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ABSTRACT

Rydberg-atom synthetic dimensions

by

Soumya Kamal Kanungo

Synthetic dimensions are powerful tools for quantum simulation and computation.
They are realized by harnessing internal or external degrees of freedom of an atom or
molecule, which can mimic the motion of an electron in a real-space lattice potential.
Such degrees of freedom are highly tunable and can be engineered to create configu-
rations difficult to access or realize in real space. Some of the exciting possibilities in-
clude realizing higher dimensions systems|[1, 2, 3|, nontrivial real space[4, 5] and band
structure[6, 7] topologies and artificial gauge fields[8, 9]. Experiments have utilized
various degrees of freedom to create synthetic dimensions, such as motional[10, 11],
spin[8, 12, 13, 14] and rotational[15] levels of atoms and molecules, and frequency
modes, spatial modes, and arrival times in photonic systems[16]. Atomic synthetic
dimensions have demonstrated artificial gauge fields, spin-orbit coupling, chiral edge
states using Raman-coupled ground magnetic sublevels[8, 12, 17] of atoms, and phe-
nomena such as Anderson localization using two-photon Bragg transitions by cou-
pling free-particle momentum states[18]. Here, we harness the Rydberg levels of 84Sr
to realize a synthetic lattice for studying quantum matter. Resonant millimeter-wave
(mm-wave) radiation coupling Rydberg levels |¢) and |j) with amplitude €2;; (Rabi fre-
quency) are described by the same Hamiltonian as a particle tunneling between lattice

sites |7) and |j) with tunneling amplitude J;; = €2;;/2. The mathematical equivalence



il

to particles moving in a real-space lattice enables Rydberg levels to function as a
synthetic spatial dimension. Rydberg-atom synthetic dimensions offer control over
connectivity, tunneling rates and on-site potentials, which allows for the creation of
a broad range of synthetic dimensional system. The capabilities of such a system
are demonstrated by realizing the famous Su-Schrieffer-Heeger(SSH) model[19] and
studying its topologically protected edge states(TPS).
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1.1

1.2

1.3

Illustrations

Rydberg energy level structure for certain singlet('l;) and triplet(*/;)
states of 84Sr. All energies are referenced to the energy of (5s57s)35.
Array of quantum simulation platforms. (a) Optical lattices (b)
Atom-cavity systems (c) Ion traps (d) Superconducting circuits.
Figures adapted from [40]. . . . . .. ... ... ... L.
Array of different synthetic dimension platforms. (a) Magnetic
sublevels of the ground hyperfine state is utilized to construct a
hybrid lattice with one real and one synthetic dimension, where,
Raman transitions control hopping between synthetic sites[12]. (b)
Electronic states such as clock states are used to create a series of
hybrid 2D plaquettes[44]. (c) Rotational states of polar molecules can
be used as a pure synthetic dimension, with microwave fields coupling
different levels to realize tunneling dynamics between lattice sites[45].
(d) Momentum states of a Bose-Einstein condensate used as a pure
synthetic lattice, where hopping is realized by Bragg transitions[46].
(e) Periodic shaking of a harmonic trap can potentially be used to
hop between synthetic lattice sites formed by the eigenstates of the

harmonic potential[47]. . . . . . . .. ..o Lo



1.4

2.1

2.2

2.3

24

The Rydberg atomic states of ' Sr are reinterpreted as lattice sites.
The strong (thick green lines) and weak (thin green lines) tunneling
are realized with millimeter-wave coupling of consecutive S and P
states. Standard spectroscopic notation is used to label the Rydberg

states. . . . oL s

Figure showing major transitions in #Sr used for laser cooling and
trapping. The blue MOT (blue arrow) operates on the broad 30.5
MHz transition to realize a MOT of about 1 mK in temperature. The
leakage via spontaneous emission from (5s5p) ! P, results in the
population getting trapped in (5s5p) 3P, state. The atoms are
repumped back to (5s5p) 3P, state via a 481 nm laser addressing the
(5s5p) 3Py — (5p?) ® P, transition (green arrows). Then, the red
MOT stage operating on the 689 nm transition (bold red arrow)
makes a cold sample of about 1-2 K. All dotted lines denote
spontaneous decays while solid lines are laser-excited. . . . . . . . ..
3D model of the atom trapping setup with few of the relevant
components labeled. The horn (K-band; RW42HORN25A) is used for
driving Rydberg-Rydberg transitions. The micro-channel plate
(MCP) is used for detection of Rydberg species by ionizing the
Rydberg electrons. Detailed description of the setup can be found
here[61, 62, 63]. . . . . . . ...
ODT potential profile during the loading phase of atoms from the red

MOT into the OPT. The power in each sheet beam is around 0.75 W.

Schematic of the generation of frequency-stabilized 320 nm

spectroscopy beam. . . . .. ..o
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2.5  Two-photon Rydberg excitation scheme with 689 nm and 320 nm

photons. The 320 nm photon frequency is tunable to address different

Rydberg states. 689 nm photon is blue-detuned by several MHz

(typically ~15 MHz) from the intermediate state. . . . . .. ... .. 22
2.6 Three different configurations of spectroscopic beams for two-photon

Rydberg excitation. UV beam propagation direction and its

polarization is kept fixed for all three configurations. Configuration 1

and 3 for 689 nm photons along with 320 nm photons address

m = —1,1 magnetic sublevels of the (5sns)3S; Rydberg state.

Configuration 2 for 689 nm photons with the 320 nm photons address

m = 1 magnetic sublevel of the (5sns)3S; Rydberg state. In this

thesis, we use config. 1 of 689 nm photons for the two-photon

Rydberg excitation. . . . . . . . ... oo 23
2.7 (a) UV beam profile after the last lens on the cage system. The

atoms are located at around 35 cm away. (b) UV fiber tip viewed

with a fiber inspection scope (FS200-FC, from Thorlabs) before

installation (left panel). UV beam intensity causes dirt accumulation

over ~ 1 year (mid panel), resulting in poor coupling (< 5%).

Isopropanol (99 % pure) is used to clean the tip to recover coupling

efficiency (Z 30%) (right panel). . . . . .. ... .. ... ... ... 25



2.8

2.9

(a) Selective field ionization setup inside the science chamber. Set of
8 electrodes apply an electric field ramp pointing towards the
micro-channel plate (MCP) ionizing the Rydberg electron which gets
collected at the MCP. The typical voltages are shown in the figure.
The +V and -V values range anywhere from few volts to 2500V
depending on the principal quantum number being probed. (b) The
signal at the MCP as a function of the electric field ramp time.
Different atomic states have different ionizing fields and hence their
signal arrives at different intervals for a fixed ramp. (c) A single data
point is obtained by summing all of the signal in the MCP spectra for
a given frequency detuning. Typical Rydberg atomic state spectra
are shown for three different quantum numbers. . . . . . . . . . . .. 27
(a) For high-n Rydberg spectroscopy, we are able to trim the stray
electric fields upto 10 mV /cm. Front plates (near the MCP) are used
for applying offset voltages to cancel stray electric field while the
back (negative plates) plates are used for SFI detection. (b) n = 160
manifold with and without the stray fields is shown. Sharp Rydberg
features are absent when the neighboring manifolds are mixed by
stray fields (top panel), and they are recoved when trim fields are
applied (bottom panel). The vertical dotted lines show the predicted
positions of the Rydberg states by using literature value of quantum

defects[23, 29].. . . . . .. L 29
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2.10 Millimeter-wave setup to drive Rydberg-Rydberg transitions. Six
commercially available (VALON 5009) synthesizer frequencies
combined with a 6-way combiner (PE20DV003) are mixed with a a
local oscillator (LO, DS 3000 model) driven at 17GHz (using a
PE86X1009 mixer), which is then fed to a horn antenna
(RW42HORN25A) via a mm-wave switch (RFSPSTA1840G,
controlled by a TTL signal). The horn cutoff of 17.6 GHz suppresses
the lower modes including the carrier and hence, only the positive
sideband frequencies are experienced by the atoms. An example of
this is shown in the graph with red traces from a fast spectrometer
(Keysight-N9344C). The mm-wave polarization is parallel to the
table as shown by black double-headed arrows. A maximum power of
about 0 dBm reaches the horn. The figure also shows the
counter-propagating configuration for Rydberg excitation from the
ground state (using 689 nm and 320 nm photons). The MCP shown

in the figure is used for collection of ionized Rydberg electrons. . . . . 31

3.1 Vacuum viewport with a diameter of 1.5 inches puts an upper limit

on the wavelength of the radiation passing through and reaching the

3.2 (a) Types of Rydberg-Rydberg transitions that can be driven from
the initial (5sns)3S; state by using one or two mm-wave photons. (b)
Two-photon (5sns)3S; — (5s(n + 1)s)3S; transitions. (c) Single
photon (5sns)*S; — (5snp) ® P; transitions, for j = 0,1,2. (d)
Two-photon (5sns)3S; — (5snd) 3D; transitions, for j = 1,2,3. The
black solid lines indicate the lower and upper cut-off frequencies of

K-band. . . . . . 34



3.3

3.4

3.5
3.6

3.7

xii

(a) Bloch state vector for a Rydberg atom in the unperturbed state
(5558s)35;. (b) SFI spectra for (5s58s)3S; Rydberg state. (c) Bloch

state vector for a Rydberg atom in a superposition state of

(55585)3S) and (5s58p) 3P, (d) SFI spectra for Rydberg atom in a
superposition of (5s58s)3S; and (5s58p) 3Py states. Blue and red

shaded areas denote the ROIs for the individual Rydberg states.

Signal arriving within the ROI is proportional to the population in

that state. . . . . . . . 36
(a) Experimental sequence of the SFI-ROI scheme. (b) Spectra of

(55585) 23S — (5sH8p) 3 Py transition. The counts in the

state-defined ROIs (A and B) are plotted against the frequency of
mm-wave radiation. At a near-resonant frequency, counts appear in

ROI-A corresponding to the Rydberg-Rydberg transition to

(5558p) 3 Py-state. The total counts (green circles) is the total number

of Rydberg atoms (either in S— or P— state) in the sample. . . . . . 38
Rabi oscillation observed for the transition (5s58s)3S; — (5s58p) 3Py. 40
(a) The green arrow denotes the two-photon Rydberg transition from

the ground state (|G)) to the unperturbed Rydberg state |A). (b)

The Rydberg transition |G) — |A) is split into two when |A) is

strongly coupled to a higher lying Rydberg state (|B)) via

on-resonant mm-wave radiation. The stronger the coupling, the wider

the split in energy. This splitting gradually vanishes as the mm-wave

field drifts off-resonant from the |A) — |B) transition frequency. . . 41
(a) Experimental sequence of finding Rydberg-Rydberg transitions by
Autler-Townes loss spectroscopy. (b) The loss of total Rydberg

counts (green) is due to mm-wave frequency being near-resonant to

(5s58s) 351 — (5s58p) 3Py Rydberg-Rydberg transition. Resonance
frequency is 19234.04(1) ecm~! with a linewidth of 150(10) kHz. . . . 42



3.8

3.9

3.10

4.1

Rabi oscillations for different mm-wave intensities. The coherence
time extracted by fitting data to eq. (3.4) is plotted against Rabi
frequency in the bottom panel. Lower coherence times at higher Rabi
frequencies is observed. . . . . . . ...
Coherence time of magnetic-field-insensitive Rydberg-Rydberg
transition ((5s60s)3S; — (5s61s)35;) as a function of magnetic
field on atoms. . . . ...
Coherence time of magnetic-field-sensitive Rydberg-Rydberg
transition ((5s58s)3S; — (5s58p) 3 Py) as a function of magnetic

field on atoms. . . . ..,

Millimeter-wave coupled strontium Rydberg states to realize the SSH
model. The double-headed wavy orange arrows denote the mm-wave
coupling radiation, corresponding to the tunneling rate in the SSH
Hamiltonian. Thicker wavy arrows highlight stronger coupling and
hence greater tunneling. The red, blue and green lines are 35, states.
These states are color coded to identify Rydberg spectra in the

corresponding manifolds. The black lines are 3P, states. . . . . . . . .
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4.2

4.3

Xiv

(a) A 1-D polymer (such as a Polyacetylene molecule) showing the
staggered bond pattern[19]. (b) Topological configuration of the SSH
model with weak coupling to the edge sites that possesses TPS. The
thick bonds denote strong tunneling (j5), while the weak bonds
denote weak tunneling (j,,). (c¢) Trivial configuration of the SSH
model with strong tunneling to the edge sites. The set of red and
blue lattice sites are denoted as sublattice A and B respectively. Each
unit cell contains one lattice site each from A and B. (d) Eigenstates
of the topological configuration with two edge states, which are
symmetric and anti-symmetric superpositions of the left and right
edges. The bulk states are superpositions of the bulk sites. (e)
Eigenstates of the trivial configuration, where each eigenstate is a
superposition of all the lattice sites. No TPS are present. . . . . . . . 56
(a) Six site SSH chain characterized by staggered tunneling
amplitudes denoted by j; and js. (b) Band structure as a function of
the tunneling ratio jo/j;. The edge states are realized with weak
tunneling to the edges(i.e., jo/71 >> 1), with their energies
unperturbed and pinned to zero. (¢) Phase diagram of the SSH

model, where j; = j5 separates the two phases. . . . . . ... . ... o7



4.4

4.5

4.6

4.7

(a) 1-D superlattice used (by I. Bloch group, MPQ, Germany) to
measure the Zak phase difference between the topological and trivial
phases of the SSH model[75]. (b)The SSH model with an on-site
potential term, called the Rice-Mele model, realized with 1-D
superlattices to implement a fermionic Thouless pump (shown on the
right)[76]. (c) Magnetic sublevels used as a synthetic dimension
where tunneling is realized by Raman transitions to realize the SSH
model with on-site potentials (Spielman group, JQI, Maryland)[78].
(d) Bragg transitions used to realize tunneling between momentum
states in a BEC (Gadway group, University of Illinois at
Urbana-Champaign) to implement the SSH model[46, 79]. . . . . ..
Plotting the difference of the photon energy of transition in the title
of each panel with the transitions in the legend. The photon energies
for all the transitions in the range of quantum numbers presented in
the figure lie in the K-band. Only the 3S; — 3P, transition avoids any
accidental resonances, i.e., no zero-crossings. . . . . . . . . . . .. ..
(a) Eigenenergies (eq. 4.11) for the new eigenstates (seen in the AT
spectra as two separate peaks), when the atom is dressed by
near-resonant radiation, as a function of detuning from the resonant
frequency. Y-axis is scaled such that zero energy corresponds to the
resonant energy of the transition with the mm-waves present. (b)
The strengths of the left and right peaks in the AT spectra as a
function of detuning from resonant frequency. . . . . . .. ... ...
Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition

(55595) 23S — (5s59p) 3 Fy. The bottom panel plots the mm-wave

resonance frequency (1) as a function of Rabi frequency. . . . . . ..
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4.8

4.9

4.10

4.11

4.12

Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition

(55595) S — (5s58p) *Py. The bottom panel plots the mm-wave
resonance frequency (1) as a function of Rabi frequency. . . . . . ..
Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition

(5558s)3S] — (5s58p) 3P,. The bottom panel plots the mm-wave
resonance frequency (1p)as a function of Rabi frequency. . . . . . ..
Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition 5558535, — 5557p3D%.
The bottom panel plots the mm-wave resonance frequency (1) as a
function of Rabi frequency. . . . . . . . . ..o oL
Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition

(55575)3S) — (5sH7p) 3 Py. The bottom panel plots the mm-wave
resonance frequency (1) as a function of Rabi frequency. . . . . . . .
Six-site SSH model in the topological configuration realized on a 4Sr
Rydberg atom. The wavy arrows denote near-resonant mm-wave
couplings, which induce tunneling between sites of the synthetic
lattice. Thicker lines correspond to faster tunneling. The blue and
red arrows show two-photon excitation to a Rydberg level of interest

(for example, i =5). . . . . ...
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4.13

4.14

4.15

(a) Topological configuration of the SSH molecule color-coded to map
to corresponding Rydberg synthetic sites. (b) Rydberg spectra at

i =1,3 and 5 for the topological configuration with J;/J,, =5 in the
six-site SSH model in Rydberg synthetic dimensions. The spectra for
i =3,5 are multiplied by a factor of 2 for clarity. (c)
State-decomposition weights, | (5]i) |, for the topological
configuration, obtained from direct diagonalization of eq. 4.16 for
Js/Jw = 5. (d) Trivial configuration of the SSH molecule. (e)
Rydberg spectra at ¢ =1,3 and 5 for the trivial configuration with
Js/Jw = 5. (f) State-decomposition weights, | (3[i) |, for the trivial
configuration with Jg/J, =5[20]. . . . ... ..o
(a) Rydberg spectra at ip,= 1, 3 and 5 for J;/J, = 5. (b) Rydberg
spectra at i,,= 1, 3 and 5 for J;/J,, = 15. (c) Direct diagonalization
results for (a). (d) Direct diagonalization results for (b). The edge
states have less overlap with the bulk at higher J;/J,, ratios. This is
indicated by the red rectangles[20]. . . . . . ... ... L.
Peak positions (eg) in the Rydberg spectra, such as in fig. 4.14,
giving the bulk and edge state energies for various values of J;/J,,.

