POSTSELECTION-FREE, ENTANGLED BIPHOTON
STATES FROM INTEGRATED WAVEGUIDE
DEVICES IN POTASSIUM TITANYL PHOSPHATE

VINEET KUMAR SHUKLA

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2022






© Indian Institute of Technology Delhi (11TD), New Delhi, 2022






POSTSELECTION-FREE, ENTANGLED BIPHOTON
STATES FROM INTEGRATED WAVEGUIDE
DEVICES IN POTASSIUM TITANYL PHOSPHATE

by

VINEET KUMAR SHUKLA

Department of Physics

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2022






T0
All My Loving
Family Members






Certificate

This is to certify that this thesis entitled Postselection-free,

Entangled Biphoton States from Inteqrated Wavequide Devices in

Potassium_Titanyl Phosphate, being submitted by Vineet Kumar

Shukla to the Indian Institute of Technology Delhi, for the award of
the Degree of Doctor of Philosophy, is a record of the original research
work carried out by him under the supervision and guidance of Prof.

Joyee Ghosh.

| also declare that this work has not been formed the basis of
award of any Degree, Diploma, Fellowship, Associateship, or similar

title of any University or Institution.

May 2022 Vineet Kumar Shukla

Joyee Ghosh

Thesis Supervisor

Associate Professor

Department of Physics

Indian Institute of Technology Delhi
New Delhi -110016, India






Acknowledgements

| would begin my word by huge gratefulness to my supervisor Prof. Joyee Ghosh, without
whose support and guidance | could not have complete the dream journey of my research life.
My heartiest gratitude to my supervisor, who has been consistently motivating and guiding me
throughout my doctoral degree. | took the opportunity, to learn new things in the field of
Nonlinear Optics and Quantum Photonics. Her deep understanding and bright ideas helped me
to gain deep understanding of the subject that build up to a very inspirational research. She
always gave me the required freedom and encouraged me at every crucial step, and from her |
learned new problems and lot of things about exciting physics. | also treasure all the interesting
discussion that helped me to exchange unique ideas and learn lot of things from her excellent
research experience. Having a mentor like her made my research journey pleasant and

wonderful. Hence, | am truly thankful to her for all the extraordinary support and motivation.

I would like to take this opportunity to express my deep gratitude and immense respect for
Prof. K. Thyagarajan and the helpful discussions with him. I am also sincerely thankful to Prof.
V. Ravishankar, Prof. Kedar B. Khare, Department of Physics, and Prof. Pramit K. Chowdhury,
Department of Chemistry, IIT Delhi for their fruitful discussions and guidance and for being
members of my SRC committee. | would also like to thank all the faculty members in the

Department of Physics, IIT Delhi for their cooperation.

I would also like to acknowledge the financial support that I received from the Council of
Scientific & Industrial Research (CSIR), New Delhi, under the JRF schemes during the first

two years of my doctoral work.

I wish to acknowledge all my friends, who made my life enjoyable at 1IT Delhi, especially
Hurmal Saren. Apart from discussions on our research problems, my heartfelt thanks to all dear
Dr. Ramesh Kumar, Shivani Sharma, Omshankar, Rajni Bala, Vikash Kumar Yadav, Akanksha
Angural, Bharti, Pravin Rawat, Rahul, Vivek Kumar, Kaustav Chatterjee and Vijay for

cheering me up in times of distress.



| take this opportunity to thanks, Prof. A. K. Upadhyay, for fruitful discussions and guidance.
I would also like to thank all the faculty members in the Department of Basic Sciences, GEC

Raipur for their cooperation.

My deepest gratitude goes to my whole family for their unflagging love and support throughout
my life. Most importantly, my parents, have been my real driving force. Not only in this thesis,
| owe my existence to them. In this journey, I thanks to all my loveliest Chacha ji and Chachi
ji. My special gratitude goes to all my sisters and brothers.

I heartful thanks to grand grandfather, grandfather and grandmother, to whom I dedicate this
work. Their unconditional love, support and an unflinching faith has made me what | am and
kept me going. My special thanks to all cute children of my great family. They all have kept
me light mooded and childlike all through these days.

Thank you

Thank you everybody

1T DELHI VINEET KUMAR SHUKLA



Abstract

This thesis mainly focuses on the study of entangled and hyperentangled photon pairs
generated in guided wave physical systems, for imminent applications in the fields of nonlinear
and quantum optics, quantum information and quantum communication. These applications
emphasised the important role played by integrated waveguide devices in compact quantum
photonic scalable circuits for generating quantum state multiparticle entanglement. In this
context, we have studied and proposed waveguide devices of different designs to efficient
generate photon pairs that could be entangled in one or more degrees of freedom. For this, we
numerically and theoretically explored various characteristics of periodically poled potassium
titanyl phosphate (ppKTP) and lithium niobate (ppLN) waveguides. The technique we have
used, for postselection free generation of entangled photon pairs, is the different biperiodic
polings that is capable of satisfying different quasi-phase-matching (QPM) conditions through
spontaneous parametric down conversion (SPDC) processes.

