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Introduction

Quantum computing [1] has seen rapid advancements in recent years, as it
0 ers a promising approach to solving problems that are intractable for classical
computation due to either their inherent quantum nature or their computa-
tional complexity. There are several platforms on which research toward the
realization of a quantum computer is being conducted in parallel. One of the
most promising at present is the atom-based platform. In these systems, the
qubit state is encoded in the internal state of individual atoms, the two logical
states jOi and jli corresponding to two long-lived atomic states, chosen in such
a way to ensure long coherence times.

To perform logical operations using atoms as qubits, it is necessary to trap
individual atoms and be able to induce both global and selective excitations
and readout. Two key ingredients are used to achieve this: optical tweezers and
Rydberg excitations. Optical tweezers are highly focused laser beams capable
of trapping single atoms and rearranging them into arbitrarily shaped arrays.
An example of an array of atoms trapped in optical tweezers and a process of
tweezers rearrangement are shown in Fig. 0.1 and Fig. 0.2.

Figure 0.1. Single atoms trapped in an arbitrary shaped optical tweezers 2D array.
Figure from ref. [2].

These systems o er remarkable scalability with state-of-the-art experiments
successfully trapping thousands of individual atoms [4], a crucial feature in
the pursuit of a high qubit number, which is essential for building a universal



Figure 0.2. Process of rearrangement. Exploiting particular devices it is possible
to arbitrarily reshape optical tweezer arrays without losing atoms form the traps.
Figure from ref. [3].

fault-tolerant quantum computer. The ability to address single atoms is fun-
damental for quantum computing, as it is necessary to implement both single-
and multi-qubit gates, which require selectively exciting individual atoms or
atom pairs.

The other essential component for entangling qubits are Rydberg excita-
tions, which are excitations to states with high principal quantum numbern 1,
slightly below the ionization continuum. In these states the mean radius of the
electron wavefunction increases as4) leading to a fast increase of the short-
range atom-atom Var der Waals interaction as . As a result, two Rydberg
atoms with n>50 localized in two nearby optical tweezers (typically they need
to be separated by a few micrometers to be optically resolved), can experience a
substantial interaction energy exceeding the MHz scale. This energy shift, larger
than the transition linewidth, leads to the so-called "Rybderg blockade" e ect,
e.g. the impossibility for a resonant laser to excite an atom to the Rydberg
state when another nearby atom has already been excited, eventually leading
to quantum entanglement between the atoms.

My thesis was carried out in a newly established laboratory at the Depart-
ment of Physics and astronomy of the university of Florence, where | took part
in the initial stages of an atomic physics experiment aimed at developing a
platform for quantum computation based on neutral 1’1Yb atoms. These stages
correspond to the design and construction of the vacuum apparatus, which
consists of a commercial ytterbium atomic source connected to a pumping
chamber and a science cell, and of the laser system, needed for the initial
cooling stages of the atoms. The thesis is organized as follows: Chapter 1 lays
the theoretical foundations necessary to understand both the experiment as a
whole and the rst steps e ectively undertaken during this work. Chapter 2



introduces the experimental project in order to clarify all the stages described
in the subsequent chapters of the thesis. Chapter 3 describes the con gura-
tion of the experimental apparatus, with particular focus on the procedures
employed in constructing the vacuum system. Chapter 4 details the laser setup,
speci cally the components realized so far and their applications in the initial
stages of laser cooling. It also explains all the techniques employed for laser
frequency stabilization. Finally, Chapter 5 shows the rst observation of atoms

in the experiment, with detailed explanation of all the critical points that have

to be addressed in order to to ensure the proper operation of the system.






Chapter 1

Theoretical background

This chapter will focus on the introduction of the main theoretical aspects one
has to know to understand the experimental phases of the thesis. In particular,
the focus will be on atom-cooling techniques, going in the details of those used
in the experiment, and on control systems and laser stabilization techniques
based on Pound-Drever-Hall scheme.

1.1 Laser cooling

Laser cooling techniques rely mainly on radiative forces, which make it possible
to dissipate the kinetic energy of the atoms and to con ne them. Radiative
forces are divided in two main contributes: radiation pressure force (dissipative)
and optical dipole force (conservative)[5]:

Frp = er *2572 (1.1)
gt
Fod = er 7 2 (1.2)
24 —+

Let's clarify what each of these variables represent:

is the Rabi frequency of the interaction and it is given by: €0 ~eg
where ~¢g is the transition matrix element between the two states of the

two-level system andEj is the amplitude of the laser light electric eld;
is the phase of the electric eld interacting with the atoms;
is the spontaneous emission rate;

is the detuning of the light from the transition frequency: =11 ¢
where! is the light (angular) frequency and! g is the (angular) frequency
of the atomic transition.
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Radiation pressure force can also be written as a function of the saturation

ratio s = - where Iy = 55~ as:

I sat
Frp =~Rzzis 127 2 (1.3)

with ¢ saturated linewidth of the transition and K wave vector of the
radiation. Looking at this equation it is clear that the radiation pressure force
has a saturation point when the intensity of the laser reached s5;. Being a
dissipative force, it is mainly used to slow down the atoms, as it happens in
optical molasses, where the atoms are trapped at temperatures that can reach
a minimum of around microkelvin (depending on the chosen atomic species);
this is because the temperature is limited by uctuations in photon scattering,
whose frequency depends on the linewidth of the transition used and on the
detuning. The minimum temperature reachable with these techniques is the
Doppler temperature:

TD = m (14)

unless sub-Doppler technigues are implemented.

