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Introduction

If physicists were asked to name the birthdate of quantum theory, many would proba-
bly say 14 December 1900. This was the day when Planck published his explanation
of the spectrum of thermal blackbody radiation [1], in which he heuristically as-
sumed the quantum nature of light. This groundbreaking idea inspired a series of
conceptual developments [2—6], each contributing to the establishment of quantum
mechanics as a distinct branch of physics. A comprehensive quantum theory was
proposed by Heisenberg [7] and Schiodinger [8], uni ed and formalized later by
Dirac [9] and von Neumann [10]. This early history of quantum mechanics, brie y
outlined above, usually referred to as the rst quantum revolution [11-13] had set
the stage for an optics and solid-state physics based on quantum mechanics, which
revealed the deeper nature of light and matter. It could be then exploited in various

applications, such as transistors, LEDs, lasers etc.

By today, in the era of the second quantum revolution manipulating, and what
is more, designing and constructing individual quantum systems, such as atoms and
photons have become possible. Since the foundation of quantum mechanics, ad-
vances in spectroscopy and high-level manipulation of atoms had been achieved,
taking full advantage of the invention of lasers as well-controlled sources of light.
Optical pumping [14-16], magnetic trapping [17], laser cooling and trapping [18—
21] of atoms are techniques that have been developed since the second half of the
20th century, and are now routinely employed in experiments studying their interac-
tion with electromagnetic radiation. The primary objective extends beyond a deeper

understanding of light-matter interactions to the development of new technologies
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4 Introduction

based on the quantum nature of these systems. Key research directions include quan-
tum sensing [22], quantum metrology [23], quantum cryptography [24], quantum
communication [25] and quantum computing [26].

Various platforms are suitable for such investigations: beyond different neutral
atoms (mostly but not exclusively alkaline and alkaline earth metals) [27], ions
[28], nanoparticles [29] and arti cial atoms [30] can be exposed to electromag-
netic radiation, which may take the form of microwave, infrared (IR), visible light or
ultraviolet (UV). For the latter three, continuous wave (cw) lasers play a key role, as
narrow-linewidth, coherent sources of radiation. Since their invention, laser technol-
ogy has seen remarkable advancements in both linewidth and stability [31], which
had an in uence on the improvement of our ability of manipulating atomic mat-
ter. Lasers with linewidth well below that of the addressed atomic transitions are
available today, allowing for precise spectroscopic measurements and well-controlled
experiments.

The effect of electromagnetic radiation can be further enhanced and modi ed by
means of optical resonators. The research eld of cavity quantum electrodynamics
(CQED), arising from the application of optical cavities, reveals a genuinely distinct
regime of light-matter interactions. In many cases of interest, matter is considered
as means of manipulating light: it can modify the properties of propagation (e.g. via
scattering or dispersion), the frequency (through Raman scattering, harmonic gener-
ation etc.), the polarization (through birefringence or dichroism) or the intensity (by
ampli cation or absorption). By contrast, as mentioned above, light can also be used
as a tool to manipulate matter. Cavity QED combines the two domains of phenom-
ena in a coupled dynamics of light and matter, in which they can mutually in uence
each other. This interaction becomes particularly interesting when the characteris-
tic frequency of the coupling strength exceeds the dissipative rates. Aiming for this
so-called strong coupling regimeCQED, as a research eld, is devoted to explore the
ultimate limits of non-linear atom-light interaction at the single atom, single photon
level.

Strong atom-cavity coupling can be achieved by either cavity design, as the cou-
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pling constant is determined by the geometry, or by making use of the collective
behaviour of multiple identical atoms interacting with the same cavity mode. When
an ensemble of atoms interacts with a mode of a resonator, each atom couples to the
mode, and its electronic state and spatial position in uences the mode. This eld,
in turn, acts back on the state and position of all the atoms. As a consequence, the
atoms communicate with each other via the cavity eld, regardless of their spatial
separation. This approach also allows for tuning the collective coupling by adjusting
the number of atoms in the mode volume.

Cavity QED schemes typically involve few degrees of freedom that are relevant to
the atom-light interaction. The eld is composed of a single or only a few modes,
and the interacting atoms can be represented by a small set of electronic states. In
these systems, cold atoms can be held in a magneto-optical trap (MOT), or loaded
into a cavity-sustained optical dipole trap, or be tightly con ned in atom-chip based
magnetic traps [32]. Such physical realizations of CQED systems have a multitude of
applications in quantum information processing and quantum sensing: the cavity can
enable sensitive measurement of the atomic dynamics or state at spectroscopic sen-
sitivity below the standard quantum limit for coherent spin states [33, 34], real-time
monitoring of the spatial distribution [35] or the atom number in evaporative cool-
ing of atoms [36]. Superradiance decoherence caused by long-range Rydberg atom
pair interactions, too, has been demonstrated by using cavity-assisted measurements
[37]. Another prospect of strongly coupled atom-cavity systems is given by optical
lattice clocks, which are based on lasing on a narrow atomic transition within a res-
onator [38—-41]. The cavity mode can have a dynamical role such that the hybrid
atom-photon excitations introduce new features to non-linear optics. For example, in
the case of multiple laser drives, the suppression of polariton excitation by quantum
interference [42] and the proof-of-principle of a multiplexed quantum memory based
on spin-waves [43] have been demonstrated.

Within this general perspective of strongly-coupled, interacting atom-light sys-
tem, CQED is an outstanding platform to study phase transitions in driven-dissipative

open quantum systems [44—46]. In its natural setting, a CQED system (see a generic
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Figure 1. A scheme of a generic CQED system. Atoms with natural linewidtlare
positioned between the mirrors of an optical resonator, coupled to its mode with coupling
strengthg. The cavity is driven coherently with angular frequendy and drive amplitude

. The cavity mode decays through one of the mirrors with ratetowards a detector.
The evolution of the atom-cavity system takes place under the effect of the measurement
back action.

scheme in Fig. 1) is driven by external coherent sources, e.g. by laser or microwave
radiation, meanwhile the energy is dissipated through a number of channels leading
to a steady state resulting from a dynamical equilibrium between driving and loss
[47]. One of the dissipation channels is the coupling of the cavity eld to external,
freely propagating, spatially well-de ned modes, which can be ef ciently collected
for detection. The outcoupled eld then affords an indirect observable of the intra-
cavity steady state [48], in the sense of continuous weak quantum measurement.
Although the intracavity system size is small, the continuously measured outcoupled
eld is a macroscopic observable, and it can be considered anorder parameter of
the system and the steady states can be referred to aphases Transitions between
phases can be affected by changing drive parametersgontrol parameterg and moni-
tored as a macroscopic change in the recorded signal. Such driven-dissipative phase
transitions have been discussed and experimentally studied recently in CQED [49—
56].