Measurements match the band structure calculated by direct

diagonalization of eq. (4.16)[20]. . . . . . . . .. ... ...
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4.16 Synthetic-lattice-eigenstate decomposition obtained from spectral-line
areas for the configuration with TPS. (a) Fraction of the entire signal
under the spectral features corresponding to the edge states for probe
tuned near site i, (Rydberg level) indicated in the legend. The line is
the sum of the squares of the calculated overlaps of the SSH edge
eigenstates with the iy, site found from direct diagonalization of eq.
(4.16) with 6; = 0. (b) Fraction of the entire signal under the bulk
state features and calculated sum of squares of the overlaps of the
SSH bulk eigenstates with the i, site[20]. . . . . . ... ... ...,

4.17 SFI signal for the probe laser tuned near 58s for J;/J, = 5. Vertical
lines indicate ionization fields for bare Rydberg levels. The data
points are evenly spaced in time. (a) Localization of the bulk-states
(at A, ~ £500 kHz) at the lattices sites ¢ = 2,3,4,5. (b)
Localization of the edge-state (atA; =~ 0) at the lattice site 57s
(1 =1). The small contribution to the signal at i = 2,3,4,5 is
predominantly from the wings of the bulk-state peaks[20]. . . . . ..

4.18 (a) SFI spectra at iy, = 6. (b) SFI spectra at i, = 4. (c) SFI spectra
at i, = 2. For all the cases, the probe is tuned to resonance on the
bulk features in the Rydberg spectra. . . . . . . ... ... ... ...

4.19 Band structure with Hamiltonian perturbations. (a) SSH model:

8; = 0 with balanced tunneling rates (Jo_3, Jy_5 = JO and

J?/J, =5). Lines mark positions of the bulk and edge peaks. (b)
Strong tunneling rates are imbalanced to J,_3 = 1.15J? and

Jy—5 = 0.85J° for J?/J, = 5. This perturbation respects chiral
symmetry. (c) Same as (b) but Jo_3 = 0.85J° and J;_5 = 1.15J°[20].

xXviil
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4.20

4.21

4.22

5.1

5.2

(a) Edge state spectra in the presence of perturbations breaking chiral
symmetry: tunneling rates are balanced as in the standard topological
SSH configuration, with Jg/J, = 10, but the frequency of the i = 1 to
i =2 (57s — 57p) coupling is varied by the value given in the legend.
Spectra are recorded with the probe laser tuned near the 58 level

(ipr = 3). (b) Same as (a), but the ¢ =5 to i = 6 (59s — 59p) coupling
frequency is varied. All error bars denote one s.e. of the mean[20]. . .

Noise model analysis. Fits of experimental data with theoretical

calculations assuming no decoherence ( ), and using the
amplitude-noise model [Eq. (4.20), ----- ]. Data shown are for

Js/Jw = 15 [from fig. 4.14(b), the iy, = 3,5 spectra have been
multiplied by a factor of 2 for clarity]. All error bars denote one s.e.
of themean. . . . . . .. ..o
Noise model analysis. Same as fig. 4.21, but experimental data
shown are for J;/J, =5 [from fig. 4.14(a)]. Top panel shows all three
ipr While the bottom three panels show central regions of the same

data for the individual ¢y, indicated in each panel. All error bars

denote one s.e. of the mean. . . . . . . . .. ... ..

A Rydberg synthetic dimension scheme to realize a breathing kagome
lattice that harbors corner states. . . . . . . . ... .. ... ... ..
Rydberg synthetic dimension scheme to realize a loop topology using
K-, Ka- and W-band mm-wave frequencies. Swapping the S — S and
D —DtoS—Dand D — S couplings realizes a Mobius strip
topology (as shown in inset). The red photons lie in the K-band and
the violet photons lie in the W-band. . . . . . .. .. ... ... ...
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A.1 Layout of optical components to have a collimated UV beam on the
atoms. The profile of the free-space beam from the second mirror
after the 150 MHz AOM was measured. The cylindrical lens
combination immediately following the mirror results in a collimated
beam with a waist of about 500 microns that couples efficiently with
the UV fiber on the input side. The output profile (A.6) was
measured before the cage system to help calculate the focal length of
the lenses needed for the telescope. The telescope reduces the spot
size to about 250 microns. . . . .. .. ..o

A.2 Collimator is secured inside a modified AD12F (Thorlabs) mount.
The tube in the photo purges the tip of the fiber with nitrogen at a
flow rate of about 1.35 SCHF. The eccentric key (that has a white
marker and is below the tube) rotation adjusts the position of the
lens inside the collimator. . . . . . . . . ... ... ... ...

A.3 Beam profile of light from the input collimator. 0 cm represents the
location of the front face of the collimator. The lens position inside
the collimator is adjusted to get the best possible collimation.

A.4 Beam profile measured from the second mirror (see fig. A.1) after the
UV AOM. The vertical component of the beam needs to be
collimated to around 500 microns spot size to mode-match the input
collimator profile (A.3) of the UV fiber and get efficient coupling.

A.5 Beam propagation calculation reveals a combination of 500 mm and
-400 mm cylindrical lenses is required to collimate the free-space UV
beam after the UV AOM. . . . ... ... ... ... ... ......

A.6 Beam profile of light from the output collimator after the UV light is
coupled to the fiber on the input end. 0 cm represents the location of
the front face of the collimator. The lens position inside the

collimator is adjusted to get the best possible collimation. . . . . ..
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B.1 Circuit for the trim field setup. Plates 2, 5, 6 and 9 are the plates
closest to the MCP. The other four plates are used to apply a voltage
ramp to ionize a Rydberg state. The highlighted amplifier stage
isolates the static voltage card from the plate electrodes in the
chamber to avoid damage by voltage spikes. The static cards can
apply 10 V. A voltage divider before the electrodes ensures finer
offset voltages can be applied to cancel the stray electric fields at

higher principal quantum numbers, upto n = 160. . . . . . . . . . .. 102



1.1

1.2

2.1

Tables

Table showing the n—scaling of various properties of a Rydberg
atom. The typical values for a strontium Rydberg atom excited to

n = 38 are in the third column. . . . . . . .. ... .. ... ... ..
Table showing the quantum defect values for relevant strontium
states represented in the spectroscopic notation of 2*1;, where s is
the spin quantum number, [ is the orbital angular momentum and j

is the total angular momentum([23,29]. . . . .. ... ... ... ...
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Chapter 1

Introduction

The title of the thesis is an amalgamation of two exciting fields of atomic physics,
“Rydberg atoms” and “synthetic dimensions”. Rydberg atoms have a rich history
and have been a topic of study since the inception of the modern atomic theory and
have had profound use in numerous experiments over the years. In contrast, the
concept of a synthetic dimension is fresh and new. This new research arena holds
promise for exploring many-body quantum systems that are analogs of real materi-
als as well as engineering exotic systems that are non-existent in nature. Recently,
it has generated hot interest for understanding topological quantum matter and its
phase transitions[16]. In this thesis, a new platform for synthetic dimensions based on
Rydberg atomic states is explored and the powers of such a synthetic space is demon-
strated by simulating a 1-D lattice model described by the Su-Schrieffer-Heeger(SSH)
Hamiltonian[19]. These initial experiments probe the single-particle band structure
and properties of the topologically protected edge states.

We begin our journey with the evergreen topic of Rydberg atoms.

1.1 Rydberg atoms

Swiss teacher Johann Balmer (1825-1898) formulated his famous expression to de-
scribe the wavelengths of Hydrogen emission lines observed from a discharge lamp

in the middle of 1880s. But it was not until the next 15 years and the discovery of



Einstein’s photoelectric effect, physicists started to think deeply about the internal
energy structure of an atom. Niels Bohr, finally, was able to concoct a working atomic
theory based on Einstein’s idea, where the internal energy states of an atom were pos-
tulated to be discrete, or in other words, “quantized”. This was revolutionary, and it
led to the development of modern quantum mechanics. The atom became understood
to only absorb or emit radiation matching the internal energy difference between its
two states. Moreover, the ladder of energy states was discovered to be non-linear,
i.e., the energy difference between consecutive levels decreases exponentially with the
total energy of the atom. The Rydberg formula for a Hydrogen atom, which captures
this behavior, is given by:

E, = (1.1)

E, is the energy for an internal state of the atom labeled by the principal quantum
number n. R, = 13.6 eV' is the Rydberg constant. Note, the energy is described by

a negative quantity as the electron and the nucleus form a bound state.

Property n-scaling | Sr 5s38s 35,
Rydberg radius n? 2200ag
Binding energy n=?2 1200 cm~!

Polarizability n’ 7 MHz/(V/cm)?

Lifetime n? 21 ps

Table 1.1 : Table showing the n—scaling of various properties of a Rydberg atom.
The typical values for a strontium Rydberg atom excited to n = 38 are in the third
column.

A Rydberg atom is an atom with at least one valence electron excited to a high

11 eV ~ 8065.73 cm~!. Rydberg constant for Hydrogen in this unit is 109737.3 cm™!.



principal quantum number, where n >> 1. These atoms possess exaggerated prop-
erties, some of which are listed in table 1.1. One such property is the scaling of the
binding energy, which causes difference in energy required to excite an atom to the

next higher level to decrease as n=3

. To put this into perspective, one can excite a
Hydrogen Rydberg atom from n = 70 to n = 71 with ~ 19 GHz (or 1.9 x 10'° Hz)
radiation, while exciting the same atom from n = 1 to n = 2 requires ~ 2.4 PHz (or
2.4 x 10 Hz) radiation, a difference of five orders of magnitude. This is an important
property in the creation of a synthetic dimension based on Rydberg atomic states[20],
as elucidated in this thesis.

Another widely useful property is the large tunable Rydberg-Rydberg interaction
strengths, characterized by the C'3 and Cy coefficients, which describe resonant dipole-
dipole interaction, including Forster resonance (~ 1/R?* potential)[21, 22], and Van
der Waals interaction (~ 1/R® potential)[23, 24] respectively. This provides exquisite
control over interaction strengths covering a range which spans across weak to strongly
correlated regimes of many-body systems. This is also the basis of the Rydberg
blockade effect[25], which has profound uses in collective Rydberg excitations and

creation of single-photon sources|26, 27|, quantum information and implementation

of two-qubit gates|28].

1.1.1 Strontium and its Rydberg states

Strontium([Kr]5s?) is a heavy alkaline earth metal with two valence electrons and
a completely filled inner shell>. The two valence electrons provide all alkaline earth

metals, like strontium, with a series of singlet and triplet states. The electron spins

2Kr stands for the noble gas krypton, whose atomic number is 36. The atomic number of

strontium is 38.



Quantum state 35, 3Py 3P, 3P, 1S, P

Quantum defect (9;;) | 3.371 | 2.8866 | 2.8824 | 2.8719 | 3.2689 | 2.7295

Table 1.2 : Table showing the quantum defect values for relevant strontium states
represented in the spectroscopic notation of 2**1/;, where s is the spin quantum num-
ber, [ is the orbital angular momentum and j is the total angular momentum(23, 29].

are anti-aligned for singlet states whereas they are aligned for triplet states. It also
has four major isotopes, ®¥Sr, 87Sr, 8Sr and 34Sr. Only 87Sr is a fermion with nuclear
spin I = 9/2 and the rest are bosons with a nuclear spin I = 03. In this thesis, we
focus on % Sr and its atomic states.

A strontium Rydberg atom is similar to a hydrogen Rydberg atom when one of
its valence electrons is excited to a high-n state. But unlike in hydrogen, the Rydberg
electron interacts with the inner core which results in shifting of energy levels. This
lifts the degeneracy of various orbital angular momentum states(l) of a given n, as

described by the modified Rydberg formula:

_Ry

B, ="
" (n = 0y)?

(1.2)

where, ¢;; is defined as the quantum defect, which depends on the angular momentum
quantum number (/) and the total angular momentum(;)[29]. Table 1.2 shows the
values of quantum defects for strontium states[23]. Figure 1.1 shows the structure of
Rydberg states of strontium(34Sr) from n = 57— 62 for both singlet and triplet states,
resulting from its quantum defects. It is noteworthy that a ~200 GHz frequency span

contains all the Rydberg states shown in the figure.

3] = 0 implies absence of a hyperfine structure and hence, all bosonic isotopes of strontium

possess a single electronic ground state, represented as (5s%) 1Sy in standard spectroscopic notation.
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Figure 1.1 : Rydberg energy level structure for certain singlet('l;) and triplet(®/;)
states of ®Sr. All energies are referenced to the energy of (5s57s)3S;.

1.2 Synthetic dimensions

Synthetic dimensions is a concept inspired by quantum simulation. In 1980, Feynman
proposed the idea of using quantum systems to simulate other quantum systems that
are classically infeasible to compute[30]. For example, total number of states of a

system composed of only 300 spin-1/2 particles exceeds the total number of atoms



in the universe. The exponential scaling of the Hilbert space makes it impossible for

any classical computer to store a complete quantum state of such a system.

“Nature isn’t classical, dammit, and if you want to make a simulation of

nature, you'd better make it quantum mechanical...” - R. P. Feynman

1.2.1 Quantum simulation

The central idea behind a quantum simulation is using a well-controlled and flexible
quantum system to emulate essential features of another quantum system of interest
that is more difficult to probe. The performance of a quantum simulator depends
on realizing a Hamiltonian that directly maps to the system of interest and hence, is
“analogous” to the actual system. Moreover, it relies on the preparation of a quantum
state that mimics the quantum state of the actual system. A measurement is often
made to read-out the quantum state and extract physical information. Such systems
can be used to study the equilibrium states of a quantum many-body system as well
as dynamics[31].

Over the years, quantum simulators have been realized on platforms based on su-
perconducting circuits[32], atoms[33], molecules[34], ions[31, 35], photons[36] and cav-
ities. Such platforms have demonstrated important quantum phase transitions, such
as, a superfluid to a Mott insulator transition[37] and the BEC-BCS crossover[38], im-
plemented lattice models such as the Bose-Hubbard and Fermi-Hubbard models[39],
created disordered systems, and studied topological matter.

Atomic systems are particularly attractive among the plethora of available simula-
tors due to their high controllability over system parameters. A particular example is
the study of dynamical properties by quenching the system, which is extremely tedious

if not impossible for solid-state based systems. Moreover, there is existence of excit-
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Figure 1.2 : Array of quantum simulation platforms. (a) Optical lattices (b) Atom-
cavity systems (c¢) Ton traps (d) Superconducting circuits. Figures adapted from [40].



ing tools such as quantum gas microscopes|41], which enable probing of many-body
systems atom by atom. Optical lattices present control over geometry and dimen-
sionality which is essential in understanding physics in one, two or three dimensions.
The recent development of tweezer techology[42, 43] has enabled creation of arbitrary
trap arrays and lent supreme control over individual particles. Such developments
promise to push the frontiers of many-body physics, quantum information, precision

measurements and ultracold chemistry.

