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Abstract

The development of compact, bright, and robust quantum light sources is a fundamental
requirement for scalable quantum communication, quantum key distribution, and future
quantum networks. Photonic integrated circuits based on third-order (x(®)) microres-
onators provide a promising solution due to their reduced footprint, CMOS compatibility,
low propagation losses, and operation in the telecom band. In this thesis, we report the
generation and complete experimental characterization of entangled and heralded single
photons produced via spontaneous four-wave mixing (SFWM) in an integrated SizNy
microring resonator with a nominal quality factor of approximately 10°.

To ensure accurate photon-source characterization, we first perform a full metrological
analysis of the superconducting nanowire single-photon detectors (SNSPDs) used in the
experiment. This includes detection efficiency calibration as well as a novel experimental
investigation of the polarization dependence of the detection efficiency, for which we
propose and validate a new quantitative model that links nanowire geometry and photon
polarization alignment.

The microring source is experimentally assessed using both semiclassical and quantum
figures of merit that are relevant for real-world quantum-network deployment. We report
a photon-pair generation rate of 316(3) kHz/mW?, a maximum coincidence-to-accidental
ratio (CAR) of 3.6(3), and an intrinsic heralding efficiency of 0.862(5), demonstrating
strong pair correlations.

Non-classicality is first evidenced through super-Poissonian marginal statistics and by
measuring temporal cross-correlations that violate the Cauchy—Schwarz inequality across
multiple resonator modes. The device is then validated as a heralded single-photon source
by measuring a heralded second-order correlation value of 91(12)(0) = 0.113(10), well below
the limit of 0.5 for the multiple-photon state. Time-energy entanglement is demonstrated
using a Franson interferometric measurement, yielding a two-photon interference visibility
of V' = 84(3) %, exceeding the CHSH inequality threshold of 70.7 % by more than four
standard deviations, thus confirming the ability of the device to generate entangled photon
pairs suitable for quantum information protocols.

A major original contribution of this thesis is the experimental demonstration of
photon-coherence control through the resonator’s operational regime. By tuning the
laser-resonance distance via controlled variations of the laser wavelength, we achieve de-
terministic bandwidth engineering of the emitted SFWM photons over more than three
orders of magnitude, from approximately 100 MHz down to 30kHz. This result, previ-
ously unreported for integrated x(® quantum sources, establishes a practical method for
adapting a single source to heterogeneous quantum network architectures. Furthermore,
we experimentally verify the continuous transition between the stimulated and sponta-
neous FWM regimes by demonstrating consistent bandwidth values obtained with both
classical and quantum measurement methods.

Overall, this work provides not only a complete performance assessment of a )
microring quantum light source, but also key new insights into detector behavior, band-
width tunability, and practical control parameters for chip-scale photon generation. The



demonstrated brightness, entanglement visibility, purity, and spectral agility position this
platform as a strong candidate for integrated and deployable quantum network nodes,
bridging fundamental studies and real-world quantum communication requirements.
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Chapter 1

Introduction

Quantum Communication and Quantum Key Distribution have approached the industrial
world and are currently being commercialized. But there is a need to develop superior
technologies to exploit the quantum advantage effectively. On-chip and robust quantum
light sources are a fundamental requirement in the development of real-life quantum
networks. They allow for better scalability with the introduction of quantum routers and
easier integration of new nodes [1].

Commercialized single and entangled photon sources [2, 3] are bulky and need a server
rack or even an optical laboratory to be operated. Usually, second-order (X(Q)) optical
non-linear materials are used, more specifically, Spontaneous Parametric Down Conver-
sion (SPDC) [4-6]. x(? crystals emit photons at a frequency which is half the frequency
of the input photons; therefore, one is forced to use very different wavelength ranges, and
it is not easy to remain in commercial telecommunication bands. An additional limita-
tion is that SPDC sources have very broad emission spectra, up to the THz range |7,
8]. Which may not be compatible with the, usually, 100 GHz wide telecommunication
channels.

There is a need to develop integrated, robust, telecom-band quantum light sources.
In recent years, thanks to the evolution of micro-fabrication technologies, research has
been focusing on integrating third-order (X(?’)) non-linear materials in microresonating
structures [9-15].

Using ¥, it is possible to completely work within the telecom band, since the pump
generates two photons with frequencies whose average is that of the pump light. Inte-
grating these materials onto a photonic chip gives the possibility to scale the dimensions
of a source to the mm or even pm scale.

Since second and third-order optical processes have, respectively, a second and third-
order dependence on the electric field, for weak fields, the effect is feeble. Moreover, x(?)
and X(3) have very low values with respect to the linear susceptibility [16, 17], thus these
processes exhibit very low efficiencies and require intense optical fields. The role of the
resonant structure, as the microresonators, is to achieve a higher interaction between the
optical field and the gain medium, due to the trapping of the field. In this way, one can
obtain the generation rates needed to work with a real-life optical fiber link. Additionally,
the effect of the resonator is also to filter the output spectrum, allowing emission only at
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the resonance wavelengths. Fach resonance can easily have a linewidth of ~ 200 MHz,
solving in this way the problem of the broad emission spectrum.

The main platforms exploited are SigNy [18], silicon-on-insulator (SOI) [19], and high-
index doped silica, also called Hydex [20]. They offer promising features due to their high
optical non-linearity and low non-linear losses. But most importantly, the possibility of
integration and the compatibility with current CMOS technologies, which is crucial if we
want to develop a commercial and cheap platform.

x®-resonators offer additional advantages; first of all, they allow for a better under-
standing of quantum optics, and more specifically, of biphoton states [21]. Entangled
states of light, even though predicted almost a century ago [22], have been completely
demonstrated just ten years ago, with the first violations of the Bell inequality with-
out any loophole [23, 24]. Therefore, even though researchers have been experimentally
studying entanglement for many decades, the field is still at an early stage.

There is a need for the unification of the metrological definitions and characteriza-
tion of single photon technologies [25], both sources and detectors. Some steps have
already been made in this direction [26, 27], but more needs to be done to fully unify the
community.

Microresonators with a X(B) material also have applications in other quantum tech-
nologies. In the quantum sensing field [28, 29], for example, researchers are trying to
achieve an integrated and stabilized laser using a SigN4 microring [30].

These devices also have widespread interest in building compact classical frequency
combs. Exploiting the generation of photons over a wide x® spectrum and the filter-
ing effect arising from the equally spaced resonances of the microcavity, it is possible to
produce evenly spaced narrow frequency lines. Combs are developed for the field of high-
speed communication in data centers [31], where each line of the resonator is exploited
as an optical carrier within the DWDM (Dense Wavelength Division Multiplexing) ar-
chitecture, which is the standard in telecommunication. In addition, they generate great
interest also in the atomic clock community, since they are also a fundamental requirement
in the design of compact optical clocks [32, 33]. The possibility to integrate a frequency
comb will allow mounting optical clocks in airplanes and satellites, providing numerous
advantages such as higher precision GNSS service (such as GPS), military applications,
and high precision spectroscopy. Moreover, a current commercial frequency comb is an
expensive and complex device [34, 35|, costing around a hundred thousand euros, while
a photonic chip pumped with a laser is definitely a cheaper option.

In this thesis, we present the generation and characterization of entangled states of
light from within a SisN4 microring. We demonstrate the possibility of using such a device
as an entangled-photon and heralded single-photon source for quantum communication
applications. The work was carried out at the Italian National Metrology Institute IN-
RiM. We show a qualitative theoretical analysis of the different properties and propose a
full characterization. We want to give a complete overview of the parameters, their roles,
and their meaning in the generation of quantum states of light. This report is constructed
following a technical approach, where each chapter introduces a fundamental argument
regarding the work, presenting both theory and experimental results. More in detail, the
manuscript is structured as follows.
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In the second chapter Ezxperimental setup, we describe the experimental setup. We
start by focusing on the section of the experiment related to the generation and pumping
stage. Then the focus moves on to cavity theory and the main metrics describing the
behavior of these devices. Then we scale down the dimensions, introducing microres-
onators, and show the additional challenges that must be faced with um scale devices,
such as compensating the red shifts of the resonances when optical power is coupled into
the device. To conclude the description of the microring and the generation stage, we
present a characterization of two fundamental properties of the device: linewidth and
Free Spectral Range (F'SR), and perform simulations about the dispersivity of the de-
vice. We demonstrate how our microring exhibits optimal properties to integrate it into
a real-life telecommunication infrastructure.

Afterward, we move to the detection part of the experimental setup, which is a set
of Superconducting Nanowire Single Photon Detectors (SNSPDs). The devices’ theory
and working principles are described in order to sustain the metrological characterization
presented next. We performed a careful study of the detection efficiency 7 as a function of
the number of photons reaching the detectors. This is a common practice to extrapolate
the "zero-flux efficiency" 79, which is the parameter of most interest in the metrologi-
cal community [27]. Because it does not depend on any experimental condition other
than the photon’s wavelength. After that, we studied the detection efficiency polariza-
tion dependence, which is a phenomenon related to the geometry of the nanowires. We
introduce a novel measurement technique not found in the literature yet, and present its
demonstration through experimental results.

The second chapter, namely Entangled states generation process: Four-Wave Mixing,
focuses mainly on the light generation process. We introduce the theory of optical non-
linearities and how they are quantitatively described in a medium. Then we close the
focus on the third-order non-linearity of our interest: Four-Wave Mixing (FWM). We
start describing its working principle in the classical regime, which we will call stimu-
lated FWM, and the conditions it needs to arise. We describe how FWM behaves in
microresonators and introduce the concept of the Optical Parametric Oscillator (OPO).
Afterward, we move to the quantum regime of FWM, which we will call spontaneous
FWM (SFWM), and the quantum state generated by it, underlining how this state can
exhibit entanglement.

Then, we give a qualitative description of the frequency comb regimes that can be
obtained working with a x(®) medium integrated in a resonant geometry. We support the
latter statements with qualitative experimental observations and MATLAB simulations.
This is important to comprehend how many different output spectra can be generated,
and what operational conditions are necessary to produce stable and coherent Kerr combs
for semi-classical applications.

To conclude the chapter, we evaluate important metrics that are strictly linked to
the SFWM process and the source. We start measuring the photon-pair generation rate,
which defines how many correlated photons are generated for a given amount of input
power. Then, we present a parameter analogous to the Signal-to-Noise Ratio (SNR),
which is the Coincidence-to-Accidental Ratio (CAR). It measures the amount of mea-
sured "good" (correlated) photon pairs with respect to the "bad" ones, the latter are
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composed of background and environmental light, and detector dark counts. The CAR
is fundamental when designing a quantum network since it is also a setup-sensitive met-
ric. Using the data and the results obtained from the last measurements, we present
the evaluation of the heralding efficiency, which describes the probability that a photon,
at the detectors or at the source, is paired with a correlated counterpart, and that the
latter is not lost or absorbed by the environment. These three parameters are keys to
the evaluation of a heralded single-photon or entangled-photon source oriented toward a
real-life quantum communication infrastructure.

The third chapter Entangled states characterization focuses on the quantum mechani-
cal properties of the generated photons. First, we study the temporal correlations within
only one of the two output photon channels, namely the autocorrelation. We provide
the theory of such a measurement and underline how the temporal behavior is strictly
linked to the spectral properties of the photon. We present how it is possible to obtain an
insight into the biphoton density matrix purity simply by studying the temporal behavior
within a single emitted mode. Then, we reproduce the same measurement, but studying
the temporal correlations between the two correlated photons. We, again, underline the
strong relationship with the biphoton spectral properties and link the results to the auto-
correlation. We confirm the non-classical correlations within the SFWM photon pair by
violating the Cauchy-Schwarz inequality. These two measurements show the strong link
between the temporal and spectral properties of the single and biphoton states and give
an insight into the properties of the quantum state, such as the density matrix purity or
the coherence time.

Then, we show the ability to use the device as a heralded single-photon source by
demonstrating that the single-photon nature can be unveiled from the biphoton state
generated with SEFWM. We use the heralded second-order correlation, which is the exten-
sion of the autocorrelation measurement, but it is able to project the biphoton state onto
a single-photon wavefunction and uncover its single-particle nature. In the final part of
the chapter, we describe more in depth time-energy entanglement and how it can arise
from the biphoton state generated by SFWM. We demonstrate that our device is able
to exhibit this type of entanglement using a Franson interferometric measurement, which
is a non-loophole-free violation of the CHSH inequality. These last two measurements
are fundamental in order to establish and state that our source is able to emit single or
entangled photons, which are key requirements for quantum communication protocols.

We, then, present the fifth chapter, Coherence time and detuning, which describes a
novel experimental study of the photons’ behavior generated in a y(3) integrated quantum
light source. This section is also based on some results that are the core of an article
in preparation. We study the dependence of the emitted photons’ bandwidth during the
evolution of the operational regime. We show how, by tuning the circulating power within
the microring, it is possible to modify the bandwidth by over three orders of magnitude,
from ~ 100 MHz to ~ 30kHz. This work is important for two reasons:

e It provides a novel technique for tuning the photon’s bandwidth;

e It links the properties of the light in the stimulated and classical regimes with those
in the quantum realm.
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The first reason gives an additional tool for optimizing the light coherence properties when
integrating the device in a real-life network, where various components with different
coherence requirements may be present. In the second reason, we are showing that
quantum and classical physics are just different representations of the same phenomenon,
simply on different scales. And it is possible to study the transition between quantum
phenomena and the classical world.

To perform such a study, we had to demonstrate that the photon bandwidth mea-
surement in the quantum and classical regimes returned the same quantity. To do so,
we introduced a third approach that allows us to create a bridge measurement between
the two. Moreover, we also exploited advanced physics concepts, such as laser locking, in
order to achieve these results and sustain them with experimental evidence.

In the sixth the conclusive chapter, we present and summarize the work done in
this thesis, listing the main achievements and how they can be exploited in a real-life
environment. Then, we underline some limitations in our study and our device, and
present possible solutions to overcome such problems. To conclude, we give an overlook
of what can be done in the future to improve the field of x(® integrated quantum light
sources to develop these technologies further and to achieve the previously mentioned
applications.



Chapter 2

Experimental setup

In this chapter, we describe the experimental apparatus, as shown in Fig. 2.1, which
divides the system into two main sections: the photon-pair generation stage and the
detection stage. The first section consists of a continuous-wave (CW) pump laser coupled
to a SigN4 microring resonator. Within which, through an optical non-linear process,
better described in Sec. 3.3, we are generating the entangled photons. We provide a
detailed characterization of this key component, as it plays a central role in the process
of photon-pair generation. The second section comprises filtering and connection to
Superconducting Nanowire Single Photon Detectors (SNSPDs). The performance and
characterization of the latter are also discussed in detail.

PHOTON PAIR

GENERATION »  DETECTION

PUMP STAGE

s EFFECTIVE DETUNING
STAGE

Figure 2.1: Visual scheme of the experimental setup.

2.1 Microresonator

2.1.1 Description of generation stage

The pump laser is a RIO Planex 1550nm centered at Ap = 1543.7nm, tunable over a
35 GHz range, linewidth of Av = 30kHz, controlled by a QUBECL system. The laser is
typically operated at a current of 76 mA and a temperature range of 17°C to 21 °C. After
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an optical isolator, placed to avoid back reflections directly into the diode, the pump light
is split by a 95/5 splitter. The 95 % is used for measuring the effective detuning between
the pump frequency and the microresonator resonance, as described later in the chapter.
The 5% is amplified by a Continuous Erbium-doped Fiber Amplifier (CEFA) (CEFA-C-
PB-HP by Keopsys) typically operated with 250 mW output power. The amplified light
is then filtered by a fiber-coupled DWDM filter (C-band WDM filter by Fiberdyne Labs)
with 0.8 nm bandwidth, and with a 30 dB rejection of frequencies outside the pass-band.
This filter is inserted in order to remove the noise generated by the CEFA, the Amplified
Spontaneous Emission (ASE) noise, before entering the microring. One of the strongest
limitations of this filter is the presence of ripples, which are ranges where the pass-band
is non-zero even though they are outside the specified DWDM channel. These ripples are
populated with ASE light generated by the CEFA and are detrimental when trying to
work with quantum states of light, since they increase background photons.

Such amplified and filtered light is then coupled to an integrated chip. Note, to better
couple light inside the photonic waveguide, one must match the propagation mode of the
waveguide with the pump light. To do so, we exploited a polarization controller (PC),
which modifies the polarization of the light to better couple with the waveguide. This
integrated chip was manufactured by Ligentec and contains 16 microrings, see Fig. 2.3b,
all of which are made of silicon nitride SizNy. The generation stage is depicted in Fig. 2.2.

Silicon nitride was chosen because of low losses, high third-order non-linearity, neg-
ligible non-linear loss at telecom wavelengths, and compatibility with CMOS fabrication
processes [36]. These features make silicon nitride microresonators a highly efficient plat-
form to exploit non-linear optics.

_ S
Microring

DWDM
PC CH42 @
""""”F 000 O
5 D
R —
r — CEFA Circulator Circulator

Laser BS

EFFECTIVE DETUNING
STAGE

Figure 2.2: Experimental setup of the generation and pumping stage. PC: paddle for
polarization control, BS: beam-splitter splitting the input power in percentages written
on the output arms, DWDM CH42: DWDM filters working in channel 42, centered at
1543.7nm and wide 0.8 nm.

The 16 rings on the chip are divided into two sets or rings characterized by different
nominal diameters, 185 yum and 270 ym. Furthermore, each ring is fabricated at a distance
d from a SigNy straight waveguide to which it can evanescently couple. The strength of
the coupling depends on d and can vary from under- to over-coupled [37]. For the work
carried out in this thesis, we selected a single ring with a nominal ring radius of 185 ym
and waveguide-ring coupling distance d = 0.5 um. The section of the waveguide has a
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rectangular shape of width 1.6 ym and height 0.8 um. Its characterization is presented
later in the chapter.

The substrate on which the photonic circuit is built is made of SiO9; the difference
in refractive index between SizN, and SiO9 confines the radiation inside the waveguides.
The presence of the straight waveguide allows for coupling of the external pump light
into the photonic chip.

2.1.2 Resonators’ theory

The microring functions as a resonator for the pump light. An optical resonator is a
device that stores radiation and, due to resonance, can contain powerful fields at specific
frequencies, while completely blocking all the other wavelengths. A well-known example
of an optical resonator is the Fabry—Pérot cavity [38], where light is confined between two
parallel, reflective mirrors, leading to constructive interference at resonant frequencies.
The resonant frequencies are defined by the cavity geometry, and they are selected by the
condition that the accumulated phase shift over a round-trip equals an integer multiple
n of 27 [39]. All the radiation at non-resonant frequencies is eliminated by destructive
interference. The resonant field within the cavity is actually a standing wave, since it is a
balanced superposition of two identical fields going in opposite directions. If the reflective
part of the cavity is 100 % reflective, the radiation is ideally stored infinitely. To extract
part of the stored light, the idea is to make the reflective components partly transmitting.

Similarly, in microring resonators, confinement is achieved not through discrete mir-
rors but through total internal reflection enabled by the circular waveguide geometry.
This geometry imposes boundary conditions that allow for resonant enhancement of spe-
cific wavelengths, analogous to Fabry—Pérot resonators but in a compact, integrated form.

Before presenting the specific characteristics of our device, we first introduce key
concepts relevant to resonator performance and operational regimes.

Resonant circulating radiation is enhanced due to constructive interference; we de-
scribe this effect by the ratio of the circulating and input fields, by a factor [39]:

Teire _ Finesse (2.1)

Teire =
C1rc IO T

where I, is the circulating power and Iy is the intensity that is coupled from the bus to
the ring waveguide [40]. The Finesse is defined as:

FSR
Av '’

Finesse =

(2.2)

where F'SR (Free Spectral Range) is the distance between two neighboring resonances
("v and "*'v) and Av is the cavity linewidth, see Eq. (2.4). The FSR can be linked to

the ring radius R by [41]:
c
FSR= —— 2.3
2mneg R (2:3)

where neg is the effective refractive index of the cavity. Therefore, the ring dimensions
are crucial for defining the spectral distribution of the resonances and cannot be freely
tuned.
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In microresonators, this enhancement of optical radiation is fundamental in order
to exploit non-linear optical processes, since they depend on the electromagnetic field
intensity. Losses in the cavity materials and imperfections are responsible for a non-zero
resonance linewidth Av, which is defined as the full width at half maximum (FW HM)
of the resonance, which has a characteristic Lorentzian profile. The FW HM of a cavity
is also related to the photon lifetime 7y, inside the resonator [39, 42]:

1

Av=FWHM = .
27T,

(2.4)

where 71, describes the average time a photon spends inside the resonator. It is there-
fore directly proportional to the enhancement factor I'¢iyc o 71,, as demonstrated using
Eq. (2.1) and (2.4). The last relevant parameter introduced here is the quality factor Q:

14

Q=4 (2.5)
where v is a resonant frequency. This parameter describes the ratio between the frequency
and the bandwidth of oscillation frequencies.

Now that the main resonator-related quantities have been introduced, we can intro-
duce some features of our resonator.

Light is coupled on the chip by using lensed fibers at the input and output of the chosen
waveguide. Such fibers have a smoothed end, which acts as a collimator; therefore, it is
easier to focus the laser beam, matching the chip waveguide core dimension. Fiber-to-
chip coupling is optimized with two translation stages (one at the input and the other
at the output), each controlling the position of the fiber in the three axes z, y, z. This
control allows for a fine-tuning of the coupling point and readjustment when needed.

e a (] ' i . ¢
(a) Mechanical apparatus coupling the optical (b) Image of the microchip taken with a Dino-Lite
fibers to the microchip. digital microscope. The blue arrow indicates the
ring of interest.

Figure 2.3
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The ring-shaped waveguide is designed to work in an anomalous dispersion regime
[43] around the telecom C-band, and the nominal quality factor is Q ~ 10°.

2.1.3 Thermal effects in Kerr-microresonators

In microresonators, thermal effects are non-negligible, since the power circulating is ~
50W, at Ap = 1550nm, in a small region, it generates a high temperature increase.
The main thermal effects are the change in the refractive index and the deformation
of the spatial geometry. The main result is a red shift of the resonant frequency, in
SizNy material, of the order of ~ 5GHz/°C [44, 45|, additionally, the F'SR is changed.
Heating the ring will increase R, thus increasing the optical path, reducing the FSR
(see Eq. (2.3)). The resonance distance can change by orders of ~ 300 MHz [44], which
is usually a deviation less than 0.5% with respect to the cold temperature value (~
10° MHz).

A consequence of these non-negligible thermal effects is an asymmetric approach to
resonance, with the system responding differently depending on whether the frequency is
swept from below or above the resonator’s resonance. As the input frequency approaches
resonance, the intracavity power increases, gradually heating the ring and causing a red
shift of the resonant frequency. As a result, it is easier to reach resonance when sweeping
from higher to lower frequencies. This is called "forward tuning" [46]. Working in this
direction can also allow for thermal self-locking of the resonance on the pump laser [46].
The opposite approach, from low to high frequencies, is called "backward tuning", and
hardly reaches an equilibrium point, since the resonance shifts towards the pump and can
eventually "jump" it (cooling very fast when resonance is passed). The behavior described
above results in a hysteretic response in the transmission observed at the output of the
photonic chip when scanning the frequency around the micro-ring resonator resonance,

see Fig. 2.4.
4 . N L i
<
=
g
E
g
= U Wavelength
02 o 02 7 o4 T To%a

Figure 2.4: Hysteretic behavior of the transmission of a micro-ring resonator. When
forward tuning, the resonance red-shifts until a maximum point, thus creating a triangular
response. Back tuning returns a narrow, distorted response. Image taken from [47].

