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Abstract

Quantum computing offers a promising pathway to solving problems that are
intractable for classical computers. Despite recent progress, the development of a
scalable quantum information processor remains an open challenge. Several hard-
ware platforms remain contenders; however, photonic systems have emerged as a
strong candidate due to their ability to operate at room temperature and excep-
tional resilience to decoherence. State-of-the-art photonic quantum processors use
path encoding, which often requires an exponentially increasing number of optical
components, making these schemes unavoidably large or lossy in some cases. Time-
bin encoding has recently proven to be a promising method to reduce the number
of optical components in a photonic quantum processor by enabling operation along
a single optical path. Yet, a major barrier to the widespread adoption of time-bin
encoding is the challenge of maintaining phase stability across the entire device for
extended periods of time. We overcome this obstacle here, by introducing a promis-
ing new contender in the photonic quantum computing landscape: ultrafast time-bin
encoding.

The architecture proposed in this thesis encodes quantum information in the ar-
rival time of photons on ultrafast timescales, processed using optically induced non-
linearities via Kerr gating and birefringent media. A major part of this thesis is the
development of the optical Kerr gating technique, which is explored in three initial
studies. We first introduce a characterization method, which also happens to enable
the carving of ultrashort pulses from a continuous wave laser. With this technique,
we demonstrate configurable all-optical Kerr gating down to a temporal resolution of
305 fs. We next investigate translating this high temporal resolution to the frequency

domain, using our Kerr gate to measure time-stretched spectra. Finally, we employ
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two Kerr gates for measurement of the temporal profiles of entangled photons, sub-
sequently allowing for verification of entanglement. Each of these studies provides
valuable insight into the optimal operation of the Kerr gate for quantum information
processing.

The Kerr gate is then deployed for the demonstration of our ultrafast time-bin
encoding scheme. Operating first in the single photon regime, we implement both a
specific quantum algorithm and a more generalized, programmable circuit. Within
the large multimode interferometers presented in these two implementations, we see
remarkable phase stability over extended periods of time, high fidelity operation,
and low loss—all key ingredients for scalability in quantum information processing.
Finally, these capabilities are extended to include multiphoton operation, which is a
crucial requirement for any photonic quantum information processing system. Taken
together, these results demonstrate the potential of ultrafast time-bin encoding for

the development of scalable photonic quantum information processing.
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Chapter 1

Introduction

1.1 The problem of solving problems

Science and engineering revolve around problem-solving. When scientists and
engineers encounter problems that are too difficult to solve by hand, they turn to
computers. If these problems cannot be solved by regular computers, they turn to
supercomputers. But what about problems that are intractable for even the most
powerful supercomputer? For example, as Richard Feynman proposed in his semi-
nal lecture in 1982, the task of simulating quantum systems: “Nature isn’t classical,
dammit, and if you want to make a simulation of nature, you’d better make it quan-
tum mechanical, and by golly it’s a wonderful problem, because it doesn’t look so
easy” [1|. Another example is factoring large numbers—the backbone of modern-day
security [2]. Such tasks require a quantum computer. From identifying subtle fraud-
ulent patterns in financial transactions |3] to explaining new supercollider physics [1],
a large-scale, fully programmable quantum computer will indeed be disruptive.

Recent years have seen extraordinary advancements in isolating [5, 6, 7], manip-
ulating [3], and detecting |9, 10, 11| quantum systems—making physical implemen-
tations of quantum processors a reality. Although there has been a great deal of
progress, platforms to date still suffer from drawbacks which limit their promise for
scalability. The development of a scalable quantum information processor remains an

open challenge, although there is still no easy answer for the question of what form the
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hardware will take. In the global effort to develop quantum computers, several plat-
forms remain contenders, including trapped atoms [12]| or ions [13, 14|, nuclear mag-
netic resonance [15], superconducting qubits [16], and photonic platforms [17, 18, 19].
The historical development of these platforms, as well as their benefits and limitations,

are discussed in the following section!.

1.2 A brief history of quantum computing

1960s—-1970s: Major developments in information theory lead to the first

quantum information theory proposals.

Quantum computing is rooted in the developments of classical computing and
information theory. Based on the work of Szilard [20] and von Neumann [21], who
connected the concept of thermodynamic entropy [22] with information theory [23,

|, in the 1960s Landauer determined a fundamental lower bound on any irreversible
operation on a bit [25]. Naturally, physicists sought to determine how such a limit
could be beat. In 1973, Bennett proposed the concept of reversible computation,
without the erasing of information, to overcome the Landauer limit [26]. Bennett
discussed his findings with Feynman, asking how they may be affected by quantum
mechanics [27]. In the same year, Holevo established an important upper bound on
the accessible information of a quantum state 25|, leading to the 1975 demonstration
from Poplavskiy of the computational infeasibility of simulating quantum systems
on classical computers [29]. Ingarden then presented one of the first attempts at
creating a quantum information theory in 1976 [30], which is a generalization of
Shannon theory [31]. And in 1980, Manin motivated the idea of a quantum computer,
describing logical operation on qubits [32]; this work did not become well-known
until the 1990s, after which it significantly influenced developments in the field. A
frequently cited work from Benioff in 1980 proposed a quantum mechanical model of
the Turing machine [33], but it should be noted that this proposal does not exploit

entanglement.

IBrace yourself—the next section is rather long; but, it was educational for me to review these
developments, and I believe there is value in having this history summarized in one place.
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1980s: The “birth” of quantum computing, the first quantum algorithms,

and the first proposals of qubit operations.

Although many bodies of research have contributed to the early development of
quantum computing, Feynman’s 1982 lecture [!] is broadly considered the origin of
the new field of quantum computing. Quantum computers are not strictly “better”
than classical computers; indeed, there are many problems for which classical com-
puters may be more suitable. It has also not been explicitly proven that quantum
computers are more powerful than classical computers—this is still merely a conjec-
ture (albeit, a strong one). Perhaps the main attribute of quantum computers, which
provides them an advantage, is that they can perform quantum algorithms which are
significantly faster than the best known classical algorithms. In 1985, Deutsch formal-
ized the concept of a quantum Turing machine (universal quantum computer) [34],
a device on which any quantum algorithm can be expressed. This gave way to new
quantum algorithms, such as the Deutsch-Joza algorithm—one of the first results
showing that quantum computers can solve certain problems exponentially faster
than classical computers [35]. Around this time, proposals for the implementation
of quantum computational gates began to emerge, based on prior work from Fredkin
and Toffoli |36, 37]. Yamamoto and Igeta proposed, in 1988, quantum computing
and networking protocols in which atoms perform two-qubit operations and photons
transmit the qubits [38]. Then in 1989, Milburn proposed a quantum-optical method
for realizing the Fredkin gate [39]. Still, at this time, the idea of quantum computa-
tion was entirely theoretical and interest was predominantly limited to the academic

community.

1990s: Major breakthroughs in quantum algorithms, followed by the first

experimental demonstrations.

It was not until 1994, when Shor developed an algorithm for efficiently factor-
ing large integers, that interest in quantum computing grew beyond the academic
community. Known today as “Shor’s algorithm”, it presents strong evidence of super-
polynomial speedup compared to known classical algorithms [10] and could theoret-
ically break many cryptosystems widely in use today, including the Rivest-Shamir-

Adleman (RSA) cryptosystem [11]. Only one year later, in 1995, Shor proposed the
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first schemes for quantum error correction [12], the need for which was first proposed
by Peres [13] in 1985. Error correction is now viewed as essential to achieving the high
complexity and large circuit depth graphs required for useful quantum computing, by
protecting quantum information from errors arising due to decoherence and noise. Im-
proving upon Shor’s quantum error correction, two independent proposals—one from
Aharonov and Ben-Or [11] and one from Knill, Laflamme, and Zurek [15]—presented
fault-tolerant quantum computation, allowing for arbitrarily long quantum compu-
tation below a certain physical error threshold rate. Around the same time Kitaev
proposed an algorithm for quantum phase estimation [16] and Coppersmith proposed
the quantum Fourier transform [17]| (though this was only published in 2002); both are
important subroutines of many quantum algorithms. Grover introduced his quantum
database search algorithm in 1996, now referred to as the “Grover search algorithm”,
providing a quadratic speedup which can be applied to a wide range of problems [18].
Other important quantum algorithms were developed in 1997, by Simon [19] and by
Bernstein and Vazirani [50]. The first experimental demonstrations of quantum logic
gates also occurred around this time. In 1995, Monroe and Wineland used trapped
ions to experimentally realize the first quantum logic gate, a controlled-NOT (CNOT)
gate [51]. This followed the first experimental demonstrations of laser-cooled ions in
1992 [52, 53, 54|, and the 1995 proposal of Cirac and Zoller to use cold trapped ions
to perform a CNOT gate [55].

More experimental implementations emerged in the late 1990s. Quantum com-
putational gates based on nuclear magnetic resonance (NMR)—first proposed by
Lloyd [56] and DiVincenzo [57, 58]—were demonstrated independently in 1997 by
Cory, Fahmy and Havel [59] and Gershenfeld and Chuang [60]. This led to the work
of Jones and Mosca in 1998, which implemented a two-qubit NMR quantum computer
in order to solve Deutsch’s problem [(1]. Shortly thereafter, Chuang and Kubinec im-
plemented a Grover search algorithm using NMR [62]. Around the same time, Loss
and DiVincenzo proposed the Loss-DiVincenzo quantum computer, which is based
on controlling the spin of charge carriers in quantum dot semiconductors [63]. In the
same vein, Kane proposed theoretically the first silicon-based nuclear spin quantum
computer, which would use nuclear spins of individual phosphorus atoms in silicon

as the qubits and donor electrons to mediate the coupling between qubits [64]. Also
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in 1998, Gottesman and Knill proved that some quantum computations could be
perfectly simulated in polynomial time (i.e., on a classical computer) [65]. The ex-
citement surrounding NMR qubits was dampened a bit in 1999, when it was shown
that none of the quantum computational experiments of NMR qubits at the time
could contain any entanglement due to poor scaling of the signal-to-noise ratio; the
quantum states were too strongly mixed [66]. Yet, it still remains an open question
as to whether entanglement is necessary for quantum computational speedup. Other
potential quantum computational platforms began emerging in 1999, including an
experimental demonstration of quantum annealing in a condensed matter system by
Aeppli and Rosenbaum [67], results for which the newly-founded Canadian quantum
computing company, D- Wave Quantum Systems Inc. (D-Wave), based their approach
on. Yet another platform emerged in this year when Nakamura, Pashkin, and Tsai

showed that a superconducting circuit could be used as a qubit [05].

2000s: The development of early quantum computers and proof-of-concept

demonstrations, and the announcement of the first industrial systems.

With these early successes, the interest in quantum computing started to grow
more rapidly. Given the growing efforts towards full-scale quantum computing, Di-
Vincenzo published a list of requirements for the implementation of quantum compu-
tation in 2000 [69]. Throughout the 2000s, many more proof-of-concept demonstra-
tions emerged. Though limited in capability and scale, these early demonstrations
still showed the basic principles of quantum computing. In 2000, a 5-qubit NMR
computer was demonstrated at the Technical University of Munich in Germany [70],
and a 7-qubit NMR computer was developed at Los Alamos National Laboratory [71].
In the same year, the concept of adiabatic quantum computing was proposed at the
Massachusetts Institute of Technology (MIT), further diversifying the approaches to
quantum computation |72|; while the “universal” approach to quantum computing
takes a gate-based model, adiabatic quantum computing prepares a quantum sys-
tem in some initial state and allows it to evolve to the desired final ground state.
Also in 2000, researchers at IBM, Stanford, and the University of Calgary reported
the demonstration of a quantum order finding algorithm (with the same structure as

Shor’s algorithm) using a 5-qubit NMR, quantum computer |73].
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Only a year later, in 2001, Shor’s factoring algorithm was realized experimentally,
using seven NMR qubits to factor the number 15 [71]. Further doubt about the
future of NMR computing were raised around this time, when Linden and Popescu
proved that entanglement is necessary for a large class of quantum computational
protocols [75]. On the other hand, the viability of optical quantum computing was
established in a breakthrough proposal by Knill, Laflamme, and Milburn in 2001,
using only single-photon sources, linear optical elements, and single-photon detec-
tors [70]. In the same year, Raussendorf and Briegel proposed measurement-based
quantum computation |77], using measurements to imprint a specific quantum logic
circuit onto a particular class of entangled states, called cluster states. In 2002, the
first two-dimensional (2D) array of neutral atoms, trapped using optical tweezers, was
demonstrated at the University of Hannover [78]. In the following year, researchers
led by Blatt at the University of Innsbruck demonstrated the Deutsch-Jozsa algo-
rithm [79] and a CNOT quantum gate [30] on a trapped-ion quantum computer.
Demonstrations of quantum CNOT gates using only linear optical elements were also
demonstrated around this time, independently by Pittman et. al. at Johns Hopkins
University [31] and by O’Brien et. al. at the University of Queensland [32].

In 2004, the first instance of five-photon entanglement—the minimum number of
entangled qubits for universal quantum error correction—was demonstrated by Jian-
Wei Pan’s team at the University of Science and Technology of China (USTC) |33].
Also demonstrated in this year was the first working pure state NMR quantum com-
puter [84]. Another large step was made in 2005, this time in the direction of super-
conducting qubits, where the capacitance of a Josephson junction [35] was measured
for the first time independently by two teams, one at Chalmers University of Tech-
nology in Sweden [36]| and another between the Helsinki University of Technology and
the Landau Institute of Theoretical Physics in Moscow [27]. Also in 2005, quantum-
entangled W-states of up to 8 qubits were demonstrated using trapped ions [38].
Further developmental leaps were made in 2006 towards trapped atom and ion quan-
tum computers, with demonstrations of seven atoms in a stable line at the University
of Bonn [|89] and the first 2D ion trap at the National Institute of Standards and
Technology (NIST) [90]. Also in this year, a group at the University of Illinois at
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Urbana-Champaign demonstrated a photonic implementation of counterfactual quan-
tum computation [91], where results are inferred without actually running a quantum
computation. This year also saw developments of other potential solid-state quan-
tum computer technology, including quantum dots [92] and a silicon-phosphorus Kane
quantum computer [93]. Yet another large milestone in 2006 was the demonstration
of a 12-qubit NMR quantum computer by researchers at the Institute for Quantum
Computing (IQC) at the University of Waterloo, the Perimeter Institute for Theoret-
ical Physics, and MIT [94].

Developments continued through the late 2000s, in photonic platforms [, 95, 96,

, 98, 99], trapped atoms [100, | and trapped ions [102, , |, as well as in
superconducting [105, , , , | and other solid-state quantum computing
systems [110, , , , , |. Notable steps in photonic quantum comput-

ing during these years include demonstrations of the first one-way (measurement-
based) quantum computer |1 16], a compiled version of Shor’s algorithm with quan-
tum entanglement [117, 118], and waveguide quantum circuits |1 19], culminating in
demonstrations of Shor’s factoring algorithm on a photonic chip at the University
of Bristol [120], and of a general technique for quantum computational gates us-
ing higher-dimensional encoding schemes [121]. Superconducting quantum informa-
tion platforms also saw major steps reported, for example the synthesis of arbitrary
states [122] and the demonstration of two-qubit algorithms [123]. Several demonstra-
tions of the coupling of different types of qubits were reported [124, , , , 128],
holding importance in the context of quantum memory [129] or even potentially link-
ing two types of quantum computers together. In the same years, the possibility of
quantum computing without entanglement was described [130], and steps towards
topological quantum computers were also emerging [131, |. On the industrial side,
D-Wawe claimed to have developed a 128-qubit computer chip in 2008, though there
was (and still remains) skepticism about whether these systems are truly quantum
computers. Google then announced its collaboration with D-Wave in 2009 to develop
image search technology using quantum computing [133]. This year also marked
a significant step in trapped-ion quantum computing, where researchers at NIST
published a complete method for trapped-ion quantum information processing, on a

chip [134]—this was viewed, by some, as “the first quantum computer”, but it ought



1.2. A BRIEF HISTORY OF QUANTUM COMPUTING 8

to be noted that there exist several claims of this kind. Nevertheless, this was still
a major step in the field and solidified the view at the time that the most promis-
ing approach to quantum computing was with trapped ions. Also in 2009, Harrow,
Hassidim, and Lloyd published their quantum algorithm for solving linear systems of
equations, showing exponential speedup in comparison to any classical algorithm for

the same problem [135].

2010s: The race to demonstrate “quantum advantage”, both in academia

and industry.

The 2010s consisted of key advancements across all potential quantum comput-
ing platforms, punctuated by announcements in the rush to get commercial quantum
processors to market. In 2010, researchers at NIST, led by Wineland, realized a pro-
grammable two-qubit quantum processor with trapped ion technology [136]. In the
same year, Lanyon et. al. used a linear optic quantum computing architecture to cal-
culate the energy spectrum of the hydrogen molecule to 20 bits of precision [137], and
Peruzzo et. al. demonstrated a particular quantum algorithm, the quantum walk,
of two photons in an array of 21 waveguides [1358]. Yet another work which would
have a large impact in photonic quantum computing was the 2011 boson sampling
proposal of Aaronson and Arkhipov [139], demonstrating a problem which cannot
be efficiently simulated by classical computers. In 2011, D-Wawve introduced their
product, “D-Wave One”, operating on a superconducting 128-qubit processor [110].
The same year saw 14-qubit entanglement [141] and advancements in error correc-
tion [142, 143] in trapped-ion systems. At the same time, superconducting qubits were
used to implement the first quantum von Neumann architecture [141], and demonstra-
tions of quantum memory [145] and macroscopic entanglement [146] were reported
in diamond. In 2012, new proposals emerged in surface code quantum computing
for error correction [117], the world’s first dedicated quantum computing software
company, 1QB Information Technologies, Inc. (1QDBit), was founded, and diamond-
based quantum memory was shown to exceed one second [148]. This was followed
by a 2013 demonstration of room temperature storage in silicon defects of over 39
minutes [119]. Also in 2013, Childs, Gosset, and Webb showed that a multiparticle

quantum walk algorithm is capable of universal quantum computation [150]. Note
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that many other advancements were made in the early 2010s, including in trapped
ions [151, 152, 153, 154, 155], solid-state systems [156, 157, 158, 159, 160, 161, 162, 163]
and superconducting technology [16], photonics |16, , , , , |, and
topological implementations [171].

In 2015, D-Wave announced the availability of the “D-Wave 2X” system, claimed
to be a 1000-qubit+ quantum processor. Skepticism remained as to whether this sys-
tem could truly be called a quantum computer. This year also saw demonstrations of
nuclear spin qubits with six-hour coherence times [172], quantum error detection code
in superconducting qubit lattices [173], and 2-qubit logic gates in silicon defects [174].
By 2016, other players in the quantum computing market emerged. IBM released
what they called “the Quantum Experience”, an online interface to their supercon-
ducting quantum information processing systems. Their system was immediately put
to use to demonstrate new protocols in quantum information processing [175, .
Google also announced a simulation of the hydrogen molecule, performed with an
array of 9 superconducting qubits developed by the Martinis group at UC Santa Bar-
bara [177]. Another big collaboration, between Blatt (University of Innsbruck) and
Chuang (MIT), developed an efficient protocol for implementing Shor’s algorithm in a
trapped-ion quantum computer [178]. At the same time, quantum logic gates with ex-
tremely high fidelities were demonstrated in trapped-ion qubits [179]. D-Wave pushed
a 2000-qubit quantum annealer, the “D-Wave 2000Q”, to market in 2017, while IBM
unveiled a quantum computer with 17 superconducting qubits, later demonstrating
50 qubits where the quantum state could be preserved for 90 seconds. In the same
year, Microsoft revealed it’s quantum programming language, “Q+#”, which is inte-
grated with its Visual Studio development environment; programs could be executed
locally on a 32-qubit simulator, or on a 40-qubit simulator through Azure. Also in
2017, high-dimensional entangled photon states were generated on-chip [180].

By 2018, quantum processors with up to (and over) 1,000 qubits had been demon-
strated, but they were not yet large enough nor advanced enough to demonstrate
fault tolerance and quantum advantage. As such, Preskill coined a new term to de-
scribe the current state of the field: the “Noisy Intermediate-Scale Quantum” (NISQ)

era [181]. Announcements from other quantum computing startups emerged at this
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time. QuTech presented their silicon quantum dot qubit platform [182], Google an-
nounced their 72-qubit chip, “Bristlecone” [183], Intel confirmed the development of
a 49-qubit superconducting test chip, “Tangle Lake” [181], and Ion@ introduced the
first commercial trapped-ion quantum computer, which was later benchmarked in
2019 [185]. In 2019, IBM unveiled the “IBM Q System One”, the first circuit-based
commercial quantum computer. Google also revealed its “Sycamore” processor, con-
sisting of 53 qubits, after which it published a paper claiming that it had reached
“quantum supremacy” [17]. Note that nowadays, the term “quantum supremacy” has
been replaced by “quantum advantage”. Many other developments in the late 2010s
were published, for example in trapped ions [186, |, superconducting qubits |106],
and in photonics [188, . This decade ended with an impressive demonstra-

tion of boson sampling with 14 detected photons from Jian-Wei Pan’s team at the
UsSTC [190].

2020s: Interest in quantum computing is at an all-time high, with com-

mercial systems evolving rapidly.

Jian-Wei Pan’s team followed this up in 2020 with a demonstration of quantum
computational advantage using their photonic quantum computer, “Jiuzhang”, capa-
ble of performing calculations at 100 trillion times the speed of classical supercom-
puters [18]. In the same year, it was found that ionizing radiation from cosmic rays
and radioactive materials in the environment may pose limitations to the coherence
times of superconducting qubits if they are not shielded adequately [191]. Honey-
well announced their trapped-ion quantum computer with a quantum volume of 64
and also introduced a subscription service to access it. Meanwhile, the Canadian
photonic quantum computing startup, Xanadu, offered their own cloud service. Also
in 2020, Google reported the largest quantum chemistry simulation performed on a
quantum computer to-date, using a Hartree-Fock approximation on their “Sycamore”
processor, paired with a classical computer [192]. In 2021, Honeywell announced an
increase in their quantum volume to 512, and IBM published a quantum advantage
paper [193], later announcing its 127-qubit processor, “IBM Eagle”. Microsoft began
to offer “Azure Quantum”, their cloud quantum computing service, and Rigetti devel-

oped a method for networking their superconducting quantum computing chips [194].



1.2. A BRIEF HISTORY OF QUANTUM COMPUTING 11

In a similar vein, researchers at the Maz-Planck-Institute for Quantum Optics in Ger-
many demonstrated a prototype for distributed quantum computing [195|. Further
commercially minded demonstrations included the first compact trapped-ion quan-
tum computer, fitting into two 19-inch racks [196]. Programmable Rydberg atom
arrays, a subset of neutral atom quantum computing, also saw large developments in
2021 [197, 198]. In the same year, Jian-Wei Pan’s team added yet another impressive
publication to the literature, reporting a 66-qubit programmable superconducting
quantum processor, “Zuchongzhi”, claimed to be one million times more complex and
10 million times faster than Google’s “Sycamore” [199)].

Quantinuum (previously Honeywell) announced its new “H1-2” system in 2022,
which they claimed to have a quantum volume of 4096. IBM presented its 433-
qubit “Osprey” quantum processor in this year, as well. Turning its attention back to
NMR-based quantum computing, Japan released the first portable 3-qubit device for
educational purposes. Another exciting development in 2022, Xanadu, demonstrated
quantum computational advantage using their programmable photonic processor [19].
In 2023, QuiX Quantum demonstrated an impressive 20-mode photonic quantum pro-
cessor [200], Alpine Quantum Technologies demonstrated a quantum volume of 128 on
its 19-inch rack system, “PINE”, the startup Atom Computing exceeded 1,000 qubits,
fusion-based quantum computation was proposed [201], Microsoft declared its work on
topological quantum computing with Majorana fermions, and IBM reported evidence
for the utility of quantum computing in a pre-fault-tolerant era [202| and presented its
1121-qubit processor “Condor”, which is the culmination of its multi-year “Roadmap
to Quantum Advantage”. This year, the difficulty of simulating Gaussian boson sam-
pling was put to the test, with a new classical simulation algorithm [203]; however, the
boson sampling community need not worry yet, as there is still evidence that noise-
less Gaussian boson sampling remains classically intractable. Simmons, at Photonic
Inc., published results demonstrating the promise of defect centers in silicon [204],
bringing this technology to join other front-runners in the field. Quantinuum also
published its new “H2-1” quantum processor, now with 56 qubits [205], and the Psi-
Quantum team published results from their photonic quantum information processor,

boasting remarkably high interference visibility and state fidelity [206]. Most recently,
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Google published a breakthrough error correction scheme [207], using its new “Wil-
low” processor, a major step towards fault-tolerant quantum computing. There are
many other notable works through the 2020s to present, including research in various
solid-state quantum computing platforms [208, , , , , , , ],
trapped-ion 210, , 218] and trapped-atom [12, , 220] quantum computers, as
well as in photonic quantum computing platforms [221, , 223].

As of today, we are still in the NISQ era of quantum computing, where noise and
decoherence remain a challenge. Though a robust ecosystem is emerging in which
current quantum processors have been shown to perform certain tasks which are
difficult for classical computers, these devices are not yet capable of full-scale, fault-
tolerant quantum computing. Nevertheless, recent breakthroughs in neutral atom,
trapped ion, superconducting, and photonic quantum computing provide hope and
excitement that we may see such a device in the near future. Table 1.1 summarizes
and compares these quantum computing platforms.

Though efforts were made to ensure a comprehensive (yet somewhat brief) history
of quantum computing, the work referenced in this section does not constitute an
exhaustive list of all publications in the field; indeed, that would have been difficult
to do! It is also worth noting that, by the time this thesis is published, there will

likely be even more relevant work made available.
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Solid-state quantum computers

Superconducting circuits |17, , , |

e Pros: Leading the race, commercially; high-precision control of qubits; fast gate
operation; broad availability of control equipment

e Cons: Sensitive to noise, quick decoherence (sensitive to decoherence bursts);
cryogenic operation; intricate wiring, which increases with number of qubits; low
connectivity; anticipated need for optical interconnects; expensive

Semiconductor quantum dots (in silicon [225, 226, 227, 228] and germanium [229)])
and color centers (e.g., in silicon) [204]

e Pros: Compatibility with existing technology; potential for miniaturization; fast
gate operation; can be used to design topologically protected qubits

e Cons: Difficulty of controlling and reading out individual qubits; short coherence
times; sensitive to environmental noise; prone to defects in fabrication (or difficult
to engineer defects precisely); cryogenic temperatures (in most cases)

Atoms, ions, and molecules for quantum computing

Trapped ions [196, , 231]

e Pros: Fully connected network, long interaction ranges; one of the first technolo-
gies to demonstrate 2-qubit gates and quantum algorithms

e Cons: Cryogenic temperatures required; difficult to trap and control a large
number of ions; sensitive to noise; bulky system requirements (in some cases)

Trapped atoms [0, , , , , |

e Pros: With optical tweezers, can place atoms as desired; possible to move atoms
around for longer interaction distances; less sensitive to noise

e Cons: Cryogenic temperatures required; short interaction range; bulky system
requirements (in some cases)

Optical quantum computers |13, 19, , 206]

e Pros: Room-temperature operation; easy to integrate with communications in-
frastructure; naturally long coherence time

e Cons: Generating single photons is a challenge; implementing logic gates can be
complex and resource-intensive; can suffer from loss and noise; cryogenic tempera-
tures required for most detectors

Table 1.1: Summary of quantum computing platforms. The current front-
runners in quantum computing technology are summarized and compared.
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1.3 Quantum computing with photons

Recent breakthroughs [17, 18, 19| have confirmed photonic systems as highly
promising candidates for quantum information processing. Photonic platforms of-
fer advantages such as the ability to operate at room temperature and exceptional
resilience to decoherence, making them ideal for large-scale quantum computation.
Photonic quantum processors would also be the most readily integrable with quantum
communication platforms [235], a key requirement in the development of a quantum
internet [236]. Photonic quantum information processing requires the ability to en-
code information in one (or several) of the many properties of photons. Information
encoded in the polarization [237], frequency [235], spatiotemporal distribution [239],
orbital angular momentum (OAM) [210, 241], path [18], and time of arrival [242] of
photons has been demonstrated for a variety of quantum applications.

State-of-the-art photonic quantum processors are based on platforms which en-
code information in the path degree of freedom, using either free-space optics [18, 23]
or integrated photonics [211, , , , ]. Most free-space designs offer low
loss but are unavoidably large, limiting their stability, scalability, and programmabil-
ity. Integrated silicon-based platforms have seen universal programmability in up to
an impressive 20 modes [200]; however, these systems often suffer from coupling and
propagation losses, depending on the material used, potentially limiting their scala-
bility. To demonstrate a clear quantum advantage, quantum information processing
platforms must be scalable to a significantly larger number of modes (i.e., system
complexity) than has currently been demonstrated. An alternative platform based
on time-bin encoding is emerging, with high scalability potential.

As its name suggests, time-bin encoding is a technique which encodes informa-

tion in the time of arrival of a photon. Originally devised for quantum communica-

tion 249, , | due to its robustness against decoherence, there has since been a
growing interest in this encoding method [252], in particular for quantum information
processing [212, , , , |. The Canadian company, Xanadu, has recently

demonstrated the potential for time-bin encoding in scaling quantum processors to
achieve a quantum advantage [19]. To scale quantum processors, a critical require-
ment will be maintaining interferometric phase stability across the entire device for

extended periods of time. This challenging requirement can be satisfied by a promising
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new contender in the quantum computing landscape, which we have been developing
in the Ultrafast Quantum Photonics (UQP) group, and has been the primary focus

of my PhD research: ultrafast time-bin encoding.

1.4 Our all-optical approach

In ultrafast time-bin encoding (UTBE), information is encoded in the arrival time
of a photon on ultrafast timescales. This scheme uses ultrashort pulses to prepare sin-
gle photons with hundreds-of-femtoseconds (107!3s) duration, encoded in time bins
separated by several picoseconds (107'%s). Far from the timescales of mechanical
fluctuations, this operation regime offers improvements in system stability. Further-
more, time-bin states are prepared and manipulated in a common beam path, in the
same spatial mode, a useful feature which supports scalability. Programmability is
made possible by a series of all-optical phase shifters and mode couplers which can
arbitrarily manipulate the quantum information to be processed (i.e., the sequence
of time bins). The building blocks that allow for this are passive birefringent crystals
(a-barium borate) and active all-optical modulation (via the optical Kerr effect) in
single-mode fiber. Birefringent crystals are relatively inexpensive and compact op-
tical elements that, with the proper coating, provide minimal loss (< 1%). Optical
Kerr gating can modulate quantum optical signals with high speed and bandwidth,
and > 99% efficiency [257, , |; it is also crucial for measuring the output of a
quantum processor based on UTBE.

The development of ultrafast optical Kerr gating and UTBE has thus been the
primary focus of the work presented in this thesis. Prior work in the UQP group at
the University of Ottawa and National Research Council (NRC) of Canada laid the
foundations for this work [257, 258|. Beyond their promise for quantum information
processing, the optical Kerr gate and UTBE platform have also been demonstrated

for other applications [259], including quantum communication [260, , 262].
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1.5 Organization of Thesis

I hope that Chapter 1 has provided you with an enjoyable overview of quantum
information processing, and has given you a feel for the current state of the field. 1
also hope that this has excited you to continue reading!

The remainder of this thesis will take you on a journey through the development
of UTBE for quantum information processing. Chapter 2 presents a background on
ultrafast and nonlinear optics, with a focus on the development and characterization
of optical Kerr gating. This chapter also demonstrates implementations of the optical
Kerr gate for ultrashort pulse generation [263] and frequency-selective gating [264].

Chapter 3 provides a background on quantum optics, focusing on the generation,
detection, and characterization of single photon sources—all crucial capabilities for
photonic quantum information processing. This chapter ends with a demonstration
of the optical Kerr gate for characterization of single photons [265].

Key concepts of photonic quantum information processing are presented in Chap-
ter 4, along with proof-of-concept demonstrations of photonic processors, based on
UTBE, acting on a single photon. These demonstrations include a specific quantum
computational algorithm, the quantum walk (QW) [266], as well as programmable
photonic quantum circuits [267].

These proof-of-concept demonstrations are extended to the multiphoton regime in
Chapter 5. The ability to operate in the multiphoton regime is a crucial capability for
scalable photonic quantum information processing. This chapter presents background
on multiphoton interference, which is then demonstrated for up to three photons [268].

This thesis ends with an outlook on UTBE for photonic quantum information
processing in Chapter 6.

Note that some sections in this thesis are denoted with an asterisk (*). These
sections offer additional background information that I consider useful; however, they
can be skipped on a first reading without disrupting the overall flow of this thesis.
Also note that supplemental documents are provided for some publications. These

are included for completeness, but are not required reading.
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Chapter 2

Some background on ultrafast and

nonlinear optics

All-optical quantum information processing in the ultrafast regime requires the
ability to generate, manipulate, and measure photons in ultrafast time bins. In or-
der to achieve these capabilities, we can make use of ultrashort pulses of light and
nonlinear all-optical gating. This chapter presents several important concepts in ul-
trafast and nonlinear optics which form the fundamental basis for the development of
our all-optical approach to quantum information processing. Section 2.1 presents key
concepts from ultrafast optics, while Section 2.2 presents key concepts from nonlinear
optics. Sections 2.3 and 2.4 conclude this chapter with early demonstrations of the
development and characterization of our ability to generate, manipulate, and measure

light on ultrafast timescales.
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2.1 Ultrafast optics

As its name suggests, the field of ultrafast optics deals with ultrafast processes and
phenomena. At this point, you may be wondering what timescales the term ultrafast
refers to. Generally, the term ultrafast is used to describe processes which occur on

the picosecond timescale and below [269]:

1 picosecond (ps) = 107 s
1 femtosecond (fs) = 107" s

1 attosecond (as) = 107 "% s.

To build an appreciation for just how fast these timescales are, it is useful to consider
their spatial equivalent. Here, I will paraphrase a nice description from Andrew
Weiner’s book, Ultrafast optics [269]: If it were possible to take a snapshot of a
1s pulse of light, we would see this pulse stretched over a distance of 300,000 km
(the distance light travels in one second); this distance is a little more than 3/4 of
the distance between the Earth and moon (384,400 km). Skipping to the timescales
relevant to most high-speed electronics, the spatial extent of a nanosecond pulse is
30 cm. Moving to wultrafast timescales, a picosecond has a spatial extend of 0.3 mm,
about the thickness of a business card. When considering that most lasers have a
beam diameter of a few millimeters, it may be better to visualize ultrashort! pulses
as pancakes of light rather than pencils of light.

Ultrashort pulses of light have many advantages, including high timing resolution,
high spatial resolution, high bandwidth, and the potential for high intensity opera-

tion. They have been applied in a wide range of applications, including ultrafast

time-resolved spectroscopy 270, 271], high-precision metrology [272], machining and
processing of materials [273], nonlinear microscopy [274], and optical communica-
tions [275]. This thesis extends the application space of ultrashort pulses to include

quantum information processing in the ultrafast regime. The following subsections

describe the generation, propagation, and manipulation of ultrashort pulses.

INote here the necessary distinction between ultrafast and wultrashort. While ultrafast is used
to describe events occurring on picosecond timescales or shorter, ultrashort describes the temporal
width of a pulse wave packet. Ultrashort pulses can be considered ultrafast events.
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2.1.1 Generating ultrashort pulses

Ultrashort pulses intrinsically require a broad optical bandwidth. This statement,
in itself, arises from decades of deep insight into Fourier analysis and related uncer-
tainty principles. Fourier analysis dictates that any nonzero function and its Fourier
transform cannot be simultaneously sharply localized [276]. Likewise, the variance of
a function and of its Fourier transform cannot be simultaneously small, as described
by Heisenberg’s uncertainty principle [277] and the Gabor limit in signal process-

ing [278]. This imposes a limit on the time-bandwidth product (TBP),
At Af > TBP, (2.1)

where At and Af are the time and frequency full width at half maximum (FWHM)
power (i.e., squared) representations, respectively. For Gaussian pulses TBP = 0.44
and for sech?-pulses TBP =~ 0.315. Returning to the task at hand of generating
ultrashort pulses: to generate a signal which is highly localized in the time domain,
At, we need a broad optical bandwidth, A f, which satisfies Eq. 2.1.

Ultrashort pulse generation thus requires a laser? which is capable of support-
ing multiple longitudinal modes. The bandwidth of operation for a given laser is
determined primarily by its gain medium. A typical helium-neon (HeNe) laser has
a gain bandwidth of around 1.5 GHz (a 0.002nm range at a central wavelength of
633 nm), whereas a titanium-doped sapphire (Ti:Sapph) solid-state laser has a gain
bandwidth of about 128 THz (a 300 nm range centered at 800 nm). Another impor-
tant factor which determines the emission bandwidth?® of a laser is its optical cavity.

Only standing modes are allowed to oscillate within the cavity, with frequencies

mc
= — 2.2
I/q 2L ? ( )
where c is the speed of light, L is the length of the cavity, and m is an integer number;

any other frequencies will be suppressed by destructive interference. In practice, the

2T will not go into details of basic laser operation in this thesis; for a nice resource on this topic,
I recommend Laser Physics by Milonni and Eberly [279].

3Not to be confused with gain bandwidth. The emission bandwidth is the bandwidth of light
generated (which is influenced by the gain bandwidth).
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cavity length is usually much larger than the operating wavelength, A = ¢/v, of a laser.
This means that the relevant values of m are generally large (~ 100). It is perhaps
more practical to consider the frequency separation between any two adjacent modes,

m and m + 1, within the cavity,

C

The frequency separation can be compared to the gain bandwidth to determine the
number of supported modes for a given laser, see Fig. 2.1. To put this into perspective,
we can compare the number of allowed modes in a HeNe laser and Ti:Sapph laser.
The mode frequency separation for a HeNe laser with L ~ 30cm is about 0.5 GHz,
so its 1.5 GHz gain bandwidth can support up to 3 longitudinal modes. On the other
hand, the 128 THz gain bandwidth of a Ti:Sapph laser (assuming L ~ 55cm) can
support over 450,000 longitudinal modes!

