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1 Introduction

If physicists were asked to name the birthdate of quantum theory, many would prob-

ably say 14 December 1900. This was the day when Planck published his theory

about the quantum nature of light [1], in which he heuristically introduced the quan-

tum of action, denoted by h, a proportionality constant, which relates the energy

of light quanta to their frequency, ν through formula E = hν, in order to explain

the spectrum of thermal blackbody radiation. This groundbreaking idea inspired a

series of developments such as the photoelectric effect and stimulated emission by

Einstein [2–4], a new model of the atom by Bohr [5], the concept of matter waves

by de Broglie [6], and many more, each contributing to the formulation of quan-

tum mechanics as a distinct branch of physics. A comprehensive quantum theory was

proposed by Heisenberg [7] and Schrödinger [8], in the form of matrix and wave me-

chanics, respectively. The equivalence of the two was shown by von Neumann, who

also constructed a mathematically rigorous framework for quantum mechanics [9].

This early history of quantum mechanics, briefly outlined above, usually referred to

as the first quantum revolution [10–12] 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 [13–15], magnetic trapping [16], laser cooling and trapping [17–

20] 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
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understanding of light-matter interactions to the development of new technologies

based on the quantum nature of these systems. Key research directions include quan-

tum sensing [21], quantum metrology [22], quantum cryptography [23], quantum

communication [24] and quantum computing [25].

Various platforms are suitable for such investigations: beyond different neutral

atoms (mostly but not exclusively alkaline and alkaline earth metals) [26], ions [27],

nanoparticles [28] and artificial atoms [29] can be exposed to electromagnetic radia-

tion, 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 technology has

seen remarkable advancements in both linewidth and stability [30], which had an in-

fluence on the improvement of our ability of manipulating atomic matter. Lasers with

linewidth well below that of the addressed atomic transitions are available today, al-

lowing for precise spectroscopic measurements and well-controlled experiments.

The effect of electromagnetic radiation can be further enhanced and modified by

means of optical resonators. The research field 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

amplification 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 influence

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 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.
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Strong atom-cavity coupling can be achieved by either cavity design, as the cou-

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 influences the mode. This field,

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 field, 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 field is composed of only a single or several 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 confined in atom-chip based

magnetic traps [31]. 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

sensitivity below the standard quantum limit for coherent spin states [32, 33], real-

time monitoring of the spatial distribution [34] or the atom number in evaporative

cooling of atoms [35]. Superradiance decoherence caused by long-range Rydberg

atom pair interactions, too, has been demonstrated by using cavity-assisted measure-

ments [36]. 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 resonator [37–40]. 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 [41] and the proof-of-principle of a multiplexed quantum memory based

on spin-waves [42] have been demonstrated.

Within this general perspective of strongly-coupled, interacting atom-light sys-
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Figure 1: A scheme of a generic CQED system. Atoms with natural linewidth γ 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 ω and drive amplitude
η. The cavity mode decays through one of the mirrors with rate κ towards a detector.
The evolution of the atom-cavity system takes place under the effect of the measurement
back action.

tem, CQED is an outstanding platform to study phase transitions in driven-dissipative

open quantum systems [43–45]. 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

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

[46]. 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 detection. The outcoupled field then affords an indirect observable of the intra-

cavity steady state [47], 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 transi-

tions have been discussed and experimentally studied recently in CQED [48–55].

In 2016, the Quantum Optics Group of the HUN-REN Wigner Research Centre for

Physics started to build a CQED laboratory [56]. The aim was to realize quantum

technological applications based on atoms and photons. Today, the laboratory, called
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Atom-photon interface, is capable of routinely trapping and cooling rubidium atoms,

coupling them to a single mode of a high-finesse optical resonator, in which the

quantum information can be exchanged between photons and atoms. By the time

I joined in 2021, the group had already published experimental results [57, 58]. In

the spirit of learning by doing, I 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 measurements 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 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-field

model is invoked to describe the interaction of multiple atoms and a single mode of

a high-finesse optical cavity. In Ch. 2, I 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 description

of the vacuum chamber and the detection system, the whole cold atom sample prepa-

ration cycle is explained. Part II is devoted to the results of the three major research

projects I participated in during the three-year period spent in the Quantum Optics

