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Cold atoms trapped in optical lattices have been proven to be a versatile, well-

controlled and powerful platform for simulating and studying physics, from condensed

matter systems to high energy physics and cosmology. However, the diffraction limit

restricts the spatial resolution of light-induced confinement and measurement. Since the

length scale of confinement sets a characteristic energy scale of the system, it is desirable

to circumvent this diffraction limit to provide more control of the associated energy scale.

In the first half of this thesis, I describe a series of experiments that exploit the non-

linear optical response in the three-level system of 171Yb to realize subwavelength spatial

control and measurement of cold atoms. First, I report the experimental realization of

a conservative optical lattice for cold atoms with subwavelength spatial structure. The



three-level system is coupled by two laser fields in a way that the dark state of the

three-level system changes its spin composition over a narrow spatial region. The kinetic

energy associated with this large gradient in the spin composition creates a lattice of

narrow barriers with a width of 10 nm, which is one-fiftieth of the laser wavelength.

Extending from this, I describe the realization of a wave-function density microscope with

a spatial resolution of 10 nm and temporal resolution of 500 microseconds. Using the

sharp spatial dependence in the spin composition of the dark state, we shelve narrow

slices of the wave-function within every unit cell of the lattice into the selected spin state,

which is then selectively read out to achieve subwavelength measurement of the atomic

probability density. Finally, I report the stroboscopic realization of a λ/4-spaced lattice.

We stroboscopically apply shifted versions of the lattice of narrow barriers mentioned

earlier, thereby creating an effective time-averaged potential with a lattice spacing of λ/4.

In the past decade, significant progress has been made by extending the control of

atoms to the single atom level, and single neutral atoms optically trapped in arrays have

emerged as a compelling and scalable platform for quantum simulation and computing.

A natural step is to extend to multi-species systems, which will help solve challenges

encountered in single-species platforms.

In the second half of the thesis, I motivate and describe the construction of a new

dual-species tweezer array apparatus. An inherent challenge in single-species platforms

is the crosstalk between atoms due to the scattered photons from nearby atoms during

site-selective control and measurement. A dual-species architecture with Rb and Yb can

suppress unwanted crosstalk and even allow parallel tasking on Rb and Yb separately

due to the large separation in resonance frequencies. Moreover, the use of multi-species



atoms provides an extra tuning knob that is useful in realizing multi-qubit gates. By

manipulating the substantial difference in the intra- and inter-species van der Waals force,

multi-qubit gates could be realized on Rb and Yb, giving significant speedups for some

quantum algorithms and error-correction schemes.
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Chapter 1: Introduction and Statement on Contributions

This dissertation consists of two main parts. The first half of the dissertation describes

a series of experiments that exploit the non-linear optical response in a three-level system

in 171Yb atoms to realize subwavelength spatial control and measurement of cold atoms. It

consists of three parts:

• Chapter 2 presents the experimental realization of a conservative optical lattice for

cold atoms with subwavelength spatial structure. The potential is based on the

nonlinear optical response of the laser-dressed dark-state in a three-level system,

which is not constrained by the diffraction limit of the light generating the potential.

This chapter is based on the publication [1]:

Y. Wang, S. Subhankar, P. Bienias, and M. Łącki, T.-C. Tsui, M. A. Baranov, A. V.

Gorshkov, P. Zoller, J. V. Porto, and S. L. Rolston, Dark State Optical Lattice with

a Subwavelength Spatial Structure, Phys. Rev. Lett. 120, 083601 (2018).

• Chapter 3 presents the subwavelength optical measurement of atomic probability

density within the unit cell of 1-D optical lattices with a resolution of 11 nm, which

is 1/50 of the imaging light wavelength. This chapter is based on the publication [2]:

S. Subhankar, Y. Wang, T.-C. Tsui, S. L. Rolston, and J. V. Porto, Nanoscale Atomic

1



Density Microscopy, Phys. Rev. X 9, 021002 (2019).

• Chapter 4 reports the realization of a λ/4-spaced lattice by stroboscopically applying

optical Kronig-Penney-like potentials, which are generated using spatially dependent

dark states as presented in Chapter 2. This chapter is based on the publication [3]:

T.-C. Tsui, Y. Wang, S. Subhankar, J. V. Porto, and S. L. Rolston, Realization of a

stroboscopic optical lattice for cold atoms with subwavelength spacing, Phys. Rev.

A 101, 041603 (2020).

The experimental work on the optical lattice with subwavelength spatial structure in

chapter 2 was undertaken by Yang Wang, Sarthak Subhankar and myself. Theory support

was provided by Przemek Bienias, Mateusz Lacki, Mikhail Baranov, Alexey Gorshkov

and Peter Zoller. This experiment was led by Yang. Yang and Sarthak upgraded the

experimental apparatus for studying the dark state lattice. Yang and Sarthak collected and

analyzed the data. Sarthak also performed a detailed analysis of the band structure. My

efforts were primarily data collection, calibration on the Rabi frequencies and performing

some preliminary calculations on the band structure.

Regarding the work on the nanoscale atomic density microscope in chapter 3, the

experiment was operated by Sarthak, Yang and myself. I was primarily responsible for the

data analysis and the calculations of the wave-functions of atoms in different lattices. For

the work on the realization of a stroboscopic optical lattice in chapter 4, the experiment was

operated by myself, Yang and Sarthak. I was primarily responsible for the data collection

and data analysis. Sarthak Subhankar worked on the theoretical model for the stroboscopic

lattices and provided the optimal ramping shape of the control beams.

2



The second half describes the design and the construction of a new experimental

apparatus to trap Rb and Yb atoms in reconfigurable tweezer arrays and perform quantum

computation and simulation tasks.

• Chapter 5 reviews some relevant properties of Rydberg atoms and motivates a dual-

species Rydberg tweezer platform.

• Chapter 6 details the design and construction of the new experimental apparatus.

The apparatus is still under construction, so only completed parts are discussed.

For the new dual-species Rydberg tweezer array apparatus, Sarthak was responsible

for designing the vacuum system and the optical setup. Sarthak, Kevin Weber and I

assembled the vacuum system and set up the laser systems. I designed the magnetic field

coils and the electrodes for electric field control. I also developed the electronics for locking

the Rydberg lasers. Sarthak and Kevin aligned the Rydberg laser beams to the ULE cavity

for locking.

3



Chapter 2: Creation of Dark State Optical Lattice with Subwavelength

Structure

Conservative optical potentials, such as optical dipole traps and optical lattices, have

been used extensively in cold atoms experiments to confine the position and control the

motion of atoms for optical clocks, simulating condensed matter systems, and quantum

computing platforms [4, 5, 6, 7]. The spatial resolution of these optical potentials is typically

limited by the diffraction limit, which is of order the wavelength of the light creating

the potential landscape. For example, the lattice constant of a standard one-dimensional

optical lattice formed by retro-reflecting a laser beam is λ/2. This fundamentally limits

our capability to manipulate atoms. Moreover, the characteristic length scale of optical

lattice systems sets the energy scale for both kinetic energy and interaction energy in the

simulation of condensed matter systems, often posing stringent a temperature requirement

to observe the quantum phenomenon of interest. There is, therefore, a desire to increase

the fundamental energy scale of ultra-cold atoms by reducing the length scale of the system,

thereby relieving the constraint on temperature.

Several approaches have been proposed or even demonstrated to overcome this

diffraction limit, including lattices using multi-photon Raman processes [8], radio-frequency

dressed optical potentials [9, 10], and trapping with near-field guided modes with

4



nanophotonic systems [11, 12]. An alternative approach is to utilize the non-linearity

in the atomic response of a three-level system to circumvent the diffraction limit [13, 14].

Here, we present an experimental realization of a lattice for 171Yb, which consists of a

one-dimensional array of ultra-narrow barriers with widths less than 10 nm, well below the

wavelength of the lattice light with 171Yb [1]. By stroboscopically shifting the narrow

barriers, a time-averaged potential with an effective lattice spacing below λ/2 can be

realized as discussed in chapter 4. This chapter is based on a published work [1]. Sarthak

Subhankar, the second author of this work and the senior graduate student, will discuss

the technical details and calculations in his thesis. To avoid overlapping, I will report the

main results from the paper.

2.1 Theory

The underlying principle of this approach utilizes the non-linearity of the atomic

response to the driving laser field in a Λ-type three-level system, as illustrated in Fig.

2.1 (a). The two ground states, |g1⟩ and |g2⟩, are coupled to an excited state, |e⟩, in a

Λ-configuration by two optical fields separately: a standing-wave control field, Ωc(x) =

Ωc sin(kx), where k = 2π/λ and λ is the wavelength of light, and a weak constant probe

field Ωp propagating along the y-axis (see Fig. 2.1 (b) and (c)). To simplify the discussion,

the lasers are assumed to be tuned to a zero two-photon detuning, δ = 0, while the single-

photon detuning, ∆, can be on- or off-resonant. The Hamiltonian of the atom consists of
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kinetic energy and the internal atomic Hamiltonian:

H =
−h̄2

2m
(
∂

∂x
)2 +Ha, (2.1)

Ha = h̄((−∆− i
Γ

2
)|e⟩⟨e|+ Ωc(x)

2
|e⟩⟨g1|+

Ωp

2
|e⟩⟨g2|+ H.c.). (2.2)

In the regime of slow atomic motion, the kinetic energy term is small relative to the energy

scale of the internal degree of freedom. Under the Born-Oppenheimer (BO) approximation,

the spatially dependent eigen-states and eigen-energies of the internal degree can be obtained

by diagonalizing the atomic Hamiltonian, Ha(x)|Eσ⟩ = Eσ(x)|Eσ(x)⟩, where σ = 0,±

indicate the dark and bright states respectively. The Λ-configuration supports an atomic

dark state, |E0(x)⟩ = sin(α(x))|g1⟩ − cos(α(x)) |g2⟩, where α(x) = arctan(Ωc(x)/Ωp), with

energy E0 = 0, so that the dark state is decoupled from the excited state |e⟩ due to

quantum interference. On the other hand, the two bright states |E±⟩ have an excited state

component |e⟩, leading to light scattering.

As shown in Fig. 2.1 (b), the control and probe beam are designed in a way that the

composition of the dark state undergoes a rapid change over a narrow region determined by

the ratio, ϵ = Ωp/Ωc. In regions where |Ωc(x)| ≫ Ωp, the dark state |E0⟩ is approximately

|g1⟩. However, near the nodes of Ωc(x), |Ωc(x)| ≪ Ωp, and the composition of |E0⟩ becomes

approximately |g2⟩. This substantial change in spin structure happens near the nodes of

|Ω(x)| over a distance of ϵλ/(2π), which is much smaller than the wavelength since ϵ ≪ 1

under the chosen laser configuration. For an atom prepared in the dark state, it will change

its internal spin composition rapidly over the length ϵλ/(2π) according to |E0⟩, assuming

the atom is cold enough and the adiabaticity requirement is satisfied. As a result, there will
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be quantum kinetic energy associated with this large gradient in the spin-wave composition

giving rise to a conservative potential V (x) for atoms in the dark state |E0⟩ [13, 14].

V (x) =
h̄2

2mYb
(
dα(x)

dx
)2 = ER

ϵ2 cos2(kx)

(ϵ2 + sin2(kx))
, (2.3)

where k = 2π/λ, ER = h̄2k2/(2mYb) is the recoil energy, ϵ = Ωp/Ωc, and mYb is the mass of

the atom. The potential V (x) can be considered as the non-adiabatic correction to the BO

potential or artificial scalar gauge potential. When ϵ ≪ 1, the potential V (x) has narrow

barriers with the barrier height equal to ER/ϵ
2, the full width at half maximum (FWHM)

scaling as 0.2λϵ, and the lattice spacing being λ/2.

This dark state potential V (x) has several features making it distinct from the

conventional optical potentials based on ac-Stark shift. First, the explicit dependence of

V (x) on Planck’s constant implies the quantum nature of this potential, while the typical

optical potentials can be described classically as the interaction between induced dipoles

and the optical fields. Second, unlike the typical optical potentials, which can be either

repulsive or attractive, this dark state potential is always repulsive, since the gradients in

wave functions always cost energy. Third, the potential V (x) depends only on the ratio of

Rabi frequencies ϵ = Ωp/Ωc, but not the absolute values, making it relatively immune to

technical noises if both fields are derived from the same laser.

2.2 Methods

In the following section, I discuss the experimental details of realizing the dark state

potential with ultra-narrow barriers using 171Yb, which has an electronic structure favorable
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(a)

(c)

(b)

+1/2

+1/2-1/2

-1/2

Figure 2.1: Level structure and experimental geometry. (a) The three states in
171Yb used to realize the dark state lattices are separated from the (3P1, F =
1/2,mF = 1/2) state by a magnetic field of 12 mT. The three states are coupled
by a strong σ−-polarized control field Ωc (green) and a weak π-polarized probe
field Ωp (orange). (b) Spatial dependence of the dark state composited is created
by a standing wave control field Ωc(x) and a traveling probe field Ωp. The rapid
change in spin composition near the nodes results in the narrow barriers V (x)
(black). (c) The two counter-propagating σ− beams creating the standing wave
are aligned with the strong magnetic field along x̂, while the π-beam travels
along ŷ.
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for achieving the Λ-system required for the potential. Ultracold Yb atoms are prepared by

sympathetically cooling with 87Rb atoms in a bi-chromatic crossed dipole trap. The details

of the experimental apparatus and cooling sequence can be found in [15].

2.2.1 Realization of Λ-system in 171Yb

The Λ-type three-level system is realized using three electronic states chosen from the

(1S0, F = 1/2) and (3P1, F = 1/2) hyperfine manifolds. In the (1S0, F = 1/2) manifold,

the two ground states (1S0, F = 1/2,mF = ∓1/2) comprise |g1⟩ and |g2⟩ respectively. The

mF = −1/2 state in the (3P1, F = 1/2) manifold, with an inverse lifetime Γ = 2π×182 kHz

acts as the excited state |e⟩ in the Λ-configuration. The level structure of the 1S0 and 3P1

manifolds is shown in Fig. 2.1 (a). A magnetic field of 12 mT is applied to Zeeman split the

two 3P1 states by ∆B = 1.8×103 Γ, while the two 1S0 ground states are only split by −0.5Γ

due to the absence of electronic magnetic moment leaving only the small nuclear magnetic

moment in 1S0 states. The presence of two and only two ground states, the large Zeeman

shift of the 3P1 states, and a relatively small linewidth of the intercombination transition

between 1S0 and 3P1 manifold allow us to obtain a well-isolated three-level system with a

reasonable magnetic field.

The three states, |g1⟩, |g2⟩ and |e⟩, are coupled with the control and probe fields to give

the Λ-system (Fig. 2.1). The standing-wave control field Ωc(x), traveling along B⃗, is formed

by two counter-propagating (σ1 and σ2) σ−-polarized laser beams that couple the |g2⟩ and

|e⟩ states with amplitudes Ωc1 e
ikx and Ωc2 e

−ikx. The probe field is given by a third beam,

which is traveling normal to B⃗ and π-polarized, coupling the |g1⟩ and |e⟩ with an amplitude

9



Ωp e
iky. The off-resonant coupling between |g2⟩ and |e⟩ by the π-polarized probe beam is

suppressed by the Zeeman shift of ∆B =1.8×103 Γ. The frequency of the three beams

can be tuned to set the single and two-photon detunings, ∆ and δ. Two-photon detuning

δ = 0 is defined as the dark state condition for an isolated three-level system. However,

off-resonant couplings to other states in the (3P1, F = 1/2, 3/2) manifolds introduce light

shifts, which requires non-zero δ to maintain the dark state condition. In addition to the

laser frequency, the polarization of the control and probe beams needs to be well controlled.

The polarization of the beams is sensitive to the alignment of the beams k⃗p, k⃗ci, with respect

to the magnetic field B⃗. The alignment of the k-vector of the beams to the magnetic field

is achieved by measuring the atom loss in an off-resonant EIT configuration. The details

of this technique are discussed in the published work [1] and Sarthak’s thesis.

2.2.2 Dark State Lattice Loading Procedure

After the sympathetic cooling process detailed in [15], approximately 2 × 105 Yb

atoms are collected with a temperature T of ≈ 300 nK (T = 1.1 TF , where TF is the

Fermi temperature). A temperature of 300 nK corresponds to 1.6 ER, where ER is the

recoil energy. The magnetic field in the x-direction is then ramped up to 12 mT in 100ms,

removing the remaining magnetically confined Rb atoms. To adiabatically load the Yb

atoms into the ground band of the dark state lattice, in addition to cooling the external

atomic motion to a sufficiently low temperature, we also need to properly prepare the

internal state of the atoms, as the dark state potential arises from the twist in the internal

state composition. Therefore, we first optically pump the Yb atoms into |g1⟩ with a 50 ms
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Optical Pumping Lattice Turn On Lattice Holding Bandmapping TOF

σ1
-

σ2
-

π

Δ

Figure 2.2: Procedure to adiabatically load atoms into the ground band of the
dark state lattice and to perform bandmapping at the end of the sequence.

pulse of σ1 beam with ∆ = 12 MHz, resulting in ≈ 1.5×105 Yb atoms polarized in |g1⟩.

Then, ∆ is changed to the final desired value. The next step is to populate the atoms into

a homogenous dark state. The power of the σ1 beam is first ramped up, after 1 ms wait

time, the π-polarized probe beam is ramped on in 0.3 ms. The atoms are transferred from

|1⟩ into a spatially homogeneous dark state in the σ1-π configuration. Finally, σ2 is ramped

on to give a twist in the dark state composition, adiabatically loading the atoms into the

dark state potential. The loading procedure is illustrated in Fig. 2.2.

This narrow dark state potential originates from the large gradients of spin-wave

composition near the nodes of the standing-wave control field, where |Ωc(x)| ≪ Ωp. In

our experimental setup, the standing-wave control field is generated from the two counter-

propagating σ− laser beams, σ1 and σ2, while the probe field comes from a π-polarized

beam normal to the control beams. Therefore, the Rabi frequencies of the three beams

need to be well-calibrated, since a slight imbalance in the Rabi frequencies of the two
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control beams will invalidate the requirement of |Ωc(x)| ≪ Ωp near the nodes and thus

significantly diminish the dark-state barriers. I will discuss the calibration of the Rabi

frequencies before showing the measurement results.

2.2.3 Rabi Frequency Calibration

We calibrate the Rabi frequencies of the two control beams and the probe beam

by measuring two-photon Raman Rabi frequencies, ΩR, and light-shift induced Raman

detuning, δR, of the control-probe pairs of beams as a function of their beam powers. In

the calibration, we use a large single-photon detuning ∆ ≫ Γ,Ω, such that the excited

state |e⟩ can be adiabatically eliminated and the three-level system is effectively reduced

to a two-level system with states, |p⃗⟩|g1⟩ and |p⃗ + 2δk⃗⟩|g2⟩. ΩR and δR are extracted by

measuring the center of mass (COM) motion of the atomic cloud. In addition to transferring

the population between the two ground states, the two-photon Raman transition imparts

a momentum kick on the atoms, which manifests itself in the COM of the cloud, providing

a measure of the ground state population. Fig. 2.3 (a) shows typical Rabi oscillation data,

which are fitted to a damped sinusoidal function to determine ΩR. The expressions for the

two-photon Rabi frequency ΩR and Raman detuning δR are

ΩR =
ΩciΩp

2∆
, (2.4)

δR = δ + 4ωR

(
p⃗ · δk⃗ + |δk⃗|

|δk⃗|

)
− Ω2

ci

4∆
+

Ω2
p

4∆
, (2.5)

where 2δk⃗ = k⃗c− k⃗p, ωR = h̄2|δk⃗|2
2mYb

, k⃗c and k⃗p are the k-vectors for one of the control beams
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Figure 2.3: Measured data for Rabi frequency calibration. (a) Example data of
the center of mass oscillation of the atomic cloud as a function of the Raman
pulse time. (b) Measured two-photon resonance δ as a function of the probe
beam power Pp

and probe beam respectively.

However, ΩR can only give the product of Ωci and Ωp, but not the proportionality

constants between the power and Rabi frequency of the separate beams. In order to find

the proportionality constants, we make use of both the relations Eq. 2.4 and Eq. 2.5.

Defining Ω2
p = ApPp, we obtain Ωci = 2ΩR∆/

√
ApPp using Eq. 2.4. Then, we replace Ωci

in Eq. 2.5 with 2ΩR∆/
√
ApPp and the second term in Eq. 2.5 with a fitting parameter ξ.

At Raman resonance, δR = 0, Eq. 2.5 is rewritten as,

δ = −ξ + Ω2
R∆

ApPp

− ApPp

4∆
. (2.6)

Experimentally, we first perform a scan to obtain a set of Rabi oscillation data and

ΩR for a chosen set of Pci, Pp with ∆ = −40 MHz. Then, we fix ∆, but vary Pci and Pp to

keep ΩR the same, and then scan for the values of δ that satisfy Eq. 2.6 for different Pp as
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shown in Fig. 2.3 (b). We fit the measured data as a function of Pp using Eq. 2.6 with Ap

and ξ as the fitting parameters. Aci can be derived from Eq. 2.4 using the fitted value of

Ap. For the data used in this measurement, Ap, Ac1 and Ac2 were found to be 6288, 14201

and 26982 (×(2π) kHz)2/µW respectively. In a typical experiment, Pc1= 2857 µW, Pc2=

1503 µW and Pp= 527 µW, which gives Ωc1 = Ωc2 = 35 Γ and Γp = 10 Γ. We are able to

balance the Rabi frequency of the two control beams to within 2 %.