We clearly see that not all lasers will be capable of ultrashort pulse generation;
yet, even a laser that can support many longitudinal modes, such as Ti:Sapph, will
not generate ultrashort pulses if each of these modes oscillates independently. If
instead each mode has a fixed phase relation with the other modes, the modes can
periodically all constructively interfere to produce an intense burst of light. This can
be shown as follows; the electric field of a multimode laser, assuming operation in a

single transverse mode, is

E(Z, t) — Re {Z Emei(kmz—wmt+¢m)} ’ (2‘4)

where F,, is the complex phase amplitude, w,, is the angular frequency, k,, is the

wave vector, and ¢,, is the phase of mode m. We have that

2mme
2L
and k,, = w—m, (2.6)
c

W, = Wy + mMAw = wy (2.5)
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(a) Longitudinal mode spacing
Av =c/2L

Laser gain . A

Cavity loss

Frequency

(b)

Laser output

-~
v

Frequency

Figure 2.1: Multimode laser operation. The laser gain (shaded red curve), cavity
loss (dashed black line), and longitudinal modes (black lines) are shown
in (a); these quantities dictate the multimode laser output, shown in (b).

where wy is the carrier frequency®, which gives

E(z,t) = Re {e”“‘)(z/ > Emei[mAW/c—WmJ} . (2.7)

Assuming that there are N oscillating modes with equal amplitude, Fy, and a fixed

41t is worth noting that the carrier frequency is left arbitrary here. In many mode-locked lasers,
the carrier frequency is allowed to drift; however, in some instances it must be stabilized.
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phase of zero, we can then write
(N—1)/2
E(z,t) =Re Egeiwo/e=t) Z glmaw/e=t] & (2.8)

~(N-1)/2

If we substitute m — m + (N — 1)/2, we can then make use of the identity

q—1
1—a?
m— 2.
Sanlz 29
m=0
and arrive at the result of

2 1) — Re eiwo(z/c—t)sm[(NAW/2)(Z/C—t)]
Ble) = e { BT 210

which, for a given location in the cavity, say z = 0, the time-averaged intensity is

,sin?(NAwt /2)

I(t) ~ | Byl sin?(Awt/2)

(2.11)

We see that, if we can somehow manage to lock together the phases, ¢,,, of N
longitudinal modes in a multimode laser cavity, we will generate a train of pulses, as
shown in Fig. 2.2. The output pulses are separated in time with a period equal to
the time it takes light to make a round trip of the cavity, T,y = 2L /¢, corresponding
to a repetition rate, Av = 1/T}, equal to the mode spacing of the laser. The pulse
duration is approximately 7 = 27/NAw = 1/NAv, which is about equal to the
inverse of the total laser bandwidth, and agrees with the TBP in Eq. 2.1. The peak
intensity is proportional to N?|FEy|?, while the average intensity is proportional to
N|Ep|?. The process which generates such a pulse train is known as mode locking.

In practice, initiating and maintaining mode-locked laser operation is achieved
through modulation, which can be active or passive. Active mode locking uses a
modulator that is driven externally, while in passive mode locking, the pulse of light
modulates itself through nonlinear processes. In both cases, the modulation will
generate a periodic loss which corresponds to the cavity round-trip time. Mode locking

can be conceptualized as a “survival of the fittest” phenomenon; laser oscillation will
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2L
Nc
‘ — . —ik—
2L — N=10

Figure 2.2: Mode-locked laser output with constant mode phase. Eq. 2.11 is
plotted for various values of N. We see that, for increasing N, the pulse
width decreases and the peak intensity increases.

only occur in the brief intervals of time where the periodically modulated loss is at a
minimum. Between these time intervals, the loss will be too large for laser oscillation.
Laser oscillation will thus only occur if it is possible to generate a train of short pulses
separated by T}, which can only occur when that train of pulses is mode-locked.

In order to arrive at a stable mode-locked solution, we require that a pulse re-
produces itself after one round trip in the laser cavity. We consider a single pulse
(i.e., not a pulse train), defined in time by the complex amplitude, A(¢), at a certain
position within the cavity (e.g., just before the output coupler). Note that the ampli-
tude should be normalized such that taking the squared modulus is either the optical
intensity or optical power in the gain medium. We then consider all possible changes
to the pulse, AA(t), which can occur within a single round trip, including changes
caused by laser gain, optical losses, chromatic dispersion, and optical nonlinearities.
The consideration of these effects will depend on the mode locking method.

After n round trips through the cavity, the pulse amplitude can be written as

A(T,t), where T' = nTy. Taking T as a continuous variable, our requirement for
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stable, mode-locked operation is

0

T —
'oT

A(T,t) = AA(T,t). (2.12)
In the case of an actively mode-locked laser with intra-cavity dispersion and a Kerr
nonlinearity, this equation becomes

Trta%A(T, t)=|g+ (D, + Z'Dg)g—; -1 %wiﬂ —i§|A]?| A(T, 1), (2.13)
where the terms on the right-hand side describe (from left to right) the saturated
gain, the net gain filtering (i.e., the frequency dependence of the gain) and second
order dispersion, the cavity losses, the time-dependent active modulator losses (in
the parabolic approximation for small time arguments), and the Kerr nonlinearity.
Eq. 2.13 is referred to as the Haus master equation [280], and can be seen as a
generalization of the nonlinear Schrodinger equation. Some of these terms may be
neglected for other mode locking scenarios.

We see that care must be taken to ensure that pulse broadening effects are balanced
by pulse compression effects. It is also important to recognize that the changes to
the pulse profile per round trip should be small; this condition is satisfied in many
mode-locked lasers, but is often problematic when considering few-cycle pulses. In
the case of few-cycle pulse generation, changes to the pulse parameters during a single
round trip are usually large enough that the ordering of optical components within
the laser cavity is an important consideration. There are many different ways in which

to achieve mode locking; the most common methods are outlined in Table 2.1.

2.1.2 Propagation of ultrashort pulses in media

At an early point in our physics education, we are taught about the concept of
light “slowing down” when it travels, for example, in water compared to in air. This
effect is described by the refractive index, n, of an optical medium, which is often

defined as the ratio between the speed of light in vacuum, ¢, and the phase velocity
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Active mode locking

Electro-optic modulator

e When driven with an electrical signal, this produces a sinusoidal amplitude mod-
ulation of light in the cavity. This modulator acts as a weak “shutter”, synchronized
to the cavity round-trip time. The strength of the modulation need not be large,
since the same part of the light is repeatedly attenuated as it traverses the cavity.

Acousto-optic modulator

e When driven with an electrical signal, this induces a small, sinusoidally varying
frequency shift in the light passing through it. If the frequency of modulation
matches the cavity round-trip time, some light will experience repeated frequency
upshifts and some light will experience repeated frequency downshifts. After many
round trips, the upshifted and downshifted light is swept out of the gain bandwidth
of the laser, and only the unaffected light (with zero frequency shift) remains.

Passive mode locking

Saturable absorber

e This device exhibits an intensity-dependent transmission; it will selectively absorb
low-intensity light, but transmit high-intensity light. This process repeats as the
light traverses the cavity many times, leading to selective amplification of the high-
intensity light, and the formation of a pulse train.

Kerr-lens

e This makes use of a nonlinear optical process (the optical Kerr effect) which
results in high-intensity light being focused more tightly than low-intensity light.
Careful placement of an aperture in the laser cavity can then be used to select only
the high-intensity, more focused light, leading to an ultrashort pulse train.

Table 2.1: Mode locking methods. The most common mode locking methods are
presented and briefly explained.

of light within the medium, n = ¢/v,°. In most cases, the index of refraction, and
thus also the phase velocity of light, will depend on its frequency; this phenomenon

is referred to as dispersion.

5The physics which describes this is nicely detailed in Volume I, Chapter 31 of the Feynman
Lectures on Physics [281]. This reading material was recommended to me, in my first year of PhD
studies, by Ben; I enjoyed it, and so I also pass along the recommendation here.



2.1. ULTRAFAST OPTICS 26

The phase velocity,

c
v, = —, 2.14

p=— (214)
describes only one frequency component, often referred to as the carrier frequency of
some signal. Yet, in many cases—particularly in communications—it is not the car-
rier frequency which transmits information, but rather the modulation of the carrier
frequency (e.g., the envelope of an ultrashort optical pulse®). The velocity at which

a pulse propagates in an optical medium is described by its group velocity,

C C
7 n+ w—zllz n— )\—‘j;; ( )

We see that, when an optical signal consisting of more than one wavelength travels
through a dispersive medium for which the index of refraction is frequency-dependent
(a fairly standard case), the group velocity will be different than the phase velocity.
Furthermore, we see that the group velocity itself will vary with frequency; this
phenomenon is known as group-velocity dispersion (GVD) and can cause an ultrashort
pulse to be temporally broadened.

GVD is an important consideration for the work presented in this thesis, which
exploits effects that occur when ultrashort pulses are transmitted through optical
fibers. As such, we take the time here to more formally describe GVD. For an input
pulse, Ei,(t), with spectrum, Ein(w), passing through a dispersive medium which

imposes a spectral phase, ¢(w), the output pulse can be written as”™%?

1 ~ S
Eou(t) = Re {\/_27 / dw Apy (w — wo)e_“"te“f’(“_wo)} : (2.16)

6In some cases, the group velocity of a pulse can be superluminal (larger than the speed of light in
vacuum, ¢) [282], and the group velocity cannot be interpreted as a velocity of information transfer.
The information velocity will actually always be equal to c—even if the refractive index and group
index are larger than one [283].

"The properties of a linear time invariant system allow an output signal in time to be described
as the weighted integral over the input signal (i.e., a convolution between the input signal and the
transfer function of the system). This can be simplified by operating in Fourier space, where a
convolution in the time domain is equivalent to a multiplication in the frequency domain.

8The output pulse, Eqy(t) can be obtained directly by either taking the inverse Fourier transform
of the double-sided spectrum, Ein(w), or from the real part of the single-sided spectrum, as we use
here. See Section 1.5 of Ultrafast Optics for useful analytical aspects of Fourier transforms [269].

9Unfortunately, there are many conventions used for taking the forward and backward Fourier
transforms, which can get confusing. Here we use the convention common in modern physics [284].



2.1. ULTRAFAST OPTICS 27

For propagation through a dispersive medium of length, L, we can write

6(w) = Bw)L, (2.17)
where
bl = (2.18)

is the propagation constant of the medium. In general, n(w), and thus also f(w), are
arbitrary functions of w. This can make it difficult to find an analytical solution for
Eout(t); however, if the pulse bandwidth is narrow relative to the curvature of n(w),
then a good approximation can be made with a Taylor series expansion of f(w),

centered about the carrier frequency, wy,

B(w) % Bluwo) + B'(wn) @ — w0) + " (w0) = wo)? + 56" (o) — o)’ + -+

~ Bt o — o) 2 — w0l + D (219)

where we denote 3, = Z2| . Substituting Eq. 2.19 into Eq. 2.16, and redefining

Ow lwo
(w— wp) — w, we can write the output pulse as

et(BoL—wot)

V2r

We see that Ey(t) is the product of a carrier term, e®2=«0% ' (which propagates

Eou(t) = Re{ dwgin(w)ei([51w+ﬁ22°’2+ﬁ63w3+"']L_“t)} ) (2.20)

at the phase velocity, v, = wy/Bo, and is not affected by the variation of 5 with w)

and an envelope function,
1 ~ : B2, 2, B3, 3
Aout(t) - de1n<W)eZ([61w+7w +?w +~~-]L—wt)’ (221)
\ 2T

which is evidently affected by the form of 5(w). To build up an intuition of how each

of the terms in f(w) will influence the propagating pulse, we first consider the simple
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case where ((w) is a linear function of w,

B(w) = By + frw. (2.22)

Taking the Fourier transform, we arrive at
Aout(t> - Ain(t + 61[/)7 (223>

where we see that the output pulse is an undistorted replica of the input pulse,
delayed by 7 = ;L. This is consistent with the Fourier transform identity stating

that the Fourier transform of a delayed pulse, A(t 4+ 7), is given by A(w)e™™. The
delay imparted by [; is related to the group velocity,

-1
_1_ (98
v =5 = <8w > . (2.24)

where Eq. 2.24 is consistent with our previous definition of vy, Eq. 2.15.

When f(w) is not a linear function of w, the higher-order terms alter Ay (%)
relative to A;,(t). The Py term contributes a quadratic spectral phase variation, which
imparts a chirp to the output pulse (i.e., a linear variation in delay with frequency).
This term leads to GVD, and it is often acceptable to truncate the expansion of 5(w)
here; however, when dealing with very broad optical spectra (e.g., in sub-10fs laser
design and chirped pulse amplification), higher-order terms (83 and beyond) must be
retained. These higher-order terms contribute additional distortions to the overall
pulse shape; for example, the B3 term contributes a cubic spectral phase variation,
resulting in an asymmetric distortion with an oscillatory structure. To understand
the work presented in this thesis, we only require knowledge of up to (5, so the rest
of this section will focus on the effects of quadratic dispersion.

For a given frequency component, w, the time it will take to propagate through

a length, L, of a dispersive medium is 7(w) = L/v,(w). It is useful to think of this
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propagation time relative to that of frequency wy,

or

T(w) — T(wo) = AT(w) = %(w — wp)
= %(w —wo)L = fa(w — wo) L. (2.25)

We see that we can relate this propagation time difference to the quadratic phase
term in our expansion of f(w). It is often more convenient to work with wavelength,

A, a opposed to angular frequency, w, which are related by
A= —, (2.26)

allowing us to write A7 in terms of the wavelength offset, A\,

o(v, 1) —27cBy ANL
AT(N) = a—i()\ — X)L = — e (2.27)
In fiber optics, GVD is commonly quantified by the dispersion parameter,
vy —2
-2 _ ez (2.28)

O\ A2

which is customarily given in units of [ps|[nm]~* [km] .
For a Gaussian pulse, it is straightforward to express the broadening due solely to
second-order spectral phase. We consider an unchirped input pulse with a pulse-width

parameter of ¢,
A (t) = Agexp (—t7/t2), (2.29)
which, in the frequency domain is given by
Ap(w) = Ao\/tf,? exp (—t2 w?/4). (2.30)

After propagation through a length L of dispersive medium with dispersion £3,'°, this

10Here, B is assumed to take on a positive value, and so the remainder of this description falls
within the normal dispersion regime.
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pulse has an envelope of

Aot (1) = Ao exp (—L) (2.31)

S+ 2L, /22 L+ 2L/t

The intensity profiles of the input and output pulse envelope are, respectively,

|Ain ()7 = |Ao]? exp (—2t° /1) (2.32)

and

|42 < 262 /12 )
| Aout ()]* = —exp | — : (2.33)
\/ 1+ (2L6/12)° L+ (2LBa/82)°

and we see that the pulse is lengthened to

pOUt \/tp in 2L/82/tp ln) . (234)

Until this point, we have intentionally left vague the definition of the pulse-width
parameter, t,; however, here we note that we can relate ¢, to two common definitions
of pulse width, either the intensity standard deviation, o = \/§tp, or the intensity
FWHM, tpwiu = 2vIn2¢,'%. Tt is worth noting that material dispersion can be either

normal or anomalous, leading to pulse lengthening or compression, respectively.

2.1.3 Manipulating ultrashort pulses

In many situations it is desirable to have control over the properties of an ul-
trashort pulse (or sequences of ultrashort pulses). As discussed in Section 2.1.2,
dispersive media can be used to stretch or compress ultrashort pulses which is useful

12

in mode-locked pulse generation, chirped pulse amplification'®, and ultrashort pulse

characterization [280]. Pulse shaping can also be used to carefully control chemical

1T reiterate here that o and tpwmm are two ways of defining the intensity envelope of the pulse,
and should be adjusted accordingly when working with the field envelope.

12The 2018 Nobel Prize in Physics was awarded to Donna Strickland and Gérard Mourou, for the
practical implementation of chirped pulse amplification [285].
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reactions [287], or to produce a train of pulses for high-speed optical communica-
tions [285].

Pulse shapers are effectively modulators, defined by some modulating function
in the time (direct pulse shaping) or frequency (Fourier transform pulse shaping)
domain. The speed of direct pulse shaping is limited to the speed of its driving elec-
tronics, which can be problematic for ultrashort pulse shaping. Current approaches
circumvent this issue by using dispersive pulse shaping, for example with chirped
mirrors, fiber Bragg gratings, liquid crystal modulators, or acousto-optic modulators.
Another option is to exploit the timescales of ultrashort pulse sources themselves,
which this thesis presents. For this, nonlinear optical interactions are required, as

discussed in more detail in Section 2.2.

2.2 Nonlinear optics

When working in an experimental optics lab, it is of practical interest to under-
stand the physics describing light in matter. To simplify things, we will confine our
discussion here to light-matter interactions in which the magnetic field strength is
much weaker than the electric field strength, and consider only electric fields in mat-
ter'3. Of course, matter comes in many varieties, but we will restrict our discussion
to the most relevant here: dielectric material. Dielectrics are electrical insulators.
When placed in an external electric field, the electrons within a dielectric are not free
to flow through the material; rather, their average position within the atom shifts,
very slightly but enough to induce a dipole moment between the electron and atomic
nucleus'#. Although these shifts are small for a single atom, the cumulative effects

within the dielectric as a whole cause it to become polarized, with a polarization

13This is generally a good assumption—the force exerted by the electric field on a charged particle
is e E, while the force exerted by the magnetic field is e v x B. The magnetic force will only be com-
parable to the electric force when the velocity of the particle becomes relativistic. Furthermore, most
materials used in optics experiments are not magnetic, and so they have a magnetic susceptibility
of zero.

141f the field is very large, then it can pull the electron away from the atomic nucleus completely,
“ionizing” it. We are not working in this regime here.
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density (dipole moment per unit volume) of
P(t) = eoxVE(t), (2.35)

where € is the electric permittivity of free space and yV) is the linear electric suscep-
tibility of the dielectric, which measures how easily it can be polarized. We see that
an oscillating electric field, E(t), leads to an oscillating material polarization, P(¢).

The induced polarization is approximately proportional to the incident electric
field, provided the electric field is not too strong. This is indeed the case for con-
ventional (linear) optics; however, with access to lasers (and in particular, ultrafast
lasers which can have very high peak field intensities) the incident electric field can
modify the optical properties of the material system through which it travels, and
the polarization will respond nonlinearly to the incident electric field. The field of
nonlinear optics studies phenomena that arise from this effect!>. Such phenomena
are crucial to the work in this thesis—from measuring ultrafast time-bin signals to
providing sources of photons.

In nonlinear optics, the optical response of a material can be described as a gener-
alization of Eq. 2.35, where the polarization is expressed as a power-series expansion

of the electric field strength,
P(t) = ¢ XVE®) + XPEX(t) + XPE ) +---]. (2.36)

For very small E(t), we see that Eq. 2.36 is well-approximated by Eq. 2.35. For large
enough E(t), we must consider the higher-order terms, where x?), and x® refer to
the second- and third-order nonlinear optical susceptibilities, respectively. In general,
E(t) and P(t) are vector quantities'®, and the susceptibilities, x(™, are tensors of rank

n + 1. Note that tensor indices are suppressed throughout this thesis for simplicity.

15T refer you to Robert Boyd’s book Nonlinear Optics [289], which is a fantastic resource for
learning about this field.

16Vector quantities are denoted here by bold font, where the functional dependence on r is sup-
pressed for simplicity.
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We simplify our discussion here by considering only scalar fields, such that that

P(t) = ¢ [X(I)E(t) + X(2)E2 (t) + X(3)E3 (t) + - }
= P(l)(t) + P® (t) + P® (t) +o (237)

where we have assumed that the instantaneous polarization at time ¢ depends only
on the instantaneous field strength (that is, we assume an instantaneous material
response time). The nonlinear susceptibilities generally depend on the frequencies of
the applied fields, but we can take them as constants under our current assumptions.

To simplify our discussion, we will refer to PM(t) = ¢oxVE(t) as the linear po-
larization, P®)(t) = ¢gx® E?(t) as the second-order nonlinear polarization, P®)(t) =
cox® E3(t) as the third-order nonlinear polarization, and so on. In some cases, it is

convenient to group the nonlinear polarization terms into one and write
P(t) = PW(t) + PN (1), (2.38)

where PNU(t) = PO(t) + PO)(¢) 4+ ---. We will see in the coming sections how the
nonlinear polarization components can generate new fields with different frequency
components. It should be noted that the power-series expansion of the electric field
in Egs. 2.35 through 2.38 need not necessarily converge—this is indeed the case if the
applied laser field strength becomes comparable to the atomic field strength (i.e., for
laser intensities around 10'® W /cm?), where strong photoionization is possible. The
work presented in this thesis does not enter this regime (referred to as “intense-field

nonlinear optics”); as such, it is not discussed further.

2.2.1 Nonlinear propagation of electric fields in media

We will show in this section how nonlinearities induced in the response of a mate-

rial to intense laser fields can lead to the generation of new frequencies of light. We
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start with Maxwell’s equations,

V. D(t) = p(t) (2.39)
V-B(f) =0 (2.40)
v xB() = - 20 (2.41)
VxH@%:@%Q+J@, (2.42)

where D(t) = ¢)E(t) +P(t) is the electric displacement field, H(t) = MLOB(t) —M(t) is
the magnetic auxiliary field (where B(¢) is the magnetic field, ug is the permeability
of free space, and M(t) is the magnetization), p(t) is the free charge density, and
J(t) is the free current. All nonlinear processes we consider in this thesis occur in
materials that do not have free charges, p(t) = 0, are not surrounded by wires that
apply free currents, J(¢) = 0, and are non-magnetic, M(¢) = 0. We can take the curl

of Eq. 2.41, and make use of 2.42, to show that
_8B(t)
ot
0
-2 (vxB@ )
5 (V% BW

5 (n75)

62

= Hogs <€0E(t) + P(t)>- (2.43)

VxVxE(({t) =V x

After some rearrangement, we arrive at the wave equation,

1E(t) 1 °P(t)

E __
VX VX (t)+02 ot? ec: Ot?

(2.44)
where we have made use of the fact that ¢ = ﬁ Using the vector calculus identity,

VxVxA=V(V-A)-V?A, (2.45)
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we can re-write Eq. 2.44 as

1OPE() 1 &P(t)

. J— 2 — —
VIV-E@) VE(t)+02 ot? eoc?  Ot?

(2.46)

The term V (V - E(t)) vanishes in the linear regime because V - D(t) = 0 implies
V - E(t) = 0, but it need not necessarily vanish in the nonlinear regime, even for
isotropic materials; however, we can still usually drop this term in nonlinear optics.
For example, if E(t) is a transverse, infinite plane wave this term vanishes. Alterna-

tively, in the slowly varying amplitude approximation,

: (2.47)

d*E(t) dE(t)
ar ‘ < ‘ at

this term will be very small and can be dropped. For the work presented in this
thesis, we can assume that the contribution from V (V - E(t)) is negligible, and the

wave equation is

_1OPE(t) 1 P(t)
2 o2 g2 Ot?

V2E(t) (2.48)
We can split the polarization field into its linear and nonlinear components, P(t) =
PM(t) + PNE(t), and refer to the linear component of the electric displacement field
as DW(t) = ¢E(t) + PY () in order to write the wave equation as
1 9*DW(t) 1 0?°PNL(1)

E(t) — = 2.4
\ () €0C2 o2 €oc? ot2 ! ( 9)

which is often a more convenient form to work with. For a lossless, dispersionless
material, DV () = egeVE(t), where €V) is a real, frequency-independent dielectric
tensor. If the material is isotropic, €V is a scalar quantity and can be written as e(!).
The wave equation is then

M 9?E(t) 1 0?PNE(t)

2
VZE(t) — P vl R VR (2.50)

which takes the form of a driven wave equation, where the nonlinear polarization

acts as a source term capable of generating new fields with different frequencies.
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In the absence of this source term, these equations describe free waves propagating
with velocity ¢/n (where n is the linear index of refraction). Here, we have assumed
that the electric field, E(t), is monochromatic; however, for the case of a dispersive
medium, we must consider separately each frequency component of E(t). In this
case, the electric, linear displacement, and polarization fields can be written as sums

of their various frequency components,

E(r,t) =) Eu(r1) (2.51)

DO(r,t) =) DV (r 1) (2.52)
PNU(r,t) =Y PYM(r, 1), (2.53)

E,(r,t) = E,(r)e ™" +c.c. (2.54)
DW(r,t) = DW(r)e ™t L c.c. (2.55)
PN (r,t) = PYE(r)e ™! +c.c., (2.56)

where c.c. stands for complex conjugate. Neglecting dissipation, a driven wave equa-
tion can be written for each frequency component,
1 2DV 1 0*PNL(1)

E,(t) — = : 2.
VE. (1) €c2  Ot? €oc?  Ot? (2.57)

In the following sections, we consider nonlinear optical processes that arise from the

source term, PNE(¢).

2.2.2 Second-order nonlinear optical processes

We first consider the y®) term in our power-series expansion of the polarization
in Egs. 2.36 to 2.38, which is responsible for second-order nonlinear optical pro-
cesses. Second-order optical nonlinearity is the lowest order of nonlinear processes,

and leads to nonlinear optical effects including second-harmonic generation (SHG),



2.2. NONLINEAR OPTICS 37

sum-frequency generation (SFG), and difference-frequency generation (DFG), the last
of which is crucial in the functionality of optical parametric oscillators (OPOs) and
amplifiers (OPAs). It should be noted that second-order nonlinear processes can only
occur in non-centrosymmetric media (i.e., crystals lacking a center of inversion). This
will be demonstrated in the context of SHG.

Second-harmonic generation (SHG)

The field of nonlinear optics is generally thought to have begun with the first
demonstration of SHG [290], one year after the first working demonstration of the
laser by Maiman [291]. SHG is therefore a nice first example for us to consider, and

is depicted schematically in Fig. 2.3(a).

(a) (b)
w
w
——
© @
—_— X 2w il W 2w
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w

Figure 2.3: Depiction of second-harmonic generation (SHG). A schematic di-
agram of the fields involved in SHG in a x(® crystal is shown in (a), while
the corresponding energy-level diagram describing SHG is shown in (b).

A laser beam, with frequency w, is incident upon a nonlinear optical crystal with

a nonzero second-order susceptibility, y(?). The electric field of the laser is given by
E(t) = Ege ™" + c.c., (2.58)
such that the second-order nonlinear polarization will then be expressed as

PE(t) = eox? B2(t)
= 260XV E By + (eoxP Eje " + c.c.), (2.59)
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with contributions from a zero frequency term (often referred to as the DC term)
and a frequency-doubled (2w) term. In accordance with the driven wave equation
in Eq. 2.50, the frequency-doubled contribution can lead to the generation of new
radiation at a frequency of 2w (the second-harmonic). As shown in Fig. 2.3(b),
SHG can be considered in terms of the exchange of photons between the frequency
modes involved, where two photons at frequency w are destroyed while one photon
at frequency 2w is created simultaneously.

Under the right conditions, SHG can be so efficient that almost all of the power
in the input beam, at frequency w, is converted to radiation at frequency 2w. In the
lab, we use SHG to convert 1064 nm to 532nm in order to pump our mode-locked
Ti:Sapph lasers! The DC term, on the other hand, does not lead to the generation
of new electromagnetic radiation; rather, it leads to a static electric field across the
nonlinear crystal, a process which is called optical rectification (OR).

Earlier we said that we would demonstrate how y® effects can only occur in non-
centrosymmetric media using SHG as an example. We do so here by considering the

second-order nonlinear polarization,
PO (t) = eox P E2(t), (2.60)
where the input electric field is given by
E(t) = Eycos(wt). (2.61)

For a medium which possesses inversion symmetry, changing the sign of the electric

field must also cause the sign of the induced polarization to change. This implies that
—PP(t) = eox? [-E(®)]?, (2.62)

which simplifies to
—PA(t) = eexPE*(2). (2.63)

This result implies that —P®)(t) must be equivalent to P®(¢), which can only be the

case if P (t) = 0 and implies that x? = 0 for centrosymmetric media.
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A more general treatment of the second-order nonlinear polarization

A broader description of second-order nonlinear processes takes an input optical

field consisting of of two distinct frequency components,
E(t) = Ere ™" + Fye ™ + c.c., (2.64)
which leads to a second-order nonlinear polarization of

P(2) (t) _ 60X(Q) E2 —i2wit Ege_w‘"?t + 2E1E2€—i(w1+w2)t

4 2B, Byeiimualt c.c.] + 2e0x® [ElE + EQE*] (2.65)

It is convenient to write this as a sum of polarization components over all frequencies

involved (extending over both positive and negative frequencies),
= Plwn)e ™, (2.66)

so that the complex amplitudes of the nonlinear polarization can be written to more

clearly indicate which second-order nonlinear process they lead to,

P(2w;) = eoxPE?  SHG from wy,

P(2ws) = (2)E2 SHG from ws,
P(wi + wy) = 264 E1E2 SFG, (2.67)
P(wy — wq) = 260X\ E1E;  DFG,

P(0) = 2¢ (ElE +E2E*> OR.

We label each expression above by the physical process it describes: second-harmonic
generation (SHG), sum-frequency generation (SFG), difference-frequency generation
(DFG), and optical rectification (OR)!7. We note, for completeness, that the complex
conjugate will lead to contributions to the polarization responses at the negatives of

each of the frequencies above. It becomes clear, from this general treatment of P?)(¢),

"We will not discuss OR effects in this thesis, but it should be noted that OR is also a useful
process. For example, it can be used to generate terahertz radiation [292].
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that there are four different nonzero frequency components present in the second-
order nonlinear polarization; however, usually only one of these components will have
appreciable intensity in the generated radiation. This occurs because the nonlinear
polarization can only efficiently produce an output signal if a specific phase-matching
condition is satisfied. Usually, it is not possible to simultaneously satisfy the phase-
matching condition for multiple frequency components of the nonlinear polarization;
in the lab, we optimize the orientation of a second-order nonlinear crystal in order
to properly radiate the desired frequency component. This phase matching criterion

will be discussed next, in the context of SFG.

Sum-frequency generation (SFG)

To build up our understanding of how these nonlinear processes evolve in time, we
will consider the nonlinear wave equation in the context of SFG. We restrict ourselves
here to a lossless nonlinear medium, to which collimated, monochromatic, continuous
wave (CW) beams are input at normal incidence, as shown in Fig 2.4(a). The energy-
level diagram outlining the exchange of photons between the frequency modes involved
is provided in Fig 2.4(b). We will make the assumption that the two input beams are
undepleted by the nonlinear interaction (i.e., the nonlinear interaction is small); this
can be a good approximation in the context of the probabilistic single-photon sources

discussed in Section 3.2.3.

(a) (b)
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Figure 2.4: Depiction of sum-frequency generation (SFG). A schematic dia-
gram of the fields involved in SFG in a x® crystal is shown in (a), while
the corresponding energy-level diagram describing SFG is shown in (b).
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As dictated by Eq. 2.57, the driven wave equation must hold for each frequency
component of the field present in the nonlinear medium. In the case of SFG, the

electric fields involved in the process are written as

Ei(z,t) = At Loce i ={1,2,3}, (2.68)
where
k; = niwi, and n? = ¢V (w,). (2.69)
c

Here, we take the fields to depend only on the longitudinal coordinate, z, for simplicity.
We direct our focus to the sum-frequency component, at frequency ws. In the absence
of a nonlinear source term, As is constant and the solution to the driven wave equation
takes a plane wave form. If the nonlinear source term is present, but small, then Aj
will be a slowly varying function of propagation distance in the nonlinear medium, z.
As such, we take E5(z,t), with A3 as a function of z, as a trial solution to the driven

wave equation with a nonlinear source term,
Ps(z,t) = 2¢ox P Ey (2, 1) By (2, t)e 3t 4 c.c. (2.70)

Eqgs. 2.69 and 2.70 can be substituted into the wave equation, Eq. 2.57. Since we

consider only the longitudinal coordinate of the fields, we can replace V? with d?/dz>

and obtain
d’>As . dAs3 e (Wa)w3As | kg
ik S A+ SR b
2v(@) 2 .
_ X 20)3 AlAQGZ[(k1+k2)Z_w3t] + c.c. (271)
c

The equality still holds if we drop the complex conjugate (c.c.) terms from both sides
of this equation, so we proceed under this simplification. We can further simplify the
above by noting that k? = ¢ (w3)w2/c?, and so we can cancel the third and forth

terms on the left-hand side of the expression. Finally, the exponential factor can be
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cancelled on both sides of the equation, and we have

d?A dA 2xPw? 4
2 aiky = P, it (2.72)

It is often permissible to apply the slowly varying amplitude approximation, .e.,

d?As
dz?

a4,
S dz

, (2.73)

since the fractional change in Aj is generally much smaller than unity over distances
on the order of an optical wavelength. Under this approximation, we arrive at
dAs .X(Q)W?,

= Ay AgetF? 2.74
dz ! nsc 14426 ’ ( )

which is a coupled-amplitude equation, since A3 depends on its coupling to A; and

Asy. Here, we have also introduced a new quantity, the wavevector mismatch,

In general, the variation of A; and A, should also be taken into consideration. The

above derivation can be repeated for these fields to find two more coupled-amplitude

equations,
dA; .X(2)w1 iA
= Ag AsetAk= 2.
dz nie 0 2 (2.76)
dAy  XPuw,y Ak
= Az Aje ="z, 2.

We remind ourselves that these equations assume a lossless medium, where no explicit
loss terms must be included and we can make use of full permutation symmetry to
take x(® to be a scalar quantity with the same value in each equation.

In order to understand how these coupled-amplitude equations describe the evolu-
tion of SHG, we turn our attention to the wavevector mismatch introduced in Eq. 2.75.
In the undepleted pump approximation, we can take A; and A, as constant values

in Eq. 2.74, and solve for Az(z). Under perfect phase-matching conditions, Ak = 0,
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we see that As(z) increases linearly with z, and so the intensity of this field increases
quadratically with propagation distance. Perfect phase matching implies that the gen-
erated field with frequency ws has a fixed phase relative to the nonlinear polarization,
and can thus efficiently extract energy from the incident fields. This can be pictured
microscopically, where the individual atomic dipoles in the nonlinear medium are all
in phase, and so their emitted fields each add coherently in the forward direction.
When Ak # 0 (i.e., under imperfect phase matching), the emitted radiation at
frequency ws will have a smaller intensity. Under this condition, we can determine

As by integrating Eq. 2.74 over the length of the nonlinear medium,

(2) L
Ag(Z) = ZX i AlAQ/ eZAkde
0

nsc
(2) iAKL 1
X Ws €
= AA 2.78
! n3C YRTAR ( )

The intensity of a field at frequency w; field is given by the time-averaged Poynting

vector,
I; = 2n;e0c| A, where i = {1,2,3}, (2.79)

and so the intensity of the generated field at frequency ws is given by

(X)WL I AkL
X w3l l2 2 . 9
I3 = —"—"——-L — 2.80
3 27117127136003 SHe ( 2 )’ ( )

where we have used the fact that
QiARL 2

1Ak

AkL
= L’sinc? (%) : (2.81)

Wavevector mismatch is only present in the sinc®*(Ak/L) factor, which is plotted in
Fig. 2.5. We see that the efficiency of this three-wave mixing process decreases with
|Ak|L, with some oscillations. Intuitively, if L > 1/|Ak|, the generated wave at ws
can become out of phase with its driving polarization, causing power to flow from As
back into A; and As. It is therefore important to consider phase-matching conditions

when performing nonlinear optics in the lab.
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Figure 2.5: Wavevector mismatch in SFG. The dependence of SFG intensity,
I o sinc?(AkL/2), on wavevector mismatch, Ak.

Phase matching

When considering the time evolution of SFG in the previous section, we saw that
the intensity of the generated field at w3 decreases, as in Fig. 2.5, when the phase-
matching condition, Ak = ki + ks — k3 = 0, is not met. Even for nonlinear processes
which are efficient enough to cause depletion of the input fields, where the functional
dependence of the field intensity on propagation length is no longer given by Eq. 2.80,
the condition Ak = 0 must be maintained for high nonlinear conversion efficiency.

It is often difficult to meet the phase-matching condition Ak = 0. Over the range
of frequencies involved in SFG, a lossless material exhibits normal dispersion; the

refractive index increases with frequency. Perfect phase matching would dictate that

nw TloW naw,
1 1+ 2 2: 3 3, (282)
C C C

which, for a monotonically increasing index of refraction over frequencies w; to ws,
cannot be satisfied simultaneously with the energy conservation requirement of the

SFG process, wy + ws = ws. This can be shown explicitly by rearranging Eq. 2.82,

ng — N9 = (n1 — ’I’LQ) %, (283)
3
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where, for a monotonically increasing n(w), the left-hand side should be positive,
while the right-hand side should be negative, and thus cannot hold.

From this analysis, we see that it is necessary to choose a material system in which
the refractive index allows us to satisfy Eq. 2.82. Although it is possible to make use
of anomalous dispersion, where the refractive index decreases with frequency, this
requires operating near an absorption feature. Instead, the most common method
to achieve phase matching makes use of birefringence'®, where the refractive index
depends on the direction of an optical field’s polarization. In order for a crystal to
display birefringence, it cannot be optically isotropic; rather, it must exhibit different
refractive indices along two different axes, as shown in Fig. 2.6. Achieving phase
matching through birefringence requires the highest-frequency field, w3 = w; + wo,
to be polarized along the crystal axis with the lower of the two refractive indices.
Both uniaxial (trigonal, tetragonal, or hexagonal) and biaxial (triclinic, monoclinic,
or orthorhombic) crystals exhibit birefringence; here, we will consider the simpler case

of uniaxial crystals, to demonstrate how phase-matching requirements can be met.
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Figure 2.6: Birefringence in an optical crystal. A birefringent crystal, with axes
defined as in (a), has different refractive indices, n, and n,, along the two
directions, Z and ¢, which are perpendicular to the optical, z, axis (the
axis along which the input beam propagates, k). The optic axis of the
crystal, ¢, is depicted relative to k in (c).

18We will exploit birefringent crystals for our ultrafast time-bin encoding (UTBE) scheme for
quantum computing in later sections!
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Uniaxial crystals have a single crystal direction, ¢ (the optic axis or crystal axis),
which governs the optical anisotropy, whereas all other perpendicular directions are
optically equivalent. In other words, as light propagates through the crystal in the
direction of ¢, the crystal behavior does not change. Light that is polarized per-
pendicular to the plane containing the propagation vector, k, and the optic axis is
governed by the ordinary refractive index, n,, while light polarized in the plane con-
taining k, and the optic axis is governed by the extraordinary refractive index, n..
Uniaxial crystals can be positive (n. > n,) or negative (n, > n.). For both positive
and negative uniaxial crystals, there are two choices for the polarization of the lower
frequency components, w; and ws. Type I phase matching refers to the case where
the fields at w; and wy have the same polarization, while Type II phase matching
refers to the case where the fields at w; and wy have orthogonal polarization [293].

Table 2.2 summarizes these details.

itive uniaxi ive uniaxi
Positive uniaxial Negative uniaxial
(ne > ny) (no > ny)
Type I ngws = njwi + nsws ngws = njwy + ng wsy
Type I ngws = ng wy + nsws ngws = nj wy + njws

Table 2.2: Phase matching in uniaxial crystals. The phase-matching condition
for positive and negative uniaxial crystals is provided, for both Type I and
Type II phase matching.

Typically, phase matching in birefringent crystals is accomplished through either
angle tuning or temperature tuning. In angle tuning, the crystal is rotated to adjust
the angle of incidence of the collinear input beams relative to the optic axis so as
to maximize the nonlinear effect. Angle tuning has one major drawback: when the
angle between the propagation direction and optic axis is not 0° or 90°, the Poynting
vector is no longer parallel to the propagation vector for extraordinary polarization.
This results in the fields with extraordinary polarization quickly diverging from the

fields with ordinary polarization, ultimately limiting the spatial overlap of the two



2.2. NONLINEAR OPTICS 47

waves and thus also the nonlinear mixing process. Some crystals have a temperature-
dependent birefringence, which can be used to achieve phase matching while the angle
is kept at either 0° or 90° [294].

There are some situations in which birefringence is not suitable to achieve phase
matching. For example, it may be desirable to take advantage of the large nonlinearity
in lithium niobate, which can only be accessed if all interacting fields have the same
polarization. Birefringence also tends to be insufficient for high-frequency nonlinear-
ities. In these cases, other methods must be employed to achieve phase matching;
for example, quasi-phase-matching in a material which has been engineered such that
the orientation of one of the crystal axes is periodically inverted as a function of the
propagation distance in the crystal. A periodic inversion of the ¢ axis changes the
sign of the nonlinear susceptibility, x(?, periodically. This in turn allows for compen-
sation of a nonzero wavevector mismatch, and the field amplitude of generated field

is allowed to grow when it would have otherwise begun to decrease.