1.2.2 Synthetic dimensions: The idea!

A synthetic dimension is a degree of freedom encoded on internal or external states
that can mimic the motion of a particle in a real-space lattice potential. These in-
ternal or external states may be motional[10, 11], spin[8, 12, 13, 14], or rotational[15]
levels of atoms and molecules, or frequency modes, spatial modes and arrival times
in photonics systems[16]. Figure 1.3 shows a few examples of platforms that have
been used to realize a synthetic dimension. Artificial gauge fields, spin-orbit coupling
and chiral edge states have been demonstrated with Raman-coupled ground mag-
netic states[Fig. 1.3(a)] and single-photon-coupled electronic orbitals[Fig. 1.3(b)]. A
synthetic dimension based in the rotational states of polar molecules in conjunction
with a 1-D real dimension (optical lattice or tweezers) has been proposed to ob-
serve interesting quantum phases such as quantum strings[Fig. 1.3(c)]. Free particle
momentum-states of a BEC coupled by two-photon Bragg transitions have explored
tailored disorders, Anderson localization and 1-D lattices such as the SSH and SSH4
models[Fig. 1.3(d)]. Eigenstates of harmonic trap where hopping is realized by pe-
riodic shaking of the trap has been proposed for realizing quantum hall physics|Fig.
1.3(e)].
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Figure 1.3 : Array of different synthetic dimension platforms. (a) Magnetic sublevels
of the ground hyperfine state is utilized to construct a hybrid lattice with one real
and one synthetic dimension, where, Raman transitions control hopping between
synthetic sites[12]. (b) Electronic states such as clock states are used to create a
series of hybrid 2D plaquettes[44]. (c) Rotational states of polar molecules can be
used as a pure synthetic dimension, with microwave fields coupling different levels
to realize tunneling dynamics between lattice sites[45]. (d) Momentum states of a
Bose-FEinstein condensate used as a pure synthetic lattice, where hopping is realized
by Bragg transitions[46]. (e) Periodic shaking of a harmonic trap can potentially be
used to hop between synthetic lattice sites formed by the eigenstates of the harmonic
potential[47].
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These systems open up exciting possibilities to realize higher-dimensional systems|[1,
2, 3], non-trivial real-space[4, 5] and band-structure[6, 7] topologies and artificial
gauge fields[8, 9], and tailored disorder[10].

One of the main technical challenges for these platforms has been to extend the
synthetic dimension to many sites. Non-uniform Clebsch-Gordan coefficients* make
it very demanding to couple more internal states for laser-based platforms. This
has motivated a search for alternative platforms that hold the potential to circum-
vent some of these issues. A proposal by the group of Dr. Kaden Hazzard at Rice
University suggested the possibility of harnessing the closely spaced rotational states
of polar molecules, where the coupling between the states by microwave/millimeter-
wave radiation could be reinterpreted as tunneling between synthetic sites. Also, the
similarity of the wavefunctions resulting in large overlap integrals could bring more

uniformity in coupling strength among different states.

1.2.3 A synthetic dimension on Rydberg atomic states

Rydberg atomic states create a unique experimental setting for synthetic dimensions,
where the Rydberg states are interpreted as lattice sites and the dynamics is simulated
by the hopping of the Rydberg electron. It offers many advantages. The plethora of
Rydberg states available at high—n enable intricate connectivity between many states,
which is important in realizing exotic geometries and non-trivial real-space and band-
structure topologies. These couplings can be created by using robust microwave or
millimeter-wave sources, where, the power, phase and frequency of the microwave field
fully control the tunneling amplitudes and on-site potentials on individual synthetic

sites. Rydberg states also possess strong transition dipole moment, scaling as n?,

4Clebsch-Gordan coefficients are used to add angular momentum in quantum mechanics.
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which make large and complex synthetic landscapes feasible. Moreover, the dipole-
dipole interactions between Rydberg atoms provide a mechanism to create tunable,
localized interactions for many-body systems in synthetic space, which is a challenge
for other atom-based platforms.

In this thesis, we harness the Rydberg levels in 34Sr to create a 1-D synthetic
lattice and demonstrate its capabilities by realizing the famous SSH Hamiltonian and
observing its topologically protected edge states (TPS). We also test the robustness

of TPS by controllably introducing disorders.

5s59p 3P,

Mapping
/\ 5s58p 3P,

5s59s 3S,

5s58s 3S,

/\ 5657 P,

5s57s 3S,

SSH model - 1D SSH model on a #Sr
lattice Rydberg atom

Figure 1.4 : The Rydberg atomic states of 3Sr are reinterpreted as lattice sites.
The strong (thick green lines) and weak (thin green lines) tunneling are realized
with millimeter-wave coupling of consecutive S and P states. Standard spectroscopic
notation is used to label the Rydberg states.
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Chapter 2

Experimental Apparatus

Since the advent of laser cooling, atomic physics has dramatically expanded our abil-
ity to study and control quantum systems and explore fundamental laws of physics.
A few of the shining feats of laser cooling include the achievement of Bose-Einstein
condensate[48, 49, 50] and the creation of fermi degenerate gas[51, 52|, which are
paradigms of quantum statistical behavior. In our experiments we laser cool stron-
tium, which has two valence electrons and has four stable isotopes, i.e., 84Sr, #Sr,
87Sr, 8Sr. It is one of the few elements with which Bose-Einstein condensation[53,
54, 55, 56] and fermi degeneracy[57, 58] have been achieved. The two valence elec-
trons introduce a series of triplet states and narrow intercombination-line transitions
between singlet and triplet states. These are the basis for powerful laser cooling
techniques[59] and the use of Sr in optical clocks[60]. A brief overview of our laser
cooling apparatus is presented in the following sections, including other topics such
as creation of Rydberg atoms in ultracold atomic samples, Rydberg detection and

millimeter-wave setup for Rydberg-Rydberg transitions.

2.1 Laser cooling and trapping of Sr

Strontium possesses two main cooling transitions. (5s?) 1Sy — (5s5p) 1 P; is the 461
nm dipole allowed transition with a natural linewidth of 30.5 MHz and is the first

stage of laser cooling. The light scattering force generated on this strongly allowed
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transition is strong enough to slow and cool atoms originating from a thermal source of
atoms at ~400 C[61, 62] to achieve a ~1 mK magneto-optical trap(MOT), colloquially
referred to as the “blue” MOT for its color!. During laser cooling in the blue MOT,
spontaneous emission results in population leaking to the magnetically trappable
state (5sbp) 3P, via the (5s4d) ' Dy state. A repumper laser (481 nm) addressing the
(5s5p) 3P, — (5p?) 3 P, transition puts atoms back in the (5s5p) * P; state, which con-
sequently decay back to the ground state for further cooling. (5s%)1Sy — (5sbp) 3P,
narrow intercombination line is the second major cooling transition at 689 nm with
a natural linewidth of 7.5 kHz, referred to as the “red” MOT for its color. Light
scattering on this transition is weaker, but it is enough to capture atoms that are
pre-cooled in the blue MOT, and the forces are strong enough to hold against grav-
ity. The narrow linewidth allows for the creation of denser and colder samples at a
temperature of about a few ukK. Figure 2.1 shows the relevant transitions for making
cold samples of strontium. Detailed descriptions of laser cooling and trapping each
isotope of strontium utilizing these transitions is provided in other theses[59, 62, 63]
and will not be discussed here.

87Sr is the only fermionic isotope of strontium. It has 10 ground states because of a

high nuclear spin of 9/2. The details of trapping 87Sr is described in this reference[64].

IThe velocity of strontium atoms originating from the ~ 400 C source is about 425 m/s. The
atoms are slowed and cooled to 1 mK in three steps, which involve a 2-D collimator, a Zeeman slower
and the blue MOT, utilizing the broad (5s%)Sy — (5s5p) ' P, transition. Extensive discussions

can be found in theses by F. Camargo[61] and R. Ding[62].
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Figure 2.1 : Figure showing major transitions in 8Sr used for laser cooling and
trapping. The blue MOT (blue arrow) operates on the broad 30.5 MHz transition

to realize a MOT of about 1 mK in temperature.

The leakage via spontaneous

emission from (5s5p) ! P, results in the population getting trapped in (5s5p) 3 P, state.
The atoms are repumped back to (5s5p)3P; state via a 481 nm laser addressing
the (5s5p)3Py —> (5p*) 3P, transition (green arrows). Then, the red MOT stage
operating on the 689 nm transition (bold red arrow) makes a cold sample of about
1-2 pK. All dotted lines denote spontaneous decays while solid lines are laser-excited.



Isotope | (5s?) 1Sy — (5sbp) 1Py | (5s?) 1Sy — (5sbp) 3Py
84Gr -270.8 -351.49
86Gr -124.8 -163.81
87Sr -46.5 -62.15
8Sr 0 0

Table 2.1 : Table showing the isotope shifts of the major cooling transitions for
strontium in MHz (values for 87Sr are given for J = 0), referenced to the most
abundant isotope, i.e., 88Sr. The lasers are locked to the atomic resonance in %Sr
and the isotope shifts are addressed by acousto-optic modulators (AOMs) to trap and

cool different isotopes. Details can be found here[61, 62, 63].

Zeeman beam
viewport

K-band horn -
(RW42HORN25A)

2D collimator

15

Figure 2.2 : 3D model of the atom trapping setup with few of the relevant components
labeled. The horn (K-band; RW42HORN25A) is used for driving Rydberg-Rydberg
transitions. The micro-channel plate (MCP) is used for detection of Rydberg species
by ionizing the Rydberg electrons. Detailed description of the setup can be found

here[61, 62, 63].
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2.1.1 Optical dipole trap

The last stage of producing denser ultracold atoms in the experiment relies on load-
ing the atoms trapped in the red MOT into a far-detuned optical dipole trap[65]
for additional cooling via forced evaporation[66]. The induced dipole on the atom
interacts with the electric field of the dipole trap light to produce a shift in the elec-
tronic state energies proportional to the intensity. Therefore a trapping potential can
be engineered by sculpting a gradient in the intensity distribution. This potential
is approximately conservative when the frequency of light is far-detuned from any
transition, as there is minimal dissipation by scattering and the atoms stay in the
ground state.

In our experiment, the dipole trap is formed by two tightly focused 1064 nm
gaussian beams[67]. The wavelength of this trapping light is red-detuned from the
principal transitions in strontium, which means a gaussian intensity distribution will
trap ground state atoms at the most intense part of the light beam. The cross-section
of both the beams is elliptical with high eccentricities, resembling a sheet geometry.
The two sheet beams intersect to form a “pan-cake” shaped trap at the center to
match the shape of atoms in the red MOT for efficient loading.

The intensity distribution for sheet 1 is given by:

2P N
L(z,y,2,P) = evi@? vy (2.1)

™ wy(@)w; ()

Similarly for sheet 2 we have

2P —222 —242
]2(I’ Y, 2, P) = ewiw? gwi(y)? (22)

T wiy)wi(y)

Gravity is along z-axis. The measured beam waists for sheet 1 (i.e., at x = 0) are 231

1

,) and 26 microns (w}). For sheet 2 (i.e., at y = 0) they are 117 microns

microns (w
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(w?) and 38 microns (w?)[62, 63] 2. The tight waist along z-axis for both beams gives
rise to tight confinement along gravity.

The atomic polarizability is often well-approximated by treating the atom as a
two-level system interacting with radiation. It is given as[65]:

3 FO/WS

Wo — Wirap — i(wfrap/wg)rﬁ

a(Wirap) = Re |6Tepc (2.3)

where, wy,qp is the frequency of the trapping light, wy and I'y are the resonant fre-
quency and decay rate of the transition. €, and ¢ are the vacuum permittivity and

speed of light respectively. The trap potential is then written as:

1 —1
U(l’,y, 27P17P2) = E ?@Ca ([1(37,3/,2, Pl) + [2(x7y727 PZ)) +mgz (24>

Here, P, and P, are the powers in the two beams. The potential along each axis is
plotted in fig. 2.3 for a beam power of 0.75 W, which is used for loading atoms from

the red MOT. Lowering of the final trap depth by the method of forced evaporation[66]

leads to sub-uK atom samples.
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Figure 2.3 : ODT potential profile during the loading phase of atoms from the red
MOT into the OPT. The power in each sheet beam is around 0.75 W.

2Theses by R. Ding and J. D. Whalen can be found here: https://ultracold.rice.edu/publications/
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2.2 Rydberg excitation and Detection

The wavelength of light required to access Rydberg states with a single photon is
around 220 nm, which is a difficult regime to manufacture a lasing media. Therefore
it is standard practice in atomic physics to use multi-photon processes, such as a
two-photon process, to drive atomic transitions of this energy. Various phenomena,
such as Raman and Bragg transitions, rely on two-photon processes, and a sufficient

description is given by second-order perturbation theory[68, 69] 3.

2.2.1 Spectroscopy beams

We employ a two-photon excitation scheme for Rydberg excitation, where the first
photon (689 nm) is detuned from the intermediate (5s5p) 3P, state and the second
photon (320 nm), whose energy is tunable, addresses a Rydberg state of interest.
The 689 nm photon is typically blue-detuned from (5s5p)3P; by tens of MHz. The
large detuning ensures minimal single photon scattering which would otherwise lead
to heating up of the sample [linewidth of (5s5p) 3 Pyis about 7.5 kHz.

The 689 nm photon is generated by a a diode laser amplifier that is injection-locked
to the photons from a primary 689 nm laser that is stabilized to the (5s*)1Sy —
(5s5p) 3Py atomic resonance of ®8Sr. An acousto-optic modulator controls the de-
tuning from the (5s5p)3P; state. The photons after the AOM are coupled to a
polarization-maintaining (PM) optical fiber pointed at the atoms on the output end.
A polarizing beam splitter (PBS) is placed after the output coupler of the fiber to

allow only p-polarized photons on to the atoms. The beam is well-collimated.

3An excellent tutorial on two-photon processes by Wolfgang Ketterle: MIT 8.421 Atomic and

Optical Physics I, Spring 2014
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The 320 nm photons are derived by second-harmonic-generation (SHG) of 640
nm photons using a Toptica SHG-pro module. The 640 nm photons are generated
by a Lockheed Martin Aculight Argos Model 2400 CW optical-parametric-oscillation
(OPO) cavity pumped by a 8.5 W fiber-amplified 1064 nm laser (YAR-15K-1064-
LP-SF, IPG Photonics), which is seeded by a tunable 1064 nm fiber laser seed
(Rock, NP Photonics). The OPO cavity holds a periodically polled non-linear crystal
(magnesium-oxide-doped lithium niobate crystal, MgO:PPLN) and an etalon that
allows for coarse frequency tuning in steps of ~15 GHz. The fine tuning of frequency
is achieved by setting the temperature of the 1064 nm seed laser. For active stabi-
lization of this frequency, about 1% of the total power (1.5 W) of 640 nm photons
generated from the OPO is directed through an AOM (475 MHz) and a fibered EOM
(from Jenoptik) to a ultra-low-expansion (ULE) cavity (from Stable Laser systems)
with a free-spectral-range (FSR) of 1.5 GHz. Pound-Drever-Hall (PDH)[70] method
is employed to generate an error signal, which is fed back to the system through a
slow and a fast path. The slow path is fed to the piezoelectric transducer (PZT) of the
1064 nm seed laser, whereas the fast path modulates the drive on the 75 MHz AOM
to aid frequency-locking. The stability of the frequency of the 1064 nm seed stabilizes
the frequency of the OPO generated 640 nm photons and hence, also stabilizes the
frequency of 320 nm photons from the SHG cavity.