2.3 Results

2.3.1 Momentum Distribution by Bandmapping

In order to prove the existence of this dark state lattice, we measure the momentum

distribution of Yb atoms along the direction of the lattice, by mapping the momentum

distribution of the atoms into the spatial distribution with the time-of-flight (TOF)

technique. The periodically arranged dark-state barriers give rise to bandgaps between

Bloch bands. The bandgaps give rise to unoccupied momentum states resulting in visible

band edges after TOF. We perform bandmapping at the end of the experiment by

adiabatically ramping down Ω2 in 0.5 ms (ramping down the barrier height), and then

turning off the σ1 beam, the probe beam and the optical dipole trap. This maps atoms

with given quasimomentum in the lattice to real momentum in free space. We then take an

absorption image to measure the momentum along x̂ and ẑ after 12 ms TOF. Since the Yb

atoms have been cooled to T = 300 nK = 1.6 ER, which is less than the bandgap between

the ground band and the first excited band, the ground band is predominately populated

and distinct band edges are visible in the TOF image after band mapping as shown in
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Figure 2.4: (a) The results of band mapping with three beams (upper)
and with only Ωc beams (lower). The white traces show the integrated
momentum distribution in each direction (x̂ is the lattice direction). (b),(c)
Band spectroscopy: in (c), we integrate the momentum distribution in band
mapping results over z after shaking and plot this TOF column density vs
the shaking frequency; in (b), we plot the fractional population (frac. pop.)
excited to the p band (dark green) and d band (magenta) vs shaking frequency.
Gaussian fits [colored lines in (b)] are used to determine the center frequency
and the width of the transition. (d) Band spacing: En+1 − En is plotted vs
the band index n of a dark state lattice with Ωc =70 Γ,Ωp = 10 Γ,∆ = 22
Γ, and δ = 0, The grey vertical bars show the measurement-inferred transition
width, while the green rectangles are expected band spacings and widths from
calculations.
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upper panel in Fig. 2.4 (a). The lower panel shows the result with no probe beam, where

we find a nearly Gaussian distribution in the lattice direction. This proves that the band

edges in the upper panel of Fig. 2.4 (a) originate from the spin structure, not a simple

ac-stark shift type lattice from the control beams.

2.3.2 Band Structure and Shaking Spectroscopy

Proving the existence of lattice structure is not sufficient to definitively say we have

created dark state lattice with subwavelength structure. To do so, we further investigate

the band structure of the lattice by shaking spectroscopy, which allows us to measure

the energy separation between neighboring Bloch bands. In shaking spectroscopy, atoms

are excited from lower to higher bands when the modulation frequency matches the band

spacing. In the dark state lattice, the barriers are located at the nodes of the standing-wave

Ωc(x) field, so the lattice is shaken by modulating the phase of the σ2 beam with respect

to the σ1 beam using an analog RF phase-shifter on the RF drive to the AOM for the σ2

beam. After shaking for 200 µs with an amplitude of λ/8, we perform the band mapping

procedure by ramping down the σ2 beam in 0.5 ms. The atoms in different bands are

separated spatially after a TOF enabling us to determine the population in different bands

as shown in Fig. 2.4 (c).

For small ϵ = Ωp/Ωc, the dark state lattice maps to a one-dimensional Kronig-Penney

(KP) lattice, which has a characteristic feature of having the n-th band energy scales as

n2ER. Therefore, the first characteristic feature of the dark state lattice is that the band

spacing increases linearly with n. In contrast, in a deep sinusoidal lattice, band spacing
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decreases with n. Figure 2.4 (d) plots the frequency-dependent excitation into the first

(p) and second (d) excited bands for ϵ = 0.14, extracted from the data in Fig. 2.4 (c).

The coupling by shaking the lattice has odd parity, so only transitions between bands

with opposite parity are allowed i.e. s → p and p → d. The transition from the s to

d band involves a two-step process, s → p followed by p → d. Consequently, this may

result in a small systematic shift in resonance frequency as detailed in [1]. The band

structure is mapped up to the g band (the fourth excited band). The energy spacings for

adjacents bands increase monotonically with n as shown in Fig. 2.4 (d) coinciding with

the characteristic band spacings of the dark state lattice. The green rectangles show the

theoretical band spacings and widths, calculated from a model that includes both the light

shifts from states outside the three-level system and mixing with the bright states [1].

Another distinctive feature of the dark state lattice is that, in the high barrier limit,

the band structure becomes almost independent of the barrier strength (the area under

the potential for a single barrier), which scales with 1/ϵ. Fig. 2.5 (a) shows the band

structure at different ϵ for fixed Ωc = 100 Γ and different Ωp. The measured spacings are

indeed almost independent of the value of ϵ, even though the probe power varies by an

order of magnitude. When ϵ becomes smaller than 0.1, another effect comes into play. The

height of V(x) becomes comparable to the energy separation between the dark state |E0⟩

and the upper bright state |E+⟩, resulting in a significant mixing between |E0⟩ and |E+⟩.

The upper panels of Fig. 2.5 (a) show the potentials of the upper bright state (blue) and

dark state (green) for three ϵ. This mixing between the dark and bright states modifies

the band structure substantially. At a particular value of ϵ ≈ 0.125, the tunneling of

atoms across the barriers is suppressed due to destructive interference between the normal
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Figure 2.5: Band structure dependence. Energies of the p band and the d
band with respect to the s band are plotted. (a) Dependence on ϵ: Ωc =
100 Γ, Ωp = 5-20 Γ, ∆= 22 Γ, and δ = 0. The shaded regions are the
transition energies predicted from a model including couplings to the bright
states. (Upper) Representative potentials for the dark states (green) and bright
states (blue). At ϵ = 0.075, the bright and dark states are no longer good basis
states because of the strong coupling between them. (b) δ dependence: Ωc = 70
Γ, Ωp = 10 Γ, ∆ = 22 Γ. (Upper) Calculated dark state potentials for positive
and negative δ.
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hopping within the dark state and the bright-state assisted hopping resulting in a vanishing

bandwidth despite barriers having finite width and height. The shaded regions in Fig. 2.5

(a) are calculations based on a model that includes bright state couplings. The residual

discrepancy between theory and experiment is attributed to polarization imperfections,

Rabi frequency calibration and limitations of our shaking band spectroscopy.

We also look into the situation in which the dark state condition is not satisfied δ ̸=0.

Since the state is no longer completely dark, there exists an additional periodic potential

due to the couplings to the population in the excited states as well as neighboring hyperfine

states. This additional potential distorts the dark state lattice and its band structure. The

band spacings measured as a function of δ agree with the prediction (shaded area) (Fig.

2.5 (b)), with the systematic deviation probably caused by the same factor as in Fig. 2.5

(a).

2.3.3 Dissipation and Lifetime

Finally, we study the dissipation of V (x) filling in the last piece of evidence that we

create the desired dark state potential in our system. The narrow dark state barriers V (x)

can be viewed as the non-adiabatic correction to the dark state, which couples weakly to

the bright states. This coupling to the bright states, which contains some population in

the excited state |e⟩, leads to light scattering and thus heating atoms out of the trap. This

results in a significant difference in the dependence of lifetime on both the detuning ∆ and

the laser power of the dark state lattice compared to a regular lattice. In stark contrast to

a standard optical lattice arising from ac-Stark shifts, which have a lifetime independent of
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(a)

Figure 2.6: Lifetime of dark state lattice τ scaled by the excited state lifetime
Γ vs ∆, with Ωc = 70 Γ, Ωp = 10 Γ, and δ = 0. (Inset) Lifetime of the dark
state in spatially homogeneous control fields, with Ωc1 = 35 Γ, Ωc2 = 0 , Ωp =
10 Γ, and δ = 0 (Upper three panels) The two bright state potentials E−(x)
(red) and E+(x) (blue), and the dark state potential (green), at different ∆. (b)
Lifetime vs Ωp in a dark state lattice where ϵ = 0.2 and ∆ = 0. The solid black
lines are predictions scaled with a factor of 2.2 [except for (a) inset, where no
scaling is applied.] The error bars represent 1 standard deviation uncertainty
from fitting the population decay data.
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the sign of ∆, the lifetime τ of atoms in a dark state lattice is considerably longer for ∆ >0

than for ∆ <0. There are two primary loss mechanisms for the dark state lattice. The first

one is due to small admixture of |E±⟩, which gives rise to photon scattering by |e⟩ and is

insensitive to the sign of ∆. The second loss channel is due to atoms decaying into the

untrapped |E−⟩ from the trapped |E0⟩ due to the non-adiabatic coupling between the two

states. This process is highly ∆-dependent due to the ∆-dependent proximity of the bright-

state potential, as illustrated in the upper panel of Fig. 2.6. The wave-function density

of atoms in |E0⟩ is negligible near the barriers resulting in considerably lower overlap in

wave-function and thus coupling between |E0⟩ and |E+⟩, resulting in the ∆ asymmetry in

lifetime. The measured lifetime is plotted as a funciton of ∆ in Fig. 2.6 with the calculation

results depicted as the black line. For comparison, the measured lifetime in a homogeneous

control field when one of the control beams is blocked is shown in Fig. 2.6 (inset). Atoms

in this homogeneous dark state are measured to have a lifetime ≃ 4×105/Γ independent of

∆ as expected, and is 70 % of the expected lifetime from the calculation.

The loss mechanism of non-adiabatic bright state coupling also leads to a counter-

intuitive dependence of the lifetime on the laser power. Figure 2.6 shows the measured

lifetime at constant ϵ as a function of Rabi frequencies. Remarkably, the lifetime increases

with Rabi frequencies, in contrast to the case of a regular optical lattice in which the

lifetime does not improve by increasing laser power of fixed detuning. For the dark state

lattice, an increase in Ωc,p results in a larger energy separation between the BO potentials,

suppressing the non-adiabatic coupling loss between dark and bright states.
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2.4 Outlook

Having realized the dark state potential with ultra-narrow barriers, a natural step is to

use these barriers to create lattices with lattice spacing smaller than λ/2, by stroboscopically

applying the shifted versions of the lattice, which would significantly increase the

characteristic energy scales relevant for interacting many-body atomic systems. Starting

with a dark state lattice with a barrier height of 100 ER and a lattice spacing of λ/2,

by shifting the lattice by a distance λ/(2N) at stroboscopic time T/N , we can create

a time-periodic potential V (x, t) with a period T [16]. If T is much smaller than the

typical timescale of atomic motion, the atoms will experience a time-averaged potential

with an effective lattice spacing of λ/2N and an effective barrier height of (100/N)ER. To

realize this stroboscopic scheme with the dark state potential, we can shift the nodes of

Ωc(x), where the barriers are located, time-periodically. The details of the realization of a

stroboscopic lattice with subwavelength lattice spacing are discussed in chapter 4.

In addition, the spin localization on small length scales can be used to measure

the ensemble-averaged wave-function of atoms in an optical lattice and even observe the

dynamics of atoms excited into periodic motion. Under the experimental configuration of

the dark state lattice, the resulting dark state composition is predominantly |g1⟩ away from

the nodes of |Ωc(x)|, and |g2⟩ near the nodes, where Ωp ≫ |Ωc(x)|. Much like an STM,

the wave-function probability density |ψ(x)|2 can be mapped out by measuring population

in |g2⟩. Following this idea, we have measured the wave-function density and dynamics

of atoms in a sinusoidal and a KP lattice as detailed in chapter 3. There are also other

possible applications of this dark state potential. For example, such sharp potential barriers
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could be useful for the creation of narrow tunnel junctions for quantum gases [17] or for

building sharp-wall box-like traps [18]. The dark state lattice is generalizable to 2D and, for

example, can be used to study Anderson localization with random strength in the barrier

height [19].
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Chapter 3: Nanoscale Atomic Density Microscopy

High-resolution microscopy plays an essential role in almost all scientific fields

revealing the underlying physics, chemistry, and biology of a variety of systems. In cold

atom physics, high-resolution microscopy enables the visualization of numerous quantum

phenomena, including the Mott transition [20, 21], quantum correlation [22, 23], and

quantum tunneling [24, 25]. However, since the discovery by Ernst Abbe in 1873, it

has been known that a far-field light microscope would not be able to resolve objects

beyond the diffraction limit. Various techniques have been developed in different fields

to overcome this optical diffraction limit. Utilizing the non-linear optical response of the

target medium, molecules can be imaged with resolution beyond the diffraction limit [26].

For cold atoms, non-linear optical response in a dark state can be exploited to achieve

subwavelength addressing as suggested in the proposals [27, 28] and first demonstrated in

the experiment using a thermal gas [29].

This chapter describes the realization of a wave-function density microscope with

unprecedented spatial resolution of 11 nm, which is well below the diffraction limit. This

superresolution microscope allows us to measure and distinguish the ensemble-averaged

probability density of atoms in two different types of lattices. Moreover, the microscope has

a temporal resolution of 500 ns, which is high enough to measure wave-function dynamics
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Figure 3.1: Principle of our nanoscale atomic density microscope. (a)
Configuration of the control field Ωc(x) and probe field Ωp coupling |g1⟩, |g2⟩,
and |e⟩ in a Λ-system. Population in |g2⟩ is measured via a cycling transition
connecting the imaging state |i⟩. (b) Probability density |ψ(x)|2 in the lattice
of interest V (x). (c) The spin-state composition is transferred to |g2⟩ near the
nodes of Ωc(x

′ − x) with probability given by f(x′ − x) (narrow red peaks).
The width of f(x′ − x) is determined by the relative strength of the two light
fields ϵ = Ωp/Ωc (see Eq. 3.2). (d) f(x′ − x) maps |ψ(x)|2 onto population in
|g2⟩, n(x), which can be selectively measured via state-dependent imaging. By
stepping through different positions x and measuring n(x), we can reconstruct
|ψ(x)|2.

similar to observing molecular dynamics in biological samples. This chapter has been

adapted from a published work [2], in which Sarthak Subhankar is the first author. To

avoid overlap, I will be reporting the main results from the paper, while adding some

supplementary content that did not make it into the paper due to length constraints.
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3.1 General Principle of the Wave-function Density Microscope

The basic idea behind this wave-function density microscope is to transfer narrow

slices of the wave-function density of atoms in every unit cell of the lattice into a different

hyperfine state. By selectively measuring the population of atoms in that particular

hyperfine state sequentially for each slice, we can determine the local probability density

of the wave-function in the lattice. The “slicing” is realized using the dark state in a three-

level system [27, 29, 30, 31, 32, 33]. The working principle of our wave-function microscope

is illustrated in Fig. 3.1. Considering a three-level sysytem with a spatially varying control

field Ωc(x) and a weak homogeneous probe field Ωp, there is a dark state decoupled from

the excited state:

|E0⟩ =
1√

Ω2
c(x) + Ω2

p

(Ωc(x)|g1⟩ − Ωp|g2⟩). (3.1)

Here, we use a standing wave control field, Ωc(x) = Ωc sin(kx), and a homogeneous probe

field Ωp with Ωp ≪ Ωc, where k = 2π/λ and λ is the wavelength of the light. Since

Ωp ≪ Ωc, the dark state composition is predominantly |g1⟩ away from the nodes, and |g2⟩

near the nodes where Ωp becomes larger than |Ωc(x)|. The non-linear dependence of the

Rabi frequencies gives a strong spatial dependence of the spin composition of the dark state

and the high resolution of our wave-function microscope. The probability density of |g2⟩

as shown in Fig. 3.1 has narrow peaks near the nodes,

f(x) =
ϵ2

ϵ2 + sin2(kx)
, (3.2)
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where ϵ = Ωp/Ωc. The full width at half maximum (FWHM) of f(x) , σ, provides a good

metric for the resolution. For Ωc ≫ Ωp (small ϵ), σ is approximately ϵλ/π, which can be

substantially less than the wavelength of the light and exceeding the diffraction limit. In

our experiment, we first prepare atoms into state |g1⟩ and load them into the lattice (Fig.

3.1 (b)), then we adiabatically transfer a narrow slice of atoms into |g2⟩ with stimulated

Raman adiabatic passage (STIRAP) (Fig. 3.1(c)). The population transferred to |g2⟩ at

different location x, n(x), is

n(x) =

∫
|ψ(x′)|2f(x′ − x)dx′. (3.3)

By measuring the population in |g2⟩ and deconvolving this signal with the probing function

f(x), we can reconstruct |ψ(x)|2.

In the measurement of |ψ(x)|2, two competing timescales come into play: the STIRAP

time and the relaxation time of the wave-function during the process of measurement.

During the slicing process of the wave-function into |g2⟩, the lattice is turned off, and

the lattice wave-function starts to relax. In order to accurately measure the shape of the

wave-function, the STIRAP transfer process must be diabatic with respect to the motional

degree of freedom of atoms, but still remain adiabatic with respect to the spin degree of

freedom. For small ϵ, the shortest duration of the STIRAP is inversely proportional to the

Rabi frequencies. For typical trapped atoms experiments, Rabi frequencies can be tens of

megahertz. while the motional dynamics is on the order of tens of kilohertz. In this study,

the STIRAP time is on the order of a few hundred nanoseconds which is substantially faster

than the motional timescale of atoms, which is a few microseconds.
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3.2 General Method

The details of the experimental apparatus and cooling sequence have been discussed

in previous theses and publications [1, 15, 34, 35]. The three-level system used in this

study is similar to the one discussed in chapter 2. The three-level system consists of

the same three states, the two ground states, |g1⟩ = |1S0, F = 1/2,mF = −1/2⟩ and

|g2⟩ = |1S0, F = 1/2,mF = 1/2⟩, and an excited state |e⟩ = |3P1, F = 1/2,mF = −1/2⟩ in

171Yb. The levels are coupled by λ = 556 nm light using the same laser configuration as in

chapter 2.

In this study, we load the atoms into the ground band of two different lattices. The

first one is a Kronig-Penney (KP) type lattice of thin barriers, as described in [1] and chapter

2, which is expected to have a ground band wave-function density given by a cosine function,

|ψ(x)| ∼ | cos (kx)|. The other lattice is a regular sinusoidal lattice based on the ac-Stark

shift effect due to the off-resonant coupling between |g1⟩ and |3P1, F = 3/2,mF = −3/2⟩

lying outside of the three-level system that forms the dark state. This sinusoidal lattice is

expected to have a Gaussian ground band wave-function. As in the chapter 2, the atoms

are loaded into the lattices by adiabatically turning on the lattice.

Once our wave-function specimen is ready, we implement our microscope as follows.

The lattice potential V (x) is turned off by ramping down Ωc2 rapidly. Then, we ramp on

Ωp followed by ramping back on Ωc2 with a different phase, ϕc2 = x (2π/λ) (where ϕc2 is the

phase of the RF drive to the AOM). The second ramp of Ωc2 flips the internal state of the

atoms in the localized region near the nodes of the shifted Ωc(x
′ − x) = Ωc sin (k(x

′ − x))

adiabatically from |g1⟩ to |g2⟩ . The ramping profiles of these two beams are calculated
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to preserve spin adiabaticity (see [33] and appendix in [2]), ensuring atoms follow the

spatiotemporal dark state during the ramp. We then turn off all three beams simultaneously

to preserve the dark state composition. The population in |g2⟩ is then measured with state-

selective absorption imaging. The above process is repeated for different x in fine steps,

allowing us to map out |ψ(x)|2. The experimental sequences used to probe the wave-

function density under different configurations are discussed in detail in the appendixes of

[2]. There is a special technique that is worth noting here. Since the Fermi energy of our

atomic cloud is ∼ 3 ER, a small portion of atoms is loaded to the excited bands, which

would complicate our microscope measurements. We resolve this issue by first loading

atoms into a KP lattice with ϵ = 0.14 (Ωc1 = 35 Γ, Ωc2 = 35 Γ, Ωp = 10 Γ and ∆ = 4

MHz) and hold for 5 ms before loading into the target lattice. Atoms in higher bands of

the KP lattice have a significantly shorter lifetime than the ground band and are lost from

the trap [13], effectively removing atoms in the higher bands.

Accurate microscopy of the wave-function density requires careful calibration of system.

First, we need to have a good calibration of Rabi frequency dependence on laser power,

which can be done with the technique discussed in the previous chapter 2.2.3. Second, we

need to ensure the slicing into |g2⟩ is done spin-adiabatically while still being faster than the

motional dynamics of atoms. This is accomplished with optimized STIRAP pulses discussed

in Sec. 3.3.1. Third and most challenging, we need to preserve the |g2⟩ composition when

turning off the “slicing” light and then measure the atom number in |g2⟩. Due to the

adiabatic following of the dark state, if the turn off of the slicing lasers is not carefully

designed to be diabatic, it will merely transfer the slice back into |g1⟩. This requires

a rigorous synchronization of optical pulses and a proper state-selective measurement as
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Figure 3.2: Level structure of the 1S0 and 3P1 manifolds in 171Yb: ∆ is the
single-photon detuning, and ∆HFS ≈ 6 GHz is the 3P1 hyperfine splitting.

detailed in Sec. 3.3.2 and Sec. 3.3.3.

3.3 Experimental Techniques

The preparation stage of Yb has been discussed in detail in [1, 35] and section 2.2.

The level configuration and experiment geometry are the same as discussed in section 2.2.

A larger magnetic field of 36 mT, instead of 12 mT used in the chapter 2, is used for better

isolation of the three-level system.

3.3.1 Optimal Waveform for STIRAP and Hardware Control

As mentioned in the previous section, the STIRAP process, which transfers the atoms

near the nodes of |Ωc(x)| from |g1⟩ into |g2⟩, needs to be fast compared with the motional
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Figure 3.3: The optimal amplitude waveform for Ωc2(t) for Ωc1 = 250 Γ, Ωp =
25 Γ calculated using Eq. 3.5. The initial rate of change of Ωc2(t) is large
due to the large value of Ωrms from an imbalance between Ωc1 and Ωc2 in the
beginning. The rate of change slows down notably as the imbalance vanishes.

dynamics of atoms while still be adiabatic with respect to the spin degree of freedom. For an

ideal three-level system, the spin adiabatic criterion is Ωrms ≫ |ΩcΩ̇p− Ω̇cΩp|/Ω2
rms [33, 36],

where Ωrms =
√

Ω2
c + Ω2

p is the energy gap between the dark and bright eigen-states (see

Sec. 2.1) and the right-hand side of the expression describes the diabatic coupling between

them. We can define an adiabaticity parameter r:

Ωrms = r
|ΩcΩ̇p − Ω̇cΩp|

Ω2
rms

. (3.4)

A larger value of r implies a more adiabatic but slower transfer. In our configuration, Ωc(x)

and thus Ωrms(x) are spatially varying. The adiabaticity requirement is hardest to satisfy

near the nodes of Ωc(x), where the energy gap between the dark and bright states is the

smallest and the spin transfer is most substantial. Therefore, the equation is solved to give

an optimal shape of Ωc2(t) at the nodes of Ωc(x) (Ωc1 and Ωp are kept constant in time

31



(a)

(b)

Figure 3.4: (a) The temperature of the atoms after ten complete STIRAP pulses
for different values of r and Ωp and (b) different values of Ωrms and TSTIRAP.

here).