Group. The first study (Ch. 3) reports on the observation of a finite-size realization

of a dissipative quantum phase transition (DQPT) between hyperfine ground states

of cold rubidium atoms interacting with a single mode of a high-finesse optical cavity

and an external laser field. The phase diagram of the phase transition is determined

by means of a semi-classical mean-field model. The remarkable feature of the phase

diagram is that it predicts the co-existence of phases comprising atoms very close

to their hyperfine ground states. Although the predicted bistability region is rather

limited in range for the control parameters, the bistability effect has been confirmed

by recording hysteresis curves. Enhancement of intensity fluctuations well above the
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shot-noise level, accompanying the phase transition, is also revealed and investigated.

The second project (Ch. 4) is a theoretical study to extend the concept of phase tran-

sitions 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 field, an-

other driven cavity mode excites the atoms. This configuration is not available in the

existing experimental setup, because the free spectral range of our cavity is larger

than the hyperfine splitting. However, we could study this system on the basis of

the mean-field model, constructed for the first 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 finite-size scaling of the phase tran-

sition towards the thermodynamic limit shows that pure quantum states represent

the co-existing 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-finesse optical cavity. The vacuum Rabi splitting spectrum, an evidence of the

strong collective coupling, predicted by the simple linear polarizability model of the

atoms, is measured in a specific geometry. The atoms, placed in an optical lattice in-

commensurate with the resonant wavelength, and hence forming a subradiant array,

are driven by a closely resonant external laser field in a direction perpendicular to

the cavity axis. The linearity and the subradiance of the scattering is confirmed 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 corresponding chapters, and the theses formulated from

page 14.
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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 ωA, placed at the

positions x(i), (i = 1, . . . , N) along the axis of a high-finesse linear optical resonator

with resonance at angular frequency ωC. The cavity is driven by a laser field with

amplitude η̃, and angular frequency ω. Since the atoms are much smaller than the

optical wavelengths (248 pm and 780 nm for the radius of the Rb atom and the wave-

length of its D2 line, respectively), their interaction with the electromagnetic field

can be described in dipole approximation, meaning that the atoms are considered to

be pointlike objects with a dipole moment

d(i) = deg

(
σ(i) + σ(i)†

)
, (1)

where σ(i) ≡
∣∣∣g(i)〉〈

e(i)
∣∣∣ is the lowering operator, and the matrix element of the

dipole moment deg is chosen to be real.

The total Hamiltonian of the interacting system takes the form:

H/h̄ = −∆Ca
†a−∆A

N∑
i=1

σ(i)†σ(i) + i

N∑
i=1

g̃(i)
(
a†σ(i) − aσ(i)†

)
+ iη̃

(
a† − a

)
, (2)

where ∆C ≡ ω − ωC, ∆A ≡ ω − ωA are detunings of the laser from the cavity and

from the atoms, respectively, g̃(i) =
√

ωC
2ϵ0h̄V

deg cos
(
kx(i)

)
is the coupling coefficient

between the i-th atom and the cavity mode (with V being the volume of the cavity

mode, deg the projection of the matrix element of the dipole moment to the field

polarization, and k = ωC/c the wavenumber of the cavity mode). The terms aσ(i) and

a†σ(i)† have been omitted according to the rotating wave approximation (RWA), as

they rotate at ωC +ωA ≈ 2ω, and average out during the time scale of the atom-cavity



interaction, determined by the coupling coefficient, having the order of magnitude of

several MHz.

Assuming homogeneous coupling, that is g̃(i) ≡ g̃ for all i, the coupling coefficient

can be factored out, and a closed set of equations can be obtained for the collective

atomic operators Σ =
∑N

i=1 σ
(i) and Ne =

∑N
i=1 n

(i)
e , Ng =

∑N
i=1 n

(i)
g , given as:

ȧ = (i∆C − κ) a+ g̃Σ+ η̃ + ξ̃,

Σ̇ = (i∆A − γ)Σ + g̃ (Ne −Ng) a+N Ξ,

Ṅe = −2γNe − g̃
(
Σ†a+ a†Σ

)
+N Θe,

Ṅg = 2γNe + g̃
(
Σ†a+ a†Σ

)
+N Θg,

(3)

where the last term in each equation represents the noise of the corresponding oper-

ator.