Difference-frequency generation (DFG) and optical parametric amplifica-

tion

The last second-order nonlinear process we consider is DFG, which is described

by the nonlinear polarization term,
P(w1 - (,(.)2) = 2€0X(2)E1E;. (284)

and depicted in Fig. 2.7. In DFG, the frequency of the generated field is the difference
between the frequencies of the applied fields, w3 = w; — wy. Although DFG and SFG
may appear to be very similar processes, a key difference between the two is seen
when comparing their energy-level diagrams. In SFG, energy conservation requires
two input photons, at frequencies w; and ws be destroyed in order to generate a
photon at frequency ws. On the other hand, for energy conservation to hold in DFG,
a photon at the higher input frequency, w;, must be destroyed while a photon at the
lower input frequency, wo, must be created in order to generate a photon at frequency
wsz. For this reason, DFG is often referred to as optical parametric amplification.
It should be noted that the DFG process can either be stimulated by a field at
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(a) (b)
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Figure 2.7: Depiction of difference-frequency generation (DFG). A schematic
diagram of the fields involved in DFG in a x® crystal is shown in (a),
while the corresponding energy-level diagram describing DFG is shown in

(b).

frequency wq, or in the absence of an applied field at this frequency. In the latter
case, the process is referred to as spontaneous parametric down-conversion (SPDC)
or parametric fluorescence. SPDC is often used to generate entangled photon pairs
for quantum optics experiments [265, , 296].

The coupled amplitude equations for DFG can be obtained following a similar

procedure to the one we used in describing SFG, such that

dA2 ,X(2)WQ Ak

= A Ase' 2 2.
Az nac 3¢ (2:85)
dA?) - -X(Z)w:’) x iAkz
Az =1 e A1A2€ s (286)

where Ak = ki — ko — k3. In the undepleted pump approximation, we treat A; as
constant. Under the initial conditions that As(z = 0) = 0 and Ay(z = 0) is arbitrary,

the solutions to these coupled differential equations are

Ay(z) = Az(0)cosh(kz), (2.87)

. [nows Ay .
A = —A5(0 h 2.88
3(2) 2 N3Ws |A1| 2( )Sln (KJZ), ( )




2.2. NONLINEAR OPTICS 49

where

(2))?
. \/M’Al‘z. (2.89)

NoN3zC?

We see that the fields at both wy and ws experience monotonic growth, which is
qualitatively very different from our results for SFG. Intuitively, from the energy-
level picture, the presence of the field at wy stimulates the downward transition which
generates the field at ws, and vice versa. In other words, the generation of one of
these two fields reinforces the generation of the other field, which leads to exponential
growth of both fields. For the input conditions considered here, we can say that
the field at wy (signal) is amplified by the nonlinear process, and the field at ws
(idler) is generated. Placing the nonlinear medium inside an optical resonator cavity
allows oscillation to occur at frequencies wy and ws due to the gain of the parametric
amplification process. This device is known as an optical parametric oscillator (OPO)
and is briefly discussed in the following section.

Earlier we noted that even in the absence of fields at both w; and wy, this process
can still occur (i.e., in SPDC); however, we see that the coupled-amplitude equations
would all go to zero under such initial conditions. We see that under this classical
treatment, the DFG process cannot occur with only field at ws present; a quantum
mechanical description is required to allow for spontaneous generation of signal and

idler photon pairs, which will be expanded on in Chapter 3.

Optical parametric oscillation

In the previous section, we explored how DFG, in the presence of radiation at
frequencies wy or ws, can stimulate the emission of additional photons at these fre-
quencies. We said that placing the nonlinear medium within an optical resonator, as
shown in Fig. 2.8, would allow these fields to build up to much larger values, through
the process of optical parametric oscillation. This process is a useful source of tunable
radiation in the lab, as it can have broad tuning ranges. The output frequency of
an OPO can be controlled by tuning the phase-matching condition of the nonlinear
crystal within the resonator. It may be useful to know that the highest frequency

field involved in the DFG process within an OPO is generally called the pump, while
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the two lower-frequency fields are called the signal and idler. Generally, the desired

output field is referred to as the signal.

(signal)
w2
W = Wy + (1)3‘ X(Z)
(pump) o,
(idler)

Figure 2.8: An optical parametric oscillator (OPQ). The resonator mirrors have
high reflectivities at frequencies ws and/or ws, depending on the desired
output frequency. Tuning the crystal orientation allows for tuning of the
output frequencies.

Parametric vs. nonparametric processes

In describing OPO and OPA, we have introduced the concept of a parametric
process. This refers to a process where the initial and final quantum-mechanical
states of the nonlinear medium are identical. In other words, an electron can only be
removed from its ground state for a brief period of time, during which it resides in a
virtual level. This period of time is limited, by the Heisenberg uncertainty principle,
to the order of i/AE, where AFE is the energy difference between the virtual level
and nearest real level. In contrast, nonparametric processes involve the transition of
electrons between real energy levels.

Most nonlinear processes used in this thesis are parametric, where photon en-
ergy is conserved. In nonparametric processes, such as saturable absorption (often
used to achieve mode-locked lasing), two-photon absorption, and stimulated Raman

scattering, energy can be transferred between the incident fields and the medium.

2.2.3 Third-order nonlinear optical processes

We next consider the third-order x® term in our power series expansion of the
polarization in Eqgs. 2.36 to 2.38. Third-order optical nonlinearities are crucial to

the work presented throughout this thesis. In contrast to the second-order effects
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discussed in previous sections, third-order effects are not constrained by material
symmetry (or lack thereof); third-order effects can occur in any medium, although
their strength will still be determined by the material properties. Third-order non-

linear optical interactions arise from the nonlinear polarization term,
PO(t) = eox P E3(t), (2.90)
where the applied electric field can consist of up to three frequency components,
E(t) = Eje™™" 4+ Eye 2! 4 Fze ™ + c.c. (2.91)

Expanding the expression for P(®)(t) leads to an expression which contains 44 different
frequency components (taking the positive and negative frequencies to be distinct).

If we represent the nonlinear polarization as
= Plwa)e ™, (2.92)
n

we can write the 22 possible complex amplitudes of the nonlinear polarization as,

P(wy), for positive w, as

wy) = eoX ©)(3E1E; + 6E,E5 + 6E5E3) By,
B (6B, E; + 3E2F5 + 6E3E3) Bo,
P(ws) = eox? (6E\Ef + 6B Ey + 3E3E3) Es,

P(3w;) = eox P E3, P(3w;) =eox® ES, P(3ws) = eoxVE3
P(wy 4 wy + ws) = 6egx® E1 Ey Es,
P(w; 4+ ws — w3) = ey ElEgE
P(wy + w3 — wy) = 6egx P Ey F3E3, (2.93)
P(ws + ws — wy) = 66gX P By B3 B,
P(2wy + wy) = 3eox P E2E,, P(2w; 4 ws) = 3eox® E?Ej,
P(2wsy 4 wy) = 3eox® E2E,, P(2w; 4 ws) = 3eox® E2E;,
P(2ws + wy) = 3eox® E2E, P(2ws 4 ws) = 3ex® E2E,,
P(2w; — wy) = 3eox® E2E}, P(2uw; — ws3) = 3eox® E2E3,
P(2wy — wy) = 3eox P E2E?, P(2uws — ws3) = 3oy E2EX,
P(2ws — wy) = 3eoxP E2ET, P(2uws — wy) = 3egx P E2E3,
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where the argument of each P(w,,) term is the sum of frequencies associated with the
field amplitudes that appear on the right-hand side of each expression. The above
convention associates complex field amplitudes with negative frequency components,
and the numerical factors of 1, 3, or 6 indicate the number of possible distinct per-
mutations of the field frequencies contributing to the polarization term. The form
used in Eq. 2.94 is convenient to work with, as it provides us immediate information
about the nonlinear process described. Some of the third-order nonlinear processes
which the terms above describe include third-harmonic generation, four-wave mixing
(FWM), and the intensity-dependent nonlinear refractive index.

We will not describe every single third-order nonlinear process in this section;
rather, we will focus on those which are key to the work in this thesis: degenerate

FWM and the intensity-dependent refractive index.

Degenerate four-wave mixing (FWM)

Each of the terms given in Eq. 2.94 describes a specific FWM process. The
degenerate FWM process of interest in this thesis, depicted in Fig. 2.9, is governed

by the polarization term,
P(w; = 2w, — w,) = 6€0X(3)E;E:. (2.94)

We see that the polarization of the w; field depends quadratically on the amplitude
of the pump field, w, (equivalently, the idler beam intensity increases quadratically
with the pump beam intensity). It should be noted that here, we consider a FWM
process which is stimulated by the presence of an input signal field at frequency wy,
as shown in Fig. 2.9(a); however, the signal, s, and idler, 4, indices can be swapped
in the case of stimulation by the idler.

As we saw in our discussion of DFG, this classical description of FWM predicts
that in the absence of stimulation at the signal frequency (i.e., no field at w;), the
polarization amplitude will be zero and the nonlinear process would not occur; yet,
it is in fact possible to observe spontaneous four-wave mixing (SFWM), depicted in
Fig. 2.9(c), in which only a pump field, w,, is applied to the medium. This process

requires a quantum-mechanical description, which will be expanded on in Chapter 3.
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(a) (b)
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> x® Ws

Figure 2.9: Depiction of degenerate four-wave mixing (FWM). A schematic
diagram of the fields involved in degenerate FWM when the process is
stimulated by the signal field, ws is shown in (a). The corresponding
energy-level diagram is shown in (b). Spontaneous FWM (SFWM), in
which only the pump field is incident on the crystal, is depicted in (c).

Nonlinear refractive index

The nonlinear optical effect which lies at the heart of this thesis is the intensity-
dependent nonlinear refractive index arising from the x® nonlinearity. This is often
referred to as the optical Kerr effect, and describes the process through which an
applied field generates a third-order nonlinear polarization, that changes the refractive
index of the medium. This change in refractive index is proportional to the intensity

of the applied field, leading to a new total refractive index of
n=ng+ nal, (2.95)

where ng is the linear refractive index, no is the intensity-dependent nonlinear refrac-
tive index, and [ is the intensity of the applied field. In this thesis, we exploit the
Kerr effect in single-mode fiber (SMF) made up of fused silica. For fused silica, ny
is on the order of 3 x 107¢ cm? /W, so ultrafast laser pulses are typically required to
reach intensities that can generate a noticeable change in refractive index.

This change in refractive index can be used to induce self-action effects on the
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input field (the pump) or to induce cross-action effects on a secondary field (the

probe). Section 2.2.4 elaborates on how these self- and cross-action effects occur.

2.2.4 Optical Kerr effect

As shown in Fig. 2.10, there are two ways in which the optical Kerr effect can
be exploited, both of which rely on the intensity-dependent refractive index arising
from the x(® nonlinear response described in the previous section. When the strong
input field modulates itself, as seen in Fig. 2.10(a), this is referred to as self-phase
modulation (SPM). This strong (pump) field can also be used to modulate a weaker
(probe) field, as seen in Fig. 2.10(b), a process which is referred to as cross-phase
modulation (XPM). The following sections describe SPM and XPM in more detail.

(a)
E(w) E(w)et’?
Strong pump > x® (@) » Modulated pump
(b)
E(w)
Strong pump = E(w) el Ad
E(w) x® Modulated probe
Weak probe

Figure 2.10: Effects due to the intensity-dependent refractive index. A strong
pump field modifies its own propagation through self-phase modulation
(SPM) in (a) while a strong pump field is used to modify the propagation
of a weaker probe field through cross-phase modulation (XPM) in (b).

Self-phase modulation (SPM)

If only a strong pump beam is present in the y©) medium, SPM will occur. The

nonlinear polarization which describes SPM is given by

PO(w=w+w—w)=36x? |EW)|* EWw), (2.96)
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where we assume linearly polarized fields for simplicity. The total polarization of this

frequency-degenerate process is
PTT(w) = eoxV E(w) + 3eox™ |E(w)[* E(w), (2.97)
which we can simplify by introducing the effective susceptibility,
e = XU + 3¢9 | E(w)]?. (2.98)
In general, the refractive index of a medium is related to its susceptibility as
n® =1+ Xesr, (2.99)
and by introducing Eq. 2.95 on the right-hand side, we find

(no+nal)’ =14 Xen
(o + 2nangegc \E(w)\2)2 =1+ xD +3x® |Ew), (2.100)

where we have made use of the relation
I = 2nleoc|E(w)]?. (2.101)

Note that here, we are expressing the refractive index in terms of its real and imaginary
parts as n = n’ 4+ in” (which also holds for ny and ns). When expanded, Eq. 2.100

becomes (correct to order |E(w)]?),
n + dngnjnaeoc |E(w)|? = (1+x®) +3x® |E(w)|>. (2.102)
As expected, the linear part of the refractive index is given by

ng=1+x, (2.103)
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while the nonlinear part of the refractive index is given by

Ny 3@ (2.104)

= X
Angngepc

Provided the frequency of the pump is far from an absorption peak of the medium,

this can be approximated as

3
- ®), 2.105
2 4ngeocx ( )

The effects of SPM lead to a change in phase of the input optical field. If that
input field is an ultrashort pulse, SPM will cause spectral broadening. In some cases
this spectral broadening is exploited, e.g., in supercontinuum generation (SCG)—
used in this thesis. Yet, SPM is often a parasitic effect which must be minimized, for
example in the optical Kerr gating technique used in all work presented in this thesis.

Pulse broadening due to SPM is outlined later in this section, when discussing SCG.

Cross-phase modulation (XPM)

If both the strong pump beam and a weaker probe beam are present in the (%)
medium, both SPM and XPM will occur. The nonlinear polarization which describes
XPM is given by

PO = W' +w—w) = 6ex® |Ew)|* E(W), (2.106)

where the frequency of the probe field is given by w’. Following an analogous pro-
cedure for finding the nonlinear refractive index of the SPM process, the nonlinear

refractive index experienced by the probe beam is

(XPM) _ 3 (g
n = , 2.107
2 QnSeocX ( )
under the assumption that neither the pump nor probe frequency are near an ab-
sorption peak of the medium. The results presented here assumed co-polarized pump
and probe fields; if the pump and probe fields are cross-polarized, the tensor nature

of x® is three times less than for co-polarized fields [269].
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Through XPM, a strong pump beam can be used to modulate the phase of a
weaker probe beam. In the case where the pump and probe fields are cross-polarized,
the probe field polarization will be rotated. It is this effect which we make use of
throughout this thesis to achieve optical Kerr gating of ultrashort signals. Ultrafast
optical Kerr gating will be described in Section 2.2.5.

Supercontinuum generation (SCG)

The spectral broadening induced by SPM can be used to generate a very broad
optical spectrum, a process referred to as SCG. When an ultrashort pulse is applied
to a x©® nonlinear medium, it experiences a nonlinear phase shift, ¢y, arising due to
the intensity-dependent nonlinear refractive index, ns. The origin of this phenomenon
can be understood by considering an applied optical pulse (at central frequency wy),

with intensity

I(t) = Iyexp (-i—z) , (2.108)

p

propagating through a nonlinear medium of length L, with a refractive index given
by19

n(t) = ng + nol(t), (2.109)

2 . .
where I(t) = 2ngepc|A(z,t)|”. Here we assume an instantaneous nonlinear response.

We see that the index of refraction is now a time-varying quantity, dzgt) = ngy —d]dg), as
is the instantaneous phase of the pulse,
27
o(t) = wot — kz = wot — )\—n(t)L. (2.110)
0

The instantaneous frequency of the pulse can be written in terms of the phase as

d
i) = 20
B 2nL dn(t)
= -, (2.111)

19Here, we assume a mechanism driven by the electronic polarization, which has a response time
(1071 s) much faster than the pulse (10713 s) driving the process.
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which, for the intensity given in Eq. 2.109, evaluates to

471'LTL2[0 t2
w(t) = wy + Tt,?, t exp (—g . (2.112)

It is evident that, for positive ns, the leading edge of the pulse is shifted to lower
(more red) frequencies, while the trailing edge of the pulse is shifted to higher (more
blue) frequencies. We also see that spectral broadening due to SPM grows with the
strength of the nonlinearity (nsly), and will become noticeable when the maximum

frequency shift exceeds the spectral bandwidth of the input pulse.

2.2.5 All-optical Kerr gating

In order to perform all-optical quantum information processing in the ultrafast
regime, we require a way to manipulate and detect quantum information on ultrafast
timescales that is scalable. One highly promising means of achieving this capability
is through all-optical Kerr gating, a technique which is central to this thesis.

All-optical Kerr gating relies on XPM, described in Section 2.2.4, whereby a strong
pump pulse generates a localized intensity-dependent refractive index modulation in
the medium through which it propagates. This change in refractive index can be
used to induce a nonlinear phase shift in a secondary optical signal. If the pump
is polarized 45° with respect to the signal®, this nonlinear phase shift induces a
birefringence in the medium which can be used to rotate the signal polarization by
some amount. When the pump is an ultrashort pulse, this induced birefringence will
only occur over very short timescales?!. It is generally assumed that the probe beam
is too weak to induce a significant change in the refractive index on its own.

The induced phase shift can be written as

2
A = A—W (ne — ny) Lo, (2.113)

where ), is the signal wavelength, Leg is the effective length of the Kerr medium, and

20Here, we assume both the pump and signal are linearly polarized at the Kerr medium input.
21This effect can be thought of as a highly localized wave plate, only where the pump is located
within the medium.
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n, and n, are the refractive indices of the Kerr medium, along the directions parallel
and perpendicular to the pump polarization, respectively. These refractive indices

are written as®?

Ny (t) = ngo + 2n21 (1), (2.114)
ny(t) = ny o + 2n9bI(t), (2.115)

where I(t) is the time-dependent intensity profile of the pump, ny is the nonlinear
refractive index, and b is a constant which depends on the nonlinear susceptibility
of the Kerr medium. If the medium is isotropic, then n,o = n,0 = ne*, and if the
susceptibility is purely electronic in nature, then b = % These values are suitable in
the context of this thesis, where we employ short pieces of SMF as the medium for
optical Kerr gating.

We can now write the induced phase shift, along the directions parallel and per-

pendicular to the pump polarization, as

. 27TLeff

Ag,(t) = (ng + 2n9(t)), (2.116)
Ay (t) = 271')\Leff (no + %nzf(t)> , (2.117)

and the total phase shift is

Ag(t) = Ad,(t) — Ady(t)
_ 8mN9 Leg

o 10 (2.118)

When the Kerr medium is sufficiently long (e.g., the SMF used in this thesis) and
the pump and signal are ultrashort pulses, the effective length of the nonlinear inter-
action must be considered in more detail. Since the pump and signal will necessarily

be at different wavelengths (for detection purposes), they will have different group

22Note that here we include a factor of 2 in the nonlinear refractive index terms because we
are considering an XPM process. Usually, a medium’s ny will be quoted as per the expression in
Eq. 2.104, which considers the SPM process.

23Technically, SMF does have a very small intrinsic birefringence; however, this is compensated
for in the lab with quarter- and half-wave plates (QWPs and HWPs), so n, g = ny 0 = no holds.
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velocities within the fiber. This is incorporated into a more completed expression for
the induced phase shift,

8 N9

Ap(T) = Ihg

L
/ L,(T — dyz) dz, (2.119)
0

where z is the propagation distance and I, is the pump intensity profile in time,
expressed in the reference frame moving with the signal, ' = t — z/vy,, where ¢ is
the laboratory frame. The temporal walk-off between the pump and signal within
the medium is given by d,, = Ug_pl — U;j, where vy, and vy, are the pump and signal
group velocities, respectively.

The Kerr medium is placed between two crossed polarizers, a configuration referred
to as an optical Kerr shutter (OKS)?** and depicted in Fig. 2.11. Here, the transmission
of the signal through the second polarizer depends on the amount of polarization
rotation it experiences due to the phase shift induced by the pump. The efficiency of

the OKS is thus given by [259]
n(T) = sin? (26) sin® (MT(T)) : (2.120)

where 6 is the angle between the pump and signal polarization. When 1 = 0, no po-
larization rotation in the signal has occurred, and when 1 = 1, the signal polarization
has been rotated to an orthogonal state. We also see that the OKS efficiency can only
be maximized if the signal polarization is 45° with respect to the pump, a condition
we meet in all experiments presented in this thesis.

In this thesis, we employ optical Kerr gating for both manipulation and detec-
tion of the ultrafast time bins in our photonic quantum computing platform. With
hundreds-of-femtoseconds duration pump pulses and short pieces of SMF (length
< 10cm), we are able to achieve Kerr gate resolution of ~1ps or less. This is orders
of magnitude faster than the fastest Pockels cells available, which have < 250 ps rise

times?®, as indicated in Table 2.3.

24An OKS is analogous to a Pockels cell, where a changing electrical field is applied to stimulate
birefringence in a material, essentially turning it into a wave plate.

25Here, I quote values from the EM500 series of KD*P longitudinal Pockels cells available from
Electro Optical Components Inc. for Q-switching applications.
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Figure 2.11: Schematic of an optical Kerr shutter (OKS). The Kerr medium
is a short piece of single-mode fiber (SMF), placed between two crossed
polarizers. A strong pump pulse is combined with a weak signal pulse on
a dichroic mirror (DM) before both beams are launched into the SMF.
The pump pulse induces a birefringence in the SMF which rotates the
polarization of the signal. The rotated signal is redirected by a polarizing
beam splitter (PBS). The pump and signal polarizations prior to rotation
are shown in (a), while the signal polarization after rotation is shown in

(b). HWP: half-wave plate; QWP: quarter-wave plate.

It should be noted that other methods of all-optical gating exist, included in
Table 2.3, with resolutions of 450 ps seen in silicon-based ring resonators [297], and
10 ps seen in nonlinear optical loop mirrors (NOLM) [298]. The NOLM approach also
uses the optical Kerr effect; however, it does not rotate the polarization of the signal,
instead it induces a phase shift which re-routes signal photons to a different fiber
beam splitter output port. Another approach uses plasma mirrors to achieve sub-
picosecond all-optical gating [299]; however, this technique is limited to the gating
of high-power lasers. In the context of modulating quantum signals, the all-optical
Kerr gate can modulate a signal without depending on its intensity, is capable of
high-efficiency operation, and is flexible in its configuration. For these reasons, we

use optical Kerr gating in our ultrafast approach to photonic quantum computation.
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The capabilities of the optical Kerr gate are first characterized in the classical regime
in Sections 2.3 and 2.4, then in the quantum regime in Section 3.5. Finally, the
optical Kerr gate is employed for quantum information processing with one photon

in Sections 4.4 and 4.5, and with up to three photons in Section 5.3.

Resolution Bandwidth Insertion loss

Electro-optical approaches

Thorlabs MEMS switch 0.5ms — < 0.7dB
Thorlabs high-speed 1ns — —
optical shutter

BATi ultrafast switch < 60ns 1 MHz < 1dB
Agiltron ultrafast switch 9ns 2MHz < 1.5dB
EOSpace intensity modulators — > 20 GHz < 3.5dB
EOSpace phase modulators — > 30 GHz <4dB

Electro Optical Components Inc. < 250 ps — —
KD*P Pockels Cells

All-optical approaches

Silicon ring resonators [297] 500 ps — 3.5-10dB
NOLMs [295] 180 ps — <2.1dB
Plasma mirrors [299] < 1ps — —
SFG-based gating [300] < 1ps — 17dB
Cascaded SHG and OPA [301] ~ 46 fs < 9.6 THz 26.6dB
Optical Kerr gating < 1ps > 1THz < 0.8dB

Table 2.3: Comparison of optical modulation methods. Selected state-of-the-
art electro-optical and all-optical methods for modulating optical signals
are compared on the basis of speed, bandwidth, and efficiency. This table
does not constitute an exhaustive list. Only available specs are presented.
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2.3 Configurable all-optical Kerr gating

This section is based on the following publication:

K. L. Fenwick, D. G. England, P. J. Bustard, J. M. Fraser, & B. J. Sussman,
“Carving out configurable ultrafast pulses from a continuous wave source via the
optical Kerr effect”, Optics Express 28(17): 24845-24853 (2020).

DOI: https://doi.org/10.1364/OE.399878

(©) 2020 Optical Society of America

Previous demonstrations of optical Kerr gating® of single photons with efficien-
cies of 97% [258, 257] outline the promise of this technique for the manipulation and
detection of quantum information encoded in a photon’s arrival time, on ultrafast
timescales. Before we can employ optical Kerr gating for the manipulation and de-
tection of ultrafast time bins, it must first be well-characterized. This is best done in
the classical regime.

A key characterization metric is the intrinsic Kerr gate resolution, for which we
demonstrate a simple, yet effective, measurement technique®’. Here, we refer to
the intrinsic resolution as the Kerr gate window due only to the pump pulse as it
propagates through the SMF with walk-off from the signal wavelength. When being
used to gate signal pulses, the total Kerr gate resolution will then be a convolution
of the intrinsic Kerr gate resolution and the temporal profile of the signal. If the
signal is a CW beam of light at the wavelength of interest, then a measurement of
the rotated signal light provides a measure of the intrinsic Kerr gate resolution.

We measure the spectral profile of the Kerr-gated light from the CW beam to
infer the Kerr gate resolution. As the pump pulse propagates through the SMF, it
“carves out” ultrashort pulses of polarization-rotated light from the CW beam, as seen

in Fig. 2.12. As such, we can expect to observe spectra with expanded bandwidth

26Note that throughout this thesis, I refer to this technique as optical Kerr gating; however,
some publications (including that at the end of this section) refer to the technique as optical Kerr
switching. The reader can take these terms to be interchangeable.

2"Early work towards this goal was performed during my MSc studies, during which I created
an interactive Mathematica model for the Kerr gate, built the experimental setup, and collected
preliminary results [302]. Final data collection and the preparation of the publication at the end of
this section were performed during my PhD studies.
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from the carved pulses, relative to the narrowband spectrum of the input CW beam.
These bandwidth-expanded spectra are measured and compared to the fast Fourier
transform (FFT) of their respective theoretical temporal intensity profiles, based on

Eq. 2.120, for the relevant experimental parameters.

CW beam Pump
(signal)

e

PBS Carved pulse 4
o \ }
SMF ;

HWP
QWP

PBS ~

Figure 2.12: Pulse carving with an optical Kerr gate. The optical Kerr gate
is used to carve pulses from a continuous wave (CW) input signal. The
Kerr medium is a short piece of single-mode fiber (SMF), placed be-
tween two crossed polarizers. A strong pump pulse can be combined
with the CW signal on a dichroic mirror (DM) before both beams are
launched into the SMF. The pump pulse induces a birefringence in the
SMF which then rotates the polarization of the signal. The carved pulses
are redirected by a polarizing beam splitter (PBS). HWP: half-wave
plate; QWP: quarter-wave plate.

It should be noted that the Kerr gate is not operated with transform-limited
pump pulses. This has important consequences when defining the intrinsic Kerr gate
resolution. If it were possible to generate transform-limited pulses of Kerr-gated light,
we could simply take the inverse fast Fourier transform (IFFT) of the spectrum of
polarization-rotated light—under the assumption of a constant phase in the signal’s
electric field—to extract the Kerr gate temporal resolution; however, we cannot make
this guarantee. In fact, the Kerr-gated pulses are almost certainly not perfectly
transform-limited due to dispersion as they propagate in the fiber.

Despite this, we can still approximate the temporal resolution of the intrinsic Kerr

gate resolution by comparing a FFT of the expected theoretical Kerr gate temporal
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profile with the measured spectra of polarization-rotated signal light. It should be
noted that chirp in the pump pulses does not induce chirp in the polarization-rotated
signal pulses, due to the fact that the nonlinear optical effect being exploited is an
intensity-dependent process. Furthermore, the effects of pump dispersion in the SMF
are accounted for by taking the temporal FWHM of the pump pulses at the fiber
output as the pump pulse duration parameter in the theoretical model. This is, of
course, a simplification but we find it sufficient for our purposes.

We find that the measured spectra of Kerr-gated light are in good qualitative
agreement with the FFT of our theoretical model. This implies that the pulses
carved out from the CW beam are near transform-limited, which is pretty cool! This
allows us to estimate the intrinsic Kerr gate resolution for a given set of experimental
input parameters. Beyond this, we also study the dependence of Kerr gating as
the pump pulse temporal profile is modulated. We demonstrate the carving out
of tunable ultrashort pulses with configurable, sub-picosecond duration (305-570 fs).
Furthermore, we demonstrate the carving of ultrafast time bins from the CW signal
beam, by pumping the Kerr gate with various sequences of pump pulses®.

Beyond characterizing the intrinsic Kerr gate resolution for a given set of experi-
mental input parameters, we also show that the Kerr gate can be used to carve out
configurable ultrashort pulse sequences. This is a promising capability in the context
of optical communication and computing—in both the classical and quantum regimes.
The carved pulses are time-locked to the pulsed beam pumping the process, which im-
plies pulse-to-pulse phase stability over the coherence length of the input CW beam.
The Kerr gate technique is straightforward in its implementation, and its fiber-based
design makes it promising for full fiber integration (i.e., with a gigahertz fiber oscil-
lator pump). Furthermore, the exploited XPM process is intrinsically phase-matched
for any wavelength, so that wavelength tuning is only restricted by waveguiding. This
suggests easy adaption to various wavelengths, and scalability towards pulse gener-
ation at multiple different wavelengths, simultaneously. By exploiting XPM—often
viewed as parasitic in optical telecom fiber—this work opens new application avenues,

such as in time-gated microscopy and spectroscopy, or optical communications.

28The birefringent a-BBO crystals used to generate these sequences are used later in our ultrafast
time-bin encoding (UTBE) protocol!
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Abstract: Wavelength-tunable, time-locked pairs of ultrafast pulses are crucial in modern-day
time-resolved measurements. We demonstrate a simple means of generating configurable
optical pulse sequences: sub-picosecond pulses are carved out from a continuous wave laser
via pump-induced optical Kerr switching in 10 cm of a commercial single-mode fiber. By
introducing dispersion to the pump, the near transform-limited switched pulse duration is tuned
between 305-570 fs. Two- and four-pulse signal trains are also generated by adding birefringent
a-BBO plates in the pump beam. These results highlight an ultrafast light source with intrinsic
timing stability and pulse-to-pulse phase coherence, where pulse generation could be adapted to
wavelengths ranging from ultraviolet to infrared.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrafast optical technology is widespread, with a highly interdisciplinary application space
including time-resolved spectroscopy [1], high-precision frequency metrology and the develop-
ment of optical clocks [2], material processing and machining [3], high-speed electronic testing
[4], biomedical imaging [5], and optical communications [6,7]. In time-resolved spectroscopy,
pump-probe techniques are often used to resolve ultrafast dynamics that are too fast to be directly
imaged with photodetectors. A standard pump-probe experiment utilizes one laser pulse (the
pump) to drive the process of interest, and a second time-delayed pulse (the probe) to interrogate
the dynamics. The pump and probe are often at different wavelengths, each depending on the
system under investigation. Accordingly, generating customizable, time-locked pairs of ultrafast
pulses is a crucial capability.

Often, the pump pulse is generated by a mode-locked laser and the spectrally tunable probe
pulse is generated by nonlinear frequency mixing, for example in an optical parametric oscillator
(OPO) or amplifier (OPA) pumped by the mode-locked laser. This is an established method
for generating high-intensity probe pulses, but the bulk and expense of an OPO or OPA may
be prohibitive in many cases. An alternative approach uses all-optical switching to carve a
pulse train from a continuous-wave (CW) laser. This technique offers access to wavelengths
achievable by any CW light source, including low-cost laser diodes and fiber lasers, which can be
chosen appropriately for the application. Furthermore, the switching process can be driven by
the pump laser to provide intrinsic timing stability. Such time-locked pulses can be generated
near the pump wavelength, which would usually be challenging to achieve using an OPO or OPA.
Switched pulses will necessarily be weak compared to those produced by femtosecond oscillators
or nonlinear mixing, but in linear pump-probe measurements such as transient absorption or
reflection, where only a differential measurement is made, high probe intensity is not required

#399878 https://doi.org/10.1364/OE.399878
Journal © 2020 Received 9 Jun 2020; revised 20 Jul 2020; accepted 30 Jul 2020; published 7 Aug 2020
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and is often avoided [8—10]. All-optical switching of CW beams is therefore a promising option
for simple, customizable ultrafast pulse generation. Picosecond-scale all-optical switching has
been achieved via the optical Kerr effect [11,12], and has been demonstrated as an effective
method for generating picosecond pulses in the telecommunications band around 1550 nm [13].
However, due to the length of fiber involved (~ 10 — 1000 m) and the need to operate near zero
dispersion, this technique is not easily implemented beyond the telecommunications band. With
femtosecond lasers and short (~ 10 cm) fibers, picosecond scale all-optical switching of single
photons is possible in the visible domain [14,15]. In this article, we exploit the same nonlinear
process to carve light out from a CW beam, generating pulses on the hundreds-of-femtoseconds
timescale, in the near-infrared.

The pulse generation technique uses a commercial mode-locked oscillator to actively induce
polarization modulation in a CW laser source, by exploiting the optical Kerr effect in single-mode
fiber (SMF). When the fiber is placed between two crossed-polarizers, a portion of the modulated
light is transmitted, producing a sub-picosecond pulse train. This generates additional bandwidth
about the narrow CW laser spectrum, which is indicative of the ultrafast switching mechanism
and provides a means of characterizing the generated pulses. The method is straightforward
in its implementation, where all system components are readily commercially available, and
active stabilization is not necessary. Sub-nanojoule pump pulse energies are sufficient to induce
the switching mechanism, falling within reach of commercial fiber oscillators, thus offering
the potential for a fully integrated fiber-based optical switch. The device requires only 10 cm
of conventional SMF which, combined with modest pump pulse energies, minimizes parasitic
nonlinear processes such as stimulated Raman scattering, two-photon absorption, and self-phase
modulation (SPM).

We achieve sequences of near transform-limited switched pulses with sub-picosecond duration,
where the time-domain amplitude envelope of the pump pulse is effectively "mapped" from
the carrier frequency of the pump to the signal. The switched pulse duration is tuned between
305-570fs by introducing dispersion elements to the pump. Birefringent a-BBO plates are
also added to the pump to generate trains of two and four switched pulses. Furthermore, the
phase coherence of the generated pulses is expected to be time-locked for the coherence length
of the CW laser. In addition to the promise of this device as an easily-implementable ultrafast
light source, the demonstrations in this article underline its potential in a variety of applications
including communications [16], biomedical imaging [17], microscopy [18], spectroscopy [19],
and quantum optics [20].

2. Methods

Ultrafast all-optical switching relies on cross-phase modulation via the optical Kerr effect. The
Kerr effect is a y® nonlinear process where a pump field generates an intensity-dependent
refractive index modulation. The induced birefringence can be used to modulate the polarization
of a signal beam. When the medium is situated between two crossed-polarizers, a portion of
the modulated signal will be transmitted; this arrangement is an optical Kerr shutter [21]. For a
linearly polarized pump pulse co-propagating with a CW signal beam of intensity /, the switched
light transmitted through the shutter will have an intensity profile [22]:

I(t) = Iy sin2(2(-)) sinz(A¢T(t)), (00

where 0 is the angle between the signal and pump polarization and A¢(t) is the time-dependent
phase difference between the polarization parallel to the pump and orthogonal to the pump.
Maximal switching can only occur when 6 = 7/4, so we operate under this condition. When
Ap(1r) # 0, the medium acts as a birefringent waveplate and allows a portion of the signal to be
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transmitted through the second polarizer. The time-dependent phase difference is given by [23]:

8y

AY(T) =

L

s [ T = o2y @
where n; is the nonlinear refractive index of the fiber, Asignal is the wavelength of the signal light,
and z is the propagation distance within the fiber of length L. In a dispersive medium, the pump
and signal will experience temporal walkoff, given by d,, = v;pl - v;,l where vg, and v, are
the pump and signal group velocities, respectively. As such, the intensity profile of the pump,
Toump. is expressed in the frame moving with the signal [15]: T = t — z/v,,, where ¢ is time in the
laboratory frame. The switched light intensity profile is thus determined by its wavelength, the
pump pulse shape, and the temporal walkoff.

An experimental schematic is shown in Fig. 1. An optical Kerr shutter is employed, where a
pulsed pump beam is used to carve out pulses from a CW signal beam within 10 cm of SMF.
This short fiber length was selected to achieve ultrashort, near transform-limited sub-picosecond
switched pulses. A longer fiber would increase pump-signal temporal walkoff and group delay
dispersion in the switched pulses. On the other hand, a shorter fiber would require higher pump
pulse energies.
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Fig. 1. Schematic diagram of the experimental setup. An 80 MHz Ti:Sapphire oscillator
(pump beam) induces the optical Kerr effect in 10 cm of single-mode fiber (SMF). Shown in
the bottom right inset, this mechanism carves out pulses from a continuous wave (CW) diode
laser (signal beam), that are measured by a spectrometer. The pump polarization is prepared
by a polarizing beamsplitter (PBS), and a quarter- (1/4) and half-waveplate (1/2). The
signal polarization is prepared by an absorptive polarizer and 1/2 waveplate. Polarization
projection of the switched light is achieved with 1/4 and 1/2 waveplates, and a PBS. Shown
in the bottom left inset, pump pulses are either (a) not modulated, (b) chirped using various
amounts of SF11 glass, or (c) split temporally into trains of 2 or 4 pulses using birefringent
a-BBO.

The pump originates from an 80 MHz repetition rate Ti:Sapphire laser, which generates pulses
of 10 nm bandwidth at a central wavelength of 805 nm. The pump is operated close to the signal
spectral region to minimize temporal walkoff for sub-picosecond pulse carving. For this reason,
SPM must be adequately minimized by spectral filtering of the pump prior to switching and
restricting pump pulse energy. As such, the switch is operated at 30% efficiency, achieved using
modest pulse energies of 0.56—1.3 nJ, depending on the pump pulse duration. After filtering, the
pump pulse is measured (at the output of the SMF) to be 367 fs by frequency-resolved optical
gating (FROG). As indicated by the bottom left inset in Fig. 1, the pump is prepared with either
(a) no modulation, (b) temporal chirp, or (c) temporal separation into 2- and 4-pulse trains, to
demonstrate the configurability of pulses generated by our switch. A polarizing beamsplitter
(PBS) and a set of quarter- and half-waveplates (1/4 and 1/2) are used to prepare the polarization
state of the pump before it is combined with the signal.
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The signal is generated by a 783 nm CW diode laser (Thorlabs CPS780S). An optical isolator
(OI) is used to minimize any instability caused by back-reflection of the pump at the 10-cm SMF
tip. In this configuration, the diode laser stability is sufficient for spectral measurement of the
switched pulses on timescales of several minutes. A 1/2 waveplate and an absorptive polarizer
prepare the initial polarization state of the signal: vertical with respect to the optical table
(defined here as 0°). Both the pump and signal are chopped, at 4 Hz and 0.2 Hz respectively, for
averaging and background subtraction purposes. The pump and signal are combined via a 70:30
beamsplitter and are then coupled into the 10-cm SMF (Thorlabs S630-HP, FC/PC connectors),
with typical coupling efficiencies of 70% and 60%, respectively. Shown in the bottom right inset
in Fig. 1, pump pulses induce birefringence while propagating through the 10-cm SMF, causing
polarization-rotation in the CW signal where it temporally overlaps with the pump pulses. The
output from this process is a train of pulses that have been rotated out from the initial CW signal.
The switched pulses are polarization-filtered from the unswitched CW light using a PBS, which
projects the signal onto a 90° (horizontal) polarization. A 1/4 and 1/2 waveplate combination
are placed between the SMF and PBS to correct for small polarization changes due to the 10-cm
SME. With the pump beam blocked, these optics are tuned to minimize the CW light measured at
the spectrometer. This ensures maximal transmission of the cross-polarized component of the
switched light through the PBS. After polarization filtering, three angle-tuned spectral filters
remove the remaining light from the pump, and the switched light is coupled into a 1-m SMF
for spatial filtering of cladding modes which were not fully attenuated in the 10-cm SMF. The
time-frequency relationship of optical pulses anticipates that the pulses carved from the CW
signal will have larger spectral bandwidth than the narrowband input signal. Switched pulses are
thus measured using a spectrometer.

