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1 Introduction

Among the research fields of modern quantum physics, cavity quantum electrody-
namics (CQED), arising from the application of optical cavities, reveals a genuinely
distinct regime of light-matter interactions. Cavity QED schemes typically involve few
degrees of freedom that are relevant to the atom-light interaction. The field is com-
posed of a single or only a few modes, and the interacting atoms can be represented
by a small set of electronic states. These systems become particularly interesting
when the characteristic frequency of the coupling strength exceeds the dissipative
rates. Aiming for this so-called strong coupling regime, CQED, as a research field,
is devoted to explore the ultimate limits of non-linear atom-light interaction at the
single atom, single photon level, with the prospect of a variety of applications in
quantum information processing.

Within this general perspective of strongly-coupled, interacting atom-light system,
CQED is an outstanding platform to study phase transitions in driven-dissipative open
quantum systems [1-3]. In its natural setting, a CQED system (see a generic scheme
in Fig. 1) is driven by external coherent sources, e.g. by laser or microwave radi-
ation, meanwhile the energy is dissipated through a number of channels leading to
a steady state resulting from a dynamical equilibrium between driving and loss [4].
One of the dissipation channels is the coupling of the cavity field to external, freely
propagating, spatially well-defined modes, which can be efficiently collected for de-
tection. The outcoupled field then affords an indirect observable of the intracavity
steady state [5], in the sense of continuous weak quantum measurement. Although
the intracavity system size is small, the continuously measured outcoupled field is a
macroscopic observable, and it can be considered an order parameter of the system
and the steady states can be referred to as phases. Transitions between phases can
be affected by changing drive parameters (control parameters) and monitored as a
macroscopic change in the recorded signal. Such driven-dissipative phase transitions

have been discussed and experimentally studied recently in CQED [6-13].
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Figure 1: A scheme of a generic CQED system. Atoms with natural linewidth -y are
positioned between the mirrors of an optical resonator, coupled to its mode with coupling
strength g. The cavity is driven coherently with angular frequency w and drive amplitude
n. The cavity mode decays through one of the mirrors with rate k towards a detector.
The evolution of the atom-cavity system takes place under the effect of the measurement
back action.

In 2016, the Quantum Optics Group of the HUN-REN Wigner Research Centre for
Physics started to build a CQED laboratory [14]. 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 of
a high-finesse optical resonator and observing feeble light signals by single photon
counters as well as by avalanche photodiodes. By the time I joined in 2021, the
group had already published experimental results [15, 16]. In the spirit of learning
by doing, 1 started to use, maintain and develop the system with my colleagues. Now,
I have the honour of being the first in the group to write a PhD thesis out of measure-
ments performed in the Atom-photon interface. As a pioneering work in this sense,
the present thesis (beyond its natural aim of summarizing my scientific results) also
provides a detailed description of the setup, the experimental methods and the un-
derlying principles, serving as a useful reference for both current and future members

of the group.



2 Methods

2.1 Interaction of atoms with a single optical mode

For modelling the experiments and deriving the main theoretical results presented
in this thesis, a semi-classical mean-field model is invoked. N identical atoms are
considered with one relevant dipole transition at angular frequency wa, placed at the
positions (¥, (i = 1,..., N) along the axis of a high-finesse linear optical resonator
with resonance at angular frequency wc. The cavity is driven by a laser field with
amplitude 7, and angular frequency w. The atoms are considered to be pointlike

objects with a dipole moment

4% =d., (O'(i) + U(i)T) , €y}

where ¢ = 'g(i>> <e

dipole moment d., is chosen to be real.

is the lowering operator, and the matrix element of the

The total Hamiltonian of the interacting system takes the form in a frame rotating

at the drive lasser frequency and in the rotating wave approximation:

N N
H/h = “Acata — A Za(ma(i) +iZ§(i) (ata(i) — aa(m) +1in (a — a) 2)
=1 i=1
where A¢ = w — we, Aa = w — wa are detunings of the laser from the cavity and
from the atoms, respectively, ) = 25 sesdeg COS (km Z)) is the coupling coefficient
between the i-th atom and the cavity mode (with V being the volume of the cavity
mode, d., the projection of the matrix element of the dipole moment to the field
polarization, and k = wc/c the wavenumber of the cavity mode).
Assuming homogeneous coupling, that is §*) = g for all i, the coupling coefficient
can be factored out, and a closed set of equations can be obtained for the collective

atomic operators ¥ = 3>~ 6@ and N, = YN nl?, Ny = 3N 0, given as:
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where the last term in each equation represents the noise of the corresponding oper-
ator.

The use of collective atomic operators is a crucial assumption to close the set of
equations, 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-field description of
a randomly distributed ensemble of atoms when their collective behaviour is consid-
ered, such as in the experiment discussed in Ch. 3. By contrast, spatially dependent
coupling coefficients must be maintained when the different positions of the individ-
ual atoms play a significant role in the dynamics, like in the case studied in Ch. 5.

