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Introduction

Rydberg superatoms are ensembles of many ultracold atoms that act as a single quantum two-level system,
that is strongly coupled to light and emits light into the mode from which it was excited [1]. These
properties make them interesting for applications in nonlinear quantum optics and quantum information
[2]. To be useful for these applications, the coupling of the superatom to light must exceed the decay and
dephasing rates of the superatom.

In this thesis, different aspects of the influence of a 1D magic wavelength lattice trap on the dephasing
rate of Rydberg superatoms are characterized: Inhomogeneous differential light shifts in the trap, thermal
movement of the atoms, and density-dependent dephasing effects.

In chapter 1, Rydberg superatoms are introduced, the thermal dephasing of their collective excited
state is calculated, and how a standing wave trap can prevent this dephasing. The experimental setup in
which the superatoms are created and which contains the standing wave trap is described.

The details of trapping Rydberg atoms in this standing wave trap are discussed in the following
chapter 2. The trap potentials for the ground and Rydberg state are calculated, and the impossibility
of making such a trap perfectly magic by choosing the trap wavelength, i.e. completely equating the
trap potentials for the two states, is discussed. Nonetheless there is an optimal wavelength for the
trap, and how it may be found experimentally is the topic of the remainder of the chapter. A simple
spectroscopic method is discussed, but found to not be suitable for this purpose. Instead, photon storage
experiments enable finding the optimal wavelength, and are found to be sensitive enough to differences
of the trap potentials for the two states to measure the difference of optimal detunings for two different
trap geometries, an effect specific to magic trapping of Rydberg atoms.

During the photon storage measurements made to determine the optimal trap wavelength, it became
apparent that the density of the atom cloud has a large influence on the dephasing rate. These density-
dependent effects are investigated in chapter 3, where measurements of the influence of molecular states of
one Rydberg atom and one ground state atom on photon storage experiments at lower principal quantum
numbers and of density-dependent dephasing at higher principal quantum numbers are discussed.

Finally in chapter 4, the coherence times of Rydberg superatoms in the standing wave trap and the
optical trap used so far are compared. An attempt at a quantitative summary of the so far known
dephasing effects in the two different traps is given.



CHAPTER 1

Rydberg superatoms in a 1D lattice trap

1.1 Rydberg superatoms for waveguide QED

Atoms whose valence electron is excited to a state with high principal quantum number » are called
Rydberg atoms. In Rydberg S-states, atoms interact strongly via van der Waals interactions, with an
interaction potential given by V(r) = C4/ r®ata separation r. The strong interaction causes an effect
called the Rydberg blockade: Within a volume containing many atoms, a laser cannot excite more than
one of them to the Rydberg state at once. In this blockaded volume, the energy shift of the Rydberg state
due to the interaction potential is larger than the effective excitation bandwidth €4, preventing more
than one Rydberg excitation. The size of the blockade volume is reduced for higher excitation bandwidth,
which can be caused by e.g. power-broadening, the laser linewidth, and the collective enhancement of
the Rabi frequency. A measure for the size of this region is the blockade radius r;, = (71Q.g/ C6)]/ ° 1t
can reach values of more than 10 pm for large principal quantum numbers of around n = 100 [3, 2].

The Rydberg blockade enables the creation of a Rydberg superatom: A cloud of N, atoms excited
to Rydberg states, all of them located inside the Rydberg blockaded volume. This makes the cloud
act as an effective two-level system, with collective ground and excited states. Because the superatom
consists of many atoms, it can interact with light more strongly than a single atom could. This leads to
an enhancement of the frequency of Rabi oscillations between these states by a factor \/N_b [4]. Using a
superatom consisting of a large number of atoms makes it possible to increase the atom-light coupling to
a level where few-photon light pulses can drive these collective Rabi oscillations. In addition, the phase
of the exciting light is imprinted in the atomic excitation, causing directional emission of light into the
mode which excited the superatom [1].

A Rydberg superatom interacting with a few-photon light field may be described by a simple effective
model involving only three states, which is described in detail in refs. [2, 5]. This model describes the
superatom in the terms of waveguide quantum-electrodynamics (waveguide QED), where a two-level
system, called an emitter, is coupled to the electric field in a waveguide with a coupling rate «. This
is possible even though there is no waveguide, just a superatom in free space, because light is emitted
by the superatom back into the exciting mode. The model and its prediction for the effect of a single
superatom on a few-photon driving field is briefly summarized here.

We call the ground state of the atoms of which the superatom is made |g) and their Rydberg state |r).

The driving field has the phase ¢'* at the location 7 and a photon rate R;,. The internal states of the



Chapter 1 Rydberg superatoms in a 1D lattice trap

YD
P 30 +
W) ——1D) <
a
Z 20-
2
g
=
2VkR;, k+I § 10
T = === input
0 transmission
0.0 2.5 5.0 7.5 10.0
|G) & t/ps

Figure 1.1: Left: Level scheme of the effective model of a superatom, showing the collective ground, excited,
and dark states |G), |W), and |D), with coupling by light between the ground and excited state at rate 2+/«R;;,,
decay of excitations at rate I" for the dark state and the enhanced rate I" + « for the bright state, and dephasing of
the collective excited state into the dark state at rate y,. Right: Predicted oscillations of the transmitted photon
rate due to Rabi oscillations between |G) and |W) caused by driving with a Tukey-shaped input light pulse, as
predicted by eq. 1.4. Parameters: «k = 0.5MHz, I' = 0.1 MHz, y,, = 1 MHz.

superatom are called |G), |W), and |D). In the collective ground state |G) = |g,. .., ng>, all atoms
are in their ground state. In the collective excited state
N,
k-7,
Wy =>" e lg, g, (1.1)

i=1

the system is in a a superposition of all singly-excited states. The phase between the different singly-
excited states is that of the exciting light field, here a plane wave with position-dependent phase ki
at the location 7; of the atom i. When the Rydberg state is excited by two-photon excitation, k is the
effective wave vector for the two fields used (see section 1.3 for details). The phase relation between
the constituent states of the superposition state |W) is crucial for its properties: It leads to light being
emitted preferentially back into the exciting mode [6]. For this reason |W) is called the bright state.
States in which there is a single Rydberg excitation, but that do not emit photons preferentially into the
exciting mode are called dark states. In the model, all of them are described by a single dark state |D).

The collective nature of the bright state |W) leads to enhanced coupling to light: If a single atom
performs Rabi oscillations between |g) and |r) with Rabi frequency Qp, Rabi oscillations between
the collective states |G) and |W) will occur at the enhanced Rabi frequency Q. = \/N_bQ r [7]. The
enhanced Rabi frequency depends on the strength of the coupling rate « to the light field, and the amount
of light, given by the photon rate R;, of the exciting mode. Decay of the Rydberg state at rate I" causes
decay of the collective excited states into the ground state at this rate. While this spontaneous decay leads
to the emission of photons into many spatial modes, there is also an enhanced decay of the collective
excited state into the ground state at rate «, in which photons are emitted back into the mode that excited
the superatom. When the Rydberg excitation does not decay, but the relative phases of the singly-excited
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states making up the superposition state |W) change, it dephases into the collective dark state |D). The
rate of this process is called yp,, and there are many possible reasons for it to occur.
A level scheme of this model is shown in the left panel of figure 1.1, and its Hamiltonian is

Al =66y +60pp + VKR, (Ggw + G ) (1.2)

using o;; = [iXjl. ¢ is the detuning of the exciting laser from the Rydberg transition. For ¢ = 0, the
populations of the system described by this Hamiltonian perform Rabi oscillations between |G) and
|W) at the Rabi frequency 2\/@. The decays may be modeled using a Lindblad master equation (see
e.g. ref. [8]), which in full is

dp ioa R R N R N R
i —£[H, pl+ (k+D)D[owglp +TD[opglp +ypDlowplp (1.3)
with the Lindblad superoperator D[0]p = 0}60” - %(OTOA,@ + ﬁOATOA).

Rabi oscillations between |G) and |W) lead to oscillations of the transmitted photon rate, which is
given by [2, eq. 49]

Ry = laO + k(0L (06w () = ivk @ (1) (0w (1) = a(t) (G () (1.4)

where «a/(¢) is proportional to the expectation value of the electric field. It is related to the input photon
rate by R, (¢) = |a(?) |°. The expectation values needed to compute the outgoing photon rate are obtained
by numerically solving the Lindblad master equation using the Python package Qutip [9, 10]. The result
is shown in the right panel of figure 1.1 for parameters that are currently achievable in the experiment.

From the parameters «, I', and y,, the ratio of emission back into the input mode and into other modes
may be defined as ., = ﬁ [2]. This number quantifies the duration of coherent evolution of the
system, allowing the comparison of different physical systems that may all be described as emitters
coupled to a waveguide. Ideally, 5, is close to 1. So far, in the Rubidium Quantum Optics experiment
described in section 1.3, B, = 0.23 has been achieved, at xk = 0.428 MHz, I' = 0.069 MHz, and
vp = 1.397MHz [1]. In order to increase ., it is necessary to either increase « or to decrease y, or I'.

The coupling rate « can be increased by using a superatom made of more atoms. However, it is not
possible to increase the number of atoms too much, because all atoms must be within the Rydberg
blockade radius, and large densities lead to decoherence [11], increasing y,. Alternatively, the dephasing
rate vy, may be reduced by combating dominant dephasing mechanisms.

1.2 Reduction of thermal dephasing by confining atomic motion

Thermal dephasing is expected to be the most important dephasing mechanism present in the RQO
experiment [1, p. 3]. To calculate its effect, we follow ref. [12]. It is caused by movement of the atoms
that are part of the superposition state |W). In order to emit light into the exciting mode, the atomic
phases must match those of the exciting field. This is the defining property of the bright state |W), and
when the atoms change their position, different atomic phases are required for emission to occur into the
exciting mode. The effective model only considers the internal states of the atoms and therefore has only
a single bright state, where the atomic phases match the phases of the light field at the positions of the
atoms. If we considered the external state of the atoms as well, there would be many bright states, one
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Figure 1.2: Comparison of the overlap of the bright states for the initial positions of the atoms and for their positions
after thermal movement, at different temperatures. Free movement, which leads to Gaussian decay, is compared to

movement in harmonic traps of different trap frequencies, where all atoms return to their original positions after
one oscillation period.

for each set of positions of the atoms, in which the atomic phases match the phases of the light field at
the atoms’ positions. The movement of the atoms does not affect their internal state, but for the locations
where the atoms have moved, the bright state has a different internal state. We calculate the overlap of
the internal states of the required bright state at the new atomic positions and the actual internal state of
the atoms, which is that of the bright state at their initial positions.

We choose the direction of the exciting light to be k=ke y- The distribution of the velocity component
in the y-direction is given by the Boltzmann distribution as

m m 2
P(vy) = - .
) =\ Skt CXP( ZkBTVy)

The bright state for the location of the atoms at time 7 is

Ny,

)= " g e,

i=1

with & - 7 () = k(y(0) + viyt), 80 |¢(0)) = [W). The sum can be replaced with an integral over the

distribution of velocities, \/;N_b Xif(vy ) — f dvy P(v,)f(vy). The overlap with the bright state for
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the location of the atoms at time O is

2
Nb

Ny,
2 —iky(0 ik(y(0 .
WO P =D ™ O g g, | YOOI g ey
i=1 j=1

2
2
: kT
= ’/ dv,, P(vy)e’kvy’ = exp(—ikztz)
m

= exp(—tz/r%)

Np,
ikv; t

:Z‘e

i=

with 7, = /kszT. The overlap with the bright state for the new atom locations exhibits a Gaussian
B

decay, which is shown in figure 1.2 for different temperatures and the excitation configuration described
in section 1.3.

This decay into the dark state can be reduced by confining the atomic motion along the direction of
the exciting light, which is possible using a 1D lattice trap. Instead of moving away ever further from
their initial position, the atoms in each lattice site oscillate around their initial position.

We calculate the trap depth required to achieve a certain reduction of the thermal dephasing rate. To
do this, the overlap of the bright state for the atoms at their initial positions with the bright state for the
atoms at their new positions is calculated just like in the free space case, but assuming classical harmonic
motion along the y-direction in a trap with trap frequency wg,.

For simplicity, the calculation is done by numerically sampling the Boltzmann distribution. The
position of an atom of energy E; with initial motional phase ¢; in the harmonic trap is given by

y; (1) = A; sin(wtrapt + ¢i). At time 0, the position of the atom is y;(0) = sin(¢;). The overlap of the
bright state at the initial atomic positions, |i/(0)) and at the positions at time ¢, | (7)), is

N, 2
b . .
z : elkA(Ei)(s1n(wlrapt+¢i)—sm(¢i))

i=1

R OEICZOITON S

2
_ ‘/ dE P(E) / d¢P(¢)eikA(E)[sin(a)trapt+¢)—sin(¢)]

for distributions P(E) and P(¢) of the energies of the atoms and their initial phases. The amplitude of
the motion of an atom with energy FE is given by A(E) = 2E/ (ma)tzrap).

The overlap | (¢ (0) |y (¢)) |? is evaluated numerically for a discretized Boltzmann distribution P(E) o«
exp(—kBLT) and a discretized uniform random distribution of initial phases P(¢). The results are shown
in figure 1.2 for different trap frequencies and temperatures.

Initially, the overlap decays just like in free space. The reason for this is that it takes some time until
the motion in free space and in the trap differ significantly due to the trapping force. While in free space,
the atoms move ever further away from their initial positions, causing the Gaussian decay to zero overlap,
the movement of trapped atoms away from their initial positions is slowed and then inverted. Because the
trap is harmonic, the period of the motion is the same for all amplitudes, so all atoms return to their initial
positions at the same time, leading to a full rephasing: The overlap returns to 1. Even though a complete

rephasing always happens in a harmonic trap, how small the overlap becomes between rephasing events
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depends on how far the atoms can move in the trap. To achieve consistently large overlaps with the initial
state, the trap must be as deep as possible. The higher the temperature of the atoms, the deeper the trap
has to be to confine their motion to an amplitude that leads to an acceptable maximal dephasing between
rephasing events.

Such a harmonic potential along the propagation direction of the exciting light can be created using an
optical standing wave trap made of two counterpropagating laser beams. Because the cosQ(kt y)-shaped
potential is only approximately harmonic near the potential minima, a deeper trap will show behavior
closer to the ideal case calculated above, while a shallower trap will not lead to perfect rephasing, because
the period after which each atom returns to its original position will depend on the amplitude of the
motion.

1.3 Experimental setup

This section describes the experimental setup of the RQO experiment, in which Rydberg superatoms
made of ultracold clouds of Rubidium-87 can be created and in which the standing wave trap for
slowing their thermal dephasing is implemented. The setup is quite complex, but since it already existed
prior to the work on this thesis, we refer to earlier theses [13, 14, 15] for details instead of trying to
comprehensively describe it here. Beam waist sizes are the 1/ e’ intensity radius.

A heavily simplified sketch of the experimental setup is shown in figure 1.3. Rb-87 atoms are loaded
from a background gas using a magneto-optical trap (not shown), they are cooled and loaded into a
crossed-beam optical dipole trap (two beams at 1064 nm with w, = 50 pm, of orthogonal polarization to
avoid the formation of a standing wave, which would cause rapid heating of atoms when turning this trap
on and off, crossing at an angle between the two beams of 2 - 31.4° — not shown in the sketch), producing
a cigar-shaped cloud (sketched) of atoms at a few K (characterizations of the temperature and atom
number are done in section 3.1). This atom cloud may be transferred into other optical traps before any
measurements are performed.

There are two other optical traps available. The first one is the so-called dimple trap, consisting of a
variable number of cylindrical beams at 805 nm (taller in the z-direction, w, , = 28.8 um, than wide in
the y-direction, wy , = 7.5 pm), which allow reducing the size of the cloud in the y-direction, to make
the cloud behave as a Rydberg superatom [16]. In this thesis, only a single dimple beam is ever used.
The second trap, which has only been implemented in the experiment recently, is a standing wave trap at
1012 nm running along the y-axis, with w, = 24.8 pm. It tightly confines the atoms along the y-direction,
i.e. along the direction of the effective wave vector of the Rydberg excitation, as shown in figure 1.4.