Sufficient polarization extinction is required to overcome the short duty cycle of the switch. For
perfect switching, a polarization extinction of ~ 10 ns/100 fs = 103 would ensure the intensities
of the switched and unswitched (leakthrough) signal are on the same order of magnitude.
Polarization extinction of 1.5 — 6 x 10* is achieved, causing some of the narrowband input light
to leak through the second PBS. Small fluctuations in the polarization of light exiting the SMF
are present due to changing air currents and vibrations, which leads to the range in measured
polarization extinction values.

The integrated spectral intensity of the leakthrough is ~ 75X that of the switched signal pulse
(see Fig. 2). Although this may seem insurmountable for many applications, the short duty-cycle
of the switch (~ 300 fs x 80 MHz = 2.4 x 107) actually generates switched pulses with a
peak intensity ~ 3200x higher than the leakthrough. Many options exist to reduce the effects
of leakthrough including implementing polarizers with higher extinction ratio, increasing the
repetition rate of the pump [12], employing active feedback control on the 1/4 waveplate after the
SMF [24], performing nanosecond electro-optic modulation before the switch, electronic filtering
using a fast detector, or even implementing a second switch. Here, background subtraction is
employed to overcome the bright integrated spectral intensity of the leakthrough, where the
signal and pump are periodically chopped while continuously collecting spectra. These spectra
are sorted into four categories, averaged, and used to generate the switched spectrum:

Iswitehed = (It = 1) = (I3 — I4), 3)

where Iy, I», I3, and 14 correspond to spectral data respectively sorted into categories: (1) signal
on, pump on; (2) signal on, pump off; (3) signal off, pump on; and (4) signal off, pump off.
Despite improvements from this method, a variable leakthrough signature still obscures the
~ 783.0 — 783.5 nm region and is thus excluded from all switched spectra presented in this article.
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Fig. 2. Switched spectrum of generated pulses (blue data points) about the CW signal
spectrum (shaded in orange) with 30% switching efficiency. Switched spectrum agrees
with modelled spectrum (solid blue curve) for ~ 0.6 nJ pump pulses with 367 fs duration
(measured via FROG at the 10-cm SMF output) and shows bandwidth expansion about the
narrowband CW signal spectrum.

3. Results and discussion

The anticipated bandwidth expansion of the switched signal light (configuration (a) in pump
modulation inset of Fig. 1) is shown in Fig. 2, where the switched spectrum is evidently broadened
with respect to the signal leakthrough (input CW spectrum). Experimental data is compared
with the fast-Fourier transform (FFT) of the temporal model (Eq. (1), assuming a Gaussian pump
pulse of duration 367 fs) for verification and estimation of the generated pulse duration. The
data and model are normalized relative to the signal leakthrough for comparison. The switched
spectrum agrees with the modelled spectrum, though the model underestimates the intensity of
the switched light at its tails. This is attributed to chirping of the pump pulse within the 10-cm
SMF, which is not fully accounted for in the model. Given that the FFT of the model and the
measured switched spectrum are in good agreement, it is inferred that the switched pulses are
near transform-limited. For the experimental parameters associated with Fig. 2 (Atpymp = 367 fs,
Apump = 805 nm, Agignar = 783 nm, Lgper = 10 cm, and pump pulse energy 0.6 nJ) the model
estimates a generated pulse duration of 305 fs. For 30% switching efficiency, this switching
window leads to generated pulse energies of ~ 0.03 fJ.

With the demonstrated ability to carve out ultrafast pulses from a CW beam and a reliable
method for estimating the generated pulse duration, pump pulse modulation is introduced to
demonstrate customizability of generated pulses. First, chirp is introduced in the pump pulses
to control the duration of generated pulses. Pump pulses are chirped by adding 5, 10, or 15
cm of SF11 glass to the pump beam path (see (b) in pump modulation inset in Fig. 1). The
addition of SF11 glass stretches the pump pulses, measured via FROG at the 10-cm SMF output,
from 415 fs (no SF11 glass) to 550 fs, 675 fs, or 735 fs (with 5, 10, or 15 cm SF11, respectively).
Pump pulse energies are 0.56nJ, 0.75nJ, 0.94nJ, and 1.3nJ for 0, 5, 10, and 15cm SF11 to
maintain 30% switching efficiency. As anticipated by the time-frequency relationship, narrowing
in the switched spectra is observed for increasing pump pulse duration. This is shown in Fig. 3,
where spectral bandwdith tunability from 1.6-2.9 nm is demonstrated. By comparing measured
switched spectra to an FFT of the corresponding temporal model, measurements of generated
pulse duration are again estimated (provided in Table 1). With O—15cm of SF11 glass, the switch
is capable of generating pulses with customizable duration from 330-570 fs, where generated
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pulses are shorter than associated pump pulses due to the quadratic sinusoidal dependency of the
switching profile in Eq. (1).

1 415 fs pump |

i 550 fs pump
675 fs pump

i 735 fs pump

o
) -
T T

Normalized Intensity
o
=

0.4 i
0.2 E
e o
0 i ]
788 790

Wavelength (nm)

Fig. 3. Spectral bandwidth of generated pulses controlled with pump pulse duration.
Switched spectra (coloured data points) agree with respective modelled spectra (matching
coloured curve) for pump durations of 415 fs (blue), 550 fs (red), 675 fs (yellow), and 735 fs
(purple).

Table 1. Modulation of generated pulse duration by chirping pump pulses (measured by FROG at
SMF output) with SF11 glass.

SF11 Glass Added Pump Pulse Duration Generated Pulse Duration
(measured via FROG) (estimated from model)
0cm 415f1s 330fs
5cm 5501s 4351s
10 cm 6751s 5251s
15cm 735fs 570fs

In addition to generating ultrafast pulses with tunable spectral bandwidth, sequences of two
and four switched pulses are achieved by adding birefringent media (@-BBO crystals) to the pump
beam path (see (c) in pump modulation inset in Fig. 1). Two-pulse trains are prepared using a
single @-BBO crystal (with a thickness of either 5 or 10 mm), and a four-pulse train is prepared
using two @-BBO crystals (of thickness 5 and 10 mm). The fast axis of the @-BBO crystals are
oriented at 45° with respect to the pump polarization and components of a single pump pulse that
are polarized along the fast and slow axes of a single @-BBO crystal are temporally separated into
two pulses that are cross-polarized. The temporal separation is set by the thickness of the @-BBO
crystal. Following each a-BBO crystal, the orthogonally polarized pulse pair is projected onto a
single polarization by a PBS.

Pump pulse trains separated by some known delay, A7gelay, carve out trains of switched pulses
separated with the same delay. A train of switched pulses leads to spectral interference with
fringe spacing: Aw = 27/ Atgelay [25,26]. Spectral interference in the switched spectra for three
different pump pulse train sequences is measured (left column in Fig. 4) and converted to the
frequency-domain using a linear interpolation, after which the IFFT can then be taken (right
column in Fig. 4). The IFFT results show: (a) one peak at 2.10 ps, (b) one peak at 4.38 ps, and (c)
three peaks at 2.13 ps, 4.36 ps, and 6.50 ps. These results are consistent with the generated delays
predicted by the polarization-dependent group velocity of @-BBO: (a) two pulses separated by
2.15 ps, (b) two pulses separated by 4.30 ps, and (c) four pulses separated by 2.15 ps. The peak at
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0 ps in each IFFT corresponds to the sum of the spectral profiles for all pulses present, and thus
has a higher intensity than subsequent peaks corresponding to the interference [26]. These results
demonstrate control over pulse sequence which, with tunable wavelength, duration, and temporal
separation, could be useful, for example, in low-intensity Ramsey-comb spectroscopy [27,28].
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Fig. 4. Switched spectra (left) and respective IFFTs (right) for input pump trains of: (a)
two pulses, separated by 2.15 ps; (b) two pulses, separated by 4.30 ps; and (c) four pulses,
separated by 2.15 ps.

4. Conclusion

In summary, we demonstrated ultrafast pulse generation from a CW diode laser via the optical
Kerr effect in only 10cm of commercially available SMF. The device achieves temporally
configurable pulses, and the technique provides a reliable means of switch speed characterization
which can be extended to any all-optical switch [29-32]. Sub-nanojoule pump energies are
sufficient and no active stabilization is required, making the implementation simple. Though
switched pulse energies are low (sub-femtojoule), they are sufficient for transient pump-probe
spectroscopy, and pulse characterization in the time-domain could be achieved using temporal
analysis, by dispersing a pair of light electric fields (TADPOLE) [33]. It is expected that a
range of CW sources could be implemented to achieve pulse generation over a wide range of
wavelengths (i.e., 0.375-1.5 um), noting that the signal, pump, and Kerr medium should be
chosen appropriately for desired wavelength and duration of the generated pulses. The generated
pulse duration is limited by the pump pulse duration and pump-signal walkoft in the Kerr medium;
therefore, employing shorter pump pulses or exploiting dispersion engineering in photonic
crystal fiber (PCF) could be used to generate shorter pulses. Another prospect for this device
includes full fiber integration with, for example, a CW fiber laser input signal and a gigahertz
fiber oscillator pump, which provides another means of reducing signal leakthrough. With some
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modifications, this switching technique is anticipated to be beneficial in ultrafast time-gating
applications including, for example, improving timing selectivity in both microscopy [34] and
spectroscopy [35]. Beyond the classical realm, this is expected to be a useful tool in quantum
optics, such as in the conversion of photonic qubits [14] and quantum metrology [36,37].
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2.4 Ultrafast spectro-temporal modulation
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In the journey towards using ultrafast time-bin encoding (UTBE) for photonic
quantum computing, we came across a fun (and informative) “side quest”, which
provided us with a deeper understanding of the optical Kerr gate’s capabilities. Given
the high temporal resolution of the Kerr gate, we decided to explore the possibility
of translating this high resolution to the conjugate (frequency) domain. Again, we
work in the classical domain for simplicity, but note that the results presented here
can be extended to the quantum domain.

In order to achieve this, we require a means of “mapping” the spectral content of
the signal we wish to Kerr gate to the time domain for measurement or manipulation.
The photonic time stretch (also called the time-of-flight spectrometer) is a well-known
technique which does just this [303]. This technique makes use of the dispersive
Fourier transform, in which a highly dispersive medium?’ is used to map the spectrum
of an ultrashort input signal to the temporal envelope of its output [304, ) |.
The time-stretched pulse is then measured by a high-speed photodetector, where the
time-dependent intensity profile informs the spectrum.

Although recent advancements in single-photon detection have seen increasingly
precise timing resolution, with cutting-edge superconducting nanowire single-photon
detectors (SNSPDs) now capable of sub-10 ps resolution |1 1, 307], there is always room
for improvement. Optical Kerr gating provides a potential pathway for improved
timing resolution of the photonic time-stretch measurement, which we explore here.
As shown in Fig. 2.13, an ultrashort signal is chirped by ~1km of polarization-
maintaining fiber (PMF), to generated a frequency-to-time mapped (chirped) signal.
A specific frequency band of the chirped signal can then be re-routed (e.g., to a

detector for measurement) by the Kerr gate.

29The dispersion of ultrashort signals is explained in Section 2.1.2.
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Figure 2.13: Spectral sampling with an optical Kerr gate. The optical Kerr
gate is used to measure the spectrum of an ultrashort input signal which
has been chirped by 1km of polarization-maintaining fiber (PMF). The
Kerr medium is a short piece of single-mode fiber (SMF), placed between
two crossed polarizers. A strong pump pulse can be combined with the
chirped signal on a dichroic mirror (DM) before both beams are launched
into the SMF. The pump pulse induces a birefringence in the SMF which
then rotates the polarization of the particular frequency band of the
signal. This frequency band is redirected by a polarizing beam splitter
(PBS). HWP: half-wave plate; QWP: quarter-wave plate.

It should be noted that the relative arrival time of the chirped signal and pump
pulse at the Kerr gate SMF is important in this application. As such, fluctuations
in the 1 km PMF length must be mitigated on measurement timescales. We initially
observed that signal pulse arrival time drifted between 13 to 53 ps/K in the laboratory
environment. This can be attributed to thermal expansion of the optical glass in the
PMF, and is consistent with the range of values for the thermal expansion coefficient
of optical glass provided in [30%|. To slow this drift in signal arrival time, the 1km
PMF is housed in a matryoshka-style temperature-stable box with aluminum heat
sinks®’, shown in Fig. 2.14. With this addition to the experimental setup, effects due
to temperature drift are slower than data collection timescales.

Although the Kerr gate defines an absolute minimum frequency resolution, it is

important to realize that the resolution of the frequency-to-time mapping technique

30Note that this could be improved upon by adding material with higher heat capacity. Aluminum
has a heat capacity of 887 J/kg/K, while water has a heat capacity of 4179.6 J/kg/K. Note that
adding beer was also discussed, which has a heat capacity of ~3600J/kg/K, depending on the mash.
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Figure 2.14: Temperature-stable box housing the 1km PMF. The spool of
PMF is placed within two styrofoam boxes. Two thick plates of alu-
minum are placed within the innermost box, and one thick aluminum
plate is placed within the outermost box—these act as heat sinks. With
this design, thermal expansion effects due to temperature drifts in the
lab become slower than the timescale of measurement.

is not only limited by the detector resolution, but also by the TBP of the input signal.
Described in detail in the manuscript and supplemental material provided at the end
of this section, the input signal duration also influences the achievable resolution. We
demonstrate a situation in which the technique is limited by the frequency-to-time
mapping requirement, as opposed to the Kerr gate resolution. It should be noted
that despite being outside the “direct” frequency-to-time mapping regime, we are still
able to measure partially frequency-to-time mapped signals with the Kerr gate; this
can be thought of as a fractional Fourier transform.

With input signals that do not limit the frequency-to-time mapping resolution
(e.g., a single photon generated by SPDC or SFWM), we can anticipate that fre-
quency modulation or measurement will be limited by the Kerr gate resolution. For
the 1km PMF used in this thesis, and a ~350 fs Kerr gate resolution as seen in Sec-
tion 2.3, the anticipated resolution in the spectral domain is a few picometers. This
technique is demonstrably useful for characterizing optical signals with high resolu-
tion. Furthermore, the capabilities we demonstrate here are promising in the context
of frequency demultiplexing in both classical and quantum optical communication,
as well as in frequency bin manipulation and measurement in quantum information

processing.
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Abstract: Spectral measurement is crucial in applications ranging from the investigation of
matter and its electronic properties to the wavelength-multiplexed routing of optical signals. We
propose and demonstrate a spectral measurement technique based on an all-optical approach.
The signal spectrum is mapped to the time domain by dispersion in 1 km of fiber and is then
optically gated by an intense ultrafast pulse in 10 cm of single-mode fiber. A portion of the signal
spectrum can be recovered by sweeping the gate pulse through the stretched signal. Spectral
fringes are measured down to the minimum bound for frequency-to-time mapping of 51.5 GHz.
Our measurement technique expands the toolbox of ultrafast measurements from the time domain
to the frequency domain.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Spectral measurement of light is one of the most fundamental exploratory tools in astronomy [1],
chemistry [2], and physics [3]. Measuring the spectrum resulting from light-matter interactions
provides information on the composition and structure of matter, from atomic [4] to astronomical
[5] scales. Not only is spectral measurement crucial for understanding material properties, it is
also important for characterizing optical signals, such as ultrafast pulses [6,7] or single photons
[8,9]. In many cases, high spectral resolution is required, for example when characterizing optical
frequency combs [10] or spectral fringes [11,12], or in optical communication where different
wavelengths of light can be used to send multiple signals at once over a fiber optic communication
channel (i.e., wavelength-division multiplexing) [13]. Frequency-to-space mapping in a grating
spectrometer is perhaps the most common method used for spectral measurement; however,
numerous techniques exist. Some techniques do not even require direct measurement in the
frequency-domain, allowing for high-resolution capabilities in other domains (e.g., time) to be
exploited, as we demonstrate here.

Fourier transform spectroscopy, for example, measures interference in the time-domain to build
optical spectrograms [14]. Another time-domain implementation, which has attracted attention
in the last decade, is time-of-flight spectroscopy [15,16]. This technique uses time-domain
“diffraction”, where a highly dispersive medium maps the spectrum of an input ultrafast pulse to
the temporal envelope of its output [17—19]. The stretched pulse is then measured by a high-speed
photodetector, where the time-dependent intensity informs the spectrum [20-22]. At the single-
photon level, frequency-to-time mapping has been implemented with dispersion compensating
fiber [9] and chirped fiber Bragg gratings [8] to measure the spectra of single photons. Time-
stretched single-photon spectra are monitored by fast single-photon counting modules, which
demonstrates the potential for real-time measurement of multiple bits of information per single
photon. Recent advancements in single-photon detection have led to increasingly precise timing

#549697 https://doi.org/10.1364/OE.549697
Journal © 2025 Received 3 Dec 2024; revised 10 Jan 2025; accepted 24 Jan 2025; published 5 Feb 2025
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resolution and fewer dark counts. Superconducting nanowire single-photon detectors (SNSPDs)
routinely achieve timing resolution around 100 ps, with cutting-edge systems reaching down to
the sub-10 ps timescale [23,24]; but there is always room for improvement.

In particular, when detection bandwidth is limiting the resolution of a time-of-flight spec-
trometer, one might consider using nonlinear optical gating [7] to reach detection bandwidths
beyond what can be achieved electronically [25]. Importantly, the gating should not introduce a
prohibitive amount of noise in the signal, especially when this is a single photon [26]. Low-noise
gating based on linear interferometric techniques can be used to overcome detection bandwidth
limitations [27-31]. Nonlinear techniques can operate without the need for an interferometer,
and have been demonstrated using upconversion as the gating mechanism [32], but this method
inherently requires a frequency conversion and is limited in terms of efficiency. Another promising
all-optical approach—which has already demonstrated broad applicability in ultrafast pulse shaping
[33], characterization of energy-time entangled photons [34], quantum communications [35],
quantum simulations [36], and quantum information processing [37]—uses optical Kerr gating.
By extending this optical Kerr gating technique to the spectral domain via frequency-to-time
mapping, we anticipate a scheme that could pave the way for new advancements in spectral
characterization and manipulation.

Here, we propose and demonstrate a spectral measurement technique that uses ultrafast optical
Kerr gating of a frequency-to-time mapped signal. Outlined in Fig. 1, group velocity dispersion
(GVD) in 1 km of fiber is used to stretch an input signal pulse, effectively mapping its spectrum
to the time-domain. This time-stretched signal is then gated by an ultrafast pump pulse through
the optical Kerr effect in 10 cm of single-mode fiber (SMF), depicted in the inset of Fig. 1. The
pump pulse overlaps with a narrow window of the stretched signal pulse in time, and thus also a
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Fig. 1. Operating principle for Kerr-gated spectral measurement. A dispersive medium
(such as a long optical fiber) is used to stretch an optical signal of interest and thus map its
spectrum to the time-domain. Kerr-gating, shown in the inset, uses an intense ultrafast pump
pulse to rotate the polarization of a narrow temporal window in the dispersed signal pulse.
The gated signal is measured for various delay between signal and pump, and can be used to
retrieve the optical spectrum.
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narrow frequency band. This induces polarization rotation in the signal within the window of
overlap. When the SMF is placed between two crossed-polarizers, only the polarization-rotated
signal is transmitted, thus sampling a narrow frequency band for detection. This technique offers
tunability in its operating band and the potential for full fiber-integration.

2. Theoretical requirements

We first consider the requirements of implementing frequency-to-time mapping. The output field,
Eou (1), for a pulse propagating through group delay dispersion, B8,z (where z is the length of
the dispersive medium with quadratic dispersion £3,), is given by the convolution of the input
field, Ein(f), with a quadratic phase function: Egy ~ Ein * € /%% (see Supplement 1 for more
details); this result is isomorphic with that for Fresnel diffraction in one dimension. In analogy
to the spatial domain, the longest temporal feature duration of the input pulse, 7y, determines
the dispersion required to be in the “far field”, where each spectral component is mapped to a
different time in the output pulse. This condition is met when |B,z| > ‘rg /8, in which case the
time-stretched output pulse is a scaled version of its input spectrum:

—i 2o i~ t
Eou(t) = \{m e 1P I, (w = w + '@), (1

where angular frequency is given by w = 2xf and wg = 27fj is the carrier frequency of the pulse.
Frequency, f, is thus mapped on to time with a mapping factor of [38],
of 1
2n—— = —. 2
ot Bz @
Given that the finest spectral feature, §f, and its duration are related by the time-bandwidth
product, 79 of ~ 1, in order to obtain an accurate spectrum, the finest spectral feature, f, must

satisty [38]
1

NI

We can use this to estimate a minimum bound, §fmin, for frequency-to-time mapping with a
given group delay dispersion,

of >

3

1

V8IBal

with the understanding that spectral distortions will increase as dfmi, is approached. In many
cases, the spectral measurement resolution will be limited by the detector timing resolution. For
a detector with timing resolution, A7p, the corresponding frequency bandwidth is given by

6f min =~ 4

ATD

== 5
271Ba7] ©)

Afp

It is commonly appreciated that the resolution of the frequency-to-time mapping technique is

determined by the ratio of the detector (or gate) speed to the dispersion; however, care must be

taken to ensure that Eq. (3) is satisfied, or the measured trace will include distortions. In order to

accurately reconstruct the spectrum for a given dispersion, Afp < &fmin should be met, placing a

limit on the necessary detector resolution. For more details on the theory of frequency-to-time
mapping, see Supplement 1.
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3. Experimental implementation

The experimental setup for the Kerr-gate frequency sampler is shown in Fig. 2. Both the signal
and pump originate from an 80 MHz titanium sapphire (Ti:Sapph) laser, centered at 816 nm
with a spectral bandwidth of 12 nm. The output pulses are split into two paths by a half-wave
plate (1/2) and polarizing beam splitter (PBS), which are used to control the pulse energy in the
signal (reflected) path. The pulse energy in the pump (transmitted) path is controlled by a second
A/2 wave plate and PBS combination. Supercontinuum generation (SCG) in a 12 cm photonic
crystal fiber (PCF) provides a signal pulse in a different spectral region than the pump, which is a
requirement for operating the Kerr gate. The broadband light generated in the PCF is shown in
Fig. 2(a). Pump pulses with energy ~ 0.055 nJ are used to generate the spectrum shown in blue,
which is then spectrally filtered using a 5 nm bandpass filter (shown in red).
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Fig. 2. Experimental setup. An 80 MHz Ti:Sapphire oscillator is split along two paths by
a half-wave plate (1/2) and polarizing beam splitter (PBS). The signal provides the spectrum
to be gated, and the pump does the gating. Supercontinuum generation in a photonic crystal
fiber (PCF) provides broadband signal light, depicted in (a), which is delayed with respect to
the pump, A7y. A Michelson interferometer is used to prepare two signal pulses delayed
by A1y, providing spectral fringes for measurement. 1km of polarization maintaining fiber
(PMF), housed in a temperature-stability box, provides the frequency-to-time mapping of the
signal. The /2 wave plate prior to the 1 km PMF rotates the signal polarization such that it
is aligned to the slow axis of the PMF. The time-stretched signal polarization is prepared by
a A/2 wave plate and absorptive polarizer. The pump polarization is prepared by a polarizing
beam splitter (PBS) and a quarter- (1/4) and half- (1/2) wave plate. The pump and signal
are recombined by a 70:30 (70% reflection, 30% transmission) beam splitter, and are then
coupled into the 10 cm single mode fiber (SMF) for Kerr-gating. Only polarization-rotated
light is allowed through the 1/2, 1/4, PBS combination after the SMF, to be measured by a
CMOS camera. Shown in (b), the rejected light is also monitored on the CMOS camera, and
allows for common-mode noise division where applicable.

The signal light is then sent through a variable delay line, A7, to allow the control of the
relative delay between the signal pulse and pump pulse. We use a Michelson interferometer with
tunable delay At, between the two arms to impart a controllable spectral signature onto the signal.
Pulses exiting the interferometer exhibit spectral fringes with frequency f = 1/A1; [6,39]. After
this, 1 km of polarization-maintaining fiber (PMF) disperses the signal pulses, with dispersion
parameter D = —146.1 ps/nm/km (corresponding to quadratic dispersion 8, = 47.2 ps>/km). The
signal pulse energy prior to the 1 km PMF is 690 fJ. Signal pulse propagation time in the 1 km
fiber can drift due to thermal expansion of the glass. Based on the range of values for the thermal
expansion coeflicient of optical glass [40], the signal pulse arrival time drift is expected to be
between ~ 13 — 53 ps/K. To slow this drift, the 1 km PMF is housed in a temperature-stable box.
Note that the A/2 wave plate prior to the PMF is used to rotate the signal polarization such that it
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couples to the slow axis of the PMF. After the PMF, the polarization of the time-stretched signal
is then prepared by a A1/2 wave plate and nanoparticle polarizer, and recombined with the pump
on a 70:30 beam splitter (70% of the signal is reflected, 30% of the pump is transmitted).

The stretched signal is then gated by the pump pulse within the 10 cm SMF (Thorlabs S630-HP).
As outlined in Supplement 1, it is important that the pump polarization is at 45° relative to the
signal polarization for Kerr gating. The pump polarization is set by a PBS, quarter- (1/4) wave
plate, and 1/2 wave plate. The portion of the signal that is overlapped temporally with the pump
will experience polarization rotation due to the Kerr effect. A PBS at the output of the 10cm
SMF allows only polarization-rotated light through to the detector. It is preceded by 1/4 and 1/2
wave plates, which compensate for any intrinsic birefringence within the 10 cm SMF. After the
PBS, spectral filters are used to attenuate the pump, and a 1 m SMF is used to spatially filter
any light allowed to propagate in the cladding modes of the short 10 cm SMF. The polarization
rotated light (signal) is measured using a CMOS camera (Thorlabs, DCC1645C). The light
reflected at the PBS can be measured simultaneously on the CMOS camera (reference), allowing
for common-mode noise division, if desired. Note that, for the data presented here, we perform
a background subtraction rather than make use of the common-mode noise division option;
however, we include the option of measuring the reference signal in Fig. 2 for completeness. For
our background subtraction, we take measurements of the Kerr gated signal (both pump and
signal on) and subtract the background noise due to the pump (pump on, signal blocked). The
integrated DC background should be subtracted from both the integrated signal and reference
spots on the camera in all cases.

The Kerr gate pump pulse can introduce noise photons in the signal spectral band due to
competing parasitic nonlinear processes such as fluorescence, Raman scattering, self-phase
modulation (SPM), and two-photon fluorescence [41], especially when the pump and signal are
in similar spectral regions. We mitigate these noise sources by spectrally filtering the pump prior
to Kerr gating and also reducing its power, the latter of which limits our gating efficiency to
~ 30%. However, previous works have shown that the Kerr gate can reach near-unit efficiencies
with low noise, when the signal and pump center wavelengths are well-separated [35,42].

4. Results and discussion

The setup was first operated without the Michelson interferometer to measure the dispersion
parameter in the 1 km PMF. Instead of the CMOS camera, an Ocean Optics USB2000+
spectrometer was used to measure the spectrum of the gated signal. When the stretched signal is
delayed relative to the gate (pump) pulse, the gate overlaps with different signal frequencies. As
expected, this causes the central wavelength of the gated signal to shift with gate pulse delay.
This is shown in Fig. 3, where the slope of a linear fit allows for the experimental measurement of
the dispersion parameter in the 1 km PMF. The experimental dispersion parameter was measured
to be —146.1 + 0.4 ps/nm (for ~ 1 km of fiber), which is close to the quoted dispersion parameter
from Thorlabs of —150 ps/nm/km at 780 nm. With a measurement of dispersion, time (Kerr-gate
delay A7) can be mapped to frequency. For this amount of dispersion, the minimum bound for
frequency-to-time mapping is dfmin = 51.5 GHz, which corresponds to a required detector speed
of 15.2 ps. Interestingly, since we operate with a sub-picosecond Kerr gate resolution, we are
limited here by the amount of dispersion rather than the speed of our detection mechanism.
With the Michelson interferometer in the experimental setup, spectral fringes can be measured
with the Kerr gate. By increasing the signal pulse separation, we can generate increasingly
narrow spectral features down to the minimum bound for frequency-to-time mapping; for
Ofmin = 51.5 GHz, this is given by A, = 19.5 ps. Figures 4(a)—(f) compare measured fringes
with a model for pulse separation within the frequency-to-time mapping regime, while Fig. 4(g)
presents the same comparison just beyond the limit of Eq. (4). The model follows the theory of
frequency-to-time mapping presented in Supplement 1, where the input signal is taken to be two
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Fig. 3. Measuring the dispersion parameter. Central wavelength of polarization-rotated

light is plotted against Kerr-gate delay (light blue). Over the small range of wavelengths

measured, a linear fit (dark blue) can be used to extract the dispersion parameter of the 1 km
fiber: —146.1 + 0.4 ps/nm.

100 fs Gaussian pulses separated by a time delay of Ar,. Note that At is estimated based on the
measured fringe spacing to account for any stage misalignment relative to the optical axis. The
modeled temporal profile of the input signal is then converted to the frequency domain by a fast
Fourier transform (FFT), after which a quadratic phase operator, associated with dispersion in
the 1 km PMF, is multiplied. The result is then converted back to the time domain by inverse
fast Fourier transform (IFFT), and a cross-correlation with the Kerr gate intensity profile (for
Asignal = 780 nm, Apump = 816 nm, and a pump pulse with 340 fs duration and energy of 0.69 nJ) is
performed. This end result can then be compared with experimental measurements, as presented
in Fig. 4. We observe good qualitative agreement between our experimental data and model.
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Fig. 4. Spectral fringes within and near the frequency-to-time mapping limit. Meas-
ured fringes (light purple) are compared with modeled fringes (dark blue) for various signal
pulse delay, At,. The respective frequency axis, calculated using Eq. (2), is displayed at the
bottom for reference. Note that the data presented in (g) has spectral features smaller than
the limit in Eq. (4), and is thus outside the frequency-to-time mapping regime.
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The full measurement window is limited by the scanning range of the motorized delay line,
At. Here, we are limited to a measurement spanning 200 ps, and thus only measure a portion of
the signal spectrum; however, this window can be increased with the use of larger motorized
linear delay stages. The acquisition time of a single data point (i.e., the intensity of a Kerr-gated
spectral component of the signal) is approximately 360 ms. Since we perform a measurement of
both the gated signal (pump and signal on) and background noise due to the pump (pump on,
signal off), the total acquisition time required for each spectrum presented in Fig. 4 takes about
9 minutes (2 X 4.5 minutes, to acquire both a signal and background). This total scan duration can
be optimized to suit experimental needs, by adjusting the detector integration time and scanning
resolution.

5. Conclusions and outlook

In summary, we have demonstrated a technique for time-of-flight spectroscopy using ultrafast
optical Kerr gating. The spectrum of interest is first mapped to the time-domain by applying
dispersion, after which an optically gated measurement is performed. Spectral fringes are
measured down to the minimum bound for frequency-to-time mapping, with good agreement
observed between experiment and model. Although time-of-flight spectroscopy is often limited
by detector timing resolution, we stress the importance of recognizing that this is not always the
case. Here, the detection resolution surpasses that of the minimum bound set by dispersion.

The high speed of ultrafast optical Kerr gating in fiber, combined with its potential for
high-efficiency and low-noise operation [35,43], make this an attractive technique for operating on
broadband single-photon-level signals. Indeed, optical Kerr gating has already seen application
in fields such as time-resolved fluorescence emission spectroscopy [44—48], where spectral
measurement of fluorescence can be performed without frequency-to-time mapping. Here, we
explored the possibility of Kerr-gated measurement in the spectral domain, down to the estimated
minimum resolution bound for frequency-to-time mapping, §fmin = 51.5 GHz. For comparison,
state-of-the-art time-of-flight spectrometers have seen approximately 213 GHz resolution in
the 4.4-4.9 pum range [22], 90 GHz resolution at 1550 nm [9] 24 GHz resolution at 830 nm [8],
and an impressive 1.9 GHz resolution around 1550 nm [21]. We anticipate that, with increased
dispersion, the optical Kerr gate will be capable of higher-resolution measurement, competitive
with state-of-the-art demonstrations. Obtaining sufficient dispersion to complement the high
speed of the Kerr gate is a challenge; the temporal duration corresponding to the minimum
frequency bound will also increase with dispersion. Furthermore, propagation in long fiber
requires temperature stabilization. Chirped fiber Bragg gratings could provide one avenue for
achieving higher group delay dispersion without the need for temperature stabilization; however,
in this case, one must consider the trade-off between increased dispersion and loss. It is also
important to weigh the time cost of performing a scanning measurement against the potential
resolution benefits of the high-speed Kerr gate.

Nevertheless, intriguing possibilities remain: this technique could enable selective modulation
or re-routing of optical signals based on frequency, for example, in frequency demultiplexing
or for the manipulation of frequency-bins in quantum information processing schemes. With
the implementation of multiple Kerr gates, frequency demultiplexing could be performed with
minimal scanning. One may also envision combining time-bin and frequency-bin encoding in
quantum information processing through this technique. Our approach could also be generalized
to encompass spectro-temporal measurements; by adjusting the dispersion applied, one could
apply selective phase and amplitude modulations to spectro-temporal modes. One could also
explore the use of tomographic techniques [49] to better estimate the signal spectrum when the
measurement resolution is limited by dispersion.
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1. THEORY OF FREQUENCY-TO-TIME MAPPING

When a short pulse propagates through a transparent medium, its group velocity will be frequency
dependent. This phenomenon, called group velocity dispersion (GVD), allows for frequency-
to-time mapping. The transfer function of a dispersive medium, of length z and propagation
constant B, can be given by [1]

H(w) = e ihez(w—w)?/2, (1)

where H(w) is a function of frequency, w, and wy is the carrier frequency of the pulse. The
dispersion parameter of the medium, D, is related to the second-order propagation constant
through: D = —27tcB,/ A2, where c is the speed of light and A denotes wavelength.

Following closely the mathematical description of frequency-to-time mapping presented in
Refs [1, 2], the dispersed pulse can be written as the convolution between the input pulse, E;, (1),
and the transfer function of the dispersive medium, H(t), in time:

Eout(t) = Ein(t) * H(t)
= /dt’Em(t/)H(t—t’), (52)

where t’ and t describe the temporal domain of the input and output pulses, respectively.
By taking the Fourier transform of H(w) given in Equation S1, H(t) can be found,

1 ) )
H(t) = E /le eil%ﬁzz(wiwoyelwr
_ —i it?/2Brz iwot
727_[/322 e elvot, (S3)

where e/ is the carrier term. The output pulse is therefore

—i : SN2 . o
Eout(t) _ Znﬁzz / dl‘/Em(t,) ez(t t')?2/2B2z ezwu(t t)
_ A/dt’Ein(t/) e—itt' B2z it/ Pz eiwnt’, (S4)
with
A= 27‘[_ﬁlzz eil’z/zﬁzz eiwgt. (85)

Here, we assume a near-transform limited input pulse with duration 1y, where Ej,(+') — 0
sufficiently quickly for |t/| > Ty/2. In this case, and for large enough dispersion,

%
|Baz| > - (S6)

£/ Byz ~ 0 for all values of ¢’ over which the input pulse is non-zero. This is the direct frequency-
to-time mapping regime. The output pulse is then given by

Eout(t) = A/dt/Em(t’) e~/ poz g—itl’, (S7)
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The integral in Equation S7 is just the Fourier transform of the input pulse, where w =
wq + t/Baz. The output pulse can therefore be written as

L if/2paz gt B _ ot
Sy © e Ein (w w0+ﬁzz). (S8)

It is seen that in the large dispersion limit, the stretched output pulse is a scaled version of the
input spectrum multiplied by a quadratic temporal phase. This shows the important result that
the dispersive element maps frequency onto time, with a mapping factor of

Eout(t) =

ow 1
o " B 9
It is important to remember that Eq. S6 sets the required dispersion to reach the “far field” for
frequency-to-time mapping with minimal distortions and an accurate spectrum representation.
The finest spectral feature, J f, of the input waveform and its duration 1y are related by the time-
bandwidth product 790 f ~ 1. This sets a limit on the spectral resolution in the large dispersion
limit,
1
|B22|(5f)? > . (510)

This spectral feature, 6, is stretched to a duration 6t = 271(6f)|B2z|, which must satisfy

T
6t > —1/|B2z
\/i ‘IBZ |

T

o> ———, (511)

4(3f)
and we see that the smallest temporal feature, 6t, which can be generated in frequency-to-time
mapping must exceed the bandwidth-limited pulse duration of the corresponding spectral feature.

2. THEORY OF OPTICAL KERR-GATING

In this work, the time-stretched intensity envelope is sampled optically, through a process known
as cross-phase modulation. Cross-phase modulation occurs due to a x® nonlinear optical process
known as the optical Kerr effect. In this process, a strong ultrafast optical pulse generates an
intensity-dependent refractive index along its polarization axis in the medium through which it
travels. This induces a localized birefringence, moving with the pulse as it propagates through
the medium, which can then be used to rotate the polarization of another optical signal in a very
short temporal window (< 1ps). When the medium is placed between two crossed polarizers,
only the rotated signal light will be transmitted.

For a linearly polarized ultrafast pump pulse co-propagating with a time-stretched signal beam
of intensity Iy, the gated light will have an intensity profile of [3]

I(t) = Iysin®(26) sin2<A¢T(t)>, (512)

where 0 is the angle between the signal and pump polarizations and A¢(¢) is the time-dependent
phase difference between the parallel and orthogonal components of signal polarization (relative
to the pump). Polarization rotation is maximal for 6 = 45°, so the pump is set 45° relative to the
signal in this work.

The time-dependent phase difference is given by [4]:

8mtny

AG(T) = /0 " o (T — du2)dz, (813)

3/\signa1

where ; is the nonlinear refractive index of the fiber, Agjgna is the center wavelength of the
stretched signal, and z is the propagation distance within the fiber of length L. In a dispersive
medium, the pump and signal will experience temporal walkoff, d,, = v,{_pl - vg_sl, where vg, and
vgs are the pump and signal group velocities, respectively. For this reason, the temporal intensity
of the pump, Ipump, is expressed in the frame moving with the signal [5] T = t — z/vgs, where ¢
is time in the laboratory frame.
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3. MEASURING SPECTRAL FRINGES

Figure S1 compares what will be observed when two pulses, separated by delay A1, are measured
with a spectrometer and with the time-of-flight spectrometer. If these two pulses were to be
measured with a grating spectrometer with adequate resolution, spectral fringes with spacing
Af =1/At; would be observed [1, 6]. This is due to the geometry of the spectrometer. Specific
frequencies of pulses that are localized in time will traverse different path lengths before arriving
at the same spot on the detector. If the spectrometer geometry allows, two pulses separated in
time can be spread such that they interfere at the detector, leading to the observation of fringes.
Similarly, this can be seen if the two pulses are stretched in a dispersive medium and sampled in
the time domain.

