constant, and only RF voltage with max amplitude 500 V is ac-
counted for both simulations. The simulation result of the unsegmented RF blades
shows there is a non-zero potential along the axial direction which increases near the
gap between the center DC electrode to the two adjacent electrodes (Fig. 2.10). As
a consequence of the non-zero potential, long ion chain will have multiple ion-chain
sections. We also observe this split experimentally. Conversely, for the segmented
case, the potential along the axial direction is significantly lower, which is very use-
ful to obtain a long ion chain (Fig. 2.10). As a result, we choose trap #2 even after

the oven accident.

2.4.3 Trap #2

After investigating the simulations of the trap, we experimentally measured
the secular frequencies of the trap. The data presented here was performed with
trap #2 after the oven accident with waya/2m &~ 400 kHz on 2019-05-21°. Using
a harmonic trap, we measure the trap frequencies at different ion positions using
counter-propagating Raman beams'® to probe the motional modes of with ion chain
size of two (Fig. 2.11). The Raman beams are aligned along the y-direction, and

the two principal axes of the trap but not along the axial (z) direction of the trap.

9This is an example of trap frequencies measurement for future comparison. This trap has Yb
coated on the blades, and the trap behavior might change with time.
10Raman operations will be explained in details in Chapter 4.

24



Transverse COM Frequency weon /21 (MHZ)

0.46
441 O

0 o

0.42+

0.401 O
e

-100 -50 0 50 100
lon Position (pm)

Axial COM Frequency weon./2m (MHZ)
o
O

Figure 2.11: Trap frequencies were measured with two counter-propagating Raman
beams to probe the motional modes of the ion chain. Color circles represent the
data taken. Top: The two COM transverse frequencies of a single ion at different
a-position. The solid color lines show the fit of data with Ax? +Bx +C. Bottom:
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The axial frequencies computed using /w¢. o — Wi
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The axial frequencies are computed by \/m, where the tilt mode is the
next motional mode after the COM mode. Although it is not shown in this thesis,
‘tickling’ is another method to measure the trap frequencies!®.

The ion chain is imaged into an ANDOR iXon Ultra 897 EMCCD camera
first with a 0.43 NA Photon Gear objective and then with a 0.13 NA Thorlabs
objective. Therefore, we need to understand the corresponding number of pixels in
the camera to the real separation between the ions. The separation between the two

ions Axg jons in a harmonic trap [26] is given by:

2
3

wl=

l

1
AmQ ions — 5

(2.8)

where [ is the length scale with Z as the degree of ionization of the ions, e as the
electron charge, ¢, as the permitivity of free space, and Viyja = Waxial/(27). We
extract the Axsions by measuring wa.,a and obtain the number of pixels between
each ion with the camera. Using this information, the calibrated conversion from
the pixel to um =~ 0.161 pm/pixel.

As the ion chain moves to the edge of the center static electrode, the COM
transverse frequencies decrease, and the data trend is fitted to Ax* + Bx +C (Fig.
2.11) as it is in a harmonic potential. The COM axial frequency also changes with
distance and exhibits behavior similar to the unsegmented RF blades and static
blades COMSOL simulation. Still, it differs from the COMSOL analysis of the

segmented RF blades and static blades. The main difference between the simulation

11Tickling’ the ion injects a small oscillating voltage into the trap through the static electrode.
The motional frequencies of the ion will be excited when the ‘tickle’ frequency is resonant with
one of these motional frequencies.
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and the experiment setup is we apply non-zero constant voltages to all the static
blades. As described earlier in this section, Trap #2 was also involved in the DAC

malfunction which caused the Yb oven to release high Yb flux to this trap.
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Chapter 3: Experimental System - Part 11

One of the scaling challenges in a trapped-ion system is the rate of background
gas collisions with the ion chain. Such collisions can disrupt the information of the
qubit and cause the loss of the whole chain. Therefore, it is crucial to engineer an ex-
treme high vacuum (XHV) environment to minimize the background gas pressure of
the vacuum system. Another advantage of having an XHV environment is reducing
the rate of ion re-ordering in the ion chain. This is especially useful for experiments

with individual-ion addressing and/or mixed-species-trapped-ion system [27].

3.1 Introduction

The background gas pressure in a UHV system is due to degassing from the
inner surfaces of the apparatus. In recent years, using titanium coating and heat
treatment can achieve XHV in room-temperature vacuum system [28]. However, it
remains a challenge to integrate a RF trap in such XHV room-temperature vacuum
system as many components in the system may not be XHV compatible (i.e., elec-
trical insulators such as Kapton). Therefore, housing the RF trap into a cryostat
provides an alternative to achieve XHV. With a cryostat, the degassing from the
components in the apparatus can be eliminated by cooling down the apparatus to

cryogenic temperatures, where cryo-pumping turns the inner surface into getters
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for trapping most of the residual background gas. The lowest pressure measured
via cryo-pumping is < 5 x 10717 Torr [29]. Besides that, the cryogenic environ-
ment reduces the average kinetic energy of the gas. The ion chain remains intact
even when the background gas collides with it. Another advantage of using a cryo-
genic trapped-ion system is achieving a few order magnitude suppression of heating
rates [30-32] due to surface patch potential and electric field compared to room-
temperature setup. With these advantages, merging both RF trap and cryogenics

is pursued and demonstrated [11,33,34].

3.2 The Cryostat

There are a few different kinds of cryostat in the market. One of them is a flow
cryostat [35] which has low acoustic noise from the cryocooler but requires continu-
ous replenishment of cold liquid coolant, which is expensive and time-consuming. In-
stead, the cryogenic trapped-ion system here [11] uses a close cycle Gifford-McMahon
cryostat, which does not require constant refilling of the coolant. We choose this
closed-cycle cryostat as it has a Vibration Isolation System (VIS) compared to other
closed-cycle cryostats that suffer severe acoustics noise. The vibration from the cold
finger is mechanically minimized from the main vacuum apparatus through an ex-
change gas region filled with helium gas!. This region is kept 1 psi above the
atmospheric pressure (Fig. 3.1 a). The only mechanical coupling between the cold

head to the rest of the apparatus (which is mounted on an optical breadboard?) is

'Hopefully, the cryostat technology will continue improving and an efficient and vibration-free
solution will be achieved.

2The optical table is not floating to minimize the risk of having mechanical contact between
the base of the VIS to the cold finger.
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the VIS. In the VIS region, it is sealed with the rubber bellows® that confines the
helium gas. This helium gas serves as a thermal link between the cold finger and
the sample mount where the RF trap is mounted on. With the VIS, the vibration of
the system is minimized to < 70 nm rms amplitude (It will be discussed in section
3.8.).

The top of the cryostat (SHV-4XG-15-UHV from Janis Inc.) is a cold head
(SRDK-415D2 from Sumitomo) that is powered by a F-70L Sumitomo helium com-
pressor. This cold head features two stages with different cooling powers: the 40 K
stage has 45 W, and the 4 K stage has 1.5 W. The RF trap and its resonator are
mounted in the sample mount in the 4 K region. This region is shielded from the
room-temperature black body radiation* with two aluminum concentric cylindrical
radiation shields at each of the 4 K and 40 K stages (Fig. 3.1 a). The estimated
black body radiation heat loads are Q40K ~ 5.5 W and Q4K ~ 550 W, which are
lower than their respective stages cooling power. The thermal heat load due to most
of the electrical wiring is negligible (~ 100uW). The four SMA cables connected
to the RF electrical feedthrough, on the other hand, are not heat sunk, and the
estimated heat load is ~ 500 mW at the 40 K stage and 220 mW at the 4 K stage.
We observe a temperature increase of 0.4 K in the 4 K region when we raise the RF
amplitude Vg from Vgrp =~ 100V to Vgr =~ 500V during ion loading, which takes
about 3-4 minutes.

Furthermore, in designing the apparatus, it is essential to balance between

3We replaced the rubber bellow with a silicone bellow.

4The black body radiation heat load is estimated using Stefan-Boltzman law and the heat load
for a given surface S is Quox = eSo (T —T), where 0 = 5.67x 107 3WK~*m~2, ¢ is the emissivity
(the ability of a surface to emit energy. e = 1 for ideal radiator).
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the heat load and the optical access to send lasers to the RF trap with the given
total cooling power of the cryostat. Therefore, the base of the cryostat is a spherical
octagon to hold eight 17 diameter windows to provide optical access in the z, y-
directions. The bottom of the cryostat features a 2.25” re-entrant window which
allows a numerical aperture of 0.5 NA to image the ions along the z-direction. The
cryostat is mounted on an elevated optical table to accommodate ion imaging optics
from the bottom. The total heat loads from the recessed windows are estimated to
be 2.4 W on the 40 K shield and 1.7 mW on the 4 K shield. This is below the heat
load budget of the cryostat. Therefore, this cryostat can cool down the system to
4.5 K in about 5 hours with both the RF trap and helical resonator in it. We also
have temperature probes (Lakeshore DT 670A1-CO) to monitor the temperatures
on four locations: The resonator, RF trap, 4 K stage, and the 40 K stage. During
the steady-state operation of the system, we have a heater to raise the temperature
of the 4 K stage to 7— 10 K to prevent helium gas from condensing around the cold
finger®. As a result, the mechanical coupling of the cold head to the apparatus is

reduced.

5A PID feedback loop can be set up to maintain the temperature above the helium condensation
point. When the resonator temperature stabilizes, the RF-voltage Vrr to the trap stays constant.
Therefore, the temperature PID feedback mechanism will be helpful as we lower down the Viry
during ion loading and then raise the Vgyr after loading. During this process, the temperature of
the 4 K region currently changes and takes about 5 minutes to equilibrate before further calibration
and data taking. Without the feedback mechanism, it is crucial to wait for the temperature of
system to settle down to minimize the drift of transverse frequencies with Vgg. In the current
setup, we have a VRry stabilization PID loop to compensate the drift. This will be explained in
section 3.6.
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Figure 3.1: The cryostat that houses the RF trap. a) The side section view of the
Gilford-McMahon cryostat. b) The magnified cross-section view of the lower part of
the cryostat, which is rotated 90° with respect to a). A z-magnetic coil is mounted
on the bottom of the re-entrant window flange. An aluminum fixture, with heaters
in it, is mounted onto the inner diameter of the magnetic coil to the window flange
to avoid water condensation on the surface of the window during the cool-down
process. The heaters are kept active when the system is cooled down to < 10 K.

3.3 Cooling-down procedure
This apparatus is separated into two regions: The enclosure of the VIS and

the UHV region (Fig. 3.1).

Enclosure of the VIS

Before activating the cold head, the VIS region (Fig. 3.2) is purged with
99.999% Ultra-High-Purity (UHP) helium gas. With the helium gas valve closed, a
scroll pump evacuates this region until the bellow gets sucked in®. This VIS system
is not UHV as it is sealed from the room environment with only screws going into a

metal ring, the bellow, and the plate as shown as in Fig. 3.2. When the scroll pump

®We achieved 3.4 x 10~! Torr in the VIS (the engineers at Janis/Lakeshore mentioned this
is safe.) with the silicone bellow using the dry scroll pump of the TPS-compact Turbo Pumping
System without activating the turbo pump. The baseline pressure with this scroll pump is 4 x 1072
Torr with the valve to the VIS closed. However, the cryostat manual mentions to evacuate the
shroud to < 1 x 10~% Torr for a faster cooldown and lower final temperatures.
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connection is closed, the bellow should stay sucked in for at least 15 minutes to check
for any major leaks, otherwise the bellow would start to expand”. Then, the helium
valve is opened to fill the VIS with helium. The safety valve here allows excess
helium to escape, preventing the bellow from bursting. Following the helium-filled
VIS, the helium valve is closed, and the scroll pump connection is opened to remove
the gas in VIS and the helium gas. This procedure is repeated multiple times to
purge the system with helium. Once the purging process is finished, close the scroll
pump connection and regulate the VIS at 1 psi above the atmospheric pressure with
helium to ensure that the helium is constantly occupying the VIS. This reduces the
room’s background gas (nitrogen gas, water vapour, oxygen etc.) from leaking into
the VIS as the partial pressure of such gas is significantly lower in the VIS after
purging. However, with the VIS seal, it is expected that the background gas to leak
in, and these gases are frozen in the colder region. During warm up, specifically, ice
in the VIS melts and deposits at the bottom of the VIS. Consequently, after many
cycles of warming-up, a pool of water is deposited at the base of the VIS, increasing

the mechanical coupling from the cold head to the apparatus®. The details will be

"This instruction is from Janis/Lakeshore’s engineer in October 2020. However, after the re-
placing silicon bellow, we experience visible vibration on the ion occasionally. We attribute this to
two factors. 1) The silicone bellow, which has a relatively larger diameter than the rubber bellow,
touches the screws that hold the silicone bellow in place. When the silicone bellow is inflated,
it changes the structural support, and mis-aligns the cold head, resulting mechanical coupling to
transfer to the experiment region. This is fixed by re-aligning the cold head with the cold head
off. If this is done while it is cool, the temperatures will shoot up. 2) Before the silicone bellow
replacement, the initial rubber bellow was held by screws and also adhered to the top and bottom
plates by epoxy. After the bellow was replaced, there is no epoxy used as instructed. We suspect
the epoxy keeps the bellow in place relative to the flanges, preventing more air to enter the VIS.
The current vibration could be due to icicles forming in the VIS, increasing the mechanical cou-
pling. Till date (March 2021), we are corresponding with the engineer from Janis/Lakeshore for a
solution.

8 A sign of water build-up is the decrease of T2* coherence time of the qubit. T2* explanation
is in the coherence section of this chapter (Section 3.9).
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discussed in the Maintenance section (3.10).

The UHV region

Before the cooldown, the apparatus is pre-evacuated using a turbo-molecular
pump (TPS-compact Turbo Pumping System) until the MKS-390511-0-YG-T (not
shown in Fig. 3.1) gauge reaches about 2 x 107> Torr. This system also has a SAES
NexTorrD-100 getter and ion pump (Fig. 3.1b) since hydrogen is the least efficiently

cryo-pumped gas. The SAES NexTorrD-100 is activated during the cooldown.

The heater near the re-entrant windows needs to be switched on to prevent
water condensation on the re-entrant window (Fig. 3.3)°. Once these steps are
done, the compressor to power the cold head is activated, and the system is mon-
itored. We monitor all the temperatures readings in the cryostat and the lab, the
pressure from MKS, resonator, bellow condition, and helium supply to the VIS. The
vector analyzer is connected to the trap to observe the trap resonance and Q factor.
The valve from the turbo-molecular pump to the apparatus will stay opened until
cryo-pumping works better than the turbo-molecular pump. Efficient cryo-pumping
starts when the MKS pressure gauge is lower than the reading on the turbo-pump!®.
Further tests can be done by closing the valve of the system to the turbo-pump. At
this moment, if cryo-pumping is working, the pressure reading from the turbo-pump

will creep up, and the MKS pressure gauge will decrease. However, if cryo-pumping

9The temperature around the aluminum, which houses the heaters, is 36.5°C when the appa-
ratus is cold. The real temperature around the re-entrant window is lower than 36.5°C as it is
further away from the heaters.

10Based on my personal experience, this occurs when the pressure gauge is about an order
magnitude lower than the pressure reading on the turbo and the temperature of the cryostat is
about 100 K.
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is not working well, open the valve of the system to the turbo-pump again and let
the system settle down for the next try in closing the valve'!.

When the 4 K stage reaches 7-10 K, the 4 K stage heater can be switched
on. The heater allows faster equilibration of the system to the working condition.
When monitoring the trap resonance and Q factor is no longer required, the vector
analyzer can be disconnected to send RF power into the trap. This can be done
simultaneously with activating the 4 K stage heater, as sending RF power will raise
the trap temperature. The base temperature of the cryostat of the 4 K region is

Ty ~ 4.5 K without these two temperature-raising factors.

3.4  Warm-up and cryostat-moving procedure

During the warm-up, the RF to the trap is disconnected. The turbo-molecular
pump is attached to the cryostat. Once the MKS pressure gauge reading is higher
than the turbo-pump, the valve is open. The 4 K stage heater can stay on through-
out the warm-up with supervision. Permanent damage to the cold head may happen
when the cold head exceeds room temperature. The high-pressure helium lines to
the cold head can be detached once the apparatus is warmed-up to room tempera-
ture. All possible connections should be removed before moving the cryostat. The
measurements on the micrometers of the imaging objective is recorded before the
objective is lowered. The cryostat valve is closed, and the turbo-pump is detached.