The standing wave trap should prevent thermal dephasing as described in section 1.2. It is formed
by reflecting the trapping beam back onto itself. Due to the glass chamber walls and various optical
elements in the path of the trapping light, the power in the backward propagating beam is 87 % of
the power in the forward propagating beam. When the trapping beam is blocked behind the chamber,
there is no retroreflection and no standing wave anymore, but only a running wave, which still provides
confinement in the x- and z-directions, but only very little in the y-direction. Atoms may be loaded from
the dimple trap into the standing wave trap to produce an ensemble small in the y-direction, or the atoms
may be loaded into the standing wave trap directly from the crossed beam optical dipole trap, which
creates a cloud that is long in the y-direction. Depending on whether we want to work with an ensemble
that is completely blockaded by a single Rydberg excitation or not, either of these two possibilities may
be used. In addition to these two traps, the crossed beam trap used for the preparation of the atom cloud
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Figure 1.3: The experimental setup produces an ultracold Rb-87 gas in a vacuum chamber, prepared in the ground
state |g), that is excited to Rydberg states using a strong control field and a weak probe field. From the initially
loaded cigar shaped cloud, clouds smaller than the Rydberg blockade radius along the propagation axis of the
probe beam (y-axis) may be prepared using a cylindrical so-called dimple trap. During superatom experiments,
confinement along the y-axis is provided by either keeping the dimple trap on, or by loading to the lattice trap.
Photon storage experiments may be performed using such a small completely Rydberg-blockaded ensemble, or
directly using the initially prepared large cloud, which is then loaded into the running wave or lattice trap. For
the running wave trap, the crossed-beam dipole trap (not shown) in which the initial cloud is prepared is used to
confine the atoms between experiments.

probe beam (few photons)

effective wave vector of

control two-photon excitation probe
_ —
. «

Ug

trap forward trap backward

Figure 1.4: This figure visualizes the atom distribution along the y-axis and the lattice trap potential U, for
the ground state, in whose minima the atoms are confined. The wave vectors of the trapping beams, of the
counterpropagating Rydberg excitation beams, and the effective wave vector of the two-photon Rydberg excitation
process are shown.
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Figure 1.5: This figure shows relevant levels of Rb-87 and the lasers used in the experiment. A magnetic bias
field B = Bé, in the y-direction is applied, and the quantization axis is chosen along this axis. The states used
are the hyperfine ground state |g) = [5S; ), F = 2,mp = 2), in which the atoms are prepared, the intermediate
state |e) = |SP3), F =3,mp =3), the Rydberg state |r,,) = |nS,),, F =2,mp =2), and the auxiliary state
lay = |6P3 o F=3,mp= 3), which is used to trap the atoms in the Rydberg state. The Rydberg state |r,) is
excited using a two-photon Raman transition via the intermediate state |e), with a weak probe laser with Rabi
frequency Q,, and a strong control laser with Rabi frequency ., where the single-photon detuning of the probe
and control lasers from the intermediate state is +A, and the two-photon detuning from the Rydberg state energy is
6. The trapping laser is close to resonant to the |a) to |r,) transition, with detuning A,.

may also be turned on between experiments to provide additional confinement.

In summary, five different combinations of traps and atom clouds are used in this thesis: A large cloud
in free space, a large cloud in the standing wave trap, a large cloud in the running wave trap, a small
cloud in the dimple trap, and a small cloud in the standing wave trap. The latter two are called the dimple
and lattice dimple configurations.

The atoms in the cloud are initially prepared in the ground state |g) and excited to the Rydberg state

|r,,) using a probe laser at 780 nm with w, = 5 um and a control laser at 480 nm with w, =~ 45.1 pm.

The probe needs to be very tightly focused to only excite atoms within the Rydberg blockade radius.
The states and light polarizations used are shown in the level scheme in figure 1.5. The two lasers are
counterpropagating, so for the ladder level scheme used for Rydberg excitation, the effective wave vector
for the two-photon excitation is

2r

k= kprobe + Keontrol = (kcontrol - kprObB)éy ~ é)’m, (-5
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Figure 1.6: Overview of the experiment sequence, consisting of loading Rb-87 atoms from a background gas into a
MOT, compressing and transferring the atomic cloud into an optical dipole trap, further cooling it using Raman
sideband cooling and evaporative cooling, and using the ultracold cloud for repeated experiments, each consisting
of few-photon probe pulses and possibly Rydberg excitation. During the individual experiments, the dipole trap
used to load the cloud of atoms and to confine it between experiments is turned off. After each experiment,
Rydberg atoms are ionized, and there is some waiting time until the ionization fields have vanished.

so this configuration reduces the effect of motional dephasing compared to copropagating excitation
beams, where the effective wave vector would have a magnitude of 0'320% [17].

While the control beam contains a classical amount of light, the probe beam is attenuated to the
few-photon regime. The probe beam is coupled into a single-mode fiber behind the chamber, which
distributes the light onto four single photon counting modules. The beams on the y-axis are overlaid
with dichroic mirrors.

There are magnetic field coils around the chamber used to apply bias fields during experiments, and
there are electrodes inside the chamber for controlling the static electric field and ionizing Rydberg atoms,
which is at the moment only used to remove unwanted Rydberg excitations before another experiment
starts.

An outline of the experimental sequence is shown in figure 1.6. After preparation of the cloud in
the optical traps already described, many identical experiments are performed with the same cloud,
since only few probe photons are counted in each experiment, and many repetitions are needed to
gather sufficient statistics. Before each experiment, the crossed beam dipole trap is usually turned off.
For experiments in the standing wave trap, the crossed beam trap is not turned on again at all, since
the standing wave trap provides sufficient confinement. For experiments in the dimple trap or in free
space, it is necessary to turn on the crossed beam trap between experiments to avoid losing too many
atoms. Each experiment takes 10 11s to 70 s, where probe light is sent into the cloud and detected, and
possibly control light to excite the atoms to the Rydberg state. Pulse shaping is done with acousto-optical
modulators. Afterwards, any Rydberg atoms that have been created during the experiment are ionized,
and there is some waiting time to ensure the electric fields have settled and all ions are gone. In total,

10



Chapter 1 Rydberg superatoms in a 1D lattice trap

each repetition takes 100 s, and there are 1000 repetitions, taking 100 ms overall.

Afterwards, all traps are turned off and the atoms are lost by evaporation and because they fall out of
the excitation region under gravity. The same experimental sequence of 1000 repetitions is run again, to
be used as reference measurements.

Absorption images may be taken directly after loading and after the repeated measurements, to
characterize the atom number and temperature of the atom cloud before and after the experiments (see
section 3.1).

The details of trapping not just the ground, but also the Rydberg state in the lattice trap, are treated in
chapter 2.

11



CHAPTER 2

Spectroscopy and photon storage in a magic trap

In section 1.2, the possibility of using a standing wave trap to reduce thermal dephasing has been
introduced. Another source of dephasing are inhomogeneous differential light shifts between the ground
and Rydberg state. To avoid these in the standing wave trap, it should have the same trap potential for the
ground and Rydberg state. Because off-resonant dipole traps rely on broad optical transitions, but optical
transitions to Rydberg states are in comparison very narrow, it is necessary to use a trap wavelength that
is almost resonant with such a narrow optical transition. In the RQO experiment, this is the |a) to |r,,)
transition, as shown in figure 1.5. The detuning of the trap laser from this transition is called A,. The
exact choice of the trap detuning A, determines whether the standing wave trap is magic for the ground
and Rydberg states.

In this chapter, we investigate whether it is possible to completely equalize the trapping potentials for
atoms in ground and Rydberg states in the standing wave trap. Because we will find from calculations
that the optimal trap detuning is geometry-dependent, a comparison with a running wave, which is
easily implemented in the experiment, is performed. Experimental methods for finding the optimal trap
detuning are compared.

We begin by computing the trapping potentials for the ground and Rydberg state, and find that the
potential for atoms in the Rydberg state does not have the same shape as the intensity distribution, but is
given by a spatial average of the intensity distribution weighed by the Rydberg electron wavefunction,
making it impossible to completely equate it to the ground state atom trapping potential (section 2.1).

Then, two methods for determining the trap wavelength at which the trapping potentials for the ground
and Rydberg state atoms are as similar as possible are investigated: The shift and broadening of the
absorption line observed in spectroscopy of the ground to Rydberg state transition, which is found to
be, under the conditions used, unsuitable for finding the optimal lattice wavelength (section 2.2), and
photon storage experiments, whose sensitivity to the spatial variance of differential light shifts allows
measuring the difference in optimal trap laser wavelengths between a running wave and standing wave
trap geometry (section 2.3).

12



Chapter 2 Spectroscopy and photon storage in a magic trap

(a) . \\\\ (b) ) Wy, Ly
intensity _k hA,
ground ) Z 5 " n=s0 \

state s -7 lg)

Figure 2.1: (a) This sketch shows a ground state atom and Rydberg atoms at different principal quantum numbers n
to scale with the intensity of the standing wave trap, whose minima are separated by 0.5 pm. (b) Level scheme
showing the ground state |g), the Rydberg state |r, ), and the auxiliary state |a) that is used to trap the Rydberg
state.

2.1 Trap potential calculation

The trapping potential for an Alkali atom in the ground state in a laser beam far-detuned from any
transition has the same shape as the intensity [18]

= |
Uy (7) = =g |E(F)[*.

The proportionality factor @, between the square of the electric field amplitude and the trap potential is
the AC-polarizability. However, when the atom is excited to a Rydberg state, the electron wavefunction
may become comparable in size to distances over which the intensity of the trapping light changes
significantly. A sketch of this situation in the standing wave trap used in the experiment is shown in
figure 2.1(a). In this case, the dipole approximation, in which the atom is treated as a point with a
dipole moment interacting with the electric field only at that point, breaks down. The calculation of
the trapping potential without making the dipole approximation has been done for a standing wave in
ref. [19]. Here, the derivation is repeated, some steps are spelled out, and simple general formulas for
the trapping potential of a Rydberg atom in a laser field are given.

Since the calculation of the trapping potential for atoms in Rydberg states as done in refs. [19, 20]
makes use of the Floquet formalism of quasi-energy states, the relevant parts of it are briefly summarized,
and the perturbative energy shifts in the formalism are derived in detail (section 2.1.1), and are then
applied to the calculation of the trapping potential.

We want to calculate the potentials for the ground state |g) and for the Rydberg state |r,) for atoms in
a trapping laser beam with electric field E(# 1) = E(F)ée'™" with polarization € and amplitude E (7).
The atom is treated quantum mechanically, and the electromagnetic field is treated classically, using
the minimal coupling Hamiltonian with the vector potential 121)(7, t) and the scalar potential ¢(7, 7). In
the Coulomb gauge, the scalar potential ¢ is given by only the core potential, the contribution from
the trapping field is 0. The vector potential is given by only the trap laser beam’s electric field, as
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Chapter 2 Spectroscopy and photon storage in a magic trap

A7 1) = L’u—‘tE (F)€ cos(w,t). The total Hamiltonian operator is

n | BN O -
A) = 5 (5 = ZAF.0) + ed(F.1)
m, c
) e . - 2 .
= —+eg(F,1) - —p - AR 1) + —|AGF )
2me mec 2mec
=Hy+V,(t) + V,(1) (2.1

22
In the expanded form of the Hamiltonian, the first two terms are exactly the Hamiltonian H, = f—m +edp(F, 1)
of the Rb-87 atom with known eigenstates. The last two terms

e 5 -2
Vi(t)=———p - A(F,1) (2.2)
m,c

and

2
e

V= ——IAGF DI (2.3)
2m,c
may be treated as perturbations to H, and will give the trapping potential due to the laser field.
The straightforward application of time-independent perturbation theory is not possible, because of
the time-dependence of A(7, ). However, due to the periodicity of the laser field, it is possible to reduce

the problem to a time-independent one, using the Floquet theory of quasi-energy states.

2.1.1 Calculation of energy shifts for a dressed atom with Floquet theory

In general, the Schrédinger equation for a time-dependent Hamiltonian cannot be solved as easily as
in the case of a time-independent Hamiltonian. However, if the Hamiltonian is periodic with period
T = 27 /w, it can be written as a Fourier series H = > H"e™“" Tt is then possible to find solutions
in close analogy to the time-independent case. This approach to solving the Schrodinger equation
for a time-dependent Hamiltonian is described in refs. [21, 22]. The result is repeated here, and then
perturbation theory is applied to find energy shifts for the case at hand.

Choosing as the basis to work in the unperturbed states of Hy, w/(j,o) with energies £ /(30) , and labeling the
components in this basis by greek letters, it is possible to Fourier-decompose the 7-periodic Hamiltonian:
H,p(t)=2,H gﬁei"‘” . The Fourier components are labeled with latin letters.

We would like to solve the Schrodinger equation

L OY(1)

with the Hamiltonian from eq. 2.1. We treat one perturbation at a time, and look at the Hamiltonian
H(t) = Hy+V(t), where V can be V; or V,. We label the solutions of the Schrodinger eq. 2.4 Yp(1). The

components in the basis of unperturbed solutions are called F,;(7), and fulfill Y 5(1) = X, Fo5(0)y ’éo).
The components of the Hamiltonian are H,4(t) = E ((IO ) ap T Vap(1). The Fourier components of
n eiwnt

the perturbation are V,5(1) = X, V,p . Since H,, is time-independent, its only nonzero Fourier
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Chapter 2 Spectroscopy and photon storage in a magic trap

component is the one for n = 0, and it is diagonal in the unperturbed basis, so (Ho)gﬁ =0443E ((,0). Thus

the Fourier components of the total Hamiltonian are H Zﬂ =045000E ((,0) + Vgﬁ.
From ref. [22], the solutions of the Schrodinger eq. 2.4 may be obtained by solving the eigenvalue
problem

—k k
qBFgﬁ = Z(H:lly + nwé(ly(sk,n)Fyﬁ (25)
v,k

for the so-called quasi-energies g ,. The full set of solutions consists of one quasi-energy for each value
of 3, and state vector components F, () with Fourier components F, (';B. Explicitly, the solutions of the
original eq. 2.4 are then given by

l,//ﬁ(t) _ Z e_iq"t/hlﬂaﬁ(f)lﬂff) — Z e ldat/l Z einwtw:llﬂdlg)) (2.6)

a a

From this expression, it is clear why ¢, is called quasi-energy: It gives a part of the time-evolution
in analogy to the energy in a time-independent system, but only gives a unique time-evolution up to
changes of multiples of 7iw — when replacing g, — ¢, + mhw, the expression on the right hand side of
eq. 2.6 does not change because of the sum over all n.

Upon inserting the Fourier components of our Hamiltonian into eq. 2.5, it becomes

0 k 0 k
QpFag = Y (ED8 00, 10+ Vity + 1084, 01 ) Fig = EQ Flig + > (Vit, + nws 4, 8¢ ) g
v.k v,k

or

0 k
(g - EQ —nw)Flg = > Vi, Fly. 2.7)
v,k

This equation is very similar to the one that comes up in time-independent perturbation theory, as
described in component form e.g. in ref. [23], and can be solved in the same way. The calculation has
been carried out in detail in appendix A. It results in the first and second order shifts of the quasi-energy:

g = V3 (2.8)
(Vyp)?
97 =y i (2.9)

VR EY - EY — ko
These results may be interpreted in the dressed atom picture, in which the energy term g4 + nfiw is the
total energy of an atom in a field with n photons [22]. These results are also used in the usual derivation
of the optical trapping potential [18].

The interpretation of these energy corrections is aided by the following calculation of the mean value
of a periodic function f(r) = Y, f, e’ times e "4“" over its period T = 27/w in terms of its Fourier
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Chapter 2 Spectroscopy and photon storage in a magic trap

components:

I gt 1 T gt
— t —-lqw dr = — i(n—-q)w dr
2 [ e DY
= Z fn6q+n,0 = fq
n

The Fourier component f, is the average value of the function f over its period in a frame rotating at gw.
Thus one can interpret the quasi-energy shifts computed using Floquet theory as involving the averages of
the perturbation matrix elements in rotating frames closest to the transition frequency between relevant
states.

Without any perturbation, the quasi-energies are the same as the unperturbed energies, gz = E [(30).

The quasi-energy shifts q;;) and q[(f) are the potential for an atom initially in state ¢ [(30). In the dipole

approximation, they give the usual optical potentials [18]. We can now use them to compute the optical
potential for Rydberg states without making the dipole approximation for the A%-term, where it is not
justified.

