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Abstract

One of the advantages of using Rydberg atom arrays in quantum computing and quantum simulation
is the capability of realizing an arbitrary pairwise coupling network of interacting atoms. In this thesis,
the atom arrangement algorithm previously developed for two-dimensional arrays is reconstructed to
apply for three-dimensional arrays, by adding a tunable-focus imaging system. As-constructed three-
dimensional atom arrays are used to experimentally perform the quantum simulations of the quantum
Ising Hamiltonians of up to six-vertex mathematical graphs. The time-evolutions of the many-body
guantum wave functions are observed and Fourier-transformed to obtain the many-body eigenenergies
of quantum Ising Hamiltonians of the many-body system being continuously deformed from one graph
to the other. Furthermore, Rydberg quantum wires are proposed and implemented by using auxiliary
atom chains, to experimentally demonstrate the non-planar graphs and high-degree vertex graphs, and
applied to solve the maximum independent set problems.

Keywords Atomic physics, Optics, Rydberg atom, Quantum simulation, Combinatorial optimization
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for two-atom basis. The Rydberg blockade is the result ofirr i state energy shift E due

to the strong atomic interactions which depends on the inter-atomic distance, i.e.C¢=R®. 2
Scalability progress of Rydberg atom quantum simulator. . . . . ... ... ........ 4

Typical energy-level diagram of alkali atoms and examples of transitions via Rydberg
states. (a) The simplest transition scheme coupling between one of hyper ne ground level

joi and Rydberg leveljri. (b) Coupling between the hyper ne ground levelsjgi and jg%

with two-photons via Rydberg state jri. (c) Coupling between the Rydberg statejri and

jr% using microwaves. Usually the initial Rydberg state is prepared using (a). . ... .. 6
Two qubit quantum gate. (a) Controlled-Z (phase) gate, wherejci, jti denotes the quan-

tum state of control and target qubit respectively. (b) Controlled- Z gate implementation
scheme. (c) Controlled-NOT gate, which can be decomposed to controlled- gate and two
Hadamard gates. (d) Controlled-NOT gate implementation scheme. . . ... ... .. .. 7
Implementation of three-qubit To oli gate. (a) Experimental scheme. The To oli gate is
implemented on three atoms 1D arrays and simultaneously applied for multiple sets. The
Rydberg excitation lasers (shown in red and blue) are globally addressed and additional
lasers are locally addressed on the central atoms (shown in purple). (b) Quantum circuit

for To oli gate. (c) Initial state preparation with average delity about 95 %. (d) To ol

gate delity about 87 % on average. Reprinted gure with permission from [44]. Copyright

2021. by the American Physical Society. . . . . . . . . . .. ... ..o 9
Observation of Ising spin dynamics ofN = 8 circular arrays with tunning the interaction
strength. (a) Non-interacting spins case where the interatomic distance is larger than

the blockade radius. The Rydberg fractionfg oscillates between 0 and 1. (b) Strongly
correlation case where a spin interacts with adjacent sites. The maximum value of Rydberg
fraction is limited and oscillation frequency becomes faster. (c) Fully blockaded case
where only one atom out of entire spins can be excited. The dynamics oscillates with the
frequency N . (d) The pair correlation function for nearest-neighbor correlation case

(b). Figure from [46] with permission. . . . . . . . . . .. . . . 11
Excitation transfer dynamics of three-atom linear chain with XY-Hamiltonian. (a) The
numerical calculation of dynamics considering the resonant dipole-dipole interactions be-
tween atom 1 - 2 and 2 - 3 only. (b) The collapse and revival dynamics considering
additional long range interaction between atom 1 - 3. (c) Experimental results. The solid

line is numerical calculations of considering long range interaction, state preparation and
measurement erros, and additional spontaneous emissions. Figure adopted from [47]. . . 12
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Demonstration of quantum phase transition from disordered to ordered phase in two-
dimensional spin arrays. (a) Atomic images of 1D chain with periodic-boundary-condition(PBC),
square lattice, and triangular lattice. The ground and Rydberg states of each atoms are
mapped to j#i and j"i respectively, and they are coupled by laser with Rabi frequency

and the detuning . (b) Time sequence of (t) and (t) for phase transition. (c) Phase
diagrams of the Ising Hamiltonians for a 1D chain, square lattice, and triangular lattice.
Here PM stands for paramagnetic, AFM stands for anti-ferromagnetic, and OBD stands

for order-by-disorder. (d) Calculated spin-spin correlation functions from experimental
results for each geometries in (c). Figure adopted from [24]. . . . . . . ... .. ... .. 14
Quantum Kibble-Zurek mechanism in 1D Ising chain. (a) Initially the system is in para-
magnetic phase where all atoms are in ground state(top). After the quantum phase
transition, the system evolves to anti-ferromagnetic phase. And the red circle denotes
the sites excited to Rydberg state. The number of domain defects(blue rectangle) is
increased for fast Hamiltonian sweep(middle, orange arrow) compared to the slow Hamil-
tonian sweep(bottom, blue arrow). (b) Measured correlation length changes for di erent
detuning sweep speed. Grey dashed line is the critical detuning. (c) The nal correlation
length plot for various inverse of detuning sweep rate. The experimental result is compared
with the matrix-product-state(MPS) calculation. The power law (1=s) is veried

and the critical exponent is measured to be 0.5. Figure from [48] with permission. . .. 15
GHZ-state generation in 1D atomic chain. (a) Experimental scheme. Only nearest-
neighbor atoms interact via Rydberg states, and Rydberg excitation lasers propagate
along the direction of atomic chain. The local addressing eld illuminates the edge atoms

to induce additional energy shift ¢ when they are in jOi. (b) Eigenenergy spectrum
change along the adiabatic evolution to prepare the GHZ-state forN = 8. The energy

of the microstatesj10101001;j10100101, and j10010101 are shifted with by local ad-
dressing beam, and onlyj01010101 and j10101010 are remained to the ground states of

the Hamiltonian. (c) Entangled state quanti cation. Additional 420 nm local addressing
beams illuminates every other site of the chain, to induce the energy shift,. As a re-

sult, the phase = N ,t=2 is accumulated betweerj1010 i andj0101 i. From [49].
Reprinted with permission from AAAS. . . . . . . . . . . e 18
Programmable two-dimensional Rydberg atom quantum simulator with hundreds of atoms.

(a) Single atoms are trapped in optical tweezers which are arranged by spatial-light-
modulator(SLM) in 2D space. The moving tweezers are generated by 2D acousto-optic-

de ector(AOD), where multiple tweezers are generated along horizontal axis with multi-

tone radio-frequency(RF) wave to the horizontal AOD, and single frequency to the vertical
AOD. They are excited to Rydberg state via two-photon transitions 1013 nm and 420 nm,
where both lasers counter-propagates to atomic arrays. The atomic uorescences are im-
ages to electron-multiplying-charged-coupled-device(EMCCD) camera. (b) Fluorescence
images of initially loaded atoms, rearrnaged 15x15=225 atoms, and chequerboard phase
by adiabatic evolution U(t) which changes (t) and ( t) under the Rydberg interaction

Vj . (c,d) Similar experiments with Honeycomb and triangular lattices with evolutions to

the ordered phase of 1/2 and 1/3 Rydberg excitations respectively. Figure from [25] with
PEIMISSION. . . . . . e e e e e e e e e e e 19
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2.10 Description of alkaline-earth Rydberg atom system with strontium-88. (a) Structure of
levels involving the Rydberg excitation and detection. One valence electron in absolute
ground state 5s(jai) is prepared to e ective ground state 5p(jgi) by . It is excited to
Rydberg state 61s(jri) by g with single wavelength. The detection of Rydberg state
is conducted by exciting second electron to p(jr i ) then it auto-ionizes the Rydberg
electron. (b) Experiments with 1D defect-free arrays (i) without and (ii) with Rydberg
interactions. Figure from [50] with permission. . . . . . ... ... ... ... ... ..., 20