The top and bottom plates of the bellow are attached with four posts to constraint

11 Additional instructions in closing the valve to the cryostat while cooling down: If the pressure
gauge spikes, open the cryostat valve and let the system to settle down before trying again. I
would keep the turbo-pump running until the system has achieved a steady-state.
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Figure 3.2: Helium gas to VIS. Top: The VIS needs to be filled with UHP helium
gas. During the VIS gas evacuation process, a scroll pump is connected. Each side
of the bellow is held in place with a metal ring and screws to the metal plates.
Bottom: The top view of the VIS along the cold head. The screws labeled ‘cold
head’ are removed for cold head servicing, separating the top of the cold head from
the copper cold finger.
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Figure 3.3: Water condensation on the re-entrant window (imaging window). a)
The first observation of water condensation on the re-entrant window after cooled
down with an imaging system below. The first imaging objective of the system is
under this re-entrant window which causes the condensation to be as large as the
diameter of the objective. b) Aluminum mount with cylindrical heaters attached
to the vertical magnetic field coils for heating the re-entrant window to prevent
condensation. c¢) The water condensation onto the re-entrant window during room
humidity swing. We wiped the condensation and increased the heater temperature
to account for humidity swings.
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the relative movement of the cold head to the bottom part of the systems. Once
the whole cryostat is securely chained to the I beam in the lab, we detach the top
part of the external brackets that mount the cryostat onto the optics table. The
cryostat is hoisted up slightly more than the optics on the table to provide clearance
when sliding the cryostat out to the center of the lab. In this process, the imaging
objective is covered with lens tissue, protecting the objective. Then, the cryostat is
securely attached to a service station. The turbo-pump is again connected to the
cryostat with the valve closed. Once the turbo-pump pressure is lower than the

cryostat, the cryostat valve is opened.

3.5 Helical Resonator

A helical resonator impedance-matches the RF source to the trap by acting
as a step-up transformer [36]. However, the parasitic capacitance and inductance
of the 70 cm coaxial transmission cable, between the vacuum feedthrough to the
RF trap in the cryogenic environment, make the impedance matching of the tuned
resonator and the trap circuit difficult [37]. This limits the RF voltage delivered to
the trap without heating the RF cables. In the current setup, we decide to house
the helical resonator in the 4 K region of the cryostat to be as close as possible to
the RF trap. This helical resonator is made up of a wound bifilar coil which one of
its ends has two copper wires sticking out for the RF connections to the trap (Fig.
3.4). This setup also allows independent static potential offset, which is useful for

micromotion compensation. The two coils are held in place by telfon holders'? in

12The current resonator design can be further improved. In the past, we suffered electrical
shorts between the blades of the trap. This problem was solved by inserting an aluminum plate to
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Figure 3.4: Electrical connections to the RF trap in the 4 K region. a) DC filter
board mounted near the resonator to filter unwanted electrical signals to the static
blades. b) The magnified view of the filter board before mounting to the resonator.
c¢) 90° view from a). The yellow arrow points to the end of the resonator, which has
two copper wires where the leads for the RF connections from the helical resonator
to the trap. The house of the resonator is mounted on one of the pillars and sup-
ported with additional resonator supports as shown in Fig. 3.1 b. The inside of the
resonator houses a bifilar coil, in which the two leads (yellow arrow) are connected
to the RF blades of the trap.

the resonator house and shorted at RF with a 400nF capacitor. The resonator is
made up of copper as it is a good heat conductor. The inner radius of the resonator
is 2.3” and the bifilar coil is 1.5” radius with 0.19” pitch. A printed circuit board
(PCB) with capacitive 100:1 pick off of the RF voltage is connected to the resonator
for monitoring and stabilizing the transmitted RF voltage to the RF blades [38]. By
loading the resonator with different test-capacitors, we measure the self-inductance
L,.s = 2uH and self-capacitance C,..s = 8pF. The performance of the resonator is

tuned and then optimized by measuring the intrinsic (unloaded) resonator quality

block the line of sight between the trap to the resonator (Fig. 3.4 ¢). The current resonator design
produces dust that landed on the gaps of the blades. We attribute the dust forming to two reasons.
The first reason is the telfon holder is degrading due to the high voltage RF in the resonator. The
dielectric dust generated landed on the gaps of the trap. Over time, the dust attracted metal which
shorted the electrical connection. Another postulate was due to the multipactoring effect where
the surface of the copper coils experiences an electron avalanche, generating copper dust which
was shorting the blades with each other.
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Figure 3.5: Resonator design. a) and b) The initial electrical connections of the
bifilar coil at the bottom and end of the resonator respectively. a) The blue capacitor
allows independent static potential offset from each RF blade. b) These two coils
are shorted at RF with 1uF capacitor (blue capacitor). The PCB contains a 100 :
1 capacitive pick-off from the high voltage RF. ¢) and d) The current electrical
connections of the bifilar coil at the bottom and end of the resonator respectively.
The blue capacitors are replaced with an array of four 100nF capacitors (total of 400
nF), shown in e). e) An array of C5750C0G2J104J280KC 100nF capacitors from
TDK Corporation on a PCB.
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Figure 3.6: Resonator performance at different temperatures. The sharp variation
at low temperatures is due to the decrease in the copper resistivity below 100 K. a)
The Q factor of the resonator. As the cryostat cools down, the Q factor increases.
The inset shows the loaded Q factor, Qoaqa = Qrr/FWHM, where is measured with

a vector analyzer. b) The reflected signal from the resonator is measured with the
vector analyzer.
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factor QQ, where Q) is defined as:

Q= 2—1?1"\&/% (3.1)

where R is the reflected RF power due to impedance mismatch and loaded Q) factor
is Quoad = Qrr/FWHM accounting the full width at half maximum (FWHM) of the
RF power at RF frequency Qgr. The resonator is inductively coupled with a small
0.5” diameter antenna-coil which its position is tuned to reach critical resonator cou-
pling. This resonator design requires pre-tuning at room temperature before cooling
because it does not have an external tuning degree of freedom when the chamber
is sealed and cooled down'?. Therefore, we purposely off-coupled the resonator at
room temperature to reduce the intrinsic quality factor of the resonator ) = 1050.
We reduce the mutual inductance between the antenna and the bifilar coil by pulling
out the antenna holder. When the 4 K region of the system is in steady state, the
Q value increases up to 3170 (Fig. 3.6) as the resistance of the whole RF circuit
is reduced, changing the impedance matching conditions. In addition, the increase
in Q factor is due to the decrease of copper resistivity [39] and skin depth at 4 K.
However, we observe only 60% increase in the resonator Q. We attribute the other
40% to the oxide layers on the copper surface or the additional resistance contri-
bution from the solder connections in the resonator. The whole cooldown takes 5

hours, and the resonator needs additional hours'* to settle down. The final drive

13In principle, adding a piezo to tune the resonator coupling externally will be helpful. The
current method requires multiple iterations of cooling down the system to achieve the optimal
configuration.

14\We typically start the cooldown early and monitor the entire process. When the 4 K stage is
about 5-10 K, the RF of the trap is connected to allow the resonator to settle down to the system
operation temperature (7-8 K).
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frequency Qgp increases typically by 0.6% after the cool down due to the reduction

in the resonator self-inductance and self-capacitance at low temperature.

3.6 RF stabilization

With the capacitive 100:1 pick off of the RF voltage (Fig. 3.5), we use this
pick-off voltage to actively stabilize the RF amplitude and the transverse frequencies
of the trap'®. This pick-off RF voltage from the cryostat is sent to a rectifier. The
rectifier converts the RF signal to DC voltage signal where corresponds to the RF
amplitude of the pick-off. The converted signal is then sent to a PID where its
value is compared with a reference voltage set by an Arduino. The PID applies the
feedback to a voltage variable attenuator (VVA)' to correct the RF voltage applied
to the trap. Finally, the PID is optimized.

Allan variance!” is obtained to understand the stability of the RF. One notable
use of Allan variance is the measure of the stability for atomic clocks [40]. Here, we
measure the Allan deviation of the difference between the reference signal and the
input to the PID box, € (Fig. 3.7). We compare the stability of ¢ with time before
and after RF-stabilization. The Allan deviation is computed from the time series

measurement:
M-1
2
n 2
o*(r) = QM_l > (e (3.2)

with M as the number of sample/time bin and y,, as € integrated over time 7. In both

with and without PID feedback on ¢, the Allan deviation decreases with increasing

15The dependence of the transverse frequencies is explained in Chapter 2.

16V VA is an active device that can inject noise to the system. A mixer, a passive device may
perform better for this purpose.

17 Allan variance is also useful to understand the slow drift in the experiment.

43



— No feedback

T —  Stabilized

0.50

0.10 |

Allan deviation (mV)

0.05 |

0.1 1 10 100
Averaging time (s)

Figure 3.7: Allan deviation of the voltage difference between the reference signal
and the input to the PID box e at different averaging/integrating time 7. Both
signals show a decrease in the Allan deviation till a certain 7, and eventually the
Allan deviation increases again. The dip shows the time scale of the drift of this
measured signal. Red (Blue) shows Allan deviation of € without (with) the PID

feedback.
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integration time 7 till system drift kicks in and the Allan deviation increases. The
turning point of 7 implies the time-scale of the drift. Without the feedback, the
Allan deviation of € drifts upwards at the integration time of 7 = 2.3 s. Once the
RF is stabilized, it improves the stability for a longer time. The Allan deviation of
the stabilized e drifts upwards after 7 = 50 s. The priority of this lock is to stabilize
the transverse frequencies of the trap. Therefore, a better measurement is the Allan
deviation of the transverse frequencies (not shown here) with time, as demonstrated

in Ref. [41]. It provides a direct measure of trap stability.

3.7 Characterization of cryogenic vacuum

In the ion trap experiments, low background pressure is demanding for pri-
marily two reasons. First, the residual neutral molecular gas interacts with the ion
chain with a ~ r~* potential, which increases the background gas collision rate with
the ion chain. As a comparison to neutral-neutral collision rate, which is governed
by Van-der-Waals, the potential is ~ 7. Secondly, the RF trap is a driven system
where the collisions with the neutral gas can induce heating by displacing the ions
diabatically with respect to the RF time scales, depending on the occurrence of the
collision at an instantaneous RF phase [42-44]. As the result of the instantaneous
and random amplification of the ion motion, the ion chain melts, and avalanche RF
heating occurs. At this moment, the ions can be ejected out of the trap or left in
highly excited orbits where laser cooling is inefficient.

Furthermore, the ion-chain lifetime depends strongly on the Mathieu param-

eter ¢ ~ 2v/2wy, /Qgrp of the trap, where the transverse frequencies are proportional
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to the driving voltage amplitude wy,. o< Vzr. The RF heating increases very rapidly
with a power-law dependence on g with exponent greater than 4 as the exponent
of 4 is due to Coulomb repulsion [45]. From classical scattering, the energy gained
by an ion 7 at rest after an elastic collision with a background molecule that has an

incoming energy F,, is given by:

AE; = i ~sin®(0,c/2) B, (3.3)

(1+¢)

where £ = M,,/M; is the mass-imbalance parameter of the molecule M, and the
1ion and 6. is the scattering angle. In this calculation, we assume the residual back-
ground gas is mostly hydrogen molecules (Hs) as cryo-pumping H, in this apparatus
works less efficiently after helium and ¢ = 0.011 with ™'Yb™ ions. Therefore, by
averaging over impact parameters, the mean increase of the ion energy per elastic
collision is (AFEyy+) ~ kg x 150mK, with the assumption that the thermal energy
of Hy is (AEg,) = 3/2kp x 4.5K. With this cryogenic apparatus, we can trap ion
chains above 100 ions at ¢ = 0.35 (Fig. 3.8 a). Conversely, in the room-temperature
counterpart of this quantum simulation experiment!'®, the lifetime of a chain is on av-
erage 5 minutes for 50 ions [46]. The enhanced lifetime of ion chain in the cryogenic
apparatus is due to the differential cryo-pumping to reduce the residual gas density
compared to standard UHV system and the average energy transfer (AFEy,+) due to
the collision is about 60 times lower than in a room-temperature UHV experiment.
We also notice that, based on the numerical simulations of the collision, the Hy

molecules (AFy,) ~ ky x 10 K are not sufficient to displace the ions. Therefore, the

18Both setups trap the ion chain in a harmonic potential.
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Figure 3.8: A chain of ions. a) A linear chain of 121 '™'Yb™ ions. The transverse trap
Wy or z/2m = 1.5 MHz with axial frequency w, /27 = 35kHz. The axial confinement
is relaxed to fit all the ions in a linear configuration. The chain is imaged with a
0.13 NA objective. We took two images and combined them to fit the whole chain
in an EMCCD camera. The red arrow indicates a gap, which can be a different
YD ion isotope or ?F; ), state of the 1"'Yb™ that does not fluoresce. This dark ion
remained in this position after more than 4 hours, indicating the chain never melted
due to collisions with the background gas. b) A zigzag ion chain with N = 35 ions
and trap frequencies (ws, wy,w,) = 27 x (67,613,632) kHz.

catastrophic collision in the room temperature UHV is are most likely caused by
collision with heavier residual background gases (N,,CO5,H20), which are frozen in
the cryogenic system.

It is difficult to estimate the differential cryo-pumping between the room tem-
perature region and the trap because the 40 K and 4 K cryogenic regions are not
vacuum sealed. The MKS pressure gauge can only measure the pressure of the room
temperature vacuum region, which is on the order of low 10~ Torr when the ap-
paratus is fully cooled down. Therefore, we use the zigzag ion crystal as a pressure
gauge by measuring the collision rate between the background gas and the ion chain.

The interaction of ion-neutral molecule has potential ~ r=* due to the inter-

action between the charge e of the ion. The induced electric dipole moment of the
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molecule with static polarizability « is given by:

U(r) = « & _ G (3.4)

2 Amert ré4

Therefore, we can use the classical Langevin model [47] with no quantum correction
as the average energy of the incoming Hy molecules (Ey,) is much larger than the
p-wave centrifugal barrier!'.

In the Langevin model, the collision rate ~ is independent of the energy of

the incoming particles. However, it is directly proportional to the density of the

background gas, which is also proportional to the pressure P under ideal gas law:

g, T P
= 3.5

v =ne

We estimate the residual background pressure® inside the 4 K region by observing

the elastic and inelastic collision events with a chain of zigzag ions (Fig. 3.8).

3.7.1 Inelastic collision

We observe the inelastic collision events by measuring the rate at which dark
ions are produced. There are two possible inelastic processes with total probability
Py,: a) Optically excited ions ''Yb™ in the P /5 or 2Dy, states are subjected to
such collisions which lead to population trapping in the metastable* 2F; 5 [49]. b)

An optically excited ion with enough energy undergoes molecule association to react

19This p-wave centrifugal height of this r~% potential can be approximated as F,; = h* J2uR% ~
ky x 3mK with Ry = (2uCy/h®)Y/? with the reduced mass p [48].

20The 4 K and 40 K stages are not vacuumed sealed for the placement of windows to allow
optical access from outside. As a result, this compromises the vacuum quality. The line of sight
from the ovens to the RF trap further exposing the trap to more background gas. A possible
upgrade would be implementing ablation loading of the ions.

21Based on experience, the dark ion rate depends on 935 nm. 935 nm ensures that the state of
the ion is pumped back to the cycling transition (Refer to Chapter 2.)
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with Hy chemically, forming ytterbium hydride (YbH™) molecule [50]. Tons that un-
dergo this process are called dark ions because they stop scattering Doppler cooling
photons, and appear as a gap in the ion chain when it is imaged on an EMCCD
camera. From the rate of dark ion occurrence, we extract a relative measurement of
pressure Vi, = P;,y. We also extend this study at a higher temperature and have ob-
served that the dark ion occurrence rate increases by an order of magnitude. Finally,
we compare the dark ion rate in the cryogenic system with the room temperature
UHV system. The pressure gauge measurement in the UHV system is 1 x 1071}
Torr with v309K = 2 x 107457 per ion (Fig. 3.9). Using these measurements from

a UHV setup, the residual background pressure can be inferred as:

4K
4K — 1300 K™ 300K T
Yin b1 300K

(3.6)

From this, we estimate the residual background pressure to be Pk < 107! Torr.

3.7.2 Elastic collision

Another measure of pressure with ions is observing the rate of reconfigura-
tion events, v, due to elastic collisions of N ions in a zigzag configuration. This
configuration is met when the two transverse frequencies are larger than the axial
frequency, wy . /w, > N/+/log N [23]. There are two degenerate configurations, ‘zig’
or ‘zag’, which are separated by a small energy gap that depends on the splitting of
the transverse modes Aw = w, — w,. When an elastic collision exceeds the energy
> Aw, the ions have a finite probability pgi, to flip from ‘zig’ to ‘zag’ configuration
and vice versa. For this measurement, we recorded the zigzag ion chain and the
occurrence of such change in configuration v, = paipy. We measured the elastic rate

49



1073

+ ®
1074} 4

Y, (s

10-5_

5 6 7 8 9 10 11
T(K)

Figure 3.9: Inelastic collision measurements per ion 7, at different temperatures
with 33 ions for a time period varying from 3-12 hours. The inelastic rate is estimated
from averaging the time intervals between dark events. The error bars show the time
interval standard deviation of each data set. The huge error bars reflect the rare
occurrence of the inelastic collision process during data taking.
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at two different temperatures at 4.7 K and 7 K at the same transverse frequency
splitting Aw = 27 x 2kHz. However, to find the pressure from Eq. 3.5, we need to
calculate pgi, which is a function of transverse mode splitting Aw and the energy of
the incoming particle. We performed a numerical simulation of a zigzag ion chain
of 31 ions after a collision with Hy molecule which has mean energy (Fw,) = 3/2kyT
over 2x 10* RF periods to calculate pgip??. From the measured 7 and the calculated
Prip, the estimated pressure at the trap region is Py = (1 £+ 1) x 107" Torr and

Prx = (241) x 1072 Torr (Fig. 3.10).