The operator products in the above equations (e.g. the product X'a in the evolu-
tion equation for the population N.) make this problem analytically intractable. We
resort therefore to the standard mean field approach, linearizing the above operator
equations around the mean values. For later convenience, let us introduce scaled vari-
ables in the form of a sum of the scaled mean-field and scaled fluctuation variables,
ie,a=+vVN(a+da), = N(m+6X), No= N (n.+6N.)and N, = N (n, + 6N,).
With a suitable scaling of the parameters g = v/N§ and n = 7/+/N, the mean field

variables obey the Maxwell-Bloch equations

a=(Ac—kK)a+gm+n,
m = (iAa —y)m+g (ne —ny) a,
C))

fle = —29me — g (M a+a*m),

fg = 29me + g (m a+a'm).



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,
another ground state |f) and an effective drive, A from |g) to |f) are introduced. In
Ch. 4, there are two excited and two ground states with two driven cavity modes. Fi-
nally, in Ch. 5, instead of the cavity, the atoms are driven, and two orthogonally polar-
ized cavity modes are considered, however, in this problem, the mean-field equations

are not used.

2.2 Experimental methods

Frequency Stabilized Lasers and Cavities

The experimental setup relies on a series of highly stabilized, narrow-linewidth laser
sources (see Fig. 2), each devoted to specific roles within the experiment. The fre-
quencies of the lasers are fixed in the long term against drifts induced by a variety
of environmental effects (temperature, pressure, humidity, etc.), and they are syn-
chronized to each other, and ultimately, to an atomic resonance as reference. The
employed lasers and cavities are the following:

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 the F = 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 amplifier, driving the FF = 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-finesse optical resonator, used to transfer the frequency
stability of the reference laser to the ‘science’ cavity.

6. ‘Science’ cavity: A high-finesse optical resonator in the vacuum chamber where
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Figure 2: Scheme of the frequency-stabilized and synchronized laser sources of our
CQED laboratory. My responsibilities included operating and maintaining the setup,
along with several developments such as testing, calibrating, and improving the Pieso
Controller (used to stabilize the science and transfer cavities), implementing real-time
control of the EOM for the 805 laser, developing the phase-locked loop for the science
laser; installing and integrating new detectors at the science cavity output, and building
the optical path of the transverse drive (represented only by a dashed line).



the atom-light interaction takes place.
7. ‘805’ laser: A laser with a wavelength of 805nm used to stabilize the ‘science’

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

Experimental Protocol

The experimental protocol comprises a sequence of cooling, trapping, and transport-
ing rubidium atoms into the science cavity for interaction. The whole experimental
cycle is controlled by an ADwin-Pro II real-time process controller. For defining ex-
perimental sequences, we use a Python front-end developed in our group. The steps

of the sample preparation are as follows:

1. Magneto-optical trapping: a standard method to produce cold atomic sample
with high density and large atom numbers [17]. The atoms are illuminated
by three counter-propagating o+ — o~ pairs of red detuned laser beams, while
a quadrupole magnetic field is present, centred at the intersection of the op-
tical beams. This trap simultaneously confines spatially and cools the atoms.
Approximately 10° atoms are collected over a time duration of ~1-30s. Their

temperature at this stage is ~150 uK.

2. Polarization gradient cooling: a method allowing for cooling below the Doppler
limit (146 uK for the D2 line of ®"Rb [18]), based on laser polarization gradients

[19]. Temperatures of ~10-20 uK of the atom cloud have been achieved.

3. Optical pumping: the process of gathering atoms in a specific Zeeman sublevel
by means of a resonant circularly polarized light, with a weak homogeneous

magnetic field defining the quantization axis.

4. Magnetic trapping: A pair of coils driven in anti-Helmholtz configuration, pro-
duces a quadrupole field, which creates a linear potential for the atoms. Ap-
proximately 5 - 10° atoms are collected in the magnetic trap. Their tempera-

ture 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.

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.

Intra-cavity dipole lattice: Atoms in a standing wave, red detuned from reso-
nance, experience a periodic potential, with minima in the antinodes, propor-
tional to the intensity of the field. This potential, called optical dipole lattice

[20], is created in the science cavity by the 805 laser used for stabilization.

3 Contributions of the thesis

The first thesis group summarizes the results of the publication [T1]. Detailed dis-

cussion can be found in Ch. 3.

I/1.

I/2.

I have shown that a first-order, driven-dissipative phase transition can be real-
ized between hyperfine ground states of atoms loaded in a high-finesse optical
cavity, by laser driving the resonator and the atoms. I have identified the inten-
sities of the external fields as control parameters of the phase transition, and
the mean intra-cavity photon number as an order parameter. Using semiclas-
sical approximation, I have determined the phase diagram of the interacting
system, in which two macroscopically discernible phases (dark and bright) are

apparent, with a bistability region between the two.

I have experimentally observed the phase transition described in Thesis I/1
between hyperfine ground states /' = 1 and F' = 2 of laser cooled and mag-
netically trapped rubidium-87 atoms. Varying the intensities of the laser drive
of the cavity mode and that of the atoms, I have identified the dark and bright

phases, performed fast switching between them, and demonstrated bistability



by measuring hysteresis curves on scanning the control parameters across the

bistability region.