3.1 lllustration of three-dimensional Rydberg atom quantum simulator hardware. A three-
dimensional atomic trap array is holographically generated by a re ective spatial-light-
modulator (SLM), then it is focused to vacuum chamber by an objective lens. Fluorescence
of trapped atoms is collimated by the objective lens, distinguished with the trap light
with a dichroic mirror, then imaged with an electron-multiplying-CCD (EMCCD) camera.
Each trapped atom serves as either a logical (blue spheres) qubit or an auxiliary (red
spheres) qubit, while logical qubit mainly involves in quantum operations and auxiliary
qubit mediates Rydberg interaction between logical qubits. An electrically-tunable-lens
(ETL) is placed between the dichroic mirror and the EMCCD camera to change the
image focus, and the atomic arrays with di erent planes (plane 1 and 2) are sequentially
imaged. Rydberg excitation laser illuminates the atoms globally. And a local qubit laser
is addressed to apply quantum operations to speci c atoms. The gure shows an example
of local qubit laser scheme, where the beam path of local qubit laser is controlled by a
two-dimensional acousto-optic-de ector (AOD). It copropagates with the trap laser after
a polarizing-beam-splitter (PBS), and induces additional Stark shift to desired atoms.
Atomic images captured by the EMCCD are sent to PC (blue dashed line). The ETL, 2D

AOD, and SLM are controlled by PC (green dashed line). . . .. ... ... ........ 22
3.2 (a) Energy level of Rb D2 transition line. (b) MOT cloud image. The image was
captured by a CCD camera and the MOT uorescence cloud is in the red circle. . . . .. 23

3.3 Main vacuum chamber(Alice). Cooling laser beams counter-propagates along 3-perpendicular
axis(which correspond to cooler 1-2, 3-4 and 5-6, respectively) for MOT and they over-
lap each other in the center of an anti-Helmholtz coil. Repump beam copropagates with
Cooler 5. Rydberg excitation lasers(Ry780 and Ry480) counter-propagate each other. .. 25
3.4 Principle of an single atom trapping in an optical tweezer. A trap focus and a MOT are
overlapped each other (left). When a two-level atom is considered, attracting potential at
the ground state jgi is induced for red detuned dipole trap light (right). . . ... ... .. 26
3.5 (&) Single atom trap histogram. The blue histogram is measured data and the red curve
is two Gaussians t. The measured loading probability is 0.509. (b) One example of
measuring trap lifetime. The inset is experimental sequence. The measurements are
repeated 100 times. The data is tted with exp( t= ) and the lifetime was measured
57 12 S, o e 28
3.6 (a) Experimental sequence for measuring single atom trap temperature. (b) PGC detun-
ing optimization. The dipole trap release time is xed to 10 s. The optimized cooler
beam detuning right after the rst detection was -9.5 (red dashed line). (c) Release and
recapture result to measure the trap temperature. The red line is Monte-Carlo simulation
result and the measured temperature was 22 1 K. . . ... ... ... ... ... .. 29
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3.7 2D atomic rearrangement based on Gerchberg-Saxton(GS) algorithm. (a) Experimental
setup. (b) Entire block diagram of modi ed GS algorithm. Modi ed parts zero-padding,
weighting, and induction are marked with red letters. (c) Defect-free array example with
butter y geometry. Figure adapted from [78] . . . . . .. ... ... ... ... ... 32

3.8 Schematic illustration of tunning position (X ; Ym; Zm) Of an optical tweezerV generated
by a spatial-light-modulator(SLM) phase mask ( X;Y ). f(x;y) is electric eld before a
leNS. . e e 33

3.9 (a) Block diagram of 3D Gerchberg-Saxton algorithm for generating defect-free array. (b)
3D atomic rearrangement example from4 5 2to2 3 2 atomic array(purple region).

The shuttling path is determined by Hungarian algorithm. . . . . .. ... ... ... .. 34

3.10 Performance of electrically-tunable-lens(ETL). It behaves as plano-convex(plano-concave)
lens for positive(negative) current. For optical power P and current | of the ETL, the
results are tted by P =0:018. . . . . . . . . e 35

3.11 3D defect-free array generation. (a) Entire rearrangement experimental sequence for
planes. (b) Examples of three-dimensional defect-free array withN = 18 AB-stacked
lattice and N =10 antiprisSm. . . . . . . . . . 37

3.12 Experimental setup for Rydberg state excitation. Laser beam paths of 780, 480, and
960 nm are illustrated with red, blue, and brown lines respectively. Green solid lines
denotes polarization maintaining single mode bers. AOM : acousto-optic-modulator.
EOM : electro-optic-modulator. PBS : polarizing-beam-splitter. PD : photodiode. =2 :
half-wave-plate. =4 : quarter-wave-plate. . . . . . .. .. ... ... .. 38

3.13 Zeeman spectroscopy of hyper ne ground states by scanning a microwave pulse frequency
and changing currents of compensation coils. The experiment was conducted chang-
ing the currents 1,, I, and Iy. (a) F = 1 populations and (b) corresponding Zeeman
shifts by changing |, (c-d) Ix, and (e-f) Iy. The solid lines in (b,d,f) are the t by

Vrzes + Ki2(|i IiO)Z- .................................... 40
3.14 Optical pumping scheme. (a) Energy level diagram. (b) Pulse sequence for measuring
optical pumping € CIENCY. . . . . . . . . e e 41

3.15 Measuring optical pumping e ciency using pumping-depumping method. (&) F = 1
populations with optical pumping duration tpmp to measure pump. (0) F = 1 popu-
lations with depumping duration tgepump t0 Measure gepump - Each result was tted by
Aexp( t= )+ B and time constants were measured asgepump =8.3 MS, pump = 151 s.
(c) Calculation of accumulated population in the target state by optical pumping duration,
based on the measured pumping-depumping rates. . . . . . . .. .. ... ... 43

3.16 Rydberg state excitation scheme and Rydberg level spectroscopy. (a) A structure of atomic
levels used to Rydberg state excitation. (b) Entire experimental sequence. (c) Rydberg
level 71S;-,;m; =1=2 spectroscopy result. The red solid line is a t of the Gaussian
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EOM. The tgives A =0:96(2);B = 0:75(4);C = 185:3(0), and D = 0:88(6) in 95 %
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3.18 Rydberg Rabi oscillations of single atoms displaced along the dipole trap propagation
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distance. The data were tted by a function 0:5+ P(cos(2At )+cos(2 (A B)t), where
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4.4 Van der Waals interaction strength measurement for 68 Rydberg state. Errorbars
are from the tting uncertainty of each dynamics. The data were tted by a function
Cs;exp:rﬁ, where r is interatomic distance (red solid line). And the obtained Cg;ex, CO-
ecient was 530 17 GHz. m®. Blue solid line is a function Ce.theory =r®, tting the
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Ceineory =BL16 GHz. mC. . . . . . .

4.5 Foerster defect calculation with various principle quantum numbersn, for 8’Rb. (a) Ferster
defect for channelsnS+ nS! nP +(n 1)P and (b) ND3-5+ ND3-» $ (N +2)Py, +
(N 2)Fson. o o e

4.6 (a) Stark map of 59D ;-,;jm;j = 1=2 state. The solid lines are calculated spectral lines [85].
(b) Rydberg state excitation probability for electrode voltage 0 V. (c) Rydberg state
excitation probability for electrode voltage 25V. . . . . . . .. .. ... .. ... . ...,

4.7 Preliminary observation of Stark-tuned Ferster resonance between 59 ;-,;jm;j = 1=2 and
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measurement until the collapse of time evolutionPyg. (right) Corresponding dynamics for
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5.1 (a) Example non-isomorphic graphs forjVj = 4. S4(star), K4(complete), C4(cyclic) and
K4 e(diamond) graphs have 3, 6, 4 and 5 edges respectively. (b-d) Structural trans-
formations between non-isomorphic graphs, which includes the (b) transformation theS,
graph to K4, (¢) K4 graph to C4, and (d) C4 graph to K4 e. Figure adopted from [89].