ﬂ - 1/A'L'z

1 f

Dispersion parameter

maps time to frequency
Lﬂéﬁ.
O % .

1 km fiber
(in temperature-
stable box)

Fig. S1. Spectral fringe measurement in the spectral domain. Comparing spectral fringes
measured with a grating spectrometer (top) and the time-of-flight spectrometer (bottom). Spa-
tial dispersion from the grating in the spectrometer leads to interference in the spectral domain.
Group velocity dispersion from the 1km fiber in the time-of-flight spectrometer leads to inter-
ference in the temporal domain, which can be mapped to the frequency-domain with the fiber
dispersion parameter.
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Chapter 3
Some background on quantum optics

Photonic quantum information processing requires photons. Our all-optical ap-
proach to quantum information processing in the ultrafast regime is no different.
We must be capable of generating manipulating, and detecting single photons. This
chapter presents several important concepts in quantum optics, which make up the
foundation of our ability to do quantum information processing with single photons.
Section 3.1 introduces the field of quantum optics, starting with the quantization of
the electromagnetic field and following with a discussion on different states of light.
After this, Section 3.2 explains how single photons can be generated in the lab, while
Section 3.3 outlines how these photons are detected. Section 3.4 then discusses how
photon sources can be characterized. This chapter concludes with a demonstration

of characterizing an entangled photon pair source! in Section 3.5.

!This demonstration makes use of the optical Kerr gate introduced in Section 2.2.5!
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3.1 Quantum optics

The field of quantum optics studies the nature and effects of light as quantized
photons. Historically, the first major development which led to this new way of un-
derstanding light was Max Planck’s derivation of the correct form for the distribution
function of energy emitted by an ideal black body?. Planck’s remarkably accurate
radiation law, published in 1901 [309], regarded the energy spectrum as consisting of
“energy elements” that are directly proportional to their frequency through Planck’s
constant of nature, h = 6.62607015 x 10734 J.s. But, it was Einstein’s 1905 paper,
which outlined his theory of light quanta (photons) in order to explain the photoelec-
tric effect [310], which recognized the essence of quantum theory. In 1913, another
major advancement was made when Bohr provided further proof of the quantization
of optical radiation, by theorizing that the emission lines of hydrogen corresponded to
quantized energy levels within atoms [311]. Among many others, these developments
were crucial for the understanding of interactions between light and matter, and for
quantum mechanics as a whole. Many technologies today rely on these scientific de-
velopments, including the transistor and the laser—both of which are hard to imagine
a world without!

This quantized picture of light raises an interesting question: what exactly is a
photon? The answer to this will likely be different, depending on who you ask. Some
might say that a photon is an elementary particle in the standard model, while others
may tell you that a photon is the smallest possible packet of electromagnetic energy.
While these definitions are correct, there is yet another definition which is often used
within the formalism of quantum optics: a photon is a single quantum excitation of
a normal mode of the electromagnetic field. We will see that this definition becomes
more obvious in the next section, where we follow Dirac [312] and combine the wave-

and particle-like pictures of light?.

2Before the photon picture, classical physics predicted that an ideal black body at thermal equi-
librium would emit an unbounded quantity of energy as wavelength decreased into the ultraviolet
range. Yet, experimentally, this trend was not observed. This discrepancy is referred to as the
ultraviolet catastrophe.

3There are many excellent quantum optics textbooks which are recommended for further reading.
To name a few: Loudon’s The quantum theory of light [313], Gerry and Knight’s Introductory
quantum optics [314], or Scully and Zubairy’s Quantum optics [315].
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3.1.1 Quantization of the electromagnetic field

The essence of Dirac’s quantum theory of radiation [312]| associates each normal
mode of the electromagnetic field with a quantized simple harmonic oscillator. We
will demonstrate how this is done, and then outline how quantum states of light can be
used to describe how many excitations (photons) are present in each of these normal
modes. We begin with the simple, yet informative case, of a radiation field confined
to a one-dimensional cavity of length, L, along the z axis. Provided the walls of the
cavity are perfectly conducting, the electric field must vanish on the boundaries of
the cavity (i.e., at z = 0 and z = L). Assuming that there are no other sources of
radiation (i.e., no currents, charges, nor dielectric materials within the cavity), the

electric field will take the form
E(r,t) = xE,(z,1), (3.1)

where the field is taken to be polarized along the x-direction, as indicated by the
unit polarization vector, x. The functional form of F,(z,¢) must be a solution to
Maxwell’s equations, as defined in Eqgs. 2.39-2.42 in Chapter 2, but written again

here for convenience,

V-E=0 (3.2)
V-B=0 (3.3)
0B
VXE= 5 (3.4)
OE(t)

V x B(t) = o€o

o (3.5)

A similar protocol to the one presented in Section 2.2.1 can be followed to arrive at
the wave equation, this time in the absence of a nonlinear source term,
1 0°E B

2
VE - 55 =0. (3.6)
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Solutions which satisfy Maxwell’s equations are referred to as modes. Under the
boundary conditions we have imposed, a single-mode field solution to Maxwell’s equa-

tions takes the form,

2w?

Eu(z,t) = (V—eo)l/2q(t) sin(kz), (3.7)

where w is the frequency of the mode, and k = w/c is the wave number. The
cavity length defines the allowed frequencies of oscillation, w,, = ¢(mn/L), where
m =1,2,3, ..., and the effective volume of the cavity is denoted as V = L A, where A
is the cross sectional area of the cavity. We also see a time-dependent factor, ¢(t), in
our solution, which should have dimensions of length. This factor is a time-dependent
field amplitude, which here acts as the canonical position.

The magnetic field in the cavity can be found by inserting our solution for E(r,?)
into Eq. 3.5,

B(r,t) = yE,(z,1), (3.8)

where y is the unit polarization vector in the y-direction, and

By(z,t) = (%) (%)1/2(]'(15) cos(kz). (3.9)

Here, ¢(t) is another time-dependent field amplitude, which acts as the canonical
momentum for a “particle” of unit mass, so that p(t) = ¢(t).
We can calculate the classical field energy (the Hamiltonian, which we denote as

H) in terms of the canonical position and momentum,

T / qv [GOEQ(r, £ + iB%r,t)}

2 Ho
_ %/OL dz/dA |:€0E2(z,t) + iBQ(Z,t)}
_1 [P°(t) +w? ()] - (3.10)

2
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We can see that this Hamiltonian is of the same form as that of a classical one-

dimensional harmonic oscillator,

2 2 92

P mw<q

Huyo = — ,
HO 2m 2

(3.11)

with unit mass, m = 1, where the electric and magnetic field amplitudes play the
role of the canonical position, ¢(t), and momentum, p(¢). It should be noted that, so
far, we have considered only a single-mode solution to Maxwell’s equations; however,
a more general solution takes the form of a linear combination of these single-mode

solutions?,

w2 1/2
E(z,t)=)_ (‘2/—;0) q;(t) sin(k;z) (3.12)

B,(z,t) = ZJ: (“2—?’) (QV—“z)l/z G (t) cos(k;2). (3.13)

In this case, the Hamiltonian of the electromagnetic field is written as

1

H=3 > ) +wig() . (3.14)

J

The result that the Hamiltonian of the electromagnetic field is of the same form
as the Hamiltonian of a harmonic oscillator is crucial to the quantization of the
electromagnetic field, which we will now proceed to demonstrate. We can use Bohr’s
correspondence principle® [316] and replace our classical variables for position and

momentum, ¢;(t) and p;(t), with the associated Hermitian operators, ¢;(t) and p;(¢),

41t should also be noted here that the electromagnetic field need not be polarized as we have
defined here. More generally, we can include an additional sum over the two possible polarization
components in the linear combination of modes we have written; however, we stick with linearly-
polarized fields here for simplicity.

5In the limit of large numbers, the predictions of quantum physics become identical to the pre-
dictions of classical physics.
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which satisfy the canonical commutation relations®,

(45, 47] =0, (3.16)
[y, pyr] = 0. (3.17)

We must now write the electric and magnetic fields as operators,

w2 1/2
E’x(z,t)zz<‘2/—é)> g;(t) sin(k;z) (3.18)

By(st) =% <M2€0> G/ii)m Bi(t) cos(k;2), (3.19)

H = Z H; = Z % [P2(t) + w? 2 (t)] - (3.20)

Since the operators, ¢;(t) and p;(t) are Hermitian, they correspond to physically
observable quantities; however, it is convenient (and traditional) to introduce the

non-Hermitian operators,

a;(t) = (2hw;) ™% [w;d; (t) + ip; (1)] | (3.21)

af (1) = (2h;) ™ [wiy (1) — ip; (1)) (3.22)

which are referred to as the annihilation and creation operators for mode j, respec-

tively. The electric and magnetic field operators can then be written as
Bozt) =3¢ [aj (1) + a}@)} sin(k; 2), (3.23)
J
By(zt) =Y —iB, [aj(t) —al (t)] cos(k;z), (3.24)

J

6The first commutation relation should technically be written as [§;, p;] = ih§j7j/f ; however, we
follow custom here and drop the identity operator, I.
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where &; = (hwj/eo‘/)l/2 and B; = (po/k;) (eohw?/V)l/Q. The commutation relations
for the operators, a;(t) and d;r-(t), follow from those defined for ¢;(¢) and p;(t), where

[&j, &;r/] - 6j,j’7 (325)
[&ﬁ &j’] =0, (326)
[, al,] = o. (3.27)

The Hamiltonian for the j*® mode can then be written in terms of the annihilation

and creation operators as

. U 1
Up to this point, we have been working in the Heisenberg picture, where the state
vectors are stationary and the operators evolve with time. We should therefore treat

the time dependence of the operators, a;(t) and d;r-(t). An arbitrary operator, O,

(with no explicit time dependence in the Schrodinger picture) evolves according to

dO i~ .
which has the formal solution
O(t) = /O (0)e~ I/, (3.30)

The Baker-Campbell-Hausdorff lemma allows us to write

O(t) =0(0) + E[ﬁ, O(0)] (3.31)
+3i (3) PIALOO)] (332
v (3) PLILIALOON+---. (33
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Applying this to our annihilation operator for mode j, we have

w2t2 3t3
5(0) {1—iwjt— ; }

Q>

a;(t) = o T

j(0) e~ (3.34)

I
Q>

and applying this to our creation operator for mode j, we have

al(t) = al(0) {1+zw] TR

= al(0) e, (3.35)

2t2 3t3 :|

As with many problems in quantum mechanics, we can solve for the energy eigen-
values of the Hamiltonian. We introduce the energy eigenstate associated with the

7™ mode, |1n);, with energy eigenvalue, EY)| which together obey the equation

W i) = s, ( 4; + )|wn> — B9 [y, (3.36)

where we have dropped the time dependence of the operators for ease of reading, but
note that it is still present. If we multiply both sides of Eq. 3.36 by d} and rearrange,

we can generate a new eigenvalue equation,

i, [a}&j +% (af 1wn);) = [BY + ] (af o)), (3:37)

where we see a new eigenstate, <CAL;~ 1) ) emerge with energy eigenvalue, EY + hw;.

We now see why &;r_ is called the creation operator for mode 7j; it “creates” a quantum
of energy, hw;, in mode j of the electromagnetic field. We often say, loosely, that the
action of this operator is to create a photon of energy Aw;. A similar protocol can be

followed to understand the effects of the annihilation operator; we can multiply both
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sides of Eq. 3.36 by a; and rearrange to arrive at
At a /. ; .
hw; [a;% + 5] (aj Wn>j> = [EY) — hw] (%’ Wn>j> : (3.38)

where we see another new eigenstate, (dj |tn) j>, with eigenvalue, EY) _ hw;. The a;
operator is called the annihilation operator because it “destroys” a quantum of energy,
hwj, in mode j of the electromagnetic field. Repeated operation of the annihilation
operator will continuously decrease the energy eigenstate by integer multiples of Aw;
yet, the energy of the harmonic oscillator must always be positive. This implies that
there is a lowest-energy eigenvalue, Eéj )

such that

> 0, with a corresponding eigenstate of |0) i

H, (&j ’O>j) = (Ec()j) - hwj) <&j ’0>j) =0, (3.39)
where we require that
a; \O)j = 0. (3.40)

The eigenvalue equation for the ground state is therefore
. A 1 1
7‘[]‘ |0>] = hwj ajaj + § |0>J = §hw] |0>] . (341)

The creation and annihilation operators thus provide us with an energy spectrum,
as depicted in Fig. 3.1, for the j* mode of the electromagnetic field, with integer
multiples of iw;. The bottom of this energy spectrum is called the ground state, with
energy hw;/2. Any further use of the annihilation operator, once the ground state
is reached, will result in @, |0) ;=0 It is common to denote a photon in mode j
as d} |0),, which is measured in the lab as a count at a single photon detector. We
will use the term photon quite casually throughout this thesis, but it is important to
remember our more formal description of a photon from this section: a photon is the
canonically quantized energy of the electromagnetic field (which itself is a solution to

Maxwell’s equations).
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Figure 3.1: Photon energy level spectrum. The energy level spectrum arising
from the quantization of the electromagnetic field is depicted against the
harmonic oscillator potential.

3.1.2 Quantization of the electromagnetic field in unbounded

free space*

It should be noted that, so far, we have considered the quantization of the elec-
tromagnetic field in a one-dimensional cavity; however, in many experiments which
utilize single photons, they are not bound by a cavity. We can quantize the electro-
magnetic field in unbounded free space by considering a large, but finite, cubic space
of side length L (where we take L to be much larger than the wavelengths of the
field). Solutions to Maxwell’s equations’” now take the form of plane waves and we
impose periodic boundary conditions at the “bounds” of the L? cube. Here, the clas-
sical electric and magnetic field solutions can be expanded as a sum over an infinite
discrete set of plane wave vectors®, k = (ky, k,, k.), and a sum over two polarizations,
s, such that

E(r,t) = ZZ Z WkEk,s [Ak,sei(k'r’“’“t) — Ai‘;se’i(k'r’“’“t)] , (3.42)
s k

v k ~ i(kr—w * —i(kr—w
B(r,t)=-> > w (m x ek,s) [Awgeiler=ent) Ay e=iler=at] = (3.43)
k

S

"See Gerry and Knight’s Introductory quantum optics [314] for a detailed derivation.
8Note that in free space, the sum should be replaced by a volume integral, Yop — % Ik k2dk.
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where €y, is the unit polarization vector, and we note that the time-dependent field

amplitude is given by Ay 4(t) = Ax se“*'. Periodic boundary conditions require that

2m™n
kx = $’
L
2mn
ky, = 7 y,
2m™n
k, = Z, 3.44
i (3.44)

where n,, n,, and n, are each integer numbers. A given set of (n,,n,,n,) defines
a mode of the electromagnetic field. Eq. 3.2 of Maxwell’s equations requires that
k - éx = 0, such that the electric and magnetic fields are transverse, and so there are
two independent polarization directions of ég s for each possible k (which we sum over
with index s).

The energy of the field is calculated as

1 1
H = —/ (EOE -E+ —B- B) av, (3.45)
2 Jv Ho

which, after some calculation, is found to be of the simple form,
H=26V> Y widi Ap,. (3.46)
s k

In order to quantize the fields, we must introduce the canonical position and momen-

tum variables as in the previous section. We thus define

1
Ay = ———— [wiis + 1Pxs) 3.47
2wy (V)2 | | (3.47)

1 .
Al*q,s = [kak,s - Zpk,s] ) (348)

2wk (EOV)1/2

and upon substitution into Eq. 3.46, we arrive at
1
H=5D > (Pes +witis) (3.49)
s k

which is equivalent to the energy expression for a harmonic oscillator of unit mass,
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as demonstrated in the previous section.
The quantization of the electromagnetic field requires that the canonical variables,

qx s and py s, become operators satisfying the commutation relations

[qu,& ﬁk’,s’] = Z‘]‘,7'5k,k’65,s’7 (350)
(G55 Gw5] = 0, (3.51)
[Pr.s» Pr ] = 0. (3.52)

As in the previous section, we can write creation and annihilation operators in terms

of the canonical variables,

ks = (2hwy,) " (Wrlk,s + 1Dk, (3.53)
&Jlr{,s = (2mk)1/2 [wkqu,s - Z.ﬁk,s] ) (354)

which satisfy the commutation relations

[&k,& &IT(’,S’] = (Sk,k/(ss,s’a (355)
[&k,sa dk’,s/] =0, (356)
(@}, o> s o] = 0. (3.57)

The Hamiltonian can then be written as
. 1
_ AT 4 s+ -, 3.58
e 5 (i + ) a3

where it is important to note that these operators can be thought of as Heisenberg pic-
ture operators, evaluated at ¢ = 0; the time dependence is included in the expressions

for the quantized electric and magnetic fields,

. hwg \ . 4
9 ] € RN R
s k
- i hor \'? [ k A ,
B 1) =~ e . |:A . i(kr—wit) At —z(k-r—wkt)} )
m=c2 (QEoV ) i ) 1

(3.60)
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These quantized fields are often written in the form

E(r,t) = EM(r,t) + ECO)(xr, 1), (3.61)
B(r,t) = BO(r,t) + B (r, 1), (3.62)

where EM) (r,t) and B(+)(r, t) are referred to as the positive frequency parts of the
fields, containing all the terms which oscillate as e ™t for w;, > 0, while E(*)(r, t) and
B(_)(r, t) are referred to as the negative frequency parts of the fields. The positive

frequency parts of the fields are essentially a collective annihilation operator,

1/2
—zzz(ge b)) e s
/2
k .
~ i(kr—wpt) 3.64
=S (g ) (et

while the negative frequency parts of the fields are essentially a collective creation

operator,

B8O (1) = [BO(e0)] (3.65)

A~

BO(r,t) = [BH) (r, t)}T . (3.66)

3.1.3 Quadrature operators of the electric field

When a pair of operators does not commute, a corresponding uncertainty relation
emerges. In general, for two Hermitian operators, A and B , it can be shown through
the Cauchy-Bunyakovsky-Schwarz? inequality [317, , 319] that

(AA)*) (AB)") = ((C)?) (3.67)

»-I>I>—‘

where iC' = [A, B]. Operators A and B are often referred to as quadrature operators'”

Our position and momentum observables, ¢ and p, are quadrature operators with an

9Also often called the Cauchy-Schwarz inequality.
10The word quadrature refers to the process of squaring. Here, the § and p operators allow us to
write the Hamiltonian as a sum of squares!
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uncertainty relation AgAp > g In quantum optics, it is common to instead work

with the quadrature operators,

X, = % (a+a) (3.68)
A 1,
Xy = oo (@ a'), (3.69)

which are essentially dimensionless position and momentum operators. The single-

mode electric field operator,

A

1/2
E.(z,t) = E sin(kz) (ae™™t + alei?) | 3.70
EQV

can be re-written in terms of the quadrature operators as

€0

Ey(z,t) =2 (EV) v sin(kz) [chos(wt) + ngin(wt)] . (3.71)

Evidently, the quadrature operators, X; and X}, are associated with the field am-
plitudes oscillating in and out of phase with each other by 7/2. The quadrature

operators satisfy the following commutation relation,
P i
[Xl, XQ] =2, (3.72)
and so it can be shown that

(AX)2) (AX)) > —

> - (3.73)

We will revisit these quadrature operators for the various states of light considered

in the following section in order to better understand their properties.

3.1.4 Different states of light

In the previous section, we demonstrated how the normal modes of the electro-

magnetic field can be quantized, and how this description leads us to the definition
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of the photon. We now turn our attention towards the distribution of electromag-
netic excitations (photons) across the normal mode solutions to Maxwell’s equations,
otherwise referred to as states of light. We will see that certain states of light are
classical, while others are nonclassical. The future of photonic quantum computing
is expected to necessarily make use of nonclassical (quantum) states of light, and
in particular, states which display entanglement between many degrees of freedom
(i.e., multimode quantum states)''. The remainder of this section discusses several

important states of light.

Number (Fock) states

We begin our exploration of quantum states with something familiar, returning
our attention to the energy eigenstates of the Hamiltonian (presented in Eq. 3.36, but

rewritten here for convenience),
. i1
Hn)=hw(a'a+ 5 In) = E, |n). (3.74)

Note that here we consider a single mode of the electromagnetic field for simplicity
and we now write the energy eigenstate as |n); the reason for the latter will soon
become apparent. We recall that we defined the energy eigenstate of the annihilation

operator as
Hla|n)] = (B, — hw) [aln)], (3.75)
which implies that the state
Cyln—1)=aln), (3.76)

where C), is a normalization constant, is also an energy eigenstate, but one with a

reduced energy eigenvalue,

Epy=E, — hw. (3.77)

HT recommend the very nice review article (originally assigned as reading material for my compre-
hensive exam by Jeff Lundeen), Modes and states in quantum optics, by Fabre and Treps [320] which
outlines modes and states in quantum optics, and discusses how the two are intricately related.
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This same procedure can be applied n times, decreasing the energy of the state in

increments of Aw, until reaching
H[a|0)] = (Eo — hw)[a0)], (3.78)

where we have previously defined Fy = %hw as the ground state energy and a|0) = 0.

The state |0) is generally called the vacuum state. It follows from Eq. 3.77 that

B, = <n + %) . (3.79)

By comparing Eq. 3.79 with Eq. 3.74, we find that
ata|n) = n|n) (3.80)

must hold; in other words, there exists another operator, 7 = a'a, for which |n) is an
eigenstate. We refer to the operator, n, as the number operator, and the eigenstates,
In), as the number (Fock) states. These states must be normalized according to

(n|n) = 1. We can solve for the normalization constant, C,,, as follows

(mmf) (&\m) = (n—1|CCpln—1) = (n|n|n)
|Cul? (n =1 — 1) = n (n|n)
C, = /n. (3.81)

We can follow a similar normalization procedure for the creation operator, where
D,|n+1)=al|n), (3.82)

allows us to write

D, =+vn+1, (3.83)
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and we have the result that

iln) =+vnln—1) (3.84)
a'ln) =vn+1|n+1). (3.85)

We can therefore write the number states in terms of the vacuum state, by repeated

use of the creation operator,

=g (3.56)

n)y = —~—10). :
vn!

Since H and # are Hermitian operators, different number states are orthogonal, i.e.,

(n'In) = ;. Furthermore, the number states form a complete set,

> n)(n] =1, (3.87)

where 1 is the identity matrix.

The number state, |n), is well-defined in terms of energy; however, it is not well-
defined in terms of its electric field. The expectation value of the electric field op-
erator, as defined in Eq. 3.61, for a single-mode electric field (propagating in the

z-direction, and polarized in the z-direction) is

. hw \V? . .
(11 Bule ) = (g7 ) (6870 Gl = 80 gulaf )] =0, (359
€o

implying a mean field of zero. Any fluctuations in the field about this mean field of

zero will be given by its variance,

~ 2

(AE,(2,1))%) = (E3(2,1) — (Eul(z,1)) (3.89)

where we have already shown that (E,(z, t)>2 = 0. Meanwhile, the expectation value
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of the square of the electric field—which contributes to the energy density—is
(n| Eﬁ(z,t) In) = (2)2 <ﬂ) (n| <d282i(kz—wt) —aat —ata+ dﬁe_m(kz—m)) In)
€
hw i
= (260‘/) (n| (aa' + a'a) n) = (QeOV) (n] (2da + 1) n)
- 2n+1 =y 5 3.90
(2€0V> (2n4-1) {nln) (60V> <n+ 2) ' (3.90)

and so the standard deviation (uncertainty) in the field is equal to

AE, = \/(n| EZ|n)

_ (%) v (n ¥ %) " (3.91)

Evidently, there are fluctuations in the electric field about its zero ensemble average.
We note that there are also fluctuations for the vacuum state, |0); these vacuum
fluctuations are responsible for many interesting quantum phenomena, including the
stimulation of an atom to emit a photon spontaneously?.

From the quadrature operators, as defined in Section 3.1.3, we see that

(AX)?) = (AX)?) = = (20 +1). (3.92)

| =

Thus, for a number state, both quadratures have the same uncertainty. Moreover,
the vacuum state minimizes the quadrature uncertainty, since
(AX1)?)

= ((AXy)?) = (3.93)

1
vacuum vacuum 4_1 .

The phase-space diagrams for the vacuum and photon number states can be seen in
Figs. 3.2(a) and (b), respectively.
We can extend our description of the number states to the multimode picture by

defining the number state across N modes as

)y @ [n)y @ - @[n)y = |na,ng, .onn) = {nn}) (3.94)

12We think back to Chapter 2 where we discussed spontaneous parametric processes, but could
not explain them with classical optics!
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®n=1 £ ©n=3 %
- X b¢
@n=0 %, ' '
AR, = 1/2 4—-»1
‘J X @n=5 % @n=9 &
AXz = 1/2
X X

0
-0.2

-0.4

I -0.6

Figure 3.2: Quadrature representation of the vacuum and number states.
The phase-space representation for (a) the vacuum state (n = 0) and the
number states with (b) n =1, (¢) n =3, (d) n = "5, and (e) n = 9. Since
the number states are eigenstates of the quantum harmonic oscillator,

these solutions take the form of Hermite-Gaussian functions.
The Hamiltonian operates on this multimode number state as
Hl|{nn}) = El{nn}),
where
al 1
).
and the action of the creation and annihilation operators are as follows

aj|ni,ne,...,nj,...,nN) = /nj|n1,ne, ..., (n; —1),...,nn)

&; In1,ne, ..., ,...,nN) =+/n; +1|ng,ng, ..., (nj+1),...,nn).

(3.95)

(3.96)
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Any number state can be generated from the multimode vacuum state, [{0}) =
|01, 02, ce ,ON>, as

{nw}) =ﬁ(d'> {0} . (3.99)

Coherent states

Following the first laser demonstrations, there was a great deal of interest in study-
ing the states of light which most closely describe such classical electromagnetic fields.
As is often the case in quantum mechanics, we seek a state of the quantum harmonic
oscillator which most closely resembles a classical harmonic oscillator. Though it
might be tempting to simply take a number state in the limit of large n, we recall
that (F,(z,t)) = 0, even in this limit; we must therefore seek a different quantum state
which satisfies the correspondence principle. First demonstrated by Schrodinger in
1926 [321], as a quantum state solution to the linear harmonic oscillator, the coherent
state provides such a solution.

We first define this coherent state of the radiation field, |a), as an eigenstate of

the annihilation operator with complex eigenvalue «, thus satisfying

ala) = ala) (3.100)
(ala’ = o (a] . (3.101)

13

These states can be expanded in terms of the number operators'” (since the number

operators form a complete set) as

e}
=> Culn), (3.102)
n=0
where operation on this state with a gives

- Z Covnin—1) = aiCn [n) . (3.103)

13 Again, we consider a single-mode field, for simplicity.
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The coefficients of each term in the sums of Eq. 3.103 must be equivalent,
Cpov/n = aC,_y, (3.104)

and we arrive at the recurrence relation,

« o
Cn = _Cn— = Cn— =
N n(n —1) ?
-2 0 (3.105)

With this, we can write the coherent state as

) =G> j; In), (3.106)

where the normalization requirement allows us to find Cj,

ala) =1 = |Cy|? a” o n|n’
S y
1=[Col) = |Co*el
n=0 ’
L oo
Co = exp —§|oz| : (3.107)

and our normalized coherent states are thus written

) = exp (-M> Z j%m. (3.108)

We can now consider the expectation value of the single-mode, linearly polarized

electric field operator, as we did for the number states,

. ho \ V2 .
(o] Ep(z,t) |a) =i <2€0V) [eZ(kz—wt) (a|dla) — oilkz—wt) (@ at |a>}

o \ 172 ' '
- <2 V) [aez(kz—wt) o a*e—l(kz—‘“t)] . (3109)
€0
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Introducing the polar form, o = |a]e??, we can write

) B\ /2
(a] Ey(z,t) |a) = =2|a| | — sin (kz — wt + 6), (3.110)
2€0V
and we see that the mean electric field looks classical. We can also show that

(o] B2(=.1) o) = ( i

W) [4]a*sin® (kz — wt + 0) + 1], (3.111)
€0

and so the uncertainty in the field is

VBB (2.0)2) = (E2(2. 1) — (Bu(zt)
hu) 1/2

- (2eov) : , (3.112)

which is identical to the uncertainty of the vacuum state. The coherent state is

a nearly classical-like state, as it yields the expected form of the mean field and
contains only the noise of the vacuum. This result can also be seen when considering

the uncertainty in the quadrature operators for the coherent state. We can show that

= ((AXy)?), = i, (3.113)

«

(AX1)%),
and again arrive at the conclusion that coherent states minimize the uncertainty
relation of the quadrature operators, and exhibit equal uncertainties to those of the
vacuum state in each quadrature. The phase-space diagram for the coherent state is
shown in Fig. 3.3(a), where we note that the uncertainty is independent of a. For
this reason, the phase uncertainty, Af decreases as |«a| increases. Fig. 3.3(b) depicts
the time evolution of the X; quadrature operator for the coherent state.

The physical importance of the parameter o can be understood by considering

the expectation value of the number operator,
(a|f|a) = (a]dla|a) = |af?, (3.114)

where we see that |«|? is just the mean photon number of the coherent state. We can
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(a) o (b)
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A%, =1/,

lal~JRNAK: = 1/,

>

[uey

A\ 4 \ 4

Figure 3.3: Quadrature representation of the coherent state. The phase-space
representation for a coherent state of amplitude |«| and phase angle 6
(with uncertainty Af) is shown in (a), while the time evolution of the X
quadrature for the coherent state is shown in (b).

calculate the fluctuations in the mean photon number, p,, by first determining

(a|7? |a) = (a|a'aa’a |a) = (o] (a'd'aa + a'a) |«)

= |af* + |af?, (3.115)

which leads us to

An = /(] 72 |a) — ({a] 7]a))?
= VIalT+ [P~ Jof = Vi (3.116)

Thus, the fluctuations in the mean photon number are equivalent to the square root
of the mean photon number—a characteristic of Poissonian statistics. In fact, the
probability of detecting n photons in the coherent state field is

_ o-laplal”

P, = | {n|a)|? , (3.117)

n!

which takes the form of a Poissonian distribution with a mean of p, = |a|?. This
distribution is shown in Figs. 3.4(a), (b), and (c) for pu, = 0.1, o, = 1, and p, = 3.

Coherent states, which can be used to describe laser light, are quantum states that
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(a) Uo = 0.1 (b) Ug =1 (©) Ug =3
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Figure 3.4: Probability of detecting n photons in a coherent state. Depicted
for a mean photon number of (a) o, = 0.1, (b) us =1, and (¢) o = 3.

are very close to classical states: the expectation value of the field has the same form
as the classical expression, the fluctuations in the electric field are the same as for
vacuum, the fractional uncertainty decreases with increasing mean photon number,
and the states become well localized in phase for a large mean photon number. Despite
their nearly classical properties, these are still technically quantum states; the field
clearly has the classical form of a sinusoidal wave, but with quantum fluctuations of
the field superimposed. This implies some quantum features of the state. All states
of light must have some quantum features, according to the quantum theory of light;
however, it is not always possible to observe these quantum features—to make use of
the quantum features of light, we require states of light which provide us access to

these features.

Squeezed states

Previously, it was emphasizes that all states of light are quantum mechanical,
deriving quantum mechanical features from the discreteness of the photon; however,
in practice, the nonclassical features of light are difficult to observe and exploit. One
particularly important example of a nonclassical state in which the nonclassicality
can be observed is the squeezed state of light.

We return our attention to the quadrature operators of the electric field, where a
state is said to be squeezed if

(AX))?) <

or  ((AX,)?) < =, (3.118)

|
o |

where we emphasize that, due to the uncertainty relation for the quadrature operators,
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these two expressions cannot both simultaneously hold. States for which one of these
inequalities holds will have a lower uncertainty (i.e., less noise) in one quadrature
than for a coherent state or a vacuum state. We can say that the fluctuations in
this quadrature are squeezed (while the fluctuations in the other quadrature must be
enhanced).

One way of generating a squeezed state is through the squeezing operator (which
corresponds to the two-photon Hamiltonian of a degenerate nonlinear parametric

process),

R 1 1 .
S = exp <§g*a2 — 5(@* ) (3.119)

0

where ¢ = re' is a complex number, and r is referred to as the squeezing parameter.

Using the Baker-Campbell-Hausdorff lemma, we can write

ST(0)aS(¢) = acosh(r) — afesinh(r) (3.120)
ST(0)atS(¢) = alcosh(r) — ae™sinh(r), (3.121)

where ST(¢) = S(—¢). For an arbitrary state, [), we define

[s) = S(O) [¥) (3.122)

where [1)4) is the state obtained after action by the squeezing operator. We can then

obtain the variances of quadrature operators for this new state, by evaluating

(bl ales) = (1] ST()aS(C) [¢) (3.123)
(sl " [1os) = (] ST(¢)alS(C) ) (3.124)
(bl @2 [1hs) = (] ST()aS(O)ST(©)as(C) ) (3.125)

(sl 6™ [ihs) = (] ST(¢)aS(0)ST(¢)a'S(¢) ) . (3.126)

For the case where [¢) is the vacuum state, |0), action of the squeezing operator

generates a squeezed vacuum state which we write as

€)= 5(0)10). (3.127)
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For this squeezed vacuum state, we calculate the quadrature variances as
A 1
(AX))?) = 2 [cosh?®(r) + sinh®(r) — 2sinh(r)cosh(r)cos(6)] (3.128)
- 1
(AX5)?) = 2 [cosh?(r) + sinh®(r) + 2sinh(r)cosh(r)cos(6)] . (3.129)
We note that for § = 0, we have
o \2 1 —2r
. 1
(AX5)?) = Ze%", (3.131)
and we see squeezing in the X, quadrature. On the other hand, for § = T,
o\ 2 1 2r
((AX,)%) = ¢ (3.132)
. 1
(AX,)?) = Ze—2r, (3.133)

and the squeezing now appears in the X, quadrature. We note that, in either of these
two cases, ((AX)2) ((AX3)?) = 1/16, and the squeezed vacuum state minimizes the

quadrature uncertainty relation'*. Squeezing can be visualized in phase space, as in

Fig. 3.5(a), where the corresponding time evolution is depicted in Fig. 3.5(b).

Squeezing need not necessarily occur along X, or X,. We can demonstrate this

by defining the rotated quadrature operators,

Vi _ cos(6/2) sin(0/2) X,
Y, —sin(0/2) cos(0/2)) \ %)

which have variances of
O\ 2 1 —2r
((AY1)") = 1€

(AT2) = 167,

14WWe note that squeezed states need not minimize the uncertainty relation.

(3.134)

(3.135)

(3.136)
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(b)

o)

Figure 3.5: Quadrature representation of a squeezed vacuum state. The
phase-space representation for a squeezed vacuum state is shown in (a),
while the time evolution of the X quadrature is shown in (b).

and we see that squeezing can occur in any rotated coordinate system for the quadra-
ture operators.
For the single-mode electric field defined in terms of the quadratures as in Eq. 3.70,

we have the following commutation relation

[Ex(z,wt =0), Ex(z,wt)] =1 < o

eO_V) sin?(kz)sin(wt), (3.137)

which allows us to write the uncertainty relation between the electric fields at different

phases

(DB, (2wt = 0)2) (AB, (2, wb)?) > }1 (%) sin?(k)sin(wt). (3138

This is unlike our results for the number states and coherent states, and we will soon
see it is also unlike the result for thermal states. We see that, for squeezed states
of light, if the electric field uncertainty is squeezed for a phase wt = 0, then the
uncertainty in the field must be enhanced for a phase of wt. In other words, squeezed
light contains phase-dependent noise, reduced below the noise of the vacuum for some
phases while enhanced above the vacuum for others. This result is particularly useful

in the context of measuring weak signals such as gravitational waves [322].
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We next show how the squeezed vacuum state, |(), can be decomposed in terms

of the number states,

€)= _Caln).
n=0
Since we already know that a|0) = 0, we can write

SaSTS10) =0
Sast|¢) = 0.

By the Baker-Campbell-Hausdorff lemma, we have that
SaST = acosh(r) + afe?sinh(r),
where we define ;1 = cosh(r) and v = esinh(r), and can thus write
(pa+va') [¢) = 0.

Inserting Eq. 3.142 into Eq. 3.139, we have that
(pa + va) Z Cyln) =0,
n=0

which gives rise to the recurrence relation,

v n 1/2
Cn = - Cnf 5
+1 " (n—i— 1) 1

(3.139)

(3.140)

(3.141)

(3.142)

(3.143)

(3.144)

which connects only every other photon number state. There are two distinct solutions

to the recurrence relation in Eq. 3.144, which involve either the odd number states or

the even number states. We focus our attention on the solution for the even photon

number states,

(2m — 1)!!}”2
P EENTE 05

Com = (=1)"" (¢“ranh(r))" l (2m)1

(3.145)
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because this is the only set of solutions containing the vacuum state, which is of

interest here. The normalization condition,

> [Coml? =1, (3.146)
m=0

can be used to determine Cy. We see that we must satisfy

|Col? <1 + i (tanhmgi(ﬁ!m - 1)”) ~1. (3.147)

m=0

We can then make use of the identity,

1+§:xm% =(1—x2)7Y2, (3.148)

to show that Cy = \/cosh(r). This result, together along with the identities,

(2m)!l = 2™ m! (3.149)
(2m — 1)1l = 2%%”?' (3.150)

allows us to write the squeezed vacuum state as

_ W S (1" VQSZ!)!ewtanhm(r) 12m) . (3.151)

From this result, we can calculate the probability of detecting 2m photons in the field

€)

as

P, — |<2m|§>\2 ~(2m)! tanh™™(r)

—22m(m!)2 cosh(r) ’ (3:152)

while Py, 11 = 0. We see that, for a squeezed vacuum state, the photon probability
distribution vanishes for all odd photon numbers. The photon number probability
distributions for squeezing parameters of 7 = 0.1 and r = 1 are shown in Figs. 3.6(a)

and (b), respectively. Aside from the oscillatory nature of the distribution, its overall
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shape is similar to that of a thermal state (which we will describe later); but, it is
important to remember that a squeezed vacuum state is a pure state, while a thermal

state is a mixed state.

(a) r=0.1 (b) r=1

1.0 0.6
0.8 0.5
06 L 04
04 03
0.2

0.2 0.1
0.0 0.0

0123456728910 0123454678910
n n

Figure 3.6: Probability of detecting n photons in a squeezed vacuum state.
Depicted for a squeezing parameter of (a) r = 0.1 and (b) r = 1.

Two-mode squeezed vacuum (TMSV) states

We have just demonstrated the interesting nonclassical properties arising in the
case of a single-mode squeezed state of light; however, the prospects for nonclassi-
cal effects become even richer when we extend our discussion to include entangled
multimode field states. Here, we consider the simple, yet important, example of the
two-mode squeezed vacuum (TMSV) state.