212 A- ﬁ term

We evaluate egs. 2.8 and 2.9 for V() = —-¢ E(?)ﬁ - €cos(w,t). Thus the first-order correction,

maw,

involving V°, is zero. In the perturbation sum for the second-order correction, we need to calculate the
matrix elements ()/lV1 |3). In this case, we can make the dipole approximation, because only matrix
elements where at least one of the states is a low-lying state will be relevant (this argument is taken
directly from ref. [19, p. 2]). For the ground state, this is because transitions to low-lying states are the
only relevant contributors, so the spatial extent of all wavefunctions involved is smaller than the lengths
over which significant intensity variations occur. For the Rydberg state, only the matrix element between
|r,,) and |a) will be relevant. The Rydberg state electron wavefunction might be comparable in size to
the lengths over which intensity fluctuations occur, but the electron wavefunction in the low-lying |a)
state is not, and in the matrix element the overlap is what counts.

When the dipole approximation can be made, the perturbation V, (¢) = —-1< E (7) [;’ - Ecos(w,t) =

mw,

—m%c ﬁ - A is the same as Vi) = —d-E (F) cos(w, ) [24]. The only nonzero Fourier components of the

Hamiltonian in the dipole approximation are Vlil = —%J - E(P).

For the ground state shift, there are relevant contributions from many low-lying states, the most
important ones from the D1 and D2 lines, as described e.g. in [18], where the same expression for the
energy shift

k \2
q(z) _ Z (Vye)
8 0 0
LEY -EY - ko,

is given. The shift may be expressed using the ground-state polarizability ¢, /h =~ 6.20X 107" Hz/(V/ m)2
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Chapter 2 Spectroscopy and photon storage in a magic trap

(calculated using the ARC Python package [25]) at 4, = 1012 nm as
1
2@ _
qg - _4 gE(r)
The factor 1/4 occurs because the ground state polarizability is defined such that the energy shift for a

field E(7,t) is ——a E(F, t) The overline denotes the time-average over one period, but E (7) is the
amplitude of the ﬁeld and the two are related by a factor 1/2:

E(#, 1) = %/OTE(F,I)Zdt / (E(F) cos(2nt/T))* dt = E(r)

For the Rydberg state, only the contribution from the |a) state is relevant, because the trapping laser is
tuned close to the |a) to |r,) resonance (A, /27 is at most about 1 GHz), so Er(r?) (0) —hw, = 1A, <

E ;O) - E§O) — kw, for any other states |3) and |y) and any k. We thus have

k \2
D R
ro- 0 0 0 0
viigen BV - EY —kho, T E -EL - kho,
1 1
(V) Bz

C(E" -EO) —hw, A

7 = 2
_ Ml )P
4nA,
The minus sign occurs because |r,,) is a higher-lying state than |a), and the detuning of the trap laser
frequency w, from the transition frequency w, is conventionally defined as A, = w, — wy), i.e. such that
it is negative for red-detuned light. For red-detuned light, the potential for the lower state is attractive
toward higher intensity, and the excited state is repelled, and vice-versa for blue-detuned light. For

o -polarized light and using the J-reduced ! dipole matrix element D,,, we have (a|cf . E|rn> = %Dn.
The contribution to the potential of the Rydberg state due to the V| term is thus

1 D?
(2 _ _ n 2=
q, _16_hA,E (r). (2.10)
2.1.3 52 term

Again, we evaluate eqs. 2.8 and 2.9, this time for V, = > e’ 5 A
m,c

2, Inserting A(7, 1) = (’;)—CIEE(?) cos(w, 1)
gives

2
V2:

) . 1 . .
2EZ(;’)(Z +eXol ye 2”“”) = ——a/sz(r)(2 +e¥erl ye 2““”),
8m ,w; 8

! this is the matrix element that may be calculated in ARC using ARC. getReducedMatrixElementJ(6,1,3/2,n,0,1/2)
(note the convention used by ARC is different from the one used by e.g. Steck)
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Chapter 2 Spectroscopy and photon storage in a magic trap

having introduced the polarizability of the free electron in the trap laser field, a ; = —

negative, the free electron is repulsed by the light. Intuitively, the free electron polarizability corresponds
to periodic motion of the electron in an oscillating field. The amplitude of the motion gets larger when the
field amplitude increases. This causes the electron to be repulsed from regions of high intensity, because
it leads to a larger energy of the electron in a higher intensity field. The resulting potential is called the
ponderomotive potential. The nonzero Fourier components are Vg = —%E (F) and Vziz = —%E 2 (F.
Only the first-order correction to the energy is computed, because it is already of second order in the
field strength, i.e. of the same order as the correction computed for the dipole term.

For the ground state, the A term is not relevant: Only the contribution from the A- ﬁ—term, which is
also the only contribution given in ref. [18], is relevant. Reasons for this are beyond the scope of this
calculation.

For the Ryberg state, one has to average the intensity weighed by the wavefunction.

CZ N a -
gtV = (rn|E2(R+?E)|rn> - —Tf/d%e W, (FIPE*(R+7,) 2.11)

This leads to a dependence of the trap potential on the intensity around the Rydberg atom core, which
depends on the exact trap geometry. In some cases, the average in eq. 2.11 may be performed analytically,
but in other cases it must be computed numerically. Calculating such an average in practice is treated in
section 4.2.

2.1.4 Summary of trap potentials for ground and Rydberg state

In summary, the total energy shifts for the ground state due to the A- p term and for the Rydberg state
due to the A - p and A” terms are given here. In general, since the Rydberg state shift depends not only
on a single intensity value, only the energy shift, not the shift per intensity is given.

U, (F) = a E*(7) (2.12)

U, (F) = EX(F )——( |E (F+7.)|r,) (2.13)

16 hA

The matrix element is given by
B 70l = [ d'r b, GOPERG 47,
where v, is the wavefunction of the Rydberg state r,,.

2.1.5 Potentials for running and standing wave traps

For some intensity distributions, calculating the trap potentials requires numerical evaluation of eqs. 2.10
and 2.11. For the simple case of a running and standing wave (see figure 2.2), it is however possible to
proceed analytically, which gives some insight into the conditions under which one can expect to make a
magic trap, and also serves as a sanity check for numerical calculations.
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Chapter 2 Spectroscopy and photon storage in a magic trap

Standing wave configuration P

44—

trap forward trap backward

trap

Figure 2.2: This figure shows the trap potentials in the case of a standing wave, where the trapping beam is
retroreflected (top), and in the case of a running wave, where this is not done (bottom). The atom density
distribution is sketched in the ground state potentials along the y-direction.

The standing wave trap in the experiment is formed by interfering a Gaussian beam with its reflection.
The waists and waist positions of the two beams are very similar and are taken to be identical in the
following calculation. The forward-propagating (backward-propagating) Gaussian beam along the
y-direction, whose polarization € is left-handed circular (right-handed circular), corresponding to o, is
given by the electric field E . = Re(€E,). In cylindrical coordinates along the y-axis, p being the radial
coordinate,

w 2, 2 2 . .
E.(p,y) = Eo’iw(.())l)e_p IW™(y) pikep™/ CR(Y)) ,xikyy=in(y)

w(y) = woy 1+ (y/v)°

is the beam radius at y, w,, is the waist of the beam, and y, = nw% /A is the Rayleigh range. We neglect
the Gouy phase 77(y) and the phase due to the wavefront curvature R(y), since the atoms will be trapped
close to the focus of the beam, where these terms are small. Thus we have

where

Wo

—p* Wi (y) xik,y
E.(p.y) ~ By —=e e
w(y)

2 2 .
We define the amplitudes A, (p,y) = E . Wv(v;) e P O) guch that E, (p, y) = A, (p, y)e* . Since a

phase shift between E, and E_ only shifts the position of the standing wave minima and maxima, we
assume the phase shift to be zero, and A, to both be real. The standing wave intensity is proportional to
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Chapter 2 Spectroscopy and photon storage in a magic trap

(not writing out the p and y dependence of A, from here on)
E,(p,y) +E_(p, )" = 4A,A_cos’(k,y) + (A, — A_)".
The running wave intensity is proportional to

E (0.3 = A,
For the Rydberg state, the total potential is

= 1 D, . 22, =
U,(7) = —Eh—A"tE (F) - i (rn|E (7 +re)|rn>
To perform the average <rn|E2(7+ Fe)|rn>, it is useful to introduce the landscape factor 6, =
(rn|cos(2kye)|rn>. Since the Rydberg electron probability density in an S-state is symmetric in
the y-direction, and sin is antisymmetric, the integral {r, |sin(2ky,)|r, ) is 0. Writing cos”(k,(y +y,)) =
1(1+cos(2k,y) cos(2k,y,) — sin(2k,y) sin(2k,y,)), we find

1 N 1
_Zaf (rn}Ez(r + re)|rn> = _Zaf <rn|4A+A_ Cosz(k,(y +y.)) + (A - A_)2|rn>
= —%af (r.|2A,A_(1 +cos(2k,y) cos(2k,y,) — sin(2k,y) sin(2k,y,)) + (A, — A_)*|r,,)

= A A (146, cos(2k YA A
ST _(1+ nCOS( ty))_T( +—A)

@y @y @y
=~ AA6,(2 cos’(k,y) - 1) - S AA - (A~ A_)?

a a
= —a A, A_6, cos’ (k,y) - Tf(l —0)AA_ — Tf(A+ _A)?

Since the amplitudes A, by themselves only vary on scales much larger than the Rydberg wavefunction,
it is not necessary to average over them. Overall, we have the standing wave potential for the Rydberg
state

1 D?

S n 2 2 2 @y Xy 2
U, o0 (F) = _RhAt (4ALA_cos™(k,y) + (AL —A)") —a A A0, cos™(k,y) — 7(1 -0,)AA_ — T(A+ —A_)".

(2.14)

This consists of terms that involve a factor cosz( k,y), which are periodic in the y-direction, and other
terms that do not. We separate these terms, with the periodic part of the potential (denoted by ~) being

.. D,
Uy g (F) = = (MZ + afen) A,A_cos*(k,y) (2.15)
t
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and the non-periodic part (denoted by —) being

2
Uy e (F) = - 1?% ¥ %) (A=A =L (1-0,)A,4_ (2.16)
For the ground state, the trapping potential is
U, (7) = —L—llangz(7) = —@,A,A_cos’(k,y) - %(m - A% (2.17)
The periodic part is given by
Uy g (F) = —a, A, A_cos’(k,y) (2.18)
and the non-periodic part is given by
a
Ugow (F) = = (A, = ALY, (2.19)
2.1.6 Magic trap detunings
In a magic trap, we would like to choose A, such that U, ,, = U, ,,. This is however not possible. What
is possible is to equate the periodic parts of the potential, U, ,, = U, ,,, which leads to the condition
2
a, = 4h£, +al,
which is fulfilled for
hA, = & (2.20)
g "nf

For 1012 nm light, the ground state polarizability a, is positive. @, is negative, so the magic detuning is
positive, i.e. the trap laser needs to be blue-detuned with respect to the |a) to |r,) transition, as expected
to balance the anti-trapping ponderomotive potential for an excited state. If this is done, the non-periodic
parts still differ:
a
- - f 2 2
Ur,sw - Ug,sw = _T(l - en)(A+ + A—)

At this condition, the trap is therefore not fully magic.

For the running wave, we can simply set A_ = 0 to obtain the relevant trapping potentials. No
distinction between a periodic and a non-periodic part is made, since there is no periodic part of the
potential.

o

Uy o (F) = —ZgAf (2.21)
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U, () =—

r,rw

D} ay
T Tf) A2 (2.22)
t

In this case, it is possible to completely equate the potentials, which leads to the condition

+ —_—
167A, 4 4
which is fulfilled for

A, = —— (2.23)
g 4(a/g - ozf)

Discussion The difference between this magic detuning for the running wave (eq. 2.23) and the one
for the standing wave (eq. 2.20) is given by the landscape factor 6,,, which is 1 when intensity variations
only occur on scales much larger than the electron wavefunction, and takes other values greater than 0
otherwise.

These results are the same as those of the same calculation in ref. [19], except for a factor of 4 because
of a different convention for the amplitudes A, , and a difference of the A- ﬁ contribution, which is
Di /(6RA,) in ref. [19] instead of Dfl /(4nhA,) in our case due to different light polarizationz.

The computation of the landscape factor 6, = (r,|cos(2ky,)|r,) = [ &r, v, (7)1 cos(2ky,) may
be done efficiently by expanding it in terms of Bessel functions (also from ref. [19]). We have compared
the approximation to a brute-force 3D numerical integration, the two give results within an expected
numerical error.

In figure 2.3, the trapping potential differences between the ground and Rydberg state according to
the final equations in section 2.1.5 are shown, for our experimental parameters and principal quantum
number n = 94 of the Rydberg state. The potentials for the ground and Rydberg state have been computed
for a few different trap detunings, including the magic detuning for just the periodic part of the standing
wave potential and the magic detuning for the running wave. From the ground state potentials, which are
almost constant over this range of trap detunings, the extent of the atom cloud in the trap is computed. It
is shown in the figure with dashed lines. From the figure one can estimate that the optimal detuning for
the standing wave trap is between the magic detunings for the running wave and standing wave.

To determine the value of this optimal trap detuning, the variance of the differential light shifts
experienced by the atoms is computed. The variance shown for the different traps in figure 2.4. As
expected from the definition of a magic detuning, the variance becomes zero at the magic detunings for
the running wave and the periodic part of the standing wave. While the magic detunings only depend
on the trap parameters, the optimal trap detuning in the standing wave also depends on the position of
the atoms. This may be seen in principle using a contrived example by looking at figure 2.3: For a
theoretical string of atoms located only at p = 0, the magic detuning for the periodic part of the standing
wave potential would yield the smallest variance, while for a string of atoms only at y = 0, the magic
detuning for the nonperiodic part of the standing wave would yield the smallest variance. One might
thus expect the optimal trap detuning to depend on the temperature of the atoms, which determines up to
where they fill the lattice sites.

2 Ref. [19] uses linearly polarized light, requiring an average over different Clebsch-Gordan coefficients
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Figure 2.3: Differences of the trap potential for the ground and Rydberg state (n = 94) for the running wave (left)
and standing wave (right) case, as well as the periodic and nonperiodic parts into which the standing wave potential
may be decomposed (center left and center right). The mean value of the differential light shift has been subtracted
for each case individually. The magic point, i.e. the trap detuning A, where the variance of the differential light
shift experienced by the excited atoms is smallest, depends on the trap geometry: For the parameters used for
this figure, the magic point for the running wave is at A, = 2z - 173 MHz, the one for the standing wave is at
A, = 2m - 223 MHz. The standing wave magic point differs from the magic point for just the periodic part, which
would be at A, = 27 - 287 MHz. The magic detuning also depends on the distribution of atoms in the trap. The
region where 80 % of the atoms are located is indicated with dashed lines.
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Figure 2.4: Standard deviation of differential light shifts across a cloud in the different traps (n = 94, T = 9 uK).
Since it is possible to completely equalize the trapping potentials for the ground and Rydberg state for the running
wave trap and for the periodic part of the standing wave trap, the minimal standard deviation across the cloud is 0
in these cases. Since it is not possible to completely equalize the trapping potentials for the standing wave trap, for
a cloud of finite size the minimal standard deviation is always greater than zero.

The variance of the differential light shifts is computed for clouds at different temperatures. The
results are also shown in figure 2.4. While the smallest achievable differential light shift variance is
lower for the low-temperature cloud, as expected since it covers a smaller volume, the optimal detuning
at which the variance is minimized does not differ significantly.

2.1.7 Summary

The trap potential calculation has shown that the shape of the trap potential for Rydberg states differs
from the shape of the intensity distribution. For a standing wave trap, this makes it impossible to
perfectly match the trap potentials for the ground and Rydberg state. However, an optimal trap detuning
that minimizes the variance of differential light shifts across the cloud does exist. For the case of a
running wave trap, due to the absence of variations of the intensity on the scale of the Rydberg electron
wavefunction, a magic detuning does exist. The optimal trap detuning in the standing wave significantly
differs from the optimal (magic) trap detuning in the running wave.