In 2016, the Quantum Optics Group of the HUN-REN Wigner Research Centre for
Physics started to build a CQED laboratory [57]. The aim was to realize quantum
technological applications based on atoms and photons. Today, the laboratory, called
Atom-photon interface hosts experiments which are based on complex procedures

of routinely trapping and cooling rubidium atoms, coupling them to a single mode
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of a high- nesse optical resonator and observing feeble light signals by avalanche
photodiodes as well as by single photon counters. By the time | joined in 2021, the
group had already published experimental results [58, 59]. In the spirit of learning
by doing | started to use, maintain and develop the system with my colleagues.
Now, | have the honour of being the rst in the group to write a PhD thesis out of

measurements performed in the Atom-photon interface. As a pioneering work in
this sense, the present thesis (beyond its natural aim of summarizing my scienti c
results) also provides a detailed description of the setup, the experimental methods
and the underlying principles, serving as a useful reference for both current and

future members of the group.

The thesis is structured in two parts. In Part I, both the theoretical and experi-
mental background of my work are reviewed. In Ch. 1, a semiclassical, mean- eld
model is invoked to describe the interaction of multiple atoms and a single mode of
a high- nesse optical cavity. In Ch. 2, | describe the laboratory setup in detail: all the
employed lasers and cavities are enumerated with the connections between them,
elaborating on the stabilization techniques applied on them. After a brief descrip-
tion of the vacuum chamber and the detection system, the whole cold atom sample
preparation cycle is explained. Part Il is devoted to the results of the three major
research projects | participated in during the three-year period spent in the Quantum
Optics Group. The rst study (Ch. 3) reports on the observation of a nite-size real-
ization of a dissipative quantum phase transition (DQPT) between hyper ne ground
states of cold rubidium atoms interacting with a single mode of a high- nesse optical
cavity and an external laser eld. The phase diagram of the phase transition is deter-
mined by means of a semi-classical mean- eld model. The remarkable feature of the
phase diagram is that it predicts the coexistence of two solutions, each describing a
phase with atoms very close to their hyper ne ground states. Although the predicted
bistability region is rather limited in range for the control parameters, the bistability
effect has been con rmed by recording hysteresis curves. Enhancement of intensity
uctuations well above the shot-noise level, accompanying the phase transition, is

also revealed and investigated. The second project (Ch. 4) is a theoretical study to
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extend the concept of phase transitions between ground states: whether it is possible
to enlarge the bistability domain and achieve phases which include pure quantum
states in the thermodynamic limit? The initial idea was to consider the case when
instead of the external laser eld, another driven cavity mode excites the atoms.
This con guration is not available in the existing experimental setup, because the
free spectral range of our cavity is larger than the hyper ne splitting. However, we
could study this system on the basis of the mean- eld model, constructed for the rst
study, extending it with the dynamical variable of the new cavity mode, and another
excited state of the atoms coupled to it. A non-trivial phase diagram is obtained,
and the nite-size scaling of the phase transition towards the thermodynamic limit
shows that pure quantum states represent the coexisting phases and, ultimately, the
bistability sets in the full range of the ratio of the control parameters. The third and
last work in this thesis (Ch. 5) demonstrates strong collective coupling between a
subradiant atom array and undriven modes of a high- nesse optical cavity. The vac-
uum Rabi splitting spectrum, an evidence of the strong collective coupling, predicted
by the simple linear polarizability model of the atoms, is measured in a speci c ge-
ometry. The atoms, placed in an optical lattice incommensurate with the resonant
wavelength, and hence forming a subradiant array, are driven by a closely resonant
external laser eld in a direction perpendicular to the cavity axis. The linearity and
the subradiance of the scattering is con rmed by scaling with the driving power and
the number of atoms, respectively. Polarization rotation, exceeding the range of the
linear polarizability model, is also observed and accounted for. The results presented
in this thesis were published in [T1, T2, T3], which form the basis of the correspond-

ing chapters, and the theses formulated from page 94.
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Chapter 1

Theoretical background

1.1 Interaction of atoms with a single optical mode

In this section, a semiclassical, mean- eld model is constructed for the case of many
atoms interacting with a single mode of a high- nesse optical cavity. The equations
of motion are derived for the atomic polarization and population, as well as for the
electromagnetic eld amplitude. These Maxwell-Bloch equations (and their exten-
sions with additional modes, elds and atomic levels) are used for modelling the

experiments in Ch. 3 and Ch. 5, and for deriving the main results of Ch. 4.

along the axis of a high- nesse linear optical resonator with resonance at angular
frequency ! ¢ (see Fig. 1.1). The cavity is driven by a laser eld with amplitude -,
and angular frequency! , close enough to the resonance frequency o = (Ee Eg) =
of an atomic transition, g $ e, so that we can neglect all other levels. Since the atoms
are much smaller than the optical wavelengths (248 pmand 780 nmfor the radius of
the Rb atom and the wavelength of its D, line, respectively), their interaction with
the electromagnetic eld can be described in dipole approximation, meaning that the

atoms are considered to be pointlike objects with a dipole moment

di = deg M4 Wy - (1.1

11



12 Theoretical background

where @ g &0 jsthe lowering operator, and the matrix element of the dipole
moment deg is chosen to be real. The interaction between a dipole moment and a

radiation eld is represented by the Hamiltonian

i \D
Hap = dV5 (1.2)

where D is the quantized electric displacement vector. Quantizing D, rather than
E, is chosen to eliminate the A -square term from the Hamiltonian, which would
couple the electromagnetic modes and challenge the validity of the single mode ap-
proximation. In this picture, this is performed consistently and without additional
approximations [60, 61]. The quantized electric displacement eld in a single mode

of the optical resonator is given by

q
D(xt)=i 2ecoskx) a(t) a'(t) ; (1.3)

where is the polarization of the eld, V is the volume of the cavity mode, and
the time dependence is carried by the creation and annihilation operators @"; a) in

Heisenberg picture.

Figure 1.1: Scheme of two-level atoms interacting with a cavity mode.