The maximum shift experienced by the ring when forward tuning (the higher edge
of the triangle in the figure) depends on the power pumped into the ring. For low input
power, it is possible to retrieve the characteristic Lorentzian lineshape, because there is
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not enough heat transfer to change the resonance position. For very high pump power,
it is possible to shift the resonance for hundreds of FWHM [48].

In summary, when the pump is detuned from the resonance, no light is coupled to
the ring, and the heating is limited. Reducing the detuning, light starts circulating in
the cavity, and due to the enhancement effect, the ring is heated. The latter generates
both a change in F'SR and a shift of the resonance toward higher wavelengths, thus
increasing the detuning of the pump and reducing the circulating power and heat. Due
to this dynamical behavior, we built an experimental section to monitor the instantaneous
detuning between the pump frequency and the microresonator "hot" resonance (shifting
with respect to the original one). We call this detuning "effective detuning" Jeg.

Effective detuning monitoring

In Fig. 2.5, we show the setup developed to monitor the d.g in real time during the
experiments.

DWDM DWDM
CH42 CH42
Trigger

Photodector "
RF generator =

@ DETECTION
o
; +1
Oscilloscope Microring
Photodector DWDM
O e
s PUMP STAGE @ 000
W _
Isolator == g5 Circulator Circulator
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@4 -1 p— 50
L] BS <
RF generator +1
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Figure 2.5: Experimental setup used for the measurement of the effective detuning. Note
that the two DWDM filters are working in reflection; thus, they are effectively filtering
radiation in channel 42, which is the one where the ring is pumped. Both the DWDM
demultiplexers are used to select the channel where the sideband is located. DWDM:
DWDM demultiplexer, EOM: electro-optic modulator.

The pump laser is tuned to pump the mode 0, while the 5 % is amplified to be coupled
to the ring, the 95 % is used for measuring d.g. The measurement idea is to insert into the
ring a low-power component resonant with the neighboring modes +1 at a distance fiq
from the pump frequency. As the pump is scanned, the distance fi; is changed to keep
the component resonant. At the same time, monitoring two resonances, we can measure
the temporal variation of the F'SR (with the assumption that FSRy.+1 = FSR_1.).
Knowing this, for every point we get:

St = fo1— FSR=FSR— f_1 = f, — fo (2.6)

where f;, is the pump frequency and fy is the frequency of the resonance that is being
pumped. Note that we are interested in measuring Jd.g¢ close to resonance, where fiq
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approaches F'SR.

This technique is inspired by the work by Kippenberg et al. [48]. However, while
in their work, a sideband on the pump laser is used to directly probe the main pumped
resonance, we probed the two neighboring modes, see Fig. 2.6. We chose a different
approach due to difficulties in reproducing the measurement, as well as the absence of a
Vector Network Analyzer (VNA) in our laboratory, which is a requirement.

Sideband

FSR
scan
fmod
—
-1 0 +1 R
7

gff Wavelength

Figure 2.6: Visual representation of the technique used to measure the deg. In blue, the
resonator resonance. The central red line represents the pump component, and all the
other red lines are the sidebands generated by the EOM. fy,0q is the RF modulation
frequency, which is swept to completely cover the resonances with the 4** sidebands.

The "monitoring" components are generated by an electro-optic modulator (EOM),
specifically the MPZ-LN-40 by Exail. An EOM is a device that changes, following an
RF signal, the refractive index of the material through which light is flowing, in this case
LiNbOs. The temporal change in refractive index generates symmetric frequency com-
ponents separated by the original frequency by the modulation frequency. By increasing
the power of the RF modulation signal, it is possible to generate higher-order sidebands.
They appear at n (n is the order of the sideband) frequency of modulation distant from
the main component. Given the upper limit of 40 GHz (from datasheet), we are not able
to work at hundreds of GHZ of modulation (comparable with the F'SR); therefore, we
used a higher order sideband. In particular, modulating around 37.5 GHz we can use
the fourth-order sideband to reach the nominal F'SR distance. Instead of choosing a
single value for the modulating frequency, we opted for a wide ramp scanning through
the resonance to monitor the whole resonance feature. After the EOM, the fourth-order
sidebands are selected by the use of a multi-channel DWDM (Dense Wavelength Division
Multiplexer). The selected channels are 41 and 43, respectively centered at 1542.9 nm and
1544.5nm (both are 0.8 nm wide). The so filtered components are then recombined using
a 50/50 splitter before entering the chip. The power of these monitoring components is
of the order of 0.5 mW, low enough not to introduce additional thermal shifts. We chose
to employ two circulators to inject the monitoring components into the chip opposite the
pump input. In this way, we can measure the detuning while performing the experiment.
After exiting by the output circulator, the monitoring light is filtered by two DWDM
filters to remove the light component due to the reflected pump coming from the oppo-
site direction. Such filters are centered around the mode 0 DWDM-channel (channel 42
centered at 1543.7nm) and are used in reflection, thus suppressing frequencies centered
around channel 42. Lastly, a DWDM demultiplexer retrieves radiation around modes +1,
which are then directed onto two photodiodes (ET-3010EXT by Coherent) and acquired
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through an oscilloscope, see Fig. 2.7.
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Figure 2.7: Sweep of resonant profile of modes £1 of the microring. In blue, the trigger
signal used to start the frequency sweep and to precisely define the start time point. In
red, the transmission signal of mode —1*". In orange, the transmission signal of mode
+1*", The scan frequency in the figure is scanned from 35.5 GHz to 35.8 GHz. Since work-
ing with the fourth-order sideband, the effective scan is from 142 GHz to 143.2 GHz. Note,
the oscillations on the transmission signals are due to a residual interference happening at
the recombination of the two wavelengths (mode £1) before entering the photonic chip.

Starting from Fig. 2.7, it is possible to calculate the effective detuning. First, we
need to identify the starting point on the time axis that corresponds to the start of the
frequency scan, tgart. For this, we used a trigger signal, which defined such a point with
its rising edge (red curve). Then, using a fit curve with two Lorentzians, we define the
resonance center on the time axis, t41 and t_;. Assuming that the RF generator swept
from fsart = 35.56 GHz to faop = 35.8 GHz (typical values for the scan) in tquration =
40 ms, we can calculate the factor K =4 - (fstop — fstart)/tduration (n0te the coefficient 4 is
necessary since we are working with the fourth-order sideband). Now, we can calculate the
exact frequency that separates the pump from the neighboring resonances with f ;1) =
4 fstart + K (t+1(_1) — tstart). Summing these values, we obtain an estimation of fiq +
f-1 = 2 - FSR; this is an assumption based on the almost zero dispersion in such a
small frequency range. Knowing the FSR and the sideband distance, it is immediate
to calculate the distance between the pump and mode 0 with: deg = f11 — FSR =
FSR— f-1=(fy1— f-1)/2.

Note, in some of the following measurements, we did not use two sidebands to monitor
both neighboring resonances. We, instead, considered an F'SR measured a priori and
observed only a single sideband. This approach is still acceptable since the F'SR does
not change much when coupling light within the resonator. In Fig. 2.8, we demonstrate
the earlier statement, in fact in the figure we reported the variation of the F.SR with
respect to F'SRy, which is the value obtained for a laser temperature of 19.1°C (der =~
155 MHz). We can tune the laser frequency by changing the device’s temperature, which
modifies the laser’s cavity length, thus affecting the emission wavelength. At FSRy
light coupled within the microring is just a few, and a little spontaneous emission can

13



Experimental setup

be measured, while for temperatures > 20.0 °C we are approaching the OPO threshold.
From the data, we see that the Free-Spectra Range has fluctuations of ~ 10kHz, which
are not detrimental for our measurements. We need precisions of the order of ~ 1 MHz,
since the resonator linewidth is ~ 100 MHz.

. N
t

FSR - FSR_0 [kHz]
N

¥
N oy

19.2 19.4 19.6 19.8 20.0
Laser temperature [°C]

Figure 2.8: Change of the F'SR with respect to the value measured using a laser tem-
perature of 19.1°C which corresponds to a deg =~ 155 MHz. Note that increasing the
temperature of the laser the wavelength also increases, which means we are approaching
the resonance.

An interesting effect is that the effective detuning is linearly decreasing when tuning
the laser wavelength far from resonance, as shown in Fig. 2.9. Meaning that the laser
is moving toward the resonator mode. While closely approaching the resonant point,
def changes very slowly, which means that the resonance is also moving with the laser.
Therefore, confirming the shift of the resonances when light is coupled into the ring.
Note how the Jd.¢ almost stops decreasing at around Ap = 1543.655nm. This occurs
when power starts circulating inside the resonator, effectively heating it and shifting the
resonance.
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Figure 2.9: Effective detuning as a function of the laser pump when approaching resonance
from lower to higher wavelengths.

2.1.4 Characterization

We experimentally characterized the linewidth Av and F'SR, which nominally is 150 GHz,
of the resonator, while the effective refractive index and effective area were simulated
using the software COMSOL, thanks to the help of Dr. Chiara Gionco from INRiM. The
effective area is a parameter describing how the electromagnetic field is spatially confined
inside the photonic waveguide. Note that the measurement of the effective detuning as
described in Sec. 2.1.3 is not necessary here.

Linewidth

The linewidth has been measured by pumping the cavity with low power (~ 5mW), in
order not to distort the resonance profile. In diode lasers, modifying the pump current,
the carrier density changes, as well as the optical susceptibility x of the gain medium.
Since the emission frequency depends on the material y, one can tune the emission
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frequency of a laser by controlling the driving current. We modulate the laser current
using an RF signal generator to generate a frequency sweep around the resonance. The
transmission exiting the ring is directed onto a photodiode, and its response is detected
by an oscilloscope.

Laser .
Isolator EOM PC Oscilloscope

aw = 0> o

EDFA Microring Photodector

RF generator
RF generator

Figure 2.10: Experimental setup for the cavity linewidth measurement. FDFA: Erbium-
Doped Fiber Amplifier.

In Fig. 2.10, we show the simple setup employed. The modulation is a triangular wave
at 100 Hz emitted by an RF signal generator. The amplitude defines the frequency range
in which the modulation changes the laser emission. We tuned the modulation amplitude
and obtained a frequency scan of 1.5 GHz, large enough to contain the complete resonance
profile. The triangular wave is important to obtain a linear change of the frequency during
a single edge of the modulation. The EDFA is useful for achieving precise control of the
power entering the chip and for reducing amplitude modulations. A sideband placed at
a well-known frequency, imprinted by an EOM connected before the EDFA, is used for
frequency calibration.
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Figure 2.11: Example of signal measured on the oscilloscope. In red, the transmission
signal detected by the photodiode. In blue, the modulation ramp.

Generating sidebands on the pump laser has the effect shown in Fig. 2.11b: the pump
transmission is depleted and two symmetrical resonance profiles appear. Dividing the
RF modulation frequency of the EOM by the distance between the central peak and the
side peaks (on the oscilloscope), we get a calibration factor to turn the time axis into a
frequency axis. This conversion is possible only if the frequency variation during a sweep
is linear. Usually, the frequency response of a directly modulated laser is not linear.
Changing the driving current also modifies the device’s temperature, thereby altering
its output wavelength. Moreover, the increased pump injected into the Kerr resonator
changes its refractive index, which also modifies the frequency. But if we keep the sweep
small enough, the linearity assumption holds.
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Figure 2.12: Transmission spectrum as a function of the pump frequency sweep, centered
around the resonant frequency. In blue, the experimental points. In red, the double
Lorentzian fit. The fit parameters are (see Eq. (2.7)) zo1 = —74.2(5) MHz, 202 =
62.1(5) MHz, Avy = 112.3(16) MHz, Avy = 105.7(19) MHz, A; = —0.434(6)V, Ay =
—0.346(6) V, a = —1.300(7) x 1076V /MHz, and b = 1.9478(4) x 1072V

In Fig. 2.12 we show the transmission spectrum as a function of the modulation fre-
quency. The absorption dip, in the presence of counter-propagating waves due to surface
roughness in the waveguide, is lowered and split into two sub-resonances [49]. This effect
is strongly dependent on the fabrication quality of the resonator. The midpoint between
the two sub-resonances corresponds to the original resonance frequency. However, not
all resonances exhibit a double Lorentzian lineshape; qualitatively, approximately half
display a single Lorentzian dip. The reason for this is still under study. To model the
splitting, we used the fitting function:

f= ax—i—b-l-zzjé =
i1 27 (AI/z‘/Q)2 + (:1: - 1’072‘)2

(2.7)
where the linear part fits the background and the Lorentzians fit the cavity resonance,
Av; describes the linewidth and coincides with the FW HM of the resonance.

The two linewidths were evaluated to be Av; = 106(9) MHz and Avs = 115(14) MHz
(lower and higher frequency). The two linewidths are compatible within a standard
deviation, which is in agreement with the theory [21, 49]. Since the quality factor is a
property of the whole resonator, and the resonances are close in frequency, we can state
that they must show the same Avr. Moreover, the resonance splitting was estimated to be
Avy — Avy = 137(6) MHz. The uncertainties were evaluated using the standard deviation
of the sample mean over 11 independent measurements. With these values, it is possible
to calculate the quality factor using Eq. (2.5), where the absolute frequency of the pump
laser at resonance is measured with the wavemeter 621A from Bristol Instruments. Since
the instrument uncertainty (~ 150 MHz) is larger than the resonance spacing, one can
assume that the two resonances are at the same frequency of v = 194242.81(15) GHz
or 1543.3902(12) nm. The resulting quality factors are Q1 = 1.83(15) x 10% and Qo =
1.7(2) x 10°. We must point out that we did not measure the microring quality factors;
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we measured the ) of the ring and waveguide system. The ring @ should be higher since
additional losses are added by the straight waveguide. But, due to critical coupling, or
near-critical coupling, the two quality factors almost coincide. The uncertainty on the
quality factor was estimated by propagating the uncertainty of Arv and v. These results
align well with the values found in the literature for Si3N4 microring used in quantum
information processes and entangled photons generation [50, 51].

Free-Spectral Range

We now describe the characterization of the F'SR, setup shown in Fig. 2.14. To be able
to perform wide frequency scans, a continuously tunable laser by Toptica at low power
(to neglect thermal shifts) was employed. The frequency of the laser is set between two
resonant modes n, n+1, then using an electro-optic modulator, we generated frequency
sidebands separated by ~ 35GHz. This allows for the second-order sidebands to be
resonant with mode n and mode n+1, see Fig. 2.13. We swept the frequency of the EOM
to probe the cavity modes.

f:n fn+ 1

n | n+1

AN

7
Wavelength

Figure 2.13: Visual representation of the measurement of the F'SR. The central red line
is the pump frequency component, while all the others are the sidebands generated by
the EOM. The F'SR is obtained as f, + fu+1 = FSR.

The modulated light is then coupled into the chip. The transmission of the system
is filtered (mainly to remove the 0 order component that would blind the photodiodes)
using a commercial DWDM demultiplexer to select the signals relative to the two neigh-
boring resonances. The signals are then recombined, sent to a photodiode whose output
is monitored on an oscilloscope, see Fig. 2.15.

Wavemeter Microring DWDM oscill
scilloscope
JVWV‘F o | fom PC n p— (m=
Isolator == ¢4 — 000 50
Laser BS i n+1 =S 50 Photodector
B

RF generator
Figure 2.14: Experimental setup used for the characterization of the Free Spectral Range.
Both resonances’ dips are shown in the same sweep if the frequency scan is properly
set. To define which resonance is which, one just needs to unplug one of the two signals
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from the DWDM demultiplexer and monitor which profile remains. The data analysis is
analogous to the one performed to estimate dog, with the exception of the presence of the
trigger that requires a manual identification of the start of the scan (see yellow cross in
figure).
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Figure 2.15: Photodector output measured on an oscilloscope, it shows a complete 50 ms
frequency sweep 34 GHz to 36.4 GHz (effectively 68 GHz to 72.8 GHz) of the two second-
order sidebands. In red, the measured data. In yellow, the point chosen to define the
beginning of the frequency scan. In green, the fit of the resonance relative to the higher-
order mode. In blue, the fit of the resonance relative to the lower order mode, note that
it is a double Lorentzian.

We report the measurement of 25 line spacings in Fig. 2.16 and denote the central
mode with index 0, since it is the one pumped with the usual laser (RIO Planex 1550nm).
We chose to measure 25 F'SR since it allowed us to reach the first-order modes in the
primary comb regime, see Sec. 3.4. Moreover, we could have an idea of the dispersion
of the FF'SR, namely its dependence on the frequency. Such dispersion could contrast
with FWM generation conditions, therefore limiting performances or generating specific
regimes. From the reported results, no dispersivity of the F'SR is found. Measurement
of FSR32 (between modes 2 and 3) was problematic, as the resonance profile of mode
3 was not clearly distinguishable on the oscilloscope. Consequently, this measurement is
not included in the reported results.

The uncertainty was evaluated taking into account: curve fitting uncertainty, RF
generator resolution, and frequency scan starting point uncertainty. The last contribution
was qualitatively evaluated to be dtsgare = 0.000240.0015-|tstart|, the first part was chosen
empirically, analyzing the oscilloscope data. While the second term takes into account
that the frequency step used by the RF generator divided by the overall scan is around
0.15%. The error bars of the F'SRs are mainly due to the starting point of the frequency
scan. From Fig. 2.15, it is clear that the starting point is not easily defined, hence the
use of a trigger is a better choice.
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Figure 2.16: Measured F'SRs of the ring resonator, the measurements cover wavelengths
from = 1529 nm to ~ 1558 nm. Note that the line spacing between mode 2 and mode 3 is
not reported, since it was not possible to precisely detect the resonance of mode 3 when
pumping between resonances 2 and 3.

Dispersivity simulation

The F'SR dispersion can also be simulated or calculated theoretically. The F'SR in fact
gives the separation between two adjacent modes, so in terms of wavevector k, FSR, =
k(wm+1) — k(wm) it is related to how k changes with modes (or equivalently w) F'SRy ~
dk/dwFSR,. Using the cavity resonance condition k(wy,) = mm/L we get:

7r TUg

FSR, = LW =7 (2.8)

Ow
where L = 27R and we have introduced the group velocity v, = dw/dk = 1/k; de-
scribing the speed of the envelope of a wavepacket generated by superimposing different
frequencies. In a non-dispersive material; therefore, where v, is constant, it is possible to
write v, = ¢/neg and retrieve Eq. (2.3). While a non-constant group velocity, namely a
dispersive material, causes a non-zero:

NeffW

h(w) = = (2.9)

ok

2 = (2.10)
2

We have introduced k1, the group delay per unit length expressing the time it takes
for the pulse envelope to travel a unit distance through the medium, and k9, the group
velocity dispersion (GV D), measuring how the group delay ;1 changes with frequency.
Now, we show the results of COMSOL simulations we used to extract k1, k9, and Neg.
In addition to verifying the FSR dispersion, knowing the values of these parameters is
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essential for solving the equations governing the electric field in the ring (Lugiato—Lefever
equations) and for comparing our experimental results with theoretical predictions. For
this reason, we also used COMSOL to calculate the effective mode area Aqg, which
quantifies the cross-sectional area occupied by the electric field inside the ring.

We performed the simulations for a SigN4 microring built on a substrate of SiOs. The
radius is 185 ym, the waveguide width 1.7 yum, and the gap between the bus and ring
waveguide of 0.5 ym.
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1.775 A

160 180 200 220 240 260 280
Frequency (THz)
Figure 2.17: Simulation of the real part of the refractive index Re(n) = neg. In green,

we shaded the frequency range of interest and reported an average value used for later
calculations.

In Fig. 2.17, the simulated effective refractive index is shown. Note that in gen-
eral, COMSOL simulates the complex refractive index n = Re(n) + iIm(n), describing
how light radiates in a given material with a certain geometry. It thus includes both
diffraction/refraction (real part) and the absorption (imaginary part) effects the light
experiences when traveling through a medium. Here we are mainly interested in the real
part Re(n) = neg and how that varies with frequency.

We note that Re(n) can also be written as [52, 53]:

Neff = kw) (2.12)
ko
where k(w) is the propagation constant in a given waveguide and takes into account the
geometrical properties of the resonator, and kg = 27/ ¢ is the vacuum wavenumber. From
Eq. (2.12) it is immediate to note that in vacuum k(w) = ko, thus obtaining n.ss = 1.
Then, to show the waveguide effect on the propagation constant, we can Taylor expand
k(w) up to the second order:

k(w) :k0+n1(w—wo)+%(w—wo)2 + ... (2.13)

where we retrieve the GVD ko and wy is the frequency around which the pulse spectrum
is centered [53].
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here since no calculation was performed with the GVD parameter.

Figure 2.18: COMSOL simulations of the diffraction group delay (k1) and GVD (k2) of
the propagation constant.

Next we show the simulations for k1 and k2, see Fig. 2.18. From Fig. 2.18b we observe
that the ring is in an anomalous dispersion (GV D < 0) regime for the frequency region
of interest.
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Figure 2.19: Simulation of A as a function of pump frequency.

Lastly, the effective area (Aqg) of the light propagation in the waveguide was simu-
lated. The result of the simulation is shown in Fig. 2.19. It is interesting to note how the
confinement ability of the resonator changes with the frequency.

2.2 Detectors

The detection of single photons must be performed using appropriate devices able to emit
an electric signal whenever a single photon impinges on them. Classical photodetectors
cannot distinguish single particles of light. In fact, the magnitude of the output signal
given a certain input is set by the responsivity (R) of the device; however, in C-band, it
is typically about < 1A/W [54-56]. Considering that the power generated by a single
photon at A = 1550 nm in a second is Py, = (hc2m/A)/1 = 1.282 x 1071 W, the emitted
signal would be too low to be detected by classical electronics (e.g. oscilloscope or RF
spectrum analyzer). As a consequence, devices such as superconducting nanowire single-
photon detectors (SNSPDs) or single-photon avalanche detectors (SPADs) are mandatory
when working with single states of light. The focus will be on the first kind of instrument,
since it is the one we used.

2.2.1 Devices overview and theory
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(a) Design schematic. Image taken from HRL Labo- (b) Working principle. Image taken from [57].
ratories website.

Figure 2.20: Schematic of SNSPD design and working principle.