The rest of the power (about 1.4 W) from the OPO is directed to the SHG module
which generates about 100-180 mW of 320 nm photons*. The SHG module contains a
bow-tie cavity and holds a non-linear crystal [Beta Barium Borate (BBO)] for second-

harmonic generation. The generated 320 nm photons are then frequency shifted by

4The SHG-pro has a conversion efficiency of about 60%, and is capable of outputting 400 mW of

UV when properly aligned and pumped with 1.4 W of 640 nm light.
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a 150 MHz AOM after the cavity before being mode-coupled to a UV fiber (LMA-
10-UV-PM, Alphanov). The UV fiber connects to a cage system that directs the UV
beam towards the atoms located in the chamber through a vacuum viewport. The
cage system contains optics that shape the UV beam to achieve a beam diameter
of about 500 microns and an almost pure horizontal polarization. Less than 1% of
the total UV power is sampled to monitor the power using a photodiode. Figure 2.4

provides a schematic for the frequency-stabilization of the 320 nm photons.

Legend
SEED laser To PZT (slow path) Digilock 3 Wedge
(1064 nm) JN Aom
§ 0-6|GHz FSR ~ 1.5 GHz H Half-wave plate
EOM ULE cavity _»[E PDI'_| |] { Beam sampler
Fiber Lorﬂgna & Mirror
AmpI|f|er To AOM (fast path) I p-polarized
25 M Wavemeter
e
’ 15668.178 l & % D UV Photodetector
m T % Fiber coupler
(} 150 MHZ_EE OH Telescope
N?’lzo%r;nw UV fiber ] Polarizing Beam
, splitter
SHG =
Bow-tie cavity /4 Z. 1064 nm fiber
640 nm \| NS p
(~1.4 W) Cage system >
£
P Y 640 nm fiber
Atoms

Figure 2.4 : Schematic of the generation of frequency-stabilized 320 nm spectroscopy
beam.

Exposure times for both the photons on the atoms are of the order of few us. The
Rydberg energy is scanned by controlling the frequency of the drive on the fiber EOM.
The power of the drive is optimized so that the &1 order of sidebands are maximized

in power. One of the two sidebands is then locked to the ULE cavity. Change of the
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drive frequency results in a change of carrier frequency, which the atoms experience.
For example, if the +1 sideband is locked to the ULE cavity, increasing the drive
frequency leads to a decrease in the frequency of the 640 nm carrier. Therefore,
a Rydberg spectra is obtained by holding the 689 nm photon energy constant and
scanning the 320 nm photon energy across a state resonance by the above method.
Figure 2.5 shows the two-photon scheme graphically. Figure 2.6 shows the spec-
troscopy beam configurations. The UV beam k—vector direction is kept fixed with
a polarization parallel to the table. The red photon k—vector can be chosen to be
counter-, co-, or perpendicular to the UV beam. The co-linear beams can address the
m = £1 magnetic sublevels of 3S; Rydberg states, whereas, the perpendicular red

beam is circularly polarized and can address m = +1 state only.
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Figure 2.5 : Two-photon Rydberg excitation scheme with 689 nm and 320 nm pho-
tons. The 320 nm photon frequency is tunable to address different Rydberg states.
689 nm photon is blue-detuned by several MHz (typically ~15 MHz) from the inter-
mediate state.
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Config.2

689 nm photon
(right cirlcularly
polarized)

Config.1
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(s-polarized)

Zeeman
slower side

320 nm photon _
(p-polarized) Config.3

689 nm photon
(s-polarized)

Science chamber

Figure 2.6 : Three different configurations of spectroscopic beams for two-photon
Rydberg excitation. UV beam propagation direction and its polarization is kept
fixed for all three configurations. Configuration 1 and 3 for 689 nm photons along
with 320 nm photons address m = —1, 1 magnetic sublevels of the (5sns)3S; Rydberg
state. Configuration 2 for 689 nm photons with the 320 nm photons address m = 1
magnetic sublevel of the (5sns)3S; Rydberg state. In this thesis, we use config. 1 of
689 nm photons for the two-photon Rydberg excitation.

UV fiber

The profile and propagation direction of the 320 nm UV laser from the SHG cavity
changes when the wavelength is tuned to address different Rydberg states. Without
a fiber intermediary, this affects the UV laser alignment to the atoms and hurts the
accuracy to which the UV intensity on the atoms is known. Opting to use a UV

fiber (LMA-10-UV-PM, Alphanov) that points at the atoms in the science chamber



24

solves the pointing issue and improves repeatability. Moreover, the mode quality of
the beam is greatly improved and environmental fluctuations are mitigated.
Sidenote: Polarization maintaining optical fibers that can carry milliwatts of
power in the UV bandwidth are not prevalent due to a phenomena called UV so-
larization. A darkening of the optical core of the fiber is induced by the intensity of
the light resulting in decreased transmission. While this can occur for other wave-
lengths as well, the threshold for it much lower at UV wavelengths. We use a UV
fiber manufactured by Alphanov (LMA-10-UV-PM) that solves this issue[71]. Figure
2.7(a) plots the profile of the UV beam on the atoms. Figure 2.7(b) shows the tip of

the UV fiber viewed with a fiber inspection scope (FS200-FC, from Thorlabs).
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Figure 2.7 : (a) UV beam profile after the last lens on the cage system. The atoms
are located at around 35 cm away. (b) UV fiber tip viewed with a fiber inspection
scope (FS200-FC, from Thorlabs) before installation (left panel). UV beam intensity
causes dirt accumulation over ~ 1 year (mid panel), resulting in poor coupling (< 5%).
Isopropanol (99 % pure) is used to clean the tip to recover coupling efficiency (Z 30%)
(right panel).

2.2.2  Selective field ionization (SFI)

Under selective-field-ionization scheme, an ionizing electric field is employed to lib-
erate the Rydberg electron, which then can be collected with a detector, such as a
micro-channel plate (MCP). The MCP’s output is connected to a preamplifier, which
is then fed in to an RF amplifier to remove DC offsets before going to the MCS

(Multi-channel scaler) to detect pulses.
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The adiabatic ionization threshold for low angular momentum states (I < 1) is
given by Eug, = 1/16(n — §)4[72], and hence depends on (n — §). § is the quantum

defect of the Rydberg state.

low-n regime (g 60)

For low-n experiments, the ionizing electric fields are generated by application of a
voltage ramp on a set of eight plate electrodes[61] installed inside the science chamber,
as shown in Fig. 2.8(a). Half (four) of the plates are connected to a positive supply
while the other half is connected to a negative supply. The kinetic energy of the
electrons hitting the MCP sets the efficiency of the detection process. Therefore, the
magnitude and the rise time (= 6.5 us for all experiments described in this thesis)
of both the positive and negative ramps are kept equal to ensure zero potential on
the atoms located at the geometric center of the electrodes. This implies that the
electrons hit the MCP with the same kinetic energy even with different magnitude of
ramps employed, when probing different principal quantum numbers.

Figure 2.8(b) shows the arrival times of Rydberg signal from different states [Fig.
2.8(c)] superposed with the electric field ramp applied to the atoms. 3S; states from
different n have different ionization thresholds and therefore, the signals arrive when
their respective ionization fields are reached. This feature is an important tool to

differentiate between states in the SFI domain, as we will see in the following chapters.
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Figure 2.8 : (a) Selective field ionization setup inside the science chamber. Set of
8 electrodes apply an electric field ramp pointing towards the micro-channel plate
(MCP) ionizing the Rydberg electron which gets collected at the MCP. The typical
voltages are shown in the figure. The +V and -V values range anywhere from few
volts to 2500V depending on the principal quantum number being probed. (b) The
signal at the MCP as a function of the electric field ramp time. Different atomic
states have different ionizing fields and hence their signal arrives at different intervals
for a fixed ramp. (c) A single data point is obtained by summing all of the signal
in the MCP spectra for a given frequency detuning. Typical Rydberg atomic state
spectra are shown for three different quantum numbers.
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high-n regime (g 60)- Trimming stray electric fields

Rydberg states are incredibly sensitive to the presence of electric fields due to their
exaggerated polarizability (o< n*7). This is because of the “wobbly” nature of a
Rydberg atom where the Rydberg electron is loosely bound at a far distance away
from the core, possessing a large dipole moment (o< n*?). Stray electric fields can mix
neighboring manifolds® at high-nand hence, need to be nulled to conduct spectroscopy
on bare Rydberg states. An example of stark mixed states due to stray fields is shown
in the upper panel of fig. 2.9(b), which results in the absence of sharp Rydberg
features. The lower panel of fig. 2.9(b) shows the Rydberg manifold when the trim
fields are applied and the Rydberg features near their predicted energies are recovered.

At high-n, the required fields to ionize a Rydberg electron are small and therefore,
it is not necessary to drive both sets of electrodes with voltage ramps. One half of the
plates are used to ionize the electrons and the rest are used to apply offset voltages
to trim stray electric fields. This can be done for high-n experiments because the
potential at the atoms during ionization is low enough compared to the potential
drop to the MCP such that it does not affect the detection efficiency.

The algorithm to cancel these fields is based on DC stark effect. A Rydberg atomic
line (in our case the 3S; state) resonance is monitored in the frequency domain as
a function of offset fields applied. Since the shift in line position depends on the
absolute magnitude of the field, a parabola can be traced out whose minima denotes
the cancelling fields value. This is repeated for the other two axes and many iterations
are performed to finely cancel the fields. Higher lying atomic states are subsequently

used to increase the sensitivity to electric fields for better cancellation.

®Electric field required to mix neighboring manifolds is given by 1/(3n%) [in atomic units].
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Figure 2.9 : (a) For high-n Rydberg spectroscopy, we are able to trim the stray
electric fields upto 10 mV/cm. Front plates (near the MCP) are used for applying
offset voltages to cancel stray electric field while the back (negative plates) plates are
used for SFI detection. (b) n = 160 manifold with and without the stray fields is
shown. Sharp Rydberg features are absent when the neighboring manifolds are mixed
by stray fields (top panel), and they are recoved when trim fields are applied (bottom
panel). The vertical dotted lines show the predicted positions of the Rydberg states
by using literature value of quantum defects[23, 29].
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2.3 Millimeter-wave setup

We have discussed methods to create Rydberg atoms by optical excitation from the
ground state. Now we explore Rydberg-Rydberg transitions, which can be driven
by millimeter-wave radiation at high n. The precision of the millimeter /microwave
fields is a very desirable trait in terms of coherence. Moreover, the technology is
already well-established and are an affordable investment in contrast to optical lasers.
Among the main advantages, is the favorable scaling of wavefunction overlap between
Rydberg states which allows tens of MHz Rabi frequency to be easily achievable.
Figure 2.10 shows the layout of the experiment with the relevant components for
driving Rydberg-Rydberg transitions.

Five 15 dBm VALON 5009 synthesizer channels, which can output frequencies
upto 6 GHz, are combined with a 6-way combiner (PE20DV003). These are fed
to the IF port of a mixer to be mixed with a local oscillator (LO) operating at 16
GHz. The LO is derived from a 13 dBm channel of a DS 3000 synthesizer® (by
Syntonic). The output of the mixer contains two frequencies, which are denoted by
LO+IF and LO—IF. The mixer is optimized to suppress the carrier and distribute
powers in the two sidebands. The lower frequency sidebands and the carrier get
rejected by the switch (RFSPSTA1840G) and the K-band horn (RW42HORN25A)
whose lowest operating frequecies are 18 GHz and 17.6 GHz respectively. Therefore,
only the LO+IF frequencies are experienced by the atoms. A total of ~0 dBm
power is delivered to the horn after all the insertion losses along the path. Rabi and
Autler-Townes spectroscopy reveal that such levels of power are enough to realize

Rabi frequencies of the order of a few MHz.

6Phase noise of the synthesizer, operated at 20 GHz (max.), is ~ —100 dBc/Hz, at an offset of 1

kHz.
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Figure 2.10 : Millimeter-wave setup to drive Rydberg-Rydberg transitions. Six com-
mercially available (VALON 5009) synthesizer frequencies combined with a 6-way
combiner (PE20DV003) are mixed with a a local oscillator (LO, DS 3000 model)
driven at 17GHz (using a PE86X1009 mixer), which is then fed to a horn antenna
(RW42HORN25A) via a mm-wave switch (RFSPSTA1840G, controlled by a TTL
signal). The horn cutoff of 17.6 GHz suppresses the lower modes including the car-
rier and hence, only the positive sideband frequencies are experienced by the atoms.
An example of this is shown in the graph with red traces from a fast spectrometer
(Keysight-N9344C). The mm-wave polarization is parallel to the table as shown by
black double-headed arrows. A maximum power of about 0 dBm reaches the horn.
The figure also shows the counter-propagating configuration for Rydberg excitation
from the ground state (using 689 nm and 320 nm photons). The MCP shown in the
figure is used for collection of ionized Rydberg electrons.
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Chapter 3

Rydberg atom and millimeter-wave radiation

In this chapter, transitions between two Rydberg levels is explored!. The experimental
sequences to detect transitions are introduced and the subsequent analysis methods

are discussed.

3.1 Search for mm-wave transitions in 3*Sr

The energy difference between Rydberg levels decreases as ~ n~3, and hence it is
desirable to harness Rydberg atomic states at higher principal quantum numbers to
avail a larger synthetic space for a certain bandwidth. But, experimental constraints
restrict the use of radiation beyond a certain wavelength. Certain factors control the
choice of frequency band for the current experiment. First, the size of the vacuum
viewport, through which radiation passes through and reaches the atoms inside the
vacuum chamber (Fig. 2.2), puts an upper limit on the wavelength that suffer minimal
attenuation. The cut-off wavelength for such a viewport (Fig. 3.1) is about 1.5 inches,
which corresponds to a cut-off frequency of about 5 GHz. Hence, all bands lying
above this value were initially considered. Second, the size of the horn antennae is
proportional to the wavelength of radiation, i.e, larger wavelength radiation require

larger horns to guide the waves. Therefore, the bands C(4-8 GHz), X (8-12 GHz)

!The physics is analogous to a two-level atom described in a standard quantum mechanics

textbook[68].
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and Ku (12-18 GHz) were ruled out due to space constraints on the experimental
table. Thus, the K-band spanning over ~17-27 GHz was chosen for the experiment

described in this thesis.

Figure 3.1 : Vacuum viewport with a diameter of 1.5 inches puts an upper limit on
the wavelength of the radiation passing through and reaching the atoms.

3.1.1 Rydberg transitions in the K-band

The initial Rydberg state created using the two-photon excitation scheme presented is
a (5sns) S state. Hence, a single mm-wave photon can only drive S — P transitions,
whereas, two mm-wave photons can drive S — S and S — D transitions. In order
to determine the range of principal quantum numbers for such transitions in the
K-band, quantum defects from reference [23] were used to calculate the frequency
difference between strontium Rydberg states. Figure 3.2 plots (5sns) S — (5snp) ® P,
(5sns)3S; — (5s(n+1)s)35; and (5sns)3S; — (5snd) D, transition energies for 8*Sr

as a function of the principal quantum number(n).
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Figure 3.2 : (a) Types of Rydberg-Rydberg transitions that can be driven from
the initial (5sns)3S; state by using one or two mm-wave photons. (b) Two-photon
(5sns) Sy — (bs(n + 1)s) 35 transitions. (c) Single photon (5sns)?S; — (5snp) > P;
transitions, for j = 0,1,2. (d) Two-photon (5sns)?S; — (5snd)3D; transitions, for
j = 1,2,3. The black solid lines indicate the lower and upper cut-off frequencies of
K-band.
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3.2 Actually finding Rydberg-Rydberg transitions
3.2.1 Experimental sequences
SFI-ROI scheme

The first step under this scheme is exciting a ground-state atom to the initial Ryd-
berg state. Therefore, Rydberg excitation lasers are turned on for a period of 10 us to
create one Rydberg atom in (5sns)3S; state. The Rydberg excitation lasers are then
switched off, following which the mm-waves are turned on for a desirable time period
(~ 30 us). This results in a Rydberg atom residing in the bath of mm-wave radiation
of a certain frequency. At a near-resonant frequency and adequate intensity of mm-
waves, a fraction of the initial population is transferred to the final Rydberg state.
The mm-wave is then turned is off and the resulting Rydberg state is probed using
selective field ionization[72], where, the atoms are subject to an electric field ramp ca-
pable of ionizing a Rydberg atom. Rydberg states have a quantum number-dependent
ionization fields, which implies Rydberg states with different quantum numbers ion-
ize at different fields, with the less bound Rydberg state ionizing earlier during an
electric field ramp. This leads to the detection of Rydberg electrons at two different
times, which allows for the identification of different Rydberg states with proper time
resolution. Initially, the mm-wave setup was operated at full power to have maximum
intensity at the atoms. This broadens the Rydberg-Rydberg transitions in the fre-
quency domain, and increases the probability of transferring population to the final
Rydberg state non-resonantly, making it easier to find a Rydberg-Rydberg transition
during a frequency scan. A schematic of SFI-ROI scheme is presented in fig. 3.4(a).