Global coupling, which is a crucial assumption to close the set of equations, 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 dis-

tributed ensemble of atoms when their collective behaviour is considered, such as in

the experiment discussed in Ch. 3. By contrast, spatially dependent coupling coeffi-

cients must be maintained when the different positions of the individual 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 Σ†a in the evolu-

tion equation for the population Ne) 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,

i.e., a =
√
N(α+δa), Σ = N(m+δΣ), Ne = N (ne + δNe) and Ng = N (ng + δNg).

With a suitable scaling of the parameters g =
√
Ng̃ and η = η̃/

√
N , the mean field
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variables obey the Maxwell–Bloch equations

α̇ = (i∆C − κ)α+ gm+ η,

ṁ = (i∆A − γ)m+ g (ne − ng) α,

ṅe = −2γne − g (m∗α+ α∗m) ,

ṅg = 2γne + g (m∗α+ α∗m) .

(4)

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, λ 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, each devoted to specific roles within the experiment. The frequencies of

the lasers are fixed on long term, and they are synchronized to each other, and ul-

timately, to an atomic resonance as reference. The employed lasers and cavities are

the following:

1. Reference laser: a Toptica external-cavity diode laser (ECDL), locked to the

rubidium reference. The frequencies of all the other lasers are derived from it.

Parts of its beam are directly used as imaging and optical pumping lights.

2. MOT laser: A Toptica tapered amplifier (TA) Pro used for magneto-optical trap

(MOT) and polarization gradient cooling. It is locked directly to the reference

laser.
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3. Repumper: a home-made laser, based on a distributed-feedback (DFB) laser

diode, phase-locked to the reference laser. It is used to counteract other lasers

pumping the atoms out of the hyperfine ground state manifold (F = 2) that

takes part in the interaction cycle (during MOT, optical pumping or an experi-

ment).

4. ‘Science’ laser: initially, a Toptica ECDL, locked to the reference, later, a Toptica

tapered amplifier (TA) Pro, phase-locked to the reference. It is used to manip-

ulate the atoms in the cavity. Its beam is split into two, so that one part can

drive the science cavity mode, the other can drive the atoms from a direction

perpendicular to the cavity axis (transverse drive).

5. ‘Transfer’ cavity: A temperature stabilized high-finesse cavity in an invar tube

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 studied. The length of the cavity is adjustable by means of a piezo

crystal, fixed on one of the mirrors. Voltage control and feedback on the piezo

is governed by a specific device, developed together with our group.

6. ‘Science’ cavity: Another high-finesse resonator, used for the CQED experi-

ments, placed inside the vacuum chamber. It can be driven by the ‘science’

light, and locked by using the same electronic control device as that for the

transfer cavity.

7. Reference transfer laser: A Toptica ECDL similar to the reference, used for

locking the science cavity. Its wavelength must be very far from any atomic

resonances so that the lock laser does not influence the atom-cavity system

under study, therefore, it is tuned to 805 nm.

Rubidium-87 Atoms in the Vacuum Chamber

Rubidium-87 atoms are collected, trapped and cooled in a vacuum chamber with a

pressure of ∼ 7 × 10−11 mbar in it. Two pairs of identical cylindrical copper coils
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are placed in the chamber, with their axis aligned, and with a separation of 34mm

between the middle coils. The centre of symmetry defines the centre of the MOT.

The chamber is surrounded by two pairs of rectangular coils, compensating the back-

ground magnetic field (e.g. that of the Earth) together with the intra-vacuo coils,

used for MOT and magnetic trapping. A rubidium dispenser is placed in the chamber

with its opening oriented towards the centre of the MOT. When current (∼3.8A)

flows through the dispenser, Rb vapour is released due to the heat, and the atoms are

captured by the MOT.