5.2 (a) Structural deformations of N = 3 atoms, the bending angle changes from 60 (triangle)
to 180 (linear chain). (b) Eigenenergy levels of HamiltonianH in eq. (5.1) with respect
to the bending angle . The gray scale solid line represents the overlap integral of the
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Structural defomations of N = 6 atoms. (a) Structural transformation from initial hexag-

onal geometry to anti-prism con guration by pushing one of the triangle(including atom

B, sky circles) along thez directions. (b) Energy spectrum with respect to cluster sepa-
ration z where the gray scale denotes the overlap integral. The atomic uorescence image,
time dynamics, and the Fourier-transforms are presented for (c-e) hexagonal regime, (f-g)
intermediate regime, (i-k) two independent triangles regime, respectively. Figure adopted
from [89]. . . . . 68
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Chapter 1. Introduction

Quantum physics is the theory to describe the nature of a physical system on atomic scales. The
dynamic nature of a quantum system di ers from that of a classical system, as the former is the time-
dependent evolution of the quantum wave functionj ( t)i of the system under external interactions [1],
while the latter is the change of classical variables %(t), p(t)) of particles under external forces. There
have been a lot of e orts to use the quantum dynamics to answer various questions ranging from micro-
scopic chemical reactions to quantum system controls. In that regards, atoms have been a representative
platform for such investigations. Especially with the advant of the laser technologies a new research
eld is established, named as coherent atom-photon interactions [2, 3]. Femtosecond laser pulses are
advantageous in observing fast quantum dynamics of atoms or molecules within their nanoseconds decay
times. With laser elds of programmed spectral amplitude and phase, a quantum system can be steered,
or coherently controlled, to desired quantum states [4], being experimentally demonstrated in ensembles
of atoms and molecules [5, 6, 7, 8].

Quantum computation is a usage of the quantum dynamic controls, with a special purpose of
computation, applied to a quantum many-body system. In particular, the size of computational basis of
guantum many-body system explodes, exponentially, with the numberN of the constituent individual
guantum particles, opening the possibility of solving problems intractable to classical computers [9].
Unlike a digital classical computer, a quantum computer uses, as an elementary building block, a two-
level quantum system, to carry, as an elementary information, a quantum bit (qubit). The quantum
state of a qubit-carrying two-level system (which is often refered to as the qubit as well) is expressed as

ji= joi+ ju; (1.1)

where , are complex values and j?+ j j?> = 1. Quantum gates are to process the qubits and a set
of single and multi-qubit gates forms the universal gate set for universal quantum computation [10].

Quantum entanglement, as well as superposition, plays an important role in quantum computation.
As the entanglement is mediated by the interactions among individual particles, in an actual imple-
mentation of the quantum computer, a many-body system of which the interactions can be individually
programmable is advantageous. Several physical systems are being considered for programmable entan-
glements for quantum computation, which include trapped ions [11, 12], superconducting circuits [13],
and neutral atoms [14, 15]. In this thesis, we focus on Rydberg atom-based neutral atoms in quantum
computing applications.

In neutral atom systems, the interactions between atoms in high-energy Rydberg energy states are
strong, compared to ground-state atoms [16]. So, coupling, or entangling, the Rydberg atoms with each
other for quantum information processing is relatively easy. The strong atom-atom interaction of the
Rydberg atoms depends on the inter-atomic distanceR, and, within a distance called as Rydberg-atom
blockade distanceRy, i.e., R <R, a pair of atoms, as in Fig. 1.1(a), are too strongly interact with each
other that their simultaneous presence in a single Rydberg state is strongly prohibited. Depending up
on the Rydberg level in use, two types of Rydberg interactions are considered, which are the van der
Waals interaction which scales as 1=R®, and the dipole-dipole interaction which scales as 1=R3. As
an example, in Fig. 1.1(b), the energy levels of two atoms under van der Waals interaction is illustrated
as a function of the distanceR compared to Ry, which is typically a few m. We consider the ground



Figure 1.1: Rydberg blockade. (a) Conceptual illustration. Only one atom can be excited to Rydberg
state when two atoms are spaced within the blockade radiuR,. (b) Energy level diagram for two-

atom basis. The Rydberg blockade is the result ofrri state energy shift E due to the strong atomic

interactions which depends on the inter-atomic distance, i.e.Cs=R®.

state, jgi, and the Rydberg state, jri of each atom are coupled by laser with Rabi frequency, . In this

case, the Rydberg interaction shifts the energy ofri j ri = jrri state by E. When the two atoms

are of R < Ry, this shift is larger than the Rabi frequency ( E) and the Rydberg blockade occurs.
Then, only one atom is excited to the Rydberg state, while the other remains in the ground state, and,
as a results, a two-body entangled statg i = (jgri + jrgi):p 2 is produced.

In recent years, Rydberg atom systems have drawn keen attentions because of their possible applica-
tions in quantum simulations. Quantum simulations are to compute the state of a quantum many-body
system, which is intractable to classical computers, by often using a method of analog quantum compu-
tations such as quantum annealing [17]. In Rydberg atom systems, individual atoms can be arranged
with a desired number and geometry in 2D or 3D vauum space, enabled with optical tweezer technolo-
gies [18, 19, 20]. This method, known as either dynamic holographic atom arrays or atom-by-atom
arrangements, implements various many-body Hamiltonians including Ising and XY models. The proce-
dure of the Rydberg-atom quantum simulation is, rstly, preparing an initial state j (0) i of the N -body
system, evolving the system with a HamiltonianH (t) programmed with shaped laser elds and Rydberg
interactions, during an evolution time t from 0 to t;, and measuring the nal state j ( t;)i.

One particular strength of the Rydberg atom quantum simulator platform is qubit scalability: the
number of trapped atoms is directly proportional to the trapping laser power, so there are no limit for
the number of implementable qubits if a laser of su cient power is available. In Fig. 1.2, the rapid
growth of the qubit number is shown, sampled from recent experimental demonstrations, starting from
the Ryberg blockade demonstration in 2009 [21, 22]. A few tens of qubits were readily achieved right after
the introduction of the atom rearrangement method, followed by more than 200 qubits demonstrated
recently.

Another strength of the Rydberg atom platform is qubit connectivity: the interactions between



individual atoms can be controlled by implementing various geometrical arrangements of atoms. More
interacting connections between atoms can be implemented in higher dimensional space. For example, one
atom can interact with two neighboring atoms in one-dimensional space, while these neighboring atoms
are not directly coupled (or connected). The number of connections increases to 6 in two-dimensional
space, and 12 in three-dimensional space. Both qubit scalability and connectivity are essential parts in
realizing a quantum simulation platform. However, compared to the above discussions on the scalability,
the connectivity of Rydberg atom arrays has not been fully investigated. Several experiments related
to the Rydberg atom dynamics are demonstrated in 1D [23] and 2D [24, 25, 26], but Rydberg atom
interactions more than two atoms in 3D space have not been demonstrated, while such an atomic array
is readily available [57]. Rydberg atom arrays of programmable connectivities have become particularly
important lately, when the Rydberg-atom platform is being considered for combinatorial optimization
problems [27, 28, 29].

In this thesis, a set of experimental demonstrations which are focused on the connectivities of
Rydberg atom arrays. Three-dimensional atomic arrays are produced by further developing the previous
atom-arrangement scheme of two-dimensional arrays. Atomic arrangements are mapped to connected
graphs in mathematics, and their Rydberg interactions are experimentally probed by observing the many-
body dynamics of the quantum Ising Hamiltonians of up to 6 atoms. By Fourier-transform spectroscopy
of observed time dynamics, the change of eigenenergy spectrum of the quantum Ising Hamiltonian is
analyzed for structural deformations of atomic arrangements in three-dimensional space. Furthermore,
the complex connections such as non-planar and high-degree graphs are successfully implemented in
three-dimensional space by introducing Ryderg quantum wires. It is also found that the lowest energy
states obained with the adiabatic evolution of the as-prepared atom arrays are the solutions of maximum-
independent-set problems of these types of graphs.