3.7.3 Other Methods

In addition to the methods shown above, the pressure of the system can be
measured through the hopping rate of a single ion between one of the two wells
in a double-well potential [51]. With static electrodes control on the potential,
the potential barrier is adjusted such that the two minima of the well is much
lower than the average energy transfer due to a collision event. Another method to
estimate pressure is measuring the rate of re-ordering events in a linear ion chain
[51]. Two different ion isotopes can be used in this measurement since the mass
difference between two species is close. The isotope shift of the different isotopes
makes observing the re-ordering event clearer because the laser applied will only be

resonant to one of the isotopes.

22The details of the calculation are in Ref. [11]. The probability p t1ip Was estimated by randomly
sampling 10° initial conditions repeated 5 times to estimate the error.
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Figure 3.10: Elastic collision 7. per ion as a function of the energy barrier Aw
between ‘zig’ and ‘zag’. configurations at different temperatures. The blue (orange)
dots refer to T'= 4.5 K (T' = 7 K). a) The measured data with the number of ions
varying from N = 31 to N = 38 for a time period varying up to 12 hours. The
huge error bar describes the time interval standard deviation, which reflects the low
occurrence of the event. b) Numerical results for pg;, with varying Aw. The error
bars are estimated from the statistics of running the simulations 5 times.

3.8 Characterization of the vibration in the system

The spin-spin interactions of the quantum simulation are generated [52] through
a stimulated two-photon Raman process with a 355 nm pulsed laser. This makes
any ion chain displacement of the order of the Raman laser wavelength during the
interaction time would cause an unwanted phase shift on the ions. Therefore, it is
crucial to understand and minimize the vibration in this Gifford-McMahon closed-
cycle cryostat. The vibration from the cold head with the whole apparatus’s
mechanical stability is measured with interferometric setups (Fig. 3.11). The RF
trap is removed from the 4 K stage to place three mirrors on the trap mount, along
the Raman direction (y), the axial direction of the trap (z) and the vertical imaging

direction (z). This setup tracks the trap movement with respect to the breadboard

52



Spherical Octagon

---------------

.............

’ l' .
. ] )
. ' 1
x : :
2\ = )
PID sy PID :
.. o . x Interferometer !

- Py |

z Interferometer *s, ,-°

Sav

Figure 3.11: Michelson interferometers for vibration measurement along z,y, z di-
rections of the apparatus. Three different laser lights from the fibers are sent to their
respective interferometers which each of them has a piezo-mounted mirror (PZT).
The PID locks the photodiode signal to a fringe with a feedback loop. The output
voltage from the PID to the piezo compensates vibration and measure the amplitude
and frequency of the vibrations.

and the table up to a few nanometers. In each Michelson interferometers, piezo-
mounted mirrors are used to lock the interferometer to a fringe, keeping track the
displacement of the trap (Fig. 3.11). The whole servo loop has 1.8 kHz bandwidth
which we can compensate acoustic noise up to 300 Hz**. Each piezo-mounted mirror
is individually calibrated for its voltage-to-distance conversion. The output voltages

to the piezos are the direct measurement of the displacement of the trap mount on

23This limited frequency range is unable to capture higher frequencies that correspond to the
T2* of the system (1-2 ms).
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Figure 3.12: Vibrations along the three principal axes of the trap. a) and b) describe
the in plane x —y vibrations for the trap mount temperatures T'=4.5 Kand T' = 7.7
K. After raising the temperature of the 4 K region above the helium boiling point,
the rms amplitudes along z(y) are reduced by a factor of 5(6). The resolution
bandwidth (RBW) is 0.1 Hz. c¢) z-direction vibration of the cryostat (solid lines)
along with its fitted line of a sine with frequency 1.2 Hz (dashed lines). The blue
(green) lines indicate the vibration before (after), improving the static support of
the breadboard.

each axis.

In this measurement, the main contribution of vibration along the x — y plane
is 40 Hz, which is due to the normal mode of the cryostat 60 cm long level arm?*.
We observe that these vibrations are worsened at helium condensation temperature,
where the condensed helium increases the mechanical coupling of the vibrating cold
head to the trap region. This vibration effect can be reduced by heating the 4 K
stage and operating above the helium boiling point. As a result of increasing the
4 K stage to T = 7.7 K, the rms displacements along the x — y place are reduced
(Fig. 3.12). The higher frequency modes (> 100Hz) are on the same time scale as
the quantum simulation experiments. Therefore, they should be further minimized.
According to finite element analysis, the vibration modes at 120 and 282 Hz peaks

are attributed to the mechanical structure inside the 4 K shield, which houses both

24We also compare this value with another group that uses this cryostat. Both of us observe
similar vibration at 40 Hz.
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Figure 3.13: Vibration improvement after adding mechanical support on the res-
onator. After adding the mechanical support, the higher frequency peaks (> 100Hz)
are suppressed and moved to higher frequencies.
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Figure 3.14: Finite element analysis of the mechanical structure of the system. a)
The resonator is attached to one of the pillars without any additional support, as
shown in Fig. 3.1. This frequency mode is 136 Hz. This simulation pin-points that
the > 100 Hz can be improved by reinforcing the resonator. b) The breadboard
that supports the apparatus. This breadboard is mounted onto the optics table
with posts. The pink arrow assumes the weight of the cryostat. This frequency
mode is 379.03 Hz.
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the resonator and the trap. To reduce these modes, we strengthen the resonator
support (Fig. 3.1b), and successfully suppress the higher frequency modes by more
than an order of magnitude (Fig. 3.13).

Once all the vibration measurements have been taken, the mirrors are all
removed and the RF trap is mounted back to the system. With the trap in the 4
K region, we also design and mount a mirror with its holder near the trap facing
the Raman(y) direction. With this mirror, a Michelson interferometer can be set up
to keep track of the unwanted phase shift. Subsequently, the tracked phase shift is
feed-forward to the AOM phase or an EOM in the Raman path?®. Alternatively, we
can implement a phase insensitive Raman scheme to drive the spin-spin interactions
where the phase-noise on the spin due to the vibration is transferred to the motional
phase [53]. Currently, we are investigating this phase insensitive scheme on the ions.

In addition to vibration measurements, the mechanical structures are analyzed
using finite element analysis with Solidworks. From here, we understand the possible
improvements can be made to the mechanical structure (Fig. 3.14). For example,
the number of posts and their placements under the breadboard with the weight of

the cryostat are studied to minimize the vibration amplitude of the structure.
3.9 Coherence lifetime of the system
This apparatus has vibrations (as described in the earlier section). We are

interested in understanding the consequence of such vibrations in the experiment,

especially for Raman operations with 355 nm pulsed lasers. We perform a Ramsey

25The mirror is in the system now, but the interferometer is not set up yet.
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Figure 3.15: Raman coherence with Ramsey. Top describes the experimental se-

quence. Single qubit € rotation R(f,¢) along an axis determined by ¢. Bottom
shows the result of such experimental sequence.

experiment to measure the coherence of the qubit along the x — y plane of the Bloch
sphere (also known as T2* of the qubit.). We first initialize the qubit to |[{.) and use
Raman operations (Fig. 3.15) to perform a Ramsey test with two 7/2, and the time
between these two pulses is varied. The Raman 7 /2 pulses are 3 kHz off-resonant
from the qubit splitting, where the on-resonant Rabi frequency is ~ 350kHz. With
this sequence, we would expect the Ramsey has 3 kHz fringes. In an ideal condition,
the contrast will stay coherent > 20 ms for this hyperfine qubit [4,5]. However, due
to the decoherence, we observe a decay of about 2 ms (Fig. 3.15).

We also compare the result with a Ramsey experiment using microwave ro-

o8



tation operations. Here, we observe a coherence of at least 20 ms. Therefore, we
attribute this de-coherence from the laser due to the vibration since it imprints
phase noise to the 355 nm laser. In addition, we observe improvement in Raman
coherence time up to 2 ms after inserting the resonator supports, heating the 4 K
stage, servicing the cold head, and cleaning the VIS. Each of these changes improves

the performance of the cryostat, reducing the vibration?.

3.10 Maintenance

3.10.1 VIS Maintenance

As alluded by the earlier section of this chapter, the base of the VIS region will
accumulate water. During each warm-up, ice forming around the VIS will melt, re-
sulting in a pool of water forming at the base of the VIS?”. The instrument is hoisted
from the experimental breadboard and moved to the center of the lab. Instead of
mounting the apparatus onto the service station, it is lowered and mounted to a
breadboard on the floor. All the windows are covered with aluminum foils and lens
tissues to protect the windows from dust. The vacuum part of the system is then
connected to the turbo-pump, to maintain UHV pressure for the room-temperature
region of the system. The screws securing the bellows to the bottom flange are loos-
ened (this is separated from the vacuum region), and the top part of the apparatus
(Fig. 3.16 b-c), including the cold head, is mounted onto the service station. Due

to water accumulation in VIS, rust is formed in VIS and the copper cold finger is

26We did not re-measured the vibration of the system after these changes individually. Instead,
we observe the Raman Ramsey coherence.

2TThis apparatus has been constantly operating since 2016. The first VIS maintenance was done
in September 2020.
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b) c)

Figure 3.16: VIS maintenance. The apparatus is hoisted to the center of the lab for
maintenance. a) The instrument is supported by the service station at the center of
the lab. The flange connections (indicated by the pink lines) should not be opened if
only VIS maintenance is done. These connections hold the apparatus under vacuum.
The black valve (right side of a) ) allows connection for the turbo-pump to keep the
experimental part of the apparatus under vacuum. The 45° angled positioned flange
and the cylinder provided a connection to a Residual Gas Analyzers (RGA), but
now both the flanges and cylinder are removed in the current setup. During the
VIS maintenance, the apparatus is lower down and mounted to a breadboard on the
floor. On the other hand, the lower pink line connection is opened after venting this
vacuum region for the apparatus maintenance. Removing the flanges of the upper
pink line is complicated as the wirings to the experimental chamber need to be cut
if the flange is detached. b) The bellow is removed for replacement, revealing the
top plate, as shown in Fig. 3.2. ¢) Once the bellow is detached from both the top
and bottom plates, the top part of the cryostat is raised along with its cold head
and mounted to a service center, revealing the copper cold finger.
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Figure 3.17: Water in VIS. a) The rusty base of VIS where a pool of water is formed.
b) The VIS is cleaned, and the water is removed. The holes outside of the VIS allow
connection to the bellow. The outer collar (with writings ‘up’) is custom made to
have external rods attached, connecting to the lead-filled 80-20 pillars mounted on
the optics table. ¢) The discolored copper on cold finger due to water. The end of
the cold finger is made up of a coil of copper, and it is springy (not depicted in Fig.
3.1).

discolored (Fig. 3.17). The pool of water and rust are cleaned. Before sealing this
VIS, we clean the surface of VIS with isopropyl alcohol and ensemble the bellow
part. Once it is completed, the top part of the cryostat is then lowered to attach to

the main chamber.

3.10.2 Cold head Maintenance

On July 2020, the trap exhibited 80 minutes oscillation®® with peak to peak
displacement ~ 40um on the z — y plane (Fig. 3.18 - 3.19). The Rabi frequency of
the ion with Raman lasers also fluctuated with this similar 80 minutes oscillation.
This ruled out the drift of the imaging system and the lab temperature remained

stable. We moved the objective of the imaging system to focus the blade. In this way,

28This oscillation interval occurred in another research group, according to the engineer from
Janis/Lake Shore.
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Figure 3.18: 4.6 hours drift measurement of a single ion, taken by the imaging

camera. Each pixel is 0.161um. We called this the “broken heart” or “cursed
heart”.

we observed the trap was moving with this 80 minutes oscillation too. Therefore,
we concluded that the whole trap was experiencing slow drift. At the same time,
the temperature probes at the 4 K and 40 K stages also experienced an 80 minutes
temperature drift. As the solution, the cold head was replaced with a refurbished

cold head from Sumitomo (Fig. 3.20) and the adsorber in the F-70L Sumitomo
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Figure 3.19: The x and y ion displacements with time. Throughout the 4.6 hours of
measurement, we observe an oscillation with 80 minutes interval. The scaling from
pixel to distance is 0.161um /pixel.
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helium compressor??. After the cold head servicing and VIS cleaning, we do not

observe the 80 minutes interval drift.

3.10.3 Filter water and chiller

The F-70L Sumitomo compressor supplies high-pressure helium gas to the
cold head®(Fig. 3.21). It requires a continuous flow of cooling water®'. For this
purpose, we use a chiller (Tek-Temp NRD550/S1/R2K). This chiller regulates the

temperature of the coolant (distilled water) flowing into the compressor and has a

29This oil adsorber should be replaced after 20,000 hours of operation. The moving parts of
the cold head should be replaced after 10,000 hours of operation. We were overdue with this
maintenance, where the maintenance was done at 33632.1 hours of operation.

30This is separated from the helium in VIS. The high-pressure helium gas is in the Sumitomo
COMPressor.

31Cooling water flow rate of 6 to 9 L/min with 5°C to 25°C inlet temperature. When in doubt,
please refer to Sumitomo F-70L manual.
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Screws to remove
the cold head

b) c)

Figure 3.20: Cold head. a) The screws (green arrow) are loosened to remove the
cold head from the top plate without removing the copper coil from Fig. 3.16. b)
Refurbished cold head from Sumitomo. c¢) The old cold head.
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Motor

Pump

Figure 3.21: Chiller to compressor. a) The building chilled water is filtered before
entering the chiller. b) The pump and motor that circulate the coolant into the
compressor. ¢) An example of compressor connections.
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separate chilled water line from the building to cool the chiller. The building chilled
water passes through a filter (Fig. 3.21 a) before going into the chiller. This filter
needs to be changed, ensuring effective cooling of the chiller®?.

Another possible failure is from the chiller pump (Fig.3.21 b). There is a
plastic mechanical ‘fuse’ between the motor and pump to protect the motor. Once
this fuse is worn out, the chiller is unable to pump, resulting in the compressor shut
down (a safety mechanism)®*. Currently, we do not have a mechanism to estimate

the damage on the fuse as it is hidden between the motor and pump.

32We did not change the filter for two years. We observed the temperature of the coolant as
indicated by the front panel of the chiller creeping up, and eventually, the compressor stopped
due to its safety mechanism. Since then, we have changed the filter at least once per year. It is
advisable to have a scheduled maintenance before an experimental project.

33Tt may sound terrifying that the system needs maintenance or shut down, but the system can
be easily recovered after all the fixes are implemented.
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Chapter 4: Quantum Simulations Toolbox

The ability to perform the coherent rotation of the spins is essential for quan-
tum computing/simulation purposes. One of the techniques is applying a resonant
electromagnetic field to Rabi flop between the qubit in a two-level system. Then,
the time/power of the resonant electromagnetic field is varied to perform coherent
rotation. In the lab setup, the coherent rotation is implemented with a resonant
microwave field or a mode-locked 355 nm laser to the "' Yb* hyperfine qubit. The
12.64 GHz energy splitting of the hyperfine qubit can be generated conveniently
with a microwave horn setup outside the apparatus with only global control on the
ion chain'. Individual control can be implemented with individual addressing mode-
locked 355 nm via stimulated Raman transition for each ion in the chain. However,
in the current setup, we have only global addressing Raman beams. Furthermore,
we use two counter-propagating Raman beams to perform the Mglmer-Sgrensen
scheme [24] for entangling the trapped ions. However, with microwave, the entan-
gling is too weak as the wavelength of the microwave (2.38 c¢m) is significantly larger

than 355 nm.

1Coherent qubit rotation and entangling gates with microwave are demonstrated in Ref. [54,55].
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4.1 Two-level System

Here, we shall start with an atom-field interaction in a two-level system. Let’s
assume a monochromatic electric field with frequency w and wavevector k from the
laser addressing the transition of the ground state to the excited state |g) <> |e).
The electric field is:

Ey. . .
E(t) = 670[6“‘”5 + e ] (4.1)

The atom-field Hamiltonian is Hap = —d - E(t), where the dipole operator d =
—le| 7= {(g|d|e) (o4 + 0_), where o_ = |g)e|, o = |e)g| and Ej is the amplitude
of the electric field. The ground state energy level is defined as zero energy and
excited state is defined as w.. The atom Hamiltonian is Hy = 0]g)g| + we |e)e].
The total atom-field Hamiltonian is H = Hy + Hr.