In analogy with our previous description of single-mode squeezing, we can intro-

duce the two-mode squeezing operator,

$o(C) = exp (c*ai) - ca*iﬁ) , (3.153)

0

where ¢ = re?, as before, and where we now label our two modes with a and b (the

creation and annihilation operators are denoted correspondingly). We can define the
TMSV by the action of gg(é) on the two-mode vacuum state, |0, 0p), such that

1€}y = S2(¢) |04, 0y)
= exp (c*az% . ca*?ﬁ) 104, 05) (3.154)
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Importantly, SQ(C ) does not factor into a product of single-mode squeezing operators
for each mode. As such, the TMSV state is not a product of two single-mode squeezed
vacuum states, but rather an entangled state containing strong correlations between
the two modes. The two-mode squeezing operator contains terms which either cre-
ate or annihilate photons in a pair-wise manner. Also arising from the correlations
between the two modes is the fact that the squeezing of quantum fluctuations occurs
in a superposition of the two modes. This can be seen by defining the superposition

quadrature operators,

o (TMSV | S
b <a+aT+b+bT) (3.155)
o 1 ~ ~
(TMSV) __ ~ At +
X! _QTQZ'<G_G +b—b), (3.156)

where the commutation relations as for the single-mode case remain satisfied. From

the Baker-Campbell-Hausdorff lemma we obtain

S1(0)aS,(¢) = acosh(r) — e?bisinh(r) (3.157)
SI(C)bS,(¢) = beosh(r) — ealsinh(r). (3.158)

Following much the same procedure as we did in the case of the single-mode squeezed
vacuum state, the variances of the superposition quadratures, for the TMSV state
with # = 0, are

, 1

(AXTMEV)y2y — e (3.159)
; 1

(AXSMEV)2y — ¢ (3.160)

Although these expressions are mathematically equivalent to those we derived for the
single-mode squeezed vacuum state, it is important to remember that the interpreta-
tion here is in terms of the superposition of the two modes.

Following a procedure analogous to the one we used for the single-mode squeezed
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state, the TMSV state can be decomposed into the two-mode number states as

oo
n inO n

tanh™(7) |ng, np) . 3.161
= i ! (1) i, ) (3.161)

n:O
Aside from the fact that this is an entangled state, another striking feature is the
evident strong correlations between the two modes, a and b: only the paired states,
|n4,mp), with the same number of photons in each mode are allowed to occur'®. The

average photon number in each mode is therefore the same, where
(ha) = () = sinh?(r), (3.162)
and the variances are given by
£ N2 N2 1.2 2 L. .5
((Ang)?) = ((Angp)®) = sinh”(r)cosh*(r) = Z—lsmh (2r). (3.163)

We see that ((An;)) > (n;),i € {a,b}, and so both modes exhibit super-Poissonian
statistics.
The joint probability of finding n; photons in mode a and ns photons in mode b

is given by

Poyny = |<n17n2|<>2|2
tanh®"(r)

- I - 3.164
COShQ(T‘) ’ ’ ( )

This joint probability is visualized for squeezing parameter » = 0.1 and » = 1 in
Figs. 3.7(a) and (b), respectively. We see that the joint probability is a monotonically
decreasing function along the diagonal, n; = n.

We can examine the individual properties of the two modes by introducing the
density operator for the TMSV state,

Pab = €)2 2 (¢l (3.165)

15This is one reason why such states are often called twin beams.
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Figure 3.7: Probability of detecting n; and n, photons in modes a and b
of a two-mode squeezed vacuum (TMSV) state. Depicted for a
squeezing parameter of (a) r = 0.1 and (b) r = 1.

and the reduced density operators for the individual modes,

= tanh®"(r)

P =Trolpw] = ) = ), 4(nl (3.166)
“— cosh™(r)

R R = tanh?"(r)

po = Tralpi) = > “cosh(r) )y (1 (3.167)
n=0

where Tr;[pws] = >, (i|pas|?) i € {a,b}. The physical interpretation behind the
density operator (and its properties) will be discussed in the next subsection, where
we consider thermal states. For now, we simply use it as a tool. The probability of

finding n photons in a single mode, a or b, is given by

tanh®"(r)

P(i):.n}n = T 5,
n z( ’p’ >z COSh2<7”)

i € {a,b}, (3.168)
Taking into account Eq. 3.162, this can be written as

Pl = # i € {a,b}, (3.169)

which corresponds to a thermal distribution with (7;) = sinh?(r). In other words,

when we measure only one of the radiation fields (e.g., in mode a) and disregard the
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other (e.g., in mode b), then the radiation field which we measure (a) is indistinguish-
able from the radiation from a thermal source. We will make use of this result in
Chapter 5.3.

Thermal states

We conclude our exploration of quantum states with another familiar source of
light, this time turning our attention back to the radiation emitter which sparked
the development of the quantum theory of radiation: the black body. A widely used
black body model is a cavity with a small hole through which radiation can enter

and perfectly absorbing walls, shown in Fig. 3.8. For a large enough cavity, radiation

Figure 3.8: Model of a black body. A simple model of a black body, consisting
of a cavity with a small hole through which light radiation can enter but
is unlikely to exit. The cavity walls are taken to be perfect absorbers of
radiation.

which enters the cavity is unlikely to exit. This lack of re-emission implies that the
cavity acts as a nearly perfectly black surface. The cavity’s hole will, of course, allow
some radiation to escape; however, if the hole is small, the radiation which enters
and exits the cavity will have a negligible effect on the system’s equilibrium. If the
cavity is held at a fixed temperature, T', and the radiation trapped within the cavity

is at thermal equilibrium with the cavity, then the small amount of radiation which
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is allowed to escape will approximate that of a black body. Such radiation will have
an energy distribution that is characteristic of the temperature®®.

In this black body model, the radiation is coupled to a heat bath and is thus
not a truly free field; however, if we assume weak coupling, we can treat the field as
an isolated system described by the microcanonical ensemble!”. We first consider a
single-mode field that is in equilibrium with the walls of a cavity held at tempera-
ture 7. The probability of the mode being excited to the n'" level is given by the

Boltzmann distribution [323],

exp (—E,/kgT)
> exp(—E,/kgT)’

P, = (3.170)
where the energy levels are those of our photon number states, as in Eq. 3.79, and
kp = 1.38x10723 J /K is the Boltzmann constant. In the quantum mechanical picture,
this radiation is an ensemble of photons that can each be prepared in n different pure
states; thus, we must now deal with the statistics of the possible state preparations.

To do this, we introduce the density operator,
p=_pily) (W, (3.171)
J

where each pure state, |t);), is prepared with probability p;. For a system in thermal
equilibrium, if the eigenstate, [1,,), of the Hamiltonian, 7:[, has energy FE,, then the

—Ey/kgT

relative probability for being in that state is given by e . The density matrix

for this ensemble in thermal equilibrium can be written as
. 1 _
prn = > e T ) (], (3.172)

where Z is the partition function, which is given by'®

7= e /T [e—ﬁ/’fBT} . (3.173)

16 Also, for wavelengths smaller than the cavity’s hole, this distribution will not depend on the
properties of the cavity.

17 This follows from statistical mechanics.

18Here we make use of the fact that the trace of an operator, /1, is equivalent to the sum over its

eigenvalues, \;, as Tr[A] = . ;.
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The eigenvalue expression for the Hamiltonian,
L |¢n) = En [t0n) (3.174)
implies that
e T ) = e FlkeT ) (3.175)
Since the eigenvectors form a complete basis, we can write
= [tn) (¥al®) , (3.176)
and so we have that
eTH/kRT |g) = Ze—H/’fBT [Wn) (W) = Z BT ) (). (3.177)
Thus, we can write the density matrix as
R e~ H/kpT
PTh = (3.178)

Tr [e_ﬁ/kBT} ’

where H = hw (a'a + 1), and so our eigenstates, |¢,), are the number states, |n).

The partition function can be evaluated as

Z="Tr [exp (—ﬁ/kBT)} = i (n| exp (—f[/k:BT> |n)
= i_o:exp (—FE,/kgT)

= exp (—hw/2kpT) Y _ exp (—hwn/kgT).

n=0

(3.179)



3.1. QUANTUM OPTICS 127

Using the geometric series identity,

> exp (~hun /ksT) = T— (im) et (3.180)

we can write

exp (—hw/2kgT)
1 —exp (—hw/kgT)

7 = (3.181)

The expectation value for an operator must now be defined as

= Sop Al

(il A i)
( ) A (Z k) <k|) i)

j Xk: ) (LA k) ( ZZ (k| (sz ) (j| A|k)
(k| p (Zj ) <j|) Alk) = Ekj<k|ﬁfi|k> = Tr |pA], (3.182)

(4) =

-] @M M

which we make use of to calculate the average photon number of the thermal field as

o0

m= () =Tr[pmn] = Y (n| pruir|n) =Y n(n| pru|n)

n=0

The probability of finding n photons in the thermal field is

e~ H/ksT
P = (1] p ) = (n ( ~ ) n)

o—FEn/kpT

= 3.184
Z ? ( )
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and so the average photon number can be further evaluated as

n= i npn = % ineE"/kBT
n=0 n=0

o—hw/2kpT

= > neten/koT (3.185)
n=0

We can set @ = hw/kgT, and further simplify using the identity

C —nx e_x
o (1—e?)
to arrive at
_ 1
n= . (3.187)

With some rearrangement, it can be shown that the probability of finding n photons

in the thermal field can be written in terms of the average photon number as

—n

n

Pn = (3.188)

1 +m)ntt
Even for different values of average photon number, as in Fig. 3.9(a) and (b) for
n = 0.1 and n = 1, respectively, we see that the most probable number of photons is

zero, decreasing monotonically with n.

(a) =01 (b) n=1
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- 0.6 e
0.4 0.2
0.2 0.1
0.0 0.0

0123456728910 0123456728910

n n

Figure 3.9: Probability of detecting n photons in a thermal state. Depicted
for an average photon number of (a) 7 = 0.1 and (b) 7 = 1.
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The fluctuations in average photon number can be calculated in a similar manner

to the procedure we followed to determine 72,
(n*) = Tr [prnf®] =71 + 277, (3.189)
which then allows us to calculate the variation in photon number,
((AR)?*) =m + 7> (3.190)

We see that the fluctuations in n are larger than the average photon number, n. The
average photon energy within the black body cavity is hwn. Multiplying this average
energy per photon by the density of modes per unit interval in w in a unit of volume
(and accounting for the two possible polarization directions), p(w) = w?/7%c®, we

arrive at an average energy density as a function of w,

U(w) = hwiip(w)

Fuw3 1
= 3.191
m2cd exp (hw/kgT) — 1’ ( )

which is equivalent to Planck’s black body radiation law.

3.2 Generating single photons

Now that we have a better understanding of what a photon is and how photons
may be distributed across the normal mode solutions to Maxwell’s equations, we turn
our attention to the practical question of how to generate photons in the lab. Ideally,
single photons would be generated by an “on-demand” source which produces exactly
one photon at any particular time (i.e., never zero photons and never more than
one photon), as desired by the user [324]. For such a source to provide a photon at
any arbitrary time, it must also necessarily be capable of arbitrarily high repetition
rates. In addition to these requirements, we would also like the emitted photons to
be entirely indistinguishable from one another—a crucial requirement for quantum

computing, among other applications.
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Significant resources have been put towards developing such an ideal single pho-
ton source, and it will certainly be exciting to see how this field develops; however,
single photon sources to-date do not achieve all of the qualities we have just listed.
Current single photon sources can fall broadly under two categories, deterministic

and probabilistic, each with their own advantages and limitations.

3.2.1 Attenuated coherent states of light

One of the first (and most straightforward) means of generating single photons
was achieved by attenuating a light source—typically a laser beam. In the lab, this
can be done by adding neutral density (ND) filters to the beam path, attenuating the
laser intensity down to a level well below one mean photon per mode (or, one mean
photon per pulse for a pulsed laser source). In this regime, most modes (or pulses)
contain no photons, some contain one photon, and few contain more than one photon.

We recall that the probability of detecting n photons in a coherent state is

’a|2n

2
P = e ld
n=C n!

) (3.192)
where the mean photon number per mode is defined as p, = |a|?. To get a feel for
a desirable mean photon number, we consider the case where u, = 0.1, leading to
Py~ 90%, P, ~ 9%, and P, ~ 1%.

This type of source is probabilistic, and so there is a trade-off between its bright-
ness and the proportion of multiphoton events; however, with high repetition rate
pulsed lasers, it is possible to produce weak coherent pulses'® at high rates, which
is useful in many situations (e.g., proof-of-concept experiments). It is important to
remember that the distribution in Eq. 3.192 is governed by Poissonian statistics, and
so attenuated coherent states cannot provide access to the sub-Poissonian number
distribution that is often required in many quantum technologies, such as in practical
quantum cryptography [325]. Despite this limitation, attenuated coherent states are
still widely used as single-photon sources [260, , |, as they are easy to imple-
ment and provide a nice mechanism to test whether an experiment can operate at

the single-photon level.

In the literature, it is common to see attenuated coherent state and weak coherent pulses used
interchangeably—at least when the attenuated source is a pulsed laser.
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3.2.2 Deterministic single-photon sources

Deterministic sources are so named because they most closely meet the “on-
demand” requirement for an ideal single-photon source. There are many platforms
which have been investigated for use as an “on-demand” source of single photons.
Most of these are single-emitter quantum systems, shown idealistically in Fig. 3.10,

which are selected or engineered to approximate a two-level system. Platforms in-

(a) Step 1: Excitation (b) Step 2: Emission

A

External Control
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y

Figure 3.10: Idealistic single-photon emitter. A simplified energy-level diagram
for a single-photon emitter system, based on a two-level system. The
system is (a) excited by some means (the external control) which leads to
(b) single-photon emission after some time (i.e., the transition lifetime).

clude, among others, semiconductor quantum dots [328, , |, mesoscopic quan-
tum wells [331], single molecules [332, 333], single atoms 334, 335], single ions [330,
, 338], and colour centers [339, 310]. Ensembles of atoms, which make use of more

than just two energy levels, have also been used to realize deterministic sources of
single photons [341, |. These sources use collective excitations in the ensemble
as the excited state. While ensemble excitation itself is a probabilistic process, the
excitation can be read out with high efficiency and so this mechanism is commonly
considered a deterministic method of single-photon generation.

When a photon is desired from these deterministic systems, some external control
(often a laser pulse) excites the system. Then, after some time, the system relaxes
back to its ground state, emitting a photon in the process. In theory, a photon is pro-
duced every time the control excites the system and there is no possibility of emitting

more than one photon per excitation; however, this is not always the case in practice.
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Noise and imperfections in the system can contribute to multiphoton events, and
in some cases the system may relax through a non-radiative path thus limiting the
efficiency of the single-photon generation process. Furthermore, the emitted photon
may not be collected in the proper mode, which reduces the overall system efficiency;
however, placement of the source within a cavity [343] or waveguide [344] can sig-
nificantly improve collection efficiency. Some platforms, such as quantum dots and
colour centers suffer from distinguishability issues, while other approaches, such as
trapped ions, have complex experimental requirements [324].

It should also be noted that single-emitter sources are necessarily defined by their
excited state lifetime. Long lifetimes limit the repetition rate of the source and also
define the uncertainty in the arrival time of the emitted photon. In the context of the
work in this thesis, deterministic sources with lifetimes longer than several hundred
femtoseconds are not viable candidates for use in our ultrafast photonic quantum com-
puting. For a deterministic single-photon source to be compatible with our ultrafast
time-bin encoding platform, its lifetime must also necessarily be ultrafast.

While some experimental challenges have yet to be overcome, deterministic sources
remain an attractive option for many photonic quantum technologies. When these
challenges are fully addressed, deterministic sources have the greatest potential to
approach ideal single photon sources. Unlike the probabilistic sources we will dis-
cuss next, ideal deterministic sources would not have a trade-off between brightness
and probability of multiphoton events. The popularity of deterministic sources will
undoubtedly grow as they become increasingly compact and user-friendly, but prob-
abilistic sources still remain (at least for now) the go-to method for generating single

photons in most quantum optics experiments.

3.2.3 Probabilistic single-photon sources

As previously alluded to, probabilistic sources (also called photon pair sources or
heralded single-photon sources) are the current workhorse in quantum optics exper-
iments. These sources are based on parametric nonlinear optical processes in which
pairs of photons are generated [315, 316]. As shown in Fig. 3.11, one (or more) pump
beams are input to a nonlinear medium and, with some probability, a pair of corre-

lated photons will be created while one (or two) pump photon(s) will be annihilated.
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Figure 3.11: Probabilistic photon pair source. Pairs of correlated photons are
generated in a nonlinear medium which is pumped by a high-intensity
laser. The solid red circles indicate photon pair events, while the empty
circles represent times at which a pair was not generated. Photon pairs
are always generated simultaneously, as depicted. The idler photon is
sent to a detector to herald the presence of the signal photon.

While it is not possible to predict whether a given pump photon (or pair of photons)
will generate a photon pair, the nonlinear process itself will, crucially, always gener-
ate a pair of photons—never just a single photon. Since the photons are necessarily
generated in pairs, detecting one of the two photons allows us to infer (or herald)
the existence of the other photon. As discussed in Sections 2.2.2 and 2.2.3, two com-
mon nonlinear processes used for photon pair generation are spontaneous parametric
down-conversion (SPDC) [317] and spontaneous four-wave mixing (SFWM) [3418].

The Hamiltonian which describes the nondegenerate SPDC process is given by
H = hw,ata + hobth + hwyete + ifiy® (aéef - dWé) , (3.193)

where a, b, and c are used to denote the signal, idler, and pump modes, respec-
tively. The second-order nonlinear susceptibility, which we dealt with in detail in
Section 2.2.2, is given by x(?. Under the parametric approximation, where we assume
that the pump is a strong classical field (coherent state) which remains undepleted, we
iwpt wet respectively.

can approximate the c-mode operators as ¢ = e~ and ¢ = ~*e

Under this approximation, the Hamiltonian becomes

HPY = ho.ata + hwbth + il @ <'y*e’“’7tdl; — et gt ) . (3.194)
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In the interaction picture, the time-dependent interaction Hamiltonian is written as
Hi(t) = ihx® (y*e“wp—w@—wwtaé - ye—“wp—w@—wwtmz}*) . (3.195)

In SPDC, energy conservation requires w, = w, + wp, S0 we obtain
H = il ® (7*&13 . wiﬂ) , (3.196)

which is time-independent. The corresponding time-evolution operator is

A

Up(t) = e/l — exp [X(Q) (7*&13 - v&TI;T> t} : (3.197)

which takes the form of the two-mode squeezing operator, SQ(C ), with ¢ = x@~t. The
nondegenerate SPDC process thus produces entangled TMSV states. A similar result
can be shown for the nondegenerate SFWM process, defined by the Hamiltonian

H = hwaila + oyhth + fw,ete + ihx® (aé(e*)z - a*iﬂ(é)Q) , (3.198)

where ) is the third-order nonlinear susceptibility detailed in Section 2.2.3, and
the squeezing parameter takes the form ¢ = y®)42t. Clearly, nondegenerate SPDC
and SFWM generate TMSV states, thus making these processes a source for nonclas-
sical light! When we first introduced these processes in Chapter 2, we were unable
to demonstrate photon pair production using a solely classical description. We now
see the importance of the quantum mechanical description of these spontaneous pro-
cesses. In fact, these processes can also be thought of as the amplification of vacuum
fluctuations, discussed earlier in this chapter, mediated by optical nonlinearity.
These processes are necessarily probabilistic, where not every pump photon (or
pair of pump photons) will be converted into a correlated pair, and in some cases
multiple pump photons (or pairs of pump photons) can generate two or more cor-
related photon pairs at the same time. Since most single-photon detectors are not
photon-number-resolving, it is usually not possible to identify, through heralded de-
tection, when these multiphoton pair events take place. These sources must therefore
be operated with low enough pump power such that there is a high probability of

generating no photon pairs, some probability of producing a pair of single photons,



3.3. DETECTING SINGLE PHOTONS* 135

and a low probability that pairs of two or more photons will be produced. Evidently,
this is far from the ideal “on-demand” source, and poses limitations on the scalability
of photonic quantum systems which make use of these sources. Keeping the proba-
bility of generating a photon pair low by necessity, it becomes increasingly difficult to
operate quantum systems in which multiple single photons are required. Experiments
must be operated with what can be prohibitively long integration times [3419].
Moreover, probabilistic single-photon sources can be negatively affected by system
loss and noise. If, due to system loss, a herald photon is not detected, its partner
photon will not be recognized as a single-photon event (and vice versa). On the other
hand, noise in the measurement (arising from, e.g., detector dark counts or parasitic
nonlinear processes) can lead to a heralded measurement of a noise photon. Despite
these challenges, probabilistic single-photon sources are generally straightforward to
implement experimentally and can be optimized to generate highly indistinguishable
single photons. Furthermore, in the context of the work presented in this thesis, these
sources can be pumped by ultrashort pulses of light so that the uncertainty in arrival

time of generated single photons occurs on ultrafast timescales.

3.3 Detecting single photons™

Recalling that the energy of a single photon is fuw, which for visible red light (e.g.,
at 633nm) is about 3.14 x 10712 J = 1.96 €V, an important practical question we must
address is how single photons can be measured in the lab. Evidently, we require a
highly sensitive detector which is capable of detecting very small optical intensities.
The ideal single photon detector will meet all of the criteria outlined in Table 3.1.
Of course, it is difficult to meet each of these criteria in one detector; it is oftentimes
possible to forgo certain criteria in order to meet others, so the choice of detector will
depend on the experimental requirements. The remainder of this section will discuss

three important types of detectors in the context of quantum optics experiments.
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Ideal single-photon detector criteria

High quantum efficiency (QE): QE is the percentage of photons a detec-
tor can convert into electrons, and depends largely on the spectral respon-
sivity of the detection material. This value will ideally be as close to 100%
as possible, such that each incident photon is converted into an electron.

Low noise: Noise defines how much the signal generated by a detector will
fluctuate. For single-photon detection, it is crucial that this is minimized.
The two main noise mechanisms in optical receivers are shot noise and ther-
mal noise. Shot noise is due to the fact that an electric current consists of
a stream of electrons generated at random times, governed by Poissonian
statistics. Thermal noise (also called Johnson noise or Nyquist noise) arises
from random thermal motion of electrons in a detector’s load resistor, thus
leading to fluctuations in current.

Low jitter time: Timing jitter refers to the timing distribution of a detec-
tor’s response to single photons. In quantum optics, it is important to know,
with high resolution, the arrival time of a photon at the detector; as such,
this value will ideally be low.

Short dead time: Detector dead time is the minimum amount of time that
must elapse after a detection event, before the detector is able to detect the
next photon. For high-rate experiments, this number must be low.

High dynamic range: This refers to the range of intensities a detector can
reliably detect. In some cases, it is important to have a high dynamic range.

No after pulsing: After pulsing is a phenomenon that occurs due to feed-
back, or from the trapping and releasing of charge carriers, within the detec-
tor. This can lead to reduction in efficiency or overestimation of count rates,
and so it is important to reduce the possibility of this effect.

Long operation times: Some detection systems (especially those which
require cryogenics) must be cycled, thus limiting the timescales over which
they can be used for a continuous period. Some experiments require long
operation times, making this an important consideration.

Photon number resolution: This refers to a detector’s ability to count
the number of photons that arrive in a single detection event.

Table 3.1: Criteria of the ideal single-photon detector. Metrics are presented
and used to describe the ideal single-photon detector.
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3.3.1 Avalanche photodiodes*

An avalanche photodiode (APD) is a type of photodiode with an internal gain
mechanism that is achieved using a high reverse bias voltage. In general, a photo-
diode is a semiconductor device with a p-n junction that is placed under a reverse
bias. As depicted in Fig. 3.12, a p-n junction combines p-type (positively doped, con-
taining freely-moving holes) and n-type (negatively doped, containing freely-moving

electrons) semiconducting materials. Connecting these two materials causes diffusion
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Figure 3.12: Schematic of a photodiode. The photodiode consists of (a) a p-n
junction operated under a reverse bias voltage. Here, bound charges
are enclosed in circles while free charges are not. Operation of a p-
n junction under a reverse bias will (b) generate a very small reverse
saturation current, shown in green. Photoexcitation of charge carriers
can increase this current. In the case of APDs, the reverse bias voltage is
very high, such that an incident photon can induce currents high enough
that the device enters the breakdown region (V' > Vj), shown in pink.

of free electrons from the n-type to the p-type region and diffusion of free holes from
the p-type to the n-type region. This creates a depletion region near the boundary
between the p-type and n-type regions which is free of mobile charge. Application of
a reverse bias voltage (i.e., the p-type and n-type regions are connected to the nega-
tive and positive terminals of a voltage supply, respectively) will increase the voltage

barrier of the depletion region, thus causing a high resistance to the flow of charge



3.3. DETECTING SINGLE PHOTONS* 138

carriers, and very little current will flow—until the diode breaks down. Impact ion-
ization, where incident photons provide the energy to separate charge carriers within
the depletion region, can cause the diode the break down and generate a current.
When the electric field across the depletion zone increases beyond a critical level,
the depletion zone of the p-n junction breaks down and current is allowed to flow,
through either the Zener breakdown or the avalanche breakdown processes®’. In the
avalanche breakdown effect, the electric field is strong enough such that a mobile
electron or hole will be accelerated to speeds that are high enough to free other
neighbouring bound electrons or holes via collision. This process will continue to
occur, creating the avalanche-like effect which gives the APD its name?!. The APDs
used for single-photon detection are operated with a reverse bias voltage that is just
above the nominal breakdown voltage, allowing for the very large amplification needed
to create a macroscopic current from a single photon??. This gain makes the APD a
very sensitive photodiode. APDs are convenient detectors, as they are low cost and
can be operated at room temperature for an indefinite amount of time; however, their
detection efficiency, dark count rates, and timing jitter may not always be sufficient,
and they are not capable of photon-number resolution. Despite these limitations,
APDs are still a common tool in quantum optics labs and have been the detection

method of choice in numerous experiments due to their ease of use.

3.3.2 Superconducting nanowire single-photon detectors*

The superconducting nanowire single-photon detector (SNSPD) is a detector, ca-
pable of single-photon-level detection, based on a current-biased superconducting
nanowire [350, |]. The superconducting nanowire is typically thin (~ 5nm) and
narrow (~ 100nm) with a total length that is typically hundreds of micrometers,
patterned in a geometry as depicted in Fig. 3.13(a) to optimize detection efficiency.

The nanowire must be cooled well below the superconducting critical temperature
and must be biased with a DC current that is just below its superconducting critical
current. At the extremely low temperatures required for superconductivity, electrons

can form Cooper pairs. Cooper pairing is a quantum mechanical effect in which an

20Each of these breakdown processes are non-destructive and reversible, provided the current does
not reach levels which can cause thermal damage to the semiconducting material. Note that the
avalanche breakdown has a hysteresis effect, while the Zener breakdown does not.

21Functionally, APDs can be regarded as the semiconductor analog of photomultiplier tubes.

22This regime is not optimized for generating electricity from light, but rather for detection of
low-light signals.
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Figure 3.13: Schematic of a superconducting nanowire single-photon detec-
tor (SNSPD). The SNSPD nanowire is patterned in the geometry
depicted in (a). When a photon is incident on the superconducting
nanowire, it generates a hotspot which breaks superconductivity. This
in turn leads to the cycle depicted in (b), which is used to shunt cur-
rent to the amplifier as seen in (c), ultimately allowing for single-photon
readout. Figure adapted from [352] and [353].

arbitrarily small attraction between electrons in a metal can cause a paired state of
electrons to have a lower energy than the Fermi energy, thus implying the pair is
bound. The free electrons in a metal should usually repel one another; however, they
also attract the positive ions which make up the rigid lattice of the metal. This attrac-
tion causes the ion lattice to be distorted, moving slightly towards the free electrons
and thus increasing the positive charge density of the lattice in the vicinity of the
free electrons. This positive charge density can then attract other electrons and, at

23

long distances*’, can overcome the repulsion between two electrons and cause them

to “pair up”. A more rigorous quantum mechanical explanation®* attributes Cooper

pairing to electron-phonon interactions®.

23The electrons in a Cooper pair are not necessarily close together; in fact, they can be many
hundreds of nanometers apart.

24The 1972 Nobel Prize was awarded to John Bardeen, Leon Cooper, and John Schrieffer for the
theoretical description of Cooper pair formation.

25The phonon is the collective motion of the positively-charged lattice.
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The energy of the Cooper pairing interaction is understandably quite weak (on
the order of 1072 eV), such that a small amount of thermal energy can easily break the
pairs. Thus, this effect is really only significant at cryogenic temperatures (~2.5K).
As seen in Fig. 3.13(b), when a photon is incident on the superconducting nanowire,
it will heat the device up a small amount, thus breaking Cooper pairs and reducing
the local critical current below that of the bias current. This forms a localized non-
superconducting region within the nanowire that has a large electrical resistance, and
so most of the bias current is temporarily shunted to the readout amplifier, as seen
in Fig. 3.13(c). With most of the bias current flowing through the amplifier, the
non-superconducting region can cool down and return to its superconducting state.
The time it takes the bias current to return to the nanowire is usually set by the
inductive time constant of the nanowire [354].

Commercial SNSPDs are available with over 90% efficiency at near infrared and
telecom wavelengths, maximum count rates of over 80 MHz, dark count rates of less
than 1-10 counts per second, and timing jitter of less than 15ps®%. In particular,
SNSPDs have achieved over 98% efficiency [10] and the most precise timing resolu-
tion to-date, boasting a remarkably low jitter time of 3 ps at visible wavelengths [11].
A low timing jitter is important for quantum computing and communications appli-
cations which make use of time bins, and is thus of particular interest in the context
of the work presented here. While SNSPDs do not match the intrinsic energy or
photon-number resolution of the transition edge sensors discussed next, the SNSPD
is significantly faster and can operate at higher temperatures than transition edge
sensors. Furthermore, SNSPD arrays [9] can, to some degree, achieve photon-number

resolution through time-binning [355, 356] or other advanced readout schemes [357].

3.3.3 Transition-edge sensors™

Similarly to the SNSPD, a transition-edge sensor (TES) is also a cryogenic sensor
which exploits the superconducting phase transition. The TES must be operated at
temperatures on the order of a milli-Kelvin (mK); although this temperature is only
a few Kelvin away from the operational temperature of the SNSPD, it leads to signif-

icantly different capabilities (and is also a much more challenging cryogenic regime to

26These specifications are taken from the Single Quantum Eos SNSPD product line.
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reach). The TES is a very sensitive calorimeter made from superconducting film, as
shown in Fig. 3.14(a), which is operated near its superconducting transition temper-
ature. During the transition between superconductor and normal metallic conductor,
a very small change in temperature causes a large change in resistance within the
TES device, as shown in Fig. 3.14(b). The width of this transition is typically on the
order of a milli-Kelvin, with a resolution that increases as temperature decreases, so

it is crucial that TES devices are maintained at milli-Kelvin temperatures.
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Figure 3.14: Schematic of a transition-edge sensor (TES). An example TES
geometry [358] is shown in (a). The TES is a sensitive calorimeter,
where (b) small temperature changes induce changes in resistance. These
changes in resistance are measured by (c¢) coupling the TES circuit to a
superconducting quantum interference device (SQUID) for readout. The
measured current from the TES will (d) reach different, discrete, values
depending on the number of incident photons.
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The TES is operated in its “self-biased” region, where the power dissipated in
the device remains constant by an applied bias voltage. When a photon is incident
on the TES, its energy will be absorbed and increase the temperature of the device,
thus increasing the resistance of the voltage-biased sensor within its transition region.
This increase in resistance leads to a drop in current, which is proportional to the
energy absorbed by the TES. Once this occurs, the power dissipated in the device will
drop and the device can then return back to equilibrium. As seen in Fig. 3.14(c), the
most common readout system uses a superconducting quantum interference device
(SQUID) [359], which is a highly sensitive magnetometer based on superconducting
loops with Josephson junctions. Here, the TES is operated in series with an input
coil that is inductively coupled to a SQUID series-array, such that a small change in
TES current can be read out as a change in the input flux to the SQUID. The SQUID
output is then amplified and read out by room-temperature electronics.

In our quantized picture of radiation, finite amounts of energy will be absorbed
for a finite number of absorbed photons. With high enough sensitivity, the TES will
be capable of determining the total number of photons absorbed to produce a given
increase in temperature (and thus also a decrease in current), depicted in Fig. 3.14(d).
For maximal temperature sensitivity, the TES should have a low heat capacity and a
narrow transition. The thermal conductance of the TES material is also an important
property to consider. Taking all of these properties into consideration, it is clear that
the choice of TES material and transition temperature are both critical to the design
of the device. Of course, the transition temperature must also accommodate available
cryogenic systems. To-date, thin-film tungsten has been a popular material system for
TES devices operating in the near infrared and optical regimes [360, |. Thin-film
tungsten has two superconducting phases, one with a critical temperature of ~ 15 mK
and another with a critical temperature of ~ 1 —4K, which can be combined to allow
for fine-tuning of the final overall critical temperature of the device [362].

TESs are attractive for a multitude of reasons, including high detection efficiency
across a very broad range of wavelengths (millimeter to gamma rays) [363, 364] and

theoretically negligible dark count rates®” (less than one event in 1000 seconds) [365].

2"In practice, background photons in a quantum optics experiment can certainly be registered
by the photon number counting algorithm; even black body radiation may be detected by a TES
optimized for the visible regime.
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Despite these impressive attributes, TES devices must be operated in very extreme
cryogenic conditions, their output signal requires advanced analysis to extract photon
number information, and they suffer from high timing jitter (e.g., ~ 100ns) [364]| and
long dead times. Nevertheless, TES detectors are desirable for their striking ability
to distinguish the number of photons within a detection event—a crucial capability
in many quantum optics experiments. TES-based photon-number-resolving detectors

(PNRDs) provide a linear response in photon number with a dynamic range of one

photon up to about 20-30 photons [366, |, with the possibility of extending to
higher photon number resolution via multiplexing [365] and machine learning tech-
niques [369].

3.3.4 Time-to-digital conversion™

Each of the aforementioned detectors output a stream of electrical pulses cor-
responding to single photon detection events. In many cases, we are interested in
knowing the time at which each detection event occurred (e.g., when using a pho-
ton pair source we must herald the detection of one photon with its partner, thus
requiring knowledge of the arrival time of both photons in a pair). Such information
requires a means of time-to-digital conversion, whereby the analog electrical pulses
from the detector are converted into a digital representation of the time at which they
occurred. A time-to-digital converter provides us with just this capability, and is a

critical component in most quantum optics experiments?®.

3.4 Characterizing single-photon sources

Since the perfect “on-demand” single-photon source does not yet exist, we still rely
on characterization methods to ensure that our sources of single photons are in fact
generating the light we expect. In general, photon statistics can be used to describe
and classify different states of light, such as the coherent, thermal, and squeezed light

we saw in previous sections®?. The question now becomes how to measure the photon

28Many commercial options exist, for example the TimeTagger series of time-to-digital converters
from Swabian Instruments.

29We already introduced the photon statistics for these sources of light when we derived the
probability of having n photons present, P(n), in each state of light.
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statistics of a given light source. Though it is possible to use PNRDs to simply
measure the photon number distribution of a given state of light [370], such detectors
are limited in their dynamic range (and not every lab has access to PNRDs). We must
therefore resort to other photon characterization metrics from which we can infer the
photon statistics, and thus gain an understanding of the type of source we are working
with. In addition to photon statistics, there are several other characterization metrics
which are often important to consider, such as the mean photon number of a source,

or its heralding efficiency (when considering a photon pair source).

3.4.1 Mean photon number

A common characterization metric for low-light sources is the mean photon num-
ber per mode, p. This metric can be used to describe attenuated coherent states, de-
terministic single-photon sources, and probabilistic single-photon sources. The ideal
single-photon source would have p = 1, exactly, for the mode (or modes) of interest;
however, in practical sources—such as the attenuated coherent states or photon pair
sources used in this thesis—there is a trade-off between the total number of generated
photons and the number of modes containing more than one photon. In general, a
given application will have an optimal value of x4, which maximizes count rates while
minimizing the probability of a multiphoton event. With knowledge of the system
efficiency (including detection efficiency), 7sys, and the laser rep rate, the mean pho-
ton number per pulse of a given source can be calculated for an attenuated coherent

pulse as

(counts per sec at detector)
Nsys(Tep rate)

fo = (3.199)

The mean photon number per pulse of a photon pair source can, likewise, be calculated
as

signal (idler) photon singles per sec at detector
g g
Nsys, s(i) (Tep rate)

us(i) = > (3200)

though it should be noted that it is also possible to calculate the mean photon number

of a pair source from its coincidence rate and heralding efficiencies for the signal and



3.4. CHARACTERIZING SINGLE-PHOTON SOURCES 145

idler photons, ns and n;, respectively, as

(coincidence rate at detectors)
nsn;(rep rate)

[is(i) = (3.201)

3.4.2 Heralding efficiency

When working with a photon pair source (also called a heralded single-photon
source), we generally use a heralded detection event (also referred to as a coincidence
event) of one photon in a pair (the idler) to infer the existence of the other photon in
the pair (the signal). The heralding efficiency is therefore the conditional probability
of detecting a signal photon, given that the idler photon has been collected and
detected. The heralding efficiency for the signal (or idler) photon can be expressed

as

Ps,i NC’
Nsi) = Psji (i)s) = P = N, )7 (3.202)

where Pyj;(;5) is the probability of detecting a signal (or idler) photon conditioned
on detecting an idler (or signal) photon, which can be expressed in terms of P,
the probability of detecting a coincidence, and Py, the probability of detecting an
idler (or signal) photon. This can also be expressed in terms of N¢, the number of
two-fold coincidence events detected, and Nj(), the total number of idler (or signal)
photons detected, within a set time interval. We note that the heralding efficiency
may be defined at different points within an optical setup; for example, the heralding
efficiency may be defined immediately after the photon pair source, or it could be
defined after the signal photon propagates through a complicated optical system. It
is also common to see reported values of heralding efficiency in which the detector
efficiency (or even the full system efficiency) has been factored out so as to exclude

losses and calculate the heralding efficiency of only the source itself.

3.4.3 Quantum coherence and quantum correlation functions*

In quantum optics, correlation functions are often used to characterize the statis-

tical and coherence properties of light. The quantum theory of coherence is directly
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inspired by the classical theory of coherence, which is best motivated with a discussion

of Young’s double-slit experiment [371], depicted in Fig. 3.15.
5]
Source (r, 1)
I
Detector

Figure 3.15: Young’s double-slit experiment. Radiation from a source is directed
at two slits. The light emerging from these two slits can interfere at the
detector.

Classical first-order coherence
The time-averaged intensity measured at the detector at position r and time ¢ is
given by

<I(I‘, t>> = Il + IQ + 2\/ 11]2 |’}/(1)(l’1, ZE2)|2 COS[gb(l'l, ZL’Q)], (3203)

where I; and I, are the intensities of the fields from slits 1 and 2, respectively, and

YD1, x5) is the first-order normalized correlation function, given by

(£ (z1) E(72))
VE@)P) ([E(z2)]%)

where ¢(z1,x2) is the phase difference between the two fields that arises from a

7(1)@17552) =

(3.204)

difference in path length®”. Note that we use the notation z; = (rj,¢;). It is convenient

30This path length difference is assumed to be less than the coherence length of the light source,
lcon = ¢/Aw, where Aw is the bandwidth of the source.
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to introduce Rayleigh’s definition of fringe visibility,

Imax - ]min
=7 7 3.205
V Imax + [rnin7 ( )
where
Logx = I + I £ 2¢/ L L |y (w1, 22)) (3.206)
and so

_ 2v [1[2”7(1)(331, 1’2)‘

v L1,

(3.207)
There are clearly three notable coherence regimes,

YD (zy, 20)| = 1 complete coherence,
0 < YWY (zy,20)| < 1 partial coherence,

|7(1)(5E1, x2)| =0 complete incoherence.