In particular, this thesis deals with the generation of different polarization entangled,
spatial mode entangled and hyper-entangled photon pairs. For the generation of different
polarization entangled biphoton states in »? based ppKTP and ppLN waveguides, we have
studied three examples of different pump wavelengths, with the signal photon being emitted at
the telecommunication wavelength of 1550 nm in each case. Polarization-entangled photon
pairs are produced in the |y*), or |¢*) state, utilizing dual quasi-phase-matching conditions
in each case. Both these cases are analyzed separately and compared for KTP and LN. We also
compare the efficient generation of maximally entangled photon pairs by calculating the von
Neumann entropy in these cases. An analysis of the joint spectral amplitude (JSA) ensures
which parameters are ambient for generating frequency-correlated photons in the phase-

matching spectrum of each material.

Further, we study the generation of all four polarization-entangled Bell states in a
compact waveguide device with a single input pump beam. This is achieved through non-
degenerate spontaneous parametric downconversion and quasi-phase-matching with special
non-uniform poling in different lengths. These biphoton states consist of the signal again being

emitted in a telecommunication wavelength. Through their joint spectral amplitude, we study
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the frequency correlation properties of the photon pairs. Polarization-entangled photon pairs
are used as a resource of entanglement in various quantum optics experiments and there is a
demand for generating all four photonic Bell states in a single waveguide-based device in
quantum information applications. The point of interest of this work is that for the first time,
we have discussed the possibility of generation of four different polarization-entangled states
that resemble the respective Bell states (in case of maximal entanglement) in a single integrated
waveguide device, applicable in quantum teleportation, superdense coding and quantum
computing. Moreover, such schemes are of considerable interest in applications such as hybrid
guantum networks that require nondegenerate and polarization-entangled photon pairs with one
photon at a typical wavelength of 1550-nm, suitable for propagation through an optical fiber,
and the other at an appropriate wavelength suitable for interaction with an atomic system or a

quantum dot.

We also study the generation of four possible photonic hyperentangled states in a
potassium titanyl phosphate waveguide device that are postselection free. The device geometry
and design enables hyperentanglement in the spatial modal and polarization bases, through
multi-period  quasi-phase-matching involved in different spontaneous parametric
downconversion processes. The spatially entangled part of these hyperentangled states are
rendered swappable with the help of two embedded electro-optic phase modulators. Further, a
two-path design provides the flexibility of such a device in the choice of polarization-entangled
states and is of importance from an experimental point of view. These states are simultaneously
entangled in polarization and spatial modes. Further, the inclusion of electro-optic phase
modulators in the device provides a choice of entangled state in the spatial modal basis, without
affecting polarization entanglement in both cases. On the other hand, a two-path design of the
device offers a choice of polarization-entangled states (through selection of Path-1 or Path-2 to
collect the biphotons) without affecting the modal entanglement. Such flexible devices in terms
of operation and functionality are of great importance from an experimental point of view. The
same is also lucrative as the modal basis is not so easy to manipulate while the polarization
basis has been exploited at its best. Through the biphoton joint spectral amplitude, we decipher
the parameters that make frequency correlation and further entanglement of the photon pairs
feasible. Along with spatial mode and polarization, the biphotons also possess correlations in
frequency. Our analysis of the joint spectral intensity ensures that the device parameters are

ambient for generating frequency-correlated photons throughout the phase-matching spectra.



It further confirms the generation of hyperentangled photon pairs, depicted through their

overlapping JSIs.

Such swappable, hyperentangled and postselection-free photon pairs are useful in
several applications of quantum communication and information. We also believe such a

waveguide device enables us to design efficient quantum circuits to be used in quantum

information technology on a chip.
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5.6 Variation of von Neumann entropy with the waveguide height h (with a fixed width, W =
6-um) in KTP (a) for |3*) (red continuous) and | ~) (blue dashed) states, and (b) for |¢™)

(red continuous) and |¢ ™) (blue dashed) states.

5.7 (a) Geometrical structure of the combined waveguide design with three Y-splitters (not to
scale). (b) Pump field Ep distribution along the propagation distance of x=7 mm, and (c) Signal

field output profile of the four-port architecture of core dimension (6um x 6um) and at the end

of the structure at x=7 mm.
6.1 Design of an integrated waveguide device for generating two hyper-entangled states.