At a near-resonant frequency, an atom is dressed by the two Rydberg levels,

whose state vector can be described on a Bloch sphere [figure 3.3(a) and (c¢)]. The
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state vector rotates on the surface of the Bloch sphere depending on the frequency,
the duration of exposure and the intensity of the coupling radiation. For example,
an equal superposition of (5s58s) 35 and (5s58p) ® Py states of #Sr can be created by
exposing the atoms to a 7/2 pulse, tailored by adjusting the intensity and duration
of exposure of the mm-wave radiation . The SFI spectra of such a state is shown in

figure 3.3(d). The SFI spectra of a “pure” Rydberg state is shown in 3.3(b).
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Figure 3.3 : (a) Bloch state vector for a Rydberg atom in the unperturbed state
(55585)3S;. (b) SFI spectra for (5s58s)3S; Rydberg state. (c) Bloch state vector
for a Rydberg atom in a superposition state of (5s58s)3S; and (5s58p) 3P, (d) SFI
spectra for Rydberg atom in a superposition of (5s58s)3S; and (5s58p) 3P, states.
Blue and red shaded areas denote the ROIs for the individual Rydberg states. Signal
arriving within the ROI is proportional to the population in that state.

Regions of interest (ROIs) can then be defined on the SFI spectra corresponding

to each Rydberg state. Figure 3.3(b) and (d) show the blue and red shaded regions
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corresponding to the two Rydberg states described earlier. The scanning of the mm-
wave frequency results in a change of signal strength in the defined ROIs and hence, a
mm-wave spectra can be obtained for each region, as shown in fig. 3.4(b). The peak

position of such a spectra determines the resonance frequency for the transition?.

2AC stark shift of the state needs to be cared for, which is described in the next chapter.
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Figure 3.4 : (a) Experimental sequence of the SFI-ROI scheme. (b) Spectra of
(5s58s)3S; — (5s58p) 3P, tramsition. The counts in the state-defined ROIs (A
and B) are plotted against the frequency of mm-wave radiation. At a near-resonant
frequency, counts appear in ROI-A corresponding to the Rydberg-Rydberg transition
to (5s58p) 3 Py-state. The total counts (green circles) is the total number of Rydberg
atoms (either in S— or P— state) in the sample.

Let the state of a Rydberg atom dressed by near-resonant mm-wave radiation at

a time ¢ be denoted as |W¥(t)), where,

(W(t)) = ca(t) [A) + cp(t) |B) (3.1)
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such that,

lea®)]” + les(t)* =1 (3.2)

The amplitudes c4(t) and cp(t) are complex valued, where, |c4(t)|* and |cg(t)]? give
the population in state |A) and |B) respectively. In the SFI spectra, the signal in
ROI-A and ROI-B are proportional to |ca(t)|* and |cg(t)|* respectively. The pro-
portionality factor is dependent on the detection efficiency of the ionized Rydberg
electrons and is constant.

The dynamics of state |¥(t)) is governed by the Schrodinger’s equation, where
the Hamiltonian contains a term for the atom and a term for the interaction of the
atom with radiation. The strength of the interaction is controlled by the mm-wave
field (E) and the transition dipole moment of the atom (JAB), and is denoted by a

Rabi frequency (245) defined as:

Oup = (3.3)

h
The state of the atom oscillates between the two states as a function of time where
the rate of oscillation depends on the magnitude of Rabi frequency. The population

of state |B) can be written as:

0?2 1 1
2 _ - _ = 2 24\ ot/ T
lea(t)] P15 (2 2cos(\/Q + d%t)e ) (3.4)

0 is the detuning from the resonant frequency and 7 is the coherence time. Such an
oscillation is shown in fig. 3.5 between (5s58s) 35 and (5s58p) 3P, states, where, the
data is fit to eq. (3.4) to determine the magnitude of Q45 and the value of coher-
ence time (7). Coherence time accounts for the decaying amplitude for oscillation
and describes a stretch of time when the relative phases of the states is coherent.
Decoherence is introduced into the system by external factors such as stray electric

or magnetic fields, resulting in the scrambling of relative phase.
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Figure 3.5 : Rabi oscillation observed for the transition (5s58s) %S, — (5s58p) > F.

Autler-Townes(AT) scheme

Autler-Townes effect[73] is the splitting of a transition addressed by weak probe field,
when one of the two states is coupled to a third state by a strong near-resonant
field. Figure 3.6 provides a schematic of the phenomena. The Rydberg transition is
the weak probe field in this case, which addresses the Rydberg state |A). Let the
resonant frequency between |G) and |A) be denoted by wy. In the presence of strong
near-resonant mm-waves coupling nearby Rydberg states |A) and |B), the Rydberg
transition energy splits into two, where, the new resonant frequencies are given by
wo — Qap and wy + Qap. Qap is the Rabi frequency of the mm-wave coupling.
Rydberg laser is first scanned to determine the resonance frequency (wp) of the
unperturbed Rydberg state, i.e., in the absence of any mm-wave field. Autler-Townes
scheme to find Rydberg-Rydberg transitions involves turning on the mm-waves at a
particular frequency immediately after a cold sample of atoms is prepared. Rydberg
laser tuned to wy is then switched on for about 10 us, followed by a SFI electric
field ramp to detect any Rydberg atoms created. After every iteration, the mm-

wave frequency is tuned to a new value. A schematic of the sequence is presented
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Figure 3.6 : (a) The green arrow denotes the two-photon Rydberg transition from
the ground state (|G)) to the unperturbed Rydberg state |A). (b) The Rydberg
transition |G) — |A) is split into two when |A) is strongly coupled to a higher lying
Rydberg state (|B)) via on-resonant mm-wave radiation. The stronger the coupling,
the wider the split in energy. This splitting gradually vanishes as the mm-wave field
drifts off-resonant from the |A) — |B) transition frequency.

in fig. 3.7(a). A loss of Rydberg signal is observed when the mm-wave frequency is
near resonance, due to Autler-Townes splitting of the Rydberg state and the Rydberg
photon, with frequency wy, not being resonant to a Rydberg state anymore. A spectra

is obtained by scanning the mm-wave frequency across resonance, as seen in fig.

3.7(b).
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Figure 3.7 : (a) Experimental sequence of finding Rydberg-Rydberg transitions by
Autler-Townes loss spectroscopy. (b) The loss of total Rydberg counts (green) is due
to mm-wave frequency being near-resonant to (5s58s)3S; — (5s58p) 3Py Rydberg-
Rydberg transition. Resonance frequency is 19234.04(1) cm™! with a linewidth of
150(10) kHz.

3.2.2 Resonant frequencies and quantum defect calculations

SFI-ROI and AT schemes were employed to find a number of S — S, S — P and
S — D Rydberg-Rydberg transitions. Due to the precision of the mm-wave syn-
thesizer, the measured resonance frequencies (Vobserved) Were used to estimate the
n-dependent quantum defects for various states more accurately. For the two-photon

(5sn18)3S; — (5sngs) 39 transitions (n; > ny), the following equation determines
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the value of 3S; quantum defect (0cac):

RY
hVobserved - (TL S )2 -
2 = Ucalc

R
(nl - 50&1(:)2

The quantum defect values (0caic) of * P; states in (5snys)*S; — (5snap) * P type

(3.5)

transitions is given by:
84
Ry

ng — 5calc)2 a

84
Ry

(n1 - 5n1,0,1)2

(3.6)

hVobserved = (

R3* is the Rydberg constant for *'Sr and d,, 0, is the quantum defect of the *S; state
[obtained from eq. (3.5)]. The transitions, the measured resonant frequencies and

the calculated quantum defects for each of the transitions are presented in the table

below.

ny || g1 | ne|la| o it Vpredicted (MHZ) | Vgbservea (MHZ) | catc

58 10 | 1 |57]0 | 1] 3.37022 | 41492.443106 41494.265187 | 3.37017
591 0 | 1 |58 0| 1] 3.37021 | 39274.990284 39276.615123 | 3.37017
600|159 |0 11| 337020 | 37212.776836 37214.291047 | 3.37016
56 [ 0| 1 56| 1|0 | 2.8876 | 21521.987992 21501.073508 | 2.88723
5710 | 1 |56 | 1] 0 | 2.8876 | 22358.034823 22380.690078 | 2.88727
5710 | 1 |57 1] 0 | 2.88675 | 20345.505441 20325.757764 | 2.88723
58 [ 0| 1 |57 | 1| 0 || 2.88675 | 21146.937665 21168.460860 | 2.88727
58 [ 0| 1 |58 | 1| 0 || 2.88674 | 19253.234059 19234.375308 | 2.88722
591 0 | 1 |58 | 1] 0 | 2.88674 | 20021.756225 20041.718182 | 2.88725
59 10| 1 59|10 | 28874 | 18237.771892 18220.137603 | 2.88721
60 (0| 15910 | 288674 | 18975.004944 18994.461079 | 2.88726

Table 3.1 : Transition frequencies measured by mm-wave spectroscopy of ®4Sr atoms.
Initial (¢ = 1) and final (i = 2) states are labeled by principal, orbital angular
momentum quantum number and total angular momentum quantum numbers(n;, [;,
Ji)- The literature value of quantum defects (dy;) obtained from [23] are used to
calculate Vpredicted- The value of Rydberg constant used for #Sr is 109736.598 cm ™.
Eq. (3.5) and (3.6) are used to calculate the new quantum defects (dcae) using the
values of Vopserved-
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3.3 Coherence times in the apparatus: Trends

Coherence is a desired property which quantifies the degree of “quantumness” of
any quantum mechanical system. It is characterized by a “coherence time”, denoted
by 7. This defines a stretch of time in which the relative phases of a quantum
superposition state can be defined with reasonable accuracy. Several factors in an
experiment can introduce noise in the phases resulting in the loss of coherence among
the states, and hence, resulting in an uninteresting system describable by statistics
only. Here, we present measurements of coherence time in our apparatus through
Rabi oscillations. Equation (3.4) describes the population of the excited state as a
function of time, where, the loss of coherence is incorporated by an exponential factor
containing coherence time (7) as an argument. The amplitude of oscillation does not
decay in a perfectly coherent system. But in real systems, like this experiment, the
loss of coherence is reflected in the decay of the sinusoidal oscillations with time.

We observe dependence of the coherence time on two main factors.

3.3.1 Intensity dependence

The coherence time seems to depend on the magnitude of the Rabi frequency(o
intensity), with higher Rabi frequencies resulting in lower coherence times. This puts
a practical limit on the duration of coherent evolution of a quantum state created in
the apparatus. Figure 3.8 plots Rabi oscillations obtained by varying the mm-wave
intensity on the atoms. The coherence time is determined by fitting the oscillation

data to eq. (3.4) and is plotted against Rabi frequency.
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Figure 3.8 : Rabi oscillations for different mm-wave intensities. The coherence time
extracted by fitting data to eq. (3.4) is plotted against Rabi frequency in the bottom
panel. Lower coherence times at higher Rabi frequencies is observed.
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3.3.2 Magnetic field dependence

We also see a dependence of coherence time on the presence of magnetic field on
the atoms. This may originate from the stability of the field strength at the loca-
tion of atoms. A current supply controls the current through the coils producing
a magnetic field, and hence, the ripple noise on the current source translates to a
time-varying magnetic field strength. A 30 kHz Zeeman broadening on the 35, — 3P,
transition is estimated from the specifications of the supply and the magnetic suscep-
tibility of the magnetically-sensitive 3S; Rydberg state, which corresponds to about
5 ps in the time domain. This issue, however, can be circumvented by addressing
magnetic-field-insensitive quantum states or quantum states with similar magnetic
field dependence. Coherence time obtained from Rabi oscillations on a magnetic-
field-insensitive two-photon (5s560s)3S; — (5s61s)3S; transition at various mag-
netic fields is plotted in figure 3.9. The dependence is in contrast to the magnetic-

field-sensitive (5s58s)3S; — (5s58p) 3Py transition plotted in figure 3.10.
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Figure 3.9 : Coherence time of magnetic-field-insensitive Rydberg-Rydberg transition
((5s60s5)3S; — (5s61s)3S5)) as a function of magnetic field on atoms.
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Figure 3.10 : Coherence time of magnetic-field-sensitive Rydberg-Rydberg transition
((5s58s) 351 — (5s58p)3P,) as a function of magnetic field on atoms.

While we do not understand in detail about the behavior of coherence times in our
apparatus, the Rabi oscillation measurements show that a we can maintain coherence
up to a reasonable time to study the equilibrium states of the simulated Hamiltonian.

The interaction of Rydberg atoms with photons are of the order of few microseconds
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in our apparatus and hence is within the coherence time measured. This will not

affect the interpretation of data and the observation of topological behavior.
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Chapter 4

Publication: SSH model on Rydberg atomic states

4.1 Mapping lattice sites to Rydberg atomic states

Rydberg atomic states are a new platform for synthetic dimension experiments, where
the Rydberg states are interpreted as lattice sites in a synthetic space. The tunneling
between lattice sites is mapped to the coupling strength between the Rydberg states
achieved by resonant electromagnetic radiation and characterized by the Rabi fre-
quency. This idea is based on a recent proposal, where closely spaced rotational states
of ultracold polar molecules provide a synthetic dimension for quantum simulation[45].
Rydberg atomic states at high principal quantum number (n) present an analogous
system, but without the complexity of cooling molecules. They are much simpler to
work with experimentally as they possesses a number exaggerated properties, such
as huge transition matrix elements, which scale as (n — )2, where § is the quantum
defect of a given state. The energy spacing between levels scales as (n — 6)™3, which
means, at sufficiently high n, Gigahertz frequencies are capable of coupling nearby
Rydberg levels. This allows one to exploit the already well established mm-wave
technology, which brings precise frequency tunability and phase stability. In contrast
to needing several lasers to address different couplings at a given time, radiation in
the GHz regime can simply be combined together with commercially available fre-
quency combiners to expand the size of the realized synthetic dimension. The power

of Rydberg-atom synthetic dimension lies in the exquisite control over connectivity,
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tunneling rates and on-site potentials via frequency and phase tuning, which opens up
the possibility of creating systems not realizable in physical space. Rydberg atoms
also offer the possibility of creating tunable, localized interactions for many-body
systems in the synthetic space, which is a challenge for other atom-based platforms.

Our proposal to implement strontium Rydberg states as synthetic lattices is shown
in fig. 4.1. We couple neighboring triplet states in ®Sr, i.e. 3S; and ®P, states, by
mm-waves to realize the SSH Hamiltonian. A brief discussion of the SSH is presented

next before diving into the implementation and the experimental results.