Let’s assume the wavefunction |U(t)) and | (t)) = €4t |WU(¢)) in the in-
teraction picture. |W;(¢)) evolves in the time-dependent Schrédinger equation,
ol (t))

i~ = Hap |V(t)). Therefore, in the interaction picture, Hap is

HAF = 6ZHAtHAF6—7,HAt

- 7R<g+elwet 4 U_eﬂwEt)[e““t 4+ 6—zwt]

— _R<O_+efz(w+we)t + O',el(w+we)t + O_Jrefl(wfwe)t + O_iez(wfwe)t)

2
I (R A)

_ _R(O_+e—i(w—we)t + U_ei(w—we)t) (42)

Qr = —Eo(g|€-dle)
Rotating Wave Approximation (RWA) used to remove fast oscillation and the cross-

terms in the interaction picture of H or. Therefore, in the Schrédinger, the atom-field
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Hamiltonian is simplified to

Q ) .
Hap = TR(O'_,_G_ZM +o_e™t) (4.3)

4.2  Three-level System

Once the qubit is initialized to ||..), two 355 nm mode-locked beams are shined
onto the atoms to undergo stimulated Raman transition. In "*Yb*, the Raman
beams are detuned 33 THz from the ?Py 5 state and 66 THz from the *P3/,. This
can be simplified into a three-level A system for the two-photon stimulated Raman
transition (Fig. 4.1). The ground states |g;) and |g2) are coupled via the excited
state |e) with two lasers with wavevector El, ];:2 and frequencies wq, wo respectively.
Both lasers are detuned away from the excited state by A = A; = A,. Here, the
spontaneous emission is neglected since Ay) > I', where I' is the decay rate of |e).
The derivation here will be based on Ref. [56]. The atomic Hamiltonian (diagonal

matrix) in the absence of the coupling fields is:

Ha = —wor |g1){91] — woz |ga)g2| + 0 |e)e] (4.4)

where A = 1 and the excited state energy is defined as the zero energy. The atom-
field Hamiltonian is Hyp = —d-E.

d=7 (gl dle)or-+ (g2l dle) oo + (| d|g1) ors + (| d]go) 021 (4.5)

91,92

where [g1)e| = o1, |ga)e| = 02—, |e)gl| = 014 and |e}g2| = 024 and each of them
has their respective dipole matrix element. The dipole operator contributes to an

off-diagonal matrix, where it couples both ground states to the excited state but not
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194)

Figure 4.1: Stimulated Raman Transition in a A-system. Laser o with wavevector
Ea, frequency w, and Rabi frequency €, is detuned A, from the ground state |g,)
to |e) transition. The energy splitting between |e) and the ground state |g,) is
represented as wg,. « denotes 1 or 2 in the diagram. p describe the detuning from

|92>-
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between both ground states. Here, we assume the electric field E is monochromatic

Ey

E\(rt) = él?[ei(w”_kl'” + g Hwrt=hi)) (4.6)
. R Eg i((watp)t—kar+¢) —i((wat+p)—k2r+¢)
E2(7,,7 t) — 627[6 +e ] (47)

with unit polarization €,, amplitude F,, laser frequency detuning y = dw — wyp

and additional phase ¢ on Ey(7,t). Here, Hap can be extended from Eq. 4.3.

0 0 %e—iklremlt
HAF = O O %e_ik?""ei((k&‘f'/i)teigo (49)
%67;]617‘67’L'W1t %@ikQTefi(WQ“r,u)te*iw 0

The Rabi frequencies is defined as:
Q= — (o] a-dle) Ba :a=1,2 (4.10)

where it describes the coupling strength from |g,) to |e). The total Hamiltonian is
thus H = Ha + Hap.

4.2.1 Time-Dependent Schrodinger Equation

In order to understand the time evolution of this system, we need to solve the
time-dependent Schrodinger equation, iw = H |y(t)). Thus, the state vector

can be defined as:

|(t)) = c1(t) lg1) + c2(t) [g2) + ce(t) |ge) (4.11)
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The time-dependent Schrodinger equation is the following:

él (t) —Wo1C1 (t) + Ce (t)ei(_kl'r—‘_wlt)
é(t) | =—i —woaCa(t) + co(t)el(ThzrHlwatult) giv (4.12)
o (t) ¢ (t) %ei(kl ‘r—wit) + ¢ (t) %g(krr—[wg—i—#])te—i@

Eq. 4.12 is a set of equation of motion with oscillation terms from the electric fields.
We can choose a frame such that these oscillations disappear. Therefore, we choose

a rotating-frame where the state vector is:

[616)) = E1(®)]g1) + Gt) lg2) + Glt) lge) (4.13)

where slow-varying coefficients denoted as:
Calt) = co(t)e et (4.14)

The new set of equations is as follows:

& (t) —AG(t) + LT (t)
Got) | = —i | —Dgba(t) + Lethameiluttol (¢) (4.15)
Ce(t) Lietkire (t) + Lethrre i)z, (1)

with a new effective Hamiltonian.

—Al 0 %G_ikl'r
Heps = 0 —A, L2 p=ihargilutt) (4.16)
Q1 iky- Qo Jikor ,—i(ut+
21 etk 22 etk2 o i(put+p) 0
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4.2.2 Adiabatic Elimination - Two-level Dynamics

We boost the rotating frame? by —A where A = % and follow the steps
as shown from Eq. 4.13-4.16. Here, we define the state vector as |U) = ¢y |g1) +

bg2192) + ¢e |e). The equation of motion of this rotated frame is:

Q'Sgl (Al - A)¢gl + %e_iklhrqse
Q'ﬁgz = —9 (AQ — A)¢92 + %e—ik2~rei(ut+<ﬁ)¢e (417)
Qge %eikl-rgbgl + %eikg-refi(,ut+tp)¢gz _ Aqbe

Here, |[Ay — Ay| < |A|, which ¢, has a fast time dependence, thus we can adia-
batically eliminate ¢, as it will achieve an equilibrium state instantaneously where

b = 0. Therefore, the solution of ¢, is in terms of ®q1 and ¢go where

Ql zk:1 T QQ zkz -r —z (ut+e)
¢e 2A ¢g + — 2A ¢g2 (418)

Now, substitute Eq. 4.18 into Eq. 4.17 and two-level system is obtained.

Qggl (Al + WA01>¢g1 + %ei(kz—k’l)'?"ei(ut—&-ap)qng
= (4.19)
ég? (Ag + WAC2)€71'(“HLP)¢92 + QTRe*i(kZ’*kl)-rqggl

This gives an effective two-level system

AL+ Wact QTReiAk-Tei(ut-‘rgp)
HQ—level = (420)

QTRefiAk-refi(,utJrgo) AQ + Wacy
where Ak = ko — ky, with Raman Rabi frequency

0.0
2A

2 As mentioned in Ref. [56], choosing the appropriate frame is important for adiabatic elimina-
tion.
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and AC Stark shift from each beam

QQ

Q = — 4.22
AC« AN ( )

For simplicity and compactness of notations, Hy_jepe; = (A1 +wac1) [g1)Xg1] + (Ag +
wACQ) |92><g2’ + %eiAkwei(Mt"r(P)o-i + %e—iAkv’e—’i(Mt-‘r@)gJﬂ where o = ’g1><g2| and
oy = |ga)g1l-

4.2.3 Carrier Transition
Based on Eq. 4.20, the interactions (off-diagonal) Hamiltonian H; is

H; = %eiAk-rei(,utJrgo)o. + %eiMwei(utﬂo}(7+ (4.23)

For carrier transition in co-propagating® Raman with ;1 = 0 and Ak = 0, the carrier

effective atom-field interaction Hamiltonian is:

Q ) )
Heqrr = TR[eMPO-* + eiupour]

Q . ,
- TR[(UI +i0,)e + (0, —ioy)e ]
Ogr e 4 e el Tl
= 7[%(7) + Wy(T)]

Q

= 7]% [0, cos ¢ + i0y, sin @)

(4.24)

where ¢ sets the axis of rotation of the single qubit operation.

4.2.4 Sideband Transitions

In the sideband transition, the two Raman beams are non-copropagating?,

where Ak # 0. As a result, Ak -7 = p(ae ™" + ate™t) where the Lamb-Dicke

3For simplicity, a co-propagating Raman scheme is considered here. Ref. [57] provides the
derivation for a non co-propagating Raman scheme, where Ak # 0.

4“When the two Raman beams are in the counter-propagating configuration, Ak = 2k = 4mw/\
with A as the wavelength of the laser.
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parameter n = Akrg, a* and a are the creation and annihilation operators. The
characteristic length scale of the motional mode ro = /1/(2mwy,), where wy, is the
motional modes of the quantum harmonic oscillator. Let’s substitute n into Eq.
4.23, with the assumption that the atoms are in the resolved sideband limit and
1n < 1. Therefore, the exponential term of the 1 can be Taylor expanded, to obtain
the sideband transitions.

Hidevand = TR[ein(&e_iwt”m%i%”)ei(”t“”)a, 4 eilnaem it At et h)) o —i(utte) 5 ]

~
~

5 [0+ in(ae™ ! 40t elrt)e D)o

+ (1 —in(ae™ ™t + d+eiw”t)e_i(“t+“"))a+]

(4.25)
For the blue sideband transition (Fig. 4.1), p = wy,:
Qg (A —twert A+ iwiet Ji(wir)+9)
Hplue ~ T[(l +an(ae” "t + a et ) et Wt g
+ (1 —in(ae™ ™t 4 gtetnt)emi@mite)) s | (4.26)

182 (.

~ z%[aa_ew —ato, e ]
where RWA is applied to obtain the second part of the equation. p = wy, describes
when the transition is on resonant of the blue sideband transistion. A 7-blue side-

band transition will increase the motional mode by a quanta of energy. It transforms

[Leom) < [1en+ 1),

For the red sideband transition, p = —wy,:
H A T T (4.27)
Red & ZT[(I o_e ¥ —ao,e"] .
b = —wy, describes when the transition is resonant with the red sideband transition.

A m-red sideband transition will decrease the motional mode by a quanta of energy.
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It transforms ||.,n) <> |T.,n —1). With these toolboxes presented here, we can

now generate the Ising interaction, which will be explained in the next section.

4.3 Generating Long-Range Transverse Field Ising Model

The quantum simulation experiments presented here are long-range Transverse

Field Ising Model (TFIM) [3].
H=> Jjoloi+BY of (4.28)

i<j i

with Ising interaction J;;, transverse magnetic field B and Pauli matrix on ¢th spin
in (-direction of the Bloch sphere o, where ¢ = x,y, 2. Jij = Jo/|i — j|* is the
power-law decaying Ising coupling between spins ¢ and j with the tunable exponent
«. This effective Hamiltonian is generated using Mglmer-Sgrensen scheme [24, 25],
where the motional modes are excited off-resonantly. We are interested in this class

of models in quantum magnetism where quantum phase transition is present [58].

4.3.1 Ising Interaction

We generate the spin-spin interaction with a pair of non-copropagating 355nm
Raman beams. The beatnote wavevector Ak from the Raman beams is along the
transverse motional modes of the ion chain to apply spin-dependent dipole forces.
For the Mglmer-Sgrensen scheme implemented in this thesis, two laser beatnotes
which are detuned symmetrically from the mth motional modes d,,, with frequencies

whr £ (W + 0). Using the Eq. 4.25 for both detuned red and blue sideband
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transitions®, the effective Hamiltonian is simplified to [52]:

im$ i —iw iw i
Hys = Z 1 5 (ame™™"" + af et )cos(put + ¢ ) oy, (4.29)

where the Lamb-Dicke parameteres is 7;, = bimAk\/m with the normal
mode transformation matrix by, of the ith ion with mth normal mode where >, |, |* =
1 and Rabi frequency of ith ion is €2;. Since in this derivation, the spin and motion
phases are separated. We define o4, = ¢®*0_ + ¢ "0, and motional phases ¢,,.
Let ¢, = (“"R;—“DB) and ¢5 = w, with pr and pp as the phases on the red

and blue bichromatic tones. We set or = 0, ¢p = 7 = ¢, = 7/2, ¢s = 7, which

Ops = —O0g-

s

ZmQZ —iw iw : i
Hyg = — Z L 5 (ame™ ™" + af e“msin(ut)o”, (4.30)

This effective Hamiltonian Hj;g is time-dependent. Therefore, the time evolution

U(t) can be approximated with Magnus expansion.

U(t) _ T[efifot dtlHMs(tl)] _ eﬁ (4.31)
Elzﬂ/ﬁ7hﬁl (4.33)

H@:——/dh/cm (t1), H(ts)] (4.34)
_ ! / dat, / it / dts(([H (1), H(t)], H(t2)] + [H(ts), H(t)), H(t,))

(4.35)

5Unlike the individual cases from Eq. 4.27 and 4.26, it considers both co-rotating and counter-
rotating components and then applies RWA later.
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with T" as the time operator.

HY =Y aim(t)a, — ol (anlot

m

U
’imei iw . .
Qim(t) = <5l = € (1 cos(pt) = o sin(ut))]

For Hm)

fore, the remaining terms are

) —iwmt1 J o+ iwnta] __ t __J —iwmtl jtwnta
(o anme ,olat e = 6,00 0le e

i 4 twmtl 7 —twnt2] __ i ] iwmtl ,—iwnta
[oLa)e ,0lane | = —0mnoLole e

i ni,mnj,inQm [u Sln[(:u - wm)t]

2 2 w2 —w
i<j,m ﬂ m :u m

F(Q) _

o sinf(p + wy, )t N Wmsin(2ut)

—wmtaiaj

(4.36)

(4.37)

, the only non-commuting term in [H (1), H (t2)] are [am,, a;'] = 0. There-

(4.38)

(4.39)

The higher order of the Magnus expansion is HV>% = 0. With the Magnus expan-

sion, the time evolution U(t) can be split into two parts:
U(t) = exp[(Y_ dilt)ol +i Y xi(t)o0)]
i i<j
The first term describes the spin-motion coupling.

0i(t) = Y _lim(t)a, — a7, (D)an]

m

In fact, ¢;(t) is a displacement operation D = exp(a(t)a™ — a*(t)a).

The second term describes the spin-spin coupling

1 Ni,m15;m %S prsin](p — win )]
Xij (t) - 5 2 2 [
i<gm H T Wm f Wm

 psinf(p + wp )] n wWmsin(2ut)

— W]
P+ Wi 24
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There are two regimes where they contribute to the spin-spin coupling, with the
assumption that the evolution times to be longer than the periodic oscillation of the
ion (wy,t > 1).

The first regime is the “fast” region where the p is detuned close to w,,. This
is achieved by ensuring all a;,,(t) = 0 at all times which requires 2N + 1 control
parameters [59], where N is the number of ions for a set of motional modes. This
imposes a complex control problem as the solutions are pre-calculated to obtain the
highest entanglement fidelity. However, the number of control parameters can be
reduced by choosing the appropriate detuning ¢ from w,, for entanglement operations
[59-61] .

The second regime is the “slow”regime where p is detuned far from w,, relative
to the sideband Rabi frequency (|1 —wp,| > 1;:m$2). In this regime, the spin-motion
coupling becomes negligible as «; ,,(t) < 1. As a result of this regime, the last term
of Eq. 4.42 grows linearly with time and will dominate the time evolution and the
other terms are neglected, x;;(t) = 3 > icim Bempm iy ), 4.

2 u2—w2,

Hising = = I ool (4.43)
b2 i<jm P =

\
=Y Jyoiol (4.44)

i<j,m

Thus, the effective Hamiltonian is the Ising Hamiltonian. This can also be written

as:

bi mb; J,
_ 2 imbjm __ Jo
Jij =14 VRZ 12 — w? ~ i — o (4.45)

where vp = hAK?/(2m) is the recoil frequency. J;; & Jo/|i — j|* is the power-law
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decaying Ising coupling between spins ¢ and 7 with tunable exponent «, Jy > 0.

In the experiment, we implement quantum simulation in the slow regime. The
red and blue beatnotes are detuned away from all the w,,, with weons to be the closest
from the detuning. However, there is a practical limit on how far § = |u—weon| can
go because spin-spin interaction strength also decreases with 4. In the experiment,
we choose d = 372 to obtain a reasonable spin-spin interaction while minimizing the
spin-motion entanglement [62]. The n{ here is calibrated with a single ion where
N2 = vV/QedWpine and Qeq (blue) 18 the red (blue) sideband Rabi frequency. Although
the second scheme has phonon error, this scheme is implemented in the context of
analog quantum simulation, which does not require as high fidelity entangling gates

as in digital quantum simulation.