The otical dipole force is a conservative force and it is used to trap atoms
with far detuned light. Since it is conservative it can be written as the gradient
of a scalar function:

|
P

Ug= ZIn 1+ —2 (1.5)

24—

4
when the detuning is large ( ; ) the optical dipole potential becomes:
U= /1 R (1.6)

This means that the atoms will feel a maximum of the trapping potential
where the intensity of the laser is maximum (or minimum, depending on the
sign of the detuning).

It should be noted that, since the laser interacting with the atoms is typically
far o -resonance, the two level system approximation is no longer valid, and
it is therefore necessary to take into account the contributions of all relevant
atomic states:

X o2

Uag= - (1.7)
i6=g
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1.1.1 Zeeman slower

In most of the experimental con gurations (including that studied in this thesis)

the atomic source is represented by an atomic beam, i.e. a collimated stream of
atoms, which, for sake of simplicity, we will consider moving all with the same
velocity % along the x direction. To slow the atoms, a counterpropagating
resonant laser beam can be used. Since the atoms are moving, it is necessary to
account for the Doppler shift in the atomic transition. However, as the atoms
are slowed down by the radiation pressure force, the Doppler shift changes. To
keep the atoms resonant with the laser an inhomogeneous magnetic el& is
introduced. Considering the anomalous Zeeman e ect for wealB elds the
shift is:

B=(g fteMte g fgMig) BB (1.8)

where g is the Bohr magneton, g is the Landé g-factor, ms is the z
component of the hyper ne total angular momentum and the subscriptsg and
f indicate ground and excited state of the two-level system. The resonance
condition in the atoms' frame is:

l+kv=! o+ —B (1.9)

=11 o= —B kv=kv o (1.10)

The force exerted on the atoms fors 1is F = ~kK5, and, solving the
equation of motion, we obtain:

q —
v(X) = V3 2ax (1.11)
where a is the acceleration of the atoms. Therefore, the atoms stop after
2
L= 2. It follows:

BM=Bo 1 X1 (1.12)

with B g = Vo,
This process will constitute the rst cooling stage of this experiment and
its realization will be presented in the following chapters.

1.1.2 Magneto-optical trap

Magneto-optical traps are dissipative traps that exploit the radiation pressure
force combined with a magnetic eld to cool and con ne the atoms. The
schematic idea is presented in Fig. 1.1.

Considering a two-level system whose excited state has total angular mo-
mentum J =1 (as in the bosonic isotopes of Yb), its Zeeman splitting consists
of three sublevels, one for each value of the angular momentum projection
guantum number my. Introducing a magnetic eld B = bxthe splitting of the
levels is gonna look like the structure represented in Fig. 1.1. Now consider two
counterpropagating beams along the x direction, whose polarization is circular
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Figure 1.1. Schematic representation of a magneto-optical trap working principle for
a bosonic isotope of Yb.

righthanded for that with kK = kR and circular lefthanded for the other. If the
beams are red-detuned (< 0), the atoms in x > 0 are nearly resonant with
the polarization beam, while atoms inx < 0 are nearly resonant with the

* polarization beam; meaning all the atoms feel a radiation pressure force
toward x = 0. Mathematically, by simply summing up the contribute of the
two beams to the radiation pressure force, one obtains:

F=F+F=

~R= S S
2%“ 4 (! 0+kv+g re s bx))? LA (!gkv92 te 8bX)°
M’ v)R
which is a damped harmonic oscillator force with friction coe cient:
= 8-k “s— (1.13)

damping time:
=M (1.14)

where M is the mass, and trap frequency:
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q b
= T (1.15)

In this thesis experiment, a 2D MOT and a 3D MOT will be implemented:
the latter with the purpose of collimating the atomic beam and de ect it towards
the nal position of the experiment, and the latter to trap and cool atoms down
to the Doppler temperature of the transition chose. More details on the MOTs
setup of this thesis are given in chapter 2 and 4.