The thesis is organized as follows: in Chapter 2, some of the previous works related with the Rydberg
atom quantum simulator are reviewed. In Chapter 3, the experimental apparatus and the procedure for
the three-dimensional defect-free array generation are introduced. In Chapter 4, Rydberg atom properties
investigated with the as-prepared Rydberg atom systems are reported. The van der Waals interaction
strength is measured in the weak interaction regime, and the resonant dipole-dpole interaction is studied
by observing Ferster resonance. In Chapter 5, the time dynamics of the quantum Ising Hamiltonian
is observed with the three-dimensional Rydberg atom arrays. The change of the dynamics is studied
for a series of continuously changed structural transformations of the atomic arrays. Then using the
Fourier-transform spectroscopy, the eigenstates of quantum Ising Hamiltonians are studied. Finally,
in Chapter 6, the auxiliary atomic chains called Rydberg quantum wires are introduced to implement
complex interaction connections in Rydberg atom arrays in three-dimensional space. As an example of
combinatorial optimization problems, the maximum-independent-set problems is experimentally studied
with these atomic arrangements.



Figure 1.2: Scalability progress of Rydberg atom quantum simulator.



Chapter 2. Review of quantum simulation and computation
with Rydberg atoms

Recently, interests in Rydberg atom quantum simulations have been dramatically increased. There
are an increasing number of review articles which deal with recent works in this eld, including ve papers
published in past two years [30, 31, 32, 33, 34]. In this chapter, some of the previous works are brie y
reviewed, which discuss mainly analog and digital quantum simulations with this platform. First, various
qubit manipulation schemes are introduced, and, then, quantum circuit operations as digital quantum
computing examples are reviewed. Finally as analog quantum simulations, Hamiltonian implementations
are reviewed, which include Ising and XY models, as well as related many-body physics simulations.

2.1 Qubit manipulation

There are several Rydberg qubit schemes to map atomic states to the qubit base states. With
the ground and Rydberg states, there three mapping schemes, which are the ground-Rydberg, ground-
ground, and Rydberg-Rydberg schemes, as presented in Fig. 2.1. Their usages and advantages are well
discussed in Ref. [32], which are brie y summarized in the following. The simplest scheme of Rydberg
qubits is using one ground state and one Rydberg state for basig@ j gi, jli j ri), as in Fig. 2.1(a).
This scheme requires only Rydberg state excitation lasers; however, due to the Rydberg blockade e ect,
this scheme cannot manipulatejli j 1i that is required for multiple qubit manipulation. The state
detection uses the AC stark shift di erence betweenjOi and jli by far-o -resonant trap light. For
example, a red-detuned optical dipole trap induces an energy well fojgi and an energy hill forjri. So
an atom in jgi is con ned at the trap and the uorescence from the atom can be detected. On the other
hand, an atom in jri is ejected from the trap, so no uorescence is observed.

In an alternative scheme, two electronic hyper ne ground states are mapped to the qubit base states
(joi j o4, j1i j gi), as shown in Fig. 2.1(b). The hyper ne ground states are long-lived compared
to Rydberg states, so their coherence time, which is longer of an order of $@than Rydberg states, is
advantageous. The hyper ne qubit scheme requires additional lasers to couplgri and jg%, which is
often called as control qubit, and the transition between the qubit basis states,jOi $ j 1i, is enabled
by two-photon transitions through the Rydberg state, i.e. jgi$j ri $j g4. When an atom is in jri
in a multi-qubit system, adjacent atoms in jgi cannot be optically pumped to jg% due to the Rydberg
interaction. The base states,j0i and jli, are distinguished by using a push-out light which is resonant
to the transition between jgi and other excited statejii. Then the atom in jgi escapes from the trap,
resulting in no uorescence observed.

Finally, as in Fig. 2.1(c), two di erent Rydberg states are used to map to the qubit base states
(joi j r%,jLi j ri). Inthis scheme, microwave pulses are used to couple the atom between the Rydberg
states. The atom populations in the qubit base states are distinguished, after microwave opeartions
between the Rydberg states, with a state-resolved de-excitation to the ground statejgi. Di erent from
the above two schemes, the ground-ground and the ground-Rydberg schemes, this Rydberg-Rydberg
scheme is mainly used to implement other types of Rydberg atom interactions such as resonant dipole-
dipole interactions (see below).



Figure 2.1: Typical energy-level diagram of alkali atoms and examples of transitions via Rydberg states.
(a) The simplest transition scheme coupling between one of hyper ne ground levelgi and Rydberg level
jri. (b) Coupling between the hyper ne ground levelsjgi and jg% with two-photons via Rydberg state
jri. (c) Coupling between the Rydberg statejri and jr% using microwaves. Usually the initial Rydberg
state is prepared using (a).



Figure 2.2: Two qubit quantum gate. (a) Controlled-Z (phase) gate, wherejci, jti denotes the quan-
tum state of control and target qubit respectively. (b) Controlled- Z gate implementation scheme. (c)
Controlled-NOT gate, which can be decomposed to controlledZ gate and two Hadamard gates. (d)
Controlled-NOT gate implementation scheme.

2.2 Quantum gate operations

Rydberg atoms are used for quantum gate operations. The rst proposal of Rydberg-atom quantum
gates was proposed two decades ago [35, 36], in which entanglements of two atoms are produced with
the Rydberg blockade e ect. For example, a resonant Rydberg-state pumping of two atoms within the
Rydberg blockade distance results in a Bell state of the two atoms [37] as

o 1 .
jo«i= p—é(Jgn + jrgi): (2.1)

In this section, recent demonstrations of Rydberg-atom gates are reviewed. Controlled-NOT(CNOT)
gate for two qubits and the To oli gate for three qubits are mainly summarized.

2.2.1 Controlled-NOT gate

A controlled-NOT gate can be implemented with a combined sequence of a controlled- gate and
Hadamard gates, as described in Fig. 2.2 [14]. As illustrated in Fig. 2.2(a), the controlled (phase) gate
is implemented for the qubit states with hyper ne ground energy levels (0i j g%, jli j gi). The pulse
sequence is shown in Fig. 2.2(b), in which the initial state isj0li, the control atom is non-resonant to
the pulses 1 and 3, and the target atom evolves by the pulse 2 to gain the phase of When the initial
state isj10i or j0li, the Rydberg blockade prohibits the evolution of the target atom (the second atom),
and instead phase accumulations occur. When the initial state ig0Gi, no change occurs. The resulting



operation in the two-qubit base states,fj 00i ;j01i ;j10i ;j11ig, is given by

go 1 0 o%
U= : (2.2)
0 0 1 0

0 0 O 1

The CNOT gate is one of the essential quantum gates for universal quantum computing. The others are
single qubit gates. It ips the target qubit only when the control atom is in jli. It can be implemented

by adding single qubit Hadamard gate to the target qubit before and after the controlled-phase gate
(Fig. 2.2(c)) [10]. The total pulse sequence with 5 pulses is illustrated in Fig. 2.2(d). Here the pulses 1
and 5 denote the Hadamard gates and the pulses 2 to 4 are the same as in Fig. 2.2(b). The Bell states can
be easily generated with CNOT gates, using, as inputs, the initial superposition statesjQi + i j1i) joi = 2
and p(jOi + i j1i) jli. The resulting states after the CNOT gate are % (jO0i + j11i) and #%(jO1i + j10i),
respectively. The reported delity of the rst demonstration of CNOT gate mediated by the Rydberg
blockade wasF = 0:73 [38].

The nite delity is mainly due to experimental imperfections. Error sources have been analyzed [39,
40, 41]. The major error is considered to be the state preparation and measurement (SPAM) error, which
comes from the non-zero false negative and positive measurements. The false negatives are considered to
be either the Rydberg state excitation errors due to the imperfect preparations of the ground statggi, or
the measurement errors ofri due to the decay tojgi before the measurements. The false positives occurs
when the ground-state qubit is not observed due to the trap loss of the atoms at nite temperatures.

In proper conditions, the overall SPAM error is achieved less than 5 %. Other error sources are atomic
thermal motions, spontaneous emissions, and laser noises, all of which are manifested as intrinsic and
apparent decoherences. In particular, the laser phase noise is a signi cant decoherence source. A typical
feedback bandwidth of the electrical noise of frequency-stabilized lasers is restricted to MHz, which is
comparable to the dominant noise frequency ( 1 MHz) of typical Rydberg atom experiment ( 1 s) [40].