Young’s double slit experiment demonstrates the dependence of spatial interference on
coherence—specifically, on the first-order correlation function, v (21, 25). It should
be noted that coherence can also depend—in the same manner—on temporal inter-

ference, as seen, for example, in a Mach-Zehnder interferometer?!.

Quantum first-order coherence

A quantum theory of coherence can be constructed in a manner which closely
parallels the classical theory. In the case of quantum coherence, we recognize that de-
tectors measure the intensity of a light source by absorbing its photons. We therefore
require a means of quantifying the response of the absorbing detection system. We
consider an ideal detector consisting of a single atom, with dimensions smaller than
the wavelength of the incident light. The absorption of light will result in the ioniza-

tion of the atom, where the generation of a photo-electron constitutes the detection

31Tn this case, we now consider timescales that are shorter than the coherence time of the source,
Tcoh = lcoh/c = I/Aw.
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of a photon. By counting these photo-electrons, the statistical properties of the light
source can be determined. This single-atom detector couples to the light field through

the dipole interaction, described by the Heisenberg-picture Hamiltonian,
H=—d BE(1), (3.208)

where d is the dipole operator and the electric field operator is defined as in Eq. 3.59.
Since the wavelength of light is assumed to be larger than the dimensions of the atom,
we can make the dipole approximation, |k - r| < 1. The electric field can be further
simplified by considering only the positive-frequency part of the field, since it contains

the annihilation operator,

R A o 1/2
E(r,t) =EWD(r,) =iy (260‘/) e obino (1) (3.209)

k,o

Upon absorption of the incident radiation, the atom makes a transition from the
ground state, |g), to the ionized state, |e), while the electric field makes a transition
from the initial state, |i), to a final state, | f). The matrix element for a transition is

therefore

~

(el ® (fIF1i) @ |g) = — (el d1g) (fI B (r,0) |i), (3.210)

and the probability that the field undergoes a transition from the initial to final state

is given by

wir, ) = (1 BO 1) i g (3.211)

Since the final state of the field is never measured (i.e., we are only interested in the

final state of the detector), we must sum over all possible final states of the field,

= SR @) 1) (1B ) )
!
— (B (1, 8) - ED (r, 1) ]i) (3.212)

S|S0 10
!
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where we have made use of the fact that this set of final states can be considered
complete. In practice, we generally do not know precisely the initial state, |i), nor
is it necessarily a pure state. For this reason, we introduce the density operator

formalism, where
pe =S pili) Gl (3.213)

such that the expectation value of E()(r,¢) - E()(r,t) is replaced by the ensemble

average and we write

A

GIEO (@, ) - E® (r,) [i) = Tr [ﬁpﬁ](_)(r, £) - EG(r, t)]

=5 " p IEO (r,8) - ED(r,1) Ji). (3.214)

Using our earlier notation, x = (r,t), we define

A

GO (z,2) = Tr [ﬁFE<—><x) CEG(2)], (3.215)

which is simply the intensity of light at the space-time point z = (r,t), and so
GW(z,x) is the quantum mechanical analog of the time-averaged intensity that we
defined for classical coherence. We can describe Young’s double-slit interference using

our quantum coherence picture, where the field at the detector is now defined as
E(—H (I‘,t) = E(+)(I'1,t1) + E(+) (I‘z,tQ). (3216)
We can write the time-averaged intensity as

(I(r,t)) = Tr ﬁFE(_)(r,t)E(+)(r,t)]

= GW (21, 21) + GW (22, 29) + 2Re [GV (21, 2)] , (3.217)

and, defining the normalized first-order quantum correlation function

G(l) (.1'1, 33'2)
\/G(l) (ZEl, l‘l)G(l) (I‘Q, £L’2> ’

g (1, m2) = (3.218)
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we have

<I(I‘, t)> = Il + ]2 + 2\/ 11[2 |g(1)((L’1, .T2)| COS [¢<1’1, IQ)] . (3219)
As in the classical case, we have

19V (21, 20)| = 1 complete coherence,
0 < |gW(z1,20)| < 1 partial coherence,

|g(1)(x1, x9)| =0 complete incoherence.

At a fixed position, we can write the first-order correlation as a function of the

time difference, 7 =ty — 4,

g () = , (3.220)

~

VIEO@ES @) (BO(t +m)ED(t +7))

which, for a single-mode field, can be written as

g(r) = <dT(tZZT{2>+ 213 (3.221)
The following first-order correlation functions can be found,
2
e~ twoT coherent state
g (1) = § giwor=lrl/man  collision broadened thermal state (3.222)
ﬂ'wOT*g(ﬁ)Q Doppler broadened thermal state,

\

and are plotted in Fig. 3.16.

First-order coherence is capable of determining the coherence length of a light
source, or the degree to which a light source is monochromatic; however, it tells us
nothing about the statistical properties of the light. First-order coherence experiments
are therefore unable to distinguish between states of light with identical spectral

distributions. In other words, such experiments provide us with no information on
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the photon number distributions of a state of light. For this, we must consider higher-

order coherence experiments.

1.0F
0.8} {1 == Coherent state
= 0.6f ] Collision-broadened
= thermal state
8o 0.4
%0 Doppler-broadened
0.2F ] thermal state
0.0L : . : :
4 -2 0 2 4

Delay (T/Tcoh)

Figure 3.16: First-order correlation, g) (7). Expressions for the first-order corre-
lation, g(V)(7), found in Eq. 3.222, are plotted for delay times normalized
to the coherence length (7/7con).

Classical second-order coherence

In the 1950s, a groundbreaking experiment from astronomers Hanbury Brown
and Twiss developed a new kind of coherence experiment involving the correlation of
intensities rather than of fields [372]. As seen in Fig. 3.17, this experiment splits an
incoming light source onto two detectors and measures a delayed coincidence rate.
One detector registers a count at time ¢ while the other registers a count at time ¢+ 7.
If the time delay, 7, is smaller than the coherence time of the source, information on
the statistics of the light beam can be determined.

The coincidence count rate is proportional to the time average, (I(t)I(t+ 7)),
where I(t) and I(t 4 7) are the instantaneous intensities at the two detectors. Note
that here, these are classical quantities. If the average intensity at each detector is

(I(t)), then the probability of obtaining a coincidence count is

(IOt +7))

(1()*
_ (BB (4 1B+ EW) 3.223)
(E*()E())

y(r) =
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50:50
beamsplitter

Light
source

Correlation

Delay (1)

Figure 3.17: Hanbury Brown-Twiss interferometer. The radiation from a light
source is split into two paths by a 50:50 beam splitter. Each path is
directed towards a different detector, D; or Dsy. Time-delayed (7) cor-
relations between detection events at the two detectors are measured.

which is the classical second-order correlation function. Unlike the first-order corre-
lation function, the second-order correlation function is not restricted to be unity or

less. This can be seen by considering the second-order correlation for zero time delay,

gy — L) (3.224)

It follows from the Cauchy-Bunyakovsky-Schwarz inequality that
(IO = (1), (3.225)

and (with some math®?) it can be shown that there exists a limit for classical fields
of

7 (1) < ~(0), (3.226)

for which we will soon see that the quantum mechanical analog of this limit is violated

by some quantum states. We also note that the classical second-order coherence can

32Gee, e.g., Gerry and Knight’s Introductory quantum optics [314].
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be written as
A () =1 4 [yOO2, (3.227)

If light incident on one detector is independent of the light incident on the other,
there should be a uniform coincidence rate and thus also a uniform (7). This
was expected by Hanbury Brown and Twiss; but instead they observed twice the
coincidence detection rate for 7 = 0 as compared with large 7. Evidently to them,
the photons appeared to be arriving in “bunched” pairs. We note here that the light
sources used by Hanbury Brown and Twiss included a mercury-vapour lamp [372] and
later the light from the star, Sirius [373]—both thermal states of light.

Quantum second-order coherence

We can extend our arguments used in the case of first-order quantum coherence
to the second-order by considering the joint counting rate between two detectors at
x1 = (rq1,t1) and 9 = (ra,t2). The transition probability for the absorption of a

photon at each of the two detectors is proportional to

2

(1B (@) E® (22) [8)] (3.228)

which, after summing over all the possible final states, becomes the expectation value,

A A

(i EC (@) B (22) B (22) B (1) [3) (3.229)

This can be generalized to the case of mixed states through the density operator,

where we define
GO (21, 29; 09, 71) = Tt [pFE<—>(x1)E<—>(x2)E<+> (22) B (xl)] , (3.230)

which can be interpreted as the ensemble average of I(x1)I(z3). From here, the

normalized second-order quantum correlation function can be defined,

o G(g)(xlax2;x27xl)
N G(l) (l‘l, x1>G(1) (1'2, .ZCQ) ’

97 (w1, 29 9, 1) (3.231)
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which is the joint probability of detecting one photon at z; and a second at z5. At
a fixed position, we can write this second-order correlation as a function of the time

difference, 7 = ty — 11,

(ECOEO(t+ 1) ED(t + 1)ED(t))
(ECQR)ESO @) (Bt +7)EG (t+ 1))

g (1) = (3.232)
which is the probability of detecting a photon at ¢ 4+ 7, conditional on detecting a
photon at ¢. For a single-mode field, the second-order correlation function can be

written as

———%T—— (3.233)

Unlike the first-order correlation function, the second-order correlation function is
able to provide insight into the photon statistics of a given light source, and is thus a
useful-—and common—characterization metric for quantum light sources. The follow-
ing second-order correlation functions can be shown (e.g., using the classical relation

between the first- and second-order coherence in Eq. 3.227):

(
1 coherent state

2
g( )(T> =93 1+e 2/ collision broadened thermal state (3.234)

2
[ 1+ efﬂ(Q) Doppler broadened thermal state.

For the photon number state, however, we find a very different second-order correla-
tion function,
@) 0 n=20,1
g (0) = (3.235)
1-1 n>2
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which is outside the allowed range for its classical counterpart, v#(0). This result
can be interpreted as a quantum mechanical violation of the Cauchy-Bunyakovsky-
Schwarz inequality. The second-order correlation for the different states of light we

have considered are shown in Fig. 3.18.

2.0f | ‘ | 1 — Coherent state

1.5F 1 Collision-broadened
_ thermal state
r
& 1.0 Doppler-broadened

%) thermal state
0.5 | — n=1 Fock state
0.0k . v . | == n=2Fock state
-4 -2 0 2 4

Delay (t/Tcoh)

Figure 3.18: Second-order correlation, g(2)(7'). Expressions for the second-order
correlation, ¢®(7), found in Eqs. 3.234 and 3.235, are plotted for delay
times normalized to the coherence length (7/7.on).

Through Eq. 3.233, we can characterize the photon number statistics as follows

(
> 1 super-Poissonian

2
g' )(O) § =1 Poissonian (3.236)

[ < 1 sub-Poissonian.

Classically, g®® (1) < ¢®(0), which is indicative of the photon bunching effects ob-
served by Hanbury Brown and Twiss; however, some nonclassical states of light can
exhibit a violation of this inequality, where ¢g®(7) > ¢®(0) for 7 < 7eon, indicat-

ing photon anti-bunching effects. We summarize the regimes associated with photon
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arrival times as follows?,

(

< g@(0) photon bunching
2
g?(r) { = g?(0) =1 random (3.237)
| > g (0) photon anti-bunching,

which are depicted in Fig. 3.19.

Tcoh
1 1

(a) Bunching 00 00 0000 000 00 00 000 00

1 1
(b) Random 20 '00 000 © 60 ©¢ 6 © o 000 o0 o
1 1
1
(c)Anti-bunchingb‘l‘ O 000 ©¢ 000 0 © © 00 © o
1 1

t

Figure 3.19: Detection of photons as a function of time. Effects of (a) photon
bunching, (b) random photon statistics, and (c¢) photon anti-bunching.

3.4.4 Second-order autocorrelation

In the lab, we can use the second-order correlation function defined in the previous
section to infer the photon statistics of our light sources. An ideal photon pair source
emits a maximum of one photon pair per pump pulse; however, in practice, photon
pair sources always have a non-zero probability of emitting multiple photon pairs for
a single pump pulse. It should also be noted that noise in the system can lead to
false detection events, degrading the purity of the source. A setup similar to that
of Hanbury Brown and Twiss [372], as shown in Fig. 3.20, can be used to measure
the second-order autocorrelation of photons produced via nonlinear processes, such

as SPDC or SFWM.

33Tt should be noted that often photon anti-bunching is confused as identical to sub-Poissonian
statistics, but these are different effects [314]!
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Heralding

Coincidence
logic

Photon pair so‘

r

Ds,

Figure 3.20: Second-order autocorrelation for a photon pair source. Idler and
signal photons from a photon pair source are split. The idler photons
are sent to detector D;, providing the option of a heralded measurement.
Signal photons are split onto two detectors, D, and Dj,, by a 50:50 beam
splitter. Coincidence logic is used to record the various click patterns
needed.

Heralded second-order autocorrelation

The heralded second-order autocorrelation provides a measure of the probability
of such multiphoton pair events and false detection events due to noise photons. This
measurement is performed by first splitting the generated photon pairs (either using
a PBS or DM, depending on the nonlinear process). The idler photon is sent directly
to a detector for heralding (D;), while the signal photon is then split on a 50:50 beam
splitter of which the output ports are directed towards two separate detectors (Dy,

and Dy,). The heralded second-order autocorrelation is determined as follows,

Psl,52|i . Nsl,sz,iNi
- I
Ps1|iP52|i Nsl,ing,i

957 (0) = g .(0) = (3.238)
where P, ,; is the probability of detecting a signal photon at detectors D,, and
Dy, conditioned on detecting an idler photon at detector D;, while Py, and P,
correspond to the probabilities of detecting a signal photon at Dy, or Dy, , conditioned
on the detection of an idler photon at D;.

The heralded second-order autocorrelation can also be written in terms of the
total numbers of various click patterns measured within a given time interval. Here,

Ng, s,.i is the number of three-fold detection events measured between Dy, , D,,, and
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D;, while N; is the number of idler photons measured at D;, and the number of two-
fold detection events measured between Dy, (or D,,) and D; is given by Nj, ; (or
Ns,.i). An ideal photon pair source would have no possibility of a coincidence event

occurring between the two signal detectors, s; and sy, implying that gg)(O) = 0;

thus, in practice, a gg)(O) as low as possible is desired. The heralded second-order
autocorrelation will generally increase with pump pulse energy, as well as with the

number of noise counts in the system.

Unheralded second-order autocorrelation

We can also measure the unheralded second-order autocorrelation for a photon pair
source, by ignoring the idler photon. The unheralded second-order autocorrelation

can be determined as

(2) _ 2 _ Ps, 55 _ Ny, 5, Np
0) = 0) = = 3.239
gU ( ) g81,82< ) P81 ng N51 N32 ? ( )

where we see that we no longer consider the probabilities conditioned on an idler
photon detection event. The probability of event x is P, = N,/N,, where N, is the
total number of events in a given time interval (i.e., the number of pump pulses). The
g[(]2 )(O) relates to the purity of a photon pair source, P, and also provides a measure
of the Schmidt number, K (the effective number of modes which the photons can be

found in), through the relationship [3741, 375]

1
g0 =1+P=1+ = (3.240)

We note that the unheralded second-order autocorrelation for a single-mode photon
pair source (K = P = 1) approaches g((?)(O) = 2, which indicates the same photon
statistics as for a thermal state. On the other hand, for a highly mixed state containing

many modes (K > 1 and P — 0), g(U?) (0) = 1, indicating Poissonian statistics.

3.4.5 Second-order cross-correlation

Photon pair sources can also be characterized by the second-order cross-correlation

function, which provides a means of examining correlations in the photon number
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degree of freedom between the signal and idler photon. This metric can be determined

through the experimental setup depicted in Fig. 3.21, and is calculated as

Ps,i o Ns,in

~oh T NN (3.241)

2 2
9% (0) = g&)(0)

where P ; is the probability of detecting a coincidence event between the signal and
idler photon, while P, and P; are the probabilities of detecting a signal or idler photon,
respectively. Again, we have that P, = N, /N,, where N, is the total number of events

in the measurement interval (or rather, the number of pump pulses).

D;
k_‘
Photon pair s(‘\ Conllggiicence
DS

Signal

Figure 3.21: Second-order cross-correlation for a photon pair source. Idler
and signal photons from a photon pair source are split and sent to de-
tectors D; and Dy, respectively. Coincidence logic is used to record the
click patterns needed.

The second-order cross-correlation can be used to show that a photon pair source
is indeed nonclassical by demonstration of a violation of the Cauchy-Bunyakovsky-

Schwarz inequality [371],

2
(gﬁ? (0)> < g2(0) - 92(0), (3.242)

which relates the second-order cross-correlation to the unheralded second-order au-

tocorrelation of the signal and idler photons. For classical light, 1 < gg(fg)c(()) < 2,80

any measurement in which gg?-) (0) > 4 indicates a nonclassical state.
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3.4.6 Coincidence-to-accidental ratio

Another common metric used to characterize photon pair sources is the coincidence-
to-accidental ratio (CAR). For a pulsed source, the CAR can be calculated as
P, ;(0
CAR = Wy(ﬂz), (3.243)
where P;;(0) is the probability of a coincidence event between the signal and idler
photons at zero relative delay and P ;(nT") is the probability of a coincidence event
between signal and idler photons with a delay of 7 = nT' (n is an integer number and
T is the period between pump pulses).

Since photon pair sources are probabilistic, the probability of a coincidence be-
tween a signal photon from one pump pulse and an idler photon from an adja-
cent pump pulse is simply the product of the individual detection probabilities,
P,;(T) = P;P,. In this case, we see that the CAR reduces to Eq. 3.241, and is

identical to the second-order cross-correlation at zero time delay.

3.4.7 Spectral and temporal correlations

When working with photon pair sources, an important consideration is whether a
measurement of some property of one photon in a pair allows us to infer information
about the other photon. Depending on the nonlinear process used to generate photon
pairs, correlations may exist for Fourier conjugate variables, such as position and mo-
mentum or frequency (energy) and time. Here, we focus on quantifying correlations
between photons in the frequency-time degree of freedom—mnoting that an analogous
treatment can be used for other Fourier conjugate pairs. We can quantify the spec-
tral and temporal correlations between photons from a pair source through the joint
spectral intensity (JSI) and joint temporal intensity (JTT), respectively—or through
the joint spectral amplitude (JSA) and joint temporal amplitude (JTA), respectively.

We first consider frequency correlations, which are quantified by the JSI or JSA.

The bi-photon spectral wavefunction of a pair of photons can be written as [370],

W) = [ disflonnaltwiltw) 10), 10}, 3244
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where f(ws,w;) is the JSA and | f(ws, w;)|* is the JSI. The JSA is phase sensitive, while
the JSI is not, where both depend on two functions: the phase-matching function,

é(ws, wi, w,), and the pump spectral amplitude, a(w,). We write the JSA as?!
fsppc(ws, w;) = /dwpa(wp) D(ws, wi, W), (3.245)
fsrwm (ws, w;) = /dwp a(wy) a(ws + w; — wy) P(ws, wi, wy), (3.246)

for the SPDC and SFWM processes, where the phase-matching function is given by

o (ws, wi, wp) = sinc (%) exp (2A2kL>. (3.247)

We previously discussed phase matching in detail in Section 2.2.2, but as a reminder,

Ak is referred to as the wavevector mismatch and is given by

Aksppe = k, — ky — k; (3.248)
Akgrwy = 2k, — k, — k;, (3.249)

for SPDC and SFWM, respectively. The dependence on pump spectral amplitude
arises due to the finite pump bandwidth and represents energy conservation, while

the phase-matching function represents momentum conservation for a given pair of
AkL
T2
side lobes which are often undesirable as they can limit the purity of the generated

photon frequencies. The sinc( ) part of the phase-matching function produces

photons [377]. In the lab, it is possible to apodize this functional form by spectrally
filtering the two generated photons. The effect of spectral filtering can be accounted

for by including filter functions, in the JSI expression,
fippo(ws wi) = / diop 1(19p) (s, s, 0y) Sa(105) i (w1) (3.250)
fSFWM(w& wl) = /dwp a(wp) a<w8 + Wi — Wp) ¢(w87 Wi, wp)Ss<ws>Si(wi)7 (3251>

where Sg(ws) and S;(w;) correspond to the spectral filtering performed on the signal

and idler photons, respectively. Fig. 3.22 illustrates the various factors which influence

34Note that by making use of a linear approximation for the phase mismatch, and modeling the
pump as a Gaussian, it is possible to obtain an expression for the JSA in closed analytical form.
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Figure 3.22: Joint spectral intensity (JSI) illustration. The pump spectral am-
plitude, a(w,), is shown in blue, while the phase-matching function,
¢(ws, w;, wp), is shown in green. The spectral filtering functions, Ss(wy)
and S;(w;), are depicted by the larger orange regions with dashed out-
lines. The JSI, shown in purple, will be non-zero when all four of these
functions overlap. Figure adapted from [375].

f(ws,w;). Since it is not phase sensitive, the JSI is generally much easier to measure
than the JSA, and so a variety of measurement approaches have been demonstrated
for the JSI [379], including with scanning monochromators [300, 380], frequency-to-
time mapping [331, 382, 383], Fourier transform spectroscopy [354], and stimulated
emission tomography [385, 386, 387]. Stimulated emission tomography has also been
used to demonstrate the more difficult phase-sensitive JSA measurement [355].

Photon pairs generated through SPDC or SFWM are naturally anticorrelated in
frequency to satisfy energy conservation, while positively correlated in their time-
of-arrival. Since SPDC and SFWM are probabilistic processes, there exists an un-
certainty in the time at which photon pairs are generated (in other words, where
in the nonlinear medium they were generated). But, regardless of when they were
generated, the photons in a pair must have been produced simultaneously, leading
to positive timing correlations. These temporal correlations can be described by the
JTA, F(ts,t;), which is given by the Fourier transform of the JSA,

F(ts, t;) = // dw,dw; f (ws, w;)e™ “Wstse™™ili, (3.252)
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where the JTI is given by |F(ts,;)|>. The bi-photon temporal wavefunction is then

Wia) = [ [ dtaiF . ale)al ) o), 1), (3253

The JSI and JTI for frequency-time correlated photon pairs are represented concep-
tually in Fig. 3.23. We note here that separable states, where f(ws,w;) = f(ws) f(w;)
and F(ts,t;) = F(ts)F(t;), appear circular (or as vertical or horizontal ovals) in the
JSI and JTI, as opposed to the correlated ellipses depicted in Fig. 3.23. The widths
of these distributions along the wy = w; and t, = —t; axes can, together, be measured

and used to demonstrate violation of the energy-time uncertainty relation, providing

an entanglement witness [265, 300, 389].
(a) (b)
ISL=| f(ws, ) | JTL=| F(ts, t) |2
Alws — ;) A(ts — t;)

ay, ¢

Figure 3.23: Joint spectral and temporal correlations. The joint spectral inten-
sity (JSI) and joint temporal intensity (JTI) of frequency-time entangled
photons is depicted. The widths of these distributions, indicated by the
arrows, can be used to demonstrate violation of the energy-time uncer-
tainty. Figure adapted from [375].

Oftentimes, ultrashort pulses are used to generate photon pairs through SPDC
or SFWM, which leads to temporal correlations on ultrafast timescales. As such,
measurement of the JTI can be challenging—but, not impossible with optical gating.
Measurement of the JTT has been demonstrated using upconversion-based gating tech-
niques [300, , 389]. Upconversion, e.g., through sum-frequency generation (SFG),
provides high timing resolution, but this technique can suffer from low efficiency. We
have demonstrated an alternative approach using the all-optical Kerr gate presented

in Chapter 2, which comes with its own set of challenges and advantages.
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3.5 Characterization of ultrashort photon pairs

This section is based on the following publication:

A. R. Cameron, K. L. Fenwick, S. W. L. Cheng, S. Schwarz, B. MacLellan, P.
J. Bustard, D. England, B. Sussman, and K. J. Resch. “Ultrafast measurement of
energy-time entanglement with an optical Kerr shutter”, Physical Review A 108(4):
L041503 (2023).

DOI: https://doi.org/10.1103/PhysRevA.108.1.041503

(©) 2023 American Physical Society

Another interesting “side quest” in our broader research effort towards all-optical
quantum computing in the ultrafast regime included using the optical Kerr gate for
ultrafast measurement of the JTI of a photon pair source. As discussed in Sec-
tion 3.4.7, measuring the JTI of a photon pair source, pumped by ultrashort laser
pulses, requires optical gating techniques. JTT measurement has been demonstrated
through SFG gating [390]. This method was extended—by our collaborators at the
University of Waterloo’s Institute for Quantum Computing (IQC)—in an impressive
demonstration of the direct characterization of both spectral and temporal correla-
tions in a photon pair source [300], and subsequently in the reconstruction of the
full two-photon phase-sensitive JSA [389]. Despite the clear successes of SFG gating
for measurement of temporal correlations in photon pair sources, this technique still
has its limitations. By definition, SFG requires that the photons of interest undergo
frequency conversion. Moreover, SFG is often limited in its efficiency, such that a
full JTT measurement takes a long period of time. Given previous demonstrations
of optical Kerr gating® with > 97% efficiency [253, 260], we sought to explore the
feasibility of this gating technique for the measurement of the JTI of a photon pair
source, as depicted in Fig. 3.24.

Unlike in previous demonstrations of the optical Kerr gate, this work requires a
gated measurement of the temporal wave packet of each photon in the pair source; we

do not wish to gate the entire photon wave packet, but a portion of the wave packet.

35Note that in the publication presented in this chapter, the optical Kerr gate is referred to as an
optical Kerr shutter. These terms can be taken as equivalent.
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Figure 3.24: Measurement of the temporal wave packet of a photon with an
optical Kerr gate. The optical Kerr gate is used to measure a portion
of the temporal wave packet of a photon. The Kerr medium is a short
piece of single-mode fiber (SMF), placed between two crossed polarizers.
A strong pump pulse can be combined with the photon wave packet on
a dichroic mirror (DM) before both beams are launched into the SMF.
The pump pulse induces a birefringence in the SMF which rotates the
polarization of a portion of the wave packet. The gated portion of the
wave packet is redirected by a polarizing beam splitter (PBS). Note
that two such Kerr gates are implemented in the work presented here
to measure the joint temporal intensity (JTI) of the photon pair source.
HWP: half-wave plate; QWP: quarter-wave plate.

This requires significantly short gate durations—shorter than the picosecond-duration
gate demonstrated in the case of near-unit efficiency 258, |. In order to achieve a
sufficiently short gate duration, we opted to use short lengths of SMF (3.5 cm) as the
media for Kerr gating of the two photons. Unlike in SFG gating, where the resolution
is ultimately limited by the response time of the nonlinear process, the resolution of an
optical Kerr gate in SMF will necessarily be limited by the pump pulse duration and
temporal walk-off due to dispersion. Nevertheless, with 3.5 cm SMF, we were able to
achieve adequate gate resolutions for JTI measurement of 320430 fs and 290430 fs for
the signal and idler photons, respectively. Should higher resolution be required, bulk
crystals could be employed for optical Kerr gating [257]. Another means of improving
the resolution exploits dispersion-engineered photonic crystal fiber (PCF), which has
been implemented for walk-off reduction, where the group velocity of the pump and

signal are matched [391]; however, such a regime requires that the optical gate be
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placed within a Sagnac interferometer, which can be a complicated experimental
design to maintain.

While this experiment demonstrated the successful measurement of both the JSI
and JTT of ultrashort photon pairs, it certainly has its limitations. Perhaps the biggest
limitation we encountered was due to noise induced by parasitic nonlinear processes
within the optical Kerr gate. Although we knew beforehand that processes such as
self-phase modulation (SPM), Raman scattering, and two-photon absorption could
lead to unwanted noise counts in a Kerr-gated measurement, we had yet to operate
in the wavelength regime presented here. As it turns out, the wavelength regime
presented in this work is a considerably noisy one! For this reason, we were unable
to operate the Kerr gates with near-unit efficiency—such pump powers would have
generated far too many noise photons. We learned that caution must be taken when
operating the Kerr gate in a regime where the pump pulses have higher frequency
than the signal; in this case, noise due to Raman scattering plays a large role in the
measurement, capabilities. We also confirmed our suspicions that, in general, oper-
ating in a regime where the signal frequency is further from the pump pulse central
frequency is often always better. For the experiment presented here, we were limited
by the fact that we only had a single pulsed laser to pump both the photon pair
generation process as well as the two optical Kerr gates. It is anticipated that im-
provements could be made to the signal-to-noise ratio (SNR) with the implementation
of multiple, time-locked, wavelength-tunable ultrafast lasers.

Despite the limitations encountered in this experiment, we were still able to
demonstrate the measurement of both the JSI and JTT of a photon pair source. Fur-
thermore, these measurements allowed us to demonstrate a violation of the energy-
time uncertainty relation, and therefore witness energy-time entanglement. This work
provided us with knowledge of the resolutions achievable through optical Kerr gat-
ing in SMF, as well as the limitations of this technique—both important insights
in the context of photonic quantum computing in the ultrafast regime. Further de-
tails on this work can be found in the theses of Sandra Cheng [392] and Andrew

Cameron [378].
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The energy-time degree of freedom has emerged as a promising avenue for photonic quantum technologies due
to its intrinsic robustness against decoherence; however, the timescales associated with energy-time entangled
photons make for difficult measurement and manipulation. We implement two optical Kerr gates, in short
(35 mm) pieces of single-mode fiber, to achieve ultrafast measurement of the time correlations of energy-time
entangled photon pairs, with resolutions of 320 £ 30 fs and 290 =+ 30 fs for signal and idler photons, respectively.
These measurements, in addition to joint spectral measurements of the photon-pair state, are used to verify
entanglement by means of the violation of a time-bandwidth inequality. Without the need for an interferometric
setup or frequency conversion, the optical Kerr shutter is a valuable addition to the ultrafast quantum optics

control and metrology toolbox.

DOI: 10.1103/PhysRevA.108.L041503

The energy-time degree of freedom is important for many
quantum technologies, including quantum networks [1,2], op-
tical quantum computers [3], and quantum sensing [4]. This
degree of freedom is useful due to its intrinsic robustness
against decoherence for long-distance transmission of quan-
tum information [5], increasing imaging resolution via inter-
ferometric techniques [6], and for realizing high-dimensional
entangled quantum states [7]. Energy-time entangled pairs
of ultrafast photons (femtosecond-picosecond duration) are
challenging to control and measure with sufficient resolution.
Measuring in the subpicosecond regime is particularly impor-
tant because there has yet to be a single photon detector with
comparable resolution. The highest detector resolution to date
has been demonstrated with superconducting nanowire single-
photon detectors (SNSPD), which have seen timing resolution
on the order of a few picoseconds to tens of picoseconds,
depending on the photon’s frequency [8,9].

Fast gating of optical signals is commonly performed
electronically by micromechanical switches [10,11] or elec-
trooptic modulators [12] on nanosecond timescales. Optical
gating has been used to surpass these timing restrictions,
with resolutions of 450 ps in ring resonators [13], 10 ps
in nonlinear optical loop mirrors [14], and subpicosecond
with sum-frequency generation (SFG) [15]. Optical gating
is paramount in the detection and control of subpicosecond
energy-time-entangled photon pairs [16]. SFG optical gating
has been used for time-resolved detection of energy-time
entangled photon pairs [17], which can exhibit correlations
in time on the order of a few femtoseconds. SFG temporal

2469-9926/2023/108(4)/L041503(5)
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measurements have been taken alongside spectral measure-
ments to completely reconstruct a two-photon joint spectral
amplitude [18].

A promising alternative method for ultrafast optical gating
is to use an optical Kerr shutter (OKS) [19]. This method relies
on the optical Kerr effect which can occur in any material,
including those which are centrosymmetric. This makes it
suitable for integration in standard single-mode fiber (SMF),
where spatial overlap between the signal and pump is easy
to achieve. In an OKS, the transient birefringence induced by
a strong laser pulse will rotate the polarization of a photon
pulse only where the two pulses temporally overlap in the Kerr
medium. Picosecond and subpicosecond Kerr gating has been
shown for classical applications, such as optical communica-
tions [20-22]. Previous demonstrations have shown near-unit
efficiency operation of the Kerr shutter in YAG crystal [23]
and short (10 cm) pieces of SMF on picosecond timescales
[24-27]. In these cases, the group velocity walk-off between
the signal and pump in the SMF was exploited to fully ro-
tate the polarization qubit of a single photon for quantum
communication and information applications. To measure the
temporal waveform of a single photon, the Kerr shutter must
be capable of operating at finer resolutions. This requires a
unique Kerr shutter operation regime which has not previously
been demonstrated with single-photon signals. Finer resolu-
tion can be achieved by operating with a signal and pump
close in wavelength. This has been demonstrated for a clas-
sical signal, where a resolution as low as 305 fs was achieved
[28]; however, this operation regime introduces noise from
pump-self-phase modulation and cannot easily be operated
above 30%. Walk-off reduction has also been implemented
using photonic crystal fiber (PCF) as the x® medium to
match the group velocities of both pulses [29]. Alternatively,

©2023 American Physical Society
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short lengths of SMF can be implemented to achieve finer
Kerr shutter resolution.

In this work, we implement an OKS with a short 35-mm
SMF for each entangled photon and demonstrate fast gated
measurements with 320 £ 30 fs and 290 £ 30 fs resolution
for the signal and idler photons, respectively. We characterize
photon-pair correlations in time without the need for an in-
terferometric setup. Unlike previous experiments using SFG
for optical gating, no frequency conversion of the photons is
required and the only difference between gated and ungated
photons is their polarization. Here, we will be using this
polarization rotation to measure time correlations; however,
polarizing optics after an OKS could easily be used to reroute
photons with subpicosecond resolution for use in other quan-
tum information protocols.

Uncertainty relations can be used to detect energy-time
entanglement through temporal and spectral measurements.
Two separable photons labeled signal (s) and idler (i) must
satisfy the inequality [30,31]

Alws + w) Al — 1) 2 1, M

where w corresponds to frequency, ¢ corresponds to time of ar-
rival, and A(w; + w;) [A(t; — t;)] signifies standard deviation
in the sum of their frequencies (difference of their detection
times) [32]. The quantities in Eq. (1) can be determined ex-
perimentally by measuring the joint spectral intensity (JSI)
and joint temporal intensity (JTI) of a two-photon system. Vi-
olating this inequality is a sufficient condition for witnessing
entanglement.

The expected two-photon temporal width can be estimated
by the quadrature sum of the pump pulse at each shutter 7, the
walk-off between the pump and signal (idler) photon, Aty),
and the intrinsic width of the JTI about the #;, = —t; axis,
A(ty — 1), as

A= 1) = AT+ AT +202 + MG — 1} (D)

where Aty :L(vg(',_) — vgﬂl), L is the length of the Kerr
medium, v, is the group velocity of the signal (idler) photon,
and v, is the group velocity of the pump pulse. Note that the
factor of 2 in front of the 72 term accounts for the pump pulse
width at each of the two shutters. Photons from spontaneous
parametric downconversion (SPDC) have strong correlations
in time of arrival and exhibit an intrinsic width A(f; — t;)in.
This width is modeled by first considering the spectral cor-
relations and then using a double Fourier transform to the
time domain. The walk-off terms in Eq. (2), arising from the
difference in group velocity between the pump and photons,
further increase the width of the JTI. The effect of walk-off
on temporal resolution is visualized in Fig. 1. This figure also
illustrates the photon’s temporal distribution, consisting of
short photon pulses with different possible arrival times.

An illustration of the experiment is shown in Fig. 2. Opti-
cal pulses with 148-fs full-width at half maximum (FWHM)
from a titanium sapphire laser with an 80-MHz repetition rate
are guided to three parts of the experiment: an energy-time
entangled photon source and two Kerr shutters. The pulsed
light is first frequency doubled by a 2-mm S-bismuth borate
(BiBO) crystal to 387.5 nm, spectrally filtered by a 0.1-nm
FWHM bandpass filter, and then downconverted in a 5-mm

FIG. 1. Visualization of the main operating principle of an OKS.
A 775-nm pump pulse walk-off in a 35-mm fiber in the reference
frame of a 714-nm photon. (a) Initial temporal representations of the
pump pulse relative to the photon. The broader photon distribution,
shown in blue, is a combination of shorter photons created at varying
times in the crystal, depicted with dotted lines. The pump pulse is
shown in red. (b) Final temporal representation after the pump has
swept through a section of the photon pulse, rotating its polarization.
Delaying the pump pulse relative to the photon allows for gated
measurement of different temporal segments of the photon.

BiBO crystal to produce energy-time entangled photon pairs
with wavelengths 714 nm and 847 nm, which we refer to as
the signal and idler, respectively. Each photon is spectrally
narrowed to a bandwidth of 6-nm FWHM, after which we
measure a signal count rate of 3.6x 10°s~!, an idler count
rate of 2.6x10°s™!, and a signal-idler coincidence count rate
of 4x10° s~! using a 3-ns coincidence window. Both photons
are fiber-coupled and directed to (a) an OKS, or (b) a scanning
monochromator.

The two photons travel through different lengths of fiber
to reach their respective OKS. Ideally, our final measurement
of the temporal profile of each photon would reveal the true
transform-limited widths in time; however, dispersion in each
fiber stretches the temporal profile of each photon. The signal
photon passes through 50 cm of fiber which applies 10 910 fs?
of dispersion. The idler photon passes through 21.2 m of fiber
which applies 344 064 fs” of dispersion. One way to compen-
sate for the dispersion in each path would be to build a grating
compressor after each fiber to apply negative dispersion to
each photon. Optimal gratings with a near-Littrow configu-
ration provide a total compressor transmission efficiency of
around 65% which drops further for shorter wavelength light
[33-35], so to avoid unnecessary loss in the experiment we
build a single grating compressor in the idler path. Due to the
photon-pair time-of-arrival correlations, the gratings can lo-
cally cancel the dispersion of the idler and non-locally cancel
the dispersion of its partner signal photon [36] by applying
second order dispersion of —(344 064 + 10910) fs®> on the
idler photon. Experimentally, we adjust the grating position
to minimize the temporal width of the JTIL.

The signal and idler photon polarizations are both prepared
along the horizontal axis, while the pump polarization is pre-
pared at 45° relative to the photons to maximize Kerr rotation
along the interaction region [24]. Each photon is combined
with a pump pulse on a dichroic mirror and directed into a
35-mm SMF (Thorlabs S630-HP, cleaved to within 0.001-
mm uncertainty). The length of the fiber L was selected to
minimize walk-off in each OKS, At (which is directly
proportional to L), while working within the length constraints
imposed by the fiber mount. For these fiber lengths, Aty
is estimated to be 297 fs and 256 fs for the signal and idler
photons, respectively. Differences in fiber lengths due
to cleaving uncertainty have a negligible impact on the

L041503-2
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FIG. 2. Schematic of experimental setup. (a) A titanium-sapphire (Ti:Sapph) laser produces 775-nm pulsed light with a repetition rate of
80 MHz. The light is frequency doubled in a 2-mm B-BiBO crystal to 387.5 nm to pump the single-photon source. Energy-time entangled
photon pairs are generated by Type-I SPDC in a 5-mm BiBO crystal. The 847-nm idler photon is sent through a 21.2-m fiber and a grating
compressor for dispersion control of the idler photon and nonlocal dispersion compensation of the 714-nm signal photon. Each photon is Kerr
gated by a strong pulse, picked-off from the output of the Ti:Sapph laser, within a 35-mm piece of SMF (Thorlabs S630-HP). Coincidence
detection of the output of each OKS enables measurement of the JTI of the two-photon entangled state. (b) Each photon from the source can
alternatively be directed to a scanning monochromator for measurement of the JSI. In this configuration, a grating is used to spread the single
photon’s optical frequency components spatially, after which a single-photon detector can be spatially scanned to detect a given frequency

component.

difference in resolution. In fact, it is the difference in walk-off
regimes between the signal and idler OKS which leads to this
resolution difference. Operating with a difference in resolu-
tion is acceptable, provided each OKS is capable of sampling
its photon in time.