1.2 Optical tweezers

Optical tweezers [6] are optical dipole traps. They are created by highly focused
laser beams, whose trapping potential is given by the optical dipole potential:

u= i (1.16)

Here the subscripti refers to any electronic state for which there is a non-
negligible dipole matrix element to the state g, for which one is calculating the
trapping potential. In the case where the trap wavelength is red-detuned from a
given atomic transition ( ; < 0) the contribution to the trapping potential from
that transition will be attractive (i.e. the atom will be attracted to regions of
higher laser intensity). If the trap wavelength of the optical tweezer is chosen
such that the net trapping potential is attractive, then atoms will be trapped
by the Gaussian intensity pro le of a tightly focused laser beam. The trapping
potential is often rewritten in terms of the state polarizability, , and the beam
intensity, |:

U= Zhli(r2) (1.17)
For a Gaussian beam the spatial intensity pro le is given by:

2r2
I(r; ) = W%oze w(z)? (1.18)

Here Py is the laser power, andw(z) representsglz beam radius, which is
related to the beam-waist at the focus (W) by:

r—
2
wiz)= 1+ % (1.19)
0

We de ne the trap depth, Up, as the magnitude of the trap potential at the
focus:

Uop=jU(r=0;z =0)j = gﬁ’iog (1.20)

A crucial condition for an atom being trapped in optical tweezers is that
the temperature of the atom is much below the trap depth (k, T hU o).
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1.2.1 Optical tweezer production

One of the attractive capabilities of optical tweezers is the ability to arrange
and recon gure individual tweezers in di erent array geometries via the use
of acousto-optic de ectors (AOD) and spatial light modulators (SLM). In
the case of AODs multi-tone radio frequencies generate multiple di racted
beams, which each enter a high-NA microscope objective at a di erent angle,
leading to a di erent position for each di racted beam in the focal plane. Thus,
through the use of an arbitrary waveform generator (AWG), one can design RF
waveforms that allow for an arbitrary arrangement of many optical tweezers
in 1D. Furthermore, due to the ability to rapidly change the AWG waveform
driving the AOD, the geometry of the 1D tweezer array can also be recon gured
during a given experimental sequence [7], as shown in Fig. 1.2. Dynamic
recon gurability of tweezer geometries is a necessary condition for generating
large-scale defect free arrays of trapped atoms.

Figure 1.2. Shcematics of a setup for optical tweezers generation and rearrangement
with an acusto-optic de ector. Fig. from Ref. [7].



1.2. OPTICAL TWEEZERS 11

1.2.2 Optical tweezer loading and rearrangement

Loading of optical tweezers from a cold atomic gas is a fundamentally stochastic
process. Atoms are initially loaded from the atomic gas trapped in a MOT,
however, it is possible that more than one atom is trapped inside a tweezer. To
solve this problem, a process known as light-assisted collision will be used. It
consists in ejecting pairs of atoms by exciting them to a molecular bound state,
leading to a parity projection, which leaves either 0 or 1 atom in each tweezer
trap [8, 9]; a schematics of the process is shown in Fig. ??.

Figure 1.3. Schematic representation of light-assisted collisions mechanism. During
the collision of two atoms, the laser excites one of the two to an excited state
we call P. The atoms form a loosely bound pair with one atom in the S state
(ground state) and the other in the P state and interact through the long-range
dipole-dipole attractive potential V(R) = g—g (here, R is the interatomic distance,
Cs= i%, > is the linewidth of the P state, and is the wavelength of theS ! P
transition). If the kinetic energy acquired by an atom pair before it radiates back
to the ground state exceeds the optical dipole trap depth U, it escapes the trap,
thus leading to the loss of two atoms.

Once single atoms are trapped into stochastically loaded optical tweezers,
rearrangement is needed in order to create defect-free arrays of atoms. A
common technique to engineering defect-free 1D arrays is to take a uorescence
image of a loaded tweezer array, then turn o RF tones associated with empty
sites, followed by ramping the RF tones of lled sites such that they occupy
the desired positions in the nal array. Using a pair of orthogonal AODs allows
for the creation of rectangular 2D arrays, however, the ability to recon gure
into defect-free arrays is complicated by the fact that turning o a single RF
tone will turn o an entire row or column of tweezers, not just a single site.
A solution to this problem is to combine the capabilities of a SLM and a pair
of orthogonal AODs. By varying the phase pattern on a SLM, arbitrary 2D
geometries of optical tweezer arrays can be generated [10]. Unfortunately, the
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Figure 1.4. Schematic representaion of optical tweezers creation, loading and rear-
rangement using orthogonal AODs and SLM. The xed tweezer array generated by
SLM can be rearranged using the AODs.Fig. from Ref. [11].

phase patterns of a SLM cannot be recon gured at su cient speeds to engineer
a defect-free array from the initial stochastic loading process. As a solution, one
can combine a xed arbitrary SLM array with a set of moving optical tweezers,
generated by orthogonal AODs, which can pick and move atoms throughout
the xed array generated by the SLM. Thus, after an initial image of the
stochastically loaded xed array is taken, a series of moves can be programmed
for the moving tweezers to move atoms into the desired con guration for a
defect-free array in the xed SLM geometry [11] as shown in Fig. 1.4.