The Hamiltonian of the total system consists of terms describing the free cavity
mode and the free atoms, the interaction between them (1.2), and the driving of the
cavity. Substituting the dipole moment (1.1) and the electric displacement eld (1.3)
in the expression (1.2), in the frame rotating with ! , the total Hamiltonian takes the

form:



1.1 Interaction of atoms with a single optical mode 13

H=~ = Caya A My () + | g.(') ay (i) a (hy + i~ ay a ; (14)
i=1 i=1

in the order given above, where ! le, A ! I o are detunings of the

laser from the cavity and from the atoms, respectively, &) = zloivdeg cos kx® s

the coupling coef cient between the i-th atom and the cavity mode (with d.q being
the projection of the matrix element of the dipole moment to the eld polarization,
and k = ! c=cthe wavenumber of the cavity mode). The termsa () and & @Y have
been omitted according to the rotating wave approximation (RWA), as they rotate at
e+t 1o 2, and average out during the time scale of the atom-cavity interaction,
determined by the coupling coef cient, having the order of magnitude of several
MHz.

The conservative dynamics of an operatorO can be straightforwardly obtained in

terms of Heisenberg equations of motion:

Q= i:[O;H]: (1.5)

The dissipation of the cavity mode amplitude with a rate , the decay of the ex-
cited state with the spontaneous emission rate can be taken into account in the
Heisenberg—Langevin equations of motions [62] with the associated noise described

by noise operators , @, #3 #{) speci cally:

a=(i ¢ Ja+ ¢V O4~4~
i=1

W= a ) V+2gWa P+ O (1.6)
= 2n® g0 Ovara O 40,
N =204 g asar O 430,

where we introduced the population operators n&) = @y O;n{) = ® Oy Note
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that these are not independent, as for a closed two-level atomn$’ + n{’ = 1 holds.
The mean value of the noise operators is zero, and they are de ned by diffusion

coef cients:

D E
) () =2 (1 to);

O(ty) (L) =2 5 (1 to);
#0 () (t) =2 Y 4 (1 t);
#3) (t1) 0 (t2)

#(#) () =2 0 (b t);

2 oy (th t); (1.7)

#) () # () = 2 nd G (o t);

#O (t)#)) (1) =2 nd 5 (1 ty):

All the other rst-order correlations vanish. This set of correlation functions can be
derived either from a microscopic model of the dissipative processes, or simply by

using the generalized uctuation-dissipation theorem [62].

Now, if we assume that the atoms are equally coupled to the mode, that isg”) ¢

for all i, the coupling coef cient can be factored out, and a closed set of equations
. . . P : P .

can be obtained for the collective atomic operators = v, @ andNe= |\, n’,

Py )
Ng= N, n§, given as:

a=(i ¢ Ja+tg +~ +7
= i + ~ N N a+ N ;

( A ) g( e g) (1.8)
Ne= 2N, g Ya+a +N g

Ng=2N¢+9g Ya+a +N g

where the noise terms are simply the sum of the individual atomic noise terms, e.g.,
P .
N = iN:1 (), keeping the atom number as a prefactor for later convenience. The

use of collective atomic operators is a crucial assumption to close the set of equations,
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which is exact e.g. for atoms in the antinodes of the mode, in an optical dipole lattice.
This approximation is the starting point for a mean- eld description of a randomly
distributed ensemble of atoms when their collective behaviour is considered, such
as in the experiment discussed in Ch. 3. By contrast, spatially dependent coupling
coef cients must be maintained when the different positions of the individual atoms

play a signi cant role in the dynamics, like in the case studied in Ch. 5.

The operator products in the above equations (e.g. the product Ya in the evo-
lution equation for the population N¢) make this problem analytically intractable.
We resort therefore to the standard mean eld approach, linearizing the above op-
erator equations around the mean values. For later convenience, let us introduce
scaled variables in the form of a sum of the scaled mean- eld and scaled uctuation
variables, i.e., a = pW( + a), = N(m+ ), Ne= N(Me+ Ng) and Ng =

= N (ng+ Ng). With a suitable scaling of the parametersg = P Ngand =~= N,

the mean eld variables obey the Maxwell-Bloch equations

_=( ¢ ) +tgm+ |

m=( o )m+gMe ng ;

(2.9)
ne= 2n g(m + m);
Ng=2ne+g(m + m):
The linearized dynamical equations for the uctuations read
a=(i ¢ )a+g + ;
—=(i + N N +[n ngl a)+ ;
( A ) g([ e g] [ e g] ) (1.10)

Ne= 2N, 2gRem a+ O

Ng=2 N .+2gRe m a+ Y+ g

P_— : . : : -
where = = N. These are linear equations with the noise terms as driving. The
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non-vanishing noise terms are obtained straightforwardly from their de nition,

() Y(t) = o ()

(W) ') = 0 (b

() V() = o Y ()

(W) V) = oY (L W) (111)
he(t) et)i= oM (1)
ho(t) o()i= M (b t);
h o) o(L)i= 3N (6 )

All the above diffusion coef cients vanish in the limit of large N.

The model above can be straightforwardly extended with other atomic levels,
drives and cavity modes. Such extensions are used throughout the thesis. In Ch. 3,
Eq. (3.6), another ground state jf i and an effective drive, from jgi to jfi are in-
troduced. In Ch. 4, Eqg. (4.1), there are two excited and two ground states with two
driven cavity modes. Finally, in Ch. 5, instead of the cavity, the atoms are driven, and
two orthogonally polarized cavity modes are considered, however, in this problem,

the mean- eld equations will not be used.



Chapter 2

Atom-photon interface

In this chapter, | provide a detailed description of the laboratory setup used for the
measurements that form the basis of my experimental results presented in this work.
In the next section, | present the lasers and optical resonators employed in the setup,
with emphasis on their frequency stabilization and synchronization. In Sec. 2.2, |
brie y describe the vacuum chamber, in which the interaction between the cold 8'Rb
atoms and the photons takes place. Sec. 2.3 discusses the properties of the uti-
lized detectors. In the nal section of this chapter, | outline the typical experimental

protocol.

2.1 Frequency stabilized lasers and cavities

Quantum optics experiments rely on frequency stabilized, continuous wave (cw)
laser sources. Given that the B line of the 8Rb has the linewidth (HWHM) of
= 2 3MHz [63], for precise measurements, the linewidth of the laser sources
needs to be well below that. It is also important that the frequencies of these laser
sources are xed in the long term against drifts induced by a variety of environmen-
tal effects (temperature, pressure, humidity, etc.), and that they are synchronized to
each other, and ultimately, to an atomic resonance as reference. In this section, we

will discuss the lock chain depicted in Fig. 2.1 in detail, and see, how different lock-

17



18 Atom-photon interface

ing and linewidth-narrowing techniques were utilized to reach our goal: frequency

stabilized and synchronized lasers and optical resonators. The frequencies of the
lasers are shown on the rubidium level scheme for comparison in Fig. 2.2. Before
the detailed description of the lasers and cavities, here is a short summary of their

purpose:

1. Reference laser: A laser locked to a rubidium reference, used as frequency stan-

dard for other lasers, furthermore, for optical pumping and absorption imaging.