SNSPDs are realized with a nanowire of a superconducting material built in a me-
andered shape, see Fig. 2.20a. During the operation, a current, just below the critical
value for breaking the superconducting state of the material, flows through the nanowire.
When a photon hits the conductor, due to energy transfer, superconductivity is lost, thus
generating a resistive spot in the nanowire, see Fig. 2.20b. The loss of superconductivity
forces the current to flow through narrower side regions around the resistive spot. The
reduction of the section in which the electron flux must flow makes the current increase.
Since it was near the threshold value during normal operation, now the critical current
has surpassed it and superconductivity is broken along the nanowire transverse direction,
creating a resistive barrier. Since both resistance and current are # 0, a voltage is gen-
erated. After a characteristic time, called dead time, the superconductivity is recovered,
and the resistance returns to zero, and no voltage is present. The device is now ready for
a new detection event. This process effectively generates a voltage pulse, which can be
detected with classical electronics [57].

A noise source in detectors is the so-called "dark counts", spontaneous, random volt-
age pulses that occur without any incident photons, mimicking photon detection events.
SNSPDs, however, have very low dark counts, below one hundred. Thanks to this feature,
it is possible to work at very low count rates. In addition, SNSPDs are capable of reaching
detection rates of the order of 10 MHz thanks to their low dead time ~ 20 ps. Finally,
such devices can work in a very broad wavelength range, and reach detection efficiencies
(n) up to 90 % over the whole spectrum [58, 59]. 7 is defined as the number of detected
photons divided by the number of photons effectively reaching the detector [27]. This
is important when comparing to InGaAs SPAD, the cheapest option for single photon
detection in the C-band, since this only has detection efficiencies of the order of 30 % [60].
The drawback of SNSPDs is that they need to work at cryogenic temperatures, around
2.5 K. It is also worth pointing out that they are not photon-number-resolving detectors.
This means that they are not able to distinguish between one or multiple photons hitting
the nanowire at the same time.

While up to 90 % detection efficiency is possible, this is not guaranteed. A photon
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is most likely to be absorbed if it hits the nanowire with a polarization parallel to the
meanders’ direction [61], hence 7 is polarization dependent. For this reason, we present
here, also, a characterization of the SNSPDs’ detection efficiency as a function of the
input light polarization.

2.2.2 Characterization

The definition of the characterization process for the detection efficiency of single-photon
detectors is still under development in the metrology community. The main problem is
that Single-Photon Detectors (SPDs) work in Geiger mode, which means they output a
click or nothing. Instead, classical detectors measure a physical quantity that is related
to the international standard of optical power. The number of clicks emitted by an SPD
is not linked to any quantity, yet.

The detection efficiency of single-photon detectors depends on the operational wave-
length, which must, therefore, be specified. Additionally, it depends on the photon rate
due to the effect of the dead time. Increasing the photon rate, the efficiency decreases
due to the dead time, which "covers" the next detection events. Therefore, the response
function of an SPD is not linear, since doubling the input does not double the output due
to the lowering of . Given the dependence on the incoming photon rate, a metrologically
interesting parameter is 7, also called "zero-flux efficiency" [27]. It defines the efficiency
at zero counts, so it is independent of the incoming photon rate and can be compared
between different experimental conditions and setups.

To characterize the SNSPDs, we used the "substitution method" introduced by PTB
(Physikalisch-Technische Bundesanstalt), and applied by INRiM and PTB in pilot studies
[62, 63]. It consists of comparing the classical power measured by a detector traceable
to the international standard and the number of clicks recorded by the SPD. The SPD
detectors used at INRiM are Single Quantum Eos SNSPDs. The characterization setup
we used is shown in Fig. 2.21.

Monitor powermeter
WA F P
— 28 Wavemeter

Laser BS 50 [:

— PC
BS 50 OO0
VOA 1
Polarimeter

SNSPD

(] VOA 3 VOA 2 (== —
s

Reference powermeter

Figure 2.21: Facility for the characterization of the detection efficiency at different count
rates and polarization of the SNSPD. After the last VOA, it is possible to connect either
the SNSPD or the reference power meter. VOA: Variable Optical Attenuator.
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Experimental setup

Light exiting the laser is coupled into a 50/50 BS, which sends part of the power
to the monitor power meter (81624B by Keysight), while the other output is sent to
an additional balanced BS. One arm sends light to a wavemeter (621 Series by Bristol
Instruments), while the rest of the radiation is sent through a Variable Optical Attenuator
(VOA) (81577A by Keysight), which is used to control the photons’ flux. Then, light is
sent to a polarization controller and to a final balanced BS, which splits light between
a polarimeter (N7781B by Keysight) and two VOAs (81577A by Keysight) connected
in series. The latter devices are necessary to ensure that the radiation is at the single
photon level, flux rate < 10°, in order not to blind the SPDs. Lastly, the end of the
optical path can be either connected to the SNSPDs or to the reference power meter
(S154C by Thorlabs).

The idea is to compare the classical power reaching the end of the characterization
facility and the recorded click counts. The classical power reaching the SNSPDs is evalu-
ated thanks to the simultaneous operation of the monitor power meter with the SPD and
a careful characterization of the total attenuation. The optical path that light undergoes
in the facility is carefully evaluated with the means of the reference power meter, which
is calibrated with respect to the SI (International System). Moreover, the monitor is not
metrologically calibrated; therefore, the reference is also used to transmit the calibration
to the monitor.

The detection efficiency, given the setup of Fig. 2.21, is obtained as:

hc N — Nepy

— -, crenv 2.14
X T-cc Phon ( )

n
where 7 is the total transmissivity obtained as explained later, P, is the power read
by the monitor. cc is the calibration parameter that links the power measured by the
monitor and the reference power meter. It is calculated as cc = Py/Pymon, Where the
subscript o means a 0dB of nominal attenuation set on the VOAs and P is the power

read by the reference.
The characterization procedure consists of three steps:

1. Characterization of the VOAs (Variable Optical Attenuators) and calibration of the
reference power meter;

2. SNSPD characterization at different count rates and fixed polarization to estimate
o3

3. SNSPD characterization at fixed count rate, but for different polarizations of the
incoming light.

Characterization of the attenuations and calibration of the power meters

During the first step, the setup is terminated with the reference power meter. First,
VOA 2 and VOA 3 are set to 0dB, to calibrate VOA 1. The characterization of the other
VOAs is performed analogously, with the VOAs not under characterization set to 0dB.
For example purposes, we assume VOA1 to be the VOA under characterization.
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Experimental setup

To characterize the attenuation experienced by light flowing through the facility at
a given nominal attenuation set on the VOAs, we performed the following steps. The
quantity of interest is the transmissivity 7, which is defined as:

Py

-5 (2.15)

Tx
where Py is the power read by the reference power meter with x dB of nominal atten-
uation. Then, to obtain some statistics on the resulting 7, we performed 10 sets of 30
measurements or runs, therefore we have T)Ei’j) with 1 <i<30and 1 <j<10. In each
run, given a fixed nominal source power, we measured the power reaching the reference
and the monitor with all the possible nominal attenuations set on the VOAs. Then, we

modified Eq. (2.15) to remove the contribution of the environmental counts:

S

env

) = (2.16)

where P, is the power measured when the attenuators are switched off (maximum
attenuation). The latter equation can be safely used only if the source radiation does not
fluctuate in time. To remove this assumption and be as general as possible, we introduced
the following modification:

P 5 plid) plid)

X

Péi’j) R Eg)p(()i’j)P)gi’j) (2.17)
where: N
P(i’j) _ <P>£j.§1.)on>i
Y P
) _ <P>£,igl)on>i (218)
) <P(J(,131)0n>1

where P)gﬂl)on is the power read by the monitor power meter with x dB of nominal attenu-
ation at the i-th run and j-th set. (-); means the average over all 30 runs. With Eq. (2.17),
we can consider the source fluctuations, because py considers the punctual deviation of
the source, it is the comparison of the single outcome with respect to the average of a
set. Instead, €4 takes into account slow drifts of the source; in fact, it contains the ratio
between the average values of different sets. What we obtain in the end is the following:

() plid) _ plii)

(iLj) — Px env__—_ (2.19)
T = — .

where we used the fact that the environmental counts are independent of the source
fluctuations. And since the contribution of Py is small and e; ~ 1 we can write Pepy/ex &
Penv~ . ..

Now, we evaluated 7,9) = <T)£1’J))i for every set and the associated statistical uncer-

T)Ej) is calculated as the standard deviation of the mean. It turns out that the
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results of different sets are not compatible with each other, i.e., the uncertainty ranges
do not overlap between all of them. This result is due to the non-repeatability of the
experiment. For example, the VOAs are mechanical devices, and every time the nominal
attenuation is changed and then set back to the initial value, it is not assured that the
system will be identical to the initial condition. To evaluate a final single result of 7, we
must take into account such an effect. The GUM [64], which is the standard international
metrological guide describing how to report the uncertainty of measurements, states that
non-repeatability can be taken into account by considering the results as outcomes of a
rectangular random variable. Therefore, we inserted the additional contribution, includ-
ing the standard deviation of a rectangular probability distribution:

(2.20)

= 10 3

10 ()2 O s ()12
57 — \JZ (67x") N (max{rs’} — min{rs"’})

where 10 is the number of sets. Combining Eq. (2.19) and Eq. (2.20), the calibration
of the attenuation light undergoes when flowing through the facility for a given x dB of
nominal attenuation is found.

Evaluation of the detection efficiency at different count rates

During the second step, the reference power meter is substituted with the device under
test (DUT), to obtain the 79, we model n as [61, 63, 65]:

N - Nem}

N\, N)=mno(l—-D "

) (2.21)
where A is the impinging photon wavelength, N is the count rate, Ngpy is the count rate
measured in the absence of light (the VOAs are off). Therefore, it takes into account the
dark counts and environmental photons (e.g., from room light). D is the dead time, and
t is the acquisition time. The latter equation allows us, using a linear regression of the
measured 7 as a function of N, to obtain the parameters ng and D.

To modify N, VOA1 was swept from 0dB to 20dB, instead VOA2 and VOA3 were
both set to 40dB to reach the single photon regime.
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Figure 2.22: Plot of the measured efficiency as a function of the photon flux rate reaching
the detector. In orange, the fit curve calculated using Eq. (2.21), note, the x-axis is in
logarithmic scale.

The data plotted in Fig. 2.22 show the detection efficiency as a function of the photon
count rate; Eq. (2.21) was used as the fitting curve. The parameters extracted from the
linear regression are 1y = 0.903(19) and D/t = 2.2(4) x 1078, The zero-flux efficiency
no is around 90 %, which is compatible with nominal specifications. Having used an
acquisition window of t = 1, we can estimate the dead time of the detectors to be D =
22(4) ns. This result is comparable with the maximum photon detection rate achievable
by SNSPDs and the datasheet specifications.

Evaluation of the detection efficiency polarization dependence

Lastly, we reach the third step, where the DUT detection efficiency was studied for differ-
ent light polarizations, given a fixed count rate. Here, we assume that the polarization-
dependent detection efficiency could be described as follows:

7= Nmax[l —a+a- cosQ(g)] (2.22)
where nmax is the detection efficiency with polarization parallel to the meanders (max-
imum efficiency), 0/2 is the angle between the polarization of the impinging beam and
the nanowire direction (see Fig. 2.23b), and a defines the minimum efficiency with
Mmin = Mmax(l — a@). This assumption is based on the idea that the meander’s direc-
tion behaves in the same way as the polarizer optical axis. For this reason, we propose a
model with just one variable § and two parameters nmax and a. We call the polarization
parallel to the nanowire "horizontal" and the perpendicular one "vertical". Keeping this in
mind, we construct the Poincaré sphere, with 6 as the polar angle. The Poincaré sphere
is a graphical representation that maps all possible polarization states of light onto points
on or inside a unit radius sphere.
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Nanowire

8/2

V)

(a) Poincaré sphere. (b) Schematic of the polarization dependence during a
detection event. The orange arrow represents the polar-
ization direction of the photon.

Figure 2.23

Each polarization vector is characterized by the coordinates (r, 6, ). The radius (r)
measures the "purity" of the polarization state: pure states lie on the surface (r = 1),
while partially polarized (statistical mixtures) occupy the interior (r < 1). The polar
angle quantifies the ellipticity, and the azimuthal angle ¢ sets the orientation of the
polarization ellipse. The basis vectors of the two-dimensional Hilbert space are positioned
at the upper and lower poles of the sphere. In our case, the basis vectors are the horizontal

(|H)) and vertical (]V)) polarizations. Using this, we can also define other useful states
(see Fig. 2.23a):

H
o |D) = M: diagonal polarization;
V2
H —
o |A) = w: anti-diagonal polarization;
V2
H
e |R) = |>+\/§Z|>: right-circular polarization;
Iy
o |L)= ﬂ: left-circular polarization.
V2
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1.0

Figure 2.24: Poincaré sphere of the polarimeter, the green dots represent the points where
a measurement was performed. The red dashed lines represent the equator and the two
meridians parallel to the x and y axes.

As shown in Fig. 2.21, we measure the polarization using a polarimeter. However, the
optical fiber that separates the SNSPD and the polarimeter generates a linear rotation
of the polarization on the Poincaré sphere, hence the polarimeter measurement does
not show the effective polarization experienced by the SNSPD. Therefore, we need to
rotate the polarimeter sphere onto the detector reference frame. To do so, we perform
measurements of the detection efficiency as a function of the polarization read on the
polarimeter, trying to cover the whole Poincaré sphere (polarimeter reference frame), see
Fig. 2.24. We note that each point has r = 1, indicating we are working with purely
polarized light, so from now on we assume r = 1. Working with only pure states does not
reduce the generality of the work; mixed states are generated from a linear superposition
of pure states. Therefore, the behavior of a mixed state can be retrieved by summing
together the weighted contributions of the pure states.

max? 80;’)’7/a$)
(with ” we indicate the polarimeter reference). An appropriate rotation is then performed
to set such a point to (Opar = O(d“t), Omaz = O(d“t)). Such rotation was performed using
Cartesian coordinates (x,y, z), with z being the vertical axis. The three coordinates that
define a vector in the Poincaré sphere in the SNSPD reference frame are built starting
from (0,2, Pinae)- Note that the azimuthal plane has no role in Eq. (2.22); therefore, it is

constructed arbitrarily. For example, the point (0,0,1) of the SNSPD is built to coincide
with (0], . The linear rotation to go from the polarimeter frame (z/,y/, 2’) to the
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DUT frame (z,y, z) is:
Tyl Yg' 2!
R = l‘y/ yy/ Zy/ (223)
Ty Yz 2y
where z,/ indicates the coordinate on the x’-axis of the point defining the z-axis on the
SNSPD sphere. Therefore, to map

(Urascs Prmax) = (887(0150) €08 (Plnaxe)s 5172 (Oinax) $1(Pnax ), €05 (Ornax)) to (0,0,1), the ele-
ment z,» needs to be cos(6/,,,). Then every point can be mapped onto the DUT reference
system using:

T
y|l=R'[y (2.24)
z

Now, it is possible to use Eq. (2.22) to fit the rotated data.
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Figure 2.25: Detection efficiency as a function of the angle 6. In orange, the fit curve
obtained using Eq. (2.22) with parameters: a = 0.777(9) and 9max = 0.904(8).

In Fig. 2.25, the behavior of the detection efficiency as a function of the polariza-
tion angle 6 is shown. The good agreement between data and fitting curve confirms the
previous hypothesis that Eq. (2.22) describes the polarization dependence of the detec-
tion efficiency. The fitted parameters are 7mqe; = 0.904(8), which is compatible with
no previously calculated, and a = 0.777(9). The latter result can be used to calculate
the minimum detection efficiency nmin = Mmaz(1 — a) = 0.202(8). These results confirm
that, to have the highest efficiency possible, it is important to align the incoming light
polarization with the detector meanders direction.

To avoid the repetition of such an alignment procedure, there are novel approaches
to try to reduce the polarization dependency of the SNSPDs detection efficiency [66-68].
One of the options is to build the nanowires with a geometry as direction-independent as
possible, for example, in a circular or fractal-like shape.

Finally, in order to obtain a result suitable for experimental practice, the detection
efficiency was mapped onto the Poincaré sphere of the polarimeter. In this way, without
changing the setup and moving the fibers, given a measured polarization, one immediately
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knows the detection efficiency of the SPDs. To do so, a minimization of the detection
efficiency on the sphere was performed using the software Wolfram Mathematica. Es-
sentially, it is a non-linear fit of the detection efficiency on all the measured data points,
without forcing the rotation of the sphere. To do so, first we had to demonstrate the
dependence of the detection efficiency on only one variable 6 as done before. Second,
it was useful to force the parameters to be swept in a bound range, 0 < a < 1 and

(ex (eg}g)

nma,ﬂ’) < Nmax < 1, where nmax’ is the maximum measured detection efficiency.

1.0

Figure 2.26: Detection efficiency mapped onto the polarimeter reference system.

In Fig. 2.26, the result of the minimization is shown. The detection efficiency is
maximum for 6 # 0, as expected. The latter result is more accurate than using data
from Fig. 2.25 and re-mapping it on the polarimeter sphere. Here, the point of maximum
efficiency was obtained through the minimization and was not forced among the measured
data points.
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Chapter 3

Entangled states generation
process: Four-Wave Mixing

3.1 Introduction

In this chapter, we describe the process capable of generating entangled states of light in
a microring resonator. After a brief review of optical nonlinear processes, we then focus
on four-wave mixing (FWM) in a microresonator. In particular, we discuss the different
operational regimes of the microring, such as spontaneous and stimulated FMW. In addi-
tion, we introduce the concept of optical frequency combs and discuss the different ways
they can be generated in a microring through FWM. This discussion is complemented by
a qualitative comparison between the theoretical predictions obtained through numerical
simulations and the experimental observations. To conclude, we will describe how the
generation in the microring process was characterized and present the results.

3.2 Introduction to optical non-linearities

When a material is subject to an external electromagnetic field E, its charges redistribute
in a way that creates electric dipoles. The macroscopic response is described by the total
polarization Pr, defined as the electric dipole moment per unit volume, which depends
on the material’s properties. In linear regimes, and using a scalar notation for ease of
understanding, Pr varies linearly with the electric field as:

Pr(t,w) = eoxV (W) E(t, w) (3.1)

where € is the permittivity of vacuum and y() is the linear susceptibility of the material.

Initially, only linear material responses were observed, but after the discovery of the
first laser [69]. It was possible to probe the materials with more intense optical fields
due to highly focused radiation. These new experiments revealed that the dipole moment
inside a material could exhibit a non-linear dependence on the electric field, involving
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higher-order terms beyond the linear response [17]:

Pr(t,w) =eo[x (W) E(t,w) + XP (@) B (t,w) + xP (W) E*(t,w) + ..] = (32)
Py (t,w) + PyL(t,w) '
where x(2 and ¥ are called, respectively, the second and third-order nonlinear optical
susceptibilities. It is common to separate the linear part of the polarization, P (t,w) =
eoxV(w)E(t,w), from the remaining terms included in Py (t,w).

The second-order nonlinear susceptibility is responsible for processes like second-
harmonic generation [70], in which two photons of frequency w are effectively converted
into a single photon of frequency 2w. This effect has been broadly used to generate
laser light at frequencies that would otherwise be inaccessible. Another important effect
induced by a non-vanishing x(?) is Spontaneous Parametric Down-Conversion (SPDC).
In this process, one photon at frequency w; is "down-converted" into two lower-energy
photons at wo and ws. Energy conservation imposes w; = ws + w3, while momentum con-
servation is enforced by the condition of phase matching [71]. Among the applications,
SPDC is employed for the creation of entangled and single-photon sources [72-74].

The third-order nonlinear susceptibility is, instead, responsible for effects such as the
Kerr effect [75], which is the dependence of the refractive index of the material on the
intensity of the applied optical radiation. The Kerr effect can be described mathematically
by expressing the refractive index as a function of the optical power:

P
Aeﬁ

n=mng+ng (3.3)
where P is the optical power flowing through the material and no is the Kerr coefficient.
Materials with a non-vanishing x(®) are also called Kerr materials.

Typical values of x(?) range from 10724 cm/V to 10~2! em/V, while for x©®) are usually
of the order of 1073* cm?/V? to 1072 cm?/V? [16, 17]. Due to these low values, it is easy
to understand how such effects can be experienced only with high optical intensities.
Resonant geometries, which enhance the local field (see Eq. (2.1)), are a novel, but
effective approach to increase the efficiencies of non-linear processes [72, 76].

We now turn to the third-order nonlinear process of primary interest in this work:
Four-Wave Mixing (FWM).

3.3 Stimulated and spontaneous Four-Wave Mixing

Four-wave mixing is an effect in which four waves inside a Kerr material interact under
given conditions. In this section, we give a formal description of stimulated (classical
process) and spontaneous (quantum process) four-wave mixing.

Stimulated FWM is the generation of a wave at wy by the coherent interaction of
three waves at wy, ws, and ws. Assuming a medium with only a third-order non-linearity,
we can rewrite Eq. (3.2) as:

Pyi(t,w) = eoxP E3(t,w) (3.4)
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Now, we can write the electric field as a superposition of three plane waves:

1 .
E(t,wi,wa,ws) = Z fE(wq)e]“’qt (3.5)
g=+1,22+3

where w_q = —w, and E(—w,) = E*(w,). Substituting equation Eq. (3.5) in Eq. (3.4),
we get a sum of harmonic components with frequencies 3w1, 2w + wo, w1 + wo + w3, and
so on. We are interested only in the component Py (¢, w; + wy — w3), which is the one
responsible for four-wave mixing [16]:

Prr(t,wi 4wy — w3) x €0X D) E(wr ) E(wy) E* (ws)ed riwz—ws)t (3.6)
Equation Eq. (3.6) indicates that a fourth wave is generated in the medium at frequency:
Wi = Wy + Wy — w3 (3.7)

Moreover, the three initial amplitudes E(wi 23) can be written as:
E(wi23) = |E(w123)]eF 23" (3.8)

where r is the space coordinate and k1 2 3 is the wavevector. We can expand the non-linear
polarization as:

Prp(t,wi + ws — wz) o eoX P | E(wy)||E(w2)|| E* (ws) el k1 Th2—hs)reilortwamws)t (3 g)
From the latter, we get that the generated wave has a wavevector ks which is [16]:
ks = ki + ko — k3 (310)

Note that in general, the wavevectors are three-dimensional vectors. Equations Eq. (3.7)
and (3.10) are, respectively, the frequency-matching and phase-matching conditions, and
they must be respected for FWM to arise. The first condition describes the energy
conservation of the process, while the second one, the momentum conservation, we present
a schematic representation in Fig. 3.1.
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Figure 3.1: Schematic of the FWM constraint conditions.

When w; # wy, the effect is called non-degenerate four-wave mixing, while when
w1 = we, the process is degenerate. The second case is simpler to achieve, as it only
requires strongly pumping the non-linear medium with a single laser beam of frequency
w1, and injecting a seed component at frequency ws, triggering the generation of light at
frequency ws = 2wi — ws3. A useful notation is to call wi = wp, w3 = ws the signal, and
w4 = wj the idler photon as in Fig. 3.2a.

Stimulated four-wave mixing is, therefore, a classical process where three waves are
injected in a third-order non-linear medium, which responds by generating a new com-
ponent if frequency-matching and phase-matching conditions are met.

)

Wp

Wp
@p

mpl

wj ] Wi

(a) Degenerate stimulated four- (b) Non-degenerate spon- (c) Degenerate spontaneous four-
wave mixing. taneous four-wave mixing. wave mixing.