1.3 Feedback control systems

Feedback control systems are widely used in experimental physics to maintain
a measured quantity at a desired reference (setpoint) despite disturbances and
parameter drifts [12]. In this thesis feedback loops are used, for example, to
stabilize laser frequency and intensity. De ning the error signal as the di erence
between output (stabilized quantity) and input (setpoint) e(s) = y(s) r (s), the
purpose of a feedback control loops is to implement some operational blocks that
tend to minimize the error signal received as an input. A feedback control loop
typically contains: a sensor that measures the controlled quantity, a controller
that computes the control action based on the error between the measurement
and the setpoint, an actuator that applies the control action to the system
(plant), and possible dynamics and delays in each block. A minimal closed-loop
structure is shown in Fig. 1.5.

Mathematically, using Laplace transforms the closed-loop transfer function
from reference r(s) to output y(s) is:

¥6S) . Gl(S)Gp(S)
(S)  1+G(S)GpOH(E) '

where G¢(s), Gp(s) and H(s) denote the controller, plant and sensor trans-
fer functions respectively. Stability and performance are determined by the
open-loop L(s) = G¢(s)Gp(s)H (s): margins (gain/phase), bandwidth, and

disturbance rejection follow from the frequency response ok (i! ) where the

dependence on the angular frequency has been made explicit as s = i!.

T(s) = (1.21)
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rs) Ge(s) Gp(s) y(s)
\__/ (controller) (plant)
H(s)
(sensor)

Figure 1.5. General single-loop feedback control architecture.

1.3.1 PID

Despite the advancing laser technology (both in stability, power and linewidth),
there is alway the need for a stabilization in frequency or power when considering
atomic physics application. In fact, experimentalists often nd themselves in the
situation of having to address speci ¢ atomic transitions with linewidths that
can be very low, even mHz magnitude. Hence, the need to stabilize lasers using
feedback control systems and, in particular, PIDs. Here, as it will be seen in
the following parts of the thesis, the reference for the locking of laser frequency
can have di erent natures: a speci ¢ transition of the atom observed via laser
spectroscopy, a beatnote signal with another laser or the absorption peaks of
an optical cavity. The Proportional Integral Derivative (PID) controller is
the most widely used feedback controller in experimental setups because of its
simplicity and e ectiveness for a broad class of systems. In the time domain
the PID output can be written as:

Z t

ut) =K pe(t) +K | . e()d +K Dde(t).

dt '

(1.22)

where e(t) = r(t) y (t) is the control error, Kp the proportional gain, K
the integral gain and K the derivative gain. In parallel (Laplace) form the
controller transfer function is
K
GC(S) =K pt+ ? + K DS: (123)
An alternative, commonly used parametrization (series form) is

1
Ge(s)=Kp 1+ — +Tps ; (1.24)
T\ s

with T) = Kp=K, the integral time constant and Tp = Kp=Kp the derivative
time constant.
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The parametersKp, K|, Kp are all tunable and have to be adjusted in a
way that ensures the control loop output is both stable enough and fast enough
at the same time. In particular, they can be interpreted in the following way:

Proportional (Kp) gives an immediate control action proportional to the
error; larger Kp increases bandwidth but may induce oscillations.

Integral (K ) eliminates steady-state error (0 set) by accumulating the
error; it improves low-frequency disturbance rejection but reduces phase
margin and can introduce windup if the actuator saturates.

Derivative (Kp) provides anticipatory action based on the error slope;
it increases damping and improves transient response but is sensitive to
measurement noise.

As already mentioned before, the parameters have to be tuned to grant the
best possible functioning of the PID control.

Two commonly used methods (and the ones used in this thesis) are:

Manual: A usual algorithm used for simplicity in tuning a PID control loop

is: start by turning up the proportional gain until the system oscillates,
then turn down the gain until the oscillations are almost suppressed; add
integral gain to eliminate setpoint droop (with the proportional gain only,
the steady state error tends to an o set), and turn down the proportional
gain a bit more to o set the destabilizing lag of the integral term; lastly, in
case it is needed (for the uses of this thesis it does never make a di erence),
add a derivative term.

A~

Ziegler Nichols [13]: increaseK p until the loop oscillates (ultimate gain
K ) with period T,. Then set gains according to the classical table (for
a PID): Kp 06Ky, T, 05T, andTp 0:125T,. These values are
aggressive and often require re nement.

In the context of laser frequency or intensity stabilization (e.g. using an
actuator such as a piezo on a cavity mirror or an AOM drive amplitude), the
PID roles are:

“ K p: reduces immediate frequency deviation and increases lock bandwidth.

" K |: compensates slow drifts (thermal, mechanical) and removes steady
o set between laser and reference.

" K p: damps oscillations introduced by actuator or plant resonances, i.e.
Kp will often not be needed for the speci ¢ applications shown in this
this thesis.