Ωc2(t) = Ωc1 − Ωp

( Ωc1√
Ω2

c1+Ω2
p

− Ωpt

r
)√

1− ( Ωc1√
Ω2

c1+Ω2
p

− Ωpt

r
)2
. (3.5)

The calculated Ωc2(t) is shown in Fig. 3.3. The time needed for the ramp is

TSTIRAP =
r

Ωp

1√
1 + 4ϵ2

. (3.6)

For a typical value of r = 15, Ωc1 = 250 Γ, and Ωp = 25 Γ, TSTIRAP is 0.52 µs, which is

smaller than the relaxation time of lattice wave-function. As expected, a larger laser power

gives a shorter ramp time for a chosen set of ϵ and r, enabling a more accurate temporal

measurement of the wave-function density.

32



To experimentally determine the minimum value of r required to maintain adiabaticity,

we measure the temperature of the atomic cloud after 10 consecutive STIRAP pulses under

different values of r and Ωp. If the adiabaticity is not well satisfied, there will be excitation

to |e⟩ causing light scattering, which increases the temperature of the atoms. The scan is

performed with only one control beam Ωc2 and the probe bema Ωp. In each pulse, Ωc2(t)

is ramped up from 0 to 250 Γ and ramped back down to 0 following the Eq. 3.5. The

measured temperatures of the atomic cloud are shown in Fig. 3.4 (a). Beyond a certain

value of r, the temperature becomes insensitive to the increase in r, implying that the

STIRAP adiabatic criterion is well-satisfied. This occurs at about r = 15 for Ωp = 50 Γ, 25

Γ.

The value of TSTIRAP is also sensitive to the energy gap between the dark and bright

states as suggested by Eq. 3.6 and 3.5. Therefore, using larger Rabi frequencies allows us

to reduce TSTIRAP while maintaining adiabaticity. We study this effect by keeping the ratio

of Ωp/Ωc2 = 0.2 constant while Ωrms is varied. As shown in Fig. 3.4 (b), with larger Ωrms,

faster adiabatic ramps can be achieved.

In order to generate the optimally shaped STIRAP pulses, we need to have fine,

high-bandwidth control over the amplitude and phase of the light fields Ωc1, Ωc2 and Ωp.

This exquisite control is provided by a home-built field-programmable-gate-array- (FPGA;

Spartan 6) controlled direct-digital-synthesis- (DDS; AD9910) based RF signal generator

designed and built by Carlos Bracamontes Palma. We used three such devices to drive

three AOMs for the light fields separately. The phase coherence between the light fields

is realized by sharing the same 10-MHz clock source and deriving the light fields from the

same laser source. Each RF generator provides an 80-MHz signal with arbitrary amplitude
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and phase, which is imprinted onto the light via the AOM. The desired waveform is loaded

into the local RAM of the FPGA and is updated at the maximum amplitude update rate

of 1/8ns and a phase update rate of 1/4ns. The maximum length of the waveform pulse is

approximately 256 µs when updated every 8 ns. This home-built RF generator allows us

to have a precise control on the Rabi frequencies, which is crucial for our microscope.

3.3.2 Pulse Alignment in Time Domain

During the probing stage, the population of atoms being transferred to |g2⟩ by

STIRAP is proportional to n(x) =
∫
|ψ(x′)|2f(x′ − x)dx′, and thus contains the important

information of |ψ(x′)|2 we are trying to measure. Therefore, the ramp-off stage of the laser

beams is crucial to preserve the dark-state composition, and thus the information about

|ψ(x)|2, generated during the probing stage. Without taking care, simply turning off the

coupling lasers would adiabatically undo the “slice” of population into |g2⟩. The way that

we achieve this requirement is to ramp down the beams simultaneously while maintaining

a fixed ratio between the Rabi frequencies Ωci(t)/Ωp(t), where i = 1, 2. Because the

dark-state composition only depends on the ratio but not the absolute magnitudes of the

Rabi frequencies, it is preserved during the ramp-off stage. For the typical values of Rabi

frequencies (Ωc = 500 Γ, Ωp = 50 Γ), the relative delay between the light fields needs

to be less than 20 ns to preserve the dark-state composition. The ramp-off also needs

to be diabatic with respect to the mechanical degree of freedom of the wave-function,

such that the evolution of the wave-function during the probing is negligible. These two

requirements can be satisfied by turning off the laser beams with the RF drives to the
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Figure 3.5: Photodiode signals showing the delays between light fields (a)
Residual delays with our best physical alignment of the AOM crystals. The
remnant delays are compensated by adjusting the cable length carrying the
trigger signal giving synchronized pulses are shown in (b).

AOMs simultaneously in 100 ns.

Experimentally, simultaneous turn-off of the light fields between different AOMs is

not guaranteed. One major reason is the varying distances between the spot where the

laser hits the AOM crystal and the piezoelectric transducer driving the AOM crystal. The

sound wave from the transducer travels at a finite speed of approximately 4000 m/s in a

typical AOM, which means a difference of 1 mm can result in a delay in response of 250

ns. The finite sound speed also results in ∼ 100 ns optical rise time as the sound wave

propagates through the laser beam in the crystal. With our best physical alignment of the

AOM crystals, we can reduce the delays of the light fields to within 60 ns of each other

as shown in Fig. 3.5. The remnant delays can be compensated by delaying the electrical

signal to the AOM by adjusting the length of the BNC cable carrying the signal. The speed

of light in BNC cable is about 2 × 108 m/s, which is around 2/3 of the speed of light in

vacuum.
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(b)(a)

Figure 3.6: (a) Optical pulse sequence used to optimize the temporal overlap
between the Ωci and Ωp light fields. (b) The population of the atoms in the |g2⟩
state as a function of tshift with Ωc1 = 250 Γ and Ωp = 50 Γ.

To measure the turn-off delay, we use a fast photodiode as shown in Fig. 3.5. However,

the photodiodes used in the measurement may have significantly different optical distances

from the atoms. Synchronized pulses measured at the photodiodes cannot guarantee zero

delay of the light fields at the position of atoms. To confirm the light pulses are also

synchronized at the position of atoms, we apply the method as shown in Fig. 3.6. Sweeping

tshift of the electrical signal, thereby changing ∆t = tshift − tdelay, we then measure the atom

number in |g2⟩ using state-selective imaging. tshift is varied at picosecond timescales using

a delay-pulse generator (SRS DG535). When ∆t < 0, the spin composition is mostly |g1⟩.

But as ∆t ≥ 0, the spin composition starts to become |g2⟩ as shown in Fig. 3.6. By fitting

a line to the data, we can extract the time tdelay from the x-intercept of the fitted line, when

the spin composition starts to change from |g1⟩ to |g2⟩. The measured delays, which turn

out to be consistent with the values measured using photodiodes, are then compensated

via adjusting the BNC cable length.

Another approach to ensure that the dark state composition does not change is to
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Figure 3.7: Dependence of the Yb number on imaging time under a maximum
imaging power of 300 µW. The red points represent the measured number for
an unpolarized ensemble, while the blue points represent the measured number
of a |g1⟩-polarized ensemble.

turn off the light fields diabatically with respect to the spin-degree of freedom of the dark-

state wave-function. As the Rabi frequencies of the light fields are in the range of hundreds

of MHz, the turn-off time must be less than 10 ns. It is challenging to achieve such turn-off

times with AOMs, but one could use electro-optical modulators (EOM) instead.

3.3.3 State Selective Imaging

In our experiment sequences, Yb atoms are measured by absorption imaging on the

1S0 ↔ 1P1 transition. State-selective imaging is achieved using the |g2⟩ ↔ |1P1, F =

3/2,mF = 3/2⟩ closed transistion. The 399 nm imaging beam propagates along x̂ with σ+

polarization with respect to B⃗. The transistion between |g1⟩ and |1P1, F = 3/2,mF = 1/2⟩,

which results in a false positive signal in the Yb number in |g2⟩, is suppressed by the large

magnetic field of 36 mT along x̂. The magentic field gives a 440-MHz Zeeman shift between

|1P1, F = 3/2,mF = 1/2⟩ and |1P1, F = 3/2,mF = 3/2⟩, which is much larger than the
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linewidth Γ1P1
= 2π × 27.9 MHz. As a result, the off-resonant optical pumping effect from

|g1⟩ into |g2⟩ via |1P1, F = 3/2,mF = 1/2⟩ should be suppressed by a factor over 3000.

Another parameter that we need to consider is the imaging time. As the atom in |g1⟩

will eventually be pumped into state |g2⟩ by the off-resonant imaging beam, the imaging

time should not be too long. However, a longer imaging time is desirable to improve the

signal-to-noise ratio of the image. To find an appropriate imaging time, we investigate the

dependence of Yb number detected versus imaging time under an imaging beam resonant

to |g2⟩ ↔ |1P1, F = 3/2,mF = 3/2⟩ transition. The red dots in Fig. 3.7 show the detected

number for an unpolarized Yb ensemble with an equal portion of atoms in |g1⟩ and |g2⟩.

On the contrary, the blue dots show the detected Yb number for a |g1⟩-polarized ensemble

of Yb, representing the magnitude of the false-positive signal. As the false-positive signal

starts to appear at 20 µs as shown in Fig. 3.7 , an imaging time of 10 µs is chosen for the

state-selective measurement.

3.4 Results

3.4.1 Calculation of Wave-function Density

In this study, we measure the ensemble-averaged probability density of atoms within

the unit cells of an optical lattice. To verify the accuracy of our microscope, we calculate

the ensemble-averaged wave-function density of atoms in different 1D optical lattices and

the wave-funciton dynamics after a quench in the displacement or lattice depth. Consider
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an Yb atom in a 1D optical lattice with a periodic potential V (x).

Ĥψ(x) = (− h̄2

2mYb

∂2

∂x2
+ V (x))ψ(x) = Eψ(x). (3.7)

The eigen-function of atoms in an optical lattice is given by the Bloch ansatz as ψ(x) =

eiqxun,q(x), where un,q(x) = un,q(x+ λ/2), q ∈ [−k, k] is the quasi-momentum, and n is the

band index. To solve for un,q(x), one numerical approach is to Fourier expand un,q(x) into

plane waves.

un,q(x) =
mmax∑

m=−mmax

c(m)
n,q e

i2mkx, (3.8)

where k = 2π/λ. Putting Eq. 3.8 back into Eq. 3.7, we obtain

mmax∑
m=−mmax

(
h̄2

2mYb
(2mk + q)2 + V (x))c(m)

n,q e
i(2mk+q)x = En,q

mmax∑
m=−mmax

c(m)
n,q e

i(2mk+q)x. (3.9)

By inverse discrete Fourier transform, we can obtain a matrix form of the equation.

(
h̄2

2mYb
(2mk + q)2δm′,m + Vm′m)c

(m)
n,q = En,qc

(m′)
n,q , (3.10)

where Vm′m = 1
λ

∫ λ/2

−λ/2
V (x)e−i2(m′−m)kxdx = 1

2π

∫ π

−π
V (y/k)e−i2(m′−m)ydy is the 2(m′ −m)-

th order Fourier coefficient. For a sinusoidal potential, V (x) = V0 sin
2(kx) = (V0/2)(1 −

cos(2kx)), so the potential V0 sin2(kx) only couples plane waves with momentum differing

by 0 or 2k. This leads to a matrix form of the equation.
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(3.11)

In practice, one includes plane waves up to a maximum mmax depending on the

accuracy that one wants to achieve. By numerical diagonalization for a given V (x) as a

function of the quasi-momentum q, the band energies as a function of q are given by the

eigen-values, while the eigen-vectors provide the coefficients c(m)
n,q to the Fourier series of

un,q(x). The KP lattice possesses much higher order Fourier components due to its narrow

subwavelength features, allowing it to couple plane waves with a much more significant

difference in momentum. Typically, a value of mmax = 52 is used for our calculation.

Moreover, the Fermi energy of our atomic cloud ∼ 3 ER, which is larger than the bandwidth

of the ground band, so a uniform distribution of quasi-momentum is assumed in all the

calculations in this study.

To calculate the wave-function dynamics after a quench, we need to solve the eigen-

system of the Hamiltonian before and after the quench. Assuming the quench is diabatic,

the wave-function in the initial Hamiltonian is projected onto the final Hamiltonian and the

projection coefficients can be found by the dot product of the eigen-vectors ĉ final
n′,q′

† · ĉ initial
n,q .
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(b)(a)

Figure 3.8: Measurements of the ground-state wave-function within the unit
cell of an optical lattice with different shapes. (a) The orange points show n(x)
for atoms in a sinusoidal lattice measured with ϵ = 0.05. The green points
represent n(x) in a Kronig-Penney lattice measured with ϵ = 0.1. Number
fluctuations between realizations result in number uncertainties of 5%. The
solid lines are calculations using independently measured Rabi frequencies
normalized to the same atom number. Inset: Schematic of different lattice
potentials and corresponding |ψ(x)|2. (b) FWHM w of n(x) in a sinusoidal
lattice as a function of the lattice depth. Black points show experimental
data with ϵ = 0.05, and the blue line is a calculation including the 800-ns
measurement time. The error bars are 1 standard deviation from the Gaussian
fits.

3.4.2 Measurements of the Ground State Wave-function

With the techniques mentioned in the previous section, we are able to use our wave-

function microscope to investigate atoms in sinusoidal and KP lattices. Figure 3.8 (a) shows

n(x) measured in a 140 ER sinusoidal lattice using a calculated resolution of 8.8 nm, along

with n(x) in a KP lattice with 50 ER barriers using a calculated resolution of 17.6 nm. The

different lattice potentials (sinusoidal vs boxlike KP) give rise to different functional forms

of the wave-function in the lattice [inset of Fig. 3.8 (a)]. The expected |ψ(x)|2 is Gaussian

for a deep sinusoidal lattice and cosine for a KP lattice. The solid lines are the calculated

|ψ(x)|2 using independently measured Rabi frequencies (see Sec. 2.2.3) including both
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the resolution due to finite slice width as well as wave-function expansion over the 800-ns

measurement time. The wave-function is assumed to evolve freely without any confining

potential during the 800-ns measurement in the calculation. Moreover, the Fermi energy

of our atomic cloud is ∼ 3 ER, which is larger than the bandwidth of the ground band, so

a uniform distribution of quasi-momentum is assumed during the calculation for Fermionic

171Yb.

The good agreement between the measured and calculated wave-function density

suggests the STIRAP slicing of atoms into |g2⟩ and the state-selective imaging work as

expected. Particularly, the good agreement on the wings of the Gaussian wave-function in

the sinusoidal lattice implies that the optical pumping effect from |g1⟩ into |g2⟩ during the

state-selective imaging process is negligible. In Fig. 3.8 (b), we show the FWHM w of the

ground-band |ψ|2 of the sinusoidal lattice as a function of the lattice depth. The measured

values agree well with the calculated width represented by the blue curve. The remaining

discrepancy may result from trap inhomogeneities due to the finite Rayleigh range of the

Gaussian laser beams causing a reduction in the trap depth. Other sources of discrepancies

may be the uncertainty of the Rabi frequencies, and the mechanical effects arising from the

non-adiabatic potentials due to the spatially varying dark state [13, 14, 37].

3.4.3 Wave-function Dynamics

In addition to measuring the stationary wave-function density in the ground band

of a lattice, the fast STIRAP slicing process allows for observing wave-function dynamics.

At our maximum Rabi frequency of Ωc = 2π × 90 MHz and ϵ = 0.05, we can satisfy the
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Figure 3.9: Wave-function dynamics within the unit cell of an optical lattice.
Sloshing motion (a) and breathing motion (b) are excited in a 140ER-deep
sinusoidal lattice by a sudden change in either the position or the depth of the
lattice. n(x) is plotted at different hold times [1 to 14 µs in steps of 1 µs for
(a) and 1.5 to 9.5 µs in steps of 1 µs for (b)] after the quench. The points are
experimental data with ϵ = 0.05, and the blue curves represent calculations of
n(x) based on the independently measured lattice parameters. Typical number
uncertainties are 5% due to shot-to-shot fluctuations.
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adiabaticity condition for a STIRAP time of 500 ns, which is faster than the timescale of

wave-function dynamics. Figure 3.9 shows the dynamics of the wave-function in a sinusoidal

lattice after a sudden shift in the lattice position. The atoms are first adiabatically loaded

into a 140 ER lattice. Then, the lattice position is abruptly changed in 100 ns by 1/4 of

the lattice spacing via the phase of the Ωc1 lattice beam, which excites a “sloshing” motion.

We map out the evolution of the wave-function within the unit cell by holding the atoms

in the shifted lattice for incremental periods of time before probing. The observed |ψ(x)|2

agrees well with the calculations as shown in Fig. 3.9.

We also observe the “breathing” motion of the atoms after a sudden change in the

lattice depth as shown in Fig. 3.9. The atoms are first adiabatically loaded into the ground

band of a shallow lattice with a depth of 6 ER. The depth of the lattice is then suddenly

increased to 140 ER, which excites a “breathing” motion of the atoms inside a unit cell. As

time increases, we see that the |ψ(x)|2 breathes at a frequency characterized by the band

energies. At t = 3.5 µs and t = 9.5 µs, |ψ(x)|2 is focused to a calculated width w0 ≃ 26

nm.

The good agreement between the measured wave-function dynamics with the

calculations demonstrates the temporal resolution of our wave-function density microscope.

On the other hand, the other crucial metric for a good microscope is its spatial resolution.

We use the focused dynamic wave-function created during the “breathing” motion as the

target of comparison to quantify the spatial resolution of our microscope.
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Figure 3.10: Spatial resolution of the microscope. We create a narrow wave-
function |ψ(x)|2 (FWHM 26 nm) by exciting the breathing motion of atoms
in a deep sinusoidal lattice and measure n(x) at the focus point [see Fig.
3.9] as a function of ϵ. The measured w from a Gaussian fit with a vertical
offset to the n(x) (see upper panel for typical wave-function measurements) is
plotted against ϵ as the gray open circles, with the error bas showing 1 standard
deviation from the fitting. These data are then deconvolved to find the intrinsic
resolution σ and plotted as the black closed circles. The errors are dominated
by the systematic uncertainties in the width of |ψ(x)|2. The blue curve is the
calculated width of f(x) at different ϵ.
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3.4.4 Spatial Resolution

We estimate the spatial resolution of our microscope by measuring the narrowest

feature that we create with the breathing-mode excitation. This condition occurs at 9.5 µs

where the calculated |ψ(x)|2 has the narrowest calculated width w0 = 26.2+1.6
−0.6 nm under

a Gaussian fit, where the uncertainty arises from the uncertainty in the Rabi-frequency

calibrations used to determine the lattice depth. We measure n(x) at this time with different

resolutions by varying ϵ, as shown in Fig. 3.10. The measured width w of n(x) is plotted

as the open circles, which decrease and approach w0 as ϵ decreases.

To determine the spatial resolution of our microscope, we extract the FWHM of σ(ϵ)

of f(x) for different ϵ by deconvolving n(x) with the calculated wave-function |ψ(x)|2. We

use the independently measured values of Rabi frequencies to calculate the dynamics of

the wave-function after a quench in lattice depth taking into account the 800-ns expansion

time during the lattice-off time in probing. Then, we park at t = 9.5 µs and calculate

n(x, ϵ) =
∫
|ψ(x′, t = 9.5 µs)|2f(x′ − x, ϵ) for various ϵ allowing us to obtain the relation

between the expected width and the ϵ. By comparing the measured width and expected

width, we extract the measured values of resolution σ for different ϵ, which are plotted as

the black circles. The solid blue line is the theoretical FWHM width of f(x).

The uncertainties of resolution may come from the uncertainty in the Rabi frequencies

and fluctuations in the atom number. In addition to affecting the slicing function f(x),

the uncertainties in Rabi frequencies result in a different potential landscape, and therefore

a different dynamical wave-function density |ψ(x, t = 9.5µs)|2. To account for this effect,

we calculate the dynamical wave-function |ψ(x, t = 9.5µs)|2 for a possible range of Rabi
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frequencies and find the Rabi frequencies that can account for the uncertainties in the

measured width w. The upper bound of Ωc is determined to be 530 Γ, while the lower

bound is 480 Γ. We derive the dependence of the expected width against ϵ for the upper

and lower bound values of Ωc respectively, which are then used to determine the error bar

on the resolution measurement.

The ultimate resolution is possibly limited by mechanical effects arising from the

sharp potential associated with the dark state [1] and the mixing between the dark and

bright states [1]. Moreover, as the slice width σ decreases, the total population in |g2⟩

also decreases, setting a practical limit on the usable resolution, as illustrated in the upper

panel of Fig. 3.10. The smallest measured σ reaches 11.4+2.0
−4.4 nm, which could be improved

with higher signal-to-noise ratio and Rabi frequencies.

Here, we have demonstrated superresolution imaging of atomic wave-function density

with a spatial resolution of λ/50 and a temporal resolution of 500 ns. This imaging

technique can be adapted to other systems as long as they host a three-system, including

alkali atoms which are commonly used in other cold atom experiments. As demonstrated

in Sec. 3.4.2, the subwavelength resolution of the microscope allows us to distinguish the

different atomic wave-functions trapped in lattices with different subwavelength structures.