Figure 3.2: Different types of four-wave mixing. In red and green, the pump wave with
frequency wpip2. In purple and orange, respectively, the signal and idler waves with
frequencies wg and wj.

In spontaneous FWM (SFWM), signal and idler photons are generated without in-
jecting a seed at either of the two output frequencies, see Fig. 3.2c. The emission is
stimulated by vacuum fluctuations, a purely quantum effect that stimulates the process,
analogous to spontaneous emission [77]. Phase and frequency-matching conditions that
need to be met are the same as in the stimulated case.

Therefore, stimulated and spontaneous FWM both need two pump photons, namely
w1 and ws of Fig. 3.1a. But in the classical case, one must insert an additional wave ws
to stimulate the emission of wy also.
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3.3.1 Third-order non-linearities in microresonators: Optical Paramet-
ric Oscillators

Exploiting the x®) non-linearity of SizNy, we are effectively building an optical-parametric
amplifier (OPA). It is called an amplifier since in the presence of a suitably intense
injected beam, it generates waves at frequencies that were not present or associated with
less intensities before injection. In addition, it is parametric, since the initial and final
energy levels of the process are the same: the process only redistributes energy among
the interacting optical fields, without permanently exciting the material, see Fig. 3.1a.
In particular, no heating is generated, assuming a lossless material. By inserting an
OPA medium inside a resonating structure, it is possible to build an optical-parametric
oscillator (OPO). An OPO is a light source, analogous to a laser, but instead of stimulated
emission, it exploits parametric amplification to generate the output radiation [78]. An
OPO, to reach a steady emission over time, needs to be pumped with a certain threshold
power Pt(}? PO) Such power needs to be able to feed the amplification process and sustain
losses inside the resonator [79], again analogously to a laser. When the threshold power
is reached, the pumping field is able to generate enough signal and idler photons to
induce self-sustained oscillations in the resonator. When our microring OPO is above
threshold, stimulated four-wave mixing is the dominating process, since the signal and
idler continuously oscillating inside the resonator stimulate further emission. While below
threshold, it dominates SFWM [21], and only a weak emission of photons is experienced.

This thesis concentrates on the below-threshold operation of the OPO, where SFWM
leads to the generation of non-classical photon pairs. Furthermore, we also study the
threshold region, where the transition from spontaneous to stimulated FWM leads to the
OPO effect and begins to emit a classical coherent field above threshold.

3.3.2 Quantum description of SFWM in OPOs

As a starting point, we want to describe the photon emission in each signal and idler
mode in terms of a generation rate. To do so, we must write the state generated by
SWFM inside a microring pumped with a pulsed laser. Note that in our experiment, we
worked with a CW laser; however, the result is analogous (limit of infinitely long pulse).
Under the assumption of equally spaced cavity modes, weak and undepleted pump, the
generated state is [80]:

) = eﬁfdwsdw4¢(w3,w4)@$3@$4—H-C‘0> (3.11)

where w3 and wy are the variables of the possible frequencies for the signal and idler
photons, @™ is the creation operator, |3|? gives the average number of photons generated
per pump pulse, and H.c. means the hermitian conjugate. ¢(ws,ws) is the biphoton
wavefunction (describes photon in signal and idler mode) or also called the joint spectral
amplitude (JSA), and it is analytically defined as [80]:

_ilo?v2

(w3, wy) yo

@’YNL/dw1¢p(W1)¢p(w2)mI(wl’W2’w3’w4) (312)
p
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respecting wy = w1 + w2 — w3, and wi 2 are the integration variables relative to the pump
photons. wy, is the central frequency of the pump pulse, |a|? is the average number of
pump photons, ¢p(wi 2) describes the frequency distribution of the pump pulse centered
at wp (~ constant for a continuous pump). The parameter

N2yt (3.13)

INL = cAu

is the nonlinear coefficient of the Kerr medium [81], while ng is the Kerr coefficient
(see Eq. (3.3)) and ws; are the signal and idler frequencies where the phase-matching,
frequency-matching, and geometrical conditions are met.
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(a) Broad spectrum of the parametric phenomenon (b) Broad spectrum filtered by a resonator.
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Figure 3.3: Qualitative example of a JSI generated by SFWM pumping the non-linear
medium at A\, = 1550 nm. Note that the resonator’s parameters in Fig. 3.3b are chosen
purely for illustrative purposes.

Finally, I(w,ws,ws,wy) incorporates the matching conditions for the system. For a
resonator-enhanced FWM, this function can be written as:

I(wi, w2, w3, ws) = fs(ws) fi(wa) fp(w1) fp(we) L (3.14)

where L is the resonator length, and f;si(w) describes the pump, signal, and idler match-
ing conditions in the resonator. The resonator imposes a Lorentzian frequency response
on each field, such that the functions can be written as:

1 2 AVp s.i
i = -4/ = 3.15
fp,S,l ((.U) 9 1— 0_p757i (w _ wp,s,i) + iAl/p7s,i/2 ( )

where oy, ¢ i is the coupling strength between the straight and ring waveguide for the pump,
signal, and idler frequency (note that for critical coupling o}, ¢; = Av, cavity linewidth).
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The quantity |¢(ws,ws)|? is called joint spectral intensity (JSI), see an example in Fig. 3.3.
It is essentially a probability density distribution describing where the signal and idler
photons can be generated, given phase-matching, frequency-matching, and geometrical
boundary conditions.

With the equations described above, it is possible to calculate the FWM-generated
photon power, e.g., in the idler channel, both in the stimulated and spontaneous cases.
For a CW pump [82, 83]:

Qu
Pst = (WL2rR)*(—L) PP? 1
st = (W27 R) (WR) b (3.16)
and 0 5
v WpU
Psp = 9 2 g \3'"“pYg 2 1
sp = (W27 R) (WR) R (3.17)

where R specifies the ring radius, v, is the group velocity, i.e., the inverse of k1, and Py,
is the intra-resonator power at the frequency of the signal (pump) mode. The formulae
are also valid for the signal channel. It is possible to calculate the ratio:

Pisp _ iﬁw{‘i
Pi,ST 4@ Ps

(3.18)

It is interesting to note how the ratio between spontaneous and stimulated emission
strictly depends on the intrinsic quality factor of the resonator and the coupled seed
power. This means that the quality factor of the cavity is fundamental when designing a
resonator.

SFWM and energy-time entanglement

Eq. (3.11), not showing the frequency dependence, describes a quantum state of the type,
whenever the integral is different from O:

) = [1il) (3.19)

where |1;) indicates the state, respectively, for the idler and signal photon. Such a state
can be used to generate energy-time entanglement, better described in Sec. 4.4.

Energy-time entanglement describes a quantum state that displays non-local quan-
tum correlations over the frequency and time degrees of freedom. We can clearly display
the frequency correlations by making an assumption: ¢(ws,wy) is non-zero only at res-
onator resonances. Therefore, we can simply write the state as, recovering the frequency
dependence, [84]:

N

where j is the resonance index, 2N is the total number of considered resonances, and
&j,—j are the occupation coeflicients respecting ZJN:1 &.—i]> = 1. Eq. (3.20) describes a
quantum state displaying entanglement in the frequency domain, since the state is not
factorizable between two states describing the signal and the idler separately.
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Note that the resonances are not the reason for the frequency correlations; it is SEFWM
the cause. The resonances have simply the effect of discretizing the frequency domain
and correlations. SFWM itself produces frequency correlations, but on a broad and
continuous spectrum.

Knowing the frequency and time of arrival of a certain photon, the knowledge about
the frequency and arrival time of its counterpart is also defined, within the time and
frequency uncertainty relationship [85].

To conclude, we have shown how the quantum state of Eq. (3.11) displays frequency
correlation. But, in order to effectively obtain energy-time entanglement to exploit it in
a QKD setup, one must perform additional steps, which are better described in Sec. 4.4.

3.4 Four-wave mixing comb regimes

A resonating structure built using a x®) material, namely a Kerr material, is called a
Kerr resonator. When pumping a Kerr resonator with a CW pump, the joint effect of
FWM and equally spaced resonances allows for the generation of a frequency comb.

A frequency comb is composed of equally spaced frequency components, corresponding
in the time domain to a regular emission with a period equal to the inverse of the frequency
separation. In some cases, depending on the phase relation between the emitted modes, a
train of pulses is generated. In case the frequency comb emission corresponds to pulses in
the temporal domain, the shorter the pulses, the wider the wavelength span of the comb
[86]. Optical frequency combs (OFC) were initially invented as components of atomic
clocks [87], converters from optical to RF frequencies, and as rulers for high precision
spectroscopy [88]. Nowadays, OFC can be built using different technologies [88, 89], like
e.g. with mode-locked lasers [90], electro-optic modulators inside a resonator [91], and
using passive or active microresonators with Kerr non-linearities; these OFCs are here
called Kerr combs [92, 93].

The theoretical framework used to describe the generation and evolution of Kerr
combs is the one described by the Lugiato-Lefever Equation (LLE) [94].

These equations yield different types of Kerr combs, each associated with a distinct
intracavity power regime defined by the pump power and detuning from resonance. We
will now describe different Kerr comb regimes achievable in a Kerr resonator and compare
them with our experimental observations.

Given a certain pump power input into the chip, it is possible to plot the behavior of
the intracavity power as a function of the detuning, see Fig. 3.4.
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Laser scan
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Figure 3.4: Behavior of the intracavity power as a function of the laser detuning in a Kerr
resonator. The x-axis represents the detuning between the pump frequency and the cold-
cavity (unshifted) resonance of the fundamental mode. From left to right: we represent
Tuning rolls, modulation instability, multiple solitons, and single soliton regimes. Image
taken from [92].

First, we recall the definition of detuning we have given through Eq. (2.6), which is:
0 = fp— fo,cola Where fq cola represents the resonance frequency in the absence of thermo-
optic shifts. We distinguish four different regimes. Starting from the blue detuned side
of the resonance (wp > wo cold), the first regime is the primary comb or Turing rolls [21,
92, 95, 96]. Here, the frequency sidebands generated are separated by a discrete number
of F'SRs of the cavity (mode spacings A of the order of THz). In agreement with this
prediction, in Fig. 3.5, we show a primary comb generated by our SizN4 microring, we
find A =12 FSR.
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Figure 3.5: Frequency comb generated by the Si3sN4 microring resonator. Note that the
line spacing is equal to A =12- F'SR ~ 1.8 THz or 14.4nm.
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The integer N, such that A = N - FSR, varies with the material and geometry of
the resonator. Its value depends, in fact, on the interplay between the four-wave-mixing
phase-matching conditions and the resonator’s geometrical and optical constraints [97,
98]. Primary comb modes emerge at frequencies corresponding to the maximum overlap
between the parametric gain profile and the cavity resonance spectrum, see Fig. 3.6 for
the qualitative idea.

P FWM

T

7
Wavelength
Resonances

Figure 3.6: Schematic explanation of the generation of the sidebands separated by A =
N - FSR during the primary comb regime, in this example N = 3. In red, the two
pump photons, in purple, the signal photon, in orange, the idler photon, and in blue, the
parametric gain spectrum.

By increasing the pump laser detuning toward resonance, which corresponds to a
higher intracavity power, a so-called "secondary comb" can be generated. This regime is
characterized by the onset of degenerate and non-degenerate four-wave mixing, leading
to the appearance of additional frequency components around the pump and near the
sidebands of the primary comb. Again, in agreement with this prediction, in Fig. 3.7, we
show the secondary comb generated by our ring.
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Figure 3.7: The secondary comb generated in the SizNy microring.

Shifting the detuning further, i.e., continuing to increase the intracavity power, all
the resonator modes are populated by FWM. In Fig. 3.8b, we show that all 12 resonances
are populated. Most of the generated sidebands achieved enough power to act as pump
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photons for additional FWM. Such a condition is usually unstable (phase and ampli-
tude noise affect multi-wavelength emission), and it may correspond to different types of
regimes, like "breathers" [46, 99] or modulation instability [100]. It is not immediate to
differentiate between the unstable regimes, since their output spectrum is similar. The
main differences are in the temporal behavior of the oscillations inside the cavity, see [21,
101] for some simulations.
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(b) Zoom of the spectrum between the pump and the first primary
comb mode.

Figure 3.8: Unstable comb regime spectrum where all the resonances of the microres-
onator are populated. The ring was pumped with an input power P, ~ 18 dBm.

In Fig. 3.8, we show an example of unstable regime spectrum generated from the
SisN4 microring that we tested. From the figure, we can observe that the envelope of
the spectrum exhibits irregular behavior, which we argue is characteristic of unstable
regimes.

Reducing the effective detuning more, we surpass the instability regime, and the
resonator enters the solitonic regime. Such a regime is characterized by a reduction in
the circulating power, see Fig. 3.4. It happens because less power is necessary to sustain
the oscillations within the resonator, thus the output comb can be more intense. Solitons
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are self-reinforcing waves, which can maintain their speed and shape during time [102].
Optical solitons in Kerr materials are called dissipative Kerr solitons (DKS). Their self-
reinforcing nature is due to the balance between dispersion and Kerr effect, and linear
losses and parametric gain [92, 103].

It is important to note that fixing the detuning and instead tuning the input power
does not reproduce the same dynamical regimes shown in Fig. 3.4. In fact, while the
same intracavity power can be reached, which is sufficient to enter unstable regimes, the
stability and behavior of the cavity depend critically on whether the pump is blue- or
red-detuned relative to the cavity resonance. In particular, the self-sustained formation
of temporal Kerr solitons requires the pump to be red-detuned [46].

The ring resonator used in this work did not support soliton formation, likely due to
its dispersion properties. Moreover, we did not pursue this regime further, as the focus of
this thesis is on below-threshold OPO operation and the generation of entangled states
of light.

In summary, the regime reached in a non-linear microresonator depends on the circu-
lating power and the phase-matching conditions. The parameters we can actively control
to tune the regime are the effective detuning (including thermal effects) and the pump
intensity. The observation on our ring are: (a) P, ~ 5dBm, the OPO threshold is not
reached, so only spontaneous four-wave mixing (SFWM) occurs (b) P, ~ 15dBm, the
system exhibits primarily spontaneous processes but can reach stimulated FWM, gener-
ating a primary comb with N = 12 (c) P, ~ 18 dBm, the ring exhibits both spontaneous
and stimulated degenerate FWM, and also enters a regime of instability corresponding
to degenerate and non-degenerate FWM. Overall, these kinds of systems display clear
threshold behavior.

From this point onward, whenever we refer to the primary comb regime in the ring
under study, unless otherwise specified, we will assume it corresponds to the comb with
N =12.

3.4.1 Simulations

Here, we present a selection of numerical results oriented to qualitatively predict the
dynamical evolution of the comb regimes within the microresonator. They have been
obtained using an in-house MATLAB simulator to integrate the LLE for parameters
close to the experimental ones.

We start with a generalized version of the LLE for an active or a passive ring resonator
in the presence of coherent injection in a longitudinal reference frame rotating in the
resonator at the group velocity of the radiation [104]:

OFE O*E

n + p(1 —iA)(1 - |EPE (3.21)

where E, and E are the normalized (dimensionless) slowly varying envelopes of the in-
jected (pump) electric field and of the intracavity electric field, respectively [105, 106].
0o = (fo— fp)/Av = (wo —wp) T, = —2mdef ¢, is the normalized detuning, and dgr and dy
account for both field diffusion and dispersion. p < 0 is the unsaturated absorption/gain
coefficient and A is linked to the system Kerr non-linearity.
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Now, it is possible to simplify the latter equation, considering a passive resonator, in

the form: oF 92

5 = - [1+i(0—|F))]F + iaT? (3.22)
where § = 6y + pd, Fipy = VuUAEy), 7 = t/7, and = z/+/d;. We transformed the
variables ¢ and z into dimensionless quantities, which is a standard procedure to make
numerical integration more efficient.

We ran the simulation sweeping 6y from —2 to 2, which in physical quantities corre-
sponds to a sweep of 4 FWHMSs centered around a resonator resonance (which corresponds
to def = 0). We used the data obtained through the COMSOL simulations in Sec. 2.1.4
to estimate the dispersion parameter di = —Ug’KQTL /2. Instead, F,, was defined using
a trial-and-error approach, since its scaling is based on quantities that are not directly
measurable in an optical laboratory.

Note, this mathematical model does not take into account the thermo-optic effect;
therefore, the resonance bending is only due to the Kerr effect.
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(a) Intracavity intensity in arbitrary units as a function of the effective detuning and
the ring longitudinal direction.
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(b) Intracavity intensity in arbitrary units as a function of the effective
detuning.

Figure 3.9: Behavior of the intracavity intensity and power during . sweep from 2Av to
—2Av, with Av the resonator linewidth approximated to Av = 112 MHz. The simulation

was performed with F, = 2.4.

In Fig. 3.9, we show the results of simulations. In Fig. 3.9b, we are reconstructing
only a small portion of the behavior described by Fig. 3.4. Of more interest is Fig. 3.9a,
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because it shows the generation of periodic patterns of light within the resonator. At
def = 120 MHz we observe the generation of a regular and periodic oscillation. We recall
that the reference system is moving in the ring at the group velocity of the radiation;
whatever is displayed in the graph is actually rotating at speed vg.

These results align well with our predictions. For d.g = 120 MHz we do not see any
periodic structure within the resonator, which is congruent with the results of Fig. 5.10,
where we show that for deg < 130 MHz we enter the stimulated region. The periodic
structure generated for 120 MHZ 2 deg = —35 MHz is effectively a Turing rolls pattern;
we will investigate it.

Interestingly, we can also predict the triggering of a chaotic regime after the first rolls,
which aligns with our experimental observations.

Now, we want to better understand the type of Turing rolls that are generated right
after the OPO threshold is surpassed. We performed a simulation fixing 0y = —deg27 7,
with deg = 50 MHz, and obtained the results shown in Fig. 3.10.
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(a) Turing rolls spectrum.

(b) Qualitative idea of the wave circulating within the microring.

Figure 3.10: Turing rolls simulated with E,, = 2.4 and d.¢ = 50 MHz.

The spectrum in Fig. 3.10a is really similar to that observed in the laboratory shown
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in Fig. 3.5. But, there is a substantial difference, Agm = 22 while Aeyp, = 12. Therefore,
our simulation states that in our condition we should observe rolls with 22 maximums,
see Fig. 3.10b, while in reality we only have 12. In the simulator, we empirically found
that tuning the space variable n = z/1/dj, we are able to easily modify the number
of rolls. If we want a smaller number of rolls, one needs to use a smaller cavity, in
the sense of the normalized variable n. Therefore, the main limitations to finding a
coincidence between simulation and experiment could be in estimating dr, which contains
the dispersion terms. Due to the third-order dependence on the group velocity, a small
change in vy can significantly modify the value of di and supposedly help in achieving a
better congruence.

In conclusion, we qualitatively reproduced the experimental dynamical observations
simulating the Lugiato-Lefever Equations in a one-dimensional resonating geometry. To
find a complete overlap between simulations and experiment, we should use more complex
mathematical tools and models. The model we used for the LLE makes some assumptions
that can modify the behavior, such as neglecting thermo-optic red-shifts of the resonance,
not considering the radial dimension of the waveguide of the ring, or considering a con-
stant vy or ko over the whole spectrum.

3.5 Source characterization

We wanted to characterize the performance of the microring as a source of entangled
states of light generated through SFWM. The parameters estimated to check if quantum
correlations are present are the photon-pair generation rate (PGR), the coincidence-
to-accidental ratio (CAR), and the heralding efficiency. All the parameters are widely
employed in literature to describe the performances of a Kerr resonator [13, 72, 107, 108|.
The PGR describes how many correlated photons are generated for a given input power.
The CAR is a setup-dependent parameter; it specifies the ratio of correlated photon
pairs over the background photon pairs in a given interval of time, and it is analogous to
the signal-to-noise ratio (NSR). Lastly, given a detection event on the idler (or signal)
channel, the heralding efficiency defines the probability of having a detection event on
the signal (or idler) channel.

All of the parameters rely on the measurement of the cross-correlation between two
symmetric modes, namely the SFWM signal and idler. This measurement will be better
described in a later section (Sec. 4.2), but for ease of understanding of the current section,
a brief description will be given here. Photons generated through SFWM are correlated
in time. This feature can be unveiled by sending the signal and idler photons to two
separate SNSPDs, and using a cross-correlation measurement, which means studying the
number of detector clicks between two SPDs as a function of the click time delay between
the two. If the emitted photons exhibit time correlation, the cross-correlation data will
show a double exponential peak centered at zero time delay.

The three parameters were evaluated as a function of the input power, always mini-
mizing deg, thus maximizing the intracavity power and the generation process. To do so,
one simply needs to tune the laser forward until the point before the generation is lost. It
can be empirically seen by monitoring the coincidence plot that, when SFWM is active,
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a peak is present. If the resonance is surpassed, then the cross-correlation measurement
will just show a flat background. As stated at the beginning, we wanted to characterize
the SEFWM performances of the source; therefore, the OPO threshold was never reached,
and the stimulated process was never initiated.

3.5.1 Coincidence-to-Accidental Ratio (CAR)

The coincidence-to-accidental ratio or CAR is calculated as [13]:

cap= ¢4 (3.23)
A

where C' is the integral of the central peak coincidence counts in a given window around
the origin, while A is the integration of the coincidences far from the peak, with the
same window width, see Fig. 3.14. The coincidence window must be defined carefully; an
integration window too small will return C' AR values unexpectedly high. While increasing
the integration span would lower the CAR. In literature, there have been used different
window sizes, but the important point is to always specify it. A good choice is to use the
FWHM of the coincidence peak [109, 110]. This choice allows for using a window size
that depends on the peak size, but it is independent of the peak lineshape.

The C AR depends on the pump power following a behavior similar to the one shown
in Fig. 3.11. With low pump intensities, the emitted photons are not detected correctly
since their events are covered by background photons and dark counts of the detector
[110]. Therefore, there is a majority of accidental counts returning a low CAR. Then, the
coincidence-to-accidental ratio increases until a maximum point. Further increasing the
pump, the C AR lowers because the pump photons cannot be easily filtered. Moreover,
at higher power, the probability that a circulating photon pair stimulates the emission of
another pair is higher, which reduces the CAR [110, 111].

600

500

400
Eﬁd 300
O

200

100

0

-20 -10 0 10
Power [dBm]

Figure 3.11: Example of the behavior of the CAR as a function of the on-chip power.
Image taken from [110].
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CAR is a parameter that not only characterizes the source, it strongly depends on
the experimental apparatus. The main limiting factors are: pump filtering after the
ring, since any pump photon reaching the detectors will contribute to the accidental
counts. Length of the fibers from the ring to the pump rejection station, because Raman
scattering may generate photons at the signal and idler wavelengths. The generation of
photons through Raman scattering is directly proportional to the fiber length [53, 112].
One last important feature of the experimental setup is the detection efficiency of the
detectors. A lower detection efficiency would make it harder to reconstruct a high peak
over the flat accidental background.
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Figure 3.12: Experimental setup used for the characterization of the C AR and the PGR.
The power meter after the EDFA is necessary to monitor the power pumping into the
microring. The photodetector before the cascade of three DWDM filters is useful to
monitor the transmission. The cascade of three DWDM filters is a pump rejection section,
fundamental to removing accidental photons. Note, the part of the setup relative to the
effective detuning is not necessary.