Further details on laser-speci c implementations are discussed in the next
chapter.
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1.4 Pound Drever Hall technique

In laser frequency stabilization it is common to use optical cavities (or nowadays

ultra-stable cavities) as a reference for frequency stabilization. In fact, cavities

work as ' Iters' in the frequency domain: they have resonance frequencies evenly
spaced by a quantity called free spectral range:

n=N Fsr (1.25)

where |, are the resonance frequencies of the optical cavityy is an integer
number and gggr is the free spectral range, which is given by:

FSR = - (1.26)

where c is the light speed in vacuum and L is the length of the optical cavity.
A Fabry-Perot cavity transmission signal is shown In Fig. 1.6.

Figure 1.6. Example of a Fabry-Perot cavity transmission signal. gsgr is the free
spectral range, while FWHM s the full-width at half-maximum linewidth of the
transmission peaks and it depends on the re ectivity as shown.

Fig. from https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=
9021

This means that, in re ection, by sweeping the frequency of the laser some
absorption peaks are observed at the cavity resonance frequencies. One could
use a peak of the cavity as reference, but, since peaks are symmetrical, just
looking at the signal there is no way to di erentiate if the laser is moving
to higher or lower frequencies with reference to the resonance one, thus, it
is impossible to bring the laser back. To overcome this problem, the next
step is to generate a derivative signal through a frequency modulation and
demodulation of the laser. This way, if the frequency of the laser moves to-
wards lower values, the signal will decrease or increase (depending on the
phase of the demodulation), while in the opposite case, also the signal will do
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the opposite, allowing for the di erentiation between the two cases (see Fig. 1.7).

Pound Drever Hall (PDH) locking is a robust and high-bandwidth method
to do exactly that [14, 15]. Using this technique the phase (rather than the
power) of the light re ected from a reference cavity can be measured by creating
radiofrequency phase sidebands onto the incident beam and demodulating the
photodetector signal at the modulation frequency. In the next sections, the
scheme (presented in Fig. 1.8) and the details to implement the PDH technique
are thoroughly explained.

1.4.1 Principle

The basic idea is to send a phase-modulated laser beam onto a Fabry Pérot
cavity and detect the re ected light. Near resonance the re ected eld (from
the input mirror) and the leakage eld (from the intra-cavity standing wave)
have nearly equal amplitudes but a frequency-dependent relative phase; this
phase di erence is the quantity that tells us whether the laser is above or below
cavity resonance. By beating the re ected carrier with phase sidebands (created
before the cavity) and demodulating at the modulation frequency, one obtains
a zero-crossing error signal that is antisymmetric about cavity resonance and
therefore suitable for feedback.

1.4.2 Quantitative model

We denote the re ection coe cient of the cavity by F(!) (ratio of re ected to
incident eld amplitudes at the angular frequency ! of the laser beam). Phase
modulation at frequency with modulation amplitude produces rst-order
sidebands at! . Writing the incident eld including rst-order sidebands,

En® E oJo()e™ +J:()e ™t 3 ()eltX

where Jg and J; are the zero and rst order Bessel functions. The re ected eld

is obtained by multiplying each spectral component by the cavity re ection

coe cient at the corresponding frequency and summing. The re ected optical

power contains components oscillating at (and 2) that come out calculating

it 1JE it j2, and it is the -component that carries the phase information of

the re ected carrier. Mixing the photodiode output with the local oscillator at
and low-pass ltering yields the error signal e.

In the regime typically used for cavity locking (carrier near resonance,
sidebands o resonance), the demodulated error signal is linear to rst order
around resonance and can be written in the compact form

e(t) ' D f(0); (1.27)

where f is the frequency deviation of the laser from the cavity resonance and
D is the frequency discriminant (slope of the error signal, units V/Hz if e is in
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volts). The discriminant depends on the optical powers in carrier and sidebands,
the cavity linewidth, the photodetector gain and mixer gain. For practical
purposes one treatsD as the calibration factor that converts the measured
servo error voltage into an equivalent frequency o set.

1.4.3 Modulation frequency and regimes

Two useful regimes are often distinguished:

Low modulation frequency ( small compared to the cavity linewidth):
the error signal corresponds intuitively to the derivative of the re ected
power with respect to frequency (adiabatic picture) as shown in Fig. 1.7a.

High modulation frequency ( large compared to the cavity linewidth, but
small compared to the free spectral range): the sidebands are essentially
totally re ected while the carrier probes the resonance; the demodulated
signal is proportional to the imaginary part of F(! ) and is linear near
resonance. This high- regime is widely used because it decouples the
measurement from slow cavity build-up dynamics and generally yields
higher servo bandwidth. An example signal is shown in Fig. 1.7b.