4.3.2 Ising Interaction with Transverse B-fields

The B-fields along x and y directions can be generated using Eq. 4.24 by
having a on-resonant third AOM tone when the Mglmer-Sgrensen interaction is on.
As for the effective B, field, during the Mglmer-Sgrensen interaction, the red and
blue sidebands are detuned asymmetrically (wyeq = wyr — 1t — 2B, Wpiye = Whyr +
i — 2B). This changes the frame of reference of the qubit and with the appropriate
Jijol.ol +

rotating frame, it gives raise to the effective Hamiltonian is H = ), <jm

B>, ol
4.3.3 Cross Terms of Magnus Expansion

With the B-field on, the Magnus Expansion series from (Eq. 4.31) does not
converge due to cross terms when the quantum quench of the Hy;g (Eq. 4.30) and
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carrier transition (Eq. 4.24) is applied.

Hurs = = 3 0% g ombmt 4 i ont it

Qc .
HCarr = _002 (446)

HTotal = HMS + HC’arr

From Eq. 4.31, F(I).

HY =S aim(t)af, — afpBanlot + Y %agt (4.47)
The first term is from Eq. 4.36 and the second term in A" is the B-field for the
simulation. F(Q) remains unchanged for B,-field because B, commutes with Hy;g.
For { # z, T has two additional time-dependent terms([Hyss(t1), Hoarr(t2)] and
[Hearr (t1), Hars(t2)]) that contribute to the cross terms. Let’s focus on the cross

terms on the 7th ion with the mth motional mode:

—(2) . HQiQCt + (_ﬂ + Wm) —i(ptwm)t
Hepos = _Z—Q(qu — ) [(am +a)) + S a— (ame " )
B (1 +2Wm) (amei(u—wm)t) _ (n "‘2“}"1) (azefi(u*wm)t)
s ) g sy o
(4.48)
I (RWA)
L nQQct n (1 + wm) i(p—wm)t
R G

All the terms in ﬁ(c?joss grow linearly with time. With the experimental parameters,

W+ Wy ~ 21 as i = w,, + 6, where ¢ is the detuning. 0 is on the order of 30 kHz
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(2)

Cross

and p ~ 4.5 MHz. With these assumptions, the H, is approximately:

B, = =i (0, 4+ at) = (ametmn)
o n) (4.49)

— (g e e No,0
Now, let’s recall the cyclic relation of Pauli matrices to understand the cross

terms.

0 1
Oy = (4.50)
10
0 —1
o, = (4.51)
v 0
1 0
o, = (4.52)
0 -1
10
I= (4.53)
0 1
0y, 0y = 2i0, [0y,0.] =2i0, [0,,0,]=2i0, (4.54)

When o = oy, ﬁg)oss will yield o, and —o, for ¢ = y,z respectively. This
contributes to additional spin-dependent phonon errors in the quantum simulation

when both Hjy;s and Hey,r are applied simultaneously. The magnitude of this cross

nQQc

term is on the order M) This Magus expansion does not converge in which

here we only investigate till the second-order term in the Magnus. The higher-order

spin-dependent phonon terms are studied in Ref. [63,64].
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4.4 Details about the experiment on Raman

In Chapter 2, we show the results of motional modes along with the transverse
directions of the trap because the Ak of the Raman beams overlaps with both
principle axes of the trap (5 and «). Therefore, the J;; interactions in Eq. 4.43 can
be generalized to:

Jij - JZ + Jg (455)

In this trap, we can rotate the principal axes of the trap 6 (Fig. 4.2). However,
when one of the principle axes is aligned to the Raman Ak, the motional modes
of the trap along these axes degenerate, resulting in inefficient Doppler cooling. In
principle, another Doppler cooling laser can mitigate the issue but we are currently
constrained by the space because we need another laser along the imaging path (z-
direction). Therefore, during the experiment, we set that the frequency separation

of both principle axes Aw,g/2m = 121 kHz, which gives us 6 ~ 40°.

4.4.1 Estimation of the angle between a principal axis to Raman

The principal axes are orthogonal with each other. The Raman configuration
in the lab overlaps with both principle axes of the trap (Fig. 4.2). The angle 6
between the principal axes and the Raman Ak can be estimated by measuring the
single-ion-on-resonant sideband Rabi frequency of the two transverse COM modes

with the same RF power to the Raman AOMs. We then calculate the ratio of both
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355 nm, Raman

|

Figure 4.2: Raman orientation with respect to the principle axes of the trap. 6

describes the angle between axis § to the Raman vector.

sideband Rabi frequencies r = 1R e can be expressed as the following:

NaSlr

r = 77—5 77/3704 = Akﬁ,al‘,&a = Ak‘/@:a

Na

o Akﬁ &
N Ak’a wp

(4.56)

where m is the mass of ™Yb' and wg, is the COM motional mode along the

principal axes § and «. This gives us the first equation to find #. The second

equation is Ak* = AkZ + Ak3. With these two equations, we can solve for Ak, and

Al{/gi
Ak, — Ak
r2:—i +1
Ay — Bk, [ws

T2 41 Wa

Then, 6 = arctan %, with the experimental measured r.
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Chapter 5: Ground-state Cooling

In the trapped ion platform, quantum information is encoded in the atomic
state of the ion chain, in which the collective motion of the ion chain is used for
entangling operations as described in the previous chapter. Therefore, it is crucial
to develop a cooling mechanism that prepares near motional ground-state for high
fidelity quantum operations [65]. This cooling process needs to be faster than the
motional modes heating rate of the ion trap for efficient ground-state cooling. The
few examples of sub-Doppler cooling are Sisyphus cooling [66], resolved sideband
cooling (RSC) [67], electromagnetically induced transparency (EIT) cooling [68]. In
the experiment, the initial cooling was done by Doppler cooling then followed by
sub-Doppler cooling methods to cool the ions to the Lamb-Dicke regime. The two

main sub-Doppler cooling techniques presented here are RSC and EIT cooling.

5.1 Resolved sideband cooling

Resolved sideband cooling (RSC) is a useful cooling method to cool atoms to
their motional ground state. The atoms are typically first Doppler cooled to localize
the atom and reach the Lamb-Dicke regime for effective RSC. The condition of the

Lamb-Dicke regime is given as:

”(2n+1) < 1 (5.1)
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where 7 is the Lamb-Dicke parameter and n as the motional quantum number of
the atom’s harmonic oscillator.

Let’s assume a two-level system with energy splitting wy between the ||,) and
|1.) and harmonic motional mode of w,,. The laser beam is tuned to address the
red sideband transition with frequency wy — wy,. As derived in Eq. 4.27, a 7 red

sideband transition will remove one motional quanta while flipping the spin state,

’\Lzan> - H\z,n - 1> (5.2)

Then, a carrier ™ pulse or optical pumping is applied to the atom

|TZ,TL - 1> — Hzan - 1> (53)

The above sequences are applied again till the atom is in its motional ground state.
In the lab, we apply Raman red sideband transition and follow by optical pumping
(Fig. 5.1). This process is repeated for 30-40 cycles to achieve an average COM
phonon number, 0.04 < ngon < 0.08. For optimal RSC, the pulse duration of the
red sideband transition is lengthened as the red sideband Rabi frequency decreases
with phonon numbers. This cooling technique is a powerful tool to achieve ground-
state cooling in trapped ions. However, RSC with only global control imposes
practical challenges, especially in large trapped-ion crystals. As more the number
of RSC pulses are applied, the cooling time scales linearly with time. For example,
the heating rate of an already resolved-sideband-cooled motional mode increases the
phonon number for this motional mode when other modes are resolved-sideband-
cooled. This may result in worse initial temperature after Doppler cooling. However,
there is a quadratic speed up in time with parallel sideband cooling with individual
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12.n)

wmI |~Lz ,n)

Figure 5.1: Raman sideband cooling. The spin is optical pumped to [{.,n) state. A
red sideband 7 ||.,n) — |1.,n — 1) and optical pumping [T,,n — 1) — ||.,n —1).
This process is repeated and goes down to the harmonic oscillator ladder till the
n = 0.
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qubit addressing for RSC [69]. This provides an alternative scheme in RSC for the
system with individual-qubit addressing, which the apparatus in this thesis currently

does not.

5.2 Electromagnetically induced transparency (EIT) cooling

Another sub-Doppler cooling mechanism is EIT cooling, where it allows si-
multaneous ground-state cooling over a bandwidth of motional spectrum with only
global control. The fundamental mechanism of EIT exploits quantum interference
in a three-level A system to create a tunable spectroscopic profile for efficient cooling
of ion chain within the desired bandwidth of motional modes. EIT [70] is an exten-
sion of “coherent population trapping” [71,72] where the absorption of a transition
is suppressed due to destructive interference from two transitions to the excited
state in the A system [73,74]. Here, we use EIT to suppress the carrier transition
l1.,n) < |1.,n) and minimize the blue sideband transition ||,,n) <+ [1,,n+ 1)
while maximize the red sideband transition |},,n) <> |1,,n — 1) to achieve ground-
state cooling’. In '"'Yb™, EIT cooling works in a tripod-level configuration which
can be reduced to an effective A system. Before we delve into EIT cooling in "' Yb*,

let’s start with EIT cooling in a three-level system.

5.2.1 Three-level system for EIT cooling

First, we will neglect the motional states and only consider a three-level system
with ground state |g), excited state |e) and meta-stable or stable state |r) (Fig. 5.2

a). |e) are coupled to both |¢g) and |r) states via dipole transitions that can be

!This is the punchline of EIT cooling mechanism.
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Ag/T=A,/T

Figure 5.2: EIT cooling of the three-level system. a) The pump (probe) beam is
detuned away from the excited state by A, (A,). The intensity of the pump beam is
stronger than the probe beam (€2, > ;). The blue (red) state is one quanta of the
motional mode w,, above (below) from |g). b) Absorption spectrum of the excited
state pe. as a function of A, which is normalized with respect to the linewidth I' of
state |e). pee =0 at A, = A, as indicated by the blue dashed line in the inset.

Absorption profile p (a.u)

generated with laser fields. A strong (pump) beam, with Rabi frequency €2, and
detuning A,, excites the transition |r) — |e) and a weak (probe) beam, with Rabi
frequency (2, and detuning A,, excites the transition |g) — |e). This application of
lasers results a Fano-like profile where the zero absorption case happens when both
detunings of the lasers are the same A, = A, (Fig. 5.2). We modify atom-field
Hamiltonian from Eq. 4.9 to describe the three-level system of EIT. For simplicity,

the wavevector and phase dependences are removed from Eq. 4.9 in this derivation?.

The atomic Hamiltonian and the atom-field Hamiltonian (Hg;r = Ha + Hap) is

2Ref. [75] provides a full derivation of EIT.
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denoted as:

Qg Twgt
—Wy 0 e
Hgmr = 0 —Wy %e’“*t (54)
Qg —iwgt Qr —iwrt
RE e 0

where —w,; and —w, are the eigenvalues of the Hamiltonian in the absence of the

coupling fields. Next, we apply unitary transformation U(t) on |¢(t)) to remove

all time-dependence from Hgrp and obey the time-dependent Schrodinger equation

0|u(t))
T

= Hgir ‘z/;(t)> The new basis is written as ’¢Et)> with U(t) as:

e”wit 00
Ut)y=| 0 et 0 (5.5)
0 0 1

= (201 + OH 0 |01 (5.6

Therefore the time-independent EIT Hamiltonian is

H];[T:Zaa—[;UT—F[?HE[TUT

0y
Ay, 0 =2
= 0 A % (5.7)
Qg T
S50

In order to find the population of each state, we need to solve the Master’s equation

o _

% = —ilHzr, ]+ Lp 5.9
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where
p=[win)(vi)] (5.9)
Lp= Y (b;pbl — [blb;, p)) (5.10)
J=g.r
p the density matrix and L = I'; |j){e| is the Lindblad operator to account the effect
of spontaneous emission to |¢g) and |r) which are denoted as I'; and I, respectively

with ' as the linewidth of |e) (Fig. 5.2 b). For steady-state solution, we take % =

The solution of excited state density matrix p.. can be written as [67]:

40y — A,)2T0202

; (5.11)

Pee =

C=((Ay = A)P(STQ2O2 + AT (T Q2 + T,Q7) + 16(AZQT, + AXQT,))
+8(Ay — A (AQT, — AJT,) + () + Q22 (QT, + Q2Ty))  (5.12)
Another way to understand EIT is via dressed state [68,76]. The pump beam

applied to the A system causes AC stark shift of atomic levels, which leads to the

creation of dressed states (Fig. 5.3%.).
|+) = sind|r) + cosf|e) (5.13)
|—) = cosf|r) —sind |e) (5.14)

where 6 is in the form

tanf =

VAZ+ Q2 — A,
L 5.15
o (5.15)
The AC Stark effect shifts the energies of dressed states by:

1
5= (VAT AT-1A,) (5.16)

3This figure is based on Ref. [76]

91



The probe beam couples the dressed state to |g). The application of both beams
creates the Fano-like absorption spectrum (Fig. 5.3).

By setting A, = A, = A, the energy eigenvalues of H prr are given by (Fig.
5.3 b):

Ep=A (5.17)
Er = A=+ (5.18)

During EIT cooling, the stationary atoms are trapped in the dark state | D),
which comprises of mostly |g), irrespective of its initial state [73]. However, if the
atoms are trapped in a harmonic oscillator with frequency w,, and 0 = w,,, the
motional modes of the atom can drive the population out from the |D,n) to the
bright state |[4+,n — 1) (Fig. 5.3c). Then, the population |4+, n — 1) spontaneously
decays to |D,n — 1). In the trapped-ion experiment, § can be set to cool the COM
transverse motional mode weoyr most efficiently, and the other lower motional modes
within a certain bandwidth can be cooled simultaneously. However, EIT cooling,
unlike RSC, cannot deterministically prepare ions to their motional ground state as
blue sideband excitation is still present. The steady-state average phonon number

n(A,) of EIT cooling as a function of A, [67] is given by:

Pee(Dg) + pec(Dyg — win)

n(A,) = 5.19

( g> pee(Ag + wm) - pee(Ag - wm) ( )
When the AC Stark shift § = w,,, and A, = A,
_ I,

n= (4Ar) (5.20)
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Figure 5.3: EIT cooling with Dressed State. a) Left: The A system in EIT cool-
ing. The pump beam creates dressed states |+) and |—). Right: This shows the
transformed dressed states (|+) and |—)). The energies of the dressed state are AC
Stark shifted by . The probe beam couples |g) to the dressed states. b) Absorption
spectrum of pe.. The maximum Lorentzian feature in p.. at F_ indicates state |—).
The dark state |D) (with Ep) is when p.. = 0 while the bright state |+) (with F.)
is the maximum of Fano profile. Inset: Magnified image of the Fano profile. ¢ is
tuned to be w,,. The red dashed line indicates the red sideband transition, which
is maximized for optimal EIT cooling mechanism with minimal blue sideband ex-
citation (blue dashed line), while suppressing the carrier transition (black dashed
line). ¢) The motion of the atom drive the sideband transition. EIT cooling works
efficiently with 6 = w,,.
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5.2.2 EIT Cooling in a Tripod System

The extension of EIT cooling beyond the three-level system has generated both
studies in theoretical [77-79] and experimental [12,80, 81] studies. This extension
features EIT cooling with atom which its atomic structure has four or more atomic
ground state, like 1"'Yb*. Here, we demonstrate EIT cooling with a four-level tripod
structure in 1™'Yb* [12]. The EIT cooling in *"*Yb™ featured here uses the transition
between 255 |F = 1) <3* Pyjp|F’ =0) = |e) (Fig. 5.4a) where linewidth of the
excited state (|e)) I' = 19.7 MHz. The Zeeman states |[£1) = |F = 1,mp = 1)
are Zeeman shifted by Ap= +7.7MHz with respect to |0) = |F = 1,mr =0) by a
constant magnetic field B,.. = 5.5G along the y-axis. This EIT scheme involves a
simultaneous and global application of two 369.5 nm lasers with all components of
polarization (Fig. 5.4). The weak probe beam with 7 polarization is along the axial
direction of the ion chain. The pump beam from the perpendicular direction of the
ion chain has both ¢ and ¢~ polarizations where the ratio of both polarizations
is controlled by a birefringent waveplate. With the methods shown in Eq. 5.5-5.7,
the time-dependent part of the Hamiltonian of this tripod system can be eliminated

and written as:

Ay 0 0 &2
0 Ay 0 &
H= (5.21)
0 0 A &
Q1 Q 1951
= 2 3 U




Figure 5.4: EIT cooling in '"Yb™. a) Bare states of a four-level tripod structure
in 'YbT in EIT cooling. All the coupling lasers are shown with their respective
detuning, Rabi frequencies and polarizations. The pink shading illustrates the ef-
fective EIT A system with 7 beam as the probe beam and ¢~ beam as the pump
beam. b) EIT cooling laser configuration in the lab. The ¢ pump propagating
perpendicularly to the ion chain (y) and the 7 is along the chain axis (x).

where each ground state |k) couples to the excited state |e) via a dipole transition
with its respective polarization, Rabi frequency Qy, detuning Ay from the |e) . Here,

we set Ag=A; =Aand A_; = A —2Ap.