(5s59p) 3P,

(5s59s) 3S,

(5s58p) 3P,

(5s58s) 35S,

(5s57p) 3P,

(5s57s) 35S,

Figure 4.1 : Millimeter-wave coupled strontium Rydberg states to realize the SSH
model. The double-headed wavy orange arrows denote the mm-wave coupling radi-
ation, corresponding to the tunneling rate in the SSH Hamiltonian. Thicker wavy
arrows highlight stronger coupling and hence greater tunneling. The red, blue and
green lines are 35 states. These states are color coded to identify Rydberg spectra
in the corresponding manifolds. The black lines are 3P, states.
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4.2 A brief history of the SSH model

The decade of the 1970s witnessed huge growth and excitement in to understanding
numerous condensed matter phenomena, embodied in the seminal essay by P.W.
Anderson, titled “More is different”[48]. Fundamental physics was not dominated by
the journey into smaller and smaller length scales to unravel the mysteries of basic
constituents of matter, but, there was new and exciting fundamental physics to be
discovered at every scale. For example, lattice and many-body physics became the
major line of interest for many physicists. Techniques such as doping, controlling
electron transport properties in solids and the effect of fields on phases of matter|74]
contributed to the enigma of condensed matter physics. One such mystery in the early
days lied in the simplest of lattice systems, a 1-D chain, particularly long conjugated
polymers like polyacetylene. The governing dynamics of the electron hopping along
the 1-D polymer captured the interest of many and it was not until 1979 that there
was a working theory to describe the phenomena. Su, Schrieffer and Heeger proposed
the now famous SSH model in 1979[19], to elucidate the dynamics of single electron on
a chain with staggered bond structure. The theory assumes zero on-site potential and
spinless particles without interactions. Even with such simplifications, it exhibits rich
topological physics. Figure 4.2(a) shows an example of a 1-D molecule, taken from
the original SSH paper. The SSH chain has two phases, the topological [4.2(b)] and
trivial phases [4.2(c)] parameterized by the bond strength. The alternative strong
and weak bonds resulting in a weak bond to the edge of the molecule bodes the
topologically relevant phase which allows for the existence of topologically-protected
edge states (TPS), which are robust against perturbations respecting the inherent
chiral symmetry of the 1-D chain. In this context, chiral symmetry refers to the

absence of any terms in the Hamiltoniian that connects A-sites to A-sites, or B-sites
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to B-sites. Here is a brief discussion on the mathematics of the SSH model.

4.2.1 1-D topological chain

We assume a finite 1-D chain with 2N sites where the two sublattices (A and B) each
contain N sites. The hopping amplitudes are assumed to be real and non-negative and
are denoted by js and j,, with js > 7,. There is no on-site potential or a spin degree
of freedom and hence, the particles are spinless for all purposes. The Hamiltonian

can then be written as:

N N-1
H=j,» (In,B) (n, Al + h.c.)+j. > (In+1,A) (n, B + h.c.) (4.1)
n=1 n=1

Here, the state of an electron is given by the index of the unit cell and sublattice.
In, A) means the electron is at the n'® unit cell on the sublattice A. A basis set for

the Hilbert space spanned by the Hamiltonian is given as:
B:(]1,A),]1,B),[2,A),]2,B),...) (4.2)

Each basis vector is a direct product of the basis vector in the subspace spanned by
index n and the basis vector in the sub-space spanned by the set, [A,B]. There is
translation invariance over the unit cells (n) in the chain and hence Bloch’s theorem

can be applied to write the eigenstate in the subspace of unit cells as:

1
|k>=ﬁ;6m ), (4.3)

where, n denotes the unit cell index. The wavefunction inside the unit cell in the

momentum-space representation is written as:

(k) = an(k) [A) + bu(K) [B) (4.4)
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where, a, (k) and b, (k) are the amplitudes of |A) and |B) in the n'" unit cell respec-
tively. The total eigenstate wavefunction now is a direct product of the two subspace

wavefunctions. It is given as:

(Wa (k) = k) © [¢n(k)) (4.5)

One can expand eq.(4.5) to write in terms of the basis vectors in B and substitute in

the Schrodinger’s equation to get the following:

0 4w 0 0 0 0 a(k)e* a(k)e*
Jjo 0 Js 0 0 O b(k)e* b(k)e*
0 J4s 0 4w 0 O a(k)e?* a(k)e?*
= E(k) (4.6)
0 0 ju 0 4o 0] bk)ex* b(k)e2ik

0 0 0 j, 0 ju k)3

s}

(&

=)

(F) (F)
(F) (k)e
()e** (F)
0O 0 0 0 j, O b(k)e3ik b(k)e3ik
On equating the terms in the left-hand side and the right-hand side, we get a set of

two coupled equations. In matrix notation it is given by:

0 Jw + Jse ) [ a(k) B, a(k) ()

Juw + jse™ 0 b(k) b(k)

The eigenenergies obtained by diagonalizing the above matrix are,

E(k) = £/42 + j2 + 2jujscos(k) (4.8)

The gap in energy between the two bands is given by 2A where, A = j, — j,. It is
interesting to note that for j, = j,, there is no band gap, and the molecule behaves
as a conductor. A band gap is present when the bonds are staggered.

There are six eigenstates for the Hamiltonian described in eq. (4.6). Figure 4.2(d)

and (e) plot these eigenstates in terms of the basis vectors in B for the two relevant
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configurations. Figure 4.3(b) plots the eigen-energies for various ratios of strong to

weak coupling across the phase transition boundary, depicted in fig. 4.3(c).
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Figure 4.2 : (a) A 1-D polymer (such as a Polyacetylene molecule) showing the
staggered bond pattern[19]. (b) Topological configuration of the SSH model with weak
coupling to the edge sites that possesses TPS. The thick bonds denote strong tunneling
(Js), while the weak bonds denote weak tunneling (j,,). (c¢) Trivial configuration of the
SSH model with strong tunneling to the edge sites. The set of red and blue lattice
sites are denoted as sublattice A and B respectively. Each unit cell contains one
lattice site each from A and B. (d) Eigenstates of the topological configuration with
two edge states, which are symmetric and anti-symmetric superpositions of the left
and right edges. The bulk states are superpositions of the bulk sites. (e) Eigenstates
of the trivial configuration, where each eigenstate is a superposition of all the lattice

sites. No TPS are present.
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Figure 4.3 : (a) Six site SSH chain characterized by staggered tunneling amplitudes
denoted by j; and jp. (b) Band structure as a function of the tunneling ratio js/7j;.
The edge states are realized with weak tunneling to the edges(i.e., jo/j; >> 1), with
their energies unperturbed and pinned to zero. (c) Phase diagram of the SSH model,
where j; = jo separates the two phases.
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4.2.2 Simulating SSH model - platforms

The SSH model is a paradigmatic example of a system which possesses several topo-
logical properties. Its simplicity as a 1-D chain along with the richness of physics
it harbors has inspired numerous experiments to probe its topological behavior, and
make it an attractive candidate for exploring new platforms for quantum simulation.
For example, geometric Zak phases, which describe the underlying topological char-
acter of the bloch bands in solids, have been measured with the SSH model realized
on 1-D optical superlattices[75]. Another famous topological phenomena, Thouless
charge pumping, has also been demonstrated by implementing the SSH Hamiltonian
in a phase controlled optical superlattice[76]. Newer systems based on optical tweezer
techology, have realized SSH physics with trapped Rydberg atoms, where hopping is
realized by dipolar exchange interactions|77].

Synthetic dimensions, realized on internal or external degrees of freedom, are
powerful platforms to simulate topological rich Hamiltonians, such as the SSH model.
A synthetic dimension based on magnetic sublevels was recently utilized to implement
a “virtual” 1-D lattice to study the SSH Hamiltonian[78]. Raman transitions were
employed for hopping between sites. Another experiment realized the SSH model on
the momentum-states of a BEC, where tunneling between lattice sites was achieved
via Bragg transitions[46, 79|, for the study of single particle transport properties in
the SSH regime.

Inspired by the traditional SSH model, many variations of the Hamiltonian have
been explored. For example, the SSH4 model, where an unit cell contains four lattice
sites (instead of 2 as in SSH)[80] was studied on momentum-states based synthetic
lattice to understand its topological phase transitions. Other experiments have in-

cluded particle interactions, on-site potentials, long-range hopping[11] and periodic



modulations of tunneling[81] to study additional topological behavior.

29
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Figure 4.4 : (a) 1-D superlattice used (by I. Bloch group, MPQ, Germany) to mea-
sure the Zak phase difference between the topological and trivial phases of the SSH
model[75]. (b)The SSH model with an on-site potential term, called the Rice-Mele
model, realized with 1-D superlattices to implement a fermionic Thouless pump
(shown on the right)[76]. (c) Magnetic sublevels used as a synthetic dimension where
tunneling is realized by Raman transitions to realize the SSH model with on-site po-
tentials (Spielman group, JQI, Maryland)[78]. (d) Bragg transitions used to realize
tunneling between momentum states in a BEC (Gadway group, University of Illinois
at Urbana-Champaign) to implement the SSH model[46, 79].
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4.3 Six-site SSH model on the Rydberg atom

Figure 4.1 provides a schematic about the implementation of the SSH model using
strontium Rydberg states. A careful consideration of the full spectrum of energy
levels is important to evaluate the chances of encountering an accidental degeneracy.
A degeneracy occurs when a photon of given frequency is resonant (or near-resonant)
with multiple transitions. Such a degeneracy is undesirable because it changes the
system under study, and thereby, morphing the equilibrium quantum states realized
on it. Also, a quantum simulation involving evolution of an initial quantum state to
a final quantum state may have unintended dephasing by the introduction of non-

negligible perturbation terms in the modeled Hamiltonian.

4.3.1 Proximity of S — P transitions

In 84Sr the triplet P—state lies roughly in the middle of two triplet S—states. More-
over, there are triplet D—states in the vicinity that can be driven by two photons in
the K-band. In order to compare between the photon energies, figure 4.5 plots the dif-
ference in photon energies of various *S; — ®P; transitions (j = 0,1 and 2) from other
S —P,S— 8 and S — D type transitions. It is seen that 3S; — 3P, transition avoids
any accidental resonances in the K-band. Other 3S; — ®P; transitions are degenerate
with at least one other transition in the range of interest. Moreover, for the 3S; — 3P,
transition, the closest photon energies are separated by ~100 MHz, which is much
greater than the Rabi couplings (~ few MHz) in this experiment. Thus, a 3S; — 3P,
is a natural candidate for a single-photon transition to implement a synthetic lattice,

where tunneling is realized with mm-wave coupling of strontium Rydberg states.
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Figure 4.5 : Plotting the difference of the photon energy of transition in the title
of each panel with the transitions in the legend. The photon energies for all the
transitions in the range of quantum numbers presented in the figure lie in the K-band.
Only the 35, — 3P, transition avoids any accidental resonances, i.e., no zero-crossings.
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4.3.2 AC stark effect

Another important aspect of coupling Rydberg levels by radiation is the shifting of
resonance energy due to the presence of radiation itself. This manifests as the AC
stark effect, where radiation interacts with an atom through its electric dipole moment
and shifts its energy levels. The unperturbed Rydberg states described in this thesis
possess no permanent dipole moment due to the symmetry of the electronic orbitals
and therefore, the first order correction to energy, given by perturbation theory|[69], is
zero. The second order correction to energy is characterized by the transition dipole
moment between the Rydberg levels and is non-zero, where, the shift in energy of a

Rydberg level due to a coupling field of amplitude E can be written as:
1 9 .
AE,; = _Zanle (o< Intensity of mm-waves) (4.9)

where, AE,,;; gives the energy shift for a state described by quantum numbers n,{
and j, and o, is its polarizability. Note, the Rabi frequency is proportional to E.
Therefore, we expect the AC stark shift of a Rydberg state to be linearly proportional

to Q2, where Q denotes the Rabi frequency.

S — P transitions

In order to create a synthetic dimensions with 3S; — 3 P single-photon transitions, the
AC stark shifts of each transition is explored using Autler-Townes effect. The Autler-
Townes (AT) spectra for each of the *S; — ® Py single-photon transition is obtained by
scanning the 320 nm Rydberg photon in the two-photon Rydberg excitation scheme
discussed in chapter 2. The Rabi frequency is obtained from the Autler-Townes
splitting and is a measure of the intensity(oc ?) of mm-waves on the atoms. When

the mm-waves are on resonance, both of the peak strengths in the AT spectra are
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equal, whereas, they are unequal when mm-wave frequency is off-resonant. This
asymmetry in peak heights can be used to estimate the detuning of the mm-waves
from resonance. No other frequencies are present other than the one addressing the
transition for such an experiment. The resonance frequencies for a range of mm-wave
intensities on the atoms are recorded with this procedure.

The Hamiltonian describing the interaction of mm-waves with two Rydberg levels

in the rotating frame under rotating-wave approximation can be written as:

N 0 Q)2
H = (4.10)
Q)2 4§
where, § is the detuning and € is the magnitude of Rabi frequency (* denotes the
complex conjugate). The matrix is diagonalized to obtain the eigenenergies and
eigenstates. These are plotted in fig. 4.6 for three typical values of Rabi frequencies
used in the experiment (1, 2 and 5 MHz). Mathematically, they are given by:

0 EVE 2 §£Q
- . -

E12 2

)

(4.11)

where, E; and E» denote the eigenenergies of the two eigenstates and Q = /52 + Q2 is
the generalized Rabi frequency. The splitting between the two AT peaks is therefore

Q). The two ecigenstates are given as:

|1) = sinf |e) + cosd |g)
(4.12)

|2) = cosf |e) — sinf |g)

where,

9 VQ+46

tanf = = 4.13
TP e -0 Ja_s (4.13)

In the AT spectra, the strength of the two peaks are equal to sin?6 and cos?f, and

hence, eq. (4.13) can be solved for the value of 0. Figure 4.6(b) plots the strengths
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of the two peaks as a function of detuning. A negative detuning results in a stronger

right (higher in energy) peak, whereas, a positive detuning results in stronger left

peak.
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Figure 4.6 : (a) Eigenenergies (eq. 4.11) for the new eigenstates (seen in the AT

spectra as two separate peaks), when the atom is dressed by near-resonant radiation,
as a function of detuning from the resonant frequency. Y-axis is scaled such that
zero energy corresponds to the resonant energy of the transition with the mm-waves
present. (b) The strengths of the left and right peaks in the AT spectra as a function

of detuning from resonant frequency.



66

Let v denote the mm-wave frequency on the atoms to obtain an AT spectra and 1
denote the resonant mm-wave frequency. The detuning calculated from the strength

of the two peaks in the AT spectra is denoted by dca.. Then,
W=V-— 5ca,lc- (414)

The individual peaks in the AT spectra are fit by a gaussian lineshape to determine
the spectral areas, Ajer(ox sin®0) and Ajigne (o< cos?d). The solution for eq. (4.13)

yields:
Aleft - Aright

6calc =0
Aleft + Aright

(4.15)
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Figure 4.8 : Top two panels show Autler-Townes spectra for two different powers of
mm-waves on the atoms for the transition (5s59s)3S; — (5s58p) 3 Fy. The bottom
panel plots the mm-wave resonance frequency (1) as a function of Rabi frequency.
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Figure 4.9 : Top two panels show Autler-Townes spectra for two different powers of
mm-waves on the atoms for the transition (5s58s)3S; — (5s58p)3Fy. The bottom
panel plots the mm-wave resonance frequency (1p)as a function of Rabi frequency.
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Figure 4.10 : Top two panels show Autler-Townes spectra for two different powers
of mm-waves on the atoms for the transition 5558535, — 5s57p3P,. The bottom
panel plots the mm-wave resonance frequency (1) as a function of Rabi frequency.
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Figure 4.11 : Top two panels show Autler-Townes spectra for two different powers of
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panel plots the mm-wave resonance frequency (1) as a function of Rabi frequency.

The AC stark shift resonance frequencies are important to measure because we
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need the mm-waves to be on resonance to realize the SSH model (which has zero on-
site potential). Moreover, each energy level’s resonance frequency is measured in the
presence of other frequency components as well, and luckily they are negligible with
regards to the experimental linewidth (< 100 kHz). Even if there are contributions
to the overall shift of the energy levels because of other frequency components, they

are additive in the low power regime of the experiment.

4.4 Equations that matter

The following sections have been adapted from the publication titled ”Realizing
topological edge states with Rydberg-atom synthetic dimensions” (Kanungo, S.K.,
Whalen, J.D., Lu, Y. et al, Nat Commun 13, 972 (2022)).