(a) Low modulation frequency signal.(b) High modulation frequency signal.
From Ref. [15] From Ref. [15]

Figure 1.7. (a) The Pound Drever Hall error signal,  sp=—= (Pc is the power of the

carrier while Pg is the power of the sidebands) versus—_—, for the case when
the modulation frequency is low. Here, the modulation frequency is about half a
linewidth. (b) The Pound Drever Hall error signal, P pops Versus ———, for the
case when the modulation frequency is high. Here, the modulation frequency is

about twenty linewidths.



18

CHAPTER 1. THEORETICAL BACKGROUND

1.4.4 Implementation

A compact sketch of optical and electronic parts needed to implement PDH
technique is given in Fig. 1.8.

Figure 1.8. The basic layout for locking a cavity to a laser. Red line is the laser
beam, while black line is the electronic part. The signal going to the laser controls
its frequency.

A standard implementation contains:

1.

An electro-optic phase modulator (EOM / Pockels cell) driven by an rf
oscillator at (the local oscillator, LO).

An optical isolator (polarizing beam splitter (PBS) + quarter waveplate)
and the reference Fabry Pérot cavity.

A fast photodetector that measures the re ected beam. The detector
bandwidth must cover and its harmonics.

An rf mixer which multiplies the photodiode signal by the LO. A phase
shifter in the LO path is used to set the demodulation phase (necessary
to obtain the correct quadrature and the canonical antisymmetric error
signal).

A low-pass lter after the mixer to remove the connected time-dependent
part of the signal at frequency 2 and higher components and produce
the error signal for the servo.

A servo controller (PID or more advanced) that Iters/ampli es the error
and drives the laser actuator (piezo, current, AOM) to correct frequency
errors.

PDH technique was classically introduced for frequency locks that use an
optical cavity signal as reference but it is not necessary. Any signal that presents
peaks can be modulated and used as a reference for the Pound-Drever-Hall
technique; the only necessary characteristic for ta signal to be used as reference
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is that it is stable enough for the application we need.

As we will see in chapter 4, in this thesis di erent signals have been used as
reference for PDH, i.e. the Ytterbium spectroscopy signal or the beatnote
between the laser that has to be locked and another reference laser, already
locked on the frequency needed.
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Chapter 2

Experimental setup project

In the following chapter, the planned experimental setup is described, with the
aim of providing a clear understanding of the reason behind the steps carried
out during the thesis work. In particular, the fundamental elements necessary
to understand how a quantum computing platform is implemented using atoms
will be introduced, from qubits to single- and multi-qubit gates.

2.1 Ytterbium

The fundamental ingredient of a quantum computer is the qubit: a two-level
guantum system on which all computational operations (gates) are performed.
In the case of neutral atoms platforms, the qubit consists of two long-lived
internal states of the atoms, chosen in such a way to ensure long coherence times.

In this experiment, the candidate chosen to perform such a role i71Yb.
This isotope has been selected due to several favorable properties, compared
to more commonly used alkaline atoms, that make it especially well-suited for
guantum information processing:

The ground state of 1’YYb has total electronic angular momentum J = 0
and nuclear spinl = % which results in a two-level system formed by two
Zeeman sublevel§m, = %i j0i andjm, = i jli (Fig. 2.1) that are
highly insensitive to stray magnetic elds. The reason behind this is that
when one calculates the Zeeman shift of the energy level in absence of
total angular momentum (J =0), itis given by: = g xm; B where

N = 2% is called nuclear magneton. It di ers from the Bohr magneton
just by the electron massme factor, that is substituted by the proton mass
mp. Thus —3 = m—z = 1836, meaning that nuclear spin Zeeman sublevels
are 3 orders of magnitude less sensitive to variations in the magnetic
eld with respect to hyper ne structure Zeeman sublevels. These features

make these sublevels ideal for encoding robust qubits.

Its atomic structure, similar to that of alkaline-earth atoms, features
both broad and narrow optical transitions. These transitions are both
important for several reasons. They allow for e cient laser cooling to
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microkelvin temperatures through Zeeman slowing on the broad 399
nm 1S ! P; transition (' 29:1 MHz) followed by magneto-optical
trapping on the narrow 556 nm 1Sy ! 3P transition (' 182 KHz) and
they can both be used for detection, in particular the broad transition can
be used for fast imaging of the atoms, while the narrow transition can be
used for slow, nondestructive imaging of the qubit state. It is important
to notice that, in this case, "nondestructive measurement” just means
that the atom are not pushed out of the trap because of the low energy
of the radiation and the low photon scattering rate of the transition, but
the state still loses its coherences.

The presence of a metastable clock state®Pg), which also has J=0,
enables the encoding of two distinct, long-lived qubits within a single
species. This feature opens the possibility for advanced quantum error
correction protocols, in which one atom in the clock state acts as qubit,
while several others in the ground state are used as ancillas.

The clock state also o ers the advantage of single-photon excitation to
Rydberg states, resulting in higher Rabi frequencies and no o -resonant
scattering from intermediate states, in contrast to the two-photon excita-
tions usually employed in alkaline species.