2.2 Spectroscopy for finding the magic wavelength

To find the optimal trap detuning, we initially considered a spectroscopic measurement. If it were
possible to equate the trapping potentials for the ground state |g) and Rydberg state |r, ) completely, then
this magic point could be found using spectroscopy of the |g) to |r, ) transition, which would have its
free-space resonance frequency only at the magic trapping wavelength. For the running wave trap, where
it is possible to completely equate the potentials for |g) and |r,,), this approach is expected to work.
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However, for the real standing wave trap, which differs from an idealized plane standing wave, it is
impossible to reach completely identical trapping potentials for |g) and |r,). The optimal trap detuning,
where the variance of the differential light shift across the cloud is smallest, does not coincide with the
trap laser wavelength where the mean differential light shift across the cloud is smallest, so the simple
approach of matching the free-space resonance frequency is not expected to work. In principle, the width
of the |g) to |r,) resonance is influenced by the variance of the differential light shift across the cloud,
so in this section we investigate whether it is possible to extract the optimal trap detuning from the width
of the resonance.

To be able to determine the trap detuning A, from the |a) to |r,) resonance, this resonance must be
found, which is done using three-photon spectroscopy, since there is no 420 nm laser in the experiment
capable of driving the |g) to |a) transition directly. The calibration measurements for the trap detuning
are shown and explained in this section.

2.2.1 Probe susceptibility of the cloud in steady state

Explaining the width of the |g) to |r,) resonance and the probe transmission on |a) to |r,) resonance
requires modeling the four-level system consisting of |g), |e), |a), and |r, ), with the probe, control, and
trap lasers coupling these states (see figure 1.5), and calculating the probe transmission in steady-state.
The polarization of the lasers and the preparation of the atoms in |g) ensure that these four states are the
only populated ones.

We consider the four-level system consisting of the four relevant levels and the three lasers as specified
in figure 1.5. The trap and control lasers are o~ -polarized, and the probe laser is o -polarized. The
calculation is done as in e.g. ref. [26].

Setup of the Hamiltonian The Hamiltonian consists of two parts, describing the atom itself and

the atom-light interaction. When setting the energy of the ground state |g) to 0, the atomic part is

0
o 0
HA= E

S O O

a

0

oS O O O

0

Ee
0
0

t

r

For the interaction, we make the dipole approximation. This will not capture the details of the light
shift of the Rydberg state depending on the trapping beam geometry as described in section 2.1 directly,
but they can be taken into account later since off-resonant terms are anyway treated only through their
shifting of the atomic energy levels.

The resulting Hamiltonian in a rotating frame given by the unitary transformation

1 0 0 0
N (P 0 0
U= 0 0 ei(a)p+a)(r—wr)t 0

0 0 0 ei(u)pﬂuc)t
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using the rotating wave approximation is

0 Q/2 0 0
o |2 A, 0 Q,,/2
0 0 A +A. -7, Q)2

0 Q,/2 Q.2 A+A,

er

The effect of far off resonant light has been neglected in making the rotating wave approximation, but
it can be taken into account by computing the shifts of the four relevant levels, U;, and adding them into
the Hamiltonian, which then becomes

Ut Q)2 0 0
G| Reel2 Wik A 0 Q,, /2
0 0 UyJh+ A, +A, A, Q,/2
0 Q,./2 Q. /2 U, /h+A, +A,

This way one can even take into account the details of the Rydberg trapping potential described in section
2.1, when performing the calculation done here for multiple locations.

Decoherence and decay To take decay into account, the Lindblad master equation formalism is
used (see e.g. ref. [8]). It only considers decay to any of the four levels in the calculation, but no decay into
other states. Decay from level |i) to |j) is modeled by expanding the von Neumann equation with a term
I';;D[6;;1p, where &;; = |i)Xj| and the Lindblad superoperator is D[O]p = O,ﬁOT - %(0'0/3 +/30T0).
This leads to decay terms for the populations and also for the coherences. Decay of coherences due to
other reasons than population decay is not treated in this initial calculation, but will be considered later
in chapter 4.

All dipole-allowed transitions between the 4 levels are considered as decay paths, i.e. |r,) to |a), |r,)
to |e), |a) to |g), and |e) to |g). The final von Neumann equation thus has the form

p i, A 1A ~ 1A A 1A A 1A
T —ﬁ[H,p] +I'., Do, ,]p+T1,.D[5,.]p+ FagD[ ag]p + FegD[ eg]p.
The values for the decay constants are taken to be the transition rates between the states, calculated
from the dipole matrix elements, i.e.
302
_ Wo,ijHij
Y 371507103
with the transition frequency wy ;; and the dipole matrix element y; ; of the transition [26].

Solving the steady state equations To calculate the steady state, we set % = 0. This results in
a set of 16 linear equations, one for each density matrix element. In addition, the constraints of the
normalization of the populations, Z?:l pi; = 1, and of the Hermiticity of the density matrix, p;; = p;i,
are added to this set of equations. The linear system is constructed symbolically and solved numerically,
giving the density matrix elements in the rotating frame.
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Probe transmission The probe transmission is calculated from the imaginary part of the electric
susceptibility
d

— 8¢
X = nﬁp ge’

which is given by the polarization or density of electric dipoles per probe field strength [26, p. 289].
Here, n is the number density of atoms, d,, is the dipole matrix element for the ground and excited
state, and &, is the electric field amplitude of the probe light. A plane wave of a single frequency
with wave number k propagating through a medium of susceptibility y experiences a phase shift and
gain/loss of e~ Xk2/2 after a distance z. Considering only the absorption/gain, the transmission is given
by T = e ™X S

Since we are using neither a plane wave nor a homogeneous cloud, the transmission we measure is an
average over different densities and field strengths, which we approximate by using the electric field
corresponding to the peak intensity of the Gaussian probe beam, and by replacing the cloud length and
density by a column density that can be calibrated from measurements of the optical density of the cloud
when the probe is on resonance, without any control light.

In terms of the column density 7 4, the transmission is

2nnpd,g, Impge) (2.24)

T =exp|-
p( 60817/1

By normalizing the lineshape to a function f(A ), one can also perform a fit in terms of the optical

density on resonance,

T(A,) = exp(— £(A,)- OD) (2.25)

The column density is useful for computing the expected transmission when the probe is not on resonance
and other lasers are involved, while the optical density is a value that is only valid for this particular
configuration of the probe being on resonance and the only laser involved.

2.2.2 Finding the 6P;, to nS;, resonance by three-photon spectroscopy

To find the |a) to |r,) resonance of the trap laser, the probe and control lasers are close to two-
photon resonance, with the single-photon detunings A, and A either close to 0, which leads to
electromagnetically induced transparency (EIT) [27], i.e. an increase in transmission close to two-photon
resonance, or far-detuned (by a few 100 MHz), leading to a dip in transmission. Measurements without
the trap laser, showing just these features in the transmission spectrum, are shown in the top row of figure
2.6, exemplary for n = 54. The trap laser is scanned in the vicinity of the |a) to |r,) resonance. When it
is on resonance, this leads to a splitting of both the EIT peak and of the transmission dip, as predicted by
the calculation of the steady state transmission carried out as described in section 2.2.1, whose results
are shown in figure 2.5. This splitting is sensitive to relatively small detunings of the trap laser. When
the trap laser is off resonance by a few MHz, this leads to an asymmetric splitting of the transmission
feature, and for even larger trap detunings to no splitting, but just a shifting of the feature. This behavior
is predicted by the calculation, and a similar sensitivity was also observed experimentally. In figure 2.6,
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Figure 2.5: Calculated probe transmission close to two-photon resonance for two cases at n = 54: With probe and
control on single-photon resonance, there are probe transmission peaks in the absorption valley (EIT, top row).
With both lasers off single-photon resonance with a single-photon detuning of A/27 = 200 MHz, there are probe
transmission dips around A. The expected probe transmission is shown for different detunings A, of the trap laser,
at very low power of the trap laser. Both the EIT peak and the transmission dip on two-photon resonance are split
when the trap laser is on resonance with the |a) to |r54> transition, and this splitting becomes asymmetric when the
trap laser is off-resonant.

measurements with small and large single-photon detunings are shown, which display the predicted
splitting of the transmission features. Small trap powers are used in the measurements shown here, since
the splitting otherwise becomes too large to be easily observable. To determine the trap detuning up to
an accuracy of a MHz, the trap power is iteratively increased and the trap laser frequency adjusted to still
evenly split the peak.

The splittings observed at the powers used differ from the theoretically predicted splittings computed
for the intensity given by the beam geometry of the trap (section 1.3) by about a factor of 2: The
observed splitting of the EIT peak at a trap power of 7mW is about 6 MHz, the observed splitting of
the transmission dip at a trap power of 5mW is about 4 MHz. The calculation with a trap power of
6 mW predicts a splitting of 12 MHz. The reasons for the discrepancy is that the calculation is done only
for atoms sitting in the region of peak intensity, but in reality most atoms are both transversally and,
since the measurement was done in the long cloud, also longitudinally outside the focus, and do not
experience the peak intensity. The number of atoms sitting outside the regions of peak intensity is much
larger in this measurement than is usual in the standing wave trap because of the very low power used.
This provides a plausible explanation for the discrepancy.

The splitting being smaller than expected has no influence on the accuracy of the calibration of the
trap detuning, so no detailed numerical calculation of the expected average intensity is performed here.
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Figure 2.6: Probe transmission on and off single-photon resonance, in both cases close to two-photon resonance,
with the trap laser resonant with the |a) to |r,,) transition (n = 54), leading to a splitting of the EIT peak and of the
two-photon resonance dip as qualitatively predicted (compare to figure 2.5)

2.2.3 Linewidth of the two-photon resonance

To be able to determine whether changes in the linewidth of the absorption line on two-photon resonance
are due to a change in the variance of the differential light shifts across the atom cloud, it is necessary to
identify the significant contributions to the observed linewidth other than differential light shifts. For
this purpose, the absorption line is measured in free space for different powers of the control laser, and
an attempt is made to explain the observed linewidths.

In order to be able to calculate the expected transmission of probe light on two-photon resonance, the
average column density of atoms in the probe beam needs to be known. It may be measured by scanning
the probe detuning A, in a region around the |g) to |e) resonance, and fitting the transmission computed
in section 2.2.1. Such a measurement and fit are shown in figure 2.7, giving an average column density
of atoms in the probe beam of n, = 286 pm_z.

Contributions to the linewidth In increasing order of the size of the contribution to the linewidth of
the absorption line, the contributing mechanisms are the natural decay of the Rydberg state, blackbody
radiation induced decay of the Rydberg state, power-broadening, faster decay of the Rydberg state due
to admixture of the intermediate state |e), spatially varying differential light shifts of the ground and
Rydberg state due to the control laser, and Doppler broadening due to movement of the atoms, and
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Figure 2.7: Transmission of the probe beam through the cloud at different probe detunings A,. From this
measurement, the average column density of atoms for this cloud and the positioning of the probe beam is
determined to be n, = 286 um~2, by fitting eq. 2.24.

broadening due to Rydberg-Rydberg interactions. The numbers and data given in this section are all for
a principal quantum number of n = 54

The natural linewidth (Lorentzian FWHM) of the Rydberg state |r54> is 0.97 kHz, including blackbody
radiation induced decay at room temperature increases this to 2.07 kHz. For our beam geometry (section
1.3) and a control power of 130 mW, the two-photon Rabi frequency is Q = 27 - 2.9 kHz, the power
broadened linewidth, if this were much larger than the natural linewidth, which it is not, would be
V2Q = 4.1 kHz [26].

The additional linewidth due to differential light shifts by the control beam is computed as follows:
Similarly to the trap laser, the control laser creates a potential for the ground and Rydberg states. Since
the polarization is identical (o) and the |a) = |[6P; 5, F = 3,mp = 3) and |e) = |SP5,, F = 3, m = 3)
states differ only in the principal quantum number, the trapping potential for the Rydberg state is the
same except for the reduced matrix element to be used, i.e. similar to eq. 2.13,

2
1 e,r

a
W2 O -
=706 T, E*(7) = - (ol E* G + 7)) (2.26)

with the J-reduced dipole matrix element D, ,. between le) and |r,) instead of the one between |a) and
|r,,). The ground state potential due to the control laser is, just like for the trap laser (eq. 2.12),

U, (7) = —%ong2(7) (2.27)

but using the ground state polarizability for 480 nm light, which is negative, i.e. the potential is repulsive,
since the control laser is blue-detuned from the D1 and D2 lines.

The differential light shift is computed on a 3D grid, and the grid points are weighed. The weight
consists of the probability of finding an atom at the location based on the temperature of the cloud and
the trapping potential given by the crossed beam dipole trap, and the probability of actually exciting it,
which is given by the square of the two-photon Rabi frequency (as described in section 4.2).

Then, the probability of an atom experiencing a certain differential light shift is computed. This gives
the lineshape due to the differential light shifts. It is shown in figure 2.8 The line is highly asymmetric
because most excited atoms are in the region of highest control intensity, which is also the region where
the atoms experience the largest differential light shift. Since there is no region of higher control intensity,
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Figure 2.8: Rydberg line broadening due to differential light shifts of the control laser at a control power of
130 mW. The dashed lines mark the FWHM of the line, which is 12.6 kHz. The non-smoothness is due to the
limited number of grid sites used in the numerical calculation.

there is a sharp dropoff towards larger differential light shifts. In contrast, since the control intensity is
gradually reduced away from the center of the beam, and because there are atoms in those outer beam
regions, the dropoff towards lower differential light shifts is very smooth.

Finally, even though the atoms are very cold at T = 8 uK, their movement still leads to Doppler

kT
5 ck.

broadening of the spectral line. This gives a Gaussian lineshape with standard deviation o= =
MRb-87¢

The Doppler broadening is reduced due to the counterpropagating excitation beams. At 8 1K, this gives
a FWHM of 348 kHz, which is by far the largest contribution to the linewidth.

In figure 2.9, measurements of the Rydberg absorption line close to two-photon resonance are shown,
along with theoretically expected lines.

The expected lines are computed by convolving Im p,, with the lightshift lineshape and with the
Doppler broadened lineshape, both normalized to a total probability of 1. This neglects a part of the
natural linewidth that is due to decay to states other than the ones included in the four-level calculation,
and it also neglects blackbody decay, but since these contributions are very small compared to the other
contributions to the lineshape, this does not have a significant impact on the linewidth. The transmission
is computed using the previously calibrated atom column density. It is obvious that the calculated
lineshapes describe neither the linewidth nor the lineshape of the measured absorption lines. Only the
shift of the line, which increases with larger control power, is accurately captured by the calculation.
This suggests that the calculation of the differential light shifts is accurate, but that there is another effect
dominating the lineshape and -width.

This effect is the interaction between Rydberg atoms: In the measurements shown here, approximately
60 probe photons per pulse were used. At the very small coupling between the ground and Rydberg
state, the strong Rydberg-Rydberg interaction prevents the excitation of many atoms to Rydberg states:
The number density of Rydberg atoms for a given excitation bandwidth Q between the ground and
Rydberg state is 1/iQg/Cq [28, p. 12]. For an excitation bandwidth of Qg = 27 - 100 kHz, this gives a
mean distance between Rydberg atoms of 7 um. At the length of the cloud of about 100 um and a probe
waist of 5 um, it seems plausible that only a small fraction of the probe photons sent into the cloud can
actually excite a Rydberg atom, leading to a transmission that is much larger than naively expected. In
addition, the strong Rydberg interactions shift the Rydberg level of nearby atoms, causing a broadening
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Figure 2.9: Measurement of probe transmission for single photon detuning A,. ~ —300 MHz close to two-photon
resonance with Lorentzian fits (left) and theoretically expected transmission without considering Rydberg
interactions. At increased control powers, the line shifts and broadens, because the ground and Rydberg levels
experience a spatially inhomogeneous differential light shift. Much fewer photons are absorbed than a simple
calculation suggests due to Rydberg blockade. Rydberg interactions also cause the line to be broader than expected.
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of the line. Since larger control powers increase the number density of Rydberg excitations, this also
increases the absorption of probe photons, which causes the decrease in transmission seen for higher
control powers in figure 2.9.

In conclusion, at the rather large probe photon numbers used, the linewidth of the Rydberg absorption
line is dominated by Doppler broadening and Rydberg-Rydberg interactions. This will likely make
it difficult to measure the comparatively small effect of the variance of differential light shifts in the
linewidth.

2.2.4 Sensitivity of spectroscopic measurements to differences in trapping potential

To determine whether it is possible to find the optimal trap detuning by spectroscopy, probe transmission
spectra as a function of the probe detuning A, are taken, and the measured absorption lines are fitted
with Lorentzian functions to determine the line centers and widths (FWHM). This is done in the standing
wave and in the running wave trap. For the measurements done in the running wave, the crossed beam
optical dipole trap is turned on between experiments to prevent the atom cloud from expanding too much
in the y-direction, along the trapping beam. For the standing wave, this is not necessary, since it provides
sufficient confinement in this direction.