5.2.2.1 Simplification from four-level tripod system to effective A sys-
tem

From the eigensystem of the four-level tripod, the dark state |D) comprises
of both |0) and |1) with energy Fp = A. The two additional bright eigenstates
|B+) consists of mostly |e) (Fig. 5.5a). Their corresponding energy eigenvalues
are close to the two bright states energy eigenvalues in the A system (Eq. 5.18),
Epi ~ $(A+/A? + Q3 + QF). The last remaining eigenstate ‘B>, is another bright
state where the majority of its state is |[—1) with a relatively small percentage of

the |e), |0) and |1). ‘f? > can be approximated as being decoupled from both |0) and
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|1) states. Therefore, the four-level tripod system can be simplfied to an effective
A system consisting just |e), |0) and |1) states (pink shading of Fig. 5.4a)?. In this
simplification picture, o beam serves as a re-pumper to remove population from
the |—1) state.

In this effective A system, the excited state population p.. is given from Eq.

5.11-5.12:

AN2TO202
Pec = % (5.22)

¢ = 8A2Q20T + 2AT30? — AAAQT + %Qﬁl“
+ 8AT(ATO2 + AZ0?) + 44, AQT (5.23)
with A = Ay — A;. Here, I', =Ty, from Eq. 512 is 'y = I'y = %F because we
have 0% acts a re-pumper and the spontancous decay to both |0) and |1) state

equally. With the assumption that A; ~ Ay and Qy < (€1, Ay), the excited state

is simplified to:
N A202
A2T2 4+ 4(Q2 /4 — AAg)?

Pec(D) (5.24)

For sanity check, the minimum of p.. is at A = 0, which corresponds to the dark
state, and the nearest maximum appears at A = %(\/m + Ay), which is the
bright state. The cooling bandwidth is estimated by finding at which detuning Ag
where the cooling stops. This condition happens when the blue sideband absorption

spectrum is higher than the red sideband absorption spectrum, pe. < pee(A) —

4This effective A system provides an intuitive picture with the above A; and ©; parameters.
Solving the four-level tripod eigensystem and Master’s equation will give a more comprehensive
solution, which can be donein Mathematica, Matlab, Python, etc.
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Figure 5.5: Numerical calculation of the four-level tripod system of '"*Yb* for EIT
cooling with Rabi frequencies 2_; = 0.7, 0y = 0.35I', ; = 2.0I' and detunings
A_; =360, Ag = A; =447, a) The eigenstate decomposition in the dressed-
state in terms of the bare states, indicated by the color bars (|e): gray, |—1): purple,
|0): orange, |1): green). The red (blue) arrow indicates red (blue) sideband transi-
tions. The black wavy arrow represents spontaneous decay. b) Absorption spectrum
of the excited state pe. as a function of the probe laser detuning A, calculated by
numerically solving the steady-state Master’s equation. The green box shows the
magnified view focusing on the Fano profile for EIT cooling. The gray dashed line
shows the experimental probe frequency during EIT cooling. A few examples of
experimental transverse modes are marked with colored lines increasing from red to
blue. ¢) The calculated steady-state average phonon number 7, .

pee(—A). This the cooling bandwidth is given by:

1
Wo m 5R(1+ VDA + /A3 + 03 - VB +2V2EAL + 03]

o 1+v2 0f

~ i} 5.25
3/2+ V241 Ay (5.25)

5.2.2.2 Four-level tripod numerical result

Similar to the explanation of the previous section, the steady-state population
is trapped in the dark state when EIT cooling beams are applied to the stationary
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atom. With the motional modes of the atoms, the population can be driven out
from the | D). In this tripod system, we set Eg, — Ep = w,, to drive the state from
|D,ny — |By,n—1). Then, the population in |B+,n — 1) decays to |D,n — 1).
This cycle continues until it reaches to steady-state average phonon of the mth

motional mode wy, [67,79]:

_ _ pee(AO) + pee(AO - wm)
o pee(AO + wm) - pee(AO - wm)

(5.26)

where pee(Ag) and pee(Ag £+ wy,) are the numerical steady-state population of the
excited state |e) at the carrier and sidebands respectively (Fig. 5.4). With this
calculation, we can tune the experimental parameters (€2; and A;) to achieve the
lowest cooling limit with a wide motional modes bandwidth.

From the four-level tripod configuration, we calculate the absorption spec-
trum with the steady-state solution of the master equation with the four-level EIT
Hamiltonian (Eq. 5.8-5.9)

9 _

5 —i[H, p] + Lp (5.27)
1
Lp= Y (bjpb! — [blb;, p]) (5.28)
j=—1

b; = /T/3j)el (5.29)

The numerical study is depicted in Fig. 5.6.

5.2.2.3 Four-level tripod experimental result

In this work, we employ the cryogenic trapped-ion setup discussed in this
thesis [11]. The ions are confined in a linear RF trap with two transverse COM
frequencies w, = 2m x 4.45 MHz and wg = 27 x 4.30 MHz with axial frequency

98



iﬂw
-1
2 25 3 35 7

3.5
b) ?
T 148 075 TP
. . ) X

COM

X e 4.7°_
I 05 .AAA 46 025 A 46 —
A.o......o. 4.5 0........ 4.5

1

O/T

5 2 25 3 35 4

9

0/T

5 2 25 3 35 4

Figure 5.6: Numerical result of average phonon number with EIT cooling. a) The
heat map plot shows the average phonon number (color map) as a function of mode
frequency and Rabi frequency of the pump beam. The detuning of the pump beam
is set to A; = 4.47T. Left: the detuning of the o beam is set to A_; = 3.69I" and
the Rabi frequency is 2_; = 0.35€2;. Right: the detuning of the o™ beam is set to
A_; = -4.47T and the Rabi frequency is Q_; = Q. b) The optimal detuning A,
and the corresponding average phonon number for the COM motional mode.
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Figure 5.7: EIT laser configuration in the experiment. a) The o* beams combines
with one of Raman beams with a dichroic mirror. The EIT wavevector difference
couple to both principal axes of the trap. Therefore, EIT cooling can cool both sets
of transverse modes. b) The counter-propagating Raman beams have wavevector
difference perpendicular to the ion chain axis, which also couple to both principal
axes of the trap. The Raman beams are tilted by 6 with respect to principal axes
B, which enables sideband spectroscopy on the transverse modes. Axis « is per-
pendicular to axis 3. In this experiment, § = 40°. ¢) The level diagram of "'Yb™
with states in 2S;/, and 2Py /5. The second order of 7.34 GHz EOM is used to mod-
ulate the pump beam (dashed arrow lines) for removing the population from the
%S1/2 |F = 0) state. The light gray line indicates a weaker o re-pumped beam than
0.
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Figure 5.8: EIT cooling performance of a single ion. a) Bright state population
P; of the red (blue) sideband Rabi flopping between the qubit states, (depicted as
red (blue) experimental dots and fitted line from the data). R,,,(t) is obtained
by comparing the ratio red and blue Rabi flopping population at time t to extract
ncom- b) Measured nooy (black dots) as a function of EIT cooling time t. for
the COM transverse mode at 27 x 4.45 MHz. The data is fitted to an exponential
decay with an offset to extract the 1/e cooling time. c¢) Measured ficoys (orange
dots) as a function of Ay. The orange line indicates the numerical solved Master’s
equation. Both plots use the same experimental parameters: 2; = 2.0, g = 0.76I"
=081, Ay =450, Ag =4.54T" and A_; = 3.69I". There is a good qualitative
agreement between the numerics and experiment and good quantitative agreement
near the EIT dark resonance where we operate in the experiment.
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Wae = 2m X (0.29 — 0.39) MHz, depending on the number of ions. Both transverse
modes are cooled as the wavevector difference of the EIT beams overlaps with the
principal axes of the trap (Fig. 5.7). We also added a 14.7 GHz sideband on the o*
beam to pump all the population out from the |],) state. We start the experiment
with Doppler cooling — ground-state cooling — optical pumping (initialize qubit
to J.). Then, we measure the vibration population of the transverse modes using a

pair of counter-propagating 355 nm Raman laser to perform sideband spectroscopy.

red
We compare the ratio of the red and blue sidebands R,,, = IiTe((% (Fig. 5.8a) to
+
extract fi,, = —m_ [67]
Wm = T—Ru,, :

We start the EIT cooling with a single '™'Yb™ ion with the optimized Rabi
frequencies and detunings of both the pump and probe beam. To further optimize
the EIT cooling, we vary A, of the probe beam and measure the phonon number
in the COM mode for each configuration. The measured optimal thermal phonon
number agrees with the numerical result but deviates as Aj are tuned away from the
optimal thermal phonon number. We attribute this to imperfect o* polarizations
due to the dichroic mirror. We also measure the steady-state phonon number with
various cooling times t¢ to extract a 1/e cooling of 48 p1s. We achieve 7, = 0.08
with a cooling rate of 8.4 x 10* quanta/s (Fig. 5.8).

Next, we perform EIT cooling on longer ion chains with length N = 5,15, 23, 40
(Fig. 5.9 a-d) using the same experimental parameters in the single ion case. n,,, is
obtained by comparing the corresponding red and blue sidebands peaks of an w,,.
We apply a fixed EIT cooling time of t. = 300us for all system size and observe
a stronger suppression of the red sideband than the blue sideband. This indicates
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Figure 5.9: Long ion chain EIT cooling performance. a-d) The red and blue motional
sideband spectra of ion chainswith length N = 5, 15, 23, and 40 ions as shown as in
the inset. The horizontal axis is the detuning from the carrier transition Ag. The
COM motional modes do not change, and two more transverse frequency with each
additional ion. The asymmetry of the red and blue sideband excitation indicates a
large cooling bandwidth of ~ 3 MHz. The experimental data (dots) are Gaussian
fitted (solid color lines) to identify the peaks. e) The extracted steady-state phonon
number of selected transverse modes across the 40-ion chain. The dots represent
experimental data with the solid blue line as the numerical prediction with the same
experimental parameters.

an efficient EIT cooling of transverse motional modes. We observe n,, —as low as
0.04 + 0.01 for specific modes and 7, < 0.54 within the 3 MHz bandwidth (Fig.
5.9 e). Thus, we have achieved an efficient and wide bandwidth EIT cooling of the
transverse motional modes with fixed EIT cooling time, independent of the number
of ions. As a comparison to show that EIT cooling is working, we took the red and
blue sidebands of the 31 ions where the ions are only Doppler cooled (Fig. 5.10).
Finally, we investigate the cooling performance of EIT cooling with RSC of se-
lected modes in a chain of 36 ions using motion-sensitive carrier Rabi flopping. As we
scale up the system size, the transverse mode spectrum becomes dense, and driving

sideband Rabi oscillation becomes challenging. An alternative method for cooling
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Figure 5.10: The red (in red) and blue (in blue) Raman sideband spectra of 31-ions
chain after 2 ms of Doppler cooling. The dots indicate experimental data and solid
lines are Gaussian fits to guide the eye. The motional modes for the chain have a
bandwidth of 1.5 MHz. The peak heights of the red sidebands after Doppler cooling
can be contrasted with that of Fig. 5.9 (a-d) after EIT cooling, to illustrate that
EIT cooling works better than Doppler cooling over a large bandwidth.

performance is to use counter-propagating Raman beams to drive the motion of the
ions. It gives a global measurement total average phonon number of the motional
modes. The direct effect of the phonon number is through the Debye-Waller effect
on the carrier Rabi frequency on the 7 ion that suppresses the interaction. Assuming
each motional mode m is in the thermal state with average phonon number n,,, the

carrier Rabi frequency on the ¢ ion is:

= O exp [= 3 7+ 1/2)] (530)

where each mode is within the Lamb-Dicke regime 7?2, (n,, + 1/2) < 1 [67]. The

Rabi flopping of the ith ion with the initial state

¢Fj)> is given by:

; 1 — Cy(t) cos(ut — ¢
PO(t) = 5 ( ) (5.31)
where the phase ¢ < 1. The contrast of the PT(i) (1)
) =Ty ey~ 1= QP Y, (532)
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where the approximation assumes sufficiently early evolution times. Here, the C;()
suppresses both the Rabi frequency and contrast of the Rabi flopping. Unlike the
sideband spectroscopy, this method does not extract the individual n,, . However,
with the measured Rabi evolution of each ion, we can extract global information
about the thermal motion of the ions. We fit the observed Rabi flopping of each ion
in the chain to Eq. 5.31 to the following function:

_ 1—[1—A(Bjt)?] cos Bit
B 2

+ Py (5.33)

where A = £ ni n2 and B; as the Rabi frequencies for each ion. P, is an offset
term to account for detection errors.
With these global observables, we gauge three different cooling schemes. Method

1 is the control that implements only RSC centered on the two COM modes, which
cool the COM and the neighboring modes. Method 2 applies four additional modes
that are further away from the COM to cover the full motional spectrum of the 36
ions, ensuring all the modes are ground-state cooled. Method 3 combines broadband
EIT cooling with Method 1. Overall, both Methods 2 and 3 have shown improve-
ment on the Rabi flopping than Method 1. However, Method 2 costs twice a much
time as Method 3 to achieve similar performances®. The data here assumes that
laser intensity noise is not the main factor in decreasing the Rabi oscillation con-
trast. The main objective here is to observe the relative improvement of the above

cooling schemes under similar experimental conditions. The comprehensive treat-

ment will using co-propagating Raman beams to isolate the motion contribution

SHere, the laser power of RSC is limited. The RSC time can be reduced with higher laser
power. However, when the laser power is unlimited, the carrier transition of the qubit would be
driven, resulting inefficient RSC.

105



Method 1 Method 2 Method 3

(a) Total Cooling Time t =0.4 ms Total Cooling Time t =1.47 ms Total Cooling Time t; = 0.7 ms
10! A=0.015+0.001 A=0.009 + 0.001 A=0.011£0.001
. [ ]
0.8 5 M
G 0.6
0.4
0.2
0.0 Big /217 = 22.9 kHz ‘ Bis 1217 = 24.8 kHz Big 1217 = 24.8kHz
’ 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
(b) t (ms) t (ms) t (ms)
2671 00°%%%%00,
E 25¢ ©0900000009°9000,_ o ....’—ﬁl“‘ o
X 24[%%000000,0 T vev%% ®eq
= 000, ®e o,
~ 23 L7 555 ° °
= _ ®%e000, _ ®o, _ O
o 22[ mB/2m =229 + 0.1 kHz ®oe =B/2m =24.2 + 0.1 kHz = B/2m =24.5+0.2 kHz L
21 o
(c) 7 _ _
0.02 =A=0.0133 + 0.0003 =A=0.0096 + 0.0002 = A =0.0092 + 0.0002
5 !Himi*n Higy Hht :
0.01$88388} iy thptanngagag gty HE by iﬁmhmm%lﬁmﬂ
¥ ]
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
lon Index lon Index lon Index

Figure 5.11: The performance of three different cooling schemes with a 36 ion
chain characterized with a motion-sensitive carrier Rabi oscillations. The trans-
verse modes here are spread between 2-4.45 MHz. The Doppler cooling time is
neglected. a) The Rabi flopping of the 18th ion. The red lines show the fitted result
with Eq. 5.33. The measured best-fit parameter the Rabi frequencies B; b) and A.
c) with Eq. The red horizontal lines represent the average of B and A across the
ion chain. Fach column shows the result from three different ground-state cooling
schemes. Left: 40 cycles of RSC on each of the COM motional modes at 4.4 MHz
and 4.35 MHz with a total cooling time ¢t = 0.4ms. Middle: Another four additional
40 cycles RSC for each of the frequencies at 3.57 MHz, 3.25 MHz, 2.43 MHz, and
2.07 MHz with ¢ = 1.47 ms. Right:Combination of 0.3 ms EIT cooling time with
Method 1 RSC cooling with a total cooling time of 0.7 ms. The asymmetry of the
Rabi frequency (b) is likely from the uneven micromotion across the chain with
length of =~ 76um.
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from the laser noise to obtain the decay due to laser intensity noise.

5.2.2.4 EIT calibration and qualitative discrepancy in numerical and
experimental data

The EIT cooling parameters are first calibrated before data taking. The de-
tuning A; with ¢ = —1,0,1 can be easily set with the RF frequency generated
by the DDS to the AOMs. The Rabi frequencies €; are calibrated with Ramsey
spectroscopy. We first calibrate the microwave driving frequency with the energy
splittings between 25; /5 |F = 0) (||.)) and 2S5 |F’ = 1), which consists of |i) with
i = —1,0,1. We roughly find the hyperfine (|].) <> |0)) and Zeeman transitions
(4z) <> |£1)) by scanning the microwave frequency with their respective fixed
time as the Rabi frequencies of these transitions are different®. To fine-tune the mi-
crowave driving frequency, we do a Ramsey scan (7/2 — scan the wait time — 7/2)
and change the microwave drive and then 7/2 time till we achieve a flat line. For
each EIT beam calibration, we apply a calibrated microwave m/2 pulse to prepare
the ion in the superposition state of the ||.) and the respective 25 o |F' = 1) states.
Next, we shine each of the EIT beams separately on the atom and scan the indi-
vidual EIT beam pulse time. Finally, we apply another 7 /2 microwave pulse before
measuring. From this, we can obtain the AC stark shift for each polarization for

each EIT beam from the Ramsey oscillation (Fig. 5.12), which is approximately

given by:
: 0?2
o) = i 34

6This depends on the orientation of the microwave with respect to the B-field. The microwave
horn placement is approximately diagonal with respect to the B-field here.
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Figure 5.12: Ramsey measurement for calibrating EIT cooling beams. Left: Ramsey

measurement between 25y, |[F = 0,mp =0) > 2Si5|F =1,mp = —1). Middle:
Ramsey measurement between 251/, |[F =0,mp =0) <« 2S5 |F =1,mp=0).
Right: Ramsey  measurement  between 2S5 |F = 0,mp = 0) <

2S12|F =1,mp =1). a) Ramsey fringes of EIT pump beam. b) Ramsey
fringes of EIT probe beam.