In recent experiments, the above laser noises have been overcome by either injection locked lasers
with reference cavity ltering [42], optimizing the locking parameters [43], or using solid-state lasers rather
than laser diodes which have intrinsic lower noises [26]. With these improvements, an alternative scheme
for controlled-phase gates was demonstrated recently [44], which uses the dynamic phase dierence
between single and two-atom detuned-dynamics. Only two pulses are used for the controlled-phase gates,
of which the durations are the same for the both pulses and the phases dier by . For the initial
state of jO1i or j10i, only one atom can be excited to the Rydberg state, and with the proper duration,

, and phase, , the population comes back to the initial state and the dynamic phase o1 = 19 is
accumulated. For the initial state j11i, the dynamics becomes a collective Rabi oscillation which is faster
by P 2 than the single-atom Rabi oscillation, and the accumulated dynamic phase of 15 is di erent from
the other two-qubit base states. At the speci ¢ detuning, the dynamic phase di erence is maintained as

11=2 o1 to implement the controlled-phase gate. Consequently the time budget and the number
of total pulses for a CNOT gate are reduced compared to the previous demonstrations, and the Bell
state delity is achieved to be F 0:95.

2.2.2 Tooli gate

To oli gate is a three-qubit gate for controlled-controlled-NOT operation, acting with two control
gubits to one target qubit. There have been several schemes suggested for implementing the To oli gate,



Figure 2.3: Implementation of three-qubit To oli gate. (a) Experimental scheme. The To oli gate

is implemented on three atoms 1D arrays and simultaneously applied for multiple sets. The Rydberg
excitation lasers (shown in red and blue) are globally addressed and additional lasers are locally addressed
on the central atoms (shown in purple). (b) Quantum circuit for To oli gate. (c) Initial state preparation

with average delity about 95 %. (d) To oli gate delity about 87 % on average. Reprinted gure with
permission from [44]. Copyright 2021. by the American Physical Society.

including one utilizing three atoms excited to di erent Rydberg states [14] and one utilizing three-body
Ferster resonance of atomic rubidium [45].

An experimental To oli gate was demonstrated recently with three atoms arranged in a one-
dimensional array, which uses the Rydberg blockade of the center atom being excited to the Rydberg state
only when the both edge atoms are in the ground state [44]. This scheme can be simultaneously applied
to multiple sets of three-atom clusters as illustrated in Fig. 2.3(a), in which the controlled-controlled-Z
(CC2) gate is implemented with a single global addressing pulse of which the Rabi frequency and the
detuning change in time. The quantum circuit for the To oli gate utilizing the CCZ gate is presented
in Fig. 2.3(b), where the local Hadamard gates are applied to the center atom before and after the CCZ
gate. The all 22 = 8 microstates are prepared with an average delity of 95 % initially in Fig. 2.3(c),
and the average gate delity is achieved to be about 87 % with SPAM error correction, as in Fig. 2.3(d).



2.3 Hamiltonian implementation

2.3.1 Ising Hamiltonian

Rydberg excitation of an array of atoms provides Ising Hamiltonian. We consider a one-dimensional
array of single atoms of which the nearest-neighbor interatomic spacing is less than the blockade radius.
When this array is globally addressed by a Rydberg excitation laser which is resonant to the Rydberg
state, the Hamiltonian of this system is given by an Ising-like Hamiltonian expressed by

"= (~* AJZ)+X U A (2.3)
j=1 j<k

where is the Rabi frequency, is the laser detuning, *n; = jrij rrjj, and U = Ce5jrj  rij ©is the
interaction strength between the atoms separated withr;  r¢. The interaction strength between the
atoms can be tunned by changing the distance. The simplest system is a superatom, of which the all
atoms are located within a single blockade sphere, thus being strongly coupled to each other. This many-
body system is an e ective two-level system ofigg gi and p%(jrg gi+jgr g+ +jgg ri).
The dynamics becomes the collective Rabi oscillation of a frequency given by N .

An experimental demonstration of the Ising Hamiltonian of Rydberg atoms is introduced in Fig. 2.4,
in which the dynamics of N = 8 atoms in a circular array are observed with a controlled inter-atomic
distance [46]. In Fig. 2.4(a), the dynamics of atoms, being separated more than the blockade radiug
so that they do not interact with each other, is shown. When being measured with the Rydberg fraction
or the mean number of Rydberg excited atoms, the dynamic behavior appears to oscillate between 0 and
1 with the frequency of . When some atoms are correlated as in Fig. 2.4(b), where three atoms are
within the Blockade distance, to show the Rydberg fraction exhibits a faster oscillation than , but the
maximum value is limited because of the Rydberg blockade. The fully-blockaded case is in Fig. 2.4(c), in
which only one atom among the entire atoms can be excited to the Rydberg state. The Rydberg fraction
shows the collective Rabi oscillations of N . The microscopic analysis is given in Fig. 2.4(d) for the
correlated case in Fig. 2.4(b) using the pair correlation function which is given by

6% (0= Xi i 24
The results implicate that the nearest-neighbor atoms are prohibited from being excited to the Rydberg
state simultaneously.

2.3.2 XY Hamiltonian

XY Hamiltonians are provided by Rydberg atom systems under resonant dipole-dipole interactions.
Two atoms are considered to be in two di erent Rydberg states, where one is prepared ifri and the
other in jr9%. In the atom-pair base states, the two-atom state can be expressed gs %, which is also
resonant to jr%i, which means that th resonant interaction makes two atoms oscillate betweenrr & and
jr%i. The Hamiltonian of this system is expressed as

- X AT A A Aty
=5 =y (25)

where »# =7X AV s the spin ip operator. This type of Hamiltonian is provided with resonant dipole-
dipole interactions, given by U = C3=R3, when the interaction range is longer than the van der Waals
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Figure 2.4: Observation of Ising spin dynamics ofN = 8 circular arrays with tunning the interaction
strength. (a) Non-interacting spins case where the interatomic distance is larger than the blockade radius.
The Rydberg fraction fg oscillates between 0 and 1. (b) Strongly correlation case where a spin interacts
with adjacent sites. The maximum value of Rydberg fraction is limited and oscillation frequency becomes
faster. (c) Fully blockaded case where only one atom out of entire spins can be excited. The dynamics
oscillates with the frequency N . (d) The pair correlation function for nearest-neighbor correlation
case (b). Figure from [46] with permission.

11



Figure 2.5: Excitation transfer dynamics of three-atom linear chain with XY-Hamiltonian. (a) The
numerical calculation of dynamics considering the resonant dipole-dipole interactions between atom 1 -
2 and 2 - 3 only. (b) The collapse and revival dynamics considering additional long range interaction
between atom 1 - 3. (c) Experimental results. The solid line is numerical calculations of considering
long range interaction, state preparation and measurement erros, and additional spontaneous emissions.
Figure adopted from [47].

interactions, , given by U = C¢=R®. Two atoms are prepared in the di erent Rydberg states jrr 4 by
using microwave and individual addressing optical beams, as well as global Rydberg excitation beams.
The procedure for the two atom in the jrr § state is as follows: The rst atom is locally addressed to
be far-detuned from the global lasers so that the second atom alone is excited to thgi, before the
microwave pumps the second atom fromiri to jr%. Then, the rst atom is excited to jri and all the
radiations are turned o, so that the two atoms oscillate between the jrr & and jr%i states with the
oscillation frequency determined by the interaction strength.

Similarly the above scheme for two atoms can be extended to three atoms. The calculation and
experimentally observed dynamics of a three-atom linear chain are shown in Fig. 2.5. The numerical cal-
culation for the ideal case with the initial state j"##i is illustrated in Fig. 2.5(a), in which the interactions
are considered between atom pairs 1-2 and 2-3 only. The entire oscillation shows that the excitation is
transfered in a time sequence of ‘##i | j#"#i | ji#"i | j#"#i | "##i . In Fig. 2.5(b), more detailed
dynamics is shown taking additional weak interactions between atom 1 { 3 into account, which shows
not only the oscillatory dynamics but also the collapse and revival dynamics. The experimental result
in Fig. 2.5(c) shows the dynamics closer to one in Fig. 2.5(b), in which the long range interactions do
exist. The nite contrasts and decay of the oscillations are due to the state preparation and measurement
errors and additional spontaneous decay [47].