6.2 (a) Pump (light blue), signal (violet), and idler (green) are the spatial mode fields in the
waveguide, that involved in different SPDC processes when the EOPM is off and for
polarization field pump (¥ — polarized, red arrow), signal and idler are orthogonal polarized
(either V' — polarized, red arrow signal and H — polarized, blue dot idler or vice versa). (b) Same

SPDC processes when the EOPM is on.

6.3 (a) Pump (light blue), signal (violet), and idler (green) are the spatial mode fields in the
waveguide, that involved in different SPDC processes when the EOPM is off and for
polarization field pump (¥ — polarized, red arrow), either both signal and idler (V' — polarized,

red arrow) or (H — polarized, blue dot). (b) Same SPDC processes when the EOPM is on.

6.4 Path-1 cross-section showing the spatial modal profiles of pump, signal and idler in
segments ‘a’ and ‘b’ pertaining to the cases shown in Fig. 6.2 (i) and (ii) processes, when (a)

the EOPM is OFF and (b) the EOPM is ON.

6.5 Path-1 cross-section showing the spatial modal profiles of pump, signal and idler in
segments ‘a’ and ‘b’ pertaining to the cases shown in Fig. 6.2 (ii1) and (iv) processes, when (a)

the EOPM is OFF and (b) the EOPM is ON.

6.6 Path-2 cross-section showing the spatial modal profiles of pump, signal and idler in
segments ‘a’ and ‘b’ pertaining to the cases shown in Fig. 6.3 (i) and (ii) processes, when (a)

the EOPM is OFF and (b) the EOPM is ON.

6.7 Path-2 cross-section showing the spatial modal profiles of pump, signal and idler in
segments ‘a’ and ‘b’ pertaining to the cases shown in Fig. 6.3 (iii) and (iv) processes, when (a)

the EOPM is OFF and (b) the EOPM is ON.
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6.8 Distribution of the pump intensity through the Y-splitter and Y-combiner, illustrating the

coupling in KTP waveguide, (a) symmetric mode, and (b) antisymmetric mode.

6.9 Plot of the von Neumann entropy as function of the height of the waveguide segment for,
(a) |y*)-like polarization-entangled state (red continuous curve) from Path-1, and (b) |¢p™T)-
like polarization-entangled state (blue continuous curve) from Path-2, for a fixed segment

width, 10-um in the device.

6.10 Variation of Fidelity (red) and Concurrence (blue) as a function of the height (a) for [yT)
state, and (b) for |¢*) state, in KTP at the pump wavelength 710 nm with constant width 10-

um.

6.11 JSI analysis for the [1p™)-like state: (a) PEI of a pulsed Gaussian pump with bandwidth o,
= 100 GHz, (b) PMIs of two involved type-1I SPDC processes with interaction lengths L; =

L, =1.45-cm, and (c) overlapped JSIs of these processes at pump 710 nm, signal 1550 nm and
idler 1310 nm in KTP.

6.12 JSI analysis for the |¢*)-like state: (a) PEI of a pulsed Gaussian pump with bandwidth o,
= 250 GHz, (b) PMIs of two involved SPDC processes of type-0 and type-I QPM with
interaction lengths L; = 0.44-cm and L, =1.56-cm, respectively; and (c) overlapped JSIs of

these processes at pump 710 nm, signal 1550 nm and idler 1310 nm in KTP.
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Motivation:

Quantum entanglement plays a central role in quantum information applications, such
as quantum key distribution, quantum teleportation, superdense coding, quantum networks,
quantum computing, etc. In particular, entangled photon states are a popular resource of
entanglement used as building blocks in the above applications utilizing Bell’s inequalities. A
large number of experiments have been performed to investigate the production of entangled
states of photons [1-7]. These photons can be generated by nonlinear optical processes like
spontaneous parametric down-conversion (SPDC), four-wave mixing (FWM), and from
atomic cascades. Among these the most efficient and workhorse technique used spontaneous
parametric downconversion (SPDC) utilizing the y) second-order nonlinearity in crystals to
generate such photon pairs. SPDC is a quantum mechanical phenomenon, in which one high-
energy photon interacts with the nonlinear medium to split into two photons of lower
frequencies. The generated photons have properties and share special quantum correlation’s
that can lead to entanglement. Entanglement being a unique feature of quantum mechanics,
these photons can serve as flying qubits, especially for the transfer of quantum information
from one point to another point. Apart from time, frequency and energy correlation, the photon
pairs can also share polarization correlations, as they can have the same or orthogonal
polarizations. And using such correlations they may be further entangled in same property [8-
15]. With such motivation, my work is mainly focused on the generation of entangled photon
states in different integrated waveguide devices in nonlinear y® medium especially KTP
based on SPDC.