From this measured AC stark shift, we extract the Rabi frequencies of all the EIT

beams with all the polarization components:

Pump beam (pm) : (Q)™, Qf™, Q") =(2.0T",0.8T",0.8I)
Prob beam (pm) : (QF", Q5" Q) =(0.17T",0.76T", 0.18T")
The EIT cooling parameters need ; = Q)" Qq = Qf, Q_; = Q. The rest are
imperfect polarizations.

We test EIT cooling on the highest COM mode w, with a single ion with all
the parameters calibrated. Then, we proceed for longer ion chain using the same
parameters. In the experiment, we start with 2 ms Doppler cooling which reduces
the waep, to 7~ 5, then follow by EIT cooling for 300 ps and finally measure the

n.

We attribute the discrepancy between the experimental data with the numer-
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ical result in Fig. 5.8 to the imperfect polarization of the laser beams. First, this
effect can lead to biases in the AC Stark shift calibration of the Rabi frequencies
used in the numerical calculation. In addition, this can give rise to spurious bright
resonance which its absorption profile can cause heating. We investigate the effect
of the impure 7 component of the pump beam and o* component of the probe
beam. We notice that impure beam polarization has the same EIT dark resonance
as the ideal polarization scheme, which suppresses the carrier scattering at the op-
timal EIT cooling condition. However, once the probe beam moves away from the
EIT dark resonance, the carrier suppression in the impure polarization scheme has
diminished as the bright resonance of the impure scheme is very close to its dark
resonance. This carrier scattering results in inefficient EIT cooling or ‘EIT heating’.

Furthermore, the theoretical model does not consider all of the states in the
%S1/2 <»*Py) transition. In the experiment, we also have EOM to modulate the
o* beam with an EOM to remove the population from the ||.) state. Lastly, the
numerical model does not consider the interaction between ions when cooling a long

ion chain. This may complicate the cooling process [82].
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Figure 5.13: Coupling from polarization impurity. a) Blue shows the main EIT cool-
ing scheme driven by the major ¢~ component of the pump beam and the major
7 component of the probe beam. However, the experiment beams are imperfect.
Here, we include the small 7 component of the pump beam and the small o™ com-
ponent of the probe beam (orange). (b) The EIT absorption profile around the
cooling window is calculated by only considering the blue or orange configuration
separately from the experiment calibration. The black dashed line marks the probe
frequency during cooling.The red to blue lines denote several examples transverse
mode frequencies with their value increasing as the color continuously changing from
red to blue. Dashed (solid) lines indicate blue (red) sidebands. The dots (circles)
indicate the value of p.. at the corresponding sideband frequencies for the major
(minor) configuration.
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Chapter 6: Analog Quantum Simulation

In Chapter 4, we have provided a toolbox for quantum simulations. Although
such a quantum simulator is not a universal quantum computer [83,84], it can
be tailored to study particular quantum models such as TFIM. In this lab, we
have explored this quantum simulator for optimization [85] and many-body physics
[13,86]. This thesis focuses on the quantum simulation experiment — “Domain-Wall
Confinement and Dynamics in a Quantum Simulator” [13]. Here, we study the effect
of confinement with its implications on information spreading in many-body system
and excitation energy of domain-wall bound states from non-equilibrium quench

dynamics.

6.1 Information propagation

The propagation velocity of quantum information can be measured by ob-
serving how fast different parts of the system becomes correlated [87,88]. Thus, it
is interesting to study quantum many-body systems to understand how quantum
information propagation is influenced when different interactions are engineered in
the system for quantum computing [89], quantum simulation [90], and quantum
metrology [91] purposes. Systems with power-law interactions, where the interac-

tion strength falls off according to »~® with distance r and o > 0, are studied for
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their rich physics. One prominent examples of such an interaction is the short-
range interaction where a > 3. In the short-range model, the velocity spreading is
bounded such that it exhibits a linear light cone correlation spreading [92]. This
is called the Lieb-Robinson bound, which furthers the understanding of local in-
teracting quantum many-body system [93]. This similar study has been extended
to understand quantum information and entanglement spreading in the long-range
model [94]'.

In the experiment, we perform a quantum quench and observe the implications
of confinement in the spreading of correlations. As explained in Chapter 4, we apply
a quantum quench and measure individual spins, which enables us to calculate the
magnetization and many-body correlations. We use the two-body correlator to

calculate the connected correlations:

Cii(t) = (o7 (1) (1)) — (o7 (£)) (05 (1)) (6.1)

where C’fj (t) measures the correlation between spins i and j along the axis ( =
x,1y,z. The first term in Eq. 6.1 is a two-body correlator, and the second term
is a normalization offset to ensure that an uncorrelated measurement equals zero.
Therefore, C7,(t) = 0 for uncorrelated spins, Cf;(t) = 1 for correlated spins and

C¢;(t) = —1 for anti-correlated spins.

6.2 Confinement model

Confinement is a ubiquitous mechanism. Particles subject to confinement

experience an attractive potential that increases without bound as they separate.

IThis reference is one of the examples in this field.
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Figure 6.1: Hadronic particles. A hadron can be categorized into two categories
a) baryon (made up of an odd number of quarks with > 3 quarks) or a b) meson
(made up of a quark and antiquark). Gluons (spring lines) bind the quark together,
forming hadronic particles. Gluons carry color charge of the strong interaction, and
they interact with themselves and the quarks. For physical particles to exist, the
combination of quarks needs to have a net color-neutral charge. This property is
called color confinement. For example, the three quarks in the baryon particle a),
each have three different colors (red, blue, and green) charge to form a color-neutral
charge. It also can be in the form of superpositions where each term consist of three
colors. Meson b), on the other hand, has a quark with one of the primary colors
and antiquark with anticolor of the quark’s color to obtain net zero color charge.
The superposition for the color charge can be in the form of color with its anticolor
for each term. The quantum simulation experiment here explores the concept of
confinement that is analogous to meson.
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One prominent example of confinement is color confinement in quantum chromo-
dynamics (QCD), where quarks are confined into hadronic particles by the strong
interaction that increases with the particles’ separation [95,96]. The concept of
confinement is well-established, but a quantitative understanding of the connection
between theoretical prediction and experimental observation remains an active area
of research [95,96]. The study of confinement can be extended to the context of con-
densed matter and statistical physics, where it can occur in a low-energy quantum
many-body system, which can provide insight into confinement from the microscope
perspective. In previous works, the static and equilibrium of such confined system
have been well studied both theoretically and experimentally. However, as shown
in recent theoretical studies, the effect of confinement can also have dramatic con-
sequences for non-equilibrium dynamics in a quantum many-body system, such as

suppression of information spreading and slow thermalization [97-104].

6.2.1 Analogy of confinement in with the Ising model

This analogous effect of confinement occurs in the 1D nearest-neighbor short-
range Ising model with both transverse and longitudinal B-fields, in which the out-
of-equilibrium dynamics can be used to quantify confinement [97]. In this theoretical

study, the Hamiltonian is given by:
H=-J Z[afafﬂ + B.,o; + B,o}] (6.2)

For B, = 0, the domain-walls (regions with spins that are anti-aligned with each
other) propagates freely (Left: Dashed line of Fig. 6.2). However, when B, # 0,
Eq. 6.2 induces a linear confining potential that prevents the domain walls from
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Figure 6.2: Domain-wall confinement analogy to color confinement in QCD. Left:
An illustration of individual spin dynamics under the effects of confinement after
a quantum quench. Spins up (down) are represented by red (blue) arrows where a
domain-wall is the region between the spin up and down. The linear dashed line
shows the domain-wall propagation after the quantum quench with nearest-neighbor
TFIM. However, when there is an additional longitudinal field in the quench (Eq.
6.2), this additional field confines the pairs of domain-wall as shown in the black
lines. Right: A domain wall (green circle) is represented as a quark, and the anti-
aligned domain wall as antiquark (pink circle). In the presence of the confining field
due to the longitudinal B-field, these two paired domain walls are bounded, creating
a quasiparticle. This is analogous to the QCD’s color confinement, where the two

quarks are bounded to generate a meson.

115

>

Ising Model QCD
e Quark/Antiquark
Tl °
e o
Pair of .bound Meson

domain-walls

rrddlrr e °

V(x) V(x)



propagating. The pair of bound domain walls creates a quasiparticle, similar to a
meson in QCD. Such a confining potential that increases as the distance between the
two domain walls lengthens is the main criteria for confinement in the many-body
quantum system. The effect of confinement is measured by calculating the connected
correlation along the interaction direction () Cf;(t). As shown in Ref [97], with
B, = 0.25, the correlation spreading is confined even for a small B, = 0.025.
Furthermore, the masses of the pairs of bound domain walls (quasiparticles) are

exhibited by the oscillating dynamics of an observable.

6.2.2 Long-range TFIM for Confinement

The theoretical study of confinement in the many-body system is extended
to the long-range TFIM without the longitudinal field® [101]. Liu et al. [101] find
that the long-range interaction in the TFIM introduces an effective attractive force
between a pair of domain-wall that confines them into a bound state (Left of Fig. 6.4)
which is similar to Kormos’ findings [97]. This long-range confinement Hamiltonian
is given by:

HLR: —<ZJlJO'fO';:+BZZO'f) (63)

i<j

where J;; ~ Jo/|i,j|* is the power-law decaying Ising coupling between spins ¢ and
j with a tunable exponent o and J; > 0. The confining potential in this long-
range model also increases with domain-wall separation (Fig. 6.3). Therefore, this
model exhibits the effect of confinement, such that the dynamics of the connected-

correlation C7,(t) is confined as studied in Ref [97]. This is not expected to occur

2This theoretical study is experimentally possible and easier to implement with the current
experimental setup.
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Figure 6.3: Confining potentials in the short-range and long-range TFIM are drawn
for visualization. Left: The longitudinal field induces a linear confining potential
with separation of the pairs of domain-walls. Right: The long-range interaction cre-
ates a confining potential that increases with the separation between paired domain-
walls. This potential fulfills the criteria for confinement.

in a system with the Hamiltonian consisting of the long-range TFIM without the
transverse field, in which the correlations spread faster than the Lieb-Robinson
bound, as demonstrated experimentally in [90].

The low-energy excitations of this confinement Hamiltonian (Eq. 6.3) consists
of states containing zero or two domain walls. By restricting the Hilbert space to
include only these states, Liu et.al. build a ‘two-kink’ model or ‘two-domain-wall’
model for a ferromagnetic long-range TFIM that mimics the lower energy behavior
of the system. The Hilbert space of this model consists of two outer domains as
down-aligned spins and the center domains of length [ as up-aligned spins. These
domains are separated by two domain walls: one between spin positions j — 1 and

7 and another between position j + 1 — 1 and 7 + [. These domain-wall states have
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the form:
17, 0) = |41 - Lty Medied o D) (6.4)

For a translation-invariant system, the above basis is transformed to a set of quasi-
momentum basis state |k,[) = 1/L Zle exp(—tkj — ikl/2) |7, 1), which transform
the Hamiltonian [101] as:
H = Z V() |k, 1) (k1| — 2Bcos(§) |k, D) (k0 + 1] — 2Bcos(g) |k, 1) (k,l —1| (6.5)
k,l
The off-diagonal terms describe the effective kinetic energy of the domain walls with
quasimomentum k from the transverse B-field. The interaction term J;; introduces

the potential term V(1)

V(1) == Jysi(S)s;(S) (6.6)

1<j

where s;(.5) = +£1 is the value of the spin at site i corresponding to the configuration
S with a two-domain-wall separation length [. This Hamiltonian is then diagonalized
to extract the low-energy spectrum, which describes the bound-state due to the
potential V(I). Such confining potential depends on .J;;, which is approximated as
the power-law r®. For a < 2, this potential is unbounded with the two-domain-wall

separation, and all pairs of domain walls will be confined into quasiparticles.

6.3 Experimental results of Confinement

In the theoretical model, it assumes a closed-boundary condition, but the
trapped-ion spin system is finite with an open-boundary condition. Therefore, to
minimize deviation from the theoretical model, we consider only states with short,

up-aligned domains with | < L centered in the spin chain. We also minimize the
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boundary effect [105] in the experiment because the center-to-center spin interaction
strength is much stronger than the center-to-edge interaction strength. With these
constraints, the experimental result matches well with the exact diagonalization
(with L < 21) and the two-domain-wall model. For the two-domain wall model
numerics, we take the experimental J;; matrix to calculate the energy gaps for each
experiment. First, from the J;; matrix, we extract a vector of interaction parameters
Ji; by fixing the site k to be the center ion for each ion chain length. We virtually
place the ions on a ring to impose a periodic boundary condition for the Ising
interaction to be translational invariant (J,, = Jggim-i). From here, we obtain
Eq. 6.5 to be diagonalized to extract the energy spectrum and energy gaps with the
experimental parameters.

Furthermore, the featured quantum simulators natively realize an antiferro-
magnetic TFIM. Since all measured observables O(t) of the evolution are real and
symmetric under time-reversal, the measured observables of Hamiltonian H and
—H are the same. Therefore, the expectation values from J;; > 0 and B > 0 are
identical to J;; < 0 and B < 0. For this reason, we simulate the dynamics of a
ferromagnetic system given by:

H_Y Jjolo +B.> o} (6.7)
i<j i

This experiment has two parts. In this first part, we focus on the implications
of confinement in correlation spreading and the measurement of bound-state ener-
gies. By measuring how correlations spread after quenching the confinement Hamil-

tonian, we show that confinement can dramatically suppress information propaga-
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tion and thermalization in such many-body system. Then, we move on to determine
the bound-state energies quantitatively by observing oscillation frequencies of the
spin(s). Finally, we go beyond the confinement regime (deconfinement regime) to
study the number of domain walls generated by the quantum quench for a wide
range of transverse B, strengths.

This experiment employs two quantum simulators which we refer as System
1 [52] and System 2 [11]. Both systems can generate the same quantum simulation
Hamiltonian, but they differ in their environments. System 1 is room temperature
apparatus. The main limitation of this apparatus is the rate of collision between the
residual background gas in the UHV and the ion chain in which limits the size of
the ion chain. However, this apparatus has individual addressing capabilities, which
allows arbitrary spins flip. This is crucial in this work in investigating low-energy
domain-wall bound states in smaller system sizes. System 2 is a linear blade RF
trap (described in Chapter 2) in a cryogenic environment (featured in Chapter 3)
with only global qubit control. The main reason of the cryogenic environment is to
minimize the residual background gas collision with the ion chain and allow longer
storage lifetimes of a large ion chain as compared to System 1. For this purpose,
System 2 supports a large ion chain to measure the lowest bound-state energy and

the confinement and deconfinement regimes.

6.3.1 Information Propagation due to the Effects of Confinement

To study the effect of confinement in such a many-body system, we apply a

quantum quench to bring the system out of equilibrium (Right of Fig. 6.4). We
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Figure 6.4: Effective confining potential and experiment sequence. Left: Under
the confinement Hamiltonian, the pairs of domain walls in the Ising spin chains
experience an effective confining potential that increases with distance analogously
to the strong nuclear force in QCD. As a result, the pairs of bound domain-walls are
bounded, creating meson-like quasiparticles (labeled F; to FEj), that dramatically
changed the dynamics of the system. The grey arrows indicate long-range inter-
actions between spins, where the opacity reflects interaction strengths that weaken
with distance (interaction arrows are not shown for all spins). The shaded regions
indicate interacting domain-wall quasiparticles. The dotted lines represent the ex-
tension of this model to larger systems. Right: The experiment begins by initializing
a chain of trapped-ion spins in a product state which includes initial states with zero
domain walls and two domain walls. The initialization of states is determined by the
greatest overlap with the respective bound-state of the confinement Hamiltonian.
Then, the initial state is evolved under the Hamiltonian for some time. We finally
measure various observables, such as individual spin magnetization along any desired
axis with a camera for site-resolved measurement. The grey double-ended arrows
represent energy differences between two adjacent energy levels corresponding to a
particular initial state.
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initialize the spins into a product state, polarized wither along the x or z directions
of the Bloch sphere. Using individual addressing laser beams, we prepare domain
walls with various initial configurations (Fig. 6.5 c,f,i). After state initialization, we
apply a sudden quench of the confinement Hamiltonian Eq. 6.7 with B/Jy ~ 0.75.
This B/Jy is chosen such that this quench can drive the system out of equilibrium
with a reasonable noise floor while remaining in the confinement regime. Following
the time evolution of the system, we measure the state of spins with a 369.5 nm
detection for spin-dependent fluorescence. From this, we can calculate the time-
evolution of individual magnetization (o;"") or the connected correlations Cf; ().