The measured spectra are shown in figure 2.10, for different trap detunings A,. The centers of the
lines clearly shift when changing the trap detuning, because the mean differential light shift between |g)
and |r,) experienced by the atoms changes for different trap detunings A,, as described in section 2.1.
There is no obviously visible change in the linewidth.

To quantitatively compare the lines at different trap detunings, the line centers and widths extracted
from the Lorentzian fits are shown in figure 2.11. The line centers show a clear dependence on the trap
detuning, they are shifted towards larger probe detunings for larger trap detunings. The trap detuning at
which the line center coincides with the center of the line in free space is not significantly different for
the two trap geometries. The mean light shift is thus not suitable for finding an optimal trap detuning,
since this should depend on the trap geometry. The line width is very similar to the free space case and
mostly independent of the trap detuning for the running wave. For the standing wave, the linewidth is
increased when the trap laser is tuned closer to the |a) to |r,) resonance. While the latter behavior could
be explained by increased admixture of the |a) state for smaller trap detunings, it should then also be
observed in the standing wave trap, since the powers were chosen to achieve similar peak intensities.
The previous measurements in free space showed that the linewidth is dominated by Doppler broadening
and Rydberg interactions. This is the likely reason for the inability to resolve a change in linewidth due
to a change in differential trap potential.

To reduce the influence of Rydberg interactions on the linewidth, it would be necessary to use far
fewer photons. Since a scan over many probe detunings would then require many measurements to
gather sufficient statistics, it is also worth considering other measurement schemes that are potentially
more sensitive to changes in the variance of the differential light shift.
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Figure 2.10: Transmission of probe light through the cloud close to two-photon resonance from [g) to |r,), at
n = 54 and a single-photon detuning of about 6 = 27 - 300 MHz, in the running wave and standing wave trap
at different trap detunings. Error bars are standard error of the mean and often smaller than the marker size,
Lorentzian lineshapes are fitted to extract the center and width of the absorption lines. A summary of the line
centers and widths is given in figure 2.11.
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Figure 2.11: Absorption line centers and widths extracted from the data shown in figure 2.10. The magic detuning
calculated for the running wave is A, = 27 - 995 MHz, and A, = 2n - 1438 MHz for the periodic part of the standing
wave potential. For the standing wave, we expect an optimal detuning of A, = 27 - 1267 MHz. The linewidth and
line center for the free-space measurement at the same control power of P, = 28 mW are drawn as dashed lines.

2.3 Photon storage for finding the magic wavelength

The second measurement scheme that was considered to measure differences of the variance in differential
light shifts is the storage of photons as collective excitations in the atom cloud.

2.3.1 Slow light and photon storage

In section 2.2.1, we have used the imaginary part of the probe susceptibility to predict the transmission
of the atom cloud for probe photons. However, the susceptibility also has a real part, which corresponds
to the refractive index of the cloud. Under conditions where EIT is observed, the rate of change of the
refractive index with the probe detuning can get quite large (figure 2.12 left panel). This shape of the
dispersion leads to a small group velocity

C

Vg dn ’

n (A p) + w P W
and thereby to the effect of slow light [29, 30]. A measurement of the delay of a probe light pulse due to
the atom cloud is shown in figure 2.12 (right panel). It is delayed by 0.27 ps. This is much less than the
theoretically possible delay of 2.2 ps. The difference is due to performing the measurement with the
probe and control lasers tuned 2.6 MHz off two-photon resonance, and because of a difference between
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Figure 2.12: Left: Refractive index of the cloud with a length of 100 pym and a column density of atoms in the area
hit by the probe beam of 287 pm” 2, corresponding to a density of 2.87 x 10" em ™3, at a control power of 44 mW.
On two-photon resonance, this leads to a group velocity of 45 m s 'anda delay of 2.2 us. Right: Measurement of
the delay of a Gaussian probe pulse propagating through the atom cloud on EIT. The measured delay extracted
from the Gaussian fits is 0.27 ps. For likely reasons for this large discrepancy, see the main text.

the peak control intensity and the one felt by the atoms, which are also located outside the control beam
focus. The large two-photon detuning is also the reason for the small amount of transmitted light, since
perfect EIT would only be achieved on two-photon resonance. For a control intensity that is lower by a
factor of 2 and the used two-photon detuning, the measured delay is reproduced in the calculation.

Slow light can also be interpreted as light propagating through the atomic medium as a collective
excitation. Such a collective excitation can be treated as a quasiparticle called polariton, which is a
mixture of a photon and an atomic excitation. The more similar it is to a photon, the faster the propagation
speed, and the more similar it is to an atomic excitation, the slower its propagation speed [12].

In our case, a Rydberg polariton is created by sending a probe photon into the cloud while the control
light is on. This polariton propagates through the cloud. To store the photon in the cloud, the control
laser is turned off, and the polariton is converted into a stationary collective excitation, which can be
converted back into a propagating polariton by turning the control light back on. In this way, a photon
can be stored in the cloud for some time. An example of the probe and control pulses used in photon
storage experiments is shown in figure 2.13. The retrieved photon can be emitted into the same mode as
the stored photon only because the phase of the exciting light mode is imprinted and stored in the atomic
excitation. The retrieval efficiency into the exciting mode depends on whether this phase information is
preserved during the waiting time between storage and retrieval. Any dephasing mechanism that leads to
a decay of coherence between the ground and Rydberg state will affect the retrieval efficiency.

2.3.2 Measuring coherence time in a photon storage experiment

To measure the effect of decoherence due to spatially inhomogeneous differential light shifts, we would
like to measure the efficiency with which photons can be stored in the atom cloud for different storage
times. We define the retrieval efficiency to be the ratio of the retrieved photons compared to the number
of photons stored in the cloud. For the number of stored photons we use the difference between the
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Figure 2.13: Pulse sequence for photon storage experiments. In the top panel, the control power used to store and
retrieve probe photons is shown. Tukey pulses are used to avoid Fourier broadening. The control power during
storage is kept low to not immediately retrieve the light again, and maximal for retrieval to retrieve the photons as
quickly as possible. In the bottom panel, the input pulse sent into the cloud and the transmitted photons are shown.
Many photons are already retrieved during storage because the pulse duration is longer than the pulse delay on EIT.
At t = 2.5 ps, when the control laser is turned back on, the retrieved photon pulse is observed. The storage time
may be varied by choosing the timing of the second control pulse.
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Figure 2.14: Photon storage efficiencies, calculated as described in the main text from the photon count traces,
under different conditions, here different trap detunings. The measurements are done in the running wave.
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number of photons in the input pulse and the number of immediately retrieved photons. Two example
measurements of the retrieval efficiency for different storage times are shown in figure 2.14, at different
conditions leading to different dephasing rates of the collective excitation. An exponential function
A exp(—t/7) is fitted to the retrieval efficiencies to extract a single coherence time 7 that can be used to
compare photon storage measurements under different conditions. In the example case in figure 2.14,
the coherence times extracted from the fit clearly show that the dephasing rate differs at different trap
detunings.

An alternative approach to characterizing the dephasing rate of the stored collective excitation would
be to compare the absolute efficiency at a fixed storage time, rather than measuring efficiencies at different
times and comparing the decay rates. The fixed storage time approach has e.g. been used in ref. [19]. It
has the advantage of requiring fewer measurements, but the disadvantage of also being sensitive to other
factors influencing the overall storage efficiency, which also depends on e.g. the exact timing and power
of the storage control pulse, and the overall number of atoms excited. In addition, the storage time used
must be carefully chosen, since not all retrieval efficiency decays are perfectly exponential, due to effects
such as motional rephasing and molecular excitations, which will be treated in detail in chapter 3. To
avoid the influence of these factors, we have chosen to take measurements for different storage times and
to fit an exponential function, which should be robust to additional oscillations of the storage efficiency.

2.3.3 Measuring the magic detuning by photon storage

To be able to measure the reduction of the inhomogeneity of differential light shifts that can be obtained
by choosing the optimal trap detuning, it is necessary that dephasing due to differential light shifts is the
dominant source of dephasing. If there are other, far quicker dephasing mechanisms, the overall decay
rate of the storage efficiency will not change significantly when altering the trap detuning, making it
impossible to find the trap detuning leading to the lowest spatial inhomogeneity of differential light shifts.
Especially at higher Rydberg states, a large amount of dephasing is due to interactions between Rydberg
atoms and ground state atoms (details in chapter 3). This made it necessary to drastically reduce the
density of the cloud in which the photon storage experiments were performed, which also reduced the
overall storage efficiency. However, when reducing the density enough, similar coherence times as for
lower Rydberg states could be achieved, enabling the measurement of optimal trap detunings over a wide
range of principal quantum numbers.

For 8 Rydberg states spanning a range of principal quantum numbers between n = 45 and n = 94, and
for two different trap geometries (standing and running wave), measurements of the storage efficiency
decay have been performed at different trap detunings. The data is summarized in figure 2.15. The
optimal trap detuning for each Rydberg state and trap geometry are determined to be the trap detuning
of maximal coherence time. The errors of the optimal trap detunings are determined manually by
considering the spacing of the trap detunings for which measurements were taken, the error bars of
the individual data points, and the rate of change of the coherence time close to the maximum. The
estimated errors are shown as shaded areas in figure 2.15.

The errors of the optimal trap detunings for the standing wave are generally much larger than for the
running wave. The reason for this is that the errors of the individual coherence times are larger, which
indicates that the exponential functions do not fit the data as well as for the running wave. This is due
to the advantage of the standing wave trap compared to the running wave: It confines the atoms in the
y-direction. This does not mean that the atoms stop moving, but that their motion is confined to a smaller
region, in which the atoms oscillate. For a very deep trap, the spatial amplitude of the oscillation may
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Figure 2.15: Measured coherence times obtained by fitting exponential functions to retrieval efficiencies for
different Rydberg states and trap detunings, for the running wave and standing wave. The dashed black lines
indicate the theoretically expected magic trap detunings for the running wave, the standing wave, and just the
periodic part of the standing wave (they always occur in this order from small to large trap detunings). The best
coherence times, which we deem the measured magic detunings, are marked with colored vertical lines, with the
shaded areas indicating the estimated error. For discussion, see the main text.
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be so small that it does not lead to significant dephasing, but in the case of a shallow standing wave
trap, the spatial oscillation amplitude is large, so the motion of the atoms leads to significant dephasing
of the collective excitation (a more detailed calculation of motional dephasing is given in chapter 4).
As long as the trapping potential is close to harmonic, all atoms will however return to their original
position after the same time, restoring the original collective excited state. There is a rephasing of the
collective excitation and the storage efficiency increases again after one oscillation period of the atomic
motion. Since increasing the trap depth to more tightly confine the atoms locally increases the density
of atoms, which leads to faster dephasing, the standing wave power had to be kept low, leading to trap
frequencies so small that at most two rephasing events occur within the time where any photons can be
retrieved. This leads to a significant deviation of the storage efficiency decay from an exponential decay,
and introduces an uncertainty of the coherence time extracted using an exponential fit.

While the confinement in the y-direction provided by the standing wave trap increases the uncertainty
of the coherence time, it also increases the overall coherence time, an effect which is clearly visible for
all Rydberg states.

2.3.4 Comparison of magic detunings in a running and standing wave trap

Since the optimal detunings extracted from the data shown in figure 2.15 clearly depend on the trap
geometry, they can be compared to the theoretically predicted magic and optimal detunings for the
running and standing wave from section 2.1. This is done in figure 2.16. In the top panel, the optimal
trap detunings for the running wave, the standing wave, and the periodic part of the standing wave along
with the measured optimal trap detunings are shown. The overall trend towards lower optimal trap
detunings in any trap geometry is due to the scaling of the dipole matrix element between the |a) and
|r,,) states. It decreases due to smaller overlap of the wavefunctions of the two states for higher n, so
matching the ground state trap potential requires tuning the trap laser closer to resonance. Since the
change of the dipole matrix element with the principal quantum number occurs over much larger scales
than the difference between the optimal detunings for any Rydberg state, all detunings are divided by the
running wave magic detuning to make the differences between the two trap geometries visible.

Dividing by the running wave magic detuning removes the scaling with the dipole matrix element,
the result is shown in the bottom panel of figure 2.16. When looking at these normalized detunings, it
is clear that while the agreement between measured optimal detunings for the running wave and the
measured ones is overall good except for one slight outlier at n = 81, there are discrepancies between
measurement and theoretical expectations for the standing wave, which are even larger than the error
bars, which already take into account the uncertainty due to extracting a single coherence time from a
non-exponential decay, and which are comparable in size to the difference between the prediction for the
standing wave and just the periodic part of its trap potential.

The largest differences between theory and experiment occur for large principal quantum numbers.
For these high Rydberg states, the dephasing due to interactions between Rydberg atoms and ground
state atoms is much larger than for smaller n, which required lowering the density by a lot, reducing
the retrieval efficiency. However, the loss of signal could mostly be compensated by performing more
measurements, and this uncertainty would also be reflected in the error bars.

As calculated in section 2.1, the temperature of the atom cloud does not influence the optimal
trap detuning, over the entire range of temperatures that can plausibly be achieved in the experiment.
Fluctuations of the temperature of the prepared atom cloud during the measurement, which can take a
few hours for the higher Rydberg states, therefore cannot explain the discrepancy.
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Figure 2.16: Trap detunings measured for optimal coherence time in the running and standing wave trap for
different principal quantum numbers n (upper panel), normalized to the theoretical magic detuning for the running
wave trap (bottom panel) to more clearly show the effect of the different trap geometries.
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If the atom number used for the measurements for two different trap detunings differed, this could
easily lead to a change of the shape of the coherence time curve, which could also shift the maximum.
Since for higher Rydberg states, the measurement times were longer, and the sensitivity to density
changes is larger, this could explain the discrepancies. However, measurements of the optical density of
the prepared cloud over a few hours do not show any changes larger than 10 %.

There is thus no explanation with strong evidence for the discrepancies between theoretically expected
optimal trap detunings for the standing wave and measurements, but the possible reasons for the
discrepancy are not so implausible that they cast serious doubt on the calculations, especially since other
experiments have found good agreement in the limiting case of negligible transverse intensity changes,
i.e. large waists [19].

Nonetheless, the measured optimal detunings clearly show that the geometry of the trap must be
taken into account when choosing the trap detuning, if the trapping light intensity fluctuates on lengths
comparable to the size of the trapped Rydberg atoms.

2.4 Conclusion

In this chapter, the differences between trap potentials for ground state and Rydberg atoms were
investigated. The influence of spatial changes of the intensity of a similar size as a Rydberg atom was
calculated, and consequences for matching the trapping potentials for the ground and Rydberg state were
found: In a standing wave trap, it is not possible to completely match the potentials, but there is still
an optimal trap detuning that minimizes the spatial inhomogeneities of the differential light shift. Two
experimental methods for finding this optimal trap detuning were investigated. It could not be found using
a simple spectroscopic method, because not all influences on the linewidth of the absorption line of the
ground to Rydberg state transition were reduced sufficiently during the measurements. Specifically, the
probe photon number used led to too many Rydberg excitations in the cloud, broadening the transmission
line. Photon storage experiments were found to be more sensitive to differential light shifts. They were
successfully used to determine the optimal trap detuning. The measurement confirmed the theoretically
predicted difference between two trap geometries.
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CHAPTER 3

Effect of density on coherence time

Interactions between Rydberg and ground state atoms can lead to density-dependent dephasing [11].
In chapter 2, photon storage experiments were performed to observe the influence of differential light
shifts on the dephasing rate. Lowering the density of the atom cloud was necessary to reduce the
density-dependent dephasing. The enhancement of the coupling of Rydberg superatoms to light is given
by the number of atoms N, in the superatom as \/N_ , which must all be within the blockade radius
(see section 1.1). Higher coupling rates therefore require increasing the density of the atom cloud. The
standing wave trap that has been implemented to reduce thermal dephasing confines the atoms to thin
disk-shaped regions perpendicular to the axis of probe and control light. For the same number of atoms
inside the blockade radius, the local density of the cloud is therefore increased compared to a cloud of
homogeneous density.

Because of this large influence of density-dependent dephasing on the viability of the standing wave
trap for increasing the coherence time of Rydberg superatoms, density-dependent effects are investigated
in detail in this chapter. First, we will discuss how to measure cloud density in the experimental setup
using absorption imaging (section 3.1). Measurements are presented showing that interactions between
Rydberg atoms and ground state atoms take place for low principal quantum numbers at the typical
densities used, leading to the formation of bound molecular states (section 3.2). The density dependence
of the dephasing rate at high principal quantum numbers is discussed (section 3.3).