A similar but different technique is demonstrated in [38]. Such a resolution will be critical

in the study of optical lattices with lattice constants λ/(2N) created through stroboscopic

techniques [16]. In the next section, I will discuss the realization of a subwavelength-spaced

optical lattice from the KP lattice. The wave-function microscope turns out to be a useful

tool to study the properties of the stroboscopic lattice when excess heating during the

stroboscopic process deteriorates the information in the momentum space. Particularly,
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the temporal resolution allows us to measure the rapid dynamic evolution of the wave-

functions in periodically driven Floquet systems [39].
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Chapter 4: Realization of a Stroboscopic Optical Lattice with Subwavelength

Spacing

Ultracold atoms trapped in periodic optical potentials provide wide-ranging

opportunities to study many-body physics in highly controllable systems [40, 41]. In all

cases, the characteristic single-particle energy scale is set by the recoil energy, h2/(8md2),

where m is the mass of the atom and d is the spatial period of the lattice. Although

temperatures in such systems can be quite low, it is still challenging to reach temperatures

well below the relevant many-body physics energy scales, which can be exceedingly small.

Increasing the recoil energy can potentially increase both single-particle and manybody

energy scales through tighter confinement, which may aid in creating systems well into

the regime where many-body ground-state physics is observable. An inherent obstacle to

smaller lattice spacing is the optical diffraction limit, which prevents lattice periodicities

below d = λ/2, where λ is the wavelength of the light forming the lattice. In chapter 2, we

have demonstrated the realization of the dark state potential with ultra-narrow barriers,

one natural step is to stroboscopically shift the barriers to create an effective lattice with

sub-wavelength confinement.

In this chapter, I discuss a way to realize a time-averaged optical lattice for cold atoms

with a subwavelength spacing using the dark state potential [3] by stroboscopically shifting
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the lattice. Because the dark state potential arises from the rapid spatial variation in the

spin composition of the dark state near the nodes [1, 13, 14], the stroboscopic shifting needs

to be both spin-adiabatic and motional diabatic. I will show that both requirements can

be satisfied simultaneously by carefully designing the pulse shapes. To prove the validity

of the time-averaging description, we make use of the nanoscale wave-function density

microscope to observe the λ/4-periodicity of the ground state wave-function density of

atoms in the stroboscopic lattice. We also investigate the Floquet-induced loss channel

and the dependence of the lifetime of atoms on the Floquet frequency ωF . We find Floquet

heating to be a significant problem that must be considered for applications requiring long

lifetimes. The discussion in this chapter is adapted from a published work [3].

4.1 General Principles and Methods

The basic idea of the stroboscopic scheme of realizing an effective potential with

subwavelength lattice spacing of λ/(2N), where N is an integer greater than 1, is illustrated

in Fig. 4.1. We start from a progenitor lattice with a standard lattice spacing of λ/2, but

narrow subwavelength barriers [1, 13, 14] as shown in Fig. 4.1 (a). To generate a λ/(2N)

lattice, this progenitor lattice is shifted by a distance of λ/(2N) at a time step of T/N ,

where T is the period of a complete shifting cycle. Provided that T is much smaller

than the typical timescale of the atomic motion, the atoms experience an effective time-

averaged potential as shown in Fig. 4.1 (b). The process of time-averaging a dynamically

applied potential cannot create an effective potential landscape with higher spatial Fourier

components than the underlying progenitor lattice. This implies that in order to create
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(b)

Figure 4.1: The stroboscopic approach to creating a time-averaged effective
potential with a lattice spacing of λ/6 by dynamically pulsing KP potentials
with λ/2 spacing.

landscapes with subwavelength periodicity, we need to start from a progenitor lattice that

has subwavelength features.

In this work, we make use of the Kronig-Penney-like (KP-like) potential originated

from the non-linear optical response associated with the dark state in the three-level Λ-

system of 171Yb [1, 13, 14]. This non-linear optical response generates the high-order spatial

frequencies necessary for the stroboscopic technique, and results in the narrow barriers as

shown in Fig. 4.1. The generation and properties of the KP lattice are discussed in detail

in chapter 2. However, the spin adiabaticity required to maintain the dark state during the

stroboscopic cycle imposes additional constraints.

Therefore, two timescales come into play in the realization of our stroboscopic lattice.

First, the time scale of atomic motion sets a lower bound on the Floquet frequency ωF ,
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beyond which the band structure becomes unstable and severe heating limits the lifetime.

Second, the dark-state nature of the KP lattice sets an upper bound to ωF . As the KP

potential arises from a spatially varying dark state, switching on and off such a potential

requires atoms to adiabatically follow the spatiotemporal dark state at all times. Because

the potential is turned on and off many times in this time-averaging scheme, the spin-

adiabaticity requirement needs to be very well satisfied during the whole stroboscopic

process to suppress related losses. Therefore, in the next section, I will discuss how to

ensure adiabatic following by carefully designing the pulse shape for the ramping and

shifting process, implementing stimulated Raman adiabatic passage (STIRAP) in 171Yb.

In the following sections, my discussion and the parameters refer to the specific case of

N = 2 which is experimentally demonstrated in our experiment [3].

4.1.1 Optimizing STIRAP pulse shape

In the stroboscopic realization of the effective potential, the progenitor potential needs

to be shifted in steps periodically. The progenitor potential in our system consists of the

KP potential, which arises from the rapid variation in the spin composition of the dark state

in 171Yb over a narrow spatial region. This rapid variation in spin composition originates

from our configuration of control beams and probe beam as shown in Fig. 2.1 in the

previous chapter. The control field Ωc(x, t) = Ωc1e
ikx + Ωc2(t)e

−i(kx+ϕ(t)), where k = 2π/λ

and ϕ(t) is the relative phase difference between the two fields, which couples |g2⟩ and

|e⟩, is composed of two counterpropagating lattice beams. The maximum value of Ωc2(t)

is constrained to be equal to Ωc1 = Ωc0/2, in which case it gives rise to a standing wave
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Ωc0e
−iϕ(t)/2 cos(kx+ ϕ(t)/2). We control the strength and the position of the KP potential

using Ωc2(t) and ϕ(t). A homogeneous probe field Ωpe
iky, coupling |g1⟩ and |e⟩, travels

perpendicular to the control beams. The control and probe fields couple the two ground

states, |g1⟩ and |g2⟩, to give a dark state |E0⟩ = (1/
√

(Ωc(x, t))2 + Ω2
p)(Ωc(x, t)|g1⟩−Ωp|g2⟩)

Near the nodes of Ωc(x, t), where Ωp > Ωc(x, t), the dark state composition changes from

mostly |g1⟩ to |g2⟩ at the nodes, giving rise to the narrow repulsive KP potential barriers.

To shift the KP potential, we need to displace the nodes of Ωc(c, t) accordingly.

However, we cannot simply keep the KP potential on and abruptly jump the phase of Ωc2, as

atoms in the dark state cannot follow this sudden change adiabatically and will be projected

to the lossy bright states, resulting in significant heating. Therefore, we need to find a way

that allows us to shift the KP lattice while keeping the atoms in the spatiotemporal dark

state during the stroboscopic shifting process. To do so, we need to erase the spin texture

before shifting the lattice, particularly the rapid spin-flip from |g1⟩ to |g2⟩ near the nodes

of Ωc(x), by carefully designed ramp shapes of the light fields. Three inequalities quantify

the sufficiency requirements for the adiabaticity at single-photon resonance [36, 42].

|∂α(x, t)
∂ t

| ≪ Ωrms(x, t), (4.1)

∫ T/2

−T/2

| ∂
∂t

(
∂α(x, t)/∂ t

Ωrms(x, t)
)|dt≪ 1, (4.2)

∫ T/2

−T/2

|∂α(x, t)/∂t|2

Ωrms(x, t)
dt≪ 1, (4.3)

where tan(α(x, t)) = Ωp(t)/Ωc(x, t), Ωrms(x, t) =
√

|Ωp(t)|2 + |Ωc(x, t)|2. Note the definition

of α in this chapter is different from chapter 2. Equation 4.1 describes the local adiabatic
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Figure 4.2: Rabi frequencies and r(t) of control and probe beams during
adiabatic ramps. |r(t)| is smallest when the Ωc2 is closest to Ωc1 = Ωc0/2 ,
as Ωc2(t) cancels Ωc1 at the nodes of Ωc(x). Therefore, a small value of |r(t)|
and a more adiabatic ramp are needed due to a small energy gap between bright
and dark states.

criterion stating that the energy gap between the dark and bright states [1], which is set by

the Ωrms(x, t), needs to be larger than the coupling between them (|∂α(x, t)/∂ t|). Equation

4.2 requires the ramping pulses to be smooth while both Eq. 4.2 and Eq. 4.3 set bounds

on their rise time and fall time. We parameterize the inequalities with an adiabaticity

parameter,

r(x, t) =
∂α(x, t)/∂ t

Ωrms(x, t)
, (4.4)

r(x, t) quantifies the local spin-adiabaticity. A smaller value of r(x, t) implies a more spin

adiabatic ramp of the light fields. Note the definition of r in this chapter is different from

chapter 3.

To determine the pulse shapes of the light fields during the ramp, we consider the
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spatial position, xh, where the spin adiabaticity criterion is hardest to be satisfied, i.e., the

nodes of Ωc(x), since the energy gaps between the dark and bright states are the smallest

at the nodes and the internal state of the atoms at the nodes must completely flip from |g1⟩

to |g2⟩. Specifying r(xh, t) allows us to determine the functional form of the pulse shapes of

the light fields using the Eq. 4.1. To satisfy the three adiabaticity criteria Eq. 4.1-Eq. 4.3,

|r(xh, t)| needs to be less than 1 and differentiable. Therefore, we consider a convenient

analytic form of r(t) = r(xh, t) that has a continuous first derivative (Fig. 4.2 (b)) [42],

r(t) = −r0 sin(2ωF t), (4.5)

where ωF is the Floquet frequency of the λ/4 stroboscopic lattice, and r0 ≪ 1.

There are multiple ways to erase the spatial spin texture and give a spatially homogeneous

spin composition [42, 43]. The particular scheme that we adopt is to turn off Ωc2(t)

adiabatically while keeping Ωc1 and Ωp constant. As the imbalance between Ωc1 and Ωc2(t)

increases, the value of Ωc at the nodes increases and becomes larger than Ωp flipping the

atom near the nodes from |g2⟩ to |g1⟩, resulting in a spatially homogeneous dark-state spin

composition consisting mostly |g1⟩. Solving the local spin adiabaticity equation Eq. 4.1

with Eq. 4.5 at the nodes, we obtain the functional form of Ωc2(t) that we use to create

the stroboscopic lattice,

Ωc2(t) =
Ωc0

2
− Ωp sin

2(ωF t)√
1 + 4ϵ2 − sin4(ωF t)

, (4.6)

where Floquet frequency ωF = Ωpr0
√
1 + 4ϵ2 and ϵ = Ωp/Ωc0. The Rabi frequencies of the

control and probe beams are shown in Fig. 4.2 (a).
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While the function r(t) we use to derive the functional form of Ωc2(t) satisfies the

local adiabaticity criterion Eq. 4.1, we also need to prove the other two requirements, Eq.

4.2 and Eq. 4.3, are satisfied as well. The stronger version of the second inequality Eq. 4.2

states:

| ∂
∂t

(
∂α(x, t)/∂ t

Ωrms(x, t)
)|max tr ≪ 1, (4.7)

where tr is the period of r(t). Putting in Eq. 4.5

=⇒ 2πr0 ≪ 1. (4.8)

Meanwhile, the stronger version of the third inequality equation Eq. 4.3 states:

|Ωrms(xh, t)r
2|max tr ≪ 1, (4.9)

where |Ωrms(xh,t)|max = Ωp

√
1 + ( 1

2ϵ
)2 when Ωc2(t) = 0 and tr = T/2 = π/ωF = π

Ωpr0
√
1+4ϵ2

,

=⇒ πr0
2ϵ

≪ 1. (4.10)

In our experiment, we typically use 0.02 ≤ r0 ≤ 0.2 and ϵ = 0.1, 0.16, so at least part of the

parameter space that we work in should completely satisfy the spin adiabaticity criteria.

Since the Floquet frequency ωF is tied to the value of r0 by ωF = Ωpr0
√
1 + 4ϵ2, the

spin adiabaticity criteria, in fact, sets an upper bound on the Floquet frequency window.

However, it is important to note that the lifetime of the stroboscopic lattice is also affected
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Figure 4.3: Lifetimes of atoms at different ωF under different Rabi frequency
configurations. Green squares: Ωc0 = 500 Γ and Ωp = 0, where the spin degree
of freedom is decoupled and the loss is due solely to the failure of motional
diabaticity at low ωF . Red triangles: Ωc1 = 0, Ωc2 = 250 Γ, and Ωp = 80 Γ,
where the spatial potential is homogeneous and the loss is due solely to the
failure of spin adiabaticity at high ωF .

by the motional diabaticity requirement and momentum-dependent loss channels arising

from the Floquet-induced coupling with higher excited bands.

To find the upper bound of Floquet frequency ωF , we study the reduction in the

fidelity of STIRAP as a function of ωF for a spatially homogeneous dark state to remove

the effect of motional diabaticity from this measurement. This is done by setting Ωc1 = 0,

Ωp = 80 Γ, while Ωc2(t) is pulsed to a maximum value of 250 Γ following the expression

4.6. The reduction in STIRAP fidelity manifests as heating and loss due to the decreasing

spin adiabaticity at larger ωF (red triangles in Fig. 4.3). At high Floquet frequency ωF ,

the spin adiabaticity criteria are not satisfied due to the larger value of r0 used, setting an

upper bound on the usable ωF window.

In this section, I describe how to homogenize the spin composition by conscientiously
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designing the ramping pulses according to the three spin adiabaticity criteria. Furthermore,

we find the upper bound of the usable frequency window by studying STIRAP of a spatially

uniform dark state. In the next section, I will discuss how to determine the lower bound

of the usable frequency window set by the motional diabaticity requirement.

4.1.2 Study of motional diabaticity

The motion diabaticity sets the lower bound of the usable Floquet frequency range

of the stroboscopic scheme. Beyond the limit, the atoms, instead of experiencing the

time-averaged potential, can respond to the stroboscopic shifting of the progenitor lattice

resulting in excitation to higher bands and heating. To study the effect of motional

diabaticity, we optically pump the atoms into |g1⟩ and load them into a stroboscopically

applied ac Stark shifted lattice, which does not involve the spin degree of freedom, unlike

the KP lattice. This is done by setting Ωp = 0 with Ωc1 = 250 Γ, while Ωc2(t) is pulsed to

a maximum value of 250 Γ following the Eq. 4.6. At low ωF , the atoms are affected by the

turning on and off, and phase shifting of the sinusoidal ac Stark shift potential, which causes

heating and loss (green squares in Fig. 4.3). As shown in figure 4.3, there is a frequency

window within which both motional diabaticity and spin adiabaticity requirements are

satisfied. In the next section, I will discuss the way to adiabatically load the Yb atoms into

the stroboscopic lattice with lattice shifting and pulse shaping.
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Figure 4.4: Rabi frequencies of different light fields and the relative phase ϕ
between Ωc1 and Ωc2 during three stages. The Floquet period is not shown to
scale; the minimum number of Floquet cycles during the ramp-on of Ωc2 is 40.

4.2 Experiment

We prepare the Yb cloud as described in previous chapters. Starting with the initial

cloud of ≈ 2 × 105 atoms, we adiabatically turn on the KP barriers while performing

stroboscopic shifting and pulsing to halve the lattice spacing and cancel the sinusoidal

lattice on the background (Stage (I) in Fig. 4.4 ). We ramp on Ωc1 (red trace in Fig. 4.4)

followed by Ωp (blue trace in Fig. 4.4), transferring atoms into a spatially homogeneous

dark state. Then we turn on Ωc2(t) (green trace in Fig. 4.4) in 200 µs (minimum number of

Floquet cycles used during the ramp ≈ 40), while maintaining the stroboscopic shifting and

pulse shaping. The phase ϕ(t), which controls the position of the progenitor lattice, is only

changed when the dark-state spin composition is spatially homogeneous, i.e. Ωc2(t) = 0.

After Ωc2(t) reaches Ωc1 = Ωc0/2, we keep the stroboscopic lattice for a variable number of

Floquet cycles (Stage (II) in Fig. 4.4). Time-averaging this lattice applied at two positions
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results in an effective potential Veff(x) shown in Fig. 4.5 (b), which includes the effect of

the pulse shapes, with an effective barrier height ≈ 7ER. The sinusoidal component of

the potential averages to a spatially invariant offset. After that, we measure the average

probability density of the atoms in the ground band of the stroboscopic lattice (Stage (III)

in Fig. 4.4) using nano-resolution microscopy described in chapter 3 and [2].

4.3 Measurements and Results

After the loading stage, we measure the ensemble-averaged probability density |ψ(x, t)|2

of atoms in the ground band of Veff(x) using our wave-function density microscope [2] with

FWHM resolution of 25 nm. By comparing the measured wave-function density with the

calculation, we confirm the subwavelength λ/4-spacing of the effective lattice and observe

the micromotion of the wave-function density of atoms within the Floquet cycle. We also

measure the momentum distribution of the atoms via absorption imaging after the time

of flight (TOF), allowing us to study the momentum-dependent loss channels arising from

the Floquet-induced coupling with higher excited bands.

4.3.1 Wave-function Density and Micromotion Dynamics

Figure 4.5 (c) shows |ψ(x, t)|2 averaged over a Floquet period T = 2.4 µs (ωF =

2π × 410 kHz) for atoms in Veff(x) with a λ/4 lattice spacing, and Fig. 4.5 (d) shows

|ψ(x, t)|2 at different times within a Floquet cycle. The Floquet frequency ωF chosen falls

in the frequency window in Fig. 4.3 that simultaneously satisfies both the spin adiabaticity

and motional diabaticity requirements. By averaging the data over a Floquet period, we
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Figure 4.5: (a) The stroboscopically applied potential, shown here for Ωc = 500
Γ and Ωp = 50 Γ, is composed of KP barriers on top of a sinusoidal potential.
The dashed line represents the potential shifted by λ/4. (b) The time-averaged
effective potential Veff(x). (c) The black points are the measured |ψavg(x)|2 of
atoms in Veff(x). Number fluctuations between realizations result in number
uncertainties of 5%. The black line is the calculation based on independently
measured lattice parameters. The gray line is the calculated |ψavg(x)|2 in the
lattice without the relaxation during the measurement. (d) The micromotion
dynamics at different times within a Floquet period. The blue (red) shaded
areas represent regions in which |ψ(x, t)|2 is higher (lower) than |ψavg(x)|2,
which is shown as a solid black line.
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eliminate the effect of micromotion and obtain the averaged wave-function density |ψavg(x)|2

[black dots in Fig. 4.5 (c)] in the ground band of the effective potential. The black

curve represents the ground-band probability density calculated from the time-averaged

potential, including the quasimomentum averaging, the effect of finite resolution of the

microscope, and the relaxation of the wave-function during the measurement. The good

agreement between the data and calculation shows that time-averaging is a good description

of the effective potential. The calculated wave-function in the lattice without the relaxation

during the measurement is plotted in gray. Moreover, we resolve the micromotion in real

space within a Floquet period by comparing |ψ(x, t)|2 with |ψavg(x)|2 as shown in Fig. 4.5

(d). The blue (red) shaded areas represent regions in which |ψ(x, t)|2 is higher (lower)

than |ψavg(x)|2. We observe that micromotion has the same time periodicity as the Floquet

drive, as expected.

4.3.2 Momentum-dependent Loss Channel

A characteristic feature of a Bloch-Floquet band structure is the existence of avoided

crossings at particular lattice momenta arising from coupling with high-lying states [44],

which for large Floquet frequency are approximately plane waves with high momenta. We

measure the momentum distribution of the atoms in Veff(x) at different ωF by taking an

absorption image after ramping down the lattice in 100 µs followed by a TOF of 3 ms. The

atomic populations at high momenta in Fig. 4.6 indicate the mixing of low-momentum

and high-momentum states due to Floquet coupling, which give rise to avoided crossings

in our system. We use a Gaussian fit to determine the center momentum of the excited
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Figure 4.6: (a) Integrated TOF column density at different Floquet frequencies
ωF . The atomic populations at high momenta indicate the presence of avoided
crossings. The widths of the populations at avoided crossings are primarily due
to the physical dimensions of the atomic cloud. (b) The Floquet frequency ωF

is plotted versus the center momentum of the populations in (a) determined
using Gaussian fits. Different series of avoided crossings are labeled and colored
(L1: green, L2: red, R1: blue) and their fitted quadratic functions are drawn
in solid lines respectively. The error bars are one standard deviation of the
Gaussian fits.
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populations with respect to the ground band. The Floquet frequency ωF is plotted against

the center momentum (Fig. 4.6) for the three most prominent peaks (L1: green, L2: red,

R1: blue). To first order, the avoided crossings can be understood as arising from the

intersection of Floquet-dressed high-lying bands, which are shifted in energy by integral

multiples of ωF , and the low-lying occupied bands of Veff(x), which are relatively flat. To

determine the integral multiple of ωF for the band coupling, we fit the peak positions with

a quadratic function h̄ωF = (p− p0)
2/N + h̄ω0, where p is the momentum, N is an integer,

p0 and ω0 are fitting parameters, and the momentum and energy are in units of h̄k and

ER. For the L1 series, a good agreement with the data is found for N = 1, indicating this

series is due to coupling between bands with an energy difference of h̄ωF . For the L2 and

R1 series, N = 2 gives the best fit, indicating second-order coupling between bands that

differ in energy by 2h̄ωF . (The other visible peaks do not extend over a sufficient range

to accurately determine their curvatures.) The fraction of atoms in the high-momentum

states decreases at higher Floquet frequency, suggesting weaker coupling to higher bands.

The asymmetry in the avoided crossings with respect to p = 0 is due to the fact that we

are driving just the Ωc2 control beam, which gives rise to a vector gauge potential [42].