2. Repumper laser: Whenever other lasers can pump the atoms from thd= = 2
ground state to F = 1, this laser is used to compensate by pumping the atoms
back.

3. MOT laser: A laser with a tapered ampli er, drivingthe F =2 ! F°%= 3 cooling

transition, necessary for the magneto-optical trap.

4. "Science' laser: A laser with tunable frequency, used to manipulate the atoms
in the cavity. One part of its light drives the cavity, the other one drives the
atoms directly, from up and down, in a direction perpendicular to the cavity

axis (transverse drive).

5. "Transfer' cavity: A high- nesse optical resonator, used to transfer the frequency

stability of the reference laser to the “science' cavity.

6. "Science' cavity: A high- nesse optical resonator in the vacuum chamber where

the atom-light interaction takes place.

7. "805' laser: A laser with a wavelength of 805 nmused to stabilize the “science'

cavity and to realize an intra-cavity optical dipole lattice.

2.1.1 Reference laser

Our reference laser (blue beamline in Fig. 2.1) is a Toptica external-cavity diode

laser (ECDL). One portion of the beam is sent through an electro-optic modulator
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Figure 2.1: Scheme of the frequency stabilized and synchronized laser sources of our
CQED laboratory [64]. Laser beampaths marked with dashed lines are detailed in
Fig. 2.7.
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Figure 2.2: Hyper ne structure of the B line of 8’Rb [63] with the frequencies of the
lasers and the science cavity. Laed-factors,g- and Zeeman splittings inMHz=G are
also given.
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(EOM): a device made of a crystal whose refraction index is affected by the strength
of the local electric eld. The EOM is driven by a radio frequency (RF) signal of
15 MHz, which is translated into the phase modulation of the transmitted light. The
modulated light is utilized to perform frequency modulation (FM) saturated absorp-
tion spectroscopy of a room temperature rubidium cell, in order to lock the laser
to the crossover resonance of theF =2 ! F°=3 and F =2! F%=2 transitions
of the D, line of 8’Rb (see Fig. 2.2). The error signal from the FM spectroscopy is
fed back into the piezo voltage, as well as onto the diode current, via a Toptica Fast
Analog Linewidth Control (FALC) Pro module, a high-speed linear control ampli er.
With these techniques, the linewidth of the reference laser can be reduced down to
100 kHz(HWHM).

The reference light is utilized in different ways: the unmodulated part is divided
further to give reference to other lasers for frequency stabilization, and to use it
for absorption imaging and optical pumping. In order to achieve resonance with
the F =2 ! FO%=2 transition for imaging or the F =2 ! F°%= 3 transition for op-
tical pumping, the laser frequency is shifted by 133 MHzor 133 MHz respectively,
by means of an acousto-optic modulator (AOM) in each corresponding beampath.
In this device, an acoustic wave is propagated through a crystal, modulating its re-
fraction index. The transmitted light is diffracted from the periodic structure of the
refraction index pro le of the crystal with a frequency shifted by multiples of the
acoustic frequency, according to the diffraction order [65]. It is also utilized for fast
( ns) switching, as the optical power gets transferred between spatially separated

diffraction orders when the acoustic modulation is switched on and off.

Saturated absorption spectroscopy

Saturated absorption spectroscopy is a method allowing for resolving atomic reso-
nances below the Doppler limit [66]. To this end, a pump-probe scheme is utilized
(see top right in Fig. 2.1), where the probe is just the re ection of the pump, reduced
in intensity by a neutral density Iter. As the frequency of the laser is being swept,

the pump beam addresses atoms of different velocity classes (red/blue detuned pump
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excites atoms moving towards/away from the laser source). These classes of atoms
are, in general, distinct for the pump and the probe. When the frequency is at the
atomic resonance, those atoms are excited whose velocity is perpendicular to the
beam propagation, which are the same atoms for both beams. In this case, the pump
saturates these atoms, so that they become transparent for the probe. Since these
atoms have a well-de ned velocity (0 in the direction of illumination), no Doppler
broadening takes place. If there are two resonances within the Doppler broadened
spectrum (e.g. ! ; <! ;) with a shared ground state, a third absorption peak will
appear in the saturated absorption spectrum, right in the middle,at (! o= ! 1+ ! ,)=2
(crossover frequency). This can be understood as follows: at the crossover frequency,
the pump will saturate transition 1 (2) of the atoms moving away from (towards) the
source with velocity v = ¢! ;1 ! ¢j=!o, while the probe will address the other tran-
sition of the same atoms. Atoms in these two velocity classes will be less likely to
be found in their ground state, so they will become transparent for the probe. In
our case, we use the transitionsF =2 ! F°=3 andF =2 ! F%=2, and the laser

is locked to their crossover resonance.

Frequency modulation spectroscopy
A resonance peak is not ideal for a feedback error signal due to various reasons. At
the top of the peak, a frequency mismatch from resonance in either direction results
in the same change of the signal, and hence, the direction of the deviation cannot be
determined and compensated. One side of the peak could be used, given that it is
monotonous with respect to the frequency difference. The dif culty, aside from the
fact that the side of the peak is not at the exact resonance, is that laser intensity noise
and background light add uctuations to the signal and can also lead to a drift of the
working point.

Frequency modulation (FM) spectroscopy provides a solution to this problem
[67]. According to the Kramers—Kronig relation, the dispersion of a medium changes
sign at the extremal value of its absorption. This implies that a nearly resonant light

(i.e. one with frequency within the linewidth of the absorption line), when propagat-
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ing through the medium, gains a phase shift which is proportional to the detuning of
the light from the resonance. As this is the case, if we could measure th@haseof the
light instead of its intensity, we would obtain a zero-crossing at the exact resonance,

undisturbed by any intensity uctuations, providing the desired error signal.

Figure 2.3: Intensity and phase shift (a) of a light transmitted through a resonant
medium, and the error signal (b) provided by FM spectroscopy (simulated data). The
error signal provides a steep line at resonance.