3.1 Measuring cloud density with absorption imaging

From absorption images, the column density of atoms at each point of the image can be determined if the
absorption cross section of a single atom is known. Estimating the density of the cloud from the column
density additionally requires information about the distribution of atoms in the direction perpendicular to
the imaging plane. We use the approach of calculating this from the trap potentials and the temperature
of the atoms. The trap potentials are given by the trap beam powers and sizes. Since this calculation
results in the full 3D relative density distribution, only the total number of atoms is necessary to calculate
the absolute density, which is the integral of the column densities over the image. The temperature of an
atom cloud can be measured using time-of-flight imaging of the expansion of the atom cloud.

In the RQO experiment, there are two imaging setups, each consisting of an imaging beam, magnifying
optics, and a camera. The two setups allow taking images of the cloud in two perpendicular planes. Only
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Figure 3.1: Vacuum chamber with optics for imaging of the atoms in the horizontal (x-y) plane. The imaging
beam has a waist radius at the atoms of 2.3 mm, significantly larger than the atom cloud. The atoms are located
close to the point of peak intensity.
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Figure 3.2: The left two images show the intensity measured with the same power of the imaging laser with atoms
and without atoms. The shadow cast by the atoms is clearly visible. The third image from the left shows the
intensity when the imaging laser is off. The rightmost image shows the optical density of the cloud calculated
from the left three images. The peak optical density for the imaging light of the cloud in this image is 1.08.

images of the horizontal plane are used in this thesis. The imaging setup for the horizontal plane is
shown in figure 3.1

To determine the optical density of the atom cloud, three images are taken: Two with the imaging
laser on, with and without atoms, and one with the imaging laser off. An example of three such images
is shown in figure 3.2. The transmission is given by

I

with atoms — Ibackground

T =

I

without atoms ~— 1 background

and the optical density is — In(7"). Negative optical densities can occur when there is more light in the
image with atoms than in the image without atoms. This may happen when the intensity of the imaging
laser fluctuates between the images with and without atoms. When multiple absorption images are
averaged, it is important to not cut off negative optical density values, to make it possible for the these
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fluctuations to average to zero.
From these absorption images, the atom number in the cloud and its temperature is determined.

3.1.1 Temperature measurement

The temperature of the atom cloud is measured by time-of-flight imaging, as described e.g. in ref. [31].
For the temperature measurement, the atom density distribution is approximated to be of Gaussian shape,
which is the case for a thermal cloud in a harmonic trap. The standard deviations of the Gaussian density
distribution can differ in different directions, if the atoms are in a trap with different trap frequencies
along the three axes. The different directions are considered separately by integrating the column density
image along one axis. A Gaussian-shaped atom cloud is still of Gaussian shape after freely expanding for
some time ¢. If its initial standard deviation is oy, after expansion for a time ¢ the standard deviation is

o (t) = \Jog + o212, (3.1)

The expansion rate at large times is o,. If the cloud was in thermal equilibrium before the expansion,
the expansion rate is related to the temperature by m(rf = kzT. Eq. 3.1 can be linearly approximated
by its asymptote for large expansion times. However, due to the small number of atoms in our cloud,
the possible free expansion times after which the cloud density is still sufficient to determine a cloud
size is not large enough to allow for this simplification. We obtain the temperature by determining
the standard deviations of the cloud after different expansion times from the fit of a Gaussian function
A exp(—x2 / (20’2)) to the summed column density profiles. A fit of eq. 3.1 to the standard deviations
then yields the temperature of the cloud.

Measurements of the temperature conducted for the standing wave trap, the running wave trap, the
crossed beam trap, and the dimple trap are shown in figure 3.3. The different maximal expansion times
are determined by when the absorption signal gets too small to measure. While the approximation of
a Gaussian cloud holds well for the running wave trap, crossed beam trap, and dimple trap, it does
not hold at all for the standing wave trap, where the cloud is actually made up of many very short
clouds separated by the period of the standing wave trap potential of 0.5 pm. Because this is much
smaller than the resolution of the imaging system, the absorption images do not capture this density
modulation, but only the average column density in each pixel. Since the cloud expands by more than
10 pm, which is much larger than the distance between lattice sites of the standing wave trap, the initial
density modulations should not influence the temperature measurement. For the purpose of determining
the temperature of the cloud, it may be treated as having a Gaussian density distribution, with trap
frequencies corresponding to the intensity envelope of the standing wave due to the Gaussian shape of
the beams. The absorption images confirm this, as indicated by the small error bars of the standard
deviation determined from Gaussian fits shown in figure 3.3.

Two sets of cloud sizes are obtained, along the y-axis and along the x-axis, The running wave, standing
wave and crossed beam traps have larger trap frequencies in the x- than in the y-direction (this only holds
for the envelope of the standing wave trap). For the dimple trap, the trap frequency in the y-direction is
larger than in the x-direction. This leads to different initial cloud sizes. For a thermal cloud, the rate of
expansion should be independent of the direction in which the atoms move. In figure 3.3, we see that
this is the case for the standing wave trap, where the temperatures measured for both directions agree, for
both trap depths. However, for the running wave, crossed beam, and dimple traps, the temperatures in
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Figure 3.3: Temperature measurements for the standing wave, running wave, crossed beam, and dimple traps. For
the standing wave trap, the temperature has been measured for two different beam powers. The size of the cloud in
the x- and y-direction is shown. Eq. 3.1 is fitted to the data to extract the temperature.
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the two directions differ significantly.

The reasons for the discrepancies of the temperature along the two axes is not clear. If the two
temperatures differ, the temperature along the direction in which the cloud is smaller initially is used,
because in this direction there are more data points in the linear expansion regime. The reason for
doing this is that the temperature information is contained only in the slope o, of the asymptote of
o(t) = \/O’rz + o2t

Since experiments in the standing wave trap were done at a trap power of 25 mW, a temperature of
(2.5 £0.2) pK is used. For the running wave trap, we use (6.30 £ 0.11) uK, for the crossed beam trap we
use (6.44 £ 0.24), and for the dimple trap (18.91 = 0.66) pK, unless otherwise specified.

Atom number

The atom number is determined from the saturation-corrected cross section o = % #/11 [32] for the
atom light interaction. The column density of atoms in a region with a given optical densgity isOD/o.
The number of atoms in a pixel of size d,d, is OD - d,d, /o The total atom number is the sum over all
pixels.

When there is even a small background of absorption, this can have a significant effect on the atom
number when the region over which the optical density is summed is chosen to be significantly larger
than the cloud. In this case, it can be advantageous to replace the sum over all pixels by the Gaussian fits
already done for the cloud size measurement, which allows subtracting this background. This is done for

all atom numbers determined from absorption imaging.

3.1.2 Uncertainties

The imaging setup was designed to monitor the position of the atom cloud in the chamber and to
determine the temperature of the cloud, not for precise measurements of the atom number. The small
cloud used for superatoms only covers a small part of the sensor area (no more than 10 x 10 pixels) of
the camera, since there is almost no magnification (factor 8/7). The intensity of the imaging light is not
stabilized, and since intensities larger than the saturation intensity are used, this affects the measured
optical densities. Since the imaging light does not propagate along the same axis as the excitation light,
but the magnetic field must be oriented along this axis to pump the atoms into the stretched states and
address the closed probe transition, the imaging light is a mixture of o, o™, and 7 polarized light, so
imaging is not done on a single transition, which would be necessary to be able to compute the atom
number from the amount of absorbed light.

All of this means that we will only be able to make very qualitative statements about the density
dependence of dephasing rates. It is possible to clearly distinguish larger and smaller atom numbers in
an individual measurement set, but there is a large systematic error of the atom number that is prone to
changing over longer times. Temperature measurements are not affected by the uncertainty of the atom
number, since they only depend on the size of the atom cloud.
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Figure 3.4: Bottom: Molecular potential whose shape is given by the Rydberg electron probability density (eq. 3.2).
Top: The molecular wavefunction of the lowest bound state of this the molecular potential. The energy of this state
is =596 h kHz using a = —15.7 a,

3.2 Molecules of a Rydberg atom and ground state atoms

The Rydberg electron can scatter with ground state atoms surrounding a Rydberg atom. This can be
described by an interaction potential [33]

2rhla

me

V() = (PP, (3.2)
given for the distance 7 between Rydberg atom core and ground state atom, the scattering length a
between an electron and a ground state atom, and the Rydberg electron wavefunction i,,. This potential
has the same shape as the Rydberg electron probability density, and at very low temperatures, where
only s-wave scattering is relevant and the scattering length is negative, it allows bound states. Because
we only use Rydberg atoms in S-states, the wavefunction and the molecular potential are spherically
symmetric, so V really only depends on the absolute value of the distance between the ion core and the
ground state atom, r = |7|. These states are molecules formed out of one Rydberg atom and one or
more ground state atoms. They have been observed previously at the RQO experiment in photon storage
experiments [34]. The value of the triplet scattering length between the Rydberg electron and a ground
state Rubidium atom is from theory only known to be between —13 a, and —17 a, [33], but has been
determined experimentally from a fit to measured Rydberg molecule binding energies to be —15.7 a,,
[35].
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3.2.1 Calculation of wavefunctions and binding energies

The molecular potential from eq. 3.2 is able to host bound states. The wavefunctions and energies of
these states may be found numerically, by solving the time-independent Schrédinger equation as an
eigenvalue problem using a shooting method.

The time-independent Schrédinger equation

2
Ay(7) = (_f_mez +VD |0 = By ()

may be solved for the central potential eq. 3.2 by solving, for zero angular momentum [36, p. 121],

2 42
(_h_d_ YV —E | u(r) =0. (33)

2m g2

Then the radial part of the wavefunction is given by R(r) = u(r)/r.

For a given energy, equation 3.3 may be solved using any numerical method for integrating ordinary
differential equations. We use the function solve_ivp from the SciPy Python library. Since we do
not know the binding energies yet, we have to solve the eigenvalue problem given by eq. 3.3 and the
boundary conditions #(0) = 0 and lim,._,, #(r) = 0. This is done using a shooting method, integrating
inwards since the potential is only zero outside of some radius r,. It consists of the following steps [37]:

1. Choose an initial guess for the energy that would classically give a bound state of the potential.

2. Choose an integration starting position r that is in a region where the potential is close to 0, so a
bound state is not expected to have a significant probability density there.

3. Choose y/(ry) = 0 and some arbitrary dy/dr, which determines the normalization of the found
wavefunction. The normalization can be corrected later.

4. The boundary condition for r — oo is fulfilled by the choice of initial values at r,. Now, iteratively
find a value for E for which the boundary condition at » = 0 is fulfilled as follows:

a) Solve the the radial Schrodinger equation 3.3 for the current energy guess using a numerical
integrator for ordinary differential equations (ODEs). We use solve_ivp from the SciPy
Python library [38].

b) If the value of the solution does not fulfill the boundary condition at » = 0 yet, i.e. ¥ (0) # O,
change the energy guess. The energy should not be adjusted blindly, but by using a root
finding algorithm, e.g. Newton’s method. We use root_scalar from the SciPy Python
library [38].

¢) Repeat until the boundary condition at r = 0 is fulfilled.

5. Normalize the wavefunction.

This procedure is sometimes summarized as using the Numerov method to find binding energies. The
Numerov method is a numerical integration procedure that is particularly efficient for ODEs of the form
of the time-independent Schrodinger equation, but it is possible to use any other numerical method for
integrating ODEs. The crucial part of the algorithm is the shooting method for solving the boundary
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Figure 3.5: This curve shows the Rydberg dimer binding energies computed as described in the main text using the

Rydberg wavefunctions and the scattering length a = —15.7a,,. The calculated binding energies are approximately

consistent with a scaling o n°.

value problem. The same method may be used to find Rydberg wavefunctions, but for this calculation,
they have been calculated using the ARC Python library [25].

For the Rydberg state 61S, the lowest energy solution has been found using this method. The found
wavefunction is shown in figure 3.4. The binding energy of this state is found to be =596 i kHz using
a=-15.7a.

The dimer binding energy has been computed in this way for Rydberg S-states with n between 40 and
100. The results are shown in figure 3.5, they are consistent with the same calculation done in ref. [39],
as well as with the binding energies measured in ref. [34]. The calculation shows the expected scaling of
the binding energy with n~® [39], so at high Rydberg states that are suitable for creating superatoms, the
binding energy is very small. At high n, Rydberg molecules of one Rydberg atom and multiple ground
state atoms, whose binding energy is a multiple of the binding energy of a molecule consisting of a
single ground state atom and a Rydberg atom, can be excited. This can lead to a shift and broadening of
the Rydberg line, and can cause dephasing (dephasing by inhomogeneous shifts is discussed in detail in
section 4.2) [11]. The first case of discrete molecular lines is explored in section 3.2.2, the second case
of dephasing in section 3.3.

3.2.2 Measurement of oscillations in storage efficiency due to molecules

In photon storage, the formation of Rydberg dimers is possible when the binding energy of the dimer is
smaller than the bandwidth of the EIT peak. In this case, there is a beating of the storage efficiency at the
frequency corresponding to the dimer binding energy, as modeled in ref. [34], where these oscillations
were measured in free space. We make a slight modification to the model presented there, by taking
motional rephasing in the lattice into account. Instead of a Gaussian decay of the storage efficiency,
motional rephasing leads to instead an oscillation of the storage efficiency at the trap frequency. The
detailed shape fT,wmp (7) of the rephasing has been computed in section 1.2. We simply replace the
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Figure 3.6: The retrieval efficiency for photon storage at principal quantum number n = 61 oscillates due to the
formation of Rydberg molecules as explained in the main text. The data is fitted with eq. 3.4, where the fitted
parameters are the dimer fraction n,, the lifetimes of Rydberg atoms 7 and Rydberg dimers 7, the amplitude of
the signal A, and the dimer binding energy E,, (see main text). The other parameters of the model curve are fixed:
Temperature 7' = 2.5pK and trapping frequency w,, = 27 - 50kHz, which were obtained from independent
measurements. The fitted dimer binding energy is E;, = —h - (518 + 2) kHz.

Gaussian decay in the existing model with this, and obtain

N = Afr i, (0 | (1= np)e™ ™ 4 npe/ cos(Ebt/h)] . (3.4)

The binding energy extracted from the fit is £, = —h - (518 + 2) kHz, differing from the E, =
—h - 596 kHz obtained from the calculation. The fitted binding energy is in decent agreement with
previous measurements, which found an oscillation frequency of (511 + 3) kHz [34]. The fitted binding
energy corresponds to a scattering length of a = —14a, to be used in the calculation.

3.3 Effects of shifting and broadening of the Rydberg line at high
densities

The necessity of reducing the density to obtain large coherence times in photon storage experiments was
noticed while trying to measure the effects of differential light shifts in chapter 2. This motivated a more
systematic measurement of the density-dependence of the dephasing rate.

The results of these measurements of the coherence time in photon storage experiments at different
peak densities is shown in figure 3.7. The experiments have been performed with a small cloud in
the dimple trap, i.e. at conditions where the cloud is fully blockaded and it would be possible to
observe single photon Rabi oscillations. The peak density is calculated from the trapping potentials, the
temperature, and the atom number. The latter two were determined from absorption imaging. At two
Rydberg states with large principal quantum numbers, n = 89 and n = 100, we find an approximately
linear dependence of the dephasing rate on the peak density. When extrapolating the dephasing rate to
zero density using a linear fit, we find a dephasing rate due to other mechanisms of (1.03 + 0.09) MHz
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Figure 3.7: Dephasing rate for photon storage experiments performed with a cloud loaded into the dimple trap, at
different peak densities, and for two different Rydberg states. A linear fit is performed to extrapolate the dephasing
rate to zero density.

for n = 89 and of (0.77 + 0.04) MHz for n = 100. The density-dependent dephasing rates extracted from
the fits are (0.06 = 0.01) x 10'> MHzcm? for 7 = 89 and (0.03 +0.01) x 10> MHzcm® for n = 100.