We measured the CAR between the modes +12, which are the first primary comb
modes, and they have the strongest generation rate, also, below the OPO threshold.
They were chosen due to the higher emission rate at lower pump powers, in contrast
with the non-primary comb modes. In Fig. 3.12, the experimental setup used for the
characterization of the C AR is shown. Note, the section relative to the measurement
of the effective detuning is present, but we did not need it. For every pump power, the
detuning was always minimized in order to achieve the highest generation rate possible.
The most critical point in the apparatus is the cascade of three DWDM filters placed
before the optical attenuator (VOA). Their role is to filter the pump as much as possible,
since, as stated before, it is a source of accidental counts. Another important point is
the DWDM placed right after the EDFA, which is aimed at removing the Amplified
Spontaneous Emission (ASE) noise, which is the noise generated by the EDFA. The ASE
is a broad-spectrum noise generated by the amplification of the background photons inside
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the EDFA. In Fig. 3.13, we show our experimental estimation of the CAR as a function
of the on-chip power. The on-chip power was evaluated by monitoring the power meter
and then rescaling its reading after measuring all the losses from the power meter to the
chip.
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Figure 3.13: Experimental estimation of the C AR parameter as a function of the on-chip
power.

The estimation of the C AR and its uncertainty was done in the following way, taking
inspiration from [113], see Fig. 3.14 for a visual representation. The coincidence plots
were fitted with the equation:

To— T
Ae Teft +b if x <xg
f= T — Xg (3.24)

Ae Tright 1 if x>=x

The FWHM window is centered on the left and right sides of zg, respectively, at
$£“1\3VHM = —Tet In 2 + 29 and 1:%2\3\,HM = Tyight IN 2 + 29. Obviously, :C%WHM — x%?WHM =
FWHM. To calculate the "good" coincidences, namely those generated by SFWM,
we integrated the function f — b between xII;WHM and x%WHM, obtaining C' — A =
0.5 A - (Tiet + Tright)/bin_width. Then, we integrated f far from the peak, where the
exponential can be assumed to be zero, with a window large FW HM to estimate the
accidental coincidences A = b- FW H M /bin__width. Both coincidence values are divided
by the bin__ width, which is the dimension of a bin in time in the coincidences histogram.
This is necessary because we need to discretize the x-axis of our fit in bins, like the
data acquisition software did (TimeTaggerLab). The uncertainty on C' — A and A was
estimated using the propagation law of the uncertainties, starting from the fit parame-
ters. The uncertainty of the fit parameter was extracted automatically from the fitting
algorithm in Python.
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Figure 3.14: Visual representation of how the calculation of the fitted curve was per-
formed.

The resulting behavior of the CAR follows the expected trend. Initially, the CAR
is maximized, while at high on-chip power, it lowers due to the frequent accidental co-
incidences. It was not possible to appreciate the growing trend at low powers, as the
acquisition time would have been too high (days or even longer). We are only able to
reproduce the decreasing part of the curve shown in Fig. 3.11. Usual CAR values are
at least two or three orders of magnitude bigger than what we measured [107-110, 113,
114]. The highest C AR measured by us was 3.6(3), which is definitely small in compar-
ison with the state of the art. Such a low result can be due to different reasons. Low
pump rejection, we are using three DWDM filters with a 30dB filtering capability each,
adding a filter could reduce the accidental counts. Moreover, the filter responsible for the
ASE removal can have some ripples, namely some non-zero pass-band outside the DWDM
channel-42. This unwanted radiation is then reflected by the pump rejection stage, sent
to the SNSPDs, and will contribute to the degradation of the CAR. In addition, the
signal and idler photons may experience losses or other non-idealities in the ring, which
could cause inelastic scattering or absorption, therefore transforming a "good" coincidence
into a "bad" one. Lastly, such a low value can be due to the type of mode chosen. The
resonances +12 are the first primary comb sidebands, thus very prone to the emission
of stimulated FWM, which does not produce independent photon pairs. Because the
multi-pair generation, due to the stimulated effect, correlates the photon pair with other
pairs. We did not measure it, but the C AR measured on non-primary comb resonances
may be higher, since they are less affected by the stimulated process.

3.5.2 Photon Pair Generation Rate (PGR)

The other parameter experimentally characterized was the photon-pair generation rate.
From equation Eq. (3.17) we see that the emission of SFWM photons depends on the
square of the power coupling into the ring. The PG R is defined as the number of photons
emitted per unit of Pg . Starting from equation Eq. (3.17) and simplifying it we obtain
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the PGR: 0 34
,‘YNLQ vg

PR =" s R

(3.25)
Using the simulations and results from Sec. 2.1.4, we can estimate the photon-pair gen-
eration rate. The values inserted in the equation are @ = 1.765 (average of @1 and Q2),
vg = 1/ky with k1 = 6.944 x 107%s/m, w, = 194.228 THz. While, R = 182.3 ym was
obtained using Eq. (2.3), where n = 1.8368 and F'SR = 142.6 GHz. The estimation of
1 was performed using Eq. (3.13), where Aeg = 1.16 um?, while ng, which is the non-
linear refractive index or Kerr coefficient, had to be qualitatively chosen. The non-linear
refractive index heavily depends on the fabrication process and material properties [115].
It describes the variation of the linear refractive index as a function of the circulating
power, effectively the Kerr effect [116]. Since the microring was fabricated using LPCVD
[117] and given the similar waveguide dimensions with [118], we chose to take the ng value
they report, which is 1.1 x 107 m? /W. The resulting PGR is 593.308 kHz/mWZ, no un-
certainty range is reported, since the parameter estimation was not precise, especially for
no. Therefore, this result can be considered a qualitative estimation of the photon-pair
generation rate.

The experimental estimation of the PGR was performed following the work done in
articles [107, 109]. The experimental setup used is still the one shown in Fig. 3.12. For
a given input power, we measured the coincidences and the single counts of modes +12.
Then, the singles counts were fit using the following equation:

fs/i - as/ipii + bs/iPin =+ Cs/i (3'26)

where ag/; = 1, PGR (1s,1 is the transmissivity), bg /i is the linear contribution accounting
for noise effects (such as Raman), and cg/; takes into account the constant background.
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a) Mode —12. Fit parameters are a_12 = 443.0(6) Hz/mW?, b_1» =
9.704(9) x 10* Hz/mW, and c¢_12 = 1.78(2) x 10°® Hz.
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(b) Mode +12. Fit parameters are ari2 = 355.1(4) Hz/mW?, by12 =
986(5) Hz/mW, and c112 = 2.244(13) x 10° Hz.

Figure 3.15: Singles counts of modes +12. In blue, the experimental data. In red, the fit.
In orange, the quadratic component of the fit. In yellow, the linear component of the fit.

In Fig. 3.15 we show the experimental data and fit curves. Note how mode —12
experiences a higher level of noise (Fig. 3.15a) than mode +12 (Fig. 3.15b). The latter
could be due to different optical paths or other differences in the frequency channels.
The power reported on the x-axis of the figures is the estimation of the actual power
reaching the SigN4 microring. We calculated all the losses separating the power meter
and the microchip, then we estimated the waveguide-fiber coupling losses by measuring
the power in and out of the chip, minimizing the coupling in the ring with the PC. The
waveguide-ring coupling was not estimated experimentally, but only qualitatively.
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Figure 3.16: Example of the calculation of the photons generated through SFWM at a
given input power. Note, we used different exponential time constants in the example
to make it as generic as possible. The orange area represents the number of generated
photons through SFWM.

At every pump power, we also analyzed the coincidence data, as in the CAR estima-
tion, the integral of the coincidence peak was performed. In this case, the whole peak
was considered, since all the coincidences lying above the constant background can be as-
sumed to be generated by SEFWM. Therefore, the integration distance from the center was
five times the exponential constant, see Fig. 3.16. Performing the integral of Eq. (3.24)
between —57je + o and 5Tyigne + 2o returns —A(e™ — 1) (et + Tright). Afterward, we
analyzed the coincidences as a function of the pump power, which were fit using the
following equation:

Jec = accpi% (3-27)

where ac. = N PGR. In Fig. 3.17, the resulting data and fit are shown. We note how,
at high power, therefore close to the stimulated regime, the fit curve is not aligned with
the data points. This is due to the stimulated FWM effect that is taking over as the main
generation process within the resonator since we are approaching the OPO threshold.
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Figure 3.17: Coincidences as a function of the on-chip power. In blue, the experimental
data. In red, the fit. Fit parameter is ac. = 0.500(3) Hz/mW?.

All uncertainties reported from now on are obtained from the fit algorithm and
propagated to the final quantities. It is now possible to estimate the transmissivi-
ty /losses experienced by the signal and idler photons from the generation to the detection.
Ni12 = Gec/a_12 = 1.125(6) x 1073 and 1_13 = acc/as12 = 1.407(8) x 1073, they cor-
respond, respectively, to losses of ayj2 = 29.49(2)dB and a_j2 = 28.52(2)dB. These
results are consistent with other experiments [109] and with our experimental setup. We
can estimate the losses due to the microchip materials, waveguide-ring, and waveguide-
fiber coupling to be responsible for ~ 8 dB of losses. Then, the circulator adds ~ 2 dB, the
DWDM filters around 3 dB all together, the VOA ~ 2 dB of insertion losses, the DWDM
demultiplexer is responsible for at least 6 dB of losses, and finally polarization controllers
and detectors non-unitary efficiency can reach 3dB. We reached 24 dB of losses without
considering connections and other non-idealities in the setup. Therefore, the estimation
of the losses, through the fits, experienced by the generated photons can be considered
realistic. Then, the photon-generation rate is obtained as PGR = acc/(n+121-12) =
316(3) kHz/mW?2. This result is not compatible, but of the same order of magnitude,
with the theoretical estimation, but as we said earlier, it would have been unlikely that
the results would have been similar. It is important to note that there are different crit-
icalities in the estimation of the experimental PGR. First of all, the evaluation of the
ring input power. We calculated it by measuring all the losses between the power meter
and the ring, trying to consider also the coupling losses, which we did not quantitatively
measure. We estimated that light exiting the BS after the EDFA undergoes ~ 7dB of
attenuation before reaching the ring. For example, assuming an additional dB of losses,
we would have obtained PGR 145 = 500(5) kHz/mW?, while considering a lower atten-
uation, we get PGR_1qp = 199.1(19) kHz/mW?. Moreover, when approaching the ring
resonance and the stimulated FWM process starts, the power pumping the non-linear
process has the following relationship with coincidence counts [109, 119]:

Po = [ So = rr(1 4 CO2) 1Y (3.28)

at?
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where C'C' is the number of SFWM coincidences per second, « is the non-linear parameter
linking C'C and the circulating power, r and ¢ are the reflection and transmission coeffi-
cients of the ring-waveguide coupling. b is the non-linear coefficient responsible for free
carrier absorption, and 1 — 7 is the round-trip amplitude reduction factor. Therefore, it
is immediate to note how the relationship between the pump power and the coincidence
counts is fragile, but at the same time fundamental for the estimation of the PGR.

3.5.3 Heralding efficiency

Using the results and the data acquired for the estimation of PGR and C'AR, it is possible

to calculate the heralding efficiency of the entangled photon source. This parameter

describes the probability that, given a herald detection event, the heralded photon will

also be detected. We evaluate the heralding efficiency, first, using the Klyshko efficiency
[13, 120]:

sy CC

® T G

where Cj) are the singles counts of the idler (signal) in the unit of time. The Klyshko
efficiency is strictly dependent on the experimental setup. Higher attenuation between
generation and detection will lower such a parameter; therefore, it must be used accord-
ingly. In Fig. 3.18, the result is shown.

(3.29)
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Figure 3.18: Klyshko efficiency evaluated for both the mode +12 and —12.

The maximum Klyshko efficiencies measured are 2

Kmax = 9:267(10) x 107* and
nIzlnzlaX = 1.213(2) x 1073 at Py, = 19.4mW. These values are low, meaning that once
evéry ~ a thousand herald photons, there is a coincidence with a correlated counterpart.

To estimate the heralding efficiency of the heralded single-photon source indepen-
dently of the experimental apparatus, it is possible to use the intrinsic heralding efficiency
[13]:

0 _ i

’]7 =

! Ms(i)
The latter parameter separates the Klyshko efficiency from the losses of the channels
experienced by the two photons. It is therefore possible to estimate the performance of
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the heralded single-photon source.
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Figure 3.19: Intrinsic heralding efficiency evaluated for both the mode +12 and —12.

In Fig. 3.30, the intrinsic heralding efficiency is shown. The efficiency calculated for
the mode +12 is lower than that calculated for mode —12. At the maximum input power
of 19.4mW, nl‘iﬁx = 0.468(3) and nifax = 0.862(5). Therefore, at the specified power,
given a detection event of the mode —12, with a probability of 46.8(3) %, a photon of the
mode +12 will be detected.

The discrepancy in the intrinsic heralding efficiencies is due to the different single
counts measured on the two channels, see Fig. 3.15a and Fig. 3.15b. Different noise and
losses experienced during the propagation toward the detection stage can be responsible
for such a discrepancy. However, a more realistic cause is that the demultiplexer channel
is poorly aligned with the mode emission frequency +12. The border of the filter pass-
band probably cuts off some SFWM photons, thus lowering their counts, reducing CAR,
and heralding efficiencies. The difference in transmissivity experienced by the two modes
can be a result of both noise and attenuation differences, and of poor filtering. Therefore,
we cannot state with certainty which effect is dominant.

The trend of the heralding efficiency as a function of the input power correctly aligns
with those found in literature [121, 122]. The probability of detecting both signal and
idler is reduced by Raman noise, which scales linearly while SFWM scales quadratically
with power; therefore, linear noise is more present at lower power [121]. Then, increasing
the input power, the heralding efficiency grows since the counts are scaling quadratically,
overcoming linear noise photons.

When working with quantum information applications, it is preferable to have low
input power. Since it coincides with a high CAR, and we will see this in a later section,
the generated photons exhibit a good quantum nature. The drawback is that such a
regime exhibits very low heralding efficiencies, n%}riin = 7.82(6) x 107® and ni}jin =
3.13(3) x 10~%. In a real-life application, where losses can be of the order of those present
in our experimental setup, one must throw away thousands of photons just to obtain a
single entangled state. Therefore, the balance between input power and C'AR against the
heralding efficiency must be carefully considered.

60



Chapter 4

Entangled states characterization

In this chapter, we present the characterization of the photons emitted by the microres-
onator. We studied the quantum nature of the photon pair using different approaches.
The goal is to fully understand these properties, as a microresonator of this type could be
integrated into an entangled-photons QKD protocol in the future or be used as a heralded
single-photon source.

First, the autocorrelation of a single mode is presented. It is an important mea-
surement that describes the nature of the photons emitted and their temporal statistics
[123]. After that, we measured the cross-correlation between symmetric modes around
the pump to show the temporal correlations [124]. Afterward, we measured the heralded
second-order correlation; this parameter demonstrates the quantum nature of the emitted
radiation [125]. It is essential to state that the microresonator can serve as a heralded
source of single photons, which is crucial for implementing a QKD protocol. Lastly, we
performed an interferometric measurement using an unbalanced interferometer. It allows
us, again, to demonstrate the quantum nature of the emitted light and the time corre-
lations within the photon pair. In addition, we are also able to state if these quantum
correlations are non-local, and if, therefore, they imply entanglement. The measurement
we performed is not a loophole-free violation of the Bell inequality. We did not rigor-
ously violate the locality principle, and we also exploited the post-selection; therefore,
the post-selection loophole (PSL) is not resolved as well.

All of these measurements focus on the measurement of coincidences between two or
three photon channels; the coincidences must be recorded as a function of the arrival time
delay between the channels. Therefore, it is mandatory to have single-photon detectors, in
our case SNSPD (see Sec. 2.2), and high precision timing electronics. The latter consists
of an instrument that can receive ultra-short, ~ 40 ps, and frequent, ~ 10 GHz, voltage
pulses. It must be able to handle the signals emitted by the SPDs and extract the arrival
time delay between them via software. In our experiments, we used a Time Tagger 20 by
Swabian Instruments.
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Figure 4.1: Schematic of the connections between the single-photon detectors, the time-
tagging electronics, and the data software.

The connections among the devices necessary for the coincidence measurements are
shown in Fig. 4.1. The time tagging electronics is acting as a gateway between the
SNSPDs and the user computer. It transforms the short pulses generated by the SPDs
into a digital transmission sent to the user’s PC.

4.1 Autocorrelation

4.1.1 Theory

The autocorrelation of an optical beam is the second-order expansion of the single-beam
n-th correlation function. The n-th order correlation function calculates the n-th order
temporal correlation within the electric field. It can be generally expressed as [126]:

(EC)(t))..EC) (t,) ED)(ty)..EF)(t,))
(EC) (1) EC)(t1))..(EC) (tn) B (t))

g (1, e, ty) = (4.1)

and setting n = 2:

(EO) (1) EC) (t2) EWD (1) EF) (1))

9(2) (t1,t2) = (EC)(t) EF) (1) EC) (t) B (t2))

(4.2)

where the quantized electric field at time ¢ is E(t) = EC) (t)+EM)(t), with E(¢) o a(t)
and EC)(t) oc aT(t) [127]. Eq. (4.2) describes the time correlation in the fluctuations
of the electric field intensity at ¢; and t». Note that ¢(® (t1,t2) = 1 means that the
fluctuations of the electric field intensities I(¢1) and I(t2) are completely independent.
We can express the (2 (t1,t2) as a function of the creation and destruction operators:

(4.3)

We can make further simplifications, naming ¢ = t; + 7 and ¢; = t. Then we recall that
the number operator fi, which is the operator that returns the number of photons in a
given Fock state, is fi = a*a:

(4.4)
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Usually, the measurement is carried out using two different detectors, see Fig. 4.2:

@)y (a()ha(t + 7))
g \7T) = 7% =
(i1 (£)) (D2(t + 7))
where 11; o are the number operators of the events recorded, respectively, by detectors 1

and 2. This last form is powerful, since it shows how the g(?)(7) describes the probability
that two detectors would click more often simultaneously or not.

(4.5)

Detector 1
E(t) b
50
p—
50
BS D
Detector 2

Figure 4.2: Simple schematic of the experimental setup used for the autocorrelation
measurement.

We will now define the coherence time 7. to make some insightful considerations about
the autocorrelation function. 7. can be defined as the time over which the electromagnetic
field maintains its phase constant. During light propagation, its evolution is such that
all its information previous to 7 is lost. Therefore, the coherence time is a measure of
how much the light can keep its form "fixed" during the evolution in time and space. An

important relation is [128]:
1

x
Avpy

where Avpy is the bandwidth of the photon. The quantitative relationship depends on
the spectral lineshape, for example, for a Lorentzian lineshape it is [129]:

(4.6)

Tc

1
Te =
¢ TAVp,

(4.7)

For 7 >> 7. the correlations between the fluctuations are zero, since there is no shared
information between waves distant more than the coherence time. Therefore, the ¢(?)(7)
becomes: R R R .

@y (Ot + 7)) resr (a(h) (Bt + 7))
g\ (1) = = = ~ — =1 (4.8)
(01 (£)) (D2 (t + 7)) (D (8)) (D2t 4 7))
Every optical radiation has a 9(2)(7') that tends to 1 far from the origin for 7 >> 7.

The value at 7 = 0 is also an important parameter; it changes depending on the type
of temporal statistics of the radiation. It describes whether the generation exhibits a
bunching in the emission, i.e, photons are likely to be emitted together, or anti-bunching,
i.e., photons are likely to be emitted in single wavepackets.
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Temporal statistics ‘ Var(i) ‘ g (0) ‘ g (1 >> 1) ‘
sub-Poissonian <n <1 1
Poissonian n 1 1
super-Poissonian >1n >1 1

Table 4.1: Table showing the main properties of light with different emission temporal
statistics.

A ¢ (0) = 1 means that the field is perfectly coherent and that the photons have
no particular correlation. It is demonstrated that a coherent radiation has a Poissonian
temporal distribution of the wavepackets [71]. Which means that at a given time, the
number of photons present follows a Poissonian distribution as:

ﬁl’l

pn) = St (4.9)

where n is the number of photons, n is the average number of photons, with n = (i) =
P/(hw) and P is the average optical power and w the angular frequency. An important
feature of the Poissonian distribution is that its variance is equal to the mean value:

Var(ii)) =n (4.10)

If we have, instead, an optical beam with fluctuations smaller than the average number
of photons, then the distribution is called sub-Poissonian. We have that g(2) (0) < 1, which
means that photons are emitted in single packets and are unlikely to be found in groups
(bunches). This effect is called photon anti-bunching; it is a purely quantum effect and
describes a quantum state of light. See Sec. 4.3 for a more detailed explanation.

If the fluctuations are larger than the average number of photons, then the distribution
is called super-Poissonian and the radiation is named thermal or chaotic. Chaotic light
displays a ¢ (0) > 1, which means that light is usually emitted in bunches; it is more
probable to find more than one photon at a time. This is typical of classical sources, e.g.,
light bulbs or multi-chromatic lasers.

In Tab. 4.1, we report the main properties of the three categories of temporal statistics
that can be observed.

To retrieve the exact behavior of the g(2)(7), we need to understand its relationship
with the frequency distribution of the beam. The Wiener-Khintchine theorem states that
[130]:

PSD(w) x Re{/ooo drgW (1)} (4.11)

where PSD(w) is the power spectral density of the radiation, and ¢g(*)(7) is the first-order
correlation function, which can be written as:
(EC)($)E*(t + 7))

90 = Ee wE ) 1

The g™ (7) measures the correlations in the fluctuations of the electric field, while the
g (1) measures the correlations in the fluctuations in the intensity of the field. The
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relationship between the first and second-order correlation, for chaotic light, is given by
[131]:
9P (r)=1+19W (7)) (4.13)

Using Eq. (4.13) and Eq. (4.11), we note how the shape of the autocorrelation is strictly
related to the spectral lineshape of the optical field. The quantitative relationship from
which the proportionality of Eq. (4.6) arises comes from the Wiener-Khintchine theorem.

The temporal statistics of a single mode generated through SFWM is super-Poissonian,
as a result of the amplification of vacuum fluctuations [72], and since we are working with
light generated within a cavity, we assume that its lineshape is always Lorentzian, which
allows us to write [131]:

7]

g =14¢ Te (4.14)

An important feature of a perfect thermal radiation is ¢(®)(0) = 2, but it is not true
for all super-Poissonian beams. We will show in the measurements that it is possible to
measure an autocorrelation at zero delay 1 < g(2)(0) < 2. Thus, the specific value at zero
delay gains importance.