Let’s introduce a few variables first. From now on, the states (5sns)3S; (m = 1)
are denoted as ns and (5snp)3P, are denoted as np. The synthetic sites 57s, 58s
and 59s are mapped to ¢ =1, 3 and 5, while, the synthetic sites 57p, 58p and 59p are

mapped to i =2, 4 and 6 respectively. The realized Hamiltonian is then given by:
5 6
Hiattice = Y (=hTiien [i)(i + 1] + hoc.) + > hé; i) il (4.16)
i=1 =1
where J; ;41 are the tunneling amplitudes and J; are on-site potentials set respec-
tively by amplitudes and detunings of the mm-wave couplings, and A is Planck’s
constant. To obtain Eq. (4.16), we have neglected counter-rotating terms in the
millimeter-wave couplings and transformed into a rotating frame. The kets |i) corre-
spond to the unperturbed Rydberg levels of 4 Sr up to a time-dependent phase arising
from the transformation. A 4 Gauss field is applied to ensure negligible coupling to

(5sns)3S1(m = —1,0) states by other polarizations of the mm-wave field.

0; = 0 yields the SSH model, where the configuration with topologically protected
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edge states(TPS) is realized when J; ;11 = J,,(J;) for i =1,3,5(2,4) and J,, < Js. The
trivial configuration is realized when the strength of the couplings are reversed. All

data is taken with J,, = 100 kHz and J, = 0.5 — 3 MHz.

4.4.1 Probing Rydberg-atom synthetic dimension

Rydberg excitation from the ground-state of 4Sr to the mm-wave coupled Rydberg
manifold populates the synthetic space. It is realized by a two-photon excitation
using the intermediate (5s5p) 3P level in a 5 us pulse. The laser polarizations select
excitation to ns(m = 1) levels only. Selective field ionization (SFI) follows immedi-
ately, where an electric field liberates any electrons in an excited Rydberg state. The
arrival time of these electrons in the charged-particle detector heralds the Rydberg
level, or occupied synthetic-lattice site. With the current experimental resolution,
arrival times of the states np and (n 4 1)s are unresolved.

Figure 4.12 shows the setup to realize the SSH model with strontium Rydberg

states, along with the Rydberg excitation scheme to probe the resulting band-structure.
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Figure 4.12 : Six-site SSH model in the topological configuration realized on a 84Sr
Rydberg atom. The wavy arrows denote near-resonant mm-wave couplings, which
induce tunneling between sites of the synthetic lattice. Thicker lines correspond to
faster tunneling. The blue and red arrows show two-photon excitation to a Rydberg
level of interest (for example, i = 5).

The two-photon laser, with detuning A; . is tuned near the energy of one of the
unperturbed Rydberg levels |iy,). Neglecting far off-resonant terms, the Hamiltonian

for the entire system is written as:

Qi
H="""r

9 g> <iPr’ eiQﬂAiprt + h.c. + I:[latticea (417)

where, €;  (typically ~ 100 Hz < J,, J,) is the effective two-photon Rabi frequency,

|g) is the ground-state vector in the frame rotating at the frequency difference of the
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lipe) and |g) levels. The Rydberg excitation rate before convolving with instrumental

linewidth is well-described as:
F(Aipr) = WQQ?pr Z | <6|7'pr> |25(Aipr - Eﬂ/h)7 (4]‘8)
B

where, |3) and eg are the eigenstates and eigenenergies of f[lattice. Thus, by scanning
the two-photon excitation detuning, a spectra is obtained for a topological (or trivial)
configuration. Figure 4.13 plots the Rydberg spectra obtained at 7,, =1,3 and 5 for
Js/Jw = 5.

The strong photon coupling of atomic states can be described in the language
of Autler-Townes splitting of multiple levels, where, the coupling Rabi frequency is
related to the tunneling rate though €2 = 2J, but, with increasing system size, the
lattice interpretation becomes natural. A band structure emerges even for six lattice
sites demonstrated here, as do phenomena such as edge states with an energy splitting

that is exponentially small in the number of levels.

4.4.2 SSH band structure

The spectrum at different lattice sites |i,,) complement each other to provide a char-
acterization of the band structure and decomposition of the eigenstate, where, the
spectral contribution from each eigenstate is proportional to its overlap with the
unperturbed Rydberg level corresponding to the lattice site ip,.

Figure 4.13(b) shows spectra for the configuration with TPS, J,/J, = 5, and
0; = 0 as a function of probe-laser detuning near each of the unperturbed Rydberg ns
levels (odd iy, ). Each spectra is normalized by the total signal for its i,,. The signal
rate at A; = 0 corresponds to the the population localized at the upper and lower

boundaries of the lattice. For i,=1, the signal at A; = 0 is the greatest, while it
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is observed to decay at the sites i,,= 3 and 5. In fact, the zero energy peak is not
visible in the iy, = 5 spectra. This is the hallmark of the SSH model, where the edge
state is present in the gap(of width ~ 2J;) between the non-zero energy bulk states.

The integrated signal intensity around the peak centered at detuning A; = ez/h
reflects the overlap of the lattice eigenstate |3) with |ip,). Thus, the intensity pattern
confirms that the edge states are localized on the weakly coupled boundary site, with
little contribution from undressed bulk sites 58s (i, = 3) and 59s (ip, = 5). This is
confirmed by the direct diagonalization of eq. (4.16) [shown in fig. 4.13(c)], where it
is observed that the overlap of the edge state is minimal with the bulk lattice sites.
The widely split bulk states give rise to equal spectral contribution at A; = £.J;,
revealing the energy splitting in the band structure. The bulk state features are
strong in the spectra at 58s and 59s undressed levels and is weak near 57s, which is
expected because the eigenstate decompositions show little weight on the edge sites
57s and H9p.

The spectra [in fig. 4.13(e)] for the trivial configuration at i,,=1, 3 and 5 with
strong tunneling to the boundary, do not possess any zero-energy edge state in the

bulk gap. The unresolved bulk peak states are split by A; = +J,. In this case,

Tpr

every eigenstate is a superposition of all the lattice sites and the direct diagonalization

results in fig. 4.13(f) portray this behavior.
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Figure 4.13 : (a) Topological configuration of the SSH molecule color-coded to map
to corresponding Rydberg synthetic sites. (b) Rydberg spectra at ¢ =1,3 and 5 for
the topological configuration with J;/J, = 5 in the six-site SSH model in Rydberg
synthetic dimensions. The spectra for ¢ =3,5 are multiplied by a factor of 2 for clarity.
(c) State-decomposition weights, | (3]i) |?, for the topological configuration, obtained
from direct diagonalization of eq. 4.16 for J;/J, = 5. (d) Trivial configuration of the
SSH molecule. (e) Rydberg spectra at i =1,3 and 5 for the trivial configuration with
Js/Jw = 5. (f) State-decomposition weights, | (3]i) |?, for the trivial configuration
with Js/J,, = 5[20].

In figure 4.14, Rydberg spectra in the topological configuration for two different
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ratios (Js/Jy = 5,15) at i,,= 1, 3 and 5 are compared. The edge state contribution

at A;, = 0 indicate greater localization to 57s (i = 1) at higher ratios. The direct

ipr
diagonalization results also confirm vanishing contribution from the bulk to the edge
states localized on the boundaries. Also, an increase in the splitting of the bulk states
is observed, which matches A; =~ +J,. From the peak positions in a series of data
sets such as in fig. 4.14, the band structure as a function of the strong-tunneling rate
Js can be measured. These agree with results from the direct diagonalization with
9; = 0.

The series of data sets can also be used to study the variation in state decom-
position as a function of strong tunneling rate .J,. Exact diagonalization, such as
Fig. 4.14(c) and (d), provides the decomposition of each SSH eigenstate |5) upon
the bare lattice sites, expressed in the factors | (3]i) |>. This is compared with ex-
perimental measurements of the fraction of the total spectra area in either the edge
or the bulk spectral features when probing the overlap with a specific lattice site in
spectra such as Fig. 4.14(a) and (b). Spectral area is determined by fitting each of
the three features in a spectrum with a sinc-squared lineshape corresponding to the
5 ps laser exposure time convolved with a 100 kHz FWHM Gaussian linewidth from
laser and natural broadening, estimated from independent measurements of spectra
in the absence of mm-waves. Center frequency and amplitude are varied for fitting.
Figure 4.16 (left) shows that the experimentally measured edge-state fraction matches
Y Beedge | (Blipe|)?, and Fig. 4.16 (right) does the same for the bulk contribution and
> sevuk | (B lipe])?. The width of the calculated line denotes 10 % variation in the
Rabi frequencies. For a given J;/J,, the edge-state measurements add to one, while

the bulk-state measurements add to 2. This reflects the fact that there are two edge

states and four bulk states for this system, and half of the wight for the states in each
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group is in overlap with even lattice sites, which the photoexcitation probe does not

detect.
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Figure 4.14 : (a) Rydberg spectra at i, = 1, 3 and 5 for J;/J, = 5. (b) Rydberg
spectra at i,= 1, 3 and 5 for J,/J,, = 15. (c) Direct diagonalization results for (a).
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Figure 4.15 : Peak positions (eg) in the Rydberg spectra, such as in fig. 4.14, giving
the bulk and edge state energies for various values of J;/J,. Measurements match
the band structure calculated by direct diagonalization of eq. (4.16)[20].
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Figure 4.16 : Synthetic-lattice-eigenstate decomposition obtained from spectral-line
areas for the configuration with TPS. (a) Fraction of the entire signal under the spec-
tral features corresponding to the edge states for probe tuned near site i, (Rydberg
level) indicated in the legend. The line is the sum of the squares of the calculated
overlaps of the SSH edge eigenstates with the iy, site found from direct diagonaliza-
tion of eq. (4.16) with ¢; = 0. (b) Fraction of the entire signal under the bulk state
features and calculated sum of squares of the overlaps of the SSH bulk eigenstates
with the iy, site[20].

4.4.3 State decomposition with SFI

The spectral probe is only sensitive to ns contributions to the edge state, and there-
fore, it cannot establish whether the edge states observed are localized on one bound-
ary site or a superposition of both. To answer that question, we turn to SFI as a tool
for site-population measurements in Rydberg-atom synthetic dimensions

Consider Rydberg excitation near 58s (i, = 3) for J;/.J,, = 5 and a laser detuning
set to the resonance with the left of right bulk-state peaks (A, ~ 500 kHz). The
electrons which are liberated at ionization fields correspond to Rydberg levels in the

bulk of the synthetic lattice, i.e. ¢ = 2 — 5. For a laser detuning on the edge-state
peak (A;

ir. ~ 0 kHz), signal arrives at ionization fields corresponding predominantly
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to the 57s Rydberg state (¢ = 1). This indicates localization of the edge state on
the boundary in general and, more specifically, on the single boundary site connected
to the ground-state by the two-photon excitation, which is a linear combination of

states § = 3 and § = 4.
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Figure 4.17 : SFI signal for the probe laser tuned near 58s for J,/.J, = 5. Vertical
lines indicate ionization fields for bare Rydberg levels. The data points are evenly
spaced in time. (a) Localization of the bulk-states (at A; . ~ £500 kHz) at the lattices
sites ¢ = 2,3,4,5. (b) Localization of the edge-state (atA, = 0) at the lattice site
57s (i = 1). The small contribution to the signal at ¢ = 2,3,4,5 is predominantly
from the wings of the bulk-state peaks[20].
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SFI and trivial configuration

A trivial configuration of the SSH model is realized by switching off the weak 57s—57p
coupling and switching on a strong 59p — 60s coupling. Figure 4.18 (right) shows the
level structure and the two-photon probe. The states are label from ¢ = 1 —6 with the
lowest energy state labled as i = 1. The red, green and blue states ((5sns)?3S9;) are
accessible via our two-photon probe, and the spectra at each iy, is composed of only
non-zero energy bulk peaks [as shown in fig. 4.13(e)]. The SFI spectra when the probe
is tuned to resonance for each of the bulk features are plotted in fig. 4.18(a, b, and c).
The colored brackets in the figure denote the lattice site being probed. It is observed
that all the synthetic sites contribute to the signal at each %,,. This is in agreement
with the direct diagonalization of the eq. (4.16) for the trivial configuration.
Interestingly, there is an asymmetry of the signal in the SFI spectra at each ip,.
The SFT signal tend to accumulate around the 7, being probed. We intend to explore
more in the future, and test the role of the probe in exploring the synthetic dimensions

and its effect on the observed decoherence.
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Figure 4.18 : (a) SFI spectra at iy, = 6. (b) SFI spectra at i,, = 4. (c) SFI spectra
at i, = 2. For all the cases, the probe is tuned to resonance on the bulk features in
the Rydberg spectra.

4.4.4 Protected edge states

The pinning of the edge-state energy to A; = 0 is the defining feature of the TPS
in the SSH model. It arises due to the inherent chiral symmetry of the system with
vanishing matrix elements between sites of different parity, including diagonal(on-

site) matrix elements. To demonstrate the robustness of the pinning of the edge-state
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energy, the band-structure is probed in the presence of perturbations.

The first kind of perturbation introduced in the system is the imbalance of the
strong tunneling rates. Let the strong tunneling rates for the balanced configuration
be denoted as Jo 3 = J;_5 = J°. A 15% variation is introduced by controlling the
mm-wave couplings such that, Jo 3 = (1 £ 0.15)J° and Jy_5 = (1 F 0.15)J2. The
bulk state energies are strongly affected by the imbalance. With an increase .J5_3,
the bulk states that are more localized on the ¢+ = 3 site show increased splitting,
whereas, with increased Jy_5, the bulk states that are more localized on the ¢ = 5 site
show increased splitting. In contrast, the energy of the edge-state signal is immune to
this perturbation. This is because such perturbation preserves the protecting chiral

symmetry as the tunneling matrix elements only link even and odd sites.

== 585 =4 59s

I I
0.100+ : : :
I : s

Signal (a

Detuning (MHz)

Figure 4.19 : Band structure with Hamiltonian perturbations. (a) SSH model: §; =
0 with balanced tunneling rates (Jo_3,Jy5 = J? and J°/J, = 5). Lines mark
positions of the bulk and edge peaks. (b) Strong tunneling rates are imbalanced to
Jo 3 = 1.15J2 and J;_5 = 0.85J° for J?/J, = 5. This perturbation respects chiral
symmetry. (c) Same as (b) but Jo_3 = 0.85J° and Jy_5 = 1.15J2[20].

The second kind of perturbation introduced to the SSH system does change the

edge-state energy by breaking the chiral symmetry. This is realized by shifting the
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Figure 4.20 : (a) Edge state spectra in the presence of perturbations breaking chiral
symmetry: tunneling rates are balanced as in the standard topological SSH configu-
ration, with Js/.J,, = 10, but the frequency of the i = 1 to i = 2 (57s — 57p) coupling
is varied by the value given in the legend. Spectra are recorded with the probe laser
tuned near the 58 level (i, = 3). (b) Same as (a), but the i =5 to i = 6 (59s — 59p)
coupling frequency is varied. All error bars denote one s.e. of the mean[20].

on-site potentials by changing mm-wave frequencies. Spectra are recorded with the
probe laser tuned near the 58s level (i = 3) for the J;/J,, = 10. In figure 4.20(a), the
frequency of i = 1 to i = 2 is varied, which shifts the value of ; and hence the on-site
potential at i = 1 site. J # 0 introduces a diagonal term in the Hamiltonian that
breaks the chiral symmetry, and the edge-state energy shifts by an amount equal to
the detuning from resonance. For fig. 4.20(b) the frequency connecting the site i = 5
to ¢ = 6 is varied, which changes the value of dg, and the position of the edge-state
signal remains unchanged. These results confirm that the edge state coupled to by
the probe laser is localized on the ¢ = 1 boundary site. The orthogonal edge state is
localized on ¢ = 65, with vanishing weights on odd sites. In general, we expect any
kind of perturbation connecting even to even or odd to odd sites will break the chiral

symmetry and shift the edge states.