4.3.3 Lifetime study

In Sec. 4.1.1 and 4.1.2, I discuss the two limiting factors for the usability and lifetime

of our stroboscopic lattice, motional diabaticity and spin adiabaticity, on the low and

high frequency regime respectively. However, as suggested in Sec. 4.3.2, there are other

factors contributing to the loss in a stroboscopic time-averaged lattice. We measure the
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Figure 4.7: Lifetimes of atoms at different ωF under different Rabi frequency
configurations. Green squares: Ωc0 = 500 Γ and Ωp = 0, where the spin
degree of freedom is decoupled and the loss is due solely to failure of motional
diabaticity at low ωF . Red triangles: Ωc1 = 0, Ωc2 = 250 Γ, and Ωp = 80
Γ, where the spatial potential is homogeneous and the loss is due solely to
the failure of spin adiabaticity at high ωF . Blue circles: Ωc0 = 500 Γ and
Ωp = 80 Γ, where we show the lifetimes of atoms in the λ/4-spaced lattice,
Veff(x). The short lifetimes in the stroboscopic lattice are attributed to the
Floquet-induced coupling and the off-resonant couplings to state outside of the
three-level system.
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frequency-dependent lifetime of atoms loaded into Veff(x) for different ωF (blue circles in

Fig. 4.7). The reduction in spin adiabaticity accounts for the decrease in the lifetime

of atoms in V at high ωF , while the drop in lifetime at the low-frequency end can be

explained by motional diabaticity. However, we observe comparatively short lifetimes even

in the frequency window within which both requirements are satisfied. The short lifetimes

observed in the stroboscopically applied KP lattices can be attributed to a few factors.

First, couplings to the spatially and temporally dependent bright states reduce lifetimes in

subwavelength-spaced lattices even for a perfect three-level system, through couplings with

higher Floquet bands (as shown in Fig. 4.6) and off-resonant couplings with bright states

[42]. In principle, these couplings can be reduced by using larger Rabi frequencies. However,

lifetimes are also limited by the breakdown of the three-level approximation at large Rabi

frequencies due to admixing of states outside the three-level system (Fig. 3.2). This

manifests as a dynamically varying and spatially dependent two-photon detuning (arising

from Ωc(x, t)), which reduces the fidelity of STIRAP [33]. This competing requirements

prevent us from benefiting from larger Rabi frequencies.

4.4 Conclusion

The realization of a stroboscopic optical lattice with sub-wavelength spacing completes

the story of three related studies: (1) A dark state potential with sub-wavelength width

barriers. (2) A wavefunction density microscope making use of sub-wavelength spin

localization. (3) Stroboscopic shifting the sub-wavelength barriers to give an effective

potential with sub-wavelength lattice spacing. Further improvement of the λ/4-spaced
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lattice would require compensation of the two-photon detunings or the identification of

other atomic systems with a more favorable (isolated) three-level system [45]. The lattice

demonstrated here is limited by the off-resonant coupling to |3P1, F=3/2,mF=−3/2⟩, which

is only detuned by the hyperfine splitting from the three-level system being used. Better

candidates may make use of isolated electronic levels, which are detuned by much larger

optical separations. For example, in 174Yb, the (6s6p) 3P0 state and one of the states in the

(6s6p) 3P2 level could be used as the ground states, while one of the (6s7s) 3S1 states could

be used as the excited state, with an appropriate choice of polarization to select the three

states. In a more isolated three-level system the main limitation would be the available laser

power needed to meet the Rabi frequency requirements. In addition to longer lifetimes,

higher Rabi frequencies would allow for lattices with smaller spacings [42]. Our work can

be extended to 2D and additional dynamic control over the two-photon detuning—which

makes subwavelength traps possible [45]—allows for construction of arbitrary time-averaged

potential landscapes not limited by diffraction.
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Chapter 5: Introduction for RbYb Tweezer Arrays Experiment

In the past decade, single neutral atoms trapped in optical lattices or tweezer arrays

have emerged as a compelling and scalable platform for quantum simulation and quantum

computing. Atomic physicists have been gathering various techniques in their toolbox for

building a neutral atom-based quantum processor, including high-resolution imaging of

single atoms [21, 46], single-atom addressing and control [47, 48, 49, 50, 51], and trapping

atoms in re-configurable optical tweezer arrays and lattices [37, 52, 53, 54]. To utilize

these neutral atoms for quantum simulation and quantum information, it is necessary to

introduce controllable interactions between atoms. This can be achieved by coherently

exciting the target atoms to a highly-excited Rydberg state, introducing a strong van der

Waals interaction [55, 56, 57, 58, 59]. This van der Waals interaction can be switched on

and off with lasers, avoiding the decoherence due to the crosstalk between qubits when

multi-qubit action is unnecessary. In recent years, Rydberg-based neutral atom platforms

have demonstrated the capability and potential for many applications, including quantum

simulations of various many-body systems [60, 61, 62, 63, 64, 65, 66] and high-fidelity

multi-qubit quantum gates [51, 67, 68, 69, 70, 71] illustrating its potential as a quantum

computing platform.

On the other hand, the demonstrations of impressive capabilities and potential of

68



neutral atom platforms have relied on single atomic elements. A natural extension to

multi-species systems should provide us with more degrees of freedom. A common trend of

today’s neutral atom array experiments is to increase the number of trapped atoms while

maintaining high-fidelity control, long coherence time, and low crosstalk between atoms.

For single-species platforms, there is an inherent challenge due to the scattered photons from

nearby atoms during slow and destructive fluorescence-based imaging, making it difficult

to achieve quantum measurement on selected atoms without causing decoherence in atoms

nearby, which is a necessary component for quantum error-correction [72, 73] and controlled

dissipation in general. One way to circumvent this problem is to use two-species of atoms;

one acts as the data qubit and the other acts as the ancillary qubit. Similar ideas have been

widely adopted in trapped ions systems [74, 75]. The information can be transferred from

the data qubit to the ancillary qubit, and then the ancillary qubit can be measured with

negligible decoherence effect on the data qubit due to a large separation of the resonant

wavelengths. Such measurement is critical for the implementation of error-correction codes

[73, 76, 77]. Moreover, the capability to independently load, trap, control, and image the

two species of atoms may enable a continuous operation of an atomic array without any

measurement downtime due to atom loading and initialization [78].

Furthermore, multi-species platforms [78, 79] provide an extra knob for tuning the

interactions between atoms during the quantum simulation and computation [80]. In

previous demonstrations, this interaction strength tunability comes from the separation

dependence or the angular dependence of Rydberg interaction [65, 81], imposing geometrical

constraints on the possible spatial configuration for quantum simulations. By selecting

appropriate elements and Rydberg states, substantial differences in inter-and intra-species
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interactions can be realized, providing flexibility to control the interaction between atoms

for quantum simulations and enabling the realization of multi-control or multi-target gates

with asymmetric Rydberg blockade [82]. We can also designate different physical qubits

with different tasks according to their intrinsic properties to leverage the advantageous

properties of each qubit type. This capability is potentially useful for building a hybrid

quantum device [75, 83, 84].

In this chapter, due to the critical role of Rydberg interaction in our experiment, I will

first discuss some properties of atoms in the Rydberg states. Since the properties of Rydberg

atoms have been discussed at length in multiple review articles and books [55, 85, 86, 87],

I shall only give a brief discussion of the properties relevant to our experiment. Then, I

discuss Rydberg-Rydberg interaction and Rydberg blockade, which play a critical role in

neutral atom quantum simulation and computation. Finally, I will motivate the building

of a dual-species Rydberg tweezer arrays experiment with Rb and Yb.

5.1 Universal Properties of Rydberg Atoms

Rydberg states are the highly-excited states of atoms, typically with the principal

quantum number n > 25. Because the electron in a Rydberg atom is excited to a weakly

bound orbit far from the nucleus, Rydberg atoms exhibit some exaggerated properties

compared to ground state atoms. Moreover, these properties have characteristic scalings

with effective principal quantum number neff = (n−δlj(n)), where δlj(n) [85] is the quantum

defect for the state with the principal quantum number n, the orbital angular momentum l

and the total angular momentum j. These scalings are insensitive to the atomic species and
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are universal as the Rydberg electron is far away from the nucleus and inner electron shells.

Table 5.1 summarizes the scaling of Rydberg state properties with the effective quantum

number neff. It also includes the values for 5S1/2 ground state and 43S1/2 Rydberg state to

illustrate the substantial differences in the various properties. In the following paragraphs,

I will discuss those properties relevant to our experiment [55, 86].

Property Scaling Rb 5S1/2 Rb 43S1/2

Binding energy Eneff = −RM

n2
eff

n−2
eff 4.18 eV 8.56 meV

Level spacing Eneff − Eneff+1 n−3
eff 2.5 eV 417.36 µeV(100GHz)

Orbit radius ⟨r⟩ n2
eff 5.632 aB 2384.2 aB

Polarizability α n7
eff -79.4 mHz/(V/cm)2 -17.7 MHz/(V/cm)2

Lifetime (spontaneous decay) τ n3
eff 5P3/2 − 5S1/2:26.2ns 42.3 µs at 300 K

Dipole moment ⟨5P ||er||nS⟩ n−1.5
eff 4.227 eaB 0.0103 eaB

Dipole moment ⟨nP ||er||nS⟩ n2
eff - 1069 eaB

van der Waals coefficient C6 n11
eff 6.8×10−7 Hz(µm)6 -2.3×109 Hz(µm)6

Table 5.1: Summary of the scaling of Rydberg states with respect to the effective
principal quantum number neff. The values for 5S1/2 ground state and 43S1/2

Rydberg state are given for comparison [86].

The first property of Rydberg states relevant to our experiment design is their energies.

Because the Rydberg states are highly-excited, a direct single-photon excitation usually

requires laser light in the deep UV region (Rb: 297 nm, Yb: 198 nm), which is difficult to

produce and work with. Therefore, the excitation to Rydberg states is usually accomplished

with a two-photon excitation scheme. For Rb, we use light at 420 nm ((5S1/2, F =

2) ↔ (6P3/2, F = 3)) and 1013 nm ((6P3/2, F = 3) ↔ nS, nD). For Yb, we use light

at 556 nm (1S0 ↔ 3P1) and 308nm (3P1 ↔ nS, nD). Large single-photon detunings
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are needed to suppress the spontaneous decay from the intermediate state (detail see

Sec. 6.5). In addition, the small dipole matrix element for the intermediate-Rydberg

transition (∝ n−1.5
eff ) implies that a sufficiently strong laser source is required to achieve a

few cycles of Rabi oscillation within the lifetime of the Rydberg state. Recently, single-

photon Rydberg excitation from a metastable clock state has been demonstrated in Sr [51],

where the metastable clock state is defined as the qubit state. Since a large detuning to

the intermediate state is not needed, the single-photon excitation can be much faster and

has no intermediate state scattering. Similar scheme can be applied to Yb in our system.

In order to realize high-fidelity Rydberg excitation, the combined laser linewidth of

the two-photon transition needs to be narrower than the natural linewidth of the Rydberg

state, which is of the order of tens of kHz. However, the free-running linewidth of a

typical laser source can be hundreds of kHz. Therefore, the Rydberg lasers need to be

spectrally narrowed and locked to a highly stable reference. This is done by locking to an

ultra-stable cavity with a cavity linewidth of a few tens of kHz via the Pound-Drever-Hall

(PDH) [88, 89] technique, which allows transferring the mechanical stability of the cavity

to the laser frequency and spectrally narrowing down the laser frequency below the cavity

linewidth (for details see Sec. 6.5.1).

On the other hand, the combined effect of large dipole moments and small energy

differences between neighboring levels of Rydberg atoms leads to a salient feature of

Rydberg atoms, which is their high sensitivity to electric fields. For Rydberg states, the

energy spacing between neighboring levels scales with n−3
eff , and the dipole matrix elements

between neighboring principal quantum numbers scale as n2
eff. Therefore, the polarizability

of the Rydberg state |n, l, j,mj⟩ scales as ∼ d2/(En − En+1) ∝ n7
eff. This implies that the
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highly-excited Rydberg states are extremely sensitive to electric fields. For example, an

electric field of 0.002 V/cm is sufficient to give a Stark shift comparable to the inverse

lifetime of the Rydberg state 70S1/2. Therefore, stable and accurate control of the electric

field is required if the Rydberg state is involved in the experiment. For this purpose, we

have incorporated eight electrodes near the center of the science chamber, where the atoms

are trapped, to provide a control on the local electric field experienced by the atoms (see

Sec. 6.2.2 for details).

Finally, the most important property of Rydberg states is the strong van der Waals

interaction between Rydberg atoms. Two atoms in the same Rydberg state |r⟩ do not

experience a resonant dipole-dipole interaction, since the expectation value of the electric

dipole moment vanishes for atoms in their eigenstates. However, Rydberg atoms can

interact significantly through a second-order effect mediated through nearby intermediate

Rydberg states |r′⟩ and |r′′⟩, which results in the van der Waals interaction between

Rydberg pair state |rr⟩, Vvdw = C6/R
6. The van der Waals coefficient C6 has a dependence

∝ ⟨rr|d̂1·d̂2|r′r′′⟩⟨r′r′′|d̂1·d̂2|rr⟩
∆

, where ∆ is the energy defect, ∆ = E|r′,r′′⟩ − E|rr⟩. As the dipole

matrix element scales as n2
eff and the energy defect scales as n−3

eff , C6 ∝ (n2
effn

2
eff)

2

n−3
eff

scales as

n11
eff. For |Rb, 50S1/2⟩, C6 is −15 GHz(µm)6, corresponding to an interaction strength of

15 MHz at a separation of 10 µm. By applying small electric fields, the energy difference

between the pair states |rr⟩ and |r′r′′⟩ can be nullified, ∆ = 0 , to reach the so called Forster

resonance through the Stark effect [90, 91, 92]. At Forster resonance, the |rr⟩ and |r′r′′⟩

become degenerate, and the atoms experience a dipole-dipole interaction. This capability

to tune coherent interactions is one of the key components in quantum simulation.

Due to the strong and long-range interactions between Rydberg atoms, which can be
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Figure 5.1: Illustration of Rydberg Blockade. When R > Rb, the interaction
between the two atoms, ∆E, is negligible, so the transition to |rr⟩ is allowed.
However, as R < Rb, the interaction energy ∆E shifts the transition out
of resonance, blocking to the excitation to |rr⟩. This is called the Rydberg
Blockade.

of a few tens of MHz at a separation of a few microns, excitation of multiple Rydberg atoms

is prohibited within a certain volume of an atomic ensemble [56, 57, 58, 59]. To simplify the

problem, we consider the situation of two atoms with a separation of R as shown in Fig. 5.1.

A laser that is tuned on resonant with the transition from ground state |g⟩ to the excited

state |r⟩ drives the two atoms from the ground states |gg⟩ to a symmetric single-excited

state (|gr⟩+ |rg⟩)/
√
2. However, the transition from the singly excited state to the doubly

excited state |rr⟩ is shifted off-resonance by ∆E due to the mutual interaction between

Rydberg atoms. If ∆E ≫ Ω , the transition to the multi-excited state is suppressed. This

energy condition can be translated into a condition on interatomic spacing, namely that

the excitation is blockaded if R < Rb, where Rb is a critical distance called the Rydberg
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blockade radius [55, 86]. This blockade radius sets the tweezer spacing in Rydberg tweezer

experiments. Atoms trapped in two separate tweezers need to be closer than this distance

to be Rydberg blockaded. This imposes a constraint on the beam waist of the tweezer. For

example, the van der Waals coefficient C6 of |Rb, 50S1/2⟩ is −15 GHz (µm)6, the blockade

radius Rb ≈ (C6/Ω)
1/6 is about 5 µm for Ω = 1 MHz. Therefore, the diameter of the

tweezer beam d = 2λ
πNA , where λ is the wavelength of the tweezer light and NA is the

numerical aperture of the objective lens, needs to be smaller than 5 µm. For a tweezer

wavelength of 850 nm, which we plan to use for trapping Rb atoms, the NA of the objective

lens needs to be larger than 0.54 to give a focused beam diameter less than 1 µm.

The Rydberg blockade provides the fundamental mechanism to realize a high-fidelity

two-qubit gate in neutral atom platforms in which the excitation of the first atom to a

Rydberg state conditions the excitation of the other atom. There are various schemes to

perform multi-qubit gates using Rydberg-mediated interaction. Details can be found in the

references [55, 68, 68, 82, 93, 94].

5.2 Motivation for the Two-species Rydberg Tweezer platform

In recent years, neutral atom arrays have emerged as a competitive quantum

architecture and have made significant experimental progress on increasing the qubit number

[64, 66], coherence [69, 95], and high-fidelity state preparation and control [51, 67, 68].

There has been increasing interest in extending the neutral atom platform from single

atomic species to multiple atomic species [78, 79], which may solve some inherent challenges

in single-species systems, similar to the situations in trapped-ion systems [74, 75, 83, 96].
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Moreover, multiple qubit modalities allow us to leverage the advantageous properties of

each qubit type and provide the flexibility to control the interaction between atoms for

quantum simulations.

5.2.1 Challenges in QND Measurments

Any quantum architecture is unavoidably subjected to decoherence and other quantum

noise. Unlike the transistors in classical computers, qubits have a much smaller error margin

and are fragile to any noise. As we push the limits on system sizes, the system becomes

more susceptible to noise, and there is an increasing need for active error correction. One of

the challenges in realizing quantum error correction on neutral atom platforms is to perform

lossless quantum non-demolition (QND) measurement on a single atom with low crosstalk

to nearby atoms [72]. State detection in atom arrays is typically done by imaging the

fluorescence photons scattered from a cycling transition [72, 97, 98, 99]. Error-correction

requires local state detection on selected qubit sites, which could be done by tightly focused

imaging beams. However, the crosstalk to nearby atoms is still significant even with a

tightly focused beam. To get a sense of the magnitude of the crosstalk, we can estimate

the probability of the scattered photon being absorbed by a neighboring atom and the

probability to be detected on the Electron-multiplying CCD (EMCCD). The resonant cross-

section for photon absorption is σ = 3
2π
λ2. Assuming an interatomic separation of d = 5µm,

this results in an absorption probability by a nearby atom pcrosstalk ≈ σ/(4πd2) ≈ 0.001 for

Rb D2 transition (780 nm). For the probability of being detected by an EMCCD, assuming

a NA of 0.5 for the photon collection lens and the combined efficiency for the optical
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circuit and the EMCCD to be 0.5, which is extremely optimistic, pdetect ≈ 0.04. Therefore,

pcrosstalk/pdetect ≈ 2.5%, which implies for every photon detected by the EMCCD, there

will be a chance of 2.5% for unwanted photon absorption by nearby atoms. In reality,

the situation is even worse as tens of photons are typically needed for state detection

[100, 101, 102] and the absolute collection efficiency is usually well below 0.5.

One solution to this crosstalk problem is to make use of dual-species architecture as

suggested in [72, 79]. In our Rb Yb system, Yb atoms can be assigned as the processing

qubits for computation and Rb atoms are used as the auxiliary qubits for state measurement.

The quantum state in the Yb atom can be transferred to proximal Rb atoms by an inter-

species Rydberg mediated gate. The information can then be read out via resonance

fluorescence with Rb D2 transition. The large separation in resonance wavelength between

Rb and Yb gives a strong suppression of the unwanted crosstalk.

In addition, a dual-species platform will allow for a continuous operation mode

without any off-time as demonstrated in [79], where one atomic element was loaded into

tweezers while maintaining the array of the other element without additional losses. Most

neutral atom arrays experiments rely on fluorescence-based projective detection of qubit

state, which requires scattering a large number of resonant photons. This fluorescence

imaging is slow, in the order of a few tens of ms, and may lead to atom loss due to light-

assisted collisions. The operations need to be halted during the imaging. Reloading from

MOT may be needed to replenish the lost qubits. This downtime will increase significantly

as the system size increases. With a dual-species platform, the quantum information in the

processing qubit can be first mapped with a gate to proximal auxiliary qubits of another

species which can be read out via fluorescence imaging. The substantial separation in
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resonant wavelengths will suppress the loss of processing qubit. After the measurement,

the quantum state of the processing qubit can be reset via a simple optical pumping. The

computing sequence on the processing qubit can be restarted again and the lost auxiliary

qubit can be replenished without affecting the operations on the processing qubits.

5.2.2 Multiqubit Gate

Apart from mitigating the crosstalk between neighboring qubits, the use of multi-

species atoms provides new degrees of freedom, particularly the flexibility to control the

intra- and inter-species interaction strength. This extra tuning knob is very useful in

realizing multi-qubit gates that involve both multiple control qubits and target qubits

simultaneously. Although a two-qubit gate is sufficient to give a universal gate set [76]

that can perform any possible operation on a quantum computer, the use of a multi-qubit

gate can provide significant speedups for quantum algorithms [103, 104] and quantum error

correction [73, 76].

Many schemes have been proposed to achieve multi-qubit Rydberg gates with

asymmetric blockade [105, 106, 107], in which there is a large separation of scales between

different types of Rydberg interactions. This allows the control-control and target-target

interaction to be substantially smaller than the control-target interaction. In most schemes,

asymmetric blockade relies on the difference in interaction strength between strong dipole-

dipole interaction and weaker van der Waals interaction. However, the use of dipole-dipole

interaction may result in many-body resonances and antiblockade, resulting in a reduction

in gate fidelity [108, 109].
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Figure 5.2: C6 coefficients for pair state |nRb
2S1/2, nYb

1S0⟩. The values are
in atomic units and re-scaled by the principal quantum numbers, n5.5

Rb n
5.5
Yb.