In FM spectroscopy, the light is phase-modulated with an RF signal, whose fre-
guency is larger than the linewidth of the absorption peak. The phase modulation
can be performed by an EOM or by driving the diode current with the RF signal.
It generates sidebands symmetrically to the carrier, at a distance in frequency equal
to that of the modulation. The interfering signal of the transmitted carrier and the
two sidebands, which contains harmonics of the modulation frequency, is detected
by a fast photodiode. It can be shown (see e.g. [67]) that the amplitude of one
of the quadratures oscillating with the modulation frequency is proportional to the
phase shift of the carrier, thus to the frequency mismatch between the laser and the
resonance line. This amplitude can be extracted from the photodiode output by de-
modulation, that is mixing it with the RF signal used for the phase modulation, with
an appropriate phase. The resulting DC signal is proportional to the frequency devi-
ation, so that it can be used as an error signal, e.g. in a PID control loop, to lock the

laser.
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2.1.2 MOT laser

The laser used for magneto-optical trap (MOT) and polarization gradient cooling

(referred to simply as MOT laser, orange beamline in Fig. 2.1) is a Toptica tapered
ampli er (TA) Pro. Its seed beam is split inside the box: the main part is injected into

a tapered ampli er (TA), and the ampli ed beam is used for experimental purposes

(see in Sec. 2.4); the other, smaller portion serves to lock the frequency to that of
the reference. The two beams are interfered in a bre and the beat signal is detected
by a fast photodiode. The error signal is produced from the photodiode signal by
a frequency-to-voltage converteian electronic device, generating a voltage output,
proportional to the frequency of the sinusoidal input signal. Finally, the laser is

locked 17 MHz below the F =2 ! F9= 3 transition.

2.1.3 Repumper

The repumper (green beamline in Fig. 2.1) is a home-made laser, which is based on a
distributed-feedback (DFB) laser diode. Its beat signal with the reference is detected
with a fast photodiode, whose signal is compared to a6:8 GHz local oscillator in a
phase-frequency detectoil his device outputs a voltage with a sign corresponding to
the detuning if there is a mismatch between the beat and the local oscillator, and
it is sensitive to the phase difference if the frequencies match. Utilizing this tool,
a phase-locked loop (PLL) can be realized between two lasers by feeding back the
error signal on the current of the laser diode. As a result, the repumper is locked to
the reference with sub-Hz precision, having a frequency resonant with the transition

F=1! F0=2.

2.1.4 “Science' laser

The laser that we used to manipulate the atoms in the cavity, called "science' laser
(red beamline in Fig. 2.1), was initially a Toptica ECDL, beatlocked to the reference

with a frequency-to-voltage converter, the same way as we did with the MOT laser.
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Later (after the experiments discussed in Ch. 3), in order to reach larger intensities,
it was replaced by a Toptica TA Pro, which we phase-locked to the reference in a
similar way as it is done in the case of the repumper.

The beam is split on a polarizing beamsplitter, so that one part can drive the
science cavity mode along the cavity axis through one of the cavity mirrors on careful
optimization of spatial mode matching, the other can drive the atoms from a direction

perpendicular to the cavity axis (transverse drive).

2.1.5 “Transfer' cavity

A temperature stabilized high- nesse cavity (see Table 2.1 for parameters) in an invar
tube is utilized to transfer the frequency stability of the reference laser to the science
cavity at a wavelength far from the ones involved in the light-atom interaction effects

to be studied. The length of the cavity is adjustable by means of a piezo crystal, xed
on one of the mirrors. Voltage control and feedback on the piezo is governed by a

speci ¢ device, developed together with our group.

linewidth (HWHM) =2 | 0:36 MHz
nesse F= 666
length d 5cm

free spectral range rsr | 3GHz
mode waist Wo 146um

Table 2.1: Transfer cavity parameters. We use LaserOptik HR mirrors1éf mm diam-
eter. The re ectivity of both mirrors isR = 0:9985 and is closely constant over a range
of 50nmaround 790 nm so the cavity parameters are the same for the two modes at
780 nmand 805 nmthat we use.

The reference light is coupled into the cavity after passing a polarizing beamspilit-
ter (PBS), using its transmitting path, and a =4 plate, with the slow axis oriented
at 45 with respect to the polarization plane. This way the polarization of the light
re ected from the input mirror is rotated by 90, and gets re ected on the PBS. This
re ected light is used to lock the cavity to the reference with the Pound—Drever—Hall
(PDH) technique, a locking method based on FM spectroscopy, discussed above.

There is a feedback loop in the opposite direction as well: the error signal of the
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transfer cavity is fed back to the diode current of the reference laser using the same
FALC device as for the rubidium spectroscopy. This way, the transfer cavity mode
serves as a narrow-line etalon to reduce the linewidth of the reference laser, down
below 100 kHz(HWHM).

Piezo controller device

A low-noise piezo controller, called "Quantum piezo controller' was developed to-
gether with our group by R&D Ultrafast Lasers Ltd. One device is capable of handling
two control loops, each corresponding to one piezo actuator attached to a cavity.
Each loop has an input channel for the error signal, a high-voltage output channel for
setting the workpoint ( 20V to +100V with a resolution of 3:33mV), and a low-
voltage output channel for the control signal around the workpoint ( 5V to +5V
with a resolution of 0:17 mV). Additionally, there are two monitor channels for
tracing both the input and the output signals.

The control is implemented by means of eld-programmable gate arrays (FPGAS),
handled by a front-end GUI on a computer, connected to the controller via ethernet.
The workpoint (i.e. the cavity resonance) can be found by scanning the length of the
cavity (in terms of the voltage on the piezo actuator), and looking for the PDH signal
in the input. When the workpoint is selected, the voltage range is reduced in an
automated operation by means of scans of smaller and smaller amplitudes. After this
zooming process, when the scanning range is constricted to the actual error signal
(the slope corresponding to the resonance), the lock can be switched on.

Each input signal is split into two paths: one goes to a fast feedback loop, realized
by a PID controller, and the other to a slow one, realized by an integrator. Both parts
are ltered by digital Iters, in order to properly separate the fast and slow part (by
means of high-pass and low-pass lters), and to rule out the mechanical resonance
of the cavity holder (by means of a notch lter). The transfer function of these lters,

having the form

bz 2+ bz 1+ by

z 2+ az 1+1°

H(z) = (2.1)
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can be designed and implemented by de ning the constantsa; and b between +10
and 10, with a precision of 7 decimal digits. The maximum sampling frequency
of the ltersis 1MHz. The outputs of the fast and the slow feedback are summed,
this will be the control signal on the low-voltage output. If the voltage on this output
reaches the edge of its working range, the workpoint is shifted, and the control signal
is rewound to the opposite edge of the interval. This is done in a harmonized way, so
that the two changes in the voltage with opposite signs cancel each other.

During my work, my task was to test this device, to optimize the settings (e.g. PID
and digital Iter parameters) with respect to lock noise and stability. | was in contact
with the developer regarding occasional bugs in the software and implementing new
features (e.g. the above-mentioned smooth compensation of the low-voltage output

with the high-voltage one).