Detection

The cavity output can be detected with a Thorlabs APD410A/M avalanche photo-

diode (APD), Laser Components COUNT-500N-FC avalanche single photon counter

(SPC) modules or an ID Quantique ID218 superconducting nanowire single photon

detector (SNSPD). The single photon detectors are connected to an ID900 Time Con-

troller, a time tagger capable of ps resolution, allowing for precise time course and

photon correlation measurements.

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, 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 defining experimen-

tal 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 [59]. The atoms are illuminated by

three counter-propagating σ+ − σ− pairs of red detuned laser beams, while a

quadrupole magnetic field is present, centred at the intersection of the optical
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beams. The principle of operation lies in the spatially varying Zeeman shift on

the atoms, caused by the inhomogeneous magnetic field. This leads to a spa-

tially dependent radiation pressure force, induced by the laser fields, 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 confines spatially and cools the atoms.

Approximately 106 atoms are collected over a time duration of ∼1–30 s. Their

temperature at this stage is ∼150 µK. The fluorescence image of the cloud is

constantly monitored for diagnostic purposes with a CCD camera placed at one

of the viewports of the vacuum chamber.

2. Polarization gradient cooling: a method allowing for cooling below the Doppler

limit (146 µK for the D2 line of 87Rb [60]), based on laser polarization gradi-

ents [19]. In the σ+ − σ− configuration, implemented in our system, the net

polarization is linear, and rotates around the propagation axis with a periodic-

ity of the wavelength. When an atom is moving in such a field, 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

internal degrees of freedom (the velocity and the angular momentum) of the

atom. This coupling leads to a motion induced population difference among

the Zeeman sublevels 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.

Temperatures of ∼10–20 µK of the atom cloud have been achieved.

3. Optical pumping: the process of gathering atoms in a specific quantum state.

A homogeneous magnetic field is necessary to define a quantization axis, and

to lift the degeneracy of the Zeeman sublevels. The atoms are excited by a

resonant, circularly polarized light pulse with a duration of a few tens of mi-

croseconds, propagating along the direction of the magnetic field. Each time an
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atom absorbs a circularly polarized photon, its mF quantum number changes

by 1 (with a sign according to the handedness of the polarization and the di-

rection of the magnetic field). When the atom relaxes, mF changes randomly

by plus or minus 1, or does not change at all (for σ+, σ− and π transitions,

respectively). As a result, after several cycles (in tens of microseconds), the

atoms end up in an extremal mF state (stretched state). Optical pumping has

to be kept short because this illumination by resonant light induces heating of

the cloud.

4. Magnetic trapping: Particles with magnetic moment, µ in a magnetic field, B

experience a potential, given by U = −µ · B. A pair of coils driven in anti-

Helmholtz configuration, produces a quadrupole field, which creates a linear

potential for these particles. Approximately 5 · 105 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.

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.

6. 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 is called optical dipole lattice

[61]. As the 805 light is coupled into the science cavity mode, the wavelength

being far red detuned from any resonance in question, there is an optical dipole

lattice in the cavity. Due to the large volume mismatch of the traps, loading the

atoms into this lattice from the magnetic trap is a non-trivial task, worked out

and optimized by our group [F1].
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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 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/2. I have experimentally observed the phase transition described in Thesis I/1

between hyperfine ground states F = 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.

II/1. 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 co-existing phases.
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II/2. 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.

III/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.

III/2. I have 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 Összefoglalás

Dolgozatomban nagy jósági tényezőjű optikai rezonátorhoz csatolt hideg rub́ıdium-

87 atomok rendszerén vizsgáltam hajtott-veszteséges fázisátalakulásokat és az ato-

mok kollekt́ıv szórási tulajdonságait. Munkám, melyet a HUN–REN Wigner Fizikai

15



Kutatóközpont Kvantumoptika “Lendület” Kutatócsoportjában végeztem, mind ḱısér-

leti, mind elméleti szempontból hozzájárul a kollekt́ıv erős csatolás mellett meg-

valósuló fény-anyag kölcsönhatások megértéséhez.