Autocorrelation and purity

Given a biphoton quantum state of light, where each particle is emitted with thermal
statistics, it is possible to estimate the purity of the state P using g(2)(0). Using the
density matrix formalism, a quantum state has P = Tr{p?}. From the properties of a
density matrix, we know that Tr{p} = 1, then the purity is bound by 1/d < P <1
[132], where d is the dimension of the Hilbert space. When P = Tr{p?} = 1, then we
are dealing with a pure state. If the purity is < 1, then the state is mixed and p is a
statistical superposition of pure states. For example, in the case of a qubit 2-dimensional
Hilbert space, the completely mixed state is p = /2, with I the identity matrix, it turns
out that P = Tr{I?/4} = 0.5 = 1/2.

To give a more formal description of the purity in the case of a biphoton state, first,
we must introduce the Schmidt decomposition. It states that whichever joint spectral
amplitude (JSA) can be written as a linear sum of products of orthonormal states for the
system of the idler and the signal [133, 134]:

d
P(ws, wi) = Z \//\7j037j01,j (4.15)
j=0

where the coefficients \; are the Schmidt coefficients and satisfy Zjd Aj = 1. 0y(), is the
j-th orthonormal state describing the system of the idler (signal) photon. The Schmidt
decomposition is a mathematical trick to express a complex biphoton wavefunction as a
linear sum of components; it is possible that the components do not have any physical
meaning.

The purity can also be written as P = 1/M [135], where M is the number of modes
over which the quantum state is superimposed, and it is also called the Schmidt number.
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M is defined as:

1 1
M=—=— 4.16
Yo X P e

We have found a strict link between the purity, the Schmidt number, and the JSA.

In a single-mode state, therefore, we can write ¢(ws,w;) = v/ Aosoi; the JSA is separa-
ble. It means that the signal spectral distribution does not depend on the idler, and vice
versa, in this case, its JSI will appear as a circle, as in Fig. 4.3a. While in a multimode
state, in which the state is not separable and there are multiple non-zero JA;, the JSI
displays a squeezing, like in Fig. 4.3b. Therefore, the graphical representation of the JSI
is a powerful tool to differentiate between single-mode and multimode states.

The thickness of the JSI is defined by the pump bandwidth, since given a certain
idler frequency wj the signal must respect ws = 2wy, + dwp — wi, where dwy, are frequency
deviations within the Lorentzian lineshape of the pump. Therefore, we can imagine that
to retrieve a perfectly pure state, one must filter with a bandwidth comparable to the
pump FWHM.

107 10.7

106 10.6
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p
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(a) The remained JSI is almost separable and P & (b) The remained JSI is not separable, and spectral
1. correlation are present within the filter bandwidth,
thus P < 1.

Figure 4.3: Qualitative example of normalized JSI, no resonator effect is considered here.
The grey dashed lines represent the effect of spectral filters applied to the two photon
channels, and the white arrows indicate the width of the transmitted photons’ bandwidth.
The grey circle represents the remaining biphoton wavefunction after filtering. On the
x-axis (y-axis), we represent the distance in arbitrary units between the frequency of the
signal (idler) photon and that of the pump.

In our system, the resonator resonances are not narrow enough to remove the spec-
tral correlations among photons from the same mode. During the transition toward a
stimulated process, the photons’ linewidths are gradually narrowed. It can be imagined
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as if the filter applied to the JSI is narrowing onto the phase-matching JSI. In sum-
mary, what we expect from the measurements is that photons have a very low purity
for completely spontaneous processes. Increasing the circulating power, thus approach-
ing the OPO threshold, photon bandwidths narrow and their purity increases. Reached
the stimulated regime, the emitted photons should be in a pure state with a completely
separable JSI displaying P = 1.

Finally, the link between the autocorrelation function at zero delay, for thermal radi-
ations, and the purity is [72, 133, 136]:

1

@) (0) = 14 b
gPO0)=1+P =1+ (4.17)

4.1.2 Results

We performed the measurements by pumping the microring at ~ 16 dBm and counting the
number of photons hitting the detectors at different time delays. The measured quantity
is not actually the ¢(®)(7), but it is proportional to it. Therefore, we fit the coincidences
using the function:
2|7 — 70|
f=b+ae Te = bg? (1) (4.18)

where the purity can be retrieved as P = a/b. In Fig. 4.4, we show two examples of
autocorrelation measurement on two of the resonance modes. Note that the coincidence
peak is not centered exactly at zero delay; this effect is due to the different lengths of
the fibers used to take the photons from the BS to the SNSPDs, otherwise it would
be centered at the origin. Blue data points correctly align with the theoretical curve,
effectively showing that every mode of the microresonator behaves as a single thermal
source of photons.
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(a) Mode 7. Fit parameters are 7. = 2.91(14)ns, 70 = —3.69(3) ns,
a = 6.4(2) x 10% and b = 1.3947(19) x 10%, which return a purity of
0.460(15).
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(b) Mode 11. Fit parameters are 7. = 11.5(3)ns, 70 = —3.76(7) ns,
a = 3.05(5) x 10 and b = 3.903(12) x 10?, which return a purity of
0.781(13)

Figure 4.4: Examples of autocorrelation measurements. In blue, the data points, in red,
the fit curve obtained using Eq. (4.18).

We performed the measurement on the modes: +11, +9, +£7, +£5, £2, +8, and +10.
We measured the coherence time of the photons and their purity in each resonance. Most
of the resonances chosen are symmetrical with respect to mode 0; this choice was made
to be able to make comparisons with the results of Sec. 4.2. All of the uncertainty of the
results shown in the next figures is obtained from the fitting algorithm used in Python.
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Figure 4.5: Coherence time and bandwidth measured as a function of the mode index.
In blue, the coherence time. In red, the bandwidth of the photons.

In Fig. 4.5, we plot 7. and Avpy = 1/(77.) for each measured resonance. From the
reported measurements, emissions far from modes £12 and 0 show a lower coherence time.
This is because even though we are working below the OPO threshold, the stimulated
process is, in part, present in modes closer to where the primary comb is more prone to
arise. The latter result is congruent with the earlier statement. A clear example is the
bandwidths of modes 11, which are three/four times narrower than that of modes £5.

An interesting result is the factor of = 2 difference in coherence time between modes
11 and —11; it may seem a faulty measurement, but this is not the case (confirmed also
in Sec. 4.2 at Fig. 4.9b) because a result like this is likely happening due to different
phase-matching overlap with the resonance. A very small dispersivity of the 'SR, not
detectable with the simulations of the refractive index of Sec. 2.1.4, can introduce such
variations.

We should note that the measured bandwidths for modes 5 and —7 are Avy,s =
180(20) MHz and Avpy, —7 = 158(19) MHz, which are bigger than the resonator linewidth
obtained in Sec. 2.1.4. This problem can probably be traced back to a low acquisition
time for the given coincidence counts; a longer acquisition would have helped the fitting
function to retrieve a more correct result.
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Figure 4.6: Purity and Schmidt number measured as a function of the mode index. In
blue, the purity. In red, the Schmidt number.

In Fig. 4.6, the measured purity P and Schmidt number M are reported as a function
of the resonator modes. In none mode P = 1, therefore, no emission resolves a separable
JSI. We can imagine that the filtering effect, which is a combination of resonator resonance
linewidth, parametric gain, and dispersion, is never as narrow as the width of the FWM
JSI. But, we can state with certainty that the main limitation in our results is the strong
background, around 30 kHz on each single channel. With mode filtering, we can retrieve
a single emission channel; however, this is not sufficient to isolate the single-mode state
from environmental noise. This unwanted radiation contributes to the flat coincidence
background, which covers the peak and reduces the purity.

4.2 Cross-correlation between modes

4.2.1 Theory

Pairs of photons emitted by SFWM are time-correlated, meaning they are emitted with
a higher probability at the same time. This is because SFWM generates a couple of
photons from the annihilation of the pump photons. Therefore, given the same optical
path, it is clear that they will reach the detectors simultaneously.

In literature, it is theoretically and experimentally demonstrated that the photons
emitted by degenerate SFWM (symmetric around the pump) are time-correlated [14,
107, 110, 113, 137]. Instead, above the OPO-threshold, the correlations exist among all
the modes, since non-degenerate SFWM and stimulated FWM are also sustaining the
photon emission [138]. Such multipartite entanglement has never been experimentally
shown, due to the difficulty in recovering quantum correlations in high-intensity and
coherent radiations.

Since we focused on working below threshold, we only measured correlations between
symmetric modes. The time correlation between the modes was measured through the
cross-correlation function, which is an extension of the autocorrelation on different modes.
First, we start giving a general description of the inter-beam correlation function, which
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is obtained by extending Eq. (4.1) as [126]:

gmm) () 1@ gla) 4 0) B ()

1 -2 ""7m)

(B @ B () ESD (6. B ¢ B ¢ BV (1)) (4419)
a a - a a - b b
(B ) ES (). (B @ B 6. (B 1) B @)
where n and m are, respectively, the orders of the temporal correlations for the electric
field of systems a and b. The cross-correlation is described by the function correlating
the first-order fluctuations of the two different fields. It is obtained starting from the
previous equation, and imposing n =1 and m = 1:

_ a a — b b
L0 oy (B EDED B @) B @)

. a .0 b
(B GBS @) e @) E )

(4.20)

Again, we can express the electric fields as a function of the creation and destruction
operators:

F@a @it
gD (@ )y _ (a* (" )fz(t )l;+( 2 ) (4.21)

1 "1 N N
@* (™)) 6" (11)b(r))
Finally, calling tga) =t and tgb) =t + 7, and sending the electric field F, to detector 1
and electric field Ey, to detector 2, as in Fig. 4.7, we write;

RVIGE
b))

L1y - (B ($)ha(t + 7))
9000 = @) () (4.22)

where 13 = a™a and fs = b b. We obtained an equation identical to that of Eq. (4.5),
but with a fundamental difference: the photons hitting the two detectors in this case
come from different modes.

+

E.(t) Detector 1
Slgnal—) p
E,(t
tdter —225 b
Detector 2

Figure 4.7: Schematic of the experimental setup used for the cross-correlation measure-
ment.

Making an analogy with probability theory, we can link the cross-correlation to the
covariance and the autocorrelation to the variance of a random variable. An important
classical relationship between the variance and the covariance is the Cauchy-Schwarz
inequality. We can extend this inequality also to our case, writing a relationship between
autocorrelation and cross-correlation [139]:

(gD (0))? < 4@ (0)g (0) (4.23)
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where the subscripts g; indicate signal and idler. Such inequality is violated by states of
light exhibiting quantum correlations in the time degree of freedom.

We make an analogy with the autocorrelation, showing that also the biphoton spectral
properties define the behavior of the g(l’l)(T). The temporal biphoton wavefunction, also
called joint temporal amplitude (JTA), is strictly related to the g(*V)(7) [140, 141]:

g (7) / di|JTA(t, t + 7|2 (4.24)

The JT A(ts, ti) can be visualized as the temporal joint probability of detecting a pair of
correlated photons at time ¢ and t;.
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(a) Qualitative simulated JSI using SFWM condi- (b) Qualitative simulation of the JTT obtained from
tions using a pump laser at 1550 nm. the JSI in Fig. 4.8a.

Figure 4.8: Qualitative demonstration of the spectral and temporal correlations in the
JTT and JSI of a biphoton state generated through SFWM.

It is possible to generalize the Wiener-Khintchine theorem to a biphoton state [142,
143]:

TS A, w1) ¢ — / / dtodts TT At t;)eistsieats (4.25)

which is the two-dimensional Fourier transform of the joint spectral amplitude.

In Fig. 4.8, we show a qualitative example of JSI and JTI simulated for a biphoton
state generated through SFWM. We note how the spectral correlations, generated by the
frequency and phase-matching conditions, are reflected in temporal correlations shown
in the JTI, which is evidence of time and energy quantum correlations. Fig. 4.8b can
be understood by imagining that the detection of a signal photon at time ¢t is followed
by a detection at t; = t5 of the idler photon with an almost unity probability. And the
probability of receiving a signal and an idler photon separated by a time delay is almost
zero. We recall that the figure shows a qualitative example and not a real simulation; in
reality, the probability of detecting the counterpart photon is noticeably non-zero within
a coherence time window.
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Putting together Eq. (4.24) and Eq. (4.25), we understand that there is a strict link
between the temporal properties of the cross-correlation and the joint spectral distribution
of the signal and idler photon. In the same way, the PSD is strictly linked to the ¢(® (7).

Starting from Eq. (4.24), we can now express the cross-correlation function in the case
of a resonant cavity emitting time-correlated photons as [108, 144-146]:

7]

9
g D7) =1+ Ae 2™AnlTl = 1 4 e T (4.26)

where A is a multiplicative factor defining the peak height above the flat background, 7 is
the delay between the signal and idler detection times. In reality, signal and idler photons
can exhibit different bandwidths, which is a condition that can happen for different
reasons. Such as different alignment of the parametric gain with the cavity resonances or
different resonator linewidths, which can be caused by dispersion or resonance splitting.
Therefore, we generalize Eq. (4.26) as:

A 2mAVsT A Tes 4 0
g(l’l)(T) =14+ € € T Zf T< (4.27)

Ae=2mAnT — fe Tei jf >0

where Ay are the bandwidths of the signal and idler photons.

4.2.2 Results

This measurement was taken right after the autocorrelation one, and the ring is still
pumped with ~ 16dBm. The data was taken between symmetric modes, specifically:
+11, 49, £7, 45, and +2. To fit the coincidences, the following equation was used:
T
27
Teys 4 <0
Fobg Q% YT = bV (7) (4.28)
Y, P
ae Tl if 7 >0

In all the measurements, in the coincidence histogram, the start click is triggered by
the lower index mode, and the higher index mode triggers the stop click. Which means,
for example, working with +5, that the left side of the peak is representative of photons
from mode 5 and the right side of mode —5. Therefore, using the convention of Eq. (4.28),
modes > 0 are the signal and modes < 0 are the idler.
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(a) Modes +7. Fit parameters are 7.7 = 3.19(15)ns, 7c,—7 =
2.04(11) ns, 70 = —3.85(3) ns, a = 3.92(10) x 10%, and b = 3.246(8) x 10.
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(b) Modes +11. Fit parameters are 7c,11 = 10.2(4)ns, 7¢,—11 =
5.4(3)ns, 70 = —3.97(7) ns, a = 6.73(13) x 10%, and b = 1.493(2) x 10°.

Figure 4.9: Cross-correlation measurements between modes +7 and £11. In blue, the
data points, in red, the fit curve obtained using Eq. (4.28). Modes —7 and —11 are the
start clicks, while 7 and 11 are the stop clicks.

In Fig. 4.9, we report two examples of coincidences measured between modes +7 and
+11. As we can see, both plots are asymmetric, which means that the signal and idler
have different bandwidths.
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Figure 4.10: Coherence time and bandwidth measured as a function of the mode index
using the cross-correlation.

Fig. 4.10 shows all the 7. measured using the cross-correlation and the respective
photon bandwidth. The behavior is similar to that found using the autocorrelation, see
Fig. 4.5. We can try to check the single standard deviation compatibility between the
auto and cross-correlation in estimating the photons 7.
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Figure 4.11: Coherence time as a function of the mode index. In red, values are obtained
through the autocorrelation. In blue, values are obtained with the cross-correlation.

The comparison between the two measurements is shown in Fig. 4.11, where we find
very good repetition of the qualitative behavior of the two curves. Compatibility of the
measurements is found only for modes —11, —7, —5, and 7, but all the other results
are really close to their respective counterpart. The non-compatibility of some of the
measurements can be traced back to misalignments of the microchip, which reduces the
input power. Lower circulating power means broader bandwidths of the emitted photons.
The cross-correlation measurement was taken right after the autocorrelation one; in fact,
the cross-correlation data points are almost always below the autocorrelation ones. One
last limiting factor could be a short acquisition time; accumulating more coincidences for
both the measurement types could help improve the compatibility.
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Now, we can demonstrate the temporal correlations between the photons of modes 42,
45, £7, +£9, and £11 violating the Cauchy-Schwarz inequality of Eq. (4.23). Starting
from the fit equation Eq. (4.28), we obtain ¢("Y(0) = 1 4 a/b and from the purity
measurements of Fig. 4.6 we get ¢(®(0) =1+ P.

| Modes | ¢ (0) 1670 gm0 | g0 < g 097 0) ]
+2 1.51(3) 1.27(2) 2.44(4) 5.95(10) < 1.92(5)
+5 1.40(3) 1.19(2) 2.55(5) 6.50(13) < 1.67(5)
+7 1.460(15) 1.29(2) 2.21(6) 4.88(13) < 1.77(4)
+9 1.747(16) 1.289(16) 2.14(3) 4.58(6) < 2.25(3)
+11 | 1.781(13) 1.481(16) 1.45(3) 2.10(4) < 2.64(3)

Table 4.2: Table displaying the values necessary for the evaluation of Cauchy-Schwarz
inequality of Eq. (4.23). Modes highlighted in yellow violate the inequality.

In Tab. 4.2, we show the violation of the Cauchy-Schwarz inequality for the 5 couples
of modes. Looking at the last column, we see how the first 4 couples largely violate such
inequality. Modes +11 do not violate it. This result means that the photons emitted
from mode +11 are not temporally correlated; even though they are still emitted in
simultaneous bunches, their JTA and JSA are symmetric, namely a circle. In fact, this
result is reasonable considering they showed almost unitary purities, see Fig. 4.6. For all
the other modes, we demonstrated the violation of the inequality; therefore, we can state
that they exhibit temporal correlations, a non-symmetric JTA, and JSA.

4.3 Heralded second-order correlation

4.3.1 Theory

In this section, we demonstrate that the SisN, microring is capable of emitting single
quantum states of light. As we said in Sec. 4.1, a quantum state of light is characterized
by ¢ (0) < 1. More specifically, the autocorrelation function for a non-classical state of

light can be written as [72]:

@Oy =1-1 (4.29)

n

where 1 is the average number of photons in the field. Therefore, to state the existence
of a single photon state, one must, ideally, obtain ¢(?(0) = 1 —1/1 = 0 [147]. In practice
it is accepted a ¢ (0) < 0.5, because if ¢ (0) = 0.5 = 1 + 1/2, it means that there are
two photons. The fact that a g(®(0) = 0 describes a single-photon state can be easily
visualized by thinking about the experimental apparatus, Fig. 4.2. When the wavepacket
reaches the BS, it is forced to go into one of the two output ports, and it cannot split, since
it is a single quantum of light. Therefore, it is ideally impossible to obtain a detection
coincidence between detectors 1 and 2.
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Figure 4.12: Simple schematic of the experimental setup used for the heralded second-
order correlation measurement.

Since we are working with a source of entangled states of light, we must make some
modifications to the experimental apparatus and measurement procedure. Measuring
the autocorrelation of the signal or the idler, completely neglecting its counterpart, would
return a thermal statistic as measured in Sec. 4.1. We want to measure the autocorrelation
of a single photon source; therefore, we neglect the temporal statistics of the photons.
To do so, we must project the entangled pair onto a single photon state. First, we
simplify Eq. (3.20), assuming equal population probability of each resonance for ease of
understanding:

’T/J> _ |1s,_11171> + |1S7_21172> + |1s,—3li,3> + ..
B N+1

where NN is the number of pairs of resonances. Then mode filtering must be applied to

reduce to the single mode state:

(4.30)

|1s,—111,1> + ’15,—21172> + ... Filter mode j—th
VN +1

Lastly, one must measure the presence of the signal (idler) photon, which acts as a herald,
to project the idler (signal) onto the single photon state:

1s,11i) (4.31)

Detection signal (idler

)
11s31i;) 1Lis),j) (4.32)

Now, it is possible to uncover the single-photon nature of the emitted radiation.

We introduce the heralded second-order correlation function 91(12) (7). It allows for
measuring the autocorrelation of a single photon obtained from an entangled pair. The
experimental setup used is shown in Fig. 4.12. The signal photon is detected by detector
1, which, as a consequence, projects the idler onto a single quantum state. The idler,
then, enters a 50/50 BS, like in the normal autocorrelation measurement, and it is finally
detected by either detector 2 or 3. The three detectors must be synchronized, since only
when detector 1 clicks, the detections in the idler channel are recorded. The heralded
second-order correlation function is defined as [148]:

tas

a+& A26Al1>

(2) 1 A3 3 At
g (tQ, t3|t1) = T o = = (CL a1> (4.33)
" (a7 a5 azaq)(ai a '
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where t3 is the detection time of detector 3, to is the detection time of detector 2, and the
measurement is conditioned by an arrival on detector 1 at ;. Typically, the measurement
is prepared with the arrival time of the signal coinciding with the detection on arm 2,
therefore t = t1 = t9 and t3 = t + 7. Moreover, substituting the creation and destruction
operators with the number of coincidences, we obtain [13]:

Ni23(7)

= —ng(t)N13(7'> Ny (t) (4.34)

where Ni23(7) are the number of threefold coincidences, Ni2 13 are the number of twofold
coincidences between detectors 1 and 2, and 1 and 3, and lastly, N is the number of
detection events on detector 1. The ideal behavior of g}(f) (1) measured for a single photon

state is shown in Fig. 4.13.

0 1 1 1 1
-15 -10 -5 0 5 10 15
7 (arbitrary units)

Figure 4.13: Example of ideal behavior of the 91(12)(7') for a single photon state. Note, the

width of the dip depends on the specific process considered. Image taken from [72].

4.3.2 Results

We evaluated the g}(f) (0) using an equivalent estimator o [149-151]:

bk
o= Pl(;gue+ ¢ P (4.35)
" PR pe PP ‘
where Pl(;rgueerkg) = Nl(;rgueerkg) /N7 is the threefold coincidence probability, and Pl(;fil;+bkg) =

Nl(;flf?rbkg) /N1 are the two-fold coincidence probabilities. Niruetbke) Ny — N
the number of counts in the single channel or two-fold and three-fold coincidences, remov-
ing those generated by the dark counts, therefore only considering "true" SFWM counts
and background light. Ny are the total coincidence counts. In this work, we assumed
that the dark counts of the detectors are negligible since they are of the order of ~ 10 Hz,
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see Sec. 2.2. This is one of the main differences with the work carried out in [151]; they
did not assume the dark counts were negligible since the detectors they used were not
SNSPD, but SPADs. Additionally, in the coincidence histograms, they considered a win-
dow centered around the peak as large as the optical switch itself. We do not use optical
switches to control the emission, therefore we considered a window large five decay con-
stants, hence 57y ;s + 57si i, Obtained from a fit using Eq. (4.28), centered on the peak,
to consider all the correlated photons.

The calculation of Njo3 is now described. Using the software Time Tagger Lab (soft-
ware necessary to interface with the Swabian time tagger), it is possible to trigger a
count every time two inputs are received within the same window of arbitrary width;
such a count is emitted by a "virtual channel". We created a "virtual channel" with the
coincidences between detector 1 (herald) and detector 2 (one of the heralding) in a time
window wide 1ns. After that, we measured the cross-correlation between the "virtual
channel" and the detection events of detector 3, making sure to use bins wide 1 ns.

Ni2,13 is calculated using the usual cross-correlation measurement, again, being careful
to use bins with the same width of 1 ns.

N is simply measured by making a temporal trace of the detection events and then
integrating it.