The color bars along the y- and x-axis show the intraspecies C6 coefficients
for |nRb

2S1/2, nRb
2S1/2⟩ and |nYb

1S0, nYb
1S0⟩ rescaled by n11

Rb and n11
Yb

respectively. There are combinations of nRb and nYb that give significantly
larger inter-species interaction than the intra-species ones. For example,
|nRb = 70, 2S1/2⟩ and |nYb = 61, 1S0⟩ give CRb−Yb

6 = 34237.31 GHz(µm)6,
CRb−Rb

6 = −862.654 GHz(µm)6, and CYb−Yb
6 = −3.84 GHz(µm)6.

In our Rb Yb system,asymmetric blockade can be achieved with the anomalously

weak van der Waals interaction of the 1S0 series Rydberg states of Yb, which can be orders

of magnitude smaller than the interspecies van der Waals interaction between Rb and Yb

with similar principal quanutm numbers (see Fig. 5.2). Therefore, we can use Rb and Yb

to play the role of the control atom and the target atom. By selecting the right pair of

Rydberg states for Rb and Yb, we can have a strong van der Waals interaction between the

control and target atoms, but weak interaction between control atoms or between target
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atoms.

Furthermore, in a hybrid architecture of multiple qubit modalities, different physical

qubits are designated with different tasks according to their intrinsic properties to avoid

crosstalk and leverage the advantageous properties of each qubit type. For example, in

trapped ions experiments, multiple species of ions are often used such that one species acts

as an auxiliary qubit to enable sympathetic cooling, state control, and measurement of

another main ion species [74, 75, 83, 96]. In our Rb Yb system, the Fermionic isotope of

Yb, 171Yb, consists of electronic ground states with J = 0. The absence of electronic angular

momentum and hyperfine coupling makes the ground state qubits, which are encoded in

the I = 1/2 nuclear spin, much less sensitive to noises including magnetic field fluctuations,

differential light shifts and Raman scattering [69, 110]. This makes 171Yb an ideal qubit.
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Chapter 6: Experimental Setup

In this chapter, I describe the experimental apparatus for the RbYb Rydberg arrays

experiment. Since the platform is still under active construction, I will focus on the parts

that have been completed. Additionally, I wish to share the knowledge and techniques that

we have learned during the building of the apparatus in the hope that they may be helpful

for future graduate students.

6.1 General Principle

Figure. 6.1 shows the render of our vacuum system from different viewing angles.

Before going into the details of individual parts of our system, I shall give a general picture

of the functions of different sections of the vacuum system, which consists of three main

sections: (1) a Yb 2D-MOT; (2) a steel chamber connecting the Yb 2D-MOT and the

glass cell; (3) a glass cell as the science chamber. The whole vacuum system sits on a

translatable carrier system (Lintech), which allows us to slide the vacuum system out of

the optical setup without affecting the alignment of the optics. In the Yb 2D-MOT, 399

nm laser beams resonant with (1S0 ↔1 P1) transition travel along the arms of the cross

and are retro-reflected at the ends to capture hot Yb atoms from the oven as shown in Fig.

6.11 and 6.12. Hot Yb atoms are captured by the 2D-MOT and cooled in the transverse
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direction to give a narrow tube of Yb atoms, as shown in Fig. 6.13 (b). The trapped

Yb atoms in the 2D-MOT are pushed by the 399 nm laser beam (detail see Sec. 6.3.2)

through a differential pumping tube in front of a gate valve. The Yb 2D-MOT section

sits on a tilt platform (Newport TGN160) with a tilt angle range of ±2.86◦, designed to

compensate for the gravitational sag of the Yb atomic beam during its path to the glass

cell. A NEG-ion pump (SAES NEXTorr D 100-5) is connected to the Yb 2D-MOT, where

we have a typical pressure of ∼ 10−10 Torr with a Yb oven temperature of 400 ◦C. Yb atoms

are pushed by the 399 nm push beam through the steel chamber to the glass cell, where

they are first captured in a blue 3D-MOT (399 nm) and then cooled in a green 3D-MOT

(556nm, (1S0 ↔ 3P1)). The steel chamber in the middle contains eight Rb dispensers from

SAES (RB/NF/4.8/17) as the source of Rb atoms (detail see Sec. 6.3.1). There is an

ion pump (Gamma Vacuum 75S-CV) connected to the top of the chamber and a getter

pump connected to the side of the chamber (SAES CapaciTorr Z100) allowing us to reach

a pressure of 4× 10−11 Torr measured at the ion pump when the dispenser is inactive. The

Rb atoms in the steel chamber can diffuse to the glass cell, where they are trapped and

cooled in a 3D-MOT. In the future, we plan to use light-induced atom desorption (LIAD)

to desorb neutral Rb atoms from the glass cell surface to act as a source of Rb. However,

this has not been implemented yet.

In the following sections, I shall discuss the details of the main components.
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6.2 Vacuum System

6.2.1 Glass Cell and Chamber Design

Figure 6.1: (a) Side-view of the vacuum system. Note the coordinate system
here is referenced throughout the chapter. (b) Render of the system from
another angle.

In this section, I focus on the two main parts of our vacuum system: the steel chamber

connecting the Yb 2D-MOT, and the glass cell, which is our science chamber. The details

of the Yb 2D-MOT are discussed in sec. 6.3.2.

In the center of our apparatus, there is a steel spherical cube vacuum chamber

(Kimball Physics, MCF275-ExpCube-C6A8), which links the Yb 2D-MOT source to our

science cell. This steel chamber is crucial for our vacuum setup. It is connected to vacuum

pumps to maintain the vacuum in the glass cell, holds the Rb dispensers as our Rb source,

and holds the mechanical support for our eight electrodes for electric field control inside

the glass cell. Figure 6.2 shows a cross-section of the steal chamber. The spherical steel
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chamber has six 2.75” ConFlat (CF) flanges on top, bottom, and equally spaced around

the sides, and eight 1.33” CF flanges around the 2.75” CF flanges.

The 2.75” CF flange on the negative x-direction is connected to a CF flanged edge-

welded bellows (Kurt J. Lesker, MEW0750251C1) via a zero-length reducer (Kurt J. Lesker,

RF275X133). The bellows provides a physically flexible UHV connection to the Yb 2D-

MOT source on a tilting platform. The top 2.75” CF flange is connected to a 75 L/s ion

pump (Gamma Vacuum, 75S-CV) via a 4.50” to 2.75” CF conical reducer flange (Accu-

Glass Products Inc., Part Number: 200561). The two 2.75” CF flanges on the sides are

connected to two close couplers (Kimball Physics, MCF275-ClsCplr-C2-1400). The steel

chamber is supported using a pair of right-angle brackets (Thorlabs, AP90RL) and 2.75”

round brackets (Kimbal Physics, MCF275-ExtBrkt-R) (see Fig. 6.1) holding two 2.75 ”

double-sided flanges (Kimball Physics, MCF275-MtgFlg-C2) mounted to the close couplers.

An additional stainless steel post is attached to the steel chamber via a washer plate to

counteract rotating torque. One of the 2.75” double-sided flanges is connected to a 5-way

cross (Kurt J. Lesker, C5-0275) to which we attach a NEG pump (CapaciTorr Z 100), an

ion gauge (Kurt J. Lesker, G8130T ), a viewport (Kurt J. Lesker, VPZL-275DUNM), and

an angle valve (NorCal) for connecting to a turbopump.

Figure 6.2 shows a cross-sectional view of the steel chamber. Inside the steel chamber,

we have the two sets of Rb dispensers fastened to the electrodes of two separate electrical

feedthroughs, a copper feedthrough (Kurt J. Lesker, Part Number: EF0343052) and a

molybdenum feedthrough (Kurt J. Lesker, Part Number: EF0344052). The two electrical

feedthroughs are installed on two 1.33” CF flanges of the steel chamber. Additionally, we

have a custom-made 304L stainless steel holder and clamp to grip the alumina rods and
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Figure 6.2: Cross-sectional view of the steel chamber

MACOR rings, which provide mechanical support for the electrodes inside the glass cell.

The stainless steel holder is mounted on a pair of 2.75” groove grabbers (Kimball Physics,

MCF275-GrvGrb-CB03). All the unused 1.33” CF flanges are attached with viewports

(Kurt J. Lesker, VPZL-133DUNM)

An essential task for the steel chamber is to mount the dodecagonal glass cell (custom-

made by Precision Glassblowing), where we trap Rb and Yb atoms and carry out

experiments (see Fig. 6.1). There is a broad range of wavelengths, ranging from 308

nm to 1013nm, used in our experiment, and there is no anti-reflection (AR) coating that

covers all the wavelengths. Instead, the glass cell surfaces have randomly distributed nano-

scale, subwavelength structures providing excellent broadband AR properties that suppress

reflections to 0.1 % or below, with wide angular acceptance and a high power damage

threshold (TelAztec). This technique is called Random AR (RAR). These RAR-treated

surfaces requires special attention, since they cannot be cleaned using standard cleaning

techniques for thin-film AR coating. The RAR surfaces are most effectively cleaned by
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rinsing with methanol or isopropyl alcohol according to the manual. Nevertheless, we have

not carried out any cleaning by ourselves.

6.2.2 Electrodes and Electric Field Control

Figure 6.3: Image of the electrodes inside the glass cell. The dark brown
“stains” at the contact points between the tungsten rods and the white MACOR
ring are in fact UHV epoxy.

As mentioned in Sec. 5.1, the large dipole moments of Rydberg states make them

extremely sensitive to electric fields. Therefore, it is necessary to have active control of the

local electric field near the atoms. At the same time, we need to preserve optical access for

the high-NA optics. For this purpose, we use four pairs of tungsten rods as electrodes and

place them close to the center of the glass cell, where atoms are trapped. Each pair consists

of two tungsten rods, with one of them being longer than the other by 1 cm. The ends of the

shorter rods are aligned to the center of the glass cell. The tungsten rods have a diameter

of 0.02” to preserve optical access for high-NA optics. However, the small diameter makes
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the tungsten rods susceptible to cantilever deflection under gravity. For a 10 cm tungsten

rod with a 5 mm diameter, the free end would bend down by 1.2 mm compared with the

fixed end. As a result, the electrodes in our setup are supported by MACOR1 rings the

last of which is placed as close to the atom position as possible (see Fig. 6.3) to prevent

cantilevering effect. The MACOR rings are epoxyed to alumina rods held by a custom-

made stainless steel support (see Fig. 6.2). The tungsten rods are glued to the MACOR

rings with UHV epoxy (Accu-Glass Products, Inc., Part number: 111785). The electrodes

are connected to a 19-pin feedthrough (Accu-Glass Products, Inc. MiL-C-26482) with a

19-way UHV PEEK cable assembly (Accu-Glass Products, Inc., Part number: 110230).

The Kapton on the wires was stripped and then connected to the tungsten rods with inline

barrels (Kurt J. Lseker, Part Number: FTAIBC041). The pinout of the wiring is shown

in Fig. 6.4. During the vacuum system assembly, the electrodes were checked to ensure

no electrical short, but two pairs of electrodes were found to be shorted after baking and

pumping. However, this problem has not been rectified to avoid breaking the vacuum.

Electrode Voltage
1,3 V1 = −V3
2,4 V2 = −V4

5,6,7,8 V5 = V6 = V7 = V8 = −2∆V

Table 6.1: Grouping of electrodes and their voltage values.

We performed COMSOL simulations to determine the voltage that we need to apply

to each electrode to create a locally homogeneous electric field assuming no stray field (see

appendix A for details). The simulation was performed under the assumption there was no
1MACOR is a machinable insulating ceramic material.
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Figure 6.4: The layout of electrode wiring. The origin of the electric field
simulation result is defined at the symmetric axis of the glass cell. The x-axis
is pointing out of the page. The ends of the shorter tungsten rods set the x=0
plane.

short between electrodes. To generate a homogeneous field near the atoms, the electrodes

are arranged into different groups (see table 6.2.2). For an electric field (Ex, Ey, Ez) at the

origin (see Fig 6.4), the voltages required can be calculated using the equations below:

V1
V2

 =

2EL cos (θL) 2EL cos (θL + π/2)

2EL sin (θL) 2EL sin (θL + π/2)


−1

·

Ey

Ez

 (6.1)

and

∆V =
Ex

4(ELx − ESx)
(6.2)

where EL = 0.292 (V/cm)/V, θL = 4.04 rad, ELx = −0.0617 (V/cm)/V, and ESx = 0.0617

(V/cm)/V. The details of the calculation can be found in appendix A. For example, to

get an electric field of (Ex = 1 V/cm, Ey = 3 V/cm, Ez = 2 V/cm), we need to apply

(V1 = −V3 = −5.88 V, V2 = −V4 = 1.87 V, V5 = V6 = V7 = V8 = −2∆V = 4.05 V) to the

88



electrodes. Figure 6.5 shows the simulated electric field.

Figure 6.5: The simulated electric field near the origin for (V1 = −5.88 V,
V 2 = 1.87 V, V3 = 5.88 V, V4 = −1.87 V, V5 = V6 = V7 = V8 = 4.05 V).

6.2.3 Magnetic Field Coils

The magnetic field control system in our setup consists of six independent coils.

Figure 6.6 shows the geometry of the coils together with the coil housing. The coils are

connected to separate current supply modules (KEPCO BOP20-20M: MOT and shim 2

coils, KEPCO BOP72-6M: shim 1 coils) for independent magnetic field control. All the

coils are air-cooled to conserve optical access and reduce the technical overhead in water

cooling. Air-cooled magnetic coils are possible with our setup, since the glass cell is much

smaller in size compared with the typical steel science chambers in cold atom experiments

enabling us to place the coils much closer to the atoms. Therefore, we can provide similar
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Figure 6.6: The geometry of the coils and the coil housings. There are six coils
arranged symmetrically. The slits on the side allow us to send in MOT beams
at a shallow angle for Rb and Yb 3D-MOT.

magnetic field gradients with a smaller amount of current. We expect that less than 1mT of

magnetic field is needed for our future experiments, relieving the demand for water-cooled

coils with large current supplies. According to calculations, a current of 15 A through the

MOT coils (green in Fig. 6.6) results in around 10 W ohmic heating in the coil, which we

empirically determine to be the limit of air cooling.

Coil Layer Turns/layer Total turns Field (mT/A) FG ((mT/cm)/A))
MOT 5 9 45 0.28 0.22
Shim1 3 8 24 0.046 0.023
Shim2 4 5 20 0.033 0.020

Table 6.2: Design parameters of the coils. The magnetic field strength is
calculated at the center of the glass cell. FG is the magnetic field gradient
per current simulated at the center of the glass cell under the anti-Helmholtz
configuration with opposite currents running in the pair of coils.
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The coil housings are made of PEEK, which provides high strength and is thermal

resistant. Kapton-insulated 12AWG copper wire was wound around the coil housing, and a

thermally conductive but electrically insulating epoxy (Cotronics Corp. DURAPOT 865)

was applied to every layer of wire to cement the wire in place. Due to difficulties in winding

the rectangular coils, we designed a jig to hold the copper wire in place and maintain the

tension during the winding. During the epoxy curing, a clamp was applied to ensure the

copper wire was tightly packed. The design parameters of the coils are listed in Table 6.2.

The magnetic field simulation was performed using a free Mathematica add-on, Radia,

from ESRF. The quadrupole magnetic field required during the MOT stage is generated by

the two MOT coils in the anti-Helmoholtz configuration with currents running in opposite

directions in the two coils. With a 20 A current in each coil, the MOT coils are expected

to give a 4.4 mT/cm magnetic field gradient at the center of the glass cell, which should

be sufficient for both Rb and Yb MOT. Since all the coils have separate current supplies,

a nearly uniform field in an arbitrary direction can be produced by running currents in the

MOT, shim1, and shim2 coil pairs in the Helmholtz configuration.

6.2.4 Vacuum Pump-down and Baking

During the construction of the vacuum system, several measures were taken to ensure

that a high vacuum environment required for the tweezer arrays experiment could be

achieved. In our vacuum system, various pieces of custom CNC-machined parts are placed

inside the vacuum, including the electrode holder with clamps, the dispenser holders with

clamps, alumina rods, and MACOR rings for electrode support. Since they may contain
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Figure 6.7: Photo of the protecting shell for the glass cell during baking.

residual grease and dirt from machining, the CNC-machined parts were sonicated with

distilled water and detergent. After drying on clean UHV aluminum foil, they were

sonicated with acetone and then isopropanol. In addition, the screws used in the in-vacuum

parts, the tungsten electrodes, the tools and the jigs for assembly were cleaned using the

same procedure. For larger parts that cannot be sonicated, they were rinsed with similar

steps. One particular CNC-machined part that is worth mentioning here is the protecting

shell for the glass cell (Fig. 6.7). As the surface of the glass cell is untouchable, we designed

a “clamshell” protector that allows us to wrap heating tape around the body of the cell to

bake the enclosed glass cell.

In addition, we prebaked the vacuum parts at 400 ◦C with a roughing turbopump

for two weeks, including the steel chamber, the close couplers, the electrode holder with

clamps, the dispenser holders with clamps, the tungsten electrodes, the alumina rods, the

MACOR rings, the “clamshell” protector, the screws for in-vacuum components. After

the prebake, the vacuum apparatus was assembled, and the glass cell was enclosed in the
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protecting shell. The steel chamber and the protecting shell were wrapped with heating

tape and insulated with aluminum foil. However, the Yb 2D-MOT section was not baked,

and the gate valve at the connection was closed during the bake. The Yb 2D-MOT section

was already under vacuum and had, in fact, been under vacuum for years, since it is

the same 2D-MOT source used in the previous experiment. Multiple thermocouples were

placed at different locations to ensure there were no large temperature gradients across the

apparatus. In the first attempt, silicone rubber heating tape, which was claimed to work

up to 232 ◦C, was used. However, the silicone heating tape started to smoke at around

100 ◦C. In the end, the silicone heating tape was replaced with fiberglass-insulated heating

tape at the risk of contaminating the glass cell surface with fibers. The vacuum apparatus

was baked at around 200 ◦C for more than two weeks.

After the first cooldown, it was found that the ion pump, which was salvaged from the

RbYb mixture experiment, had a leakage current issue, resulting in significant differences in

measured pressure under different ion pump voltages. The old ion pump was replaced with

a new one, fixing the leakage current problem. We also took the chance to replace the CF

tee connecting the old ion pump with a conical reducer flange to increase the conductance

and add the 5-way cross that allows us to include a NEG pump and an ion gauge. After

the second bake, a vacuum pressure around 4−11 Torr is attained.

6.3 Atomic Sources and Magneto-optical Traps

The accommodation of two different elements, Rb and Yb, poses complications in

the design of the atomic sources and the magneto-optical traps for separately cooling and
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Figure 6.8: Render of the 3D-MOT beam geometry. (a) The two red circular
beams are the standard retro-reflected MOT beams. The grey square beams
represent the third MOT beam incident at a shallow angle. Different colors of
MOT beams for Rb and Yb are combined before being sent to the glass cell to
conserve optical access. (b) The third MOT beam passes through the slits on
the coil housings.

trapping Rb and Yb. For Yb, we use a 2D-MOT source, which first captures thermal Yb

atoms from an oven and then delivers a cold atomic beam to the 3D-MOT with a push

beam, inherited from the previous RbYb mixture setup. For Rb, we use Rb dispensers to

provide a thermal vapor of Rb. The slowly moving atoms in the tail of the Boltzmann

distribution can be trapped directly by a 3D-MOT. The use of a dispenser source avoids

the implementation of a Rb Zeeman slower or a Rb 2D-MOT. In order to load atoms

into the optical tweezer, we need to first cool and trap atoms in a 3D-MOT. For the Rb

3D-MOT, the MOT beams consist of cooling light (|5S1/2, F = 2⟩ ↔ |5P3/2, F = 3⟩ cycling

transition) and repump light (|5S1/2, F = 1⟩ ↔ |5P3/2, F = 2⟩ repump transition) (see

Fig. 6.14), which are first combined and then split into three separate MOT arms by a

fiber combiner/splitter (Canadian Instrumentation Research Ltd., now Evanescent Optics,
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Inc.). Yb atoms sourced from the blue 2D-MOT (399nm 1S0 ↔1 P1) are sent to a two-

color, blue (399nm 1S0 ↔ 1P1) and green (556nm 1S0 ↔ 3P1), 3D-MOT with a blue push

beam. The blue MOT (Γ1P1
= 2π×29 MHz) provides a large capture velocity during initial

loading, while the green MOT (Γ3P1
= 2π× 183 kHz) gives a substantially smaller Doppler

temperature (∼ 4µK) at the end of the loading stage. To conserve optical access to the

glass cell, different colors of MOT beams for Rb and Yb are combined before being sent to

the glass cell, so the MOT beams use only two pairs of windows in total. Figure 6.8 shows

the geometry of the three circularly polarized MOT beams. In the x-z plane, we have two

standard retro-reflected MOT beams orthogonal to each other. However, the third MOT

beam needs to be sent in through the slit of the MOT housing at a shadow angle (see Fig.

6.8), as the optical access is preserved for the high-NA objectives.

6.3.1 Rb Dispenser Source and 3D MOT

Our Rb source consists of two sets of commercially available Rb dispensers (SAES

RB/NF/4.8/17) attached to a copper electrical feedthrough (Kurt J. Lesker, Part number:

EFT0343052 ) and a Molybdenum electrical feedthrough (Kurt J. Lesker, Part number:

EFT0344052 ) respectively. The Rb dispenser comprises a mixture of rubidium chromate

with a reducing agent. When heated by running an electric current through it, the chromate

reacts to relieve free Rb vapor, while the reducing agent also acts as a getter material to

irreversibly absorb the chemically active gases created during the reduction reaction to

prevent them from contaminating the chamber. Each set of Rb dispensers contains four

dispensers, two of them are connected in series as a pair, and then two pairs are connected
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in parallel, as shown in Fig. 6.9. The dispensers are fastened to the feedthrough electrodes

with custom-made holders and clamps (304L stainless steel and electropolished) with 0-80

set screws.

Figure 6.9: Photo of the electrical feedthrough with one set of Rb dispensers

The Rb dispensers need to be conditioned before use to release the physisorbed species

weakly bound onto their surface. Therefore, we ran a current of 4A per set of dispensers,

i.e. 2A per dispenser, for 12 hours and then increased the conditioning current to 6A per

set for additional 6 hours during the low-temperature bake of the setup.