The probability of generating a photon pair is determined by factors like the properties
of the optical material, the wavelength of the pump, and the geometry of the material. This
process is subjected to conservation of energy and momentum. Energy conservation can be
easily expressed by noting that the total energy of the photon pairs created equals the energy
of the pump photon such that wpy= ws*+ wi, and momentum conservation, or phase matching
condition: kpy= ks+ ki. The phase-matching condition depends on the nonlinear material and
geometry of the waveguide. Due to dispersion in a material medium and due to a limitation of
crystal length it is not possible to obtain perfect phase matching, but one can circumvent this
problem or improve the efficiency of the nonlinear crystal by a compensation through phase-
matching techniques such as QPM; which involves periodic poling of the nonlinear crystals
[16-23].
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The physics and technology of generating and manipulating entangled photons in
guided wave nonlinear crystals with appreciable second-order nonlinearities such as potassium
titanyl phosphate (KTP) or lithium niobate (LN) have been topics of immense interest. These
crystals can also be fabricated in the form of waveguides, which enhance the degree of
nonlinear interaction, and hence their efficiency, leading to improved performance compared
to bulk counterparts. Further, the superposition and entanglement of quantum states in quantum
information science has offered a new modal for the creation of devices that in principle can
surpass the performance and limits of devices. Waveguide architecture also plays a crucial role
in the generation of photons in desired modes [24-28]. Information can be encoded on a photon
by utilizing one or more of its properties such as polarization, orbital angular momentum,
spatial mode, frequency, time bin etc.. These photons can be entangled in one or multiple
degrees of freedom, the latter being called as hyper-entanglement, leading to photons as flying

qubits with a high information capacity [3,29-34].

In this thesis, | have studied the generation of entangled and hyper-entangled photon
pairs in possible integrated waveguide architectures proposing different efficient devices for
the same. Photons are known for speed and robustness, as they can be easily transported, in
both free space and optical fibres, with very little interaction with the environment. This allows
photons to carry quantum information over long distances and enables photonic based
technologies to operate at room temperature. We also believe such waveguide-based devices
enables us to design efficient quantum circuits to be used in quantum information technology

on a chip or integrated platform.

The objective of the thesis:

The main objective of the thesis is to generate entangled and hyperentangled biphoton
states from integrated waveguide devices based on QPM collinear SPDC. The generated
biphotons always consists of a signal photon at the telecom wavelength. In particular, the focus
has been a device designs for the generation of all four polarization entangled Bell states. Our
objective also includes the comparison of generated entangled states in two popular nonlinear
materials of the waveguide. The nonlinear materials are Potassium titanyl phosphate (KTP)
and Lithium Niobate (LN). KTP is explored as the main material for this study apart from a
comparison with LN. In continuation with that, we explored the interesting case of a device
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design to generate swappable hyperentangled states of photons with a single input pump beam.
The biphotons in this case are hyperentangled in polarization and modal basis. These entangled
and hyperentangled states are characterized through different measures such as the von
Neumann entropy (S), fidelity (F) and concurrence (C). We have also discussed the joint
spectral amplitude (JSA) and common bandwidth of these correlated photons that are

significant from a practical point of view [3].

Structure of the thesis:

The thesis is structured as follows. It consists of seven chapters. Chapter 1 is an
introduction to the thesis. This includes the essential concepts and techniques, characterization
parameter, etc. which are required for this thesis. In Chapter 2, we describe the anisotropy and
nonlinearity of potassium titanyl phosphate which is the main nonlinear material for our study
in a waveguide device. In Chapter 3, we study the generation of two different polarization-
entangled states in a multi-period potassium titanyl phosphate waveguide device. The device
biphoton pairs are generated utilizing type-II, type-I, and type-0 SPDC processes in the ppKTP
waveguide. In this chapter, we also study the parameters for a lossless Y -splitter, which is the
part of device. In Chapter 4, we study different comparisons as: the two polarization entangled
states generated (i) in different materials like KTP and LN, (ii) from different input pump
wavelengths leading to a comparison of states with non-degenerate to nearly degenerate
biphotons. We optimize the parameters of the waveguide for the generation of non-degenerate
photons pairs at telecom wavelength. To characterize the entanglement, we discuss the von
Neumann entropy in all these cases. In Chapter 5, we propose and study a compact
waveguide-based device to generate all four polarization-entangled states that are close to the
Bell states, with multiple periodically-poled in an integrated waveguide device with a single
input pump beam. Chapter 6, we propose and explore another compact integrated device based
on multi period waveguide regions to generate hyperentangled photon pairs, being entangled
in both polarization and modal DOF. Chapter 7 summarizes our research findings presented

in the thesis and we present the future scope of our work.
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