To understand the consequences of confinement on information spreading, we
measured the absolute value of connected correlation Cf;(t) along = (the Ising di-
rection) (Fig. 6.5). When the initial state consists of small number of domain walls,
the correlation spreads slower than the nearest-neighbor interacting system (white
dashed lines in Fig. 6.5 with velocity vy = 4B,). The correlation spreading is
suppressed with localized correlation throughout the evolution [98,100]. This im-
plies that confinement due to long-range interactions confines the domain walls and
localizes them at their initial conditions.

On the other hand, we observe a faster-than-linear spreading of connected cor-
relations for many domain-walls initial states, in which the initial state is polarized
along the z direction, despite quenching under the same Hamiltonian (Fig. 6.5).
This initial state is a linear superposition of all possible spin configuration states
that contain large domain walls. Unlike the previous initial states with small do-
main walls, this initial state has an energy density relatively far from the bottom of
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Figure 6.5: Confinement dynamics at B/Jy ~ 0.75, L. = 11. The initial states for
each row are shown at the top of the last row.Top and middle rows: The absolute
value of center-connected correlations |Cf4(t)| with white dashed lines representing
the correlation propagation bounds (light cones) in the limit @ — oo (nearest-
neighbor interactions). Top row shows the experimental |Cf4(t)| averaged over 2000
experiments. Middle row shows |Cfs(t)| calculated by solving the Schrédinger equa-
tion. The bottom row shows the measured individual-spin magnetizations along
their initialization axes, (o;"*(t)), averaged over 2000 experiments (400 experiments
for i)). The color symbols represent magnetization data and solid colored curves
represent theoretical magnetizations calculated by solving the Schrodinger equa-
tion. Purple (green) dashed lines represent thermal expectation values calculated
from a canonical (microcanonical) ensemble averaged over the three displayed spins
(see Supplementary Information). The spin diagrams above c), f) and i) depict
the initial states prepared along the axes of the Bloch sphere shown by the inset
diagrams. c¢ and f are prepared along x (sharing the same inset) and i) is prepared
along z. The boxed spins represent selected magnetization dynamics. a)-c), show
a low-energy initial state containing zero domain walls. Individual magnetizations
are (o(t)). d)-f), show a low-energy initial state containing two domain walls, with
a center domain of two spins. Individual magnetizations are (o¥(t)). We attribute
the discrepancy between the experimental magnetization data and numerics to im-
perfect state initialization. g)-i), show a high-energy initial state containing many
domain walls. Individual magnetizations are (o7(t)). All magnetization error bars,
+1 s.d., are smaller than their plot symbols and are not shown. a)—c), d)-f) and

(2
g)—i) share their respective z axes.
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the many-body spectrum. Based on both results, the effect of confinement is only
significant for low-energy excitation of the system.

Next, we measure the relaxation of magnetization for the above initial states
to understand the effect of confinement on thermalization of local observables (third
row of Fig. 6.5) [106]. For low-energy states (Fig. 6.5 c, f), the local magnetizations
retain long memories relative to their initial states. For high-energy states (all -
polarized spins), on the other hand, each spin magnetization quickly relax to their
thermal expectation values (Fig.6.5 i). This result agrees with the observation where
correlations spread quickly and distribute across the entire system. Therefore, from
the correlation spreading and thermalization, we emphasize the confinement affects
low-energy states, which is distinct from many-body localization with quenched

disorder [107-109].

6.3.2 Bound-state Energies of Low Energy States

Under the effect of confinement, pair of bound domain-walls are confined, cre-
ating a quasiparticle with mass. The mass of these quasiparticles can be extracted
from the dynamics of the observables since all local observables should exhibit os-
cillations with frequencies proportional to the energy gap between these bound
states [97,101]. Here, we choose to measure the time evolution of selected spins
z

(o

#(t)) under the quantum quench. Then, these oscillations are extracted to obtain

the low-energy excitations.
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Figure 6.6: Initial states that predominantly overlap with the low-energy eigenstates
of the confinement Hamiltonian. The oscillation frequencies from the dynamics of
the color box spins (right) represents the corresponding bound-state energy differ-
ences (left).
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6.3.2.1 Initial State and Measurement

In the confinement regime, we prepare the initial states such that they predom-
inantly overlap with low-energy eigenstates of the confinement Hamiltonian [101].

The initial state |n) can be written as a superposition of post-quench eigenstates |s)

) = cusls) (6.8)
where ¢, is the overlap of |s) with the initial state |n). Thus, any observable M as
a function of time is:

(M(t)) =) cascrue” BB M |s) (6.9)

ss’

where Fj is the energy of state |s). Therefore, (M(t)) exhibits oscillation frequen-
cies corresponding to multiple bound-state energy differences, AE, s = E; — Ey
with different amplitudes, depending on the initial state (Fig. 6.6). In the exper-
iment, we prepare initial states that overlap closely with low-energy eigenstates of
the confinement Hamiltonian in Eq. 6.7 and choose to observe spins on the outer
boundaries of the domain walls. This allows us to maximize the matrix elements
((s'| M |s)) which couple the lower-energy bound state ¢ to the adjacent higher-
energy bound state ¢ + 1. Therefore, the oscillation frequencies that we observe in
Fig. 6.7 represent AE; ;1.

Following this prescription, we extract oscillation frequencies using single-
frequency sinusoidal fits of (o7(t)) to obtain the energy gap between each initialized
state and the neighboring excited state (Fig. 6.7 a-c). We compare these extracted

energies to values predicted by numerical simulation. We find excellent agreement
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Figure 6.7: Low-energy excited states. a)-c), show the magnetizations of the boxed
spins on the edges of the center domain at B/Jy ~ 0.75. These magnetization oscilla-
tion frequencies correspond to the normalized energy gap, AE; 11/ Jy. Solid colored
lines represent theoretical calculations of dynamics by solving the Schrodinger equa-
tion. The error bars, +1s.d., are smaller than their plot markers and are not shown
in a)-c). a) Zero initial domain size: AEy1/Jy is given by the frequency of the 6th
spin. b) Initial domain size of one: AFE;5/Jy is given by the frequency of the 5th
and 7th spins. ¢) Initial domain size of two: AFEs3/Jy is given by the frequency of
the 4th and 7th spins. d) AFE;;41/Jy for i < 2 are measured with three different
initial domain size spin configurations at B/Jy & 0.75. The first three energy gaps
(1 < 2) are extracted from the magnetization oscillation frequencies shown in the
top row. e) We construct the bound state energy levels at quasimomentum k ~ 0
using experimental data in d, where Fy/Jy is set to zero. Inset: Theoretical bound
state energy bands with different quasimomentum, k, within the two-domain-wall
model. f) Scaling of AEy;/.Jy with system size at B/Jy ~ 1. The blue shaded
region shows the two-domain-wall model numerical prediction of AEy;/.Jy, with a
confidence band considering +£10 % fluctuations in the Ising interaction strength J.
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Figure 6.8: AEy;/Jy of all system sizes L at B/.Jy ~ 1 for Fig. 6.7 f). Circular dots
indicate experimental data. a), shows the magnetization evolution of the center spin
in a zero domain size initial state of various sizes L, measured in the y-basis. Solid
blue line represents theoretical calculations of dynamics by solving the Schrédinger
equation for the center spin of the L = 11 spin chain. Dashed colored lines show best
fit curves of an exponentially-decaying sine function for L = 16 through L = 38.
The oscillation frequencies are extracted from the fit and are normalized to each
respective Jy to obtain AEy;/Jy. The error bars, +1s.d., are calculated from the
standard deviation of the mean with > 150 experiments per point. b) Fourier-
transformed experimental results from a. Each AFEy;/Jy of the different system
sizes is extracted using a Lorentzian fit.
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between the measured energies and the energies predicted numerically (Fig. 6.7 d).
Using these experimentally measured energy gaps, we can systematically construct
the low-energy excitation spectrum of the many-body system for quasimomentum
k =~ 0 (Fig. 6.7 e). In general, quasiparticles with arbitrary quasimomenta can
be excited by a quantum quench. However, since the confining potential is steep,
excited quasiparticles remain localized, and their quasimomenta are close to zero.
Furthermore, leveraging the scalability of trapped-ion systems, we perform
this experiment with up to 38 spins. In order to numerically investigate these large
system sizes, we use a phenomenological two-domain-wall model. With this model,
by restricting the full Hilbert space to a subspace of states containing only zero or
two domain walls, we calculate the bound quasiparticle spectrum of Hamiltonian
(Eq. 6.7) for system sizes that would be challenging to exactly simulate with classical
resources (Fig. 6.7 f). We find reasonable agreement in the first excitation energy
gap ALy, between the experimental data and numerical predictions for all system
sizes (Fig. 6.7 f, 6.8, and 6.9). We attribute the systematic discrepancy in larger
systems to variations in Jy during the time evolution. These results, taken together,
suggest that quench dynamics are dominated by the confinement effect between

two-domain-wall quasiparticles.

6.3.2.2 Extracting Oscillation Frequencies

Due to the limited coherence time of the system, we cannot resolve the Fourier
spectrum of the dynamics, especially for AE, 5 (Fig. 6.7 ¢), to extract the bound-

state energy differences. Instead, we fit these frequencies to an exponentially-
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Figure 6.9: AFy;/Jy extracted from Lorentzian fit in different system sizes L.
Diamond markers show AE;/.Jy for each system size with error bars from the fit
(See Fig. S4). The blue band shows the two-domain-wall model numerical prediction
of AEy1/Jy, with a confidence band considering 10 % fluctuations in the Ising
interaction strength Jy.
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Figure 6.10: The Fourier-transformed spectrum of the bound-state energies with
three different initial center-domain-size states in the L = 11 spin chain. The top row
represents the initial state before the quantum quench. The dashed colored lines
show the Fourier transform of the experimental data corresponding to the boxed
spin shown in the top row. The black line describes the value predicted from the
numerical calculations using the two-domain-wall model. The magenta band shows
the bound-state energies from the sine fit of the data along with the errors of the
fit. The green band represents the bound-state energies from Lorentzian fits of the
Fourier-transformed experimental data along with the errors of the fits. The orange
and yellow lines are the Fourier transform of theoretical calculations of dynamics by
solving the Schrodinger equation for the corresponding labeled spins of each initial
state.

decaying sine function. The error bars are the standard errors of these fits (Fig.6.7
d-f). This fitting choice works well because we maximize the signal for AE; ;4.
AE; ;1 also decreases as the energy level ¢ increases (inset of Fig.6.7 e). Using
this knowledge, we can measure AE; ;1 starting from the lowest energy initial state
(all z-polarized) to the higher energy initial state (two domain walls with a domain
size of two). Then, we take a suitable single frequency as a guess value in fitting
the quench dynamics. The guess value is chosen such that it is the next lowest
frequency from the oscillation frequency measured in the lower energy initial state.
In the end, this method yields results that match closely with the two-domain-wall
model and numerical simulations calculated by solving the Schrodinger equation.

For a complete picture, we also Fourier-transformed experimental data (Fig. 6.10).
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6.3.3 Number of Domain Walls at Various B-field Strength

At the final part, we go beyond the confinement regime to study the number
of domain walls after the quantum quench with a wide range of B, field strength.
We start with all spin-polarized in the z-direction. For large B,-fields, the strong
quench can excite many domain walls that subsequently become unbounded, and the
confinement picture for these parameters no longer captures the out-of-equilibrium
dynamics. The observable we choose to explore this regime is the cumulative time

average of the total number of domain walls:

VR Ny o} SIS, (L M) 6,10

t2 - tl t1 i—1 2

where ¢; and ¢, enclose a window where (N') converges to a stable value (Fig. 6.11).
The expectation value is normalized by 1/2 to correctly count the number of domain
walls between neighboring spins [110]. We measure (N) as a function of B for
different system sizes (Fig. 6.12 a-e). We observe that, for small B fields, Ising
interactions dominate the dynamics, and the global quench can only excite a small
number of domain walls. However, for a large enough transverse field, the number of
generated domain walls saturates to a value that scales nearly linearly with system
size (Fig. 6.12 f). Here, we observe a transition between these two dynamical regimes
at intermediate values of B for different system sizes. This behavior is analogous to
the confinement-deconfinement crossover conjectured in QCD, in which increasing
energy density (controlled by B in this experiment) causes hadronic matter to form
a quark-gluon plasma or other exotic phase [96]. In both models, beyond a critical
energy density, weaker interactions allow particles to freely move with negligible
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energy penalty.

6.3.4 Domain-walls number at large B-field and at infinite tempera-
ture

In this domain wall investigation, we use the following Bloch sphere mapping:
z <> x. The orientation of the ith spin in the Bloch sphere is defined as [1;(t)) =
cosO(t)/210)+e?sinO(t)/2]1). Let [1) = |v;(t))®|1hi1(t)) since we are interested in
a two-body correlator for (NV'). At high transverse B-field, global Larmor precession
about the transverse direction dominates over the Ising interaction term in Eq.
6.7. The expectation value of the two-body correlator along z is (o7 (t)o7,(t)) =

(2

1 —sin®(0(t)). Inserting (o7 (t)oZ, (1)) into Eq. 6.10 gives

1 2 1 sin?(0(¢
W) = —¢ /tl ;#dt (6.11)

Therefore, (M) = 0.25(L — 1) when B > .J; which gives the density of domain
walls (n)ps.j, = 0.25 (purple dashed line in Fig 6.12 f). Values of ¢; and t, are
chosen to include the plateaus of (N) while excluding dephasing of the spins. We
fix the scaled integration time Jy(ty —t1), as Jy differs with system size (Fig. 6.11).

With a canonical ensemble at infinite temperature, there is equal probability
in all the eigenstate of the confinement Hamiltonian. The spins are no longer corre-
late with each other. As a result, (07 (t)o7,(t)) = 0 and (n); = 0.5. We note that,
for B > Jy, the experiment operates in the prethermal region in which a transient

Hamiltonian is approximately conserved for an exponentially long time [111-114].

Therefore, we expect the number of domain walls to approach the thermal value,
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Figure 6.12: Number of domain walls in two dynamical regimes. a)-e) Exploring
the two dynamical regimes with increasing transverse B-field strength in different
system sizes. Circular dots indicate experimental data. Horizontal lines show the-
oretical predictions of (N) = 0.25(L — 1) at B > J;. Colored continuous lines
represent numerical results predicted by solving the Schrédinger equation. Vertical
dashed lines indicate the experimental maxima of (N'). Theoretical lines for system
sizes L = 31 and L = 38 are absent because we cannot compute the predicted evolu-
tion numerically for the experimental parameters. f) Dashed purple horizontal line
shows the theoretical prediction of domain wall density at B > Jy, (n)psJ,- The
purple circular dots indicate experimental data of domain wall density at B ~ 10.Jy,
(n) p~10,- The dashed red line at (n)r = 0.5 shows the density of domain walls
using the canonical ensemble at infinite temperature. All the experimental data is
integrated within the time interval Jot; ~ 0.34 and Jyty ~ 0.73. g) Reconstructed
images based on binary detection of spin states. The leftmost image is a reference
image of a 38 ion chain in a ‘bright’ state (|1),). At the beginning of the exper-
iment, the spins are initialized in the ‘dark’ state (|{),). The three right images
show experimental data of a combination of ‘bright’ and ‘dark’ states, marked in
blue and white circles respectively, for three different B/.Jy values within the inte-
grated time frame. The occurrences of domain walls are highlighted with orange
horizontal dashed lines. The error bars are £+1 s.d. with >150 experiments.
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(n)7 = 0.5, only after an exponentially long time, beyond the reach of this experi-

ment.

6.4 Summary

In summary, we have presented a real-time observation of domain-wall confine-
ment caused by long-range interactions in trapped-ion spin systems. By measuring
oscillating magnetizations, we were able to construct the spectrum of low-energy
domain wall bound states. Furthermore, we observed a transition between distinct
dynamical behaviors using the number of domain walls generated by the global
quench. This work demonstrates that confinement, naturally induced by long-range
interactions, may provide a novel mechanism for protecting quantum information
without engineering disorder. Such a feature may be applied in future studies to use
long-range interactions to stabilize non-equilibrium phases of matter. Altogether,
this work establishes the utility of trapped-ion quantum simulators for precisely
studying real-time dynamics of many-body systems, potentially extending to exotic

phenomena such as quark collision and string breaking [104].
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