To control the evaporation rate of Rb vapor during the experiment, we designed a

computer-controlled circuit board2 to regulate the current flowing through the dispensers.

The current from an external DC power supply flows through the dispensers and then

through a MOSFET, followed by a sensing resistor on the board, and finally into ground.

A micro-controller (Teensy 3.2) measures the current with the sensing resistor and sends

a control voltage to the MOSFET gate to regulate the current. The circuit can vary the
2https://github.com/JQIamo/Rb-Dispenser-pwr-supp
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Figure 6.10: Photo of the Rb MOT. The glowing disks around the MOT are
due to scattering by dust on the glass cell surfaces.

current in a timescale of 200 µs. Pull-down resistors are added as a safety measure to avoid

current railing.

Figure 6.10 shows the image of the Rb MOT created, showing that the Rb dispensers

and Rb 3D-MOT are working as expected. However, the optical setup for the Rb 3D-MOT

beams is still under active upgrade, so the details of the optics and optimized loading

parameters are not discussed in this thesis.

6.3.2 Yb 2D-MOT and 3D-MOT

The Yb 2D-MOT is inherited from our RbYb mixture setup, which worked robustly

during my time in the Atlantic building. Therefore, we decided to transplant the Yb

2D-MOT part into our new RbYb Rydberg tweezers platform. Before taking apart the

2D-MOT from the old setup, we closed the gate valve to maintain the vacuum inside, and

then moved it to our new laboratory in the basement and immediately powered the SAES

pump attached (SAES NEXTorr D 100-5) up again. This allowed us to keep the vacuum
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inside the 2D-MOT chamber at the level of 10−11 Torr before we installed it into our new

setup.

The Yb 2D-MOT source vacuum chamber is shown in Fig. 6.11. The original design,

which is based on a Lithium source [111], was made by Creston Herold and Varun Vaidya.

Yang Wang and Sarthak Subhankar replaced the free-space MOT beams with a fiber-

coupled cage mount system, which greatly improved the optical alignment stability. The

detailed vacuum chamber design of the 2D-MOT can be found in Creston, and Varun’s

thesis [34, 35]. The 2D-MOT chamber is constructed from a custom-made 5-way 2.75”

CF cross with two additional 1.33” CF flanges from Nor-Cal [34, 35]. There are washer

plates [34] on the four 2.75” viewports allowing us to attach the cage mount system for

the 2D-MOT beams. Yb is loaded into a half-nipple indicated in Fig. 6.11(a) and is

typically heated to around 400 ◦C to give a thermal atomic flux. Even though the Yb

oven has been positioned to avoid line-of-sight of the viewports, coating of Yb on the

windows was observed during the reconstruction of the 2D-MOT beam arms. The severity

of coating is not the same on the two arms of the 2D-MOT. Therefore, different laser powers

are distributed on the two arms (2D-MOT1: 44mW after fiber; 2D-MOT2: 30mW after

fiber. see Fig 6.11(b)). The quadrupole magnetic field required to operate the 2D-MOT is

provided by a pair of permanent bar magnets (each composed of six magnets, KJ Magnetics

BX062), giving a field gradient of 4.8 mT/cm.

Compared with the legacy setup mentioned in [34, 35], there are a few differences

in the current setup. First, the separation between the 2D-MOT to the 3D-MOT capture

region is larger in the current setup, which is approximately 40 cm. The longer travel

distance leads to two complications in delivering atoms to the 3D-MOT. The first
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Figure 6.11: Yb 2D-MOT design. (a) Render of the Yb 2D-MOT chamber. (b)
Photo of the Yb 2D-MOT with the cage-mounted 2D-MOT arms, the green
tracer beam and the blue push beam.
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complication is the gravitational sag. Considering an atom leaving the 2D-MOT with

a velocity of 10 m/s along the longitudinal axis, it will drop by 8 mm over the course of

its trajectory, which is not negligible given an approximately 1 cm beam diameter of the

3D-MOT beam in the current setup. Therefore, the 2D-MOT module sits on a tilting

platform (Newport TGN160) with a tilting range of ±2.86◦. If the shooting angle of the

atoms is tilted up by one degree, the gravitational fall during the travel to the 3D-MOT is

reduced to 1 mm under the same departure speed of 10 m/s from the 2D-MOT. Another

complication comes from the finite Doppler temperature of atoms (∼ 700µK) in the blue

2D-MOT, resulting in a Boltzmann distribution of initial velocities in the transverse plane

perpendicular to the pushing direction. This transverse bloom was not an issue in the old

setup, since the 3D-MOT beam had a diameter of more than an inch, and the separation

between the 2D-MOT and 3D-MOT was significantly shorter. However, in the current

setup, the 3D-MOT beams have much smaller diameters (∼ 1 cm) and the atoms have

to travel a longer distance to reach the 3D-MOT, making the current setup susceptible to

the transverse bloom. Assuming the expansion speed of the atomic cloud in the transverse

direction is
√
h̄Γ1P1

/mYb = 0.26 m/s, the cloud will expand to a diameter of 2 cm which

is comparable to the 3D-MOT beam diameter.

In the first few trials of realignment of the 2D-MOT beams and the push beam, we

were unable to get any fluorescence signal with a green 3D-MOT in the glass cell with

similar laser powers and laser frequencies as the legacy setup. We also tried intercepting

the atomic beam with a 399 nm probe light to see if the atoms were able to pass through

the differential pumping tube hole, but we could not see any signal. Since there are many

degrees of freedom involved and the additional complications mentioned in the previous
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Figure 6.12: Schematic of Yb 2D-MOT optics

paragraph, we have made some changes to the 2D-MOT setup, which enabled us to observe

a Yb 3D-MOT in the glass cell at the end. The first change we made was constructing

a blue (399nm) 3D-MOT. The blue 3D-MOT provides a higher capture velocity than the

green MOT for the same power and beam size. The capture velocity was estimated to be 49

m/s for a blue 3D-MOT and 3 m/s for a green 3D-MOT. This higher capture velocity allows

us to replace the green push beam in the original design with a blue push beam, which can

provide the atoms with a larger acceleration and thus a higher travel speed, thereby partly

mitigating the gravitational sag and transverse bloom. To have a quantitative comparison,

we performed a Monte-Carlo simulation of the trajectory of atoms coming out of the 2D-

MOT under different push beam powers for both blue and green push beams. We calculated

the probability of atoms reaching the 3D-MOT capture volume without hitting the wall

of the differential pumping tube and the neck of the glass cell. Furthermore, the portion
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Blue push beam and blue 3D-MOT
Power (mW) Enter 3D-MOT (%) Trapped (%) Tilting angle (◦)

0.1 2.6 2.6 1
1 4.4 3.1 1
10 5.4 1.9 0
20 5.7 1.7 0

Green push beam and green 3D-MOT
Power (mW) Enter 3D-MOT (%) Trapped (%) Tilting angle (◦)

0.1 0.3 0.3 1
1 1 0.4 0
10 2.5 0.2 0
20 3.4 0.2 0

Table 6.3: The percentages of atoms reaching the 3D-MOT capture volume and
being trapped in the 3D-MOT. The atoms reaching the trap region with a speed
lower than the capture speed were considered trapped and the tilting angle
was chosen to maximize the trapping probabilities. Real design parameters
were used in the simulation. The ensemble of atoms were assumed to have a
Boltzmann distribution of velocity in the plane perpendicular to the push beam
due to the Doppler temperature (∼ 700µK) of the blue 2D-MOT. The trapped
atoms were also assumed to be randomly distributed in the 2D-MOT tube with
a normal distribution, σx = 1 cm, σy = σz = 1 mm. The push beams were
assumed to be blue-detuned by a linewidth Γ.

of atoms that had a speed smaller than the capture speed of the 3D-MOT was found and

considered to be trapped in the 3D-MOT. The results are tabulated in table 6.3.

The use of a blue push beam also makes the alignment of the 2D-MOT beams and the

push beam less challenging. The output direction of the atomic beam depends critically on

the balance of transverse 2D-MOT beams, especially near the exit. In the original setup,

a slight imbalance was sufficient to deflect the atoms off-axis due to the large scattering

force of blue MOT beams compared with the green push beam. A blue push beam can

exert a comparable force along the longitudinal direction, permitting a more attainable

alignment. Additionally, we rebuilt the cage-mount fiber-coupled optics for the 2D-MOT
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Figure 6.13: (a) Image of the Yb 2D-MOT along the push beam direction.
The cross-shaped fluorescence in the background is from the MOT beams and
untrapped Yb atoms. (b) Image of the Yb 2D-MOT shined by the green tracer
beam. The high-density Yb atoms give a bright fluorescence signal, but the
untrapped thermal Yb atoms can also give a faint fluorescence signal. (c)
Image of the setup for looking at the 2D-MOT from the side. (d) Image of the
Yb trapped in the blue 3D-MOT.

beams as dust-burnt optical elements and fibers severely corrupted the beam profiles. The

schematic for the new optical setup is shown in Fig. 6.12.

The realignment of the 2D-MOT beams and the push beam was non-trivial, I shall

describe the steps that we took to achieve the Yb 3D-MOT in the glass cell. For the

alignment of the 2D-MOT beams, the two irises after the aspheric lens allow a zeroth-

order alignment of the 2D-MOT beam normal to the center of the viewport before being

expanded by the telescope setup afterward. Due to different degrees of Yb coating on the

windows of the 2D-MOT arms, different laser powers were distributed on the two arms

(2D-MOT1: 44mW after fiber; 2D-MOT2: 30mW after fiber. see Fig 6.11). After the
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zeroth-order alignment of the 2D-MOT beams, the fluorescence signal of the 2D-MOT

beam was monitored along the push beam direction with a webcam. (Some webcams do

not have a blue light filter and can image the blue 2D-MOT.) The 2D-MOT appeared as

a bright pink spot (see Fig. 6.13(a)), which was off-centered from the differential pumping

tube hole initially. By shining a laser pointer from the opposite side through the hole to

act as a target, the spot was then aligned to the differential pumping tube hole by moving

the bar magnets while keeping the spot as bright as possible.

After that, the push beam optics module shown in Fig. 6.11(b), which combined a

green (556nm) tracer beam and a blue (399 nm) push beam, was installed. The blue push

beam and the green tracer beam were aligned using two irises before the viewport. At

this point, the green tracer beam made its way through the differential pumping tube hole

and hit the center of the glass cell, but a slight adjustment was made using the window

of the glass cell as a reference. By first overlapping the Yb atoms in the blue 2D-MOT

with the green tracer beam, we used the green beam as a reference to make sure the blue

push beam also hit the atoms in the 2D-MOT. A D-shaped mirror was installed near the

viewport of the exit cross arm (see Fig. 6.13(c)) without cutting the 2D-MOT beam. By

using a dichroic to block the blue fluorescence light from the blue 2D-MOT, we monitored

the green fluorescence light from the Yb atoms (see Fig. 6.13(b)). The fluorescence signal

from a thermal cloud of Yb was strong enough to be observed by eyes with an intensity

of I/Isat ≈ 30000. (The transition was significantly power broadened under this intensity,

which caused fluorescence of a large fraction of Doppler broaden atoms.) However, the

high atomic density in a 2D-MOT gave a much stronger signal allowing us to distinguish

Yb atoms trapped in the 2D-MOT from the thermal cloud. While monitoring the signal
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from the side, the bar magnets and 2D-MOT beams were moved to get to a position where

the 2D-MOT was appropriately intercepted by the green tracer beam. After realigning the

blue push beam to the green tracer beam, the green tracer beam was turned off, and the

blue push beam was turned on to deliver atoms to the 3D-MOT. A push beam power of

0.1 mW (I/Isat = 0.4) was used to push the atoms to the blue 3D-MOT. Figure 6.13(d)

shows the Yb atoms trapped in the blue 3D-MOT. We also tried using a green tracer beam

to push atoms instead, but it required substantially larger laser power (∼ 18 mW) to give

a similar signal level in the blue 3D-MOT.

Although the blue 3D-MOT provides a larger capture velocity than a green 3D-MOT,

it comes with a cost of higher Doppler temperature (blue 3D-MOT: 700 µK; green 3D-MOT:

4 µK), which is proportional to the linewidth of the transition. A higher temperature of

atoms induces difficulties in loading atoms into tweezers, performing high-fidelity gate

operations, and high-fidelity lossless fluorescence imaging. Therefore, it is desirable to

transfer the Yb atoms from a blue 3D-MOT to a green 3D-MOT in the loading sequence,

which has not been implemented yet. The optical setup for the 3D-MOT is still under

active development, so the details of the 3D-MOT and optimized loading parameters are

not discussed in this thesis.

6.4 MOT Laser Systems and Optical Circuits

As we are going to work on the same atomic species, Rb and Yb, as in the previous

experiment, we reused most of the laser locking systems developed in the past, which

have proved their reliability over the years, in the hope that this can reduce the technical
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overheads that we will encounter. Nevertheless, since we no longer use an Rb Zeeman

slower as the Rb source and the original 556 nm 3D-MOT laser from Menlo is down, we

modified the original optical layouts for the MOTs as detailed in the following section.

6.4.1 Magento-Optical Trap Lasers

6.4.1.1 Rb 3D-MOT lasers

70MHzAOM

85MHz

36MHzAOM
60MHz

CoolingRepump

Figure 6.14: Relevant energy levels of the cooling and repump light for Rb 3D-MOT.

There are three separate 780 nm lasers for Rb: A master laser (Newport Vortex II),

which is locked to an Rb absorption line (85Rb, F = 3 ↔ F ′ = 3− 4 crossover); A cooling

laser (Toptica DL pro) for (F = 2 ↔ F ′ = 3) cycling transition; A repump laser (Toptica

DL pro) for (F = 1 ↔ F ′ = 2) repump transition. Figure 6.14 shows the energy levels

relevant to the cooling and repump light for Rb 3D-MOT. The master laser is locked via a
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Figure 6.15: Rb beatnote electronics schematic. Following schematic
from bottom right-PD: fiber-coupled fast photodiode (Newport 818-BB-45F),
BT: bias-tee (Mini-Circuits ZX85-12G-S+), LNA: low-noise amplifier (Mini-
Circuits ZX60-83LN-S+), AMP: amplifer (Mini-Circuits ZX60-6013E-S+), CP:
directional coupler (Mini-Circuits ZHDC-16-63-S+), PS: power splitter (Mini-
Circuits ZFRSC-123-S+), LPF: low-pass filter (Mini-Circuits SLP-2400+),
HPF: high-pass filter (Mini-Circuits VHF-2700+), AMP1: amplifier (Mini-
Circuits ZX60-4016E-S+), AMP2: amplifier (Mini-Circuits ZX60-8008E-S+),
T: 50 Ω terminator.
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Doppler-free saturated absorption lock with an optical setup as shown in Fig. 6.16, and it

serves as a stable frequency reference for the Rb cooling and repump laser in the beatnote

lock. The Rb master laser is also used as a reference to lock the fundamental light of the

399 nm laser at 798 nm for Yb through a transfer cavity lock [112]. Figure 6.16 and 6.18

show the optical schematics for the cooling and repump lasers accordingly. Most cooling

and repump beam power is sent to and combined on a fiber splitter/combiner (Canadian

Instrumentation Research Ltd., now Evanes- cent Optics, Inc.) for the Rb 3D-MOT. The

two inputs are combined and split into six main outputs and two monitor outputs. Only

three outputs are used for our retro-reflecting Rb 3D-MOT.

For the laser frequency locking, a small portion of the three 780 nm laser beams is

combined through a single-mode fiber splitter (Fiber Optic Network Technology Co.), which

combines and divides four inputs equally onto four outputs. One output is sent to a Thorlab

Fabry-Perot cavity that allows us to monitor the mode quality on an oscilloscope. Another

output from the fiber splitter is coupled directly to a fast fiber-optic photodetector (Newport

818-BB-45F, 12.5 GHz bandwidth) for beatnote locking. The free space photodiode used

in the previous setup (Hamamatsu G4176-03) has a tiny sensing area (∼ 0.04 mm2),

which is typical for fast diodes, making the setup extremely sensitive to the alignment.

The use of a fiber-coupled photodiode solves the issue of loss of beatnote signals due to

misalignment from the fiber launch to the photodiode. The master-cooling (≈ 1.1 GHz)

and the master-repump (≈ 5.5 GHz) signals are then amplified, frequency separated, and

sent to two independent PLL boards (Analog Devices EVAL-ADF4007)(see Fig. 6.15). A

16 dB directional coupler (Mini-Circuits ZHDC-16-63-S+) is installed to enable real-time

monitoring of the beatnote signals. In the PLL board, the input signal is divided by an
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Figure 6.16: Rb master and cooling optics schematic.
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Figure 6.17: Rb repump optics schematic.

integral factor (cooling: 16, repump: 64) set by the jumpers and then compared with

an external reference provided by a dynamically adjustable commercial DDS (Novatech

409B). The PLL board has a permanent reference divider of two, so we send in a reference

signal of 139.727 MHz for the cooling beam and 172.132 MHz for the repump beam. The

MUX outputs of the PLL boards give the divided input signals, which are monitored on RF

frequency counters (MFJ Enterprises MFJ-888). The “V tune” outputs are sent to external

lock boxes for frequency stabilization. When the laser is locked properly, the frequency

displayed on the RF counter should be stable to 100 Hz. A schematic for the beatnote

electronics is shown in Fig. 6.15.

6.4.1.2 Yb MOT Lasers

The Yb 2D-MOT, which traps and cools thermal Yb atoms from the oven, uses the

399 nm light as the 2D-MOT beams and the push beam. The 399 nm push beam launches
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Figure 6.18: Relevant energy levels for 399 nm and 556 nm MOT light in Yb.

the Yb atoms toward the 3D-MOT in the glass cell. The Yb 3D-MOT system contains

two colors of light: The blue light (399 nm), which addresses the broad (1S0 ↔ 1P1,

Γ1P1
= 2π×29 MHz) transition, provides a large capture velocity for atoms. The green light

(556 nm), which couples the narrow (1S0 ↔ 3P1, Γ3P1
= 2π × 182 kHz) inter-combination

transition, provides a 4.4µK Doppler temperature and, therefore, a cold atomic ensemble.

Yb atoms are first captured in the blue MOT and then transferred to the green MOT for

further cooling.

A Toptica TA-SHG pro system generates the 399 nm light. Before being amplified

by a tapered amplifier and frequency-doubled, a small portion of the fundamental 798 nm

seed light is sampled and sent to a Thorlabs scanning Fabry-Perot interferometer (Thorlabs

SA200-5B) for the transfer cavity lock [112]. The Rb master (780 nm), which is locked to

an atomic transition line, is sent to the same scanning interferometer to act as a frequency

reference. The scanning interferometer serves as a mediator to transfer the frequency

stability of the locked Rb master laser to the 798 nm fundamental light through the transfer

cavity lock scheme [112]. Figure 6.19 shows the optical layout for distributing the 399 nm
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Figure 6.19: A schematic of the optical system for 399 nm light.

light into various beams for different purposes.

The 556 nm light is used to create the green 3D-MOT and the Ryberg excitation

through a two-photon process using 3P1 as the intermediate state. The 556 nm laser

system is seeded by a 1112 nm NKT Photonics laser (∼ 10 mW). A Quantel fiber amplifier

then amplifies the 1112 nm light from the NKT seed to approximately 1W. The amplified

1112 nm light is then sent to a Toptica SHG system, where it is frequency-doubled to give

approximately 400 mW of 556 nm light. Figure 6.20 shows the schematic of the 556 nm
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optical system. The 556 nm laser is offset locked using a Pound-Drever-Hall (PDH) lock

to a variable frequency sideband put on the main laser frequency [89, 113]. The details of

locking 556 nm laser can be found in the following section.

6.5 Rydberg lasers

To excite atoms from the ground states to Rydberg states, we will use two-photon

excitation via an intermediate state. The reason for not using a single-photon transition

is that the excitation from the ground state to the Rydberg state requires light with

an extremely short wavelength (Rb: 297 nm, Yb: 198nm). In a two-photon excitation

transition, the effective Rabi frequency is given by Ωeff = Ω1Ω2

2∆
, where Ω1 and Ω2 are the

Rabi frequencies of the ground-intermediate and intermediate-Rydberg transitions, and

∆ is the single-photon detuning from the intermediate state. However, the involvement

of an intermediate state leads to a finite probability of spontaneous decay ΓΩ2/∆ from

the intermediate state for a large detuning. To suppress the spontaneous decay from the

intermediate state, a large detuning from the intermediate state ∆ ≫ Γintermediate is usually

used, which in turn reduces the effective Rabi frequency to the Rydberg state. Therefore,

high Rydberg laser intensities are needed to perform high-fidelity Rydberg excitation with

MHz-level Ωeff for quantum computation and simulation purposes.

Figure 6.21 shows the relevant atomic levels and lasers for Rb, where a 420 nm

light couples the ground state manifold to the intermediate state manifold ((5S1/2, F =

2) ↔ (6P3/2, F = 3)) with a single-photon detuning ∆Rb, and a 1013 nm light couples

the intermediate state to a Rydberg state. The (6P3/2, F = 3) level is chosen as the
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Figure 6.21: Relevant energy levels in Rydberg excitation in (a) Rb, (b) Yb.

intermediate level for two reasons: The first reason is (6P3/2, F = 3) level has a smaller

natural linewidth (2π× 1.4 MHz) than the Rb D2 line (2π× 6 MHz), thereby reducing the

spontaneous decay from the intermediate state.; The second reason is to reuse an existing

423 nm laser from the previous RbYb mixture setup. The 420 nm light is generated by

a Toptica TA-SHG pro laser inherited from the previous RbYb mixture experiment. The

420 nm laser can provide up to 1W of light with a maximum TA current of 4800 mA. The

1013 nm light is seeded by a Toptica DL pro laser and then amplified to 10 W by the

Azurlight fiber amplifier. The larger amount of available laser power in the intermediate-

Rydberg arm is preferred in order to compensate for the smaller dipole matrix element

of intermediate-Rydberg transition compared with the ground-intermediate transition. All

the relevant laser wavelengths for Rb and their functions are summarized in Fig. 6.22.