87

4.5 Discussion on decoherence

The lineshape of the spectra deviates from the sinc-squared lineshape convolved with
an experimental linewidth of 100 kHz. In order to gain insight into this phenomena
and comment about the broader implications on expanding the size of the synthetic
dimensions and limits on the physics that can be explored, a numerical approach
was adopted by our theory collaborators (S.D. Dasgupta, M. Yuan and Dr. K.R.A.
Hazzard) to understand sources of decoherence linked to amplitude or frequency noise
of the mm-waves.

Equation 4.16 provides an idealized description of the SSH lattice that neglects
certain effects, which warrant discussion. One, the current treatment neglects cou-
pling to off-resonant magnetic sublevels (m = —1,0) of the ns states. Theoretical
simulation predicts shifting of Rydberg levels in addition to AC stark shifts and no
effect on broadening of spectral lines. The shifts are compensated by experimentally
measuriung them and setting the detuning of the mm-waves to be on-resonant to the
levels shifted by AC stark shift and off-resonant coupling to magnetic sublevels.

Two, counter-rotating terms were dropped to arrive at eq. (4.16). The tunneling
rates are ~1.5 MHz and Rydberg energies are ~ 20 GHz, which means the effect of
keeping counter-rotating terms are of the order 10~% or smaller. Numerical simulations
confirm such effects are negligible.

A third possible source of deviations is the presence of dissipation or decoherence
in the system that could arise from multiple sources such as, spontaneous decay
from a Rydberg state or stimulated decay due to black-body radiation. These effects
predict a lifetime of around 60 us, which is long compared to the timescale of this
experiment. Spectroscopy of two isolated Rydberg levels reveal a linewidth of around

50 kHz, which is much less than the linewidths observed in the current experiment.



88

It implies magnetic field noise and stray electric fields are not the major contributors
to decoherence.

It is observed that the decoherence rates measured by the decay of Rabi oscil-
lations between two Rydberg levels in the experiment is dependent on the intensity
of the mm-waves on the atoms (Fig. 3.8). To capture this effect numerically, de-

Tpr

7)) are assumed to be proportional to the mm-wave amplitude

coherence rates (I

(I = Ci.J;;41) and the Lindbladian master equation (shown below) is solved.

4 N
1.~ 1
J— D [ LipLl = 5 (LiLip + pLIL;) 4.19
p h[,p]+;{p,2,p+pz (4.19)
where p is the density matrix, H is the Hamiltonian in Eq. (4.17), and the jump

operators L; depend on the noise model. For mm-wave amplitude noise

iY@+ 1]+ i+ 1) if i< N
LI = . (4.20)

0 if i=N
Discrepancies between observations and decoherence-free theory are visible in the
linewidths for i,, = 5 for the largest value of strong coupling J; (Fig. 4.21). Other
differences between theory and experiment are the small reductions in contrast be-
tween the spectral features and a very small increase in weight and smoothing in the
tails of the spectra, which are seen most strongly for i,, = 5 (Fig. 4.22). Calculations
with decoherence capture these effects and provide values for decoherence rates FEPY

by fitting to the spectra for each value of ;.

Trends in the decoherence emerge from this analysis. One already mentioned is
that the decoherence for ¢, = 5 is much larger than for other 7, values when in the
topological tunneling configuration, which is reflected in a value of C%»=> that is ~ 3

times larger than for other i,.. When in the trivial configuration, no such difference

is observed. A possible explanation is that the fluctuations on the coupling between
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Figure 4.21 : Noise model analysis. Fits of experimental data with theoretical
calculations assuming no decoherence ( ), and using the amplitude-noise model
[Eq. (4.20), ----- |. Data shown are for Jg/J, = 15 [from fig. 4.14(b), the i, = 3,5
spectra have been multiplied by a factor of 2 for clarity]. All error bars denote one
s.e. of the mean.

|5) and |[4) are particularly noisy. Another possibility is coupling of one or multiple
bare states to higher angular momentum states by the millimeter-wave fields, perhaps
through multi-photon transitions. Experiments described here were performed with
triplet Rydberg states. Working with the less-dense manifold of singlet states would

reduce the chance of spurious couplings.



90

o
1

N
1

Signal (arb.)

o
1

-2 -1 0 1 2
Probe detuning (MHz)

—-—- amp. fluc|
— no decoh.

Signal (arb.)

Signal (arb.)

Signal (arb.)

~1.0 0.0 0.5
Probe detuning (MHz)

Figure 4.22 : Noise model analysis. Same as fig. 4.21, but experimental data
shown are for Jg/J, = 5 [from fig. 4.14(a)]. Top panel shows all three iy, while
the bottom three panels show central regions of the same data for the individual %y,
indicated in each panel. All error bars denote one s.e. of the mean.
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Chapter 5

Conclusion and future directions

5.1 Conclusion

We have demonstrated Rydberg-atom synthetic dimensions as a promising platform
for the study of quantum matter. The spectrum of photo-excitation to the synthetic
lattice space formed by the manifold of coupled Rydberg levels provides the band
structure and decomposition of the lattice eigenstates. SFI of the excited states pro-
vides an additional diagnostic of lattice-site populations with two-site resolution. TPS
were observed in a six- site SSH model, and the measured band structure and eigen-
state decomposition agree well with theory. Varying the detuning of the millimeter-
wave fields that create tunneling between sites introduces on-site potentials, and this
has been used to break the chiral symmetry of the SSH model and to shift the energies
of edge states away from the center of the bandgap at A; . = 0. Numerical simula-
tions based on the master equation were pre- sented, which enable investigation of
decoherence effects.

Demonstration of the defining features of the SSH model illustrates the potential of
Rydberg-atom synthetic dimensions for quantum simulation. The size of the synthetic
space can be expanded by applying more millimeter-wave frequency components,
although this will introduce additional complexity such as the need to use multiple
local oscillators and horns to cover a wider range of frequencies. The limits imposed

by Rydberg-level decoherence, AC stark shifts, and coupling to ancillary levels need
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further study, but our initial investigations, as well as previous work demonstrating
coherent manipulation of Rydberg-level populations[82, 83], indicate that these should
be technical, rather than fundamental, complications.

The most exciting prospect is to extend these capabilities to the study of inter-
acting, many-body systems [45, 84] using arrays of single Rydberg atoms in closely
spaced optical tweezers [85, 86] with appreciable long-range dipolar interactions in real
space [24] but negligible tunneling of atoms between microtraps. For the Rydberg-
level arrangement demonstrated here, the dominant interactions would be flip-flop
interactions that couple |ns,n'p) and |n'p,ns) states, giving the many-body Hamil-

tonian

H=— Z t (CZaCi,a_;_l + h.c.> + Z V;j;abcjbc;acmcjb (5.1)

0,0 ij,ab
where the ¢;, and ¢!, are annihilation and creation operators (which can be taken
to be either fermionic or bosonic since there is no real-space tunneling) at synthetic
site ¢ and real space site a, and the interaction matrix elements V;;.q; take the form
Vijab = %Mi’ﬂmd(i_j’gm where rq, = |7, — 73| is the (real-space) distance
between atoms a and b, and 6, is the angle of r, — 7}, relative to the quantization
axis. Here the quantization axis is the one defining the m levels. The matrix element
M;; falls off rapidly with |n — n| [87] and thus |i — j|, so, in contrast to many
other types of synthetic dimensions, the interactions are highly local in the synthetic
space. This can give rise to interesting quantum phases and phase transitions, such
as quantum strings and membranes [45, 84]. We expect this to be just a small sample
of the phenomena these systems can display, with a wide variety of scenarios arising

from the easily tunable and dynamic synthetic and real-space geometries.
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5.2 Future direction
5.2.1 Other interesting realizable systems

There could be many interesting lattice structures envisioned with the array of states
available in the Rydberg-atom synthetic dimensions. An example is the realization
of a breathing kagome lattice. It is a tripartite lattice, whose unit cell contains three
lattice sites, with alternating intra- and inter-cell hopping amplitudes. A key feature
of the system is the presence of a phase that possesses corner modes at zero-energy.
It is defined as the non-trivial phase of the breathing kagome lattice, very similar to
the zero-energy edge state in the SSH model. There are interesting aspects to explore
in terms of topology, and whether such states are topologically protected against
different types of perturbations which may or may not respect the inherent chiral
symmetry.

The unit cell contains three sites, shown as yellow, blue and grey in the inset of
figure 5.1. The intra- and inter-cell hopping are denoted by Q' /2 and /2 respectively.

In the tight-binding model, the Hamiltonian in the reciprocal space is given by|[88]:

0 Q)2+ Q' [2etkas Q)2+ Q [2eika:
H=|Q/2+Q j2eks 0 Q)2+ Q' f2¢ka (5.2)
Q)2+ Q' /272 /2 + Q' [2e~kn 0

where, k is the crystal momentum, and a; » = (£1/2,/3/2) and a3 = as—a; = (—1,0)
are the lattice vectors. Such couplings can be realized experimentally with mm-waves.
All the parameters have full tunability, including introduction of on-site potentials.
A scheme to realize the breathing kagome lattice is presented by using strontium
Rydberg states in figure 5.1, where the color of the tunneling encode the different kinds

of mm-wave couplings. But to realize such complex quantum matter in Rydberg-atom
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synthetic dimensions, one has to move beyond single-photon S — P couplings (like
shown for the six-site SSH model in this thesis) and incorporate other states, such

as, ' D, states, which require resonant two-photons couplings.
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Figure 5.1 : A Rydberg synthetic dimension scheme to realize a breathing kagome
lattice that harbors corner states.

Another example could be the realization of loop topologies. Figure 5.2 shows

15 Rydberg states connected by mm-wave couplings. For such a large system a two-
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photon coupling with An = 4 is necessary to close the loop. It is interesting to note
that by changing the S — S and D — D couplings to S — D and D — S couplings a

Mobius strip topology can be realized.
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Loop
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> ] -
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& 100+
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& w5 S

Figure 5.2 : Rydberg synthetic dimension scheme to realize a loop topology using K-,
Ka- and W-band mm-wave frequencies. Swapping the S —S and D — D to S — D
and D — S couplings realizes a Mobius strip topology (as shown in inset). The red
photons lie in the K-band and the violet photons lie in the W-band.



96

These are visually complex structures, but the current experiment with six-site
SSH model offers techniques that will make such a structures feasible. Some of the
challenges that may arise include the wide range of mm-wave frequencies required to
realize all the couplings. Multiple horns fed by mm-wave synthesizers, whose phases
can be controlled by a single local oscillator, will be required, and this is certainly
possible in the realms of the current experiment. For example, the mm-wave frequency
for the green coupling, shown in fig. 5.1, lies in the Ka-band (~ 27—40 GHz), whereas
mm-wave frequencies for other couplings (red and black) lie in the K-band (~ 16 —27
GHz). The frequency for the violet two-photon coupling in figure 5.2 lies in the
W-band (~ 75 — 110 GHz).

It will be particularly interesting to conduct pump-probe type experiments, es-
pecially with the powerful tool of SFI. Such experiments will require exciting to a
bare Rydberg state without the presence of any mm-wave coupling and then turning
on the mm-wave components diabatically to project the initial state on the new set
of eigenstates for the geometry realized, such as the SSH or the breathing kagome
lattice. A time of evolution measurement, where the system is allowed to evolve for a
time, T, with the synthetic lattice on and then diabatically switching off the lattice
to project the state back to the bare Rydberg manifold, followed by SFI detection to

measure population in different state will be interesing.
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Appendix A

UV fiber profiles

As discussed in Ch. 2 of this thesis, the pointing problem of the UV beam was solved
by using a fiber intermediary (LMA-10-UV-PM, UV fiber from Alphanov) between
the source of 320 nm photons (Toptica SHG cavity) and the position of the atoms
in the science chamber. Adjustable fiber collimators (60FC-4-524-49-XV) are used
on the input and output side of the fiber to help couple light into the fiber. The
collimator housing contains a 12 mm plano-convex lens with focal length 24 mm and
NA = 0.10. The position of this collimator can be adjusted with an eccentric key
(60EX-5) to optimally position the lens with respect to the tip of the fiber. Figures
A.3 and A.6 are the beam profiles on the input and output sides of the UV fiber.
The profile is obtained by capturing the image of the beam at various positions along
the beam path on a camera (Duma Optronics, BA7-UV-USB). The image is fit to
two gaussians along the minor (vertical) and major (horizontal) axis respectively of
the ellipsoid shaped beam cross-section and the fit beam waists are plotted versus
distance of the camera from the front face of collimator.

In order to couple UV beam from the SHG through the input collimator, a profile
of the free-space beam after the 150 MHz AOM was measured. A lens combination
was chosen based on this profile so that UV light can be coupled via efficient mode-
mathcing with the input collimator. The lenses (+500 mm and -400 mm cylindrical
lenses with a vertical axis), separated by 5 cm, are shown in figure A.1 after the

UV AOM. This results in a 30 % coupling quite easily with minimal beam walking
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and tweaking of the collimator position with the eccentric key. A maximum of 40 %
efficiency of coupling has been observed with this fiber. A major factor which affects
the coupling performance is the cleanliness of the UV fiber tip. Dust settles on the tip
overtime and hence needs to be cleaned every few months with Isopropanol (99%).
To avoid settling of particles on the tip, it must be purged with nitrogen gas with a
flow rate of 1.35 SCFH at all times . A photo of the mount with the flush hole and
tube is shown in fig. A.2.

The output of the UV fiber is connected to a cage system (shown in fig. A.1)
which contains a half-wave plate, a polarizing beam splitter, a beam-sampler and a
pair of lenses in a telescope configuration. The half-wave plate can be adjusted to
maximise the p-polarized power transmitted to the atoms. The beam-sampler reflects
less than 1% of the total power onto a UV photodiode (SMO5PD7A - Thorlabs) to
monitor the power. The telescope is composed of a convex lens (200 mm focal length),
followed by a concave lens (-100 mm focal length) to reduce the spot size from 500
microns, at the output face of collimator, to a collimated beam with a spot size of
~250 microns. This increases the intensity of UV light at the atoms by a factor of 4
to get a better signal to noise ratio for a number of weak transitions, such as Rydberg

trimers, tetramers etc.
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Figure A.1 : Layout of optical components to have a collimated UV beam on the
atoms. The profile of the free-space beam from the second mirror after the 150 MHz
AOM was measured. The cylindrical lens combination immediately following the
mirror results in a collimated beam with a waist of about 500 microns that couples
efficiently with the UV fiber on the input side. The output profile (A.6) was measured
before the cage system to help calculate the focal length of the lenses needed for the
telescope. The telescope reduces the spot size to about 250 microns.

Figure A.2 : Collimator is secured inside a modified AD12F (Thorlabs) mount. The
tube in the photo purges the tip of the fiber with nitrogen at a flow rate of about 1.35
SCHF. The eccentric key (that has a white marker and is below the tube) rotation
adjusts the position of the lens inside the collimator.
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Figure A.3 : Beam profile of light from the input collimator. 0 cm represents the
location of the front face of the collimator. The lens position inside the collimator is
adjusted to get the best possible collimation.
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Figure A.4 : Beam profile measured from the second mirror (see fig. A.1) after the
UV AOM. The vertical component of the beam needs to be collimated to around 500
microns spot size to mode-match the input collimator profile (A.3) of the UV fiber
and get efficient coupling.
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Figure A.5 : Beam propagation calculation reveals a combination of 500 mm and -400
mm cylindrical lenses is required to collimate the free-space UV beam after the UV
AOM.
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Figure A.6 : Beam profile of light from the output collimator after the UV light is
coupled to the fiber on the input end. 0 cm represents the location of the front face
of the collimator. The lens position inside the collimator is adjusted to get the best
possible collimation.
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Trim field box: circuits
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Figure B.1 : Circuit for the trim field setup. Plates 2, 5, 6 and 9 are the plates
closest to the MCP. The other four plates are used to apply a voltage ramp to ionize
a Rydberg state. The highlighted amplifier stage isolates the static voltage card from
the plate electrodes in the chamber to avoid damage by voltage spikes. The static
cards can apply £10 V. A voltage divider before the electrodes ensures finer offset
voltages can be applied to cancel the stray electric fields at higher principal quantum

numbers, upto n = 160.
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