2.4 Recent demonstrations

Rydberg atoms are used to demonstrate quantum information applications. This section is de-
voted to review the recent experimental demonstrations of Rydberg atoms for quantum simulation of
many-body physics [23, 24, 48], entangled state manipulation [49], and current highest experimental
performances [25, 26, 50].
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2.4.1 Quantum phase transition and Kibble-Zurek mechanism

Geometry-tunable Rydberg atom arrays can be used to directly measure the microscopic observ-
ables, for example, the populations of individual particles interacting with each other in a many-body
Hamiltonian. In that regards, Rydberg-atom platforms are used to investigate the many-body quantum
statisticical properties involved with quantum phase transitions between many-body phases controlled
with physical parameters at zero temperature. Quantum phase transitions in a few tens of Ising spins
have been experimentally demonstrated in 1D [23] and 2D [24] spaces. Such demonstrations are illus-
trated in Fig. 2.6 in 2D Ising-spin arrays of a variety of geometries. In the examples in Fig. 2.6(a),
the one-dimensional array with periodic boundary condition(PBC), the square lattice, and the triangle
lattices are demonstrated. The ground and Rydberg states of each atom are de ned to bt and j"i ,
respectively. The correlations of the Rydberg atoms are generated with the parameters of the Ising-like
Hamiltonian sweeped in time as

X - X
RO= GO ~@)+  Uyning; (2.6)
i i8]
wherery = j"ih"j ,, ~*? are the Pauli-x,z operators, is the Rabi frequency coupling j#i and j'i , and
is the laser detuning. Here the van der Waals interaction strengthU; are approximated to be U
for the interactions of the nearest-neighbor pairs of atoms and O for all other pairs.

( t) and (t) are changed in time fromt =0 to t = ty; as presented in Fig. 2.6(b). The quantum
phase transition between di erent classical Ising-Hamiltonians is investigated, with the initial and nal
Rabi frequencies given by (0) = ( tyt ) = 0. First, the Rabi frequency is slowly turned on during tise
and the detuning is xedto = o< 0. During tsweep, IS xed to be  max and is sweeped to na .
Finally, during tgy, isturned o and is xed to the nal value. Then, this sequence of Hamiltonian
sweep correspondings to a rapid adiabatic passage, and, thus, the system remains in the ground state of
the instantaneous Hamiltonian M (t) during the sweep. As a result, the atoms initially prepared inj#i at
t = 0, which is the ground state of Hamiltonian H (0), the paramagnetic phase in Fig. 2.6(c), adiabatically
evolves to the ground state of the nal Hamiltonian H (t a1 ), which corresponds to the Rydberg-atom
correlated phase, in which the atoms are altenatively populated in the ground and Rydberg states as in
j"#'# i, the anti-ferromagnetic phase in Fig. 2.6(c). The phase diagrams are calculated for various
geometries and illustrated in Fig. 2.6(c). Note that the atoms in the triangular lattice have frustrated
spins, so there are two types of anti-ferromagnetic(AFM) phases with 1/3 and 2/3 of atoms, respectively,
in j"i . There exists also additional phase region between them so called the order-by-disorder (OBD)
phase.

The individual atom population in the nal "ordered" phase is measured at the end of the Hamil-
tonian sweep, by measuring the uorescence of each site. One can calculate the spin-spin correlation
function which is de ned by

@ (k;1) = N—tl X [min;i h niihn;il; (2.7)
©(E)

where mi denotes the average number of excited atomsk(1) is the atomic pair separation index in 2D
plane. For a given separation, k; 1), Eq. (2.7) sums over all atomic pairs, ;] ), under the conditions that
the separations ;1) are the separations and thatNy, is the number of that atomic pairs. The results
are illustrated in Fig. 2.6(d) for the geometries considered above. The correlation function oscillates
between positive and negative as a function of the pair distance, which behavior is consistent with the
theoretical predictions for the anti-ferromagnetic phase. The oscillation amplitude of the correlation
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Figure 2.6: Demonstration of quantum phase transition from disordered to ordered phase in two-
dimensional spin arrays. (a) Atomic images of 1D chain with periodic-boundary-condition(PBC), square
lattice, and triangular lattice. The ground and Rydberg states of each atoms are mapped tg#i and j"i
respectively, and they are coupled by laser with Rabi frequency and the detuning . (b) Time sequence
of ( t)and (t) for phase transition. (c) Phase diagrams of the Ising Hamiltonians for a 1D chain, square
lattice, and triangular lattice. Here PM stands for paramagnetic, AFM stands for anti-ferromagnetic,
and OBD stands for order-by-disorder. (d) Calculated spin-spin correlation functions from experimental
results for each geometries in (c). Figure adopted from [24].

function decays along the distance exponentially with the correlation length , which is de ned by
g@ (k;)/ ( 1yki+iliexp[ (jkj+ jlj)= ], and measured to be about 1.5 sites for the 1D chain.

The nite correlation length  is related to the non-adiabaticity of the phase transition. Quantum
Kibble-Zurek mechanism (QKZM) describes the formation of topological defects during the continuous
phase transition at a nite rate. For a given lattice, the density of the defects depends on the speed of
sweep or how quickly the critical point is crossed. In Fig. 2.7(a), events of defects are shown after the
phase transition for the 1D chain [48], in which the entire lattice turns out to be composed of several
sub-lattices among the defects. The average number of defects is mainly related to the change rate of
the Hamiltonian in Eq. (2.6), which is to slow enough compared to the inverse of the energy gap at the
critical point. The evolutions of the correlation length are shown for various speed of Hamiltonian sweep
in Fig. 2.7(b), where the correlation length becomes longer for a more adiabatic sweep, thus less sub-
lattices. Plotting the nal correlation length ¢ with a di erent Hamiltonian sweep rate s *(Fig. 2.7(c)),

¢ scales as a power law 08, i.e., (1=9) with  denoting the critical exponent. The critical
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Figure 2.7: Quantum Kibble-Zurek mechanism in 1D Ising chain. (a) Initially the system is in param-
agnetic phase where all atoms are in ground state(top). After the quantum phase transition, the system
evolves to anti-ferromagnetic phase. And the red circle denotes the sites excited to Rydberg state. The
number of domain defects(blue rectangle) is increased for fast Hamiltonian sweep(middle, orange arrow)
compared to the slow Hamiltonian sweep(bottom, blue arrow). (b) Measured correlation length changes
for di erent detuning sweep speed. Grey dashed line is the critical detuning. (c) The nal correlation
length plot for various inverse of detuning sweep rate. The experimental result is compared with the
matrix-product-state(MPS) calculation. The power law ¢ (1=s) is veri ed and the critical exponent
is measured to be 0.5. Figure from [48] with permission.

exponent is observed to be 0.5, which is consistent with the prediction based on QKZM and deviates
from that of the mean- eld approximation.

2.4.2 Entangled state generation

In Rydberg-atom systems, two atoms can be intrinsically entangled due to the Rydberg dipole
blockade nature. The resulting quantum state is the Bell state in Eq. (2.1) which can be simply generated
by applying a P 2 t= pulse to the both atoms under the collective Rabi oscillation condition. Ideally,
the quantum state j i =1= 2(jO0li + j10i) gives the probabilities Po; = P1o = 0:5 and otherwise zero.
However, the probability measurements are not su cient to clarify the entanglement. Considering the
density matrix = j .ih .jwith the basisfj 01 ;j10ig, the manipulated state can be quanti ed by the
delity F which is determined by

F=hjji= %( o100+ 10;10 ¥ o110 ¥ 10;01); (2.8)
where o1.00 = Po1, 10:10 = Pip are the diagonal components and ¢1:10; 10.01 are the o -diagonal
components of . The real-valued diagonal components are experimental observables, while the o -
diagonal components, o1;10 = 1001, are complex values.