The experimental measurement was carried out with input power ~ 13dBm. No
precise value is reported due to the difficulty in evaluating the coupling losses, and be-
cause the ring starts misaligning after just minutes of acquisition. d.g was minimized to
maximize the generation rate and reduce the acquisition time.
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(a) Twofold coincidences N1z between detectors 1 and 2. From fit we
obtained 75 = 4.06(7) ns.
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(b) Threefold coincidences N123 between the detectors 1, 2, and 3. From
fit we obtained 7 = 3.19(4) ns.

Figure 4.14: Twofold and threefold coincidences data. Coincidences between detectors 1
and 3 (idler arm) are not reported since it is similar to Fig. 4.14a. In red, the fit curves

)

counts. The width of the green and orange areas is 57 ;i + 575 isi-

calculated using 4.28. In orange, the area where the N)Etru
N)Sbkg)

reside and in green, the

We obtained a gl(f)(O) = « = 0.113(10), which is compatible with the single photon
condition. To evaluate the uncertainty, we followed the following steps:

« Evaluation of fit uncertainty on the decay constants 7 ;s using Python.
» Estimation of the weight of the uncertainty of 74« on the number of counts as:

K

Ts,i,si

= 10(a + ¢)/bin_width (4.36)

where a and ¢ are evaluated from the fit of Eq. (4.28). This formula was chosen since
it represents, in a conservative way, the number of additional counts that would be
considered if the decay constant were one bin_ width bigger; the factor 10 is added
since we are summing over a window large ten decay constants.
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« Estimation of the uncertainty on the photon counts as:

0N12,13,123 = \/m + (K 0T i5)? (4.37)

where m is the number of bins over which the integration window spans. The
addition of m is trivial if we consider the counts N = > " | z,,, where z,, is the
value of a single bin with dx, = 1.

o The uncertainty on N7 was calculated with Eq. (4.37) without the contribution of
the decay constants.

o Lastly, the uncertainty on the heralded second-order correlation function was eval-
uated using the uncertainty propagation law:

ON- ON ON- ON-
56200y = @ (0 \/ 129 1319 1239 1o 438

Using Eq. (4.29), it is possible to estimate the average number of photons in the
detected radiation as i = 1/(1 — ¢ (0)) = 1.127(13). This result is compatible within
one standard deviation of the mean with a single photon state, since it is incompatible
with a multiple photon state (n > 2). It is not unity; this happens since the source is not
a perfect single photon emitter, and also, the presence of background radiation degrades
such a value.
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Figure 4.15: Time trace of the single counts reaching detector 1, therefore the herald
photon. Note how the counts are slowly decreasing in time; this is a symptom of gradual
misalignment of the microchip. At the end, due to misalignment, the comb is lost com-
pletely, and no generation of entangled pairs is present.

Such a result is one or two orders of magnitude bigger than the recent measurements
in literature [107] (2024) and [152] (2022), but it is compatible with older articles [108]
(2014). To obtain a lower gﬁz) (0), we would have had to work at lower pump powers, since
the quality of the heralded second-order correlation at zero delay degrades increasing the
pump [113, 152, 153]. But, we could not manage to lower the pump power below the
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~ 13dBm due to the misalignment of the ring with the lensed tapered fibers. Lower
power means lower generation rate; therefore, a bigger acquisition time is required. But
the ring we worked on was not perfectly controlled in temperature; these temperature
changes would modify the chip alignment with the fibers due to thermal expansion and
shrinkage. Thus, we could not work for an extended period of time. In Fig. 4.15, we show
the temporal trace of the counts of the herald photon measured by detector 1. From the
start, the counts are slowly decreasing; this is a symptom of the slow but continuous
misalignment of the chip. As we can see, at the end of the acquisition window, the counts
are lost, which obligated us to stop the measurement. This final and sharp count loss is
due to the blue shift of the resonance, which "jumps" the pump, thus losing the generation.
It happens when the circulating power is not enough to maintain a strong enough Kerr
effect to keep the resonance red-shifted in the laser position. In addition, the acquisition
time depends on the CAR of the source-setup system; a high C AR means that most of
the photons have an entangled counterpart, which allows for a quicker accumulation of
the coincidence peaks.

4.4 Two-photon interference and demonstration of time-
energy entanglement

4.4.1 Theory

In this section, we will describe an alternative approach to demonstrate the quantum
nature of the emitted photon pair and the non-local correlation that exists between the
photons. Moreover, this measurement allows us to demonstrate the presence of entangle-
ment in the time and energy degrees of freedom. To do so, we make use of what is called
a single-path Franson interferometer [152, 154]. It is based on the work done by J.D.
Franson in 1989 [155], in which he devised a way to create and demonstrate time-energy
entanglement. His idea is based on systems where the emission time of a two-particle
state is uncertain, but simultaneous (or nearly so), such as a three-level atom (his exam-
ple) or a nonlinear crystal. He demonstrated that starting from a biparticle state of the
type:

) = [1,13) (4.39)

where we considered two photons, signal and idler, to keep coherence within the thesis. It
is possible to produce time correlations, which are also reflected in the frequency domain.

Eq. (4.39) is a factorized state; in fact, it is possible to separate the component
describing the two systems as |¢)) = |¢s) ® [1);), therefore it is not entangled. To obtain
the non-local correlations, Franson introduced the idea of postselection, which means that
only specific output states are selected, while others are discarded.

Franson interferometry works in the following way, shown in Fig. 4.16. The two
photons are sent in different channels, then both go through two different unbalanced
Mach-Zehnder interferometers (UMZI), which must insert a temporal delay in the pho-
tons’ path Ty bigger than the coherence time. This condition is necessary to ensure
that no single-photon interference is present, because our goal is to show maximal two-
photon interference. Then, after the interferometer, the channels are directed onto two
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single-photon detectors, and the coincidences are recorded.

Photon 1 Photon 2
y4 AN

Tq >>T, & > T4 >>T,
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Figure 4.16: Schematic of the Franson interferometer measurement [155]. Ty is the time
delay introduced by the additional fiber, and 7. is the coherence time of the emitted
photons, assuming that they are equal.

Now, we describe the behavior of the wavefunction through the Franson interferome-
ter. We start considering the quantum state of Eq. (4.39). After the first beam-splitters,
the biphoton state transforms as:

y s, 19007+ U017 & ) + 1)

|1s1; : 5 ! (4.40)

where with the superscript |1(1’S)> we indicate, respectively, photons going through the

longer and shorter arm of their respective interferometer. During the propagation through
the UMZI, the wavefunction is changed as [156]:

|1§1)11(1)> + |1£1)11(S)> + |1£S) 11(1)> + |1£S) 11(S)> Propagation

| o | | (4.41)
ei2601 ‘ 19) 1(1)> + 61(91+95) ‘ 18) 1(S)> + 61(«95+91) Hgs) 1(1)> + 205 ‘ 1£S) 1(5)>

i i
2

where 0,5 are the phases acquired during the evolution in the longer and shorter arms.
Now, we call |¢;) the final state and can simplify it, removing the multiplicative phase
components that do not modify the quantum state, obtaining:

6129’1é1)1(1)> +€z€‘1g1)1(s)> +629‘1§S)1(1)> 4 ‘1§S)1(5)>

1) = _ (4.42)

where we called the phase difference acquired in the interferometer arms 6 = 6; — 6.

Both photons can reach the detector in two possible time bins, ¢ and t + Ty, inde-
pendently. Therefore, in the coincidence detection, fixing one of the two photons as the
start click and the other as the stop click, we obtain three different populated time delay
bins. In the time delay axis (7) we will find a peak with a width 7. centered in 7 = 0,
7 = =Ty, and 7 = Tyq. The three peaks of coincidence are populated with the follow-
ing probabilities, assuming that the signal is the start and the idler is the stop of the
histogram:

e Left peak centered at 7 = —Tjy:

Qleft, = |<1i(s)1g)’¢i>\2 =
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o Right peak centered at 7 = Tjy:
0 1

1 e
onight = | (11109 |) |2 = I7|2 =1 (4.44)

e Central peak centered at 7 = 0:

(s)1(s) (ORI
Olcenter :‘ < ’ < ’ ‘¢1>‘2 =
V2

|ei29 +1 2 e +e7? ,  cos?(0)

12 :|2\/§| 2

(4.45)

Note, the dependence of aenter On 6 means that the height of the central peak depends
on the phase difference acquired in the interferometer. This dependence describes the
two-photon interference. Analogously to the single-photon interference, where the wave-
function of a single photon can constructively or destructively mix after the BS due to
the phase difference, here, it is the biphoton wavefunction that is interfering.

The quantum state |1;) does not exhibit any entanglement because it is factorizable
into two states, in the signal and idler Hilbert spaces. Here, Franson introduced the
postselection process. Watching the coincidence peaks center times, we can discard the
states in which the photons do not reach the detectors simultaneously, and keep only
those contributing to Qeenter- In this way, we are effectively performing the following:

1

2 V2

where we did not show the normalization of the post-selected quantum state, and PS
means postselection. In this way, we have created time-energy entanglement between

6i26‘1(1)1(1)>+€i0|1(1)1§5)>+6i0|1(s)1§1)>+|1(S)1§S)> Ps 6i20|1(1)1(1)>+|1(S)1(S)>
s 1 s 1y s 4 S o, S i S i

(4.46)

the two photons and a coherent superposition of \1911(1)) and |1§S)1§S)>, at the cost of
discarding half the photons.

In a possible QKD setup, one can rename |1§S)> = |1Bob), \1i(s)> = |1Alice), |1£1)> =
|0Bob ), ]11(1)> = |Oalice). The final state after post-selection of Eq. (4.46) would be
[Yqrp) = (|0BobOAlice) + ¢%1Bob1Alice))/V/2, where each peer can recognize between
state |0) and state |1) watching the time of arrival of the photons in singles channels.
The main limitation of a QKD protocol with such a state is that there is no absolute
time reference for the arrival time of the photons; therefore, it is difficult to define ¢ and
t + Ty. To overcome this problem, time-bin entanglement was developed [157]. A pulsed
pump on a superposition of two temporal time-bins is exploited; as a consequence, the
arrival time bins t and t44 can be directly obtained starting from the knowledge of the
pump pulses.

To demonstrate that we are experimentally handling an entangled state, one must
demonstrate the violation of one of the Bell inequalities [158], in our case, the CHSH
inequality [159]. It can be shown that to violate the CHSH inequality in a setup like
that of Fig. 4.16 with photons entangled in the energy and time degrees of freedom, one
needs to analyze the behavior of the two-photon interference. It is done by monitoring
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the behavior of arenter as a function of the phase acquired during the propagation in the
interferometer. More precisely, the protocol states that if the behavior of the central
peak height as a function of # has a visibility V' > 70.7 %, then we are in the presence of
non-local quantum correlations [113, 154, 160, 161]. The visibility is measured as:

hmax - hmin
V=——"7"—1-— 4.47
hmax + hmin ( )

where h = h(#) is the central peak height as a function of 6.

4.4.2 Results

In Fig. 4.17, we show the setup we used for the two-photon interference measurement.
Light exiting from the ring and depleted of the pump passes through a single UMZI.
Since the photons to perfectly interfere need to be indistinguishable, we inserted a PC
in the longer arm to match the polarization of the other arm. This is necessary since
the difference in fiber path rotates the polarization differently. Then, we recombine the
two arms and send everything into a DWDM demultiplexer, which retrieves the two
components of the biphoton state and sends each channel to an SNSPD.

Our setup differs from that of Fig. 4.16, because we used only a single UMZI. Because
of this, we are not violating the locality principle, and we cannot state that we have
performed a Bell violation test, even though the results are likely to be identical with the
two setups. In our case, we are assuming that the spectral separation between the idler
and the signal photon emitted by the microring makes them independent and pseudo-
local. Other works stated to have violated the CHSH inequality using a single-path
Franson interferometer [162], but to have a correct result, and, therefore, violate the
locality principle, one must use two spatially separated UMZIs [163].

Since we are working with a nonlinear crystal, we need to add constraint on the value
of Ty, which is: Ty < 7¢, where 7, is the coherence time of the pump. This condition is
a necessary criterion to obtain two-photon interference. Given that the JSI has a width
defined by the pump linewidth, the JTI width will be described by the pump coherence
time; therefore, time correlations are null for Tq > 7. ,. Thus, the time delay introduced
by the longer arm of the UMZI should respect:

Te <Tq < Tep (4.48)

The left inequality is necessary to ensure that the three peaks in the coincidence histogram
are perfectly separable, since every peak will have a width defined by 7., and to remove
any single-photon interference.
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Ty >>T. Sianal PC SNSPD 1
Light PC DWDM 9 Q00
50 Q00 50
[— [— PC
50 50 (000
BS BS Idler [:

SNSPD 2

Figure 4.17: Schematic of the single-path Franson interferometric measurement. Ty is
the time delay introduced by the additional fiber and 7. is the coherence time of signal
and idler.

We recorded the coincidences between the two SNSPDs and reported them in Fig. 4.18.
We can clearly distinguish the three peaks. This plot helps us define the width of the
coincidence window, large enough to contain the central peak, but not too much, in order
to leave the sidepeaks out.

1200 A
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-100 -75 =50 =25 0 25 50 75 100
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Figure 4.18: Coincidence measurement between signal and idler after their propagation
through a Franson interferometer. Note, the peak distance is Ty.

In a fiber-based setup, such as ours, during the propagation, light acquires a phase,
which may depend on many effects like fiber bendings, fiber temperature, fiber length, etc.
Thermal fluctuations in the fiber make the main contributions to phase fluctuations; these
thermal variations cause the fiber to shrink and expand due to thermal expansion. Even
a stretch of tens of nm can add complete rotations of the phase. We empirically observed
that just putting the hand above the fiber, without touching it, we can completely modify
the interference. Therefore, it is useful to work in a temperature-controlled box to remove
these thermal fluctuations.

In our laboratory, we did not have access to a temperature-controlled box. Therefore,
we could not reconstruct the sinusoidal function dependent on ; therefore, we analyzed
the interference fringes generated by the thermal fluctuations. Fluctuations can also be
increased by voluntarily heating the fibers, e.g., by touching them.

In Fig. 4.19, we show the effect of thermal fluctuations in the fiber on the coincidence
temporal trace. The coincidences were evaluated using a window of 8 ns, since it is wide
enough to contain only the central peak of Fig. 4.18. It is also important to use a time
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Figure 4.19: Temporal trace of the coincidences between signal and idler in a 8 ns win-
dow. In blue, the coincidences trace. In red and orange, respectively, the maximum and
minimum values, that return a visibility of V' = 80.95 %.

bin in the temporal trace that distinguishes thermal fluctuations but is insensitive to the
chaotic statistics of the radiation. From empirical observations, we chose a time bin of
300 ms, which allows us to recognize the thermal fluctuations that are of the order of
seconds.

Repeating the measurement performed in Fig. 4.19 10 times, we obtained an average
visibility of V' = 84(3) % >> 70.7%. Therefore, we can state that the radiation emitted
from the Kerr resonator exhibits a quantum nature, and it shows non-classical time
correlation between the two particles.

In the latest experiments in literature, they achieve visibilities > 95% [107, 110,
113, 152]. To achieve such a result, it is necessary to achieve a high degree of indistin-
guishability between the photons. To destructively or constructively interfere, they must
be identical. Phase fluctuation, polarization mismatch, and background photons are all
causes of imperfect interference. Sensible improvements can be achieved by inserting the
setup in a temperature-controlled environment, as already said. In addition, it is possible
to phase lock one arm of the interferometer with respect to the other, thereby reducing
higher-order fluctuations that are not removed by a controlled environment. Moreover, to
precisely control the polarization, it can be useful to work with polarization-maintaining
components (beam-splitters and fibers). They are optical components that transmit only
a specific polarization, but are capable of keeping it constant during propagation, even if
stressed, bent, or heated.

Again, we stress that the latter is not a loophole-free violation of the Bell inequality,
but we still have two loopholes to solve; we have demonstrated time-energy entanglement
under the assumptions that the spectral separation and the post-selection still violate
the locality and realism principles. The locality loophole can be solved simply by im-
plementing the setup devised by Franson [152, 155, 161, 163]. Second, the postselection
loophole (PSL) is also something that needs to be solved, since it has been shown that the
PSL can allow for a hidden variable theory to describe the two photons’ behavior [164].
Solutions have been found to work with time-energy or time-bin entanglement without
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postselection. For example, with time-bin, by inserting an additional interferometer that
forces the path of the photons in the longer or shorter arm depending on the time-bin of
the pump, one can remove the PSL [165].
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Chapter 5

Coherence time and detuning

5.1 Introduction and motivations

In this chapter, we study how the bandwidth (inverse of coherence time) of the emit-
ted photons changes as a function of the effective detuning deg. This study provides
a detailed characterization of the coherence of photons generated in a Kerr resonator,
exploring aspects that have not been experimentally examined before, as most of the
literature focuses on the dependence on input power. The behavior of spectral properties
as a function of the laser frequency-bare cavity resonance distance is known and has been
thoroughly treated theoretically. Experimentally, however, the transition from sponta-
neous four-wave mixing (FWM) to stimulated FWM (or the optical parametric oscillation
regime) has not yet been characterized. A key element of our approach is the ability to
monitor deg in real time, thanks to the setup developed, as described in Sec. 2.1.3.

Manipulating the circulating power, which we recall is the main factor defining the
temporal and spectral properties of the quantum and classical light generated, is funda-
mental to governing Kerr resonators. While tuning this parameter by only modifying the
pump power seems the simpler approach, it also has some hidden subtleties. In particular,
when fixing a certain laser-cavity detuning but then changing the power, we inevitably
modify the d.g as well. This happens because, for example, increasing the pump power
will also add a red shift of the resonance because of the increased heating, which must be
compensated by tuning the laser wavelength, to keep deg fixed. A more critical condition
is when lowering the power, which cools the resonator and its resonance blue shifts, going
toward the laser. If the pump decrease is large enough, the blue shift could "jump" the
laser, effectively losing all the generation within the resonator.

An alternative approach is, then, tuning deg by keeping the pump power fixed. In
this way, one can remain in the blue detuned region and be aware when there is the risk
of getting "jumped" by the cooled resonance. As we said, tuning the circulating power
with this method requires an adjustment of only the laser wavelength. Therefore, it is
necessary to monitor only a single parameter and not both the laser wavelength and laser
power, simplifying operations.

In the following, we show measurements of the photon’s linewidth starting from the

89



Coherence time and detuning

below threshold regime, with very few counts, up until the stimulated regime. We high-
light that we will measure 7. both in the quantum and the classical case; as it is not
trivial to measure the same quantity in both regimes, different techniques will be used,
each well-suited to the specific case. In particular, while the bandwidth in the quantum
regime is measured by the previously introduced coincidences measurements, see Sec. 4.1
and Sec. 4.2, the measurements in the classical regime are performed with the so-called
"heterodyne beat".

In Fig. 5.1, we show how the heterodyne beat is exploited to measure the signal
spectrum. The optical signal is mixed with a stabilized frequency comb by Menlo Systems
that has a repetition rate of 250 MHz and each line has a FWHM of ~ 1 Hz. Such a comb
is stabilized against an ultrastable cavity and on the optical lattice clock IT-Yb1 [166],
the narrow linewidth is due to the locking on these two stable references. The output of
the mixing is an RF frequency equal to the distance between the signal and the comb
teeth; therefore, there exist multiple RF components. These new components are called
beatnotes, and an important effect is that their lineshape is the convolution of that of
the two initial signals. But, since the comb lines are way narrower than the signal,
the beatnote features will be dominated by the signal lineshape. Then, given that the
linespacing is 250 MHz, there will be only one beatnote below 125 MHz. Thus, after the
photodetector, we inserted a 120 MHz low-pass filter to keep only the first-order beatnote.
This RF signal is finally sent to an RF spectrum analyzer (FSW by Rohde & Schwarz).
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(a) Experimental setup of the heterodyne beatnote.
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(b) Graphical representation of the working principle. In red, the frequency comb
lines, in blue, the signal and the beatnotes. Note f1 + fo = 250 MHz.

Figure 5.1: Explanation of the heterodyne beatnote measurement.

To connect the measurement of the photon linewidth in both the quantum and clas-
sical regimes and demonstrate that they return the same quantity, we use the visibility
decay of a Mach—Zehnder interferometer, as described in the next subsection.

In conclusion, we mention that the content of this chapter will be part of a publication
in preparation.

5.2 Interferometry: bridging quantum and classical regimes

Here, we describe how the interferometric measurement we performed works.

It consists of measuring the visibility of the single photon interference fringes observed
when sending the light through an unbalanced Mach—Zehnder interferometer (UMZI). It
is almost the same process as in Sec. 4.4, with the difference that here we measure the
fringes in the single arm and not in the coincidences, because we are interested in single-
photon interference. We show the detection stage setup in Fig. 5.2. Light emitted by the
microring and filtered of the pump frequency is coupled into a DWDM demultiplexer,
and with the latter, we chose the frequency mode we want to study. Then light is split in
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two equal arms by a balanced BS, one of the two arms has a longer optical path, precisely
of Lq. Then, light is rejoined in a single fiber by another balanced BS. Afterward, a VOA
is used to control the number of photons reaching the detector. In this way, with the
same setup, we can work both in the quantum and classical regimes by simply modifying
the attenuation on the VOA. And finally, light is coupled in an SNSPD with a proper
polarization control. Note that we also inserted a PC in the longer arm of the UMZI. Its
role is to align the polarization of the light between the shorter and longer arms, because
light must be identical to correctly interfere.

Ly
DWDM PC VOA PC SNSPD

Mode n 50 OO0 50 OO0
_gnt =

Light
= =
BS BS

Figure 5.2: Detection stage exploited for the interferometric measurement. The VOA is
necessary to reduce the radiation to the single photon level.

The behavior of the visibility as a function of the delay length gives an estimation
of the coherence time. A high visibility is achieved when photons come from the same
temporal mode, thus they are within the coherence time and can interfere both destruc-
tively and constructively. In contrast, ideally, zero visibility is expected when photons
are independent. The ideal dependence of the visibility on Lg for a Lorenztian lineshape
is [131]:

| L

V=lgW(Ly)=e Ll (5.1)

where I, = ¢/7., with ¢ the speed of light, is the coherence length.

To find a compatibility between the heterodyne beat and the correlation functions,
we must obtain the same result using the interferometric approach. The interferometric
measurement is powerful, since it estimates the same quantity in both regimes, simply
with a few or a lot of photons. The interference fringes were measured in both cases on
the SNSPD single-arm counts temporal trace.

In our experimental setup, we are not able to reproduce the perfect behavior of the
visibility. For example, if there is a certain background radiation, at Lq = 0, it will not
be possible to reproduce exactly V =1, see Fig. 5.3 for an example.
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Figure 5.3: Interference fringes obtained with a delay length Ly = 0 of mode 12. Note,
the maximum is 5439 and the minimum 160, yielding a visibility of V' = 0.943, instead
of the ideal value V = 1.

To study the behavior of the V' with different Lg, we use the fit function:

L
f=uae le +b (52)

where a and b are necessary to consider the effect of background photons and other noise
sources.