A very similar’ experiment has been performed in ref. [40], which also finds a linear dependence
of the dephasing rate on density. It finds a zero-density dephasing rate for n = 100 of 0.8 MHz and
a density-dependent dephasing rate of 0.17 MHz pm3 . The zero-density dephasing rate found in our
measurement for n = 100 is compatible with the results of this experiment. This is not necessarily
expected, since non-density-related dephasing mechanisms could well give different contributions for
these different experiments. The density-dependent contribution is different by a factor of 6. This would
require that the density of the cloud used in our experiment is much more homogeneous, to reduce
inhomogeneous density shifts of the Rydberg line, or overall much less dense, such that fewer Rydberg
molecules lead to less broadening of the Rydberg line. As noted in section 3.1, we expect the atom
number measurements to have a large systematic error. If the atom numbers measured within one set
of measurements are consistently off by a constant factor, this would only affect the slope, but not the
extrapolation to zero density. If there is also a systematic offset of the measured atom number from
the real one, this would also affect the extrapolation to zero density. Additionally, the peak density is
sensitive to changes of the trap geometry, so an underestimation of the dimple beam waists could lead to
overestimating the peak density. It seems likely that these systematic uncertainties explain the deviation.

The difference of the zero-density dephasing rates for n = 89 and n = 100 may be due to principal
quantum number dependent dephasing mechanisms or due to varying systematic offsets of the measured
atom number between the two sets of measurements. Possible candidates for fundamental dephasing
mechanisms are discussed in detail in section 4.2, but there is no n-dependent mechanism that would be
relevant in photon storage experiments. Because all lasers are off during the storage time, the admixture
of fast-decaying states cannot play a role. Thus it is most likely that the difference is due to the systematic
errors of the atom number measurements.

! The experiment performed in ref. [40] also used Rb-87, but the 100S Rydberg state was excited via the 5P /2 state instead of
the 5P; /2 state and with copropagating probe and control beams. The relevant measurement is shown in fig. 4 of the paper.
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A difference of the density dependent dephasing rate between the two Rydberg states is expected,
since the Rydberg molecule binding energy changes. If the number of excited molecular states is limited
by the excitation bandwidth, which is smaller at n = 100 because of the smaller dipole matrix elements
of the optical transition to the Rydberg state, the lower density-dependence of the dephasing rate at
n = 100 compared to n = 89 is expected.

Overall, the large systematic errors of the density make the results obtained in these measurements
inconclusive. No quantitative statement regarding the dependence of the dephasing rate on density
beyond an increase for larger densities can be made.

3.4 Conclusion

In this chapter, the observation of molecular oscillations of the storage efficiency in photon storage
experiments at a principal quantum number of n = 61 as evidence of Rydberg atom ground state atom
interactions have been presented. The molecular binding energy is consistent with literature values.
The simple model for motional dephasing due to classical motion of atoms in the standing wave lattice
sites describes an additional observed oscillation of the storage efficiency very well. Measurements of
the dephasing rate due to inhomogeneous shifts and broadening of the Rydberg line at higher quantum
numbers yielded no conclusive results, only showing that the dephasing rate increases at higher densities,
but did not allow making statements of the quantitative dependence on density because of inaccurate
measurements of the atom number.
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CHAPTER 4

Fundamental limits on the coherence time of
Rydberg superatoms

We have investigated the details of minimizing differential light shifts in the standing wave trap and seen
an overall increase of coherence times in photon storage experiments in the standing wave trap compared
to a running wave trap in chapter 2, but we have also seen the effects of increased density in photon storage
experiments in chapter 3. In this chapter, we return to the single-photon Rabi oscillations of Rydberg
superatoms and try to give an answer to the question posed in chapter 1: Does the magic wavelength
lattice trap lead to an overall decrease of the dephasing rate of single-photon Rabi oscillations?

Measurements of single-photon Rabi oscillations in the standing wave trap and in the dimple trap are
described in section 4.1. Because they do not show an improvement of ., an attempt is made to give
quantitative estimates of different contributions to the dephasing rate. These estimates are presented and
compared to measurements in section 4.2.

4.1 Comparison of single-photon Rabi oscillations in the dimple trap
and the magic wavelength lattice trap

As described in section 1.1, a Rydberg superatom driven with a few-photon light field performs Rabi
oscillations between the collective ground and excited states. The Rabi oscillations of the superatom
lead to oscillations of the transmitted power.

We prepare a superatom in the dimple trap at n = 89. From an absorption image (section 3.1),
the standard deviation of the density distribution of the atom cloud prepared in the dimple trap in
the y-direction is measured to be (4.8 £0.1)pm. The temperature of the cloud is measured to be
(18.5 £0.3) uK, where we use the temperature obtained from the expansion along the y-direction, in
which the initial size of the cloud is smaller. In the x- and z-directions, the size of the excited ensemble
is limited by the probe waist of 5pm. The chosen principal quantum number is relatively low for a
superatom experiment, where typically at least n = 100 is used. It was chosen as a compromise between
large density-dependent dephasing at high quantum numbers and a sufficiently large blockade radius for
the cloud to behave as a superatom. Whether the cloud is fully blockaded will be apparent from the
number of absorbed photons.

The transmission of the exciting mode by the superatom is measured at different input photon rates,
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Figure 4.1: This figure shows the transmitted photon rate in single-photon Rabi oscillation experiments, for the
dimple (left) and lattice dimple (right) configurations. The parameters of the fitted model are, for the dimple (left):
k=(0.72+0.01) MHz, I = (0.41 £ 0.01) MHz, vy, = (2.11 £0.05) MHz, 8., = 0.22 +0.06, and for the lattice
dimple (right): x = (0.14 £ 0.01) MHz, I" = (0.97 £ 0.05) MHz, y, = (0.97 + 0.02) MHz, 8., ~ 0.07 = 0.08.
Missing photons in the first half-period of the oscillations are in the dimple (left) 0.85, 0.71, and 0.80, and in the
lattice dimple (right) 0.98, 0.89, 0.97, and 0.97 (for increasing photon rates, i.e. from bottom to top)
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to be able to measure the photon-rate independent coupling «. The results are shown in the left
panels of figure 4.1. Oscillations of the transmitted photon rate are clearly visible. The effective
model from section 1.1 describes the data well, and from a fit we find « = (0.72 + 0.01) MHz,
I' = (0.41 £ 0.01) MHz, and y,, = (2.11 + 0.05) MHz, which corresponds to .., = 0.22 + 0.06,
comparable to earlier measurements done at the RQO experiment [1].

Summing the difference between the signal with and without atoms up to the time where the Rabi
phase reaches 7 as determined from the fit gives the number of absorbed photons. We find, for the
different peak photon rates, 0.85, 0.71, and 0.80 missing photons. This is compatible with the cloud
being fully blockaded and absorbing only one photon at a time. The deviation from 1 is due to the quick
dephasing of the Rabi oscillations.

A first test measurement of whether there is an immediate improvement of 5, using the magic lattice
trap has been made by transferring the atom cloud from the crossed beam trap into the dimple trap, and
from there into the standing wave trap. The dimple trap is then turned off. Loading via the dimple trap
is necessary to reduce the size of the cloud in the y-direction. While confining the atoms along the x-
and z-directions by turning on the crossed beam trap between experiments is necessary in the dimple
trap, this is not needed in the standing wave trap. To differentiate this configuration from the large cloud
loaded directly from the crossed beam trap into the standing wave trap, we call this configuration lattice
dimple.

Absorption images of the lattice dimple cloud yield a standard deviation of the cloud’s density
distribution in the y-direction of (5.4 + 0.3) pm, and a temperature of (6 £ 1) nK ((5.7 £ 0.6) pK in the x-
and (6.5 £ 1.1) pK in the y-direction. The experiment was performed at a principal quantum number
n = 94, again as a compromise between blockade radius and density-dependent dephasing.

The measurement results for this configuration are shown in the right panel of figure 4.1. The
scattering of the datapoints is due to insufficiently many repetitions of the measurement. Oscillations of
the transmitted photon rate are visible, but the transmitted photon rate never increases above the input
photon rate. The measurement has been performed at four instead of three different input photon rates,
which are overall lower than in the measurement in the dimple. The measurement in the dimple shown in
the left panels of figure 4.1 was done later than the one in the lattice dimple shown here, when it had been
found that three different input photon rates are sufficient to determine the model parameters, allowing
more repetitions at these rates to be gathered. The overall higher photon rates lead to more visible
oscillations in each measurement, which make the determination of the dephasing rate more accurate.
The measurement in the lattice dimple configuration has not been repeated after these improvements
were made, which is why this measurement that leaves obvious room for improvements is presented here.

The model fit gives « = (0.14 £ 0.01) MHz, I" = (0.97 + 0.05) MHz, and y, = (0.97 + 0.02) MHz,
which corresponds to 8., = 0.07 = 0.08. However, the data is too noisy to perform a confident fit. The
large reduction in « is caused by a much smaller atom number due to losses during the transfer to the
standing wave trap. From absorption imaging, we obtain an atom number of (1.20 + 0.08) x 10* for the
dimple and (1.9 £ 0.4) x 10° for the lattice dimple. The reduction of the number of atoms is qualitatively
consistent with the observed lower «.

In summary, a first attempt at measuring single-photon Rabi oscillations in the lattice dimple suggests
that S, is much worse than in the dimple. However, a less noisy measurement would be required to
make a definite conclusion. In order to understand whether we expect any improvement of S, in the
lattice dimple, an attempt is made to model expected dephasing rates in the next section 4.2.
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4.2 Decoherence mechanisms for single-photon Rabi oscillations

In this section, an overview of the dephasing mechanisms encountered so far is given, and an attempt is
made to obtain a quantitative estimate of their contributions to the overall dephasing rate in the dimple
and lattice trap at different Rydberg states and densities. We for now only look at dephasing mechanisms
that cannot be avoided by technical improvements of the experiment.

In the entire section, we consider a cloud of N atoms at temperature 7 in an optical trap with
ground state potential U, and Rydberg state potential U,., driven by control and probe lasers with beam
geometries as described in section 1.3.

The atom number density distribution is given by the Boltzmann distribution as

e U (M) (kgT)

n(l’) = N/ d3r e_Ug(?)/(kBT) .

such that f &ErnF) =N.

Before looking at dephasing rates, the coupling rate « is calculated for our experimental conditions,
since this is necessary to compute .., — changing the experimental conditions to reduce dephasing e.g.
by lowering the density of the cloud might reduce the coupling rate more than the dephasing rate.

4.2.1 Calculation of the coupling rate «

The enhancement of the Rabi frequency by \/N_b given in section 1.1 assumes that the single-atom Rabi
frequency Qp for all N, atoms in the ensemble is the same. Because of the finite size of the beams, this
is not the case. This may be taken into account by looking at the collective excited state for the case of
inhomogeneous excitation. With Q(0) the peak Rabi frequency at the center of the overlapping probe
and control beams, and €2 ; the Rabi frequency at the location of the atom i, the collective excited state
is

N
1
W) = ———=> Qg 1817 8N .1

N o2 4
V2iz1 Qg =1

for which the collective Rabi frequency is 1/N.4Qx(0), when defining an effective atom number

2
_i QR,l
eff —
= Q(0)

(compare to ref. [4]). The sum runs over all atoms, not just those in the blockade volume. In the dimple
trap, the cloud is smaller than the blockade radius in one direction, but larger in the others. The ensemble
is formed only by the atoms that are within the excitation beam. Weighing the superposition state by the
Rabi frequencies accounts for this.

For a given atom number density n(7), the effective atom number can be computed by replacing the
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sum by an integral, as

_ [ iy 2RO
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Using this effective atom number, the coupling rate x can be calculated.
From 24/kR;, = /N4 g (see section 1.1), and using the probe-light coupling constant g, = Q,,/+/Ryy,
we find
_N,

&

2 22
2R _ Neg€2. 80
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4.2.2 Motional dephasing

The rate of motional dephasing has already been calculated in the motivation for the magic wavelength
lattice in section 1.2. Since other dephasing rates have turned out to be much larger than the thermal
one at the conditions investigated, we can approximate the thermal dephasing rate with the free space
Gaussian thermal dephasing even in the lattice for now. If it is managed to reduce the other dephasing
rates significantly, the correction for the lattice trap may be used.

4.2.3 Inhomogeneous light and density shifts

We are aware of two sources of inhomogeneous lineshifts: The first one are spatially inhomogeneous
differential light shifts of the ground to Rydberg state transition due to the potential created by the trap
lasers (as given in chapter 2), but also due to the potential created by the control beam. The second source
are spatially inhomogeneous shifts due to the varying density of the cloud (as discussed in chapter 3.3).

In both cases, the dephasing rate may be calculated by considering the time evolution of the |W)
state and calculating the overlap with the initial state (in complete analogy to the calculation of thermal
dephasing in section 1.2). However, we now use the weighed |W) state

N
|W>:Z\/Fi|g],...,ri,...,g,v>
i=1

which is a further generalization of eq. 4.1. It is identical with eq. 4.1 for P; = Q ;/\/X 1L QF ;. We
first calculate the overlap in this generalized case, and then explain the reasoning for the generalization.

If the ground to Rydberg state transition of atom i is shifted by the energy AE;, the time-evolved state
is

N
1 t/h
() = D AP EE g e,
i=1
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and the overlap is

2
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which may be calculated numerically.

The generalization of the weights of the collective excited state is necessary to take into account
lineshifts that are so large that the exciting lasers are not close to resonance. An atom with such a large
lineshift does not participate in the collective state. For the natural FWHM linewidth I" of the transition,
this reduced excitation probability for atoms whose transition is shifted out of resonance with the exciting
lasers is modeled using the natural lineshape

1

P, x
1+ (2AE,/(hI))?

which is normalized such that Zf-\:’] P, =1

If this generalization were not made, the dephasing rate due to inhomogeneous lineshifts would be
overestimated, since atoms that in reality do not participate in the collective state would in the calculation
lead to large dephasing because of their large lineshifts.

In the extreme case, in an infinitely large cloud in an optical trap in which the lineshift grows from
the center, where there is excitation light in the location of all atoms, a calculation without the adjusted
weight would predict an infinite dephasing rate, when in reality the atoms sitting further from the trap
center than a certain distance would just not be excited.

For the dephasing rate contribution by differential light shifts, eq. 4.2 is evaluated numerically with

AE; =U, - U,.
Similarly for the contribution due to inhomogeneous density shifts, eq. 4.2 is evaluated numerically
2
with the density shift from ref. [11] AE; = 22473, with a = —15.7a,,. Here,

7, = / &r 10, ()P - 7,)

is the effective ground state atom density for the atom i located at 7;, which is the ground state atom
density weighed by the Rydberg electron wavefunction.

To do this calculation efficiently numerically, the Rydberg electron probability density is calculated
on a fine grid (grid spacing below a;), and the grid is made coarser to match the spacing of the grid
on which the densities are calculated, because calculating the entire density distribution on a grid fine
enough to capture the fine features of the Rydberg electron probability density is infeasible. This is done
by summing all the grid sites of the finer grid within each grid site of the coarser grid. This results in a
kernel that may be convoluted with the density distribution to find the effective density distribution. An
example of such a kernel is shown in figure 4.2.

For n = 100, the radius of the Rydberg wavefunction is about 1 pm, which is larger than the spacing
of lattice sites, so not taking this into account would lead to overestimating the dephasing due to density
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Figure 4.2: Cuts through the 3D convolution kernel given by the probability density of the Rydberg electron at
n = 100. The kernel has been computed for a grid with different spacings in the y- and x-/z-directions.

inhomogeneities, since the Rydberg wavefunction smoothes out the small-scale variations of the density
distribution and reduces its variance.

In figure 4.3, intermediate results of the dephasing rate calculation are shown for the dimple and lattice
dimple measurement configurations: The density given by the Boltzmann distribution is shown in the
first row. The cloud is smaller in the y-direction than it appears on absorption images. This may be
due to the dimple trapping beam waist in the y-direction being larger in reality than is assumed in the
calculation. The inhomogeneity of the density in the lattice dimple is clearly much larger than in the
dimple, but the effective density is smoothed by the Rydberg wavefunctions for n = 89 and n = 94. This
leads to a reduced variance of the density shifts, which are proportional to the effective density, in the
region where the atoms are actually excited, which is given by the weight factor shown in the figure. The
differential light shift, whose contributions are weighed with this same factor, is also shown, and it is
much reduced in the lattice dimple compared to the regular dimple, especially in the heavily weighed
regions, since the optimal lattice detuning as determined in chapter 2 is used.