2.1.6 "Science' cavity

Another high- nesse resonator (see Table 2.2 for parameters), used for the CQED
experiments, is placed inside the vacuum chamber. This is what we call “science'
cavity. It can be driven by the “science’ light, and locked by using the same electronic
control device as that for the transfer cavity. The locking principle is presented in the

next subsection.

linewidth (HWHM) =2 | 3MHz
nesse F= 1430
length d 1:5cm
free spectral range rsrR | 10GHz
mode waist Wo 127um
atom-mode coupling | g=2 | 0:33MHz

Table 2.2: Science cavity parameters. The arrangement of the mirrors is planoconcave,
so that the mode waist is situated on the planar mirror that we use for incoupling.
We use LaserOptik HR mirrors b mm diameter. The re ectivity of both mirrors is

R = 0:9993 and is closely constant over a range of 50 nm around 790 nm so the
cavity parameters are the same for the two modes &80 nmand 805 nmthat we use.
The single-atom coupling constarg was calculated using the cavity mode volum¥: =

= wid= 02mmd.
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2.1.7 "805'laser

A Toptica ECDL similar to the reference is used for locking the science cavity (purple
beamline in Fig. 2.1). Its wavelength must be very far from any atomic resonances so
that the lock laser does not in uence the atom-cavity system under study, therefore,
it is tuned to 805nm In order to rule out the broadband ampli ed spontaneous
emission coming from the laser diode, which contains light at 780 nmresonant with
the atoms, a long-pass lter is placed in the beampath just before it is combined with

the science light. In the following, this laser is referred to simply as "805 laser'.

Locking a resonator near to a speci c frequency with a laser detuned from that
by 25nmis a highly non-trivial task. The principle is illustrated in Fig. 2.4. One of
the modes of the transfer cavity (upper comb in the gure) is locked to the reference,
representing the atomic resonance, from which a certain detuning, = !¢ ! g
(typically in the MHz to GHz range) is to be set for one of the science cavity modes
(lower comb). Sidebands are generated on a portion of the 805 light by means of a
bre-EOM driven by an RF signal with adjustable frequency. One of the sidebands
of the 805 laser is locked to a mode of the transfer cavity. If! ¢ is set to the desired
value, the carrier of the 805 light, which is to be used for locking the science cavity,
misses the closest cavity mode by the amount of . This mismatch, which can be at
maximum half of the free spectral range of the transfer cavity (i.e. 1.5 GHz see Table
2.1), can be bridged by the tunable RF signal that generates the sidebands on the
805 laser. If a red (blue) sideband was locked to the transfer cavity, when changing
the modulation frequency, the frequency of the carrier is also changing in the same
(opposite) direction.

The xed sidebands for the PDH lock to the transfer cavity are generated by a
12 MHz AC modulation on the diode current. The bre-EOM is driven by a Rohde &
Schwarz Vector Signal Generator, allowing for creating the additional sidebands for

the ‘'mode matching' at arbitrary distance from the carrier up to 20 GHz

It is important to note, that the lock scheme could be the other way around: one

could lock the carrier of the 805 light to the transfer cavity, and lock the science
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Figure 2.4: Principle of locking the science cavity.

cavity to one of the sidebands. Initially, the lock system used this latter, however, it
was later realized that the higher intensity of the 805 light in the carrier injected to
the science cavity can be used to create an intracavity far off-resonance trap (FORT)

for the atoms in the cavity mode at the wavelength around 805 nm[F1].

2.2 Rubidium-87 atoms in the vacuum chamber

Rubidium-87 atoms are collected, trapped and cooled in a vacuum chamber. A pres-
sure of 7 10 mbaris attained in it by applying various techniques consecutively:
baking out the chamber to evaporate contaminants, using a scroll pump to eliminate
them and create pre-vacuum for the turbomulecular pump, which can remove small
particles, utilizing an ion pump to capture residual molecules through ionization,

and nally, a titanium sublimation pump to adsorb any remnant particles by coating
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the interior of the chamber with titanium. Once the ultra-high vacuum (UHV) is

achieved, it is maintained by the latter two methods.

Figure 2.5: Vacuum chamber surrounded by compensating coils (red and blue). Only
the cavity drive (red, entering at the front ange) and the MOT beams (orange) are
shown here. More detailed internal geometry of the chamber is shown in Fig. 2.6.

Two pairs of identical cylindrical copper coils are placed in the chamber, with
their axis aligned. We refer to the coils with the names upper MOT+upper MO;T
lower MOTlower MOT+in top-down order. There is a separation of 34 mmbetween
the upper MOToil and the lower MOTcoil. The centre of symmetry de nes the centre
of the MOT. The chamber is surrounded by two pairs of rectangular coils (red and
blue in Fig. 2.5), compensating the background magnetic eld (e.g. that of the
Earth) together with the intra-vacuo coils, used for MOT and magnetic trapping. All
the coils are driven by HighFinesse bipolar current source (BCS) devices.

A rubidium dispenser is placed in the chamber with its opening oriented towards
the centre of the MOT. When current ( 3:8 A) ows through the dispenser, Rb vapour

is released due to the heat, and the atoms are captured by the MOT.
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Figure 2.6: Schematic drawing and photo of the insight to the vacuum chamber. The
viewpoint in the drawing corresponds to the right side of Fig. 2.5, while the photo shows
the front view. Laser beam colours match those used in Fig. 2.1. Further details of the
beamline alignment are shown in Fig. 2.7. In the photajpper MO;Tlower MOTand
lower MOT=oils are visible, with the science cavity between them. The coils on the right
side of the photo are not used in the experiments discussed in present thesis.

2.3 Detection

Before detection, the 805 nmpart of the cavity output is ltered, utilizing shortpass
and resonant optical Iters, and split by a polarizing beamsplitter. The cavity out-
put can be detected with an avalanche photodiode (APD) (Thorlabs APD410A/M),
avalanche single photon counter (SPC) (Laser Components COUNT-500N-FC) mod-
ules or a superconducting nanowire single photon detector (SNSPD) (ID Quantique
ID218). The detectors are compared in Table 2.3. The overall detection ef ciency
in our setup was signi cantly lower than the quantum ef ciency of the detectors
themselves. Additional bre couplings and Itering decreased the signal intensity
by a factor of 10 for the SNSPD. Later, when the SPC modules were implemented,
| managed to optimize the setup and improve the cavity-to- bre coupling, reducing
the overall loss to 20 % With the upgraded con guration, the capabilities of the SPC
modules were proved to be suf cient for our experiments, while having the advan-

tage of compactness and working without cryogenic cooling.
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SNSPD SPC APD
guantum ef ciency at 780nm| 8095%| 60% | -
saturation 30 Mcps 20Mcps Buw
time resolution 30ps 1ns 50ns
dead time 30ns 45ns -
dark count <lcps 70cps| -
operating temperature <1lK . 300K 300K

Table 2.3: Comparison of the detectors employed in our laboratory. The saturation
value for the single photon detectors are given in ‘megacounts per second’, which is in
the order of magnitude of picowatt at wavelengt@80 nm The operating temperature

of the diode inside the SPC module is somewhat lower than room temperature, achieved
by thermoelectric cooling.