To obtain the o -diagonal components of the denstiy matrix, an additional experiment is conducted.
After j .i is prepared with an X rotation by a 2 t = pulse, aZ rotation pulse is operated to
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either one atom, to induce the phase di erence betweerjOi and jli. With a Z rotation to the rst

atom with duration , the quantum state j .i is changed to the statej i = 1:p 2(¢  jOli + j10i)
with the phase dierence betweenjOi and jli of the rst atom. As a function of the duration of
the Z rotation, j i oscillates betweenj i andj i = l:IO 2(j01i j 10i) which is not coupled with
X rotations. So when the secondX rotation pulse of = 2 t = is applied after the Z rotation, the
population of j00i oscillates with . In the full 22 = 4 microstate basis, fj 00 ;j01i ;j10i ;j11ig, the matrix
representations ofZ and X  rotations Z*, XP5 .. are given by

2 3 2 _ _ 3
et 0 0 0 i:IO 2 i:p 2 0
2O = E 0o €t o é P _ gi:pz 1=2 1=2 é 2.9)
0 0 1 & 2= "2 12 1= ' '
0 0 01 0 0 0 1
The total unitary operator for the above sequence of operations becomedd = XP5 ,_ z® Asa result,
the nal density matrix is °= U U Y, and the nal probability of jOOi is given by
- 0 — 1 1 i i .
Poo( ) = 00:00 = é( o100+ 10;10) + 5( 01;10€ + 100 ' ): (2.10)

The rst term with the diagonal components is constant in time, and the second term with the o -
diagonal components are of an oscillatory behavior. If we seto;;10 = 1901 = €' , the above result
gives

Poo( )= cos( + )+ const: (2.11)

Therefore, the o -diagonal components of the density matrix can be measured from the amplitude of
Poo( ). Generations and quanti cations of the entanglements of two-atom systems are experimentally
demonstrated with the ground-Rydberg qubits [42], and the hyper ne ground-state qubits [37, 38].

For systems with more than two atoms, either W-type or Greenberger-Horne-Zeilinger(GHZ)-type
entangled states can be generated. The W-states can be generated in a superatom system of all atoms
strongly interacting with each other so that the N atom system evolves in time with a collective Rabi
oscillation betweenj00 0i and (j200 0i + j0O10 0i + jOOO 1i)=N. The GHZ state generation has
been demonstrated with anti-ferromagnetic interactions in a 1D atomic chain of only nearest-neighbor
interactions. The system Hamiltonian is described by the Ising Hamiltonian in Eq. (5.1). Here a pos-
itve makes the atoms to be in the anti-ferromagnetic phase. Especially in an even number 1D
N atomic chain, the lowest energy quantum states areN=2 + 1 states with N=2 Rydberg excitations.
This degeneracy is reduced by illuminating additional addressing laser lights onto the edge atoms to
shift the energy by ¢(Fig. 2.8(a)). As an example, the change of the energy-level structure during
the detuning sweep for anN = 8 array is illustrated in Fig. 2.8(b), in which the energies of the three
microstates j10101001;j10100101, and j10010101 are shifted with o by the local addressing beam,
and only j01010101 and j10101010 remain in the ground states of the three-body Hamiltonian. So the
resulting quantum state is

i ouzi= p%(j01010101+ j10101010); (2.12)

which is a GHZ-type state. The delity of GHZ-state is measured using local Z-operations to control
the phase , similar to the above method. Every other site of the array is illuminated by a 420 nm local
addressing beam and additional AC stark shifts , are induced when each site is if0i. So the resulting
quantum state isj1010 i+¢eN »©2j0101 i and the accumulated phase is given by = N pt=2 for the
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duration t. After the X operations, the probability for all atoms to be in jOO00 i Pggoo (t) oscillates
due to the local phase accumuled during the oscillation betweefl010 i j 0101 i. The o -diagonal
components of the density matrix =] guz ih uz j iS obtained from the contrast of Pogoo  (t) [49].

2.4.3 Current experimental performance and outlook

This section is devoted to summarize the recent achievements of Rydberg-atom systems in terms
of the scalabilities and entanglement delities. Two-dimensional defect-free arrays are generated with
up to two hundreds of atoms [25, 26] with an improvements of software algorithms used to generate
optical tweezer arrays [23] and sorting them [24]. The experimental scheme and examples of such
arrays are described in Fig. 2.9. Near thousands of optical tweezer traps are generated by spatial-
light-modulator (SLM), and additional moving tweezers controlled by 2D acousto-optic-de ector (AOD)
are overlapped with traps (Fig. 2.9(a)). In Fig. 2.9(b), the entire experimental procedure which includes
loading, rearranging single atoms, and reading out after Rydberg excitations. Multple moving tweezers
are generated by using radio-frequency (RF) waves with multiple frequencies onto the horizontal AOD
and single frequency onto the vertical AOD. So initially the reservoir sites are arranged between rows
of target sites, and they are sorted along the vertical direction. The demonstration of defect-free arrays
of square, honeycomb, and triangular lattices, are shown in Fig. 2.9(b-d), as well as the quantum phase
transitions to chequerboard, 1/2 ordered, and 1/3 ordered phases, respectively.

The high- delity Bell-state generation is achieved in alkaline-earth Rydberg atom systems [50]. Un-
like the detection scheme for alkali Rydberg atoms which uses mechanical ejection from red-detuned
traps by anti-trapping potentials, alkaline-earth Rydberg atoms use the auto-ionization process by ex-
citing both valence electrons and this signi cantly improves the detection delity. The experimental
preparation and detection of strontium-88 1D Rydberg atom array is presented in Fig. 2.10, and the
level structure related to the Rydberg excitation and detection is in Fig. 2.10(a). One valence electron
is prepared to the long-lived clock state 6P, as the qubit ground state jgi, while the other electron
remains in the absolute ground statejai. The electron in jgi is excited to 61°S; Rydberg state jri via
the 317 nm one-photon excitation. To detect the Rydberg state, the valence electron ifai is excited to
the 5p level, then it auto-ionizes the Rydberg electron. So no population injgi is measured. The par-
allel experiments are possible by trapping atoms in a 1D red-detuned tweezer trap array (Fig. 2.10(b)),
and it uses magic-wavelength for motional-ground state cooling. With these improvements, the contrast
of ground-Rydberg Rabi oscillation is achieved close to unity, where the Rydberg excitation delity is
0.9951(9) without SPAM-corrections. The two-atom collective Rabi oscillation delity is similar to the
single atom case, so the Bell-state delities more than 0.991(4) are achieved with SPAM corrections.

During the recent ve years, the performance of the programmable Rydberg atom systems has im-
proved by an order of magnitude, in terms of the number of qubits and delities. These improvements are
achieved not only in hardwares such as laser noise but also softwares such as rearrangement algorithms.
Furthermore, trapped atomic arrays more than 500 atoms are considered with dual species which reduce
the crosstalk between adjacent atoms such as absorbing scattered photons during Rydberg interactions,
being expected to achieve high- delity quantum computation and simulations [51]. Thousands of seconds
of lifetimes of single-atom traps are considered in cryogenic temperatures, which are expected to increase
the number of atoms of defect-free array and also to reduce the decoherence by black-body radiation [52].
Various Rydberg-atom control schemes are being considered to implement diverse Hamiltonians, incud-
ing a recent demonstration of the XXZ-Hamiltonian implemented with combined microwave engineering
and resonant dipole-dipole ineractions [53].
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Figure 2.8: GHZ-state generation in 1D atomic chain. (a) Experimental scheme. Only nearest-neighbor
atoms interact via Rydberg states, and Rydberg excitation lasers propagate along the direction of atomic
chain. The local addressing eld illuminates the edge atoms to induce additional energy shift ¢ when
they are in jOi. (b) Eigenenergy spectrum change along the adiabatic evolution to prepare the GHZ-state
for N = 8. The energy of the microstatesj10101001;j10100101, and j10010101 are shifted with
by local addressing beam, and onlyj01010101 and j10101010 are remained to the ground states of the
Hamiltonian. (c) Entangled state quanti cation. Additional 420 nm local addressing beams illuminates
every other site of the chain, to induce the energy shift ,. As a result, the phase = N ,t=2 is
accumulated betweenj1010 i andjO101 i. From [49]. Reprinted with permission from AAAS.
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Figure 2.9: Programmable two-dimensional Rydberg atom quantum simulator with hundreds of atoms.
(a) Single atoms are trapped in optical tweezers which are arranged by spatial-light-modulator(SLM)
in 2D space. The moving tweezers are generated by 2D acousto-optic-de ector(AOD), where multiple
tweezers are generated along horizontal axis with multi-tone radio-frequency(RF) wave to the horizontal
AOD, and single frequency to the vertical AOD. They are excited to Rydberg state via two-photon
transitions 1013 nm and 420 nm, where both lasers counter-propagates to atomic arrays. The atomic
uorescences are images to electron-multiplying-charged-coupled-device(EMCCD) camera. (b) Fluo-
rescence images of initially loaded atoms, rearrnaged 15x15=225 atoms, and chequerboard phase by
adiabatic evolution U(t) which changes (t) and ( t) under the Rydberg interaction V; . (c,d) Similar
experiments with Honeycomb and triangular lattices with evolutions to the ordered phase of 1/2 and
1/3 Rydberg excitations respectively. Figure from [25] with permission.
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Figure 2.10: Description of alkaline-earth Rydberg atom system with strontium-88. (a) Structure of
levels involving the Rydberg excitation and detection. One valence electron in absolute ground state
5s(jai) is prepared to e ective ground state 5p(jgi) by . It is excited to Rydberg state 61s(jri) by