4.2.4 Rydberg molecules

The formation of molecular states involving one Rydberg atom and one or multiple ground state atoms
with small binding energies leads to a broadening of the Rydberg line [11]. This should lead to
dephasing, but the contribution is impossible to separate from the density-dependent dephasing due
to inhomogeneous density shifts when varying the density in a single trap geometry, as done in the
measurements in section 3.3 or in ref. [40]. For this reason, no quantitative estimate of this dephasing
rate is made.

4.2.5 Admixture of fast-decaying states

The decay rate I" of the Rydberg state is increased from its natural decay rate by blackbody-radiation
induced decay to adjacent Rydberg states, and by the admixture of the |e) and |a) states by control and
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Figure 4.3: Cuts through the full 3D calculated density (first row), effective density (second row), density shift
(third row), weight P; times density (fourth row), and differential light shifts (fifth row) for the cloud in the dimple
trap (left column) and the cloud loaded from the dimple trap into the lattice trap (right column).
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trap light, respectively. The natural and blackbody decay rates are calculated using the ARC Python
package [25].

The admixture of the states |a) and |e) is considered individually by looking at the eigenstates of
a two-level system driven with a laser detuned by A from the transition leading to a coupling with
Rabi frequency Q. These eigenstates are |+) = sinf |e) + cos 8 |r) and |-) = cos 8 |e) — sin b |r), with
tan(260) = —Q/A [26]. For small /A, which is the case for both the trap and the control laser, the state
|+) is close to the Rydberg state, |+) =~ |r) — % le). The total decay rate of the Rydberg state is then

given by I, + %Fe.

2
For the two states |e) and |a), we thus have an increase of the Rydberg level decay rate by ji‘é I', and
Q; (
—=T,.
4027 @

4.2.6 Comparison with measured data

The calculation described in the previous section is carried out numerically for our trap potentials, beam
geometries, atom numbers, and temperatures, for the dimple trap and the lattice dimple trap. Because the
atom number measurements have been found to be unreliable in section 3.1, the atom number is adjusted
to match the measured «. The results are summarized in figure 4.4. The spikes of the inhomogeneous
density shift are due to the discrete calculation, which leads to a large number of grid sites where the
density shift is zero, which in combination with the center trap region, where the density shift is largest,
lead to a beating of the overlap at the frequency of the largest density shift. The size of these oscillations
is reduced when increasing the resolution of the grid, but increasing it much further was impractical.

Both for the dimple and the lattice dimple, dephasing due to inhomogeneous density shifts is the
dominant dephasing mechanism at the densities used for superatoms. This is consistent with the
experiment, where the density in photon storage experiments had to be reduced to make the differential
light shifts the dominant dephasing mechanism. In the dimple, differential light shifts also give a
significant contribution to the dephasing rate, while in the lattice, which is tuned to the optimal trap
detuning, they do not. It must be noted that the size of the cloud in the y-direction in the calculation
as shown in figure 4.3 is smaller than what is observed using absorption imaging, indicating that the
inhomogeneity of the density of the cloud is likely overestimated. This may lead to an overestimate of
the density dephasing rate.

The expected Rydberg decay rates are much smaller than the dephasing rate, and dominated by the
admixture of the |e) state by the control laser. This could be reduced by using more laser power at a
larger single-photon detuning, but the contribution compared to y, is insignificant.

For the dimple, the calculated decay rate of I' = 0.07 MHz is smaller than the measured decay rate
I' = (0.41 £ 0.01) MHz, and the calculated dephasing rate y,, = 2.8 MHz (ignoring the spikes due
to numerical problems) is larger than the measured dephasing rate y, = (2.11 + 0.05) MHz. For
Beons the sum yp + I is relevant. The calculation of the sum of 2.87 MHz and the measurement of
(2.52 £ 0.06) MHz do not quite agree. A detailed estimate of the errors of the calculation based on how
well-known the input parameters are, has not been performed. However, it seems reasonable that the
discrepancy can be explained by uncertainties of atom numbers and beam waists.

For the lattice dimple, the quality of the measured data is insufficient to expect detailed agreement
with the calculation, however the calculation does show that for an atom number of N = 1 x 10* giving
k = 0.12 MHz, the dephasing rate is already a third of that obtained for « = 0.8 MHz in the dimple,
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Figure 4.4: Calculation of dephasing rates and decay rates due to different mechanisms for our experimental
conditions in the dimple and lattice dimple configurations. The dephasing is given as the overlap of the bright
state at time ¢ with the time-evolved initial state. The time-evolution for different dephasing mechanisms is
calculated separately and the results are stacked in the plot. For the decay rate, the population in the bright and

dark singly-excited states is given.
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Chapter 4 Fundamental limits on the coherence time of Rydberg superatoms

suggesting that the lattice causes an increase of density dephasing for the same « compared to the dimple
trap.

4.3 Conclusion

In this chapter, an attempt at a quantitative prediction of the known fundamental dephasing rates
was made. Comparison to measurements indicates that the discussed dephasing mechanisms may be
sufficient to explain the observed dephasing rates, however the confidence in the parameters used for
the calculations and in the measurements in the lattice dimple is not high enough to be able to make a
definite conclusion on whether the observed dephasing rates are due to under our experimental conditions
unavoidable contributions, or whether there is significant technical noise impacting the dephasing rate.

One possible candidate for the latter that has been observed to cause dephasing of Rabi oscillations
over a few ps is laser phase noise, which can be reduced using a filtering cavity [41, 42, 42].
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CHAPTER D

Summary and outlook

In this thesis, the suitability of a 1D magic lattice trap for increasing the coherence time of single-photon
Rabi oscillations of Rydberg superatoms was characterized. The characterization involved a detailed
investigation of three different effects leading to dephasing of the collective bright state of a Rydberg
superatom: Differential light shifts in the lattice trap, thermal movement of the atoms, and density-
dependent effects, namely the formation of Rydberg molecules and inhomogeneous broadening of the
Rydberg line due to density-dependent shifts.

The main result of the investigation of differential light shifts in the lattice trap is the measurement of
trap-geometry dependent optimal trap detunings over a wide range of principal quantum numbers of the
Rydberg state. The results are in good agreement with calculations of the trap potential that take into
account the large extent of the Rydberg electron wavefunction. In this calculation, it was possible to
express the geometry-dependence of the trap potential in a very simple and generally applicable way: The
geometry-dependent part of the trap potential for the Rydberg state is the average of the ponderomotive
potential of the free electron over the Rydberg electron probability density. Such an average is easily
evaluated numerically for any trap potential without requiring long analytical calculations, e.g. for a
tweezer in appendix C.

Motional rephasing in the magic wavelength lattice could be observed in a photon storage experiment,
in agreement with a very simple model of classical motion of atoms in the lattice sites. However, a
trade-off between a reduction of thermal dephasing, requiring tight confinement of the atoms, and an
increase of density-dependent dephasing, which for a constant number of atoms is reduced at less tight
confinement, was identified. At a principal quantum number of n = 61, photon storage experiments
showed the presence of weakly bound molecular states of Rydberg atoms and ground state atoms.

An attempt was made to characterize the density-dependent dephasing rate at higher principal quantum
numbers, which are relevant for Rydberg superatoms, but this measurement did not lead to conclusive
results due to inaccurate atom number measurements with absorption imaging.

Finally, a quantitative comparison of different dephasing mechanisms for our experimental conditions
was performed. Due to numerical problems and the strong dependence on the waist size of a beam and
the overall atom number, the calculations only permit the conclusion that density-dependent dephasing is
by far the largest contribution to the overall dephasing rate in the lattice, and that the only other relevant
contribution in the dimple are differential light shifts, which are still smaller than the density effects. No
improvement of single-photon Rabi oscillations in the magic wavelength lattice could be observed.

A reduction of the dephasing rate of Rydberg superatoms using a lattice trap seems unlikely due to
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the increased density compared to a non-lattice trap at constant atom number. However, depending on
whether the main contribution to density-dependent dephasing is due to molecular broadening or due
to density-shifts, it might be possible to reduce the density-dependent dephasing rate in a cloud with
very homogeneous density, trapped e.g. using a flat-top beam or repulsive light sheets. Such a trap
would also reduce dephasing due to inhomogeneous differential light shifts, because its intensity would
be homogeneous over the volume of the atom cloud. Choosing the right trap will certainly require a
detailed quantitative understanding of density-dependent dephasing mechanisms. To check and calibrate
such models, some improvements of the absorption imaging system such as intensity stabilization of the
imaging laser would have to be implemented in the experiment, to make accurate measurements of the
cloud density.

Furthermore, in this thesis only fundamentally unavoidable dephasing mechanisms were investigated
in detail, but there could also be relevant technical sources of dephasing, such as laser phase noise.
Making sure that these are not limiting factors is another viable path towards possible improvement of
the dephasing rate.
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APPENDIX A

Perturbation theory for Floquet states

To find the first-order corrections to the quasi-energies, we expand gz = q[g ) + q/(;), and the probability

”(0) +F Z(Bl). Here the upper indices in brackets give the size in powers of the

size of V. One could also make this explicit by introducing a scale A for V, then x®
to a term of order A'. Keeping only terms up to first order in equation 2.7, we obtain

0 0 0 0 0 1 0 1 1 0 k k(0
(a5 —EVFL +(q) - EQVFLD —nw(FL) + FiiD)) + g5 FLY) = Zv” Fy

amplitudes as Faﬁ =F,

would correspond

To zeroth order, the states are not perturbed, so we set F', n0) _ 5 ap9no- 1.6. without a time-dependent

perturbation, only the static Fourier component of the unperturbed state is 1, all other probability
amplitudes are 0. Also, without a perturbation the quasi-energies are identical with the unperturbed
energies, q(o) EW.

We first look at the case of @ = 3:

1 1 k 0
—nw(dn’o + Fg/(g )) + q/(g )(5n Z ( )

For the case n = 0 we obtain the first-order quasi-energy correction:

ay’ = Vg (A1)

For the case n # 0, we find the correction to the probability amplitude of the state itself.

n(l) _ ,0
nwFBﬁ _V,B,B
0
o _ _Ves
Bﬁ nw

Now we look at the case a # S:

(q[(gO) _ E((O))Fn(l) an(l) - Va/ﬁ
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Appendix A Perturbation theory for Floquet states

We obtain the correction to the probability amplitudes for @ # §:

n
n(l) _ VQB

af — (0 0
E/(;)—E((,)—

nw

Now, we proceed to the second order. We start again from equation 2.7

(95 - EY - nw)Fpg = Z Vg;ka , (2.7 repeated)
v,k
this time inserting corrections up to second order, g5 = ql(go) +q/(;) +q'(82), and Fp = F, "(0) +F! "(1) +F 21(32) ,
and keeping terms up to second order:
0 0 0 1 0 2
(q( ) ((yo))FZ;;)"‘(q( ) _ ((lo))FZ;)"‘(q( ) _ (0))FZ(B)
1 0 1 1 2 0 0 1 2
+g DD 4 gD | D pnO) (g i) | prd)
_ k(0) n—k k(l)
=2V By Z Vay Fr
.k .k
Looking only at the terms of second order:

O _ EO) D 4 gD 4 @ prO) g, L 7 ek pk)
(a5 —EVFLD +qy ol + g0 P — ZV Fy

We first look at the case @ = (5, and insert q(o) = Eg ) Fg(o) = 04p0,0, and from the first order

1%
calculation ¢ ,3 = Vﬁﬁ and Fg/(;) = m
B @
(1) n(l) (2) n(0) _ n(2) _ k(l)
9 Fpp *dp Fpp —nwlbpg Z Fyp
1 2 7B
VosFas + qz(s)(snO‘Z

E(O) E(O) kw

We do not know what F [()7)[(30) is from the equations looked at so far, so it has to be determined from the
normalization of the wavefunction, set it to zero (see LL for argument?). We use the fact that V is
Hermitian, V5 = V3, and that the Fourier components obey vk = (V75" to obtain

(2) ( ﬁ)
9 = Z ©) _ (0 (A2)
v,k EB - E,y —kw
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APPENDIX B

Four-level Hamiltonian in rotating frame in dipole
and rotating wave approximation

In this case, the interaction Hamiltonian is given by the dipole interaction energy, H 5 = —d - E, with

the dipole operator d. The electric field is the sum of the three laser fields at the location of the atoms,
E (1) = §;cos(w;t) (i = p,c,t). Because only the probe field is o -polarized, it is the only one for
which the relevant dipole matrix elements between states |g) and |e) are nonzero. Similarly, only
the o~ -polarized control and lattice fields can drive the |e) to |r) and |a) to |r) transitions. Instead
of explicitly calculating this, we immediately apply these selection rules and write the atom-field
Hamiltonian (with real dipole matrix elements)

0 ~dy &, cos(w,1) 0 0

—dg, &, cos(wpt) E, 0 -d,,. (&, cos(w,1) + &, cos(w,t))
0 0 E, ~d,,. (&, cos(w,t) + &, cos(w, 1))
0 -d,, (&, cos(w, 1) + &, cos(w,t)) —d,, (&, cos(w,t) + &, cos(w,1)) E,

We now want to change to a rotating frame, and will use the unitary transformation

1 0 0 0

0 e 0 0
U= 0 0 ei(wpﬂuc—w,)t 0

0 0 0 ei(a)pﬂug)t

The Hamiltonian in the rotating frame is given by

N du .
H=UHU" +ihEU'
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Calculating this yields:

0 —dg (e + 1)E,
4| dee(e P+ 1) E)-hw,

0 0

0 —d,, (e 2@ 4+ 1)§ + (e H@erwt  pi(w—welyg
0 0
0 _der((e—Zith + 1)86 + (e—i(wc+wt)t +ei(wt_w")t)8t)

E,-h(w,.-w, +w,) —dar((ei(w“_w’)t + e_i(wCJ'w'))Sc +(1+ e_2iw’t)8t)
—d,, (" @em @)t pmil0ctOyg | (14 20l)g ) E, ~h(w, +w,)

Dropping all the terms oscillating at optical frequencies (rotating wave approximation), and substituting

hA, = hw, — E,
hA, = hw, — (E, — E,)
A, =hw, — (E, - E,)

as well as
Qge = —ngeap/h
Q'er = _2der8c/h
Qar = _2dur8t/h
we obtain
0 Qge/Z 0 0
A= Qge/Z Ap 0 Q,,./2
0 0 AP+AC—At Q. /2

0 Q,/2 Q,/2 A+A,
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APPENDIX C

Trapping potential for Rydberg atoms in tweezers

The geometry dependence of the trap potential for Rydberg atoms discussed in chapter 2 applies to any
optical trap whose intensity changes significantly over distances smaller than the size of a Rydberg atom.
One example of such a trap is a tightly focused Gaussian beam forming an optical tweezer. These traps
are used in quantum simulation and quantum computation experiments with Rydberg atoms, because
they make it possible to create defect-free single atom arrays [43, 44, 45, 46]. To prevent atom loss,
tweezers with a repulsive potential for Rydberg atoms have to be turned off when the atoms are excited
from ground to Rydberg states (done e.g. in ref. [45]).

If one wanted to use magic tweezers at the same wavelength as the standing wave trap discussed in
this thesis, it would not be possible to find a wavelength where the potentials for the ground and Rydberg
states become completely equal. The potential difference for such a tweezer with a power of 1 mW and a
waist of 1 pm, which leads to a trap depth of approximately 1 mK, is shown in figure C.1, along with the
standard deviation of the differential light shift for an atom at a temperature of 50 pK. The potentials for
the ground and Rydberg state are never perfectly equal everywhere, but can be minimized for the atoms
trapped in the tweezer. The minimal standard deviation of the light shift is 20 kHz.

The potentials were calculated numerically according to egs. 2.12 and 2.13, by convolving the 3D
intensity distribution with a kernel containing the probability density of the Rydberg electron.

71
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Figure C.1: Differential trapping potentials between the ground state |g) and the Rydberg state |rn> for n = 100 in
a magic tweezer with a waist of 1 um at 1012 nm. The left top two panels show the ground state trap potentials for
the tweezer formed by a Gaussian beam propagating along the z-axis. The center panels show the differential light
shifts at a trap detuning of A, = 27 - 142.5 MHz, which is the magic detuning for a trap that does not contain any
significant intensity variations over the size of a Rydberg atom. The top right panels show the differential light
shifts for A, = 2 - 201.6 MHz, which minimizes the differential light shifts for an atom at 50 pK. The bottom
panel shows the standard deviation of the differential light shift weighed by the thermal distribution of atoms in the
tweezer around the optimal trap detuning.
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