For Yb, the excitation to Rydberg states is done using 3P1 as the intermediate state.

In principle, the (1S0 ↔ 3P1) transition is dipole forbidden due to ∆S = 1, but the
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Figure 6.22: Relevant laser wavelengths for Rb and their functions.

singlet-triplet mixing between 1P1 and 3P1 allows the intercombination transition between

(1S0 ↔3 P1) and gives a natural linewidth of Γ3P1
= 2π × 182 kHz. The relatively small

natural linewidth of this intercombination transition alleviates the problem of spontaneous

decay from the intermediate state. Therefore, instead of the (1S0 ↔ 1P1) transition, we

use the (1S0 ↔ 3P1) transition. Figure 6.21 shows the relevant atomic levels and lasers

for Yb, where a 556 nm light couples the ground state manifold (1S0) to the intermediate

state manifold (3P1) with a single-photon detuning ∆Yb, and a 308 nm light couples the

intermediate state to a Rydberg state. The 556 nm laser system is seeded by a 1112 nm

NKT Photonics laser (∼ 10 mW). A Quantel fiber amplifier then amplifies the 1112 nm

light from NKT seed to approximately 1W. The amplified 1112 nm light is then sent to a

Toptica SHG system, where it is frequency-doubled to give approximately 400 mW 556 nm

laser. The 308 nm laser is provided by a Toptica TA-FHG system. The system consists of

an external cavity diode laser for the fundamental 1232 nm light, an external Raman fiber
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amplifier, and two cascaded second-harmonic generation stages (SHG pro) to frequency-

quadrupled the fundamental light to give 500 mW of 308 nm light. All the relevant laser

wavelengths for Yb and their functions are summarized in Fig. 6.23.

Figure 6.23: Relevant laser wavelengths for Yb and their functions.

6.5.1 Laser Frequency Locking: PDH and Sideband Locking

As discussed in Sec. 5.1, Rydberg states can have a lifetime on the order of a few

hundred microseconds, which is significantly longer than the low-lying excited states. As a

result, the natural linewidth of the ground-Rybderg transition can be of the order of a few

kHz, which is substantially lower than the free-running linewidth of a typical laser, which

is on the order of a hundred kHz. Therefore, it is desirable to lock the laser frequency and

bring the laser linewidth down to kHz level or even below, so that we can take advantage

of the small linewidth of the Rydberg states for high-fidelity gates. In our setup, this is

achieved by locking our Rydberg lasers to a high-finesses ultra-low-expansion (ULE) cavity
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via PDH-locking to an optical sideband [113], which is a variant of a standard Pound-

Drever-Hall (PDH) lock [88, 89].

Figure 6.24: Modulation structures for (a) conventional PDH locking, and
(b) electronic sideband locking. The dashed vertical line indicates the cavity
resonance. In a conventional PDH lock, the laser frequency is locked to the
cavity resonance. In the sideband locking scheme, the induced sideband is
locked to the cavity resonance and the laser frequency can be adjusted by
tuning Ωoffset.

In a Pound-Drever-Hall (PDH) lock [88, 89] the laser frequency is stabilized by the

mechanical stability of the cavity, such that the round-trip optical path of the cavity

equals an integral multiple of the laser wavelength. The resonance frequency spacing of

the longitudinal mode of the cavity, i.e. the free spectral range (FSR), is usually of the

order of a few hundreds of MHz to a few GHz and is defined as νFSR = c/(2L), where c

is the speed of light and L is the length of the cavity. There is usually a gap between the

cavity resonance frequency and the target frequency, which can be bridged using acousto-
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optic modulators (AOMs) or electro-optic modulators (EOMs). For commercially available

AOMs, the center frequency shift ranges from 30MHz to 2.5GHz with high diffraction

efficiency for models up to 200MHz, but the tunable range is relatively narrow (±10%)

around the center frequency. In EOMs, serrodyne phase modulation can give a maximum

efficiency of 60% with a tunable range around a GHz [114, 115].

Alternatively, the electronic sideband locking scheme,[113, 116, 117, 118] which is a

modified version of the PDH scheme, can be used. The frequency gap between the cavity

resonance and the target frequency can be bridged by introducing a sideband on the laser

light with an offset frequency Ωoffset allowing locking the carrier frequency of the laser to an

arbitrary frequency between the optical resonances of the cavity (see Fig. 6.24). Similar to

the standard PDH scheme, the laser is modulated by an RF signal, VEOM(t), in an EOM.

The RF drive signal has a tunable carrier frequency of Ωoffset (usually has a range of a few

GHz to cover the FSR) and is phase-modulated at a frequency ΩPDH (typically a few MHz)

with a modulation depth of βPDH.

VEOM(t) = V0 sin(Ωoffsett+ βPDH sin(ΩPDHt)). (6.3)

This gives first-order sidebands at ±Ωoffset accompanied by an additional set of sidebands

with a spacing of ΩPDH as shown in Fig. 6.24. When the sideband of the modulated

light at Ωoffset is brought close to the resonance of the cavity, the usual PDH error signal

can be obtained by demodulating the reflected signal from the cavity at ΩPDH. Therefore,

the sideband at Ωoffset, instead of the carrier, is tied to the cavity resonance. The offset

frequency Ωoffset can be tuned to move the laser frequency. This scheme has the advantage
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of requiring only a small portion of the laser power to be picked off for sideband locking,

and thus the usable laser output power is not limited by the efficiency of AOMs or EOMs.

In principle, the required phase-modulated RF signal VEOM(t) can be generated

from a direct digital synthesis (DDS) chip with phase modulation capability. However,

this approach will require high-speed parallel programming and communication, which

will involve the use of FPGA, bringing complexity to the design. Quadrature amplitude

modulation (QAM) allows us to separate the fast offset signal Ωoffset, which can be a few

GHz, and the relatively slow PDH modulation signal, ΩPDH, which is only a few MHz. At

the same time, the phase modulation now becomes an amplitude modulation on two RF

waves at Ωoffset that are in quadrature.

VEOM(t) = V0 sin(Ωoffsett+ βPDH sin(ΩPDHt))

= V0(cos(βPDH sin(ΩPDHt)) sin(Ωoffsett)

+ sin(βPDH sin(ΩPDHt)) cos(Ωoffsett))

= I(t) sin(Ωoffsett) +Q(t) cos(Ωoffsett), (6.4)

The baseband modulation on the two RF waves are referred to as the in-phase component

I(t) and quadrature component Q(t) respectively. We have designed a printed circuit board

(PCB) that generates the fast offset signal and takes in the slow PDH modulation signals,

I(t) and Q(t), to perform the QAM. The details of the circuit design can be found in the

appendix B. The circuit provides a phase-modulated RF signal with Ωoffset from 1GHz to

4GHz and ΩPDH below 4MHz. The maximum power output is around 0 dBm. The phase-

modulated signal is amplified by an amplifier (Mini-circuits ZFL-2500VH+, 10-2500MHz)
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and then sent to the EOM to put the sidebands onto the laser.

6.5.2 ULE Cavity and Sideband Locking Setup

Figure 6.25 shows the schematic of our Rydberg laser locking system. Our experiment

has four Rydberg excitation lasers: 420 nm and 1013 nm for Rb; 308 nm and 556 nm

for Yb. We lock their fundamental seed light for the frequency-doubled or quadrupled

systems (840 nm for 420nm, 1232 nm for 308 nm, and 1112 nm for 556 nm) to a four-bore

ULE Fabry-Perot optical cavity, described below. The amplified RF modulation signal

for each wavelength, VEOM(t), is sent to a fiber-coupled EOM ( for 1013,1112,1232nm:

iXblue NIR-MPX-LN-05-00-P-P-FA-FA; for 840nm: iXblue NIR-MPX800-LN-10-P-P-FA-

FA ) to introduce the required sidebands for locking. Each of the fundamental beams is

then coupled to their designated bore in the four-bore cavity. Fast photodiodes are used

to detect the beatnote signals in the reflection from the cavity (PDA10D2: 1013, 1232 nm,

PDA8A2: 840 nm, PDA20C2: 1112 nm). The reflected PDH beatnote signal is sent to a

mixer (Mini-Circuits ZAD-8+), where it is mixed with a demodulation signal (see appendix

B). The output signal of the mixer is then low-pass filtered (Thorlabs EF510 1.7MHz) to

give the demodulated PDH error signal. Part of the incoming light is sampled and sent to

a scanning Fabry-Perot cavity (Thorlabs SA30-95) for laser mode inspection.

The ULE cavity used in our experiment (Stable Laser System) consists of four pairs

of AR-coated mirrors bound to four bores in the ULE glass block. Each pair of mirrors

comprises one plano and one concave mirror with a radius of curvature of 50 cm. The

separation between mirrors is 10 cm, corresponding to a free spectral range (FSR) of 1.5
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Figure 6.25: Schematic of the ULE cavity setup for electronic sideband locking.
The 4-bore ULE cavity is held inside the vacuum chamber in the cavity housing.
The fundamental lights of the Rydberg lasers are sent to the designated bores
through the cage-mounted alignment assembly. Part of the incoming light is
sampled and sent to a scanning Fabry-Perot cavity (Thorlabs SA30-95) for laser
mode inspection. Fast photodiodes are used to detect the beatnote signals in
the reflection from the cavity.
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Figure 6.26: The orientation of the cavity mirrors.

GHz. Two pairs of mirrors share the same coating that works for both 841 and 1013nm light,

while the other two pairs have another coating for 1112 and 1232 nm light. The claimed

finesses for the coatings are above 60000 for the chosen wavelengths. The orientation of the

cavity mirror is shown in Fig. 6.26. To avoid fluctuations in the atmospheric environment,

the cavity is housed inside a vacuum chamber with a pressure of 2.4 × 10−7 Torr. The

vacuum chamber and the cavity inside are also thermally stabilized to a temperature of 33

◦C, where the derivative of the thermal expansion coefficient of the ULE glass is zero.

6.5.3 Lock performance

All the four Rydberg lasers have been locked to the ULE cavity using the electronic

sideband locking scheme with the home-built circuit board in a preliminary and unoptimized

fashion. The spectral narrowing of lasers has not been verified with a self-heterodyne

measurement. In addition, the capability of the lasers to stay locked under an offset
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frequency jump needs to be examined after the lock parameters have been optimized.

However, preliminary trials show that the lasers remain locked under a jump of 100 kHz.

6.6 Outlook

Figure 6.27: The geometry of the objectives with respect to the glass cell

We have realized Rb and Yb 3D-MOTs separately in the glass cell and locked all

the lasers, including those for two-photon Rydberg excitation. The next step would be

to set up the high-NA imaging optics and cameras. We have two custom-made objectives

(Special Optics, model 54-36-30, NA= 0.6, a field of view = 0.2 mm, and a ULTEM

housing to avoid magnetic induction). They will be placed on both sides of the glass cell

close to the objective windows as shown in Fig. 6.27. The high-NA objectives are held in

custom-made PEEK mounts on top of motorized 5-axis tilt platforms (Newport 8081) to

facilitate the alignment. We plan to use two scientific imaging cameras on both sides of

the glass cell (Andor iXon X3 EMCCD, model number: DU-888D-c00-BV-9JO; Princeton
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Instruments, model number: PIXIS 1024B DETECTOR EXCELON). This will give us

the capability of dual-sided imaging. The Point Grey Flea2 cameras inherited from the

old experiment may be useful for auxiliary purposes such as beam alignment and power

calibration. We would also need to incorporate computer control into our system. We plan

to implement “labscript suite”, which is an open-source python-based experiment control

system for automating shot-based experiments and their analysis [119]. Fiber optic USB

extenders and PCI/PCIe expansion system (Adnaco-S2A-01-25) will be used to provide

USB and PCI/PCIe connections close to the apparatus while preventing ground loops.

After setting the imaging system, we will be ready to generate tweezer arrays and

trap atoms. Two 2-axis acousto-optic deflectors (AA Opto-electronics, 532nm: DTSXY-

400-532, 850nm: DTSXY-400-850) will be used to generate the tweezer arrays for Rb

(850 nm) and Yb (532 nm) respectively. A PCIe arbitrary waveform generator (Spectrum

Instrumentation M4i6622-x8) will drive the acousto-optic deflectors independently to deflect

light at programmable angles in 2D, which will be mapped into configurable tweezer arrays

by the optical system. We will start from a small array where a stochastic loading of atoms

should be sufficient. There is a plan to use spatial light modulators to imprint a stationary

user-defined trap pattern together with a moving tweezer controlled by a two-axis acousto-

optic deflector to rearrange the atoms [120]. Once atoms are trapped, we will be ready to

excite atoms into Rydberg states and perform gate operations.
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Chapter 7: Conclusion and Outlook

The first half of this thesis focuses on the projects that were carried out in the RbYb

degenerate mixture apparatus. I have presented a series of experiments that demonstrated

subwavelength control and measurements of cold atoms by manipulating the non-linearity

in the three-level system of 171Yb. The first project used this non-linear response to realize

a conservative optical lattice with subwavelength ultra-narrow barriers. The scheme can be

generalized to higher dimensions and different geometries, allowing nearly perfect box traps,

narrow tunnel junctions for atomtronics applications, and dynamically generated lattices

with subwavelength spacings. The second project used the non-linear response to shelve

a narrow slice of wavefunction density in every unit cell of an optical lattice, allowing

us to measure the wavefunction density with a resolution of 10 nm. The third project

created a λ/4-spaced lattice by stroboscopically applying the lattice realized in the first

project. Unfortunately, couplings to the spatially and temporally dependent bright states

and admixing of states outside the three-level system limit the lifetime of our stroboscopic

lattice.

The second half of this thesis describes a new experimental apparatus that is being

constructed to trap and manipulate Rb and Yb atoms in optical tweezer arrays for quantum

simulation and quantum computation. At the time of writing this thesis, we have created
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both Rb and Yb MOTs in the glass cell and locked all the lasers for MOT creation

and Rydberg excitation. The next step will be to incorporate computer control, optical

tweezer arrays, the optics for Rydberg excitation, and the high-NA optics for imaging and

addressing.

As the first step toward a versatile two-species neutral atom quantum computing

platform, the first scientific project will involve loading a small number of Rb and Yb atoms

into the tweezer arrays and studying the intra- and inter-species Rydberg interaction. This

will lay the foundation for future projects trying to tackle the challenges encountered in

single-species neutral atom platforms. One direction would be to address the crosstalk issue

between nearby qubits. In most neutral atom arrays experiments, the atoms are held in

arrays with a separation of a few microns. Single-site imaging and control can be realized

with a tightly-focused beam, but scattered photons unavoidably disturb the quantum state

of the proximal qubits. Introducing a second atomic element helps mitigate this issue by

the vast difference in transition frequencies between different atomic species. According to

their intrinsic properties, different atomic qubits can be assigned different tasks to leverage

the advantageous properties of each qubit type. For example, the 1S0 ground states of

171Yb has an electronic angular momentum J = 0, making it immune to noises such as

magnetic field fluctuations and differential light shifts [69, 70]. This makes 171Yb an ideal

memory qubit. It could be interesting to map the quantum information from Rb to Yb,

where the quantum states are sheltered from environmental noises.

Furthermore, multi-species platforms provide new degrees of freedom, particularly

the flexibility to control the intra- and inter-species interaction strength. This extra tuning

knob is very useful in realizing multi-controlled multi-target gates, which can provide
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significant speedups for quantum algorithms [103, 121, 122] and quantum error correction

[76, 123]. By selecting the appropriate pair of Rydberg states for Rb and Yb, we can

have a strong van der Waals interaction between the control and target atoms, but weak

interaction between control atoms or between target atoms. This asymmetric blockade

would allow us to achieve multi-controlled multi-target gates.
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Appendix A: Electric Field Calculation

In the COMSOL simulation, we construct the glass cell with the eight tungsten

electrodes included using actual design parameters as shown in Fig. A.2. The cube in

the center indicates the region of interest, forcing COMSOL to perform delicate meshing

to give a more accurate result. The electric potential of one of the electrodes is set to be

1 V and the others set to be 0 V. Then, we run the simulation and export the potential

along the three axes around the origin (see Fig. 6.4), which is set at the center of the glass

cell. The simulation is repeated for all the electrodes.

Figure A.1: The geometry used in the COMSOL simulation. The cube in the
middle indicated the region of interest and give a finer meshing for a more
accurate result.
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Our target is to generate an electric field with first-order spatial derivatives equal to

zero at the center of the glass cell, such that the electric field is locally homogeneous at

the position of atoms. We pair each long electrode with the other long electrode opposite

to it (see Fig. A.2), such that each pair of long electrodes gives a dipole-like electric field

in the y-z plane that is locally homogeneous near the center. Consider the (Electrode 1

and Electrode 3) pair, it gives an electric field with a magnitude of EL = 0.292 V/cm and

θL = 4.04 rad, when V1 = −V3 = 1 V. Similarly, the (Electrode 2 and Electrode 4) pair,

it gives an electric field with a magnitude of EL = 0.292 V/cm and θL = 4.04 + π/2 rad,

when V2 = −V4 = 1 V. Therefore, we have equation 6.1. To give a homogeneous electric

field along the x-axis, we set the shorter electrodes to the same voltage such that they only

give a homogeneous electric field along the x-axis with no component in the y-z plane.
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Figure A.2: Illustration of the electrode pairing idea. The electrode 1 and
electrode 3 pair. When V1 = −V3 = 1, they give a dipole-like electric field with
magnitude EL and angle θL
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Appendix B: Electronic Circuit for Electronic Sideband Locking

This circuit board design is modified from the Analog Devices evaluation board (CN-

0285). Design of the board can be found here.1 The fast carrier wave is provided by the

ADF4351 phase-locked loop (PLL) frequency synthesizer chip which has a output frequency

range from 35 to 4400 MHz. The chip is controlled using the SPI protocol through a Teensy

3.6 micro-controller board. The lock speed of the PLL chip is around 1 ms, while this speed

can be boosted up to around 100 µs at the sacrifice of the phase noise 2. The fast offset signal

is then filtered by a programmable low pass filter (Analog Devices HMC1044) with a tunable

cutoff frequency from 1 GHz to 3 GHz. This tunable filter also receives commands from the

Teensy board through SPI protocol like the PLL chip, allowing us to block the higher order

harmonics in PLL chip output, which degrades the performance of the QAM. The Teensy

board empowers platform-independent control through serial communication (microUSB).

When a command of frequency update is sent from the control device, the Teensy board

determines the appropriate control parameters for both PLL and programmable filter chip

and updates the values in the corresponding registers in the chips through SPI interface.

The Teensy board is powered directly from the custom-built PCB, so the trace that connects

“5V” pads on the Teensy board needs to be cut to isolate the USB power from the rest of
1https://github.com/tctsui/ADL5375-ADF4351
2https://www.analog.com/media/en/technical-documentation/data-sheets/ADF4351.pdf
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the board. The filtered signal is then passed to the quadrature modulator (Analog Devices

ADL5375) for QAM. The quadrature modulator has a output frequency range from 400MHz

to 6GHz and a broad baseband bandwidth above 100MHz. The baseband inputs (QBBP,

QBBN, IBBP, IBBN) of the ADL5375 chip are differential and all the baseband inputs need

to be externally dc-biased for best performance. We convert the differential inputs into

single-ended by setting IBBP=QBBP=0.5 V, IBBN=I(t)+0.5V and QBBN=Q(t)+0.5V,

and have not seen any resulting degradation of performance for the baseband modulation

frequency used in this study. The dc voltages at IBBP and QBBP are provided by a tunable

internal voltage reference on the board while IBBN and QBBN are provided by an external

source described in next paragraph.

The baseband modulation signals, I(t)+0.5V and Q(t)+0.5V, are provided by a

STEMlab Red Pitaya 125-14 board which has output sample rate of 125 MSa/s and an

output range of ± 1 V. The STEMlab board can be programmed via a web-based interface

or other open-source software through the Ethernet port or microUSB port. The STEMlab

board is programmed to output the two baseband modulation signals using the Jupyter

Notebook server, which is a built-in application in the Red Pitaya software package. The

ΩPDH is chosen to be a rational fraction 125/32 = 3.90625 MHz of the clock rate of the

board. Apart from the fast analog outputs, the STEMlab board also includes 16 fast

digital input/output pins with a maximum refresh rate of 125MSa/s on a LVCMOS 3.3V

logic. One of the pins is configured to output a square wave with a tunable phase at the

frequency ΩPDH. The square wave is filtered by a 5MHz low pass filter before being used

for demodulation. The baseband modulation signal and the demodulation signal share the

FPGA clock, so they have a definite phase relation as required for demodulation.
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To characterize the performance of the circuit board, we generate the VEOM(t) =

V0 sin(Ωoffsett + βPDH sin(ΩPDHt)) for βPDH = π/4, ΩPDH = 3.90625 MHz at different Ωoffset

and compare them with the expected waveforms. To simplify the analysis, we perform

analog demodulation on VEOM(t) to extract the amplitude modulation and the phase

modulation of the signal. For an ideal VEOM(t), there is no amplitude modulation. Therefore,

we use the resdiual amplitude modulation of the signal to benchmark the quality of the

quadrature amplitude modulation. Moreover, we compare the measured phase modulation

with βPDH sin(ΩPDHt) to obtain the residual phase modulation. Figure B.1 shows the

residual amplitude and phase modulation at different Ωoffset. The working frequency range

of the circuit board is determined to be from 1 GHz to 4 GHz.
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Figure B.1: The residual amplitude and phase modulation at different Ωoffset:
(a) 1 GHz, (b) 2 GHz, (c) 3 GHz, (d) 4 GHz. (e) The maximum values of
amplitude modulation and residual phase modulation at different Ωoffset.
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