The single photon detectors are connected to an ID900 Time Controller, a time
tagger capable ofpsresolution, allowing for precise time course and photon correla-
tion measurements. During my work, my task was to set up the optical connection
to the single photon detectors, and to implement the time tagger into the software
control of the experiment. Given that the single photon counters are very sensitive
devices, the background light, scattering into the bres via the incouplers or in Itrat-
ing through their cladding, could produce a noise comparable to the measured signal.
By careful shielding of the coupling setups and the bres themselves, we could re-
duce this noise down to the intrinsic dark count rate of the detectors. We made test
measurements, and improved further the signal-to-noise ratio by spectral Itering of
the cavity output and increasing the ef ciency of its coupling into the optical bres
(up to 80%).

2.4 Experimental protocol

Each experiment begins with a cold atom sample preparation cycle, which varies only
In its speci ¢ parameters (e.g. time duration of steps). In this section, | will follow the
protocol step by step, describing the corresponding con guration (see Fig. 2.6 for the
interior of the chamber and Fig. 2.7 for the geometry of the optical alignment) and

outlining the actions to be taken. The protocol is illustrated by means of “timelines':
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these plots show the values to which the devices are set, as functions of time.

The whole experimental sequence is controlled by an ADwin-Pro Il real-time pro-
cess controller, that allows for timing digital and analogue output signals with a
precision of 500 ns and acquire analogue input signals with a resolution down to
250 ns For de ning experimental sequences (and generating the timelines), we use

a Python front-end developed in our group.

Figure 2.7: Beamline alignment and control scheme. Dashed lines are the continuation
of those in Fig. 2.1. Transverse drive is divided and reunited before joining the optical
pumping beam to allow for adjustment of the two directions independently of the MOT
beams.

2.4.1 Magneto-optical trapping

Magneto-optical trapping is the standard method to produce cold atomic sample with
high density and large atom numbers [68]. In the usual con guration the atoms

are illuminated by three counter-propagating * pairs of red detuned laser
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beams, while a quadrupole magnetic eld is present, centred at the intersection of
the optical beams. The principle of operation lies in the spatially varying Zeeman
shift on the atoms, caused by the inhomogeneous magnetic eld. This leads to a
spatially dependent radiation pressure force, induced by the laser elds, restoring
the atoms towards the trap centre. At the same time, velocity dependence arises
from the Doppler effect, and leads to motional damping (Doppler cooling). As a
result, this trap simultaneously con nes spatially and cools the atoms.

The quadrupole magnetic eld, needed for the trap, is generated by the upper
and lower MOTcoils, driven in anti-Helmholtz con guration, by  0:98 Aand 1A,
respectively. Six independently adjustable laser beams, derived from the TA laser
constitutes the optical part of the MOT, the counter-propagating * pairs in each
dimension. Each direction is separated from a common beam by means of polarizing
beamsplitters, and the proper polarizations are achieved by quarter-wave plates. The
beam waist was 12 mmduring the experiment in Ch. 3 and 9 mm during the one in
Ch. 5. The detuning from the cooling transition of the atoms (F =2 ! F%= 3
in our scheme) is 17 MHz determined experimentally to balance a high velocity
capture range with low temperature. Lower temperature can be achieved with larger
detuning at the cost of smaller capture range. That being the case, at the end of the
MOT phase, when the cloud is already in a steady state, the laser is detuned further
(see Fig. 2.8).

Drivingthe F =2 ! F%= 3 by the MOT beams, though off-resonantly, excites the
F =2 ! F9%=2 transition as well, opening an escape channel for the atoms from the
cooling cycle towards the F = 1 ground state. In order to restore the atoms to the
F = 2 ground state, another tone, a repumper is illuminating the atoms constantly
during the MOT phase, drivingthe F =1 ! F%= 2 transition resonantly. This beam
is joined to the vertical beams of the MOT at the point where the vertical and the
horizontal directions are split (see Fig. 2.7). It illuminates the atoms from up and
down in equal measure (power: 4 mW per direction, waist: 12 mm).

Approximately 1(° atoms are collected over a time duration of 1-30s Their

temperature at this stage is 150uK. The uorescence image of the cloud is con-
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Figure 2.8: Tuning the MOT laser at the end of 45slong MOT phase. For the last
90 msof the collection phase, the MOT laser is detuned further byp MHz in 10 msas a
means of achieving lower temperature. Shifting the frequency is carried out by ramping
the offset voltage on the frequency-voltage converter (‘lockbox'). The names written on
the timeline graphs correspond to the quantity or device in question, used also in the
software control, containing the unit of the quantity for analogue signals (e.g. V
means volt).

Figure 2.9: Fluorescence images of the atomic cloud in the magneto-optical trap. The
left image also shows the science cavity below the cloud, with the resonant mode spot
visible on the incoupling mirror. The right image captures the same cloud from a per-
pendicular viewpoint, with a closer zoom.

stantly monitored for diagnostic purposes with a CCD camera placed at one of the

viewports of the vacuum chamber (see Fig. 2.9).

2.4.2 Polarization gradient cooling

Cooling below the Doppler limit ( 146pK for the D, line of 8’Rb [63]) can be achieved
by methods based on laser polarization gradients [20]. There are two radically dif-

ferent approaches to realize such a scheme with counter-propagating laser beams:
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either the waves have orthogonal linear polarizations or orthogonal circular polar-
izations. The two methods operate on different principles, have different friction
coef cients and velocity capture ranges. In our system, the * con guration is

implemented, so the brief explanation here is restricted to that case.

The net polarization in this case is linear, and rotates around the propagation axis
with a periodicity of the wavelength. When an atom is moving in such a eld, in the
frame moving with the atom and rotating in accordance with the local polarization,
an extra inertial interaction will take place, coupling together the external and inter-
nal degrees of freedom (the velocity and the angular momentum) of the atom. This
coupling leads to a motion induced population difference among the Zeeman sub-
levels of the ground state, resulting in an imbalance between the radiation pressures

of the two counter-propagating waves, realizing a net friction force on the atom.