We started in the quantum and mostly spontaneous regime, pumping the ring at ~
16 dBm and with deg = 141.1(7) MHz and 148.5(10) MHz. The uncertainty on deg is the
uncertainty of the fit, obtained when studying the two resonance dips on the oscilloscope,
see Fig. 2.7. The obtained results are shown in Fig. 5.4.
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b) deg = 148.5(10) MHz. Fit parameters are a = 0.762(2), b =
0.045(2), and I = 1.735(15) m which correspond to 7. = 5.79(5) ns.

Figure 5.4: Visibility measure of cavity mode —12 as a function of the delay length of
the unbalanced interferometer, measured in the sub-threshold regime. In blue, the data
points, in orange, the fit curve obtained using Eq. (5.2).

We measured for deg = 141.1(7) MHz a coherence time of 7. = 2.96(4) ns, which cor-
responds to a Avpy = 107.5(15) MHz. While at deg = 148.5(10) MHz we got a coherence
time of 7. = 5.79(5) ns, which corresponds to a Avp, = 55.0(5) MHz. From the reported
results, we note how a small variation of d.g can double the coherence time. Given
the difficulty in reproducing a specific value of dog, for the coincidences approach, we
measured in a range of de that contained the previous values as well. The results are
reported in Fig. 5.5, where we show the results of Fig. 5.4a and Fig. 5.4b (interferometric
measurement) with the results obtained by measuring coincidences.
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Figure 5.5: Bandwidth of the photons as a function of the effective detuning. In orange,
the data points measured with the interferometric process, and in blue, the results ob-
tained by measuring coincidences.

We can state that the results obtained with the two different measurements shown in
Fig. 5.5 are qualitatively compatible. The small displacements that the interferometric
measurement reports with respect to the trend of the coincidences measurement are due
to the already mentioned non-idealities occurring in the system. Probably the main limi-
tation is due to misalignments of the chip between the different acquisitions. For example,
a better fiber-chip alignment in the interferometric measurement with respect to the co-
incidences measurement could reproduce a narrower bandwidth given the same detuning,
due to a higher intracavity field. Other limitations that can introduce inaccuracies are a
short acquisition time and strong background radiation.

Therefore, we have demonstrated that the coincidences and the interferometer are
measuring the same quantity.

Next, we will perform the same measurement, but with classical radiation. To verify
the validity of the interferometric measurement also in this regime, we measured both the
pump and cavity mode —12 linewidth in the stimulated regime. No effective detuning is
reported for the pump since that is unaffected by the laser-resonator alignment. During
the measurement for the 12" cavity mode, dog was dynamically tuned in order to keep
the generation state constant and neglect possible fluctuations in the intracavity power
due to the limitations mentioned above. The results of the interferometric measurements
are shown in Fig. 5.6.
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Figure 5.6: Visibility measured for the pump laser and the mode —12 of the cavity, as
a function of the delay length of the unbalanced interferometer. The measurement for
the cavity mode is performed in the above-threshold regime. In blue, the data points, in
orange, the fit curve obtained using Eq. (5.2).

The obtained coherence time, for the pump and mode —12 respectively, is 8.4(18) us
and 8(3) us, corresponding to Avp, = 38(8) kHz and 36(13) kHz. The significant error
bars are defined by the uncertainty of the fit, which struggles to converge to the optimal
parameters. The first problem is definitely the small number of data points and their
"bad" alignment. The latter is attributed to the difficulty in maintaining the polarization
in the UMZI fixed. Thermal fluctuations induced to generate the interference fringes also
modify the polarization. Moreover, in the case of mode —12, it was not easy to maintain
the regime fixed over time.

We compare these results with the heterodyne beatnotes on the spectrum analyzer;
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the results are shown in Fig. 5.7. The data points were fitted with a Lorentzian curve as:

A Av

T 2r A2
— T (@ —x0)?

f

+c (5.3)

where the height at xy can be obtained as f(0) = 2A/(Avw) + ¢. The measured pump
linewidth is Av = 29(2) kHz, while for mode —12 we find Av = 38.8(2) kHz. These
values are compatible within one standard deviation with the values obtained using the

interferometer.
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(b) Mode —12. Average linewidth Av = 38.8(2) kHz.
Figure 5.7: Six traces for the heterodyne beatnote against the Menlo frequency comb of

both the pump and mode —12. The fit curve is a Lorentzian function obtained through
Eq. (5.3).

So far, we have demonstrated that all our measurements evaluate the same quantities
and yield compatible results. In the following, we show the linewidth behavior as a
function of the effective detuning.
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5.3 Coherence time as a function of the effective detuning

Now, we present the results obtained by monitoring the coherence time of mode —12
during a sweep of the pump frequency. The laser wavelength is modified by changing
the temperature of the device, which modifies the laser’s cavity length, thus affecting
the emission frequency. We start by defining a frequency fy, which is the point where
the OPO is triggered, and the generation rate is such that the single-photon detectors
cannot be used anymore, because blinded by the photon flux, see Sec. 2.2. We set the
laser frequency strongly blue-detuned with respect to the resonance, and then tune the
laser toward fy, decreasing its frequency. Therefore, effectively going from a completely
spontaneous and weak process toward the OPO and stimulated regime.

We measured the linewidth using the heterodyne beat method when the process was
stimulated, and the single photon detectors with the coincidence measurement during the
quantum regime. In Fig. 5.8, we report the results. On the x-axis, the quantity f, — fo
represents the sweep of the pump frequency and not deg. The fact that we can move the
pump by multiple linewidths of the resonator, here ~ 16Av, and still generate photons,
means that the resonance is moving with us due to thermo-optic effects. It is interesting
to note how we are able to tune the coherence time by three orders of magnitude by
simply tuning the laser wavelength.
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Figure 5.8: Photon’s coherence time of mode 12 as a function of the frequency sweep of
the pump (f,) with respect to fo.

Now, we show the same results but plotting Ay, instead of 7., because it gives

a clearer idea of what relationship the emitted photons have with the pump and the
resonator linewidths. The data are reported in Fig. 5.9.
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Figure 5.9: Photon’s bandwidth of mode 12 as a function of the frequency sweep of the
pump (fp) with respect to fo.

We note how the photon bandwidth grows, increasing the detuning between the res-
onator and the laser. During the stimulated process Avpy, is compatible with the pump’s
linewidth, measured around 30kHz. Far from the OPO threshold, instead, Ay, ap-
proaches the resonator linewidth. In this regime, the resonances of the microresonator
effectively act as filters for the light exiting the ring. Therefore, the bandwidth of the
photons cannot exceed that of the filter, unless they are modified afterward.

Moreover, in Fig. 5.9b, we note that the bandwidth scales linearly with the frequency
sweeping. This could be an advantage, as a linear relationship between two basic quan-
tities is easily exploited in a controlled and automated system.

We mention at this point that when we recorded the results reported in Fig. 5.8 and
Fig. 5.9, we had not developed the deg probing setup, yet. Therefore, we cannot report
these results as a function of the effective detuning.

After developing the measurement for the effective detuning, we performed the mea-
surements again, but only from the completely spontaneous regime until the OPO thresh-
old is almost triggered. In fact, all the results are obtained by measuring the coincidences.
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We report the results in Fig. 5.10.
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Figure 5.10: Photon’s bandwidth and coherence time of modes +12 as a function of feg.

In these measurements, we used a longer acquisition time than in the previous mea-
surements of Fig. 5.9 and Fig. 5.8. Therefore, we were able to accumulate enough photon
counts to resolve the coincidences peak at weaker regimes. In fact, we report bandwidths
of A" = 97(2) MHz and Avl}? = 106(3) MHz at deg = 154.2(3) MHz, which are
close to the resonator linewidth. From Fig. 5.10b, we note how the minimum bandwidth
measured right before the OPO threshold is comparable with those found just above
threshold in Fig. 5.9.

5.4 Stimulated regime bandwidth analysis

When approaching the OPO regime, the bandwidth of the emitted photons seems to tend
to that of the laser pump. To verify this hypothesis, we performed the same measure-
ments deeply in the OPO regime for two different pump linewidths. Firstly, we use the
free-running laser linewidth ~ 30 kHz, and then, through a phase stabilization of the laser
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or also called laser locking, we reduced its linewidth to sub-1 Hz. We performed the mea-
surement only for a given value of d.g, because in the stimulated regime, the bandwidth
seems to reach a constant value. We demonstrate this statement with the data shown in
Fig. 5.11, in which we show that the bandwidth is constant above the OPO threshold as
a function of the pump wavelength.
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Figure 5.11: Bandwidth of photons from mode —12 as a function of the frequency sweep
of the pump, measured in the stimulated regime using the heterodyne beat with the
Menlo frequency comb. The x-axis presents the same quantity as Fig. 5.9 and Fig. 5.8.
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In Fig. 5.12, we show the setup for locking the laser, while in Fig. 5.13, the overall
measurement setup locking and measuring, to show how the locking stage is inserted in
the overall experimental apparatus. To lock the laser, it is essential to have access to
a stabilized frequency reference; in our case, it is the stabilized frequency comb. We
do not present the comb stabilization procedure; the only important thing to keep in
mind is that the frequency comb has ultra-narrow (Arv ~ 1Hz) and ultra-stable modes
(no frequency drifts). We want to transfer the stability of the comb on our laser that is
pumping the microring. To do so, we must create a feedback loop on the pump laser in
order to compensate for all the fluctuations. We describe it in the following.
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Figure 5.12: Schematic of the laser locking setup we exploited. Note that for the system to
work, the condition fro = | fstable — fp| must hold. The monitor component can be either
a spectrum analyzer, an oscilloscope, or any instrument that allows for monitoring the
RF frequency at | fstable — fp|- PID: device returning an output proportional, integrative,
and derivative of a given input signal, Decoupler: device that sends a small amount of
the RF signal into a side port (CPL) and most of the signal to the main output.

We start by filtering the pump radiation from the light generated by the microring
using the "common" port of the first DWDM (channel 42) filter encountered after the
resonator. In this way, we send all the generated modes on the "reflect" port and keep
only the pump component in the "pass" port. Then we combine, using a BS, the pump
radiation with that emitted by the stabilized Menlo frequency comb, first filtered with
another CH42 DWDM filter. At the BS output, we get a signal containing all the fre-
quencies of the beatnotes between the comb components and the pump frequency. Since
the frequency comb has a repetition rate of 250 MHz, we can understand which beatnote
is the one between the laser and the closest comb component. The signal is then sent
to a photodetector and a low-pass filter with a bandwidth of 120 MHz (ZLPF-120+ by
Mini-Circuits) to keep only the beat with the closest comb line. Then the signal is sent
through an RF amplifier (ZFL-500HLN+ by Mini-Circuits) and lastly to a decoupler
(ZEDC-10-2B by Mini-Circuits). The latter sends a small portion of the signal in the
"coupling" (CPL) port and lets all the rest through. The CPL signal is detected by an RF
spectrum analyzer and is used to monitor the beatnote position and intensity. The output
of the decoupler is, instead, sent to a mixer (ZFM-3+ by Mini-Circuits), which combines
it with a signal generated by an RF wavefunction generator. We will call this last signal
the local oscillator (LO), and the output of the mixer is the IF or the error signal. LO
is set at a value ideally equal to that of the beatnote. In this way, the error signal will
contain multiple frequency components, mainly: |fLo — frr| and fLo + frr, where frp
is the frequency of the beatnote. We want to filter only the first component to keep the
lowest frequency component, which is almost-DC due to the condition fro ~ frr. To
do so, we send the demodulated signal into a low-pass filter with a 11 MHz bandwidth
(SLP-10.74 by Mini-Circuits). This final error signal is sent into a Falc 110 by Toptica,
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which contains an integrated PID (Proportional Integrative Derivative). A PID is a de-
vice that returns a single output signal that is proportional, integrative, and derivative
with respect to the input signal, in our case, the error signal. Essentially, its response
depends on the value of the input, on its slope/variation, and on its average value. The
goal of the PID is to return a signal that can be used to feed back on an element, in
our case, the laser current, to keep the error signal at zero. The output of the PID is
connected to the laser current modulation port, and if the PID parameters are correctly
set, the locking is achieved.
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Figure 5.13: Experimental setup used for the measurement of the beatnotes with both
the laser locked and unlocked.

The strength of the setup shown in Fig. 5.13 is that it can be used both for the locked
and for the unlocked case. Omne simply needs to switch the output of the PID on or
off. In Fig. 5.14, we show the beatnotes measured on the RF spectrum analyzer for a
free-running laser.
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Figure 5.14: Six traces of the beatnote between the Menlo comb and the unlocked or
free-running pump laser.
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Each trace is taken at a different time; from the image, it is clear that the laser
emission is not fixed in frequency but wanders over a range of several MHz.

Instead, in Fig. 5.15, we show the resulting beatnotes for the locked laser. We note
how the laser has an ultra-narrow emission, and even using a resolution bandwidth of 1 Hz,
it was not possible to resolve the emission lineshape. Moreover, the emitted frequency is
not fluctuating anymore, and it is fixed in time.
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Figure 5.15: Six traces of the beatnotes between the Menlo comb and the locked pump
laser.

We pumped the microring with ~ 17 dBm for both linewidth conditions and measured
the mode emission in the same stimulated regime. We want to demonstrate the qualitative
dependence of the stimulated regime emission on the pump linewidth, without revealing
or confirming a quantitative relation.
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Figure 5.16: Six traces of the beatnote of the mode 12 against the Menlo frequency comb.

In Fig. 5.16, we show how the generated mode (in this case, it is mode 12) inherits
the properties of the pump. In Fig. 5.16a, the resonator is pumped without locking, and
in fact, the emission linewidth is similar to that of the pump (tens of kHz of linewidth).
Moreover, the frequency shifts are of the same order as that of the unlocked pump.
Instead, in Fig. 5.16b, we clearly see a strong reduction in the linewidth with respect
to the unlocked case. But it is not as narrow as the locked pump laser. Fig. 5.15a
(locked pump) and Fig. 5.16b (mode 12) have both a resolution bandwidth of 500 Hz,
and we can clearly see a difference in the width of the beatnote, which is larger in the
output radiation. Additionally, the frequency drifts are not completely compensated, as
in contrast to the pump.

Therefore, we have demonstrated how the FWM-generated modes’ stability definitely
depends on the pump properties. But it is not the only contribution, we can assume
that the emission linewidth is also dominated by the thermal noise in the microring or
other non-idealities, which increase the phase noise, broadening the line, and increasing
frequency fluctuations with respect to the pump.
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Chapter 6

Conclusions

In this work, we presented a complete characterization of a Kerr microring resonator used
for the generation of quantum states of light, namely entangled and single photons. We
presented a study that covered all the important features of a (3 integrated quantum
light source. This work is important since it allows to get an overview of the parameters
and important metrics necessary to design and study such devices. Moreover, we also
introduced two innovative studies, not yet present in the literature, which give researchers
additional tools for the development of quantum communication applications.

The device displays a distance between the resonances of ~ 142.65 GHz and can be
pumped within the C-band at ~ 1550 nm. It is easily overlapped with DWDM technolo-
gies used in existing infrastructures, which divide the optical spectrum used for telecom-
munication into 100 GHz-wide channels.

Other key results we obtained are the photon-pair generation rate, which is PGR =
316(3) kHz/mW?, which means that pumping the ring with, for example, 2.5 mW, the de-
vice generates /~ 2 million photon pairs per second. Which is a nice result when working
with 10dB to 20dB attenuated optical links, which correspond to optical fibers of maxi-
mum 100km. This seems a promising result, and one could imagine that increasing the
pump power, the maximum distance could increase. In reality, we measured a high level
of noise in the detected photon pair, which is not acceptable in a real-life environment.
In addition, such noise increases with stronger pump fields. The latter is one of the main
limitations in the device and setup we used in this work; the solution could be reducing
the noise introduced by the pump with better filtering before and after the microring.
Another possible solution, not available to us, could be the design and fabrication of a
ring with better properties, such as lower losses and stronger optical field confinement.

We underlined the strong link between the temporal correlations and the spectral
properties, both on the single and biphoton states. This is important since it gives strong
evidence of the time-energy entanglement exhibited by these photons.

We also demonstrated that these photons exhibit an undeniable quantum nature.
Their heralded second-order correlation at zero delay was evaluated to be gf)(()) =
0.113(10), this result is below the threshold for a single photon state of 0.5. There-
fore, we confirm the possibility of using such a device as a heralded single-photon source.
Additionally, we demonstrated the presence of time-energy entanglement, allowing us to
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utilize this device as a compact entangled-photon source. We violated the non-loophole-
free CHSH inequality, demonstrating a two-photon interference visibility of V' = 84(3) %,
which is higher than the threshold V' = 70.7 % by more than four standard deviations.

With these results, we can confirm that such devices are perfect candidates for devel-
oping integrated, telecom-compatible, and narrow-band quantum light sources.

Additionally, we made two novel contributions to the research on single-photon tech-
nologies. The first is the introduction of a quantitative model describing the behav-
ior of the detection efficiency 1 of Superconducting Nanowire Single Photon Detectors
(SNSPDs) as a function of the light polarization. We found experimental evidence that
1 changes following a cosine squared law, dependent on the angle of alignment between
the polarization of the photon and the nanowire direction.

The second one is the study of the SFWM photons’ coherence time as a function
of the operational regime. We analyzed how their bandwidth changes as a function of
the distance between the pump laser and the pumped resonator’s resonance. This is an
innovative contribution in literature since most of the works study the properties of the
emitted field as a function of the pump power circulating within the microring, which
cannot be easily estimated. We provided our results as a function of a quantity that is ex-
perimentally measurable and easily controllable. This quantity, which we called effective
detuning deg, can also be controlled in a commercial setup, by simply tuning the pump
laser wavelength. We demonstrated the possibility of modifying the bandwidth over three
orders of magnitude, important to integrate the device with different components that
may have different coherence requirements. The obtained bandwidths are also compati-
ble with future devices needed in a fully operational quantum network, such as quantum
memories [167, 168]. Most of these devices exploit atomic transitions to store qubits;
therefore, their linewidths are in the MHz range [169], giving perfect overlap with our
source. Moreover, this study also provides an investigation of the optical field behavior
during the transition between the quantum and classical regimes. It is a major description
since we are able to link the quantum and classical nature of the same phenomenon.

However, we must underline that our device requires careful temperature control
(TEC) to be integrated into a real-life telecommunication channel. Ideally, the require-
ments are: temperature control of the whole chip and coupling system, temperature
control of the environment (box, room, or laboratory in which the device is placed), and
integrated temperature control to precisely tune the microring resonance. We had the
first and second requirements, but lacked the last. An integrated TEC allows for a pre-
cise tuning of the resonance; in this way, one can control the effective detuning by either
changing the laser wavelength or shifting the resonance. Moreover, one would be able to
tune the emission frequency with a very high precision, in the order of the GHz [170].
These requirements make it difficult to deploy it in harsh environments and force careful
protection of the device from strong temperature fluctuations.

In addition, the tunability of the photon’s bandwidth is not free of cost, since in
order to achieve it, one must modify the circulating power, which also affects the quan-
tum nature of the emitted photons. Increasing the amount of intracavity radiation, the
process diverges from a completely spontaneous phenomenon toward stimulated FWM.
Additionally, a stronger circulating power means a stronger pump oscillating within the
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resonator, therefore an increase in the background radiation and noise, as we already
mentioned. Both these effects are detrimental for the generation of single-photon states;
therefore, a higher heralded second-order correlation at the origin (gflz) (0)) is expected,
which means a lower probability to effectively emit a single photon. Moreover, we showed
that the non-classical correlations between the photon pairs are ruined when increasing

the effect of the stimulated process. Which means a less "pure" entanglement.

Looking to the future, it would be an interesting work trying to evaluate the biphoton
wavefunction or Joint Spectral Intensity (JSI) evolution during the circulating power
increase. In this way, it would be possible to extract many of the measured properties,
like cross-correlation and autocorrelation at the source, photon’s bandwidth and purity,
from just one quantity. In principle, one needs to, with a fixed photon-pair generation
rate, filter separately the signal and idler channels with ultra-narrow filters and detect the
number of SFWM pairs reaching the detectors. Then, plotting the number of coincidences
in a two-dimensional plot, in which on the x- and y-axis there are the signal and idler
filter center frequency, it is possible to reconstruct the behavior of the JSI. The main
requirement is that the filters are narrow enough to resolve variation within the resonator’s
linewidth, which is &~ 110 MHz. Therefore, one would need a kHz-wide optical filter, which
does not exist. Additionally, toward the OPO threshold, the bandwidth narrows to tens
of kHz; therefore, the filter requirements become even more stringent. However, it is
possible to resolve the JSI of a biphoton state generated by SEWM, exploiting stimulated
FWM [171]. The idea is based on the discovery that the JSI between the spontaneous
and stimulated effects, in second-order non-linear materials, is related [172]. Such a
result was then extended to higher-order non-linearities, such as materials exhibiting
FWM [171]. The stimulated FWM output signal is proportional to the spontaneous one
by a factor that only depends on the stimulating power. Therefore, to exploit such a
discovery, researchers can use an additional tunable laser to stimulate FWM, on top of
the spontaneous process, at a specific signal (idler) frequency, and then measure the idler
(signal) power. Since a laser is finely tunable and narrow relatively to an optical filter,
one can reconstruct the JSI with unprecedented precision.

Another interesting achievement would be implementing an entangled photon QKD
protocol, exploiting the time-energy or time-bin degree of freedom. A few works have
demonstrated QKD protocols in the first [51, 173] and second [174] degrees of freedom.
The latter articles present a secret key rate (SKR) of maximum ~ 200 bits/s with optical
link lengths of at most 25 km. These results are far from the commercial requirements
necessary to transition toward an operational quantum network. The main limitations
are always noise in the system, which degrades the entanglement fidelity, and losses in
the system.

A further possibility could be exploiting frequency-bin entanglement, which gives
the advantage of using classical RF electronics to perform quantum gates and control the
qubits. Some demonstrations have been reported [170], but again, the results are not close
to the real-life requirements, since the researchers presented an SKR of 4.5 bits/s over a
26km of fiber. Frequency-bin entanglement presents additional challenges. Correctly
performing quantum gates on the qubits using RF electronics requires careful control of
the modulation frequencies and amplitudes. Even small deviations in these parameters
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can introduce great errors and strongly limit the SKR. Therefore, more work is needed to
effectively demonstrate the feasibility of implementing a quantum communication network
with these devices.

Although the results presented so far prove that Kerr microresonators are excellent
candidates for high-rate, integrated quantum light sources, several technological obsta-
cles still limit their full deployment. In particular, reducing noise contributions, ensuring
long-term thermal stability, and mitigating the impact of stimulated processes on the
quality of the quantum state remain open challenges. Improvements in filtering stages,
integrated temperature tuning, resonator design, and on-chip stabilization could signif-
icantly enhance performance without altering the fundamental operating principles of
the device. Therefore, despite the remaining challenges, this work contributes substan-
tial experimental and conceptual evidence that integrated Kerr resonators represent a
realistic and versatile foundation for next-generation quantum communication systems.
With further technological refinement, these devices could transit from proof-of-principle
demonstrations toward deployable quantum network nodes, enabling the distribution of
entanglement, secure communication, and hybrid interfacing with emerging quantum
technologies.
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