Figure 2.1. Schematic representation of main Yb levels and transitions. The two
candidates to be good qubits are highlighted in light blue and yellow.

2.2 Atom cooling stages

In order to arrive at a functioning platform where single atoms are trapped in
optical tweezers and can be manipulated, several atom cooling stages are needed.
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In fact, initially, just a cloud of hot atoms is produced inside an oven in a
vacuum chamber, starting from a solid piece of Ytterbium. The heat from the
oven makes Ytterbium atoms evaporate from the solid piece. Right after the
oven, a small aperture that lets atoms pass through and selects the direction
of their velocities is present. Hence the atoms are now collimated into a hot
atomic beam with high velocity (depending on the temperature of the oven)
that needs to be slowed down and captured.

The cooling stages needed for Ytterbium and in particular for this experiment
have been explained in chapter 1 and they are:

1. Zeeman slower: an initial slowing stage is carried out by a Zeeman slower
(discussed in section 1.1.1). It exploits the'Sy ! 1P transition to slow the
atoms down from*' 310 m/s (estimated on the base of oven temperature
and Ytterbium atomic mass) to 40 m/s.

2. 2D MOT (section 1.1.2): Since right after the oven the atomic beam needs
to be redirected through a small hole into a vacuum pumping chamber
and then into a glass cell, a 2D MOT is implemented to de ect the beam.
The MOT, combined with the Zeeman slower, is able con ne the beam
transversely and redirect into the glass cell where the experiment will
take place.

3. Angle slowing: The capturing step of the atomic beam consists of a 3D
green MOT performed on thelSy ! 3P; transition, which has a capture
velocity of few m/s. This means that the velocity reached by the rst two
cooling steps is not small enough. This is why an angle slowing stage is
implemented in the glass cell with two inclined beams that again address
the 1Sy ! 1P, transition in order to reach the capture velocity of the 3D
MOT:

4. 3D MOT: after the angle slowing, a 3D MOT is implemented on the
15,1 3P4 transition. The MOT role is to trap the atoms (average velocity
is zero) and cool them down at the same time. The Doppler temperature
of the green transitionis 1 K, which is the temperature reached by the
optical molasses. This step is very important, because the atoms reach
temperatures of some orders of magnitude below the initial frequency
trap of the tweezers, which is 1 mK.

All these cooling stages are schematically represented in Fig. 2.2

After all these steps of cooling, the atoms are ready to be trapped in optical
tweezers. The traps are switched on and the MOT is switched o . The atoms
lifetime in tweezers is limited by collisions with free atoms in the chamber, and
it is around seconds to tens of seconds, but under cryogenic environment it can
be extended up to hours. In the case of this experiment, tweezers will be kept
at room temperature, but it won't be a limit because quantum computational
tasks don't exceed milliseconds scale.
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Figure 2.2. schematic representation of all the cooling stages implemented on the
atoms.

2.3 Rydberg atoms

One of the most challenging aspects of neutral atoms platforms is enabling
the interactions between atoms in di erent tweezers. That is, because neutral
atoms interact via short-range van der Waals interactions, which scale a§g
where r is the interatomic distance andCg is the van der Waals coe cient,
that strongly depends on the principal quantum number n of the interacting
atoms. This means that over the distance between two tweezer traps (few
micrometers) there's approximately zero interaction among atoms with low
principal quantum number.

To solve this problem it is necessary to nd a way to enable strong interac-
tions between atoms in di erent traps and that is Rydberg atoms. Rydberg
atoms are atoms excited to states with high principal quantum numbern 1,
slightly below the ionization continuum. Many properties of Rydberg states
scale strongly with n [16, 17], which makes these states useful tools for quantum
engineering. Though this scaling is exact in Hydrogen, it is not quite right in
multielectron atoms. In practice, the general scaling properties can be recovered
by making a correctionton: n =n where is called the quantum defect,
and arises due to the interaction between the Rydberg electron wave function
and the core. It is generally a function of n and angular momentum quantum
numbers, though for large enough principle quantum number (such that the
Rydberg wave function has little overlap with the core), it is roughly inde-
pendent of n. The quantum defect correction allows the discussion of general
scaling properties of Rydberg states as a function of . Here is a table of the
n scaling of the most relevant Rydberg state properties:

In particular, among these properties, the one that stands out the most is
the fast increase of the short-range atom-atom Var der Waals interaction as*.
As a result, two Rydberg atoms with n > 50 localized in two nearby optical
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Parameter x (n " scaling)
binding energy -2
wavefunction radius 2
energy spacing between neighboring states -3
wavefunction probability at core -3
dipole matrix element to ground state -3/2
radiative lifetime 3
dipole matrix element to neighboring state 2
blackbody radiation lifetime 2
DC stark shift 7
van der Waals interaction 11
resonant dipole-dipole interaction 4

Table 2.1. n  scaling of the most relevant Rydberg state properties.

tweezers, separated by ' m can experience a substantial interaction energy
exceeding the MHz scale. This strong interaction also leads to entanglement
thanks to a phenomenon called Rydberg blockade [18].