The same MOT beams at detuning 107 MHz are utilized to perform polariza-
tion gradient cooling. The repumper remains on during the cooling to prevent the
escaping mechanism discussed at the MOT phase. Unlike magneto-optical trapping,
polarization gradient cooling is performed without any magnetic eld. In fact, for an
ef cient polarization gradient cooling, it is crucial to completely eliminate the back-
ground magnetic eld and achieve degeneracy of the different magnetic sublevels
[69]. The appropriate currents, driving the external coils ( Iy = 0:25A, 1, = 1:5A for
the red and the blue coil in Fig. 2.5, respectively) and the MOToils (I, = 0:1A),
compensating the background magnetic eld, were found in an iterative process,
where we optimized for the lowest temperature of the cloud. The external coils are
driven continuously throughout the protocol at the compensation values, while the

compensating current on the MOToils is added to the operating currents as an offset.

The magnetic elds are switched off in 1ms and the lasers are on for4:5ms

Temperatures of 10-20uK of the atom cloud have been achieved.
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2.4.3 Optical pumping

The process of gathering atoms in a speci ¢ quantum state is called optical pumping.
A homogeneous magnetic eld is necessary to de ne a quantization axis, and to lift
the degeneracy of the Zeeman sublevels. The atoms are excited by a resonant, circu-
larly polarized light pulse with a duration of a few tens of microseconds, propagating
along the direction of the magnetic eld. Each time an atom absorbs a circularly
polarized photon, its mg quantum number changes by 1 (with a sign according to
the handedness of the polarization and the direction of the magnetic eld). When
the atom relaxes, mg changes randomly by plus or minus 1, or does not change at all
(for *, and transitions, respectively). As a result, after several cycles (in tens
of microseconds), the atoms end up in an extremalmg state (stretched state). Opti-
cal pumping has to be kept short because this illumination by resonant light induces
heating of the cloud.

The optical pumping beam is derived from the reference laser by tapping it with
a polarizing beamsplitter, then frequency-shifted by 133 MHz using an AOM, so
that it drives the F = 2 | F%= 2 transition resonantly. It is combined with the
vertical beam path of the MOT and the repumper at the beamsplitter where the
up-down and down-up directions are separated. The optical pumping beam goes only
in one direction (from down to up), since there must be only one circular polarization
present. Using * polarization, the atoms are pumped in to the F = 2;mg = 2

ground state. The repumper laser is still switched on in this stage as well.
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Figure 2.10: Timeline of optical pumping. TheMOTcoils are driven with a small
(120 mA) current in Helmholtz con guration to generate a weak ( 1 G), homogeneous,
vertical magnetic eld de ning the quantization axis. With the aim of fast switching,
two shutters are placed in a row and operated consecutively. The AOM opens in the short
time window ( 0:5mg when the two shutters are simultaneously open. Opening and
closing only one shutter would result in a longer time window) due to its lagL{s m9.

The trigger for the operation of the two shutters precedes that of the AOM because of the
lags of the shutters. Both shutters are reset afterwards to their initial position (closed
for no. 1, open for no. 2, the latter not shown here), allowing for an additional optical
pumping on demand. The AOM is kept on from the beginning of the experimental cycle,
in order to maintain a steady working temperature, and avoid switching transients.

2.4.4 Magnetic trapping

Particles with magnetic moment, in a magnetic eld, B experience a potential,
given by U = B. A pair of coils driven in anti-Helmholtz con guration, produces

a quadrupole eld, which creates a linear potential for these particles. The magnetic
moment of an atom is proportional to its mg quantum number and its g- Lande
factor, and directed parallel (for mg > 0) or antiparallel (for mg < 0) to the local
magnetic eld. Atoms with positive (negative) mg states are trapped (repelled) by
the potential, and those with mg = 0 remain untouched. In the previous optical
pumping step, the atoms were prepared in theF = 2; mg = 2 ground state with the

aim of achieving the most ef cient trapping possible, as this state yields the largest
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magnetic moment.

After the optical pumping, when ramping the magnetic eld from homogeneous
into quadrupole, a point with zero magnetic eld sweeps along the vertical axis,
settling nally in the centre of the quadrupole magnetic trap. For atoms being at a
magnetic eld zero point, the direction of the magnetic moment is unde ned. This
can lead to the so-called Majorana spin ip, when the magnetic moment changes
sign, and the atom escapes from the trap. In order to decrease this effect, the ramp
starts with a quick “initial catch’, and then the eld is strengthened (see the timeline

in Fig. 2.11).

Figure 2.11: Timeline of the magnetic trapping. The homogeneous eld is quickly
ramped into a quadrupole over a period dbOps (initial catch’), then strengthened in
3msto strength66 Gem .

Approximately 5 10° atoms are collected in the magnetic trap. Their temperature
is close to that achieved by the polarization gradient cooling, but due to imperfect
matching of the centre of the magnetic trap and that of the cloud, additional heating

can take place.

2.4.5 Magnetic transport to the cavity

The magnetic transport from the MOT centre to the cavity is performed by lowering
the centre of the quadrupole magnetic trap adiabatically. The ramps follow a smooth
function (tangent hyperbolic), in order to avoid sudden jerks (see the timeline in Fig.

2.12 and the nonlinear displacement of the cloud in time in the absorption-image

sequence in Fig. 2.13). Since the vertical distance between the MOT centre and the
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cavity is 11 mm, and the separation of the MOToils is 34 mm, the transport brings
the cloud close to the lower MOTcoil. The shape of the magnetic quadrupole would
therefore be strongly distorted if we used only a single coil pair. This is the reason

for using the MOT¢oills.

Figure 2.12: Timeline of the magnetic transport. The currents in the coils are ramped
asymmetrically to lower the zero- eld centre of the trap towards the cavity axis. Up to
small corrections from optimization, the current in thdower MOTcoil is “transferred' to
the lower MOT+eoil, the current in theupper MOT+oil is ramped up to the same value
as in theupper MOToil, while the latter is kept constant.

Figure 2.13: Absorption images of an atomic cloud during magnetic transport.

After the magnetic transport, the experiment protocol can vary signi cantly (e.g.
maintaining the magnetic trap or releasing the atoms; different laser drives can be
applied etc.). The subsequent steps are detailed therefore in the chapters correspond-
ing to the individual experiments. Here, only one more possible step is described in

general, loading the atoms into an intra-cavity dipole lattice.

2.4.6 Intra-cavity dipole lattice

Atoms in a standing wave, red detuned from resonance, experience a periodic po-

tential, with minima in the antinodes, proportional to the intensity of the eld. This
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