Külső lézeres gerjesztések intenzitásaival vezérelt fázisátalakulást mutattam ki a-

tomok hiperfinom állapotai között, optikai rezonátorban. A fázisdiagram elkülönülő

sötét és világos fázisokat mutat, köztük bistabil tartománnyal. Az átalakulást ḱısérle-

tileg is megfigyeltem, kimérve a bistabilitáshoz tartozó hiszterézisgörbéket.

E rendszer elméleti kiterjesztéseként megalkottam egy olyan modellt, amely a

bistabilitásban extrém tulajdonságokhoz vezet. A fázisdiagramok különböző kooper-

ativitás-paraméterek mellett – vagyis végesméret-skálázásban – azt mutatják, hogy a

termodinamikai határesetben tiszta kvantumállapotokkal megvalóśıtott fázisok együtt

létezhetnek a kontrollparaméterek széles tartományában.

Hideg rub́ıdiumatomok optikai rezonátorban mutatott kollekt́ıv szórási tulajdon-

ságait vizsgáltam, a rezonátor tengelyére merőleges irányú megviláǵıtás mellett. A

fotonzaj spektrumát mérve igazoltam a kollekt́ıv erős csatolást az atomok és a re-

zonátor között a vákuum-Rabi-felhasadás megfigyelésével, valamint a szubradianciát

az atomok számának változtatásával.

A csoportban eltöltött idő alatt hozzájárultam a laboratórium fejlesztéséhez és a

ḱısérletek numerikus modellezéséhez. Részt vettem egy rezonátorstabilizáló eszköz

fejlesztésében, új optikai utakat éṕıtettem ki, egyfoton-detektorokat implementáltam

a ḱısérleti rendszerbe. Általános célú szimulációs csomagot késźıtettem atom-rezoná-

tor rendszerek szemiklasszikus és kvantumos modellezésére.

Összefoglalva, dolgozatom olyan ḱısérleti és elméleti eredményekről ad számot,

melyek hozzájárulnak a hajtott-veszteséges kvantumrendszerek mélyebb megértésé-

hez, és alkalmazási lehetőséget ḱınálnak a kvantuminformáció-tárolás terén. Mun-

kám egyúttal eszközökkel és módszerekkel is szolgál a rezonátoros kvantumelektro-

dinamika és a kvantumtechnológia további kutatásához.
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[T2] B. Gábor, D. Nagy, A. Vukics, and P. Domokos. “Quantum bistability in the hy-

perfine ground state of atoms”. In: Phys. Rev. Res. 5 (4 Dec. 2023), p. L042038.

DOI: 10.1103/PhysRevResearch.5.L042038.
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[2] A. Einstein. “Über einen die Erzeugung und Verwandlung des Lichtes betr-

effenden heuristischen Gesichtspunkt”. In: Annalen der Physik 322.6 (Jan.

1905), pp. 132–148. DOI: 10.1002/andp.19053220607.

17

https://doi.org/10.1103/PhysRevA.107.023713
https://doi.org/10.1103/PhysRevA.107.023713
https://doi.org/10.1103/PhysRevResearch.5.L042038
https://arxiv.org/abs/2408.17079
https://doi.org/https://doi.org/10.1016/j.physleta.2024.129444
https://doi.org/10.1002/andp.19053220607


[3] A. Einstein. “Strahlungs-Emission und Absorption nach der Quantentheorie”.

In: Deutsche Physikalische Gesellschaft 18 (Jan. 1916), pp. 318–323.

[4] A. Einstein. “Zur Quantentheorie der Strahlung”. In: Physikalische Zeitschrift

18 (Jan. 1917), pp. 121–128.

[5] N. Bohr. “I. On the constitution of atoms and molecules”. In: The London,

Edinburgh, and Dublin Philosophical Magazine and Journal of Science 26.151

(1913), pp. 1–25. DOI: 10.1080/14786441308634955. eprint: https://doi.

org/10.1080/14786441308634955.

[6] De Broglie, Louis. “Recherches sur la théorie des Quanta”. In: Ann. Phys. 10.3
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Társszerzői nyilatkozat
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