r With single wavelength. The detection of Rydberg state is conducted by exciting second electron
to 5p(jr i ) then it auto-ionizes the Rydberg electron. (b) Experiments with 1D defect-free arrays (i)
without and (ii) with Rydberg interactions. Figure from [50] with permission.
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Chapter 3. Three-dimensional Rydberg quantum simulator
hardware

The hardware parts of this thesis are reviewed in this chapter. One of the challenging works for
constructing Rydberg atom many-body systems is generating defect-free arrays by moving the atomic
traps, as initial atomic loading is stochastic [54, 55]. Especially, such movements of the trapped atoms
in three-dimensional space are demonstrated [56], and the defect-free arrays are realized recently [57].
But three-dimensional arrays have not been actively involved in Rydberg atom experiments so far.

The typical three-dimensional Rydberg atom quantum simulator hardware is illustrated in Fig. 3.1.
The atomic trap array with an arbitrary geometry in three-dimensional space is generated by a re ective
spatial-light-modulator (SLM), which generates a hologram to modulate the incident light's phase. Then
the modulated trap beam is focused to the vacuum chamber by an objective lens. The uorescence of
the trapped atoms is collimated by objective lens, and it is distinguished with the trap light with a
dichroic mirror. The image is observed with an electron-multiplying-CCD (EMCCD) camera. Generally,
the individual atoms are divided into the logical and auxiliary qubits, where the logical qubit mainly is
used for quantum operations, while the auxiliary qubit mediates the Rydberg interaction between logical
qubits. In Fig. 3.1, three-dimensional arrays in two rectangular lattices are presented which are separated
in z direction along which the trap light propagates. Dierent planes of atoms (planes 1 and 2) can
be sequentially imaged by changing the focal plane of the imaging system, and an electrically-tunable-
lens (ETL) is placed between the EMCCD camera and the dichroic mirror to change the focus. The
typical global qubit laser excites the atoms to Rydberg states, and its beam size covers the entire atomic
array. The local qubit laser is addressed to operate speci c individual atoms. The addressing position
is typically controlled by a two-dimensional acousto-optic-defelctor (AOD), which de ects the incident
laser beam path by radio-frequency (RF) wave. It operates the atoms by either inducing additional Stark
shifts to the ground state [58], and to the Rydberg state [43]. Figure 3.1 shows a scheme of the local
qubit laser for additional Stark shift. The laser beam copropagates with the trap laser.

In this chapter, technical parts of the experimental platform are brie y described above. Starting
from single atom cooling and trapping, characterization of single atom traps and three-dimensional
defect-free array generation technique are presented. Then the experimental procedures for Rydberg
state is introduced.

3.1 Magneto optical trap and vacuum chamber

To prepare a trapped single atom array an atomic reservoir is needed. A magneto-optical trap
(MOT) serves as the atomic reservoir, which is generated by laser cooling and trapping technique with
lasers and magnetic elds [59, 60]. In this section, techniques for MOT with®’Rb atoms and related
laser systems are brie y reviewed.

Atom moves with nite velocity in nite temperature, so there is a shift of external laser frequency
in the atom's frame by Doppler e ect. For an incoming laser light with opposite direction of an atomic
movement the frequency is blue-shifted, so this laser light should be red-detuned to match the atomic res-
onance. The atom experiences momentum kick during absorption and excitation, then it spontaneously
decays by emitting a photon with random direction, eventually the atom losts its kinetic energy. The
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Figure 3.1: |lllustration of three-dimensional Rydberg atom quantum simulator hardware. A three-
dimensional atomic trap array is holographically generated by a re ective spatial-light-modulator (SLM),
then it is focused to vacuum chamber by an objective lens. Fluorescence of trapped atoms is collimated by
the objective lens, distinguished with the trap light with a dichroic mirror, then imaged with an electron-
multiplying-CCD (EMCCD) camera. Each trapped atom serves as either a logical (blue spheres) qubit or
an auxiliary (red spheres) qubit, while logical qubit mainly involves in quantum operations and auxiliary
gubit mediates Rydberg interaction between logical qubits. An electrically-tunable-lens (ETL) is placed
between the dichroic mirror and the EMCCD camera to change the image focus, and the atomic arrays
with di erent planes (plane 1 and 2) are sequentially imaged. Rydberg excitation laser illuminates the
atoms globally. And a local qubit laser is addressed to apply quantum operations to specic atoms.
The gure shows an example of local qubit laser scheme, where the beam path of local qubit laser is
controlled by a two-dimensional acousto-optic-de ector (AOD). It copropagates with the trap laser after

a polarizing-beam-splitter (PBS), and induces additional Stark shift to desired atoms. Atomic images
captured by the EMCCD are sent to PC (blue dashed line). The ETL, 2D AOD, and SLM are controlled
by PC (green dashed line).
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Figure 3.2: (a) Energy level of®’Rb D2 transition line. (b) MOT cloud image. The image was captured
by a CCD camera and the MOT uorescence cloud is in the red circle.

movements of the atom with all directions can be cooled using counter-propagating beams alongy;
andz-axis (totally 6-beams). Con ning an ensemble of atoms can be achieved with magnetic eld gradi-
ents, which can be generated using anti-Helmholtz coils. These eld gradients make increasing Zeeman
shifts as the positions of the atoms becomes away from the coil center. So if the polarizations of each
counter-propagating laser beams are * and respectively, the atoms continue m = 1 transitions,
and restoring forces to the anti-Helmholtz coil center are induced.

The cooling laser(cooler) frequency is matched to D2 transition(780 nm) of’Rb and related en-
ergy levels are illustrated in Fig. 3.2(a). The frequency is slightly red-detuned from cycling transition
5S,-5;F =2 $ 5P;-,;F°=3 tocompensate Doppler e ect. The detuning of the cooler beam is tuned
to 25 (=2 6 MHz) from F'=3 [61]. The frequency of cooler laser is far from 5P3-,; F°=2 , but
there is non-zero probability of transition 5S;-,;F =2 $ 5P5;-,;F%=2 , and atomsin 5P;-,;F%=2
spontaneously decay to a dark state5S,-,;F =1 . To re-excite this population a repump laser is needed
and it makes the atoms to involve in laser cooling continuously. Generally it is known that the ratio
between the transition rate for the cycling and dark state is about 40000:1 [62]. Both lasers are stabilized
to their saturated absorption spectra [63] respectively (crossover spectrum of =2 ! F%=1 3 for
cooler, crossover spectrum of =1 ! F%=1 2 for repump). An example MOT cloud uorescence
image captured by CCD camera is in Fig. 3.2(b).

A picture of our main experimental chamber is in Fig 3.3. Cooling laser beams counter-propagate
along 3-axis and they overlap each other in the center of the glass cell. The cooler beams 1, 3, 5 pass
through polarization maintaining single mode bers and their polarizations are tuned to * with the
beam diameter about 1 cm. The cooler beams 2, 4, 6 are the lights re ected back from mirrors and their
polarizations are changed to by passing through another quarter-wave plates. A repump beam passes
through a polarization maintaining single mode ber and copropagates with the cooler beam 5. The
polarization is linear parallel to the propagation directions of Rydberg excitation lasers. The frequencies
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