The phenomenon comes from the fact that when the two atoms are inter-
acting, the system has to be described with collective states. Let us describe
each atom as a two-level system, wherggi is the ground state andjri is a
Rydberg state, and consider a laser resonant with theggi ! jri  transition.
Then, describing the system with collective states of the two interacting atoms
and calculating the dipole-dipole interaction, one can derive a shift in the energy
betweenjggi ! jgri andjgri!jrri , as shown in Fig. 2.3. This means that
if two interacting atoms are both in the ground state and are shined by the
same laser, only one of them will be excited, leading to an entangled state

ji= 5 igri+ i

Figure 2.3. Mechanism of the Rydberg blockade. We consider a two-level system
with states jgi and jri coupled coherently with Rabi frequency . Within a certain
radius that we called Ry, the two atoms in state jrri interact strongly due to the
extended Rydberg wavefunction; consequently thggri! jrri  transition is shifted
with respect to the jggi ! jgri  transition. This enables the so called Rydberg
blockade, e.g. two atoms with a relative distance< R, can not get simultaneously
excited to the Rydberg state.
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2.4 Quantum gates

To actually perform quantum computing, one needs to design a set of operations
in order to manipulate the guantum information stored in their states [19]. In
particular, it is necessary to be able to implement:

"~ single-qubit gates

" multi-qubit gates

2.4.1 Single-qubit gates

gquantum mechanical description of a two-level system is often given using a
particular representation, called Bloch sphere, shown in Fig. 2.4.

Figure 2.4. Bloch sphere. Usual representationn of a two-level system in quantum
mechanics, and in particular in quantum information.

Here the state is represented as a point on a sphere, where the two poles are
the jOi and jli states of the qubit and the general qubit state can be written as:
ji=cos 5j0i+e’ sin,jli (2.1)

Any possible operation on the qubit can be represented as a movement of a
point over the Bloch sphere. Single-qubit gates are simply this, an arbitrary
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operation on the qubit, i.e. an arbitrary 3D rotation over the Bloch sphere, as
illustrated in Fig. 2.5.

Figure 2.5. Schematic illustration of single qubit gates as rotations on the Bloch
sphere. Just three example gates are shown: X gate, Hadamard gate and Z gate.

Typical single-qubit gates are the Pauli gates, whose action is represented
by the matrices:

X = gé (2.2)
[

-0
!

T

and the Hadamard gate:
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[
101
X=p5 ) (2.3)

1
1

often used in combination with a controlled-NOT gate (it will be explained
in the following section) to reach a Bell state starting from a quantum two
qubit initialized in jOi.

Single-qubit gates implementation with neutral atom qubits is particularly
straightforward via Raman transitions. Speci cally, in this project we reference
to the technique used in [20] to implement fast arbitrary single-qubit gates on
the ground-state qubit. Here we recall that the logical basis is encoded in the
two Zeeman sublevels ofSp, i.e. j0i :mg =+ 3; jli:mg = 3.

The scheme is illustrated in Fig. 2.6. Here, Raman transitions are driven by
two beams that have di erent purposes. Let's name them X and Z. In presence
of a magnetic eld B that de nes the quantization axis, both the 'S, state
(qubit) and 3P; state (intermediate level for the Raman transition) are split
into Zeeman sublevels. The X beam has linear polarization, tilted by an angle
with respect to the quantization axis, meaning that it drives excitation with

m = 1;0. In the atoms reference frame, the beam has two polarization
components, one linear and on circular . Rabi oscillations are driven in the
regime where x N Where x is the Rabi frequency of the interaction
of the atoms with the X beam and |\ is the Zeeman energy splitting of the
ground state. The detuning x of the beam from3P; is much greater than
the splitting of the state. In this regime, the Rabi frequency depends on the
relative phase of the two components of the X beam as:

cos
X (2.4)
X

where the ratio of the coupling strengths  and is xed by the ratio

between the two components electric eldsE, and Ey. This particular beam
geometry is symmetrical with respect to the two components of the circular
polarization * and , meaning that the magnitudes of the two components
j i are equal. In this regime, a single beam can drive Raman transitions
simultaneously through the two separate pathways, albeit with a small detuning
given by the qubit splitting. Therefore, the X beam drives population inversions
betweenjOi and jli, but it doesn't change the relative phase between the two
qubits.

Given a qubit in a superposition stateji = cos;jOi + e sin j1i, relative
phase' variations are driven by the free evolution of the system and the speed
of this variations depends on the energy splitting between the two levels of
the qubit. The Z beam is introduced to accelerate phase rotations. When X
beam is switched o, Z doesn't drive excitations because it is just . polarized,
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