The second thesis group summarizes the results of the publication [T2]. Detailed

discussion can be found in Ch. 4.

/1.

/2.

I have constructed a cavity QED model based on two driven cavity modes
resonant with electronic transitions from different hyperfine ground states of
atoms. Using semiclassical approximation, I have determined the phase dia-
gram of the system under different cooperativities. Beyond the macroscopically
discernible dark and bright phases and the bistable region, I have identified

multistable regions as well, up to 4 coexisting phases.

I have performed a finite-size scaling of the phase transition, and showed that
in the thermodynamic limit (that is in the case of infinite cooperativity), the
phases correspond to pure quantum states: hyperfine ground states of atoms,
and the bistability extends to the total range of the ratio of the two control

parameters.

The third thesis group summarizes the results of the publication [T3]. Detailed

discussion can be found in Chapter 5.

/1.

By loading cold rubidium atoms in an intra-cavity optical dipole lattice with
a wavelength incommensurate with that of the atomic resonance, and illumi-
nating them with laser perpendicularly to the cavity axis, I have observed sub-
radiant scattering from the array of atoms. I have found that the subradiant
atomic ensemble does not decouple from the cavity mode: I have measured

the spectrum of the photon noise arising from the fluctuations in the configu-



ration of the atoms, and it shows vacuum Rabi splitting, the hallmark of strong

collective coupling.

I1I/2. Thave observed a significant polarization rotation effect by the atom array de-
scribed in Thesis III/1. The incoherent scattering from the atoms is enhanced
by the cavity also into the mode with polarization orthogonal to that of the
incoming field. I have provided an explanation of the polarization rotation in
terms of a two-photon Raman transition within the atomic hyperfine ground

state manifold.

4 QOsszefoglalas

A

Dolgozatomban nagy josagi tényezdjli optikai rezonatorhoz csatolt hideg rubidium-
87 atomok rendszerén vizsgdltam hajtott-veszteséges fazisatalakuldsokat és az ato-
mok kollektiv szérasi tulajdonsagait. Munkam, melyet a HUN-REN Wigner Fizikai
Kutatokoézpont Kvantumoptika “Lendiilet” Kutatdcsoportjaban végeztem, mind kisér-
leti, mind elméleti szempontbdl hozzajarul a kollektiv erds csatolds mellett meg-
valdsuld fény-anyag kolcsonhatdsok megértéséhez.

Kiilsé 1ézeres gerjesztések intenzitdsaival vezérelt fazisatalakulast mutattam ki a-
tomok hiperfinom allapotai kozott, optikai rezonatorban. A fazisdiagram elkiiloniilé
sOtét és vilagos fazisokat mutat, koztiik bistabil tartomannyal. Az atalakulast kisérle-
tileg is megfigyeltem, kimérve a bistabilitashoz tartozoé hiszterézisgérbéket.

E rendszer elméleti kiterjesztéseként megalkottam egy olyan modellt, amely a
bistabilitdsban extrém tulajdonsagokhoz vezet. A fazisdiagramok kiilonb6z6 koop-
erativitas-paraméterek mellett — vagyis végesméret-skaldzasban — azt mutatjak, hogy
a termodinamikai hataresetben tiszta, kollektiv kvantumallapotokkal megvaldsitott
fazisok egyiitt 1étezhetnek a kontrollparaméterek széles tartomanyaban.

Hideg rubidiumatomok optikai rezondtorban mutatott kollektiv szérési tulajdon-
sdgait vizsgdltam, a rezondtor tengelyére merdleges irdnyd megvilagitis mellett. A

fotonzaj spektrumat mérve igazoltam a kollektiv erGs csatoldst az atomok és a re-

10



zondtor kozott a vakuum-Rabi-felhasadds megfigyelésével, valamint a szubradianciat
az atomok szdmanak valtoztatdsaval.

A csoportban eltoltott id6 alatt hozzajarultam a laboratdrium fejlesztéséhez és a
kisérletek numerikus modellezéséhez. Részt vettem egy rezonatorstabilizald eszkoz
fejlesztésében, 1ij optikai utakat épitettem ki, egyfoton-detektorokat implementaltam
a kisérleti rendszerbe. Altaldnos célt szimuldcids csomagot készitettem atom-rezon4-
tor rendszerek szemiklasszikus és kvantumos modellezésére.

Osszefoglalva, dolgozatom olyan kisérleti és elméleti eredményekrél ad szamot,
melyek hozzajarulnak a hajtott-veszteséges kvantumrendszerek mélyebb megértésé-
hez, és alkalmazasi lehet6séget kindlnak a kvantuminformacié-tarolas terén. Mun-
kam egyuttal eszkozokkel és médszerekkel is szolgél a rezonatoros kvantumelektro-

dinamika és a kvantumtechnoldgia tovabbi kutatasahoz.
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