Both devices have an equal input pump power of 800 mW.
Unlike bulk media nonlinear optical crystals, SMF has the
advantage that two modes are confined to a small core on
the order of 5 um in diameter which maintains high intensity
to increase the nonlinear effect and also facilitates alignment.
Pump and photon pulses were coupled into their respective
SMFs, each with 40% coupling efficiency. In each OKS, only
the part of the photon pulse that overlaps with the pump pulse
in the Kerr medium will have its polarization rotated. This
portion of the photon pulse will transmit through the Glan-
Taylor polarizing beamsplitter (PBS) at the output of each
35-mm SMF. The pump pulse and photon are then separated
by interference filters angle-tuned to pass the 6-nm bandwidth
of the gated photons. The pump is 61 nm and 72 nm away
from the signal and idler photons in wavelength, respectively,
which is an equal 32 THz on either side of the pump; however,
unwanted noise processes, such as self-phase modulation and
Raman scattering, can generate pump noise in the spectral
region of the single photons. As a result, tight spectral filtering
is required for lowering background counts.

The light that transmits through the PBS and spectral fil-
ters, consisting of pump noise and Kerr-gated light from the
single photons, is coupled to SMF, and detected by avalanche
photodiodes (APDs). This SMF also acts as a spatial filter
for light coupled to the cladding modes of the short 35-mm
SMFs. Counts registered by each detector are time-tagged
and analyzed with coincidence logic using a 3-ns coincidence
window. The relative time of arrival between each photon and
its corresponding pump pulse is varied by stepper-motors on
the output fiber couplers before each OKS and denoted #, and
t; in Fig. 2(a). Sweeping both motors in a raster scan pattern
and counting coincidences at each position fully maps out
the JTI of the two-photon system. As shown in Fig. 2(b),
spectral measurements are made directly after the source
with each photon fiber-coupled and routed directly to scan-
ning monochromators, as in previous experiments [16,18].

Similarly, raster scanning the motors through frequency mea-
surements on each photon builds up the JSI. We note that it
would be possible to work with the energy-time degree of
freedom on slower timescales than the requirements of this
experimental setup, but only at the cost of requiring higher-
frequency resolution in the scanning monochromators instead
of high temporal resolution.

We define the maximum achieved gating efficiency to be
the fraction of gated photons out of the total number of
photons, acknowledging that the pump samples a short win-
dow in time and photons have varying arrival times related
to the width of the down-conversion crystal and the proba-
bilistic pair-generation. To measure the temporal profile of
the single-photon wavepacket, each OKS must be operated
such that it only ever samples a portion of the total number
of photons; thus, the maximum achieved gating efficiency
necessarily cannot be unity with this experimental setup. The
maximum achieved gating efficiency is estimated to be ap-
proximately 16% at the peak of the JTI, and depends on the
pump pulse duration and intensity, group velocity walk-off,
and fiber length. Even if the pump could be operated at higher
powers and provide a polarization conversion efficiency of
100%, we estimate the maximum possible gating efficiency
to be 47% based on walk-off and pulse widths. The total
efficiency of the entire temporal coincidence measurement
which combines coupling losses from the grating compressor,
both OKS coupling losses, both final SMF coupling losses,
and gating efficiency is approximately 0.01%.

We present both the raw data and noise from the OKS
temporal measurement in Fig. 3. Each pixel of the images
in Figs. 3(a) and 3(b) is a coincidence measurement between
the signal OKS and idler OKS with relative delays ¢, and ;.
Figure 3(a) shows the raw data which includes the two-photon
correlations as well as the unwanted background consisting
of accidental coincidences and constant pump leakage, while
Fig. 3(b) is an estimate of the background. The coincidence
rates between the gated signal and idler photons are a function
of electronic delay between the two detectors. Accidental
coincidence peaks occur every 12.5 ns from the relative zero
delay, corresponding to the repetition rate of the laser. The
peak directly following the relative zero delay is used to

L041503-3
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FIG. 3. Background subtraction in postprocessing. (a) Measured
coincidences between two Kerr shutters at different relative gate
delays 7, and ;. (b) Estimation of accidental coincidences and con-
stant pump background, measured by adding 12.5 ns of electronic
delay between the two photon counting signals (corresponding to the
repetition rate of the laser). The small number of artifacts that make
a speckle pattern across the image are the result of a momentary fault
in time tagging electronics. (c) Single counts at detectors after each
OKS.

estimate accidental coincidences plus the constant pump leak-
age. The background profile in Fig. 3(b) reveals a horizontal
“stripe” pattern in the accidental coincidences. The relative
noise difference of the signal and idler OKS is apparent in
Fig. 3(c). The idler noise rate is 480 kHz counts compared
to the 200 kHz counts for the signal channel. This is because
Raman scattering is higher on the low-frequency (Stokes) side
of the pump pulse.

Both temporal and spectral correlations are presented in
Fig. 4. The JTI in Fig. 4(a) is obtained by pixel-wise subtrac-
tion of the raw data and background estimation from Figs. 3(a)
and 3(b). Note, there are two timescales of importance: A
cross-sectional slice of the JTI corresponds to the temporal
width of an individual photon with 320 £ 30 fs for the signal,
and 290 = 30 fs for the idler, while the marginals of the JTI
correspond to the uncertainty in arrival time which we mea-
sure to be 470 £ 30 fs for the signal and 520 +£ 30 fs for the
idler. This can be visualized in Fig. 1 where the blue photon
pulse has a much wider envelope than any given photon,
shown as dotted lines, in the temporal distribution. Spectral
measurements taken with single-photon scanning monochro-
mators exhibit low noise and therefore do not require the
background subtraction procedure discussed for the temporal
measurements.

The JTI is measured by subtracting the measured back-
ground estimate in Fig. 3(b) from the raw data in Fig. 3(a).
Measurement uncertainty takes into account the Poissonian
statistics of the photon counting as well as the effect of
background subtraction. Because the data and background
are very similar in magnitude, the JTI measurement is
highly sensitive to this background subtraction. As seen in
Fig. 4(b), the baseline of the temporal trace is negative (due
to background subtraction), implying that the background es-
timate introduces some uncertainty. We multiply the estimated
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FIG. 4. Experimental characterization of the photon-pair tempo-
ral and spectral correlations. (a) Joint temporal intensity, (b) joint
spectral intensity, (c) cross-sectional slices of (a) about the t, = —t;
axis, and (d) cross-sectional slices of (b) about the w; = w; axis. For
both (b) and (d), multiple slices were taken through the distributions
and averaged together. The time-of-arrival of the two photons are
positively correlated, while their frequencies are anticorrelated. Neg-
ative coincidence values in (c) are possible only because of the JTI
background subtraction demonstrated in Fig. 3. Gaussian fitting to
plots (c) and (d) yields A(t, — ;) = (340 £ 30) fs and A(w; + w;) =
(0.00141 + 0.00002) fs . Together, these quantities demonstrate
entanglement with A(t, — ;) A(ws + w;) = (0.48 £ 0.04) which is
less than 1 by 13 standard deviations.

background by a variable scaling factor to determine the de-
pendence of A(#, — ¢;) on the background level. This variation
is included in the reported measurement uncertainty. We note
here, for clarity, that this scaling factor is only used to analyze
the effect of a sensitive background on the quoted JTI width
error, not to adjust the background-subtracted data presented.

The estimate in Eq. (2) gives A(t; —t;) = (430 £ 30)fs.
Experimental data reveals a somewhat smaller width of
A(ty — t;) = (340 £ 30) fs. Many cross-sectional slices of the
JTI about the t;, = —¢; axis and JSI about the w; = w; axis are
averaged and shown in Figs. 4(c) and 4(d). Gaussian fits to
these curves show an entanglement witness value of A(#, —
1) A(w; 4+ ;) = (340 £30)fs (0.00141 £ 0.00002) fs~! =
0.48 £ 0.04. This demonstrates a violation of Eq. (1) by 13
standard deviations indicating entanglement in the energy-
time degree of freedom.

Our experimental parameters were based on a compromise
of the various factors that influence efficiency, noise, and
temporal resolution in an OKS. The OKS efficiency increases
with pump intensity and fiber length; however, increasing
these parameters also increases the generation rate of noise
photons by self-phase modulation and spontaneous Raman
scattering. In general, a large frequency difference between
the pump and photon pulses will limit the generation of
these noise photons at the signal and idler frequencies. In our
normally dispersive SMF, an increased frequency difference
increases the pump-photon group velocity walk-off and thus
reduces the temporal resolution. We operated our experiment
with a frequency difference Aw = 32 THz, fiber length L =
35mm, and pump power P = 800mW, yielding sufficient
efficiency, signal-to-noise ratio, and temporal resolution, to

L041503-4
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measure energy-time entanglement. Future OKS pulse metrol-
ogy experiments might operate with lower Raman scattering
noise levels by using a pump pulse frequency lower than both
the signal and idler pulses. One option for achieving this could
include implementing two time-locked pump lasers: one for
each OKS. Improvements in the signal-to-noise ratio (SNR)
can be anticipated if the pump wavelength is not as restricted.
For example, the OKS has seen near-unit efficiency and an
SNR of 790 for a regime with an 800-nm pump and 685-nm
signal photons [24]. Longer interaction lengths for improved
efficiency could also be used, while still maintaining suf-
ficient temporal resolution, by use of dispersion-engineered
photonic crystal fibers for pump-photon group velocity
matching [29].

In this work, we used optical Kerr shutters to directly
measure the JTI of two energy-time entangled photons.
Correlations were measured with a temporal resolution of

320 + 30 fs and 290 4 30 fs for signal and idler photons,
respectively, which provided a sufficient gating resolution
to violate a time-bandwidth inequality and therefore witness
energy-time entanglement. With the capability of distinguish-
ing events less than 1 picosecond apart, and therefore outside
the temporal resolution of current detector speeds, the optical
Kerr shutter is a valuable addition to the available methods in
ultrafast quantum optics control and metrology.
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Chapter 4

Quantum information processing with

single photons

Equipped with a background in ultrafast, nonlinear, and quantum optics, we can
now discuss the details of our all-optical approach to photonic quantum informa-
tion processing in the ultrafast regime. The computational complexity of photonic
quantum information processors increases with the number of photons in use, so we
first focus our attention to single-photon implementations in this chapter. Photonic
quantum computing schemes all largely follow the same foundational framework of
linear optical quantum computing, which is presented in Section 4.1. We then dis-
cuss, in Section 4.2, how platforms within this framework can be used to implement
quantum algorithms and quantum simulations. The various encoding methods for
photonic quantum computing are discussed in Section 4.3, including our ultrafast
time-bin encoding scheme. This chapter concludes with two crucial proof-of-concept
demonstrations of our ultrafast time-bin encoding scheme in action. In Section 4.4, we
demonstrate a quantum computational algorithm (the quantum walk) using our plat-
form. These capabilities are extended in Section 4.5, which presents a demonstration

of the programmability of our photonic quantum circuits.
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4.1 Linear optical quantum computing

A major advantage of photonic quantum computing is that its information carriers,
photons, are exceptionally resilient to decoherence; the quantum information encoded
in a photon tends to stay there. Yet this very advantage also has a downside: photons
do not naturally interact with each other, making it difficult to construct quantum
computational gates. In order to construct a photonic quantum computer, we require
some means of introducing an effective interaction between photons. This remained
a large obstacle to scalable photonic quantum information processing prior to the
215% century, as it suggested an apparent need for nonlinear optical interactions in
the single-photon regime. Achieving the desired nonlinear couplings at sufficient
strengths had been demonstrated, but remained technically challenging [393]. As a
result, several proposals of linear optical schemes emerged in an attempt to tackle
this challenge [394, , |; however, they required exponentially large physical
resources. It was not until 2001, when Knill, Laflamme, and Milburn constructed
a breakthrough protocol (called the KLM protocol) for efficient! photonic quantum
computing using only single-photon sources, linear optical elements, and single-photon
detectors |70].

The KLM scheme makes use of nonclassical interference to generate a phase shift
which is nonlinear with regards to the photon number, conditioned on photon mea-
surements in certain heralding modes. Such operations can be built into probabilistic
logical gates, which are to be used in a “repeat-until-success” mode where the oper-
ation of a successful gate is then teleported onto the logical qubits. Although the
gates themselves are probabilistic, the concatenation of a large number of these gate
operations—and many ancilla? qubits—essentially allows for deterministic gate op-

erations. Unlike encoding a single photon across many modes, the KLM proposal

n the context of computational theory, efficient algorithms require resources (i.e., time, space)
that scale no faster than polynomially. The KLLM protocol demonstrates a low linear resource scaling.

2Unlike many classical logic gates, quantum logic gates are reversible. There is no way to deter-
ministically put qubits into specific, prescribed states without having access to some qubits whose
original state is known a priori. These qubits, for which the state is known in advance, are called
ancilla qubits. Ancilla qubits play a critical role in quantum computing, as they provide a way to
control and manipulate the state of the main computational qubits. Nondemolition measurements
are possible with ancilla qubits, allowing for error correction.
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demonstrated a resource-efficient implementation of two- and multi-qubit gates, al-
beit with a large overhead of ancilla qubits and their associated circuitry. With its
proof of scalability, the KLLM protocol led to a new paradigm of quantum computing
with photons—referred to as linear optical quantum computing (LOQC)—and in-
spired a worldwide push towards universal quantum computation with photons. The
KLM scheme has led to the development and improvement of a variety of photonic
encodings, new schemes for quantum gates, and demonstrations of new protocols
and algorithms [397, , , , |. Circuit-based approaches [244, , |,
which the work in this thesis focuses on, have also evolved from the KLM scheme and
continue to be a promising path towards both intermediate-scale and universal quan-
tum information processing. Another significant development in photonic quantum
computing was the realization that a cluster-state model was well-suited to photonic
qubits |77, ], since large cluster states® can—at least, in principle—be constructed
efficiently using entangled photon sources and the teleportation gates used in the
KLM protocol. The different approaches to LOQC are summarized in Table 4.1.

In the effort towards universal photonic quantum computing, many intermediate
goals have emerged, providing short- to medium-term targets and opening up new

paths towards full-scale devices. These intermediate goals include:
1. Developing individual photonic quantum gates of increasing complexity;
2. Designing universal multiport interferometers as scalable quantum circuits;
3. Constructing cluster-state-based photonic quantum computing schemes;
4. Devising new algorithms for sampling problems;
5. Implementing small-scale quantum algorithms and platforms to support them;
6. Developing scalable methods of encoding information in photons; and

7. Introducing simplifying and supporting techniques for each of the above.

3Cluster states are graphs in which qubits are the nodes and entangling links between qubits are
the edges.
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This thesis focuses on the development of a new, scalable quantum information encod-
ing mechanism, ultrafast time-bin encoding (UTBE). In this chapter, we will demon-
strate photonic quantum circuits in which we implement both a photonic quantum

algorithm and universal multiport interferometer based on our UTBE platform.

Linear optical quantum computing (LOQC)

Gate-based approach: As in the KLM scheme, computations are per-
formed by applying a series of gates on photonic qubits. With the ability to
precisely control individual gates, this scheme offers high flexibility; however,
many ancilla qubits are required which can be a challenge. Furthermore, op-
erations are built into probabilistic logic gates, where success probability can
be limited. Note that the gate-based approach and circuit-based approach
are often considered to be the same.

Circuit-based approach: Computations are performed by sending photons
through a large interferometric network, which applies an arbitrary unitary
transformation. In some cases, such networks can be bulky and require many
physical resources (though, we overcome this challenge here). Note that
the circuit-based approach and gate-based approach are often considered to
be the same. Here, we refer to large multimode interferometers when we
say “circuit-based”. The boson sampling problem makes use of this type of
scheme. Importantly, such multimode interferometers are expected to be
useful in cluster-state-based approaches.

Cluster-state-based approach: Complicated entangled states (“cluster
states” or “graph states”) are used to perform computations through a se-
quence of single-qubit measurements. This scheme is less reliant on individ-
ual gate success, but is considered one-way or measurement-based because
the resource state is destroyed by the necessary measurements. The outcome
of each individual measurement is random, but each measurement is related
in such a way that the computation always succeeds. This offers the poten-
tial for increased computational efficiency, but requires careful design of the
cluster state and precise measurement strategies.

Table 4.1: Approaches to linear optical quantum computing (LOQC). A sum-
mary of the current approaches towards LOQC.
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4.1.1 Linear optical elements

The basic building blocks of LOQC are beam splitters and phase shifters. Follow-
ing our creation and annihilation operator formalism developed in Chapter 3, we can
describe these devices as unitary operators. As depicted in Fig 4.1, a beam splitter
consists of a semi-reflective mirror, at which an incident beam of light will be par-
tially transmitted and partially reflected. We denote a photon in either one of the two

-

bout

QAin / Aout_

bin

Figure 4.1: A beam splitter (BS). Input modes denoted by a;, and by,, while output
modes denoted by aoye and byys.

incoming modes as al or bl | which are transformed by the beam splitter operator,
BS, as’
A A ipgi A
a —~ [ & cos(0 —e'?sin(0 a
out — BS in — ( ) ( ) in ’ (41)
bl bl e “sin(f)  cos(6) bl

which belongs to the SU(2) group® of rotations in the Bloch sphere. Here, we have
parameterized the reflection, R, and transmission, 7', of the beam splitter with the
parameter 0, where R = sin?(f) and T = 1 — R = cos?(f). The relative phase between
the two output ports is parameterized by ¢. For a 50:50 beam splitter, § = 7/4, and

4Here, we consider a lossless beam splitter [105, 406].

5SU(2) refers to the Special Unitary Group of degree 2. Tt is a group of 2 x 2 unitary matrices
with a determinant of 1. The SU(2) group is a strictly real Lie group, topologically compact and
equivalent to a 3-dimensional sphere.
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the phase is typically chosen to be either ¢ = 0 or ¢ = w. Alternatively, a symmetric
beam splitter (which does not distinguish between which port a photon may enter)
is obtained with ¢ = 7/2°. Mathematically, the parameters, § and ¢, represent the
angles of rotation about two orthogonal axes in the Bloch sphere’, depicted in Fig 4.2.

A mirror is a special case of a beam splitter, where § = 7/2 (R =1 and T = 0).

“rep=(9)=0)

V=(|0) — [1))/V2

RN Ry iy
—aso =0y — iYL : ~~ L 445°=(10) + 11)/V2
el y
¢
X !
H=(10) + [1))/V2 ;
/I
RCP=(3)=1)

Figure 4.2: The Bloch (or Poincaré) sphere. Different polarization states and
quantum mechanical states are depicted on the unit sphere.

An SU(2) rotation can also be achieved with a combination of linear phase re-
tarders (LPRs), i.e., quarter- and half-wave plates. Wave plates are constructed from
birefringent material, for which the index of refraction is different for light polarized
along one axis relative to light polarized along the other (perpendicular) axis. The
unitary operator, ﬁ((S, 1), which describes a general LPR (with an optical retardation
of § and its optical axis at an angle of 1) with respect to the horizontal axis) is given

by the Jones matrix®, acting on two input modes as

Ahu | _p (@] _ [ cos’(v) +efsin’ () (1—eP)eos()sin(v) | al,
bl bl, (1 = c)cos(v)sin(y) sin’(y) + e cos?(v) ) \Bl,

(4.2)

6Operationally, these two beam splitter descriptions are equivalent since there does not exist an
absolute reference with which to measure the phase of the beam splitter. Choosing between the two
often simply comes down to a matter of personal preference!

"Note that the Bloch sphere [107] is mathematically equivalent to the Poincaré sphere [103]. The
Bloch sphere is more commonly used to define quantum mechanical states, while the Poincaré sphere
is more commonly used to define polarization states in optics.

8The Jones matrix is used to describe how the polarization state of light changes as it passes
through an optical element (e.g., a lens, polarizer, or wave plate). It is part of the Jones calculus,
which is a tool for analyzing polarized light and its interactions with optical systems.
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A general SU(2) unitary transformation can be constructed from a sequence of LPRs;
for example, two variable optical retarders with retardation §; and d,, with optical

axes at ) = 0 and ¢ = /4, respectively:

cos(d2/2)  —isin(d2/2) et 0
—isin(d9/2)  cos(dy/2) 0 1

P(61,0) - P(8y, 7/4) =

_ ecos(by/2)  —isin(dy/2) (4.3)

—ie!1sin(dy/2)  cos(da/2)

which is equivalent to a symmetric beam splitter with R = sin®(d,/2), and a phase
shift of ¢; in one arm. Since any two SU(2) rotations along orthogonal axes can
generate arbitrary rotations in the Bloch sphere, the above transformations are suf-
ficient to implement any photonic single-qubit operation. With these linear optical
elements, we can construct arbitrary linear optical circuits—this is at the heart of

photonic quantum computing.

4.1.2 Circuit-based approach

The circuit-based approach to photonic quantum computing combines linear op-
tical elements, as presented in the previous section, into multiport interferometers
which are capable of implementing any arbitrary linear transformation between sev-
eral optical channels. We reiterate here that one major technical challenge with this
approach is getting photons to interact with one another; it is not impossible, but
difficult. Since this thesis aims to introduce a new photonic quantum information en-
coding scheme, we first focus our attention here to photonic quantum circuits acting
on only a single photon. The challenge of demonstrating multiphoton interactions is
tackled next, in Chapter 5.

The remaining difficulties associated with constructing photonic quantum compu-
tational circuits arise from currently imperfect photon generation and detection, as

well as from loss mechanisms (e.g., scattering or absorption) in optical components
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which make up the circuits. As such, it is crucial to minimize the optical depth®
necessary to construct multiport interferometers capable of performing any unitary

transformation between a set of optical channels, as seen in Fig. 4.3(a). While useful

(2)

<)

(b) (©)

(d Tm,n = >< = m

50:50 50:50

Figure 4.3: Universal N-port interferometer. The desired universal unitary
transformation shown in (a) can be implemented using either (b) the
triangular mesh of Reck et. al. [102] or (c) the rectangular mesh of
Clements et. al. [103]. Each line corresponds to an optical channel (or
mode), while crossings between channels correspond to a building block
of the interferometer. As outlined in (d), these building blocks can be
implemented physically using a single-mode phase shifter, ¢, followed by
a Mach-Zehnder interferometer, consisting of 50:50 beam splitters.

operations can be performed by large, yet nonuniversal, meshes of beam splitters and
phase shifters [109], it was not until the seminal work of Reck et. al. in 1994 [102] that
universal programmability was realized in these devices using the triangular mesh de-
picted in Fig. 4.3(b). This in turn led to an increased interest in the design of universal
multiport interferometers [244, , |, and in 2016, a new optimal design—based

on the rectangular mesh shown in Fig. 4.3(c)—was realized by Clements et. al. [103].

9The optical depth is defined as the longest path through the multiport interferometer, corre-
sponding to the number of optical elements (beam splitters, phase shifters) traversed by that path.
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Both the triangular and rectangular mesh designs for a universal N-port interferom-
eter minimize the total number of beam splitters required to N(N — 1)/2. Although
the total number of beam splitters is minimized in both mesh designs, the scheme of
Clements et. al. reduces the optical depth by roughly a factor of two, which is crucial
for minimizing optical losses and reducing the necessary resources (material, space).

In this thesis, we follow the rectangular mesh design of Clements et. al. [103].
Their ideal, lossless multiport interferometer can be described by an N x N unitary

transformation, U , capable of transforming a set of N input channels (modes) into

any arbitrary set of N output channels (modes), such that &;rn LR &iut. The trick to
the designs of both Reck et. al. [102] and Clements et. al. [103] comes from decom-
posing U into a product of matrices, T\m,n, corresponding to the building blocks which
make up the mesh (phase shifters and beam splitters). These building blocks should
be capable of any transformation in SU(2), which can be accomplished with a beam
splitter of arbitrary reflectivity, preceded by a phase shift at one input port [105, 112].
A beam splitter with variable reflectivity can be substituted by a Mach-Zehnder inter-
ferometer [113, | comprising symmetric 50:50 beam splitters [102]. The building

blocks of the universal multiport interferometer, depicted in Fig. 4.3(d), take the form

e'?cosf  —sind

)

e%sinf  cos#

which is equivalent to the matrix in Eq. 4.3, with 6 = 6,/2 and ¢ = 09, acting on
channels &In:n_l and a .

Both mesh schemes provide an explicit algorithm for writing any arbitrary unitary
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~

matrix, U, as

U=D [[ Twn (4.5)

(m,n)es

where S denotes a specific ordered sequence of two-mode transformations and D
is a diagonal matrix—equivalent to a set of phase shifts on the individual output
channels—which is physically irrelevant for most physical applications. As shown
by Clements et. al. [103], a physical multiport interferometer, composed of phase
shifters and Mach-Zehnder interferometers in the rectangular mesh configuration of
Fig. 4.3(c), with programmable parameters, § and ¢, in the T m.n Matrices, allows us
to implement a universal transformation with U.

Photonic quantum circuits built from such universal multiport interferometers
allow for any arbitrary transformation on a set of input modes, making these de-
vices a promising avenue for photonic quantum computing. Such circuits can support
nonuniversal protocols, such as the boson sampling protocol discussed in the next
section, as well as full-fledged LOQC. For the latter, it may be preferable to build
smaller interferometers with a higher number of photons that can, for instance, per-
form programmable gates and support feed-forward operations'®. Nevertheless, the
implementation of a large, universal multiport interferometer is often an important
step in demonstrating the feasibility of a particular photonic quantum information

processing scheme or platform—as we focus on in this thesis.

4.1.3 Boson sampling protocol

A highly topical intermediate photonic quantum computing task is that of boson
sampling, proposed by Aaronson and Arkhipov in 2011 [139] (which was based on
the work of Troyansky and Tishby [115] in 1996). Although nonuniversal'!, there is
strong theoretical evidence that a quantum advantage exists for the boson sampling

protocol, thus making it a candidate for demonstrating the computational power of

10This is largely due to the fact that the computational complexity scales faster with multiple
photons across a few modes, compared to one photon across many modes.

1 The boson sampling problem itself is nonuniversal; however, tunable boson sampling devices
could, in theory, be used for universal quantum computation.



4.1. LINEAR OPTICAL QUANTUM COMPUTING 182

a given (bosonic) quantum computational platform!?.

The protocol implements a random N-mode universal interferometer, such as the
one in Fig. 4.3(a), and requires the user to sample from the probability distribution
of identical bosons (photons) at the output. It is difficult to obtain samples from
this output probability distribution through classical computation, but computation-
ally easy with a bosonic quantum circuit'®. As its name suggests, boson sampling
is well-defined for a system of any bosonic particles; however, photonic platforms
are currently the leading candidates for implementing this sampling problem. Inter-
estingly, the same computational advantage exists even when the photons arrive at
random input modes of the circuit [117].

Quantum computational advantage has been demonstrated using photonic quan-
tum circuits with 50 indistinguishable single-mode squeezed states in a 100-mode
interferometer [15], and more recently, with 216 squeezed modes entangled with three-
dimensional connectivity [19]. The latter makes use of photon-number-resolving de-
tectors (PNRDs), as described in Section 3.3.3, in order to sample events with more
than one photon. Furthermore, time-bin encoding is employed in the latter demon-
stration to access more squeezed modes without increasing the physical extent or
complexity of their system. This shows the promise of time-bin encoding schemes—
such as the one presented in this thesis—for photonic quantum computation.

Boson sampling does not require any ancilla qubits, adaptive feed-forward mea-
surements, nor entangling operations. Although this makes the boson sampling proto-
col more straightforward to implement than the universal KLM scheme, it also means
that boson sampling is ultimately a nonuniversal model of quantum computation. It
is therefore important to recognize the possible limitations of systems that function
as boson samplers. We note that the UTBE photonic quantum computing platform
demonstrated in this thesis is more akin to that of a boson sampling protocol than
the fully universal KLM scheme. Nevertheless, with a demonstration of promise in
this more intermediate-scale, it is not unreasonable to anticipate that our encoding

scheme could be extended to more general LOQC.

121t is worth mentioning here that boson sampling itself does not have much practical use (at
least, that we know of) aside from approximating the permanent of a complex matrix [416] or
demonstrating that a platform is capable of achieving a quantum computational advantage.
13Here, the circuit is essentially simulating itself!
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4.1.4 Cluster-state-based photonic quantum computing

While conventional photonic quantum processors operate on initially uncorrelated
input qubits in a gate-based architecture, cluster-state-based photonic quantum com-
puting takes a different approach. The philosophy behind cluster-state (also called
one-way or measurement-based) quantum computing [77, , | is to swap the
“easy” and “hard” parts of the computation. Rather than send many uncorrelated
photonic qubits (“easy” to generate) into a complex circuit (the “hard” part), a clus-
ter state can be built up using nondeterministic interactions (“hard”), after which the
computation is performed using deterministic single-qubit operations (“easy”). Since
the first experimental demonstration of the essentials of one-way quantum comput-
ing [119], steps have been taken towards generating larger cluster states |1 10, ],
constructing larger computational networks [121]|, demonstrating new methods [122],
and improving feed-forward designs [123]. Increasingly realistic schemes for large-
scale photonic quantum computing have emerged, largely been driven by theoretical
developments in one-way quantum computing [101].

In comparison to the KLM protocol, one-way photonic quantum computing is also
more loss-tolerant [124]. Indeed, theoretical and experimental developments in this
realm suggest that cluster-state-based photonic quantum computation may be a more
realistic approach towards a full-scale photonic quantum computer. One advantage
to using cluster states is that they can be generated and processed on-the-fly, without
the need for quantum memories [125]. Another advantage is that cluster states can be
built through nondeterministic fusion operations which merge two smaller entangled
states into one [120, |. In the fusion-based protocol, the nondeterministic operation
slightly reduces the size of the entangled states, but importantly, does not destroy
them. Furthermore, missing links and nodes due to fusion failure or system losses
are not necessarily detrimental to this protocol; error correction is possible, below a
certain threshold [201, , , |. Evidently, these emerging cluster-state-based
schemes are a promising approach to realizing universal photonic quantum computing.
The fact that the cluster-state approach requires deterministic single-qubit operations

makes this an attractive future avenue for application of our UTBE approach.
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4.2 Photonic quantum algorithms

While it is undoubtedly important!* that efforts are made towards the develop-
ment and implementation of quantum computational platforms for solving difficult
problems, it is just as important to devise ways in which these systems can be used
to solve such problems. In other words, we also need to develop quantum algorithms
which can be implemented on quantum information processors. A classical algorithm
is a finite set of instructions, providing a step-by-step procedure, fed into a classi-
cal computer in order to solve some problem; quantum algorithms are no different,
but the step-by-step procedure makes use of quantum mechanical properties (e.g.,
superposition, entanglement, or quantum interference) and, instead, can only be fed
into a quantum processor. Perhaps the most widely known quantum algorithms are
Shor’s algorithm for factoring [10] and Grover’s algorithm for searching unstructured
databases or unordered lists [18], but many other algorithms exist.

In some cases, quantum algorithms are inspired by classical algorithms that have
proven invaluable; for example, the quantum walk. The quantum walk is a quantum
algorithm based on its classical counterpart, the random walk. quantum walks provide
polynomial speedup over classical algorithms for many practical problems, including
the element distinctness problem [132], the triangle-finding problem [133], and for-
mula evaluation [134]. The boson sampling problem outlined in the previous section
can be isomorphic to a multiphoton quantum walk when uncorrelated photons are in-
put to the device [138]. Even the Grover search algorithm can be viewed as a quantum
walk algorithm. Given its widespread applicability, this thesis demonstrates the im-
plementation of a quantum walk—in addition to showcasing programmable photonic

quantum circuits—using our UTBE approach.

4.2.1 Random walks: the inspiration for quantum walks

Random processes are fundamental in nature and ubiquitous in our lives. The

random walk'®, one of the most important stochastic processes in probability theory,

140f course, some skepticism remains as to whether this field of research will deliver on all its
promises [431]. What the future will look like, I cannot say; however, I do think it is important that
efforts are made, because what if it works?

15 Also sometimes called the drunkard’s walk.
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provides a means of emulating the evolution of random processes [135]. Random

walks have been used to describe a wide range of phenomena including, for example,

Brownian motion [136], genetic drift in populations [137], stock share prices [135],
and fixational eye movements [139]. They have also been used in applications such as
image processing [110], and sampling from a large state space (i.e., in Markov Chain

Monte Carlo simulations) [111].

The basic principle of a random walk is nicely visualized by the Galton board shown
in Fig. 4.4(a). A classical walker is depicted as a red bead, which traverses through a
matrix of black pegs. Each time the walker hits a peg, it will have a 50:50 chance of
being deflected to the left or right. For many trials of beads, a binomial probability
distribution of beads in the buckets at the bottom of the board will emerge. The
probabilities of the bead arriving at each peg are shown in Fig. 4.4(b). Note that
Fig. 4.4 depicts a one-dimensional random walk. This algorithmic model can be
extended to a quantum walker rather than the classical red bead. As we will see in

the next section, the behavior of a quantum walker is remarkably different.
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Figure 4.4: Depiction of a discrete one-dimensional random walk. The tri-
angular Galton board depicted here helps visualize the random walk. A
red bead (the walker) is dropped at the top of the board in (a) onto the
first black peg. It has a 50:50 chance of being directed to the left or right.
Here, it is first deflected to the left. The bead continues to traverse the
matrix of pegs, each time having a 50:50 chance of being deflected left or
right. If this experiment is run many times (i.e., for many trials of red
beads), a binomial probability distribution will emerge in the distribution
of beads in the buckets at the bottom. The probabilities associated with
arriving at each peg are shown in (b).
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4.2.2 The quantum walk (QW)

Given the widespread applicability of the random walk, Ahronov, Davidovich, and
Zagury introduced a quantum mechanical analog: the quantum walk (QW) [112]. In
a QW, the walker is described by a quantum mechanical wave function that spreads
across the different possible outcomes. The quantum walker remains in a coherent
superposition of all possible paths through the QW, until detection at one of the
output ports. As such, the probability amplitudes of the various trajectories can
interfere, leading to a fundamentally different behavior in the QW compared to in the
stochastic random walk. The output probability distribution is measured by repeating
the QW many times. QWs can be either continuous [138, 443] or discrete [111]; in
this thesis, we focus on discrete QWs.

Depicted in Fig. 4.5(a), a single photon (the quantum mechanical “bead”) traverses
a matrix of beam splitters (the quantum mechanical “Galton board”). As the photon
propagates through the QW, its wave function will evolve, according to the unitary

operations applied by each beam splitter. Since the photon wavefunction remains in
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Figure 4.5: Depiction of a discrete one-dimensional quantum walk (QW). A
photon (the walker) enters the QW at the top-most beam splitter in (a).
Its wave function spreads across all possible paths as it propagates through
the matrix of beam splitters comprising the QW, until it is detected at
one of the possible output ports. If this experiment is run many times,
the probability distribution at the bottom—strikingly different from the
binomial distribution of the random walk—will emerge. The probabilities
associated with each path are shown in (b).
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a superposition of all possible paths throughout the QW, interference can occur. This
interference leads to a remarkably different output distribution than in the stochastic
random walk. Since the photon will only ever arrive at one of the detectors at the
various output ports, multiple trials must be performed to observe the output prob-
ability distribution. Fig. 4.4(b) shows the probabilities associated with each path!®.
We note here that the QW can be viewed as a specific implementation of the photonic
quantum circuits we discussed in the previous section.

The QW has become an invaluable tool, with applications in quantum simula-
tion 445, , , , , 450], quantum search algorithms [151, , |, quan-
tum transport [154], and machine learning [155]. It has also been proven that QWs
can be universal for for quantum computing when encoded into qubits [111, | or
when multiple interacting particles traverse the walk together [150]. Given this broad
application space, the QW is both a promising quantum computational algorithm
and also a useful testbed for current quantum information processing platforms. In
this thesis, the QW algorithm is used to test and demonstrate the capabilities of our

UTBE technique for quantum information processing.

4.3 Encoding methods in photonic quantum infor-

mation processing

Our discussion of LOQC has so far largely focused on the action of beam splitters
and phase shifters combined into photonic quantum circuits. It is natural to envision
photonic quantum circuits which manipulate the path of a photon, but it is impor-
tant to remember that encoding need not be limited to this degree of freedom. In

fact, quantum information can be encoded in the many different photonic degrees

of freedom, including path [15], polarization [237], frequency |10, , |, tempo-
ral mode [158, 159, 160], orbital angular momentum (OAM) [210, 241, 161], or time
of arrival [212, , |. Fig. 4.6 depicts each of these different encoding schemes,

while Table 4.2 summarizes the various advantages and challenges associated with

these encoding methods.

16These probabilities are calculated from the complex probability amplitudes.
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Figure 4.6: Encoding methods in photonic quantum information processing.
(a) Polarization encoding; (b) path encoding; (c) orbital angular momen-
tum (OAM) encoding, figure reproduced from [163]; (d) frequency-bin
encoding; (e) temporal mode encoding, figure reproduced from [155]; (f)
time-bin encoding. Details on these methods provided in Table 4.2.
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Photonic degrees of freedom for encoding quantum information

Polarization (or spin angular momentum): A common, practical, and
straightforward encoding method, given that linear optical components are
capable of high-fidelity polarization preparation, transformation, and mea-
surement. Although limited to a Hilbert space of two dimensions, it is becom-
ing increasingly common to couple polarization to other degrees of freedom
of single photons.

Path (or propagation direction): Quantum information is stored in the
distinct paths a photon can take, e.g., through a high-dimensional network
of beam splitters. Although the technology requirements are low, accurate
control can be challenging with free-space optics. Nevertheless, this method
is well-suited for photonic integrated circuits, which provide accurate control
and programmability.

Orbital angular momentum (OAM): Associated with the spatial struc-
ture of a photon’s wavefront, the OAM degree of freedom provides access to a
high-dimensional Hilbert space—limited only by the accuracy and resolution
of devices for preparation and manipulation. This method can be sensitive
to decoherence due to turbulence in free-space, and challenging to propagate
in optical fiber.

Frequency: Photons are prepared in equispaced and nominally identical
frequency bins. This method is naturally high-dimensional, robust against
decoherence over long-distance fiber networks and in free-space, and allows
for propagation along a single optical path; however, manipulation requires
quantum frequency conversion, which can be challenging to achieve.

Temporal mode: Associated with the temporal shape of a photon’s wave
packet, temporal mode encoding spans a high-dimensional Hilbert space and
is naturally suited for integration into existing single-mode fiber communi-
cation networks. Although robust against decoherence, this method requires
coherent manipulation, e.g., with a quantum pulse gate [164|, which can be
challenging to operate efficiently.

Time of arrival: This high-dimensional method prepares photons in equi-
spaced time bins, along a single optical path. Only linear optical elements
are required, but active stabilization of unbalanced interferometers may be
required. Nevertheless, this method is suitable in fiber, integrated photonics,
and free space. Time bin spacing must be sufficiently larger than detector
jitter time.

Table 4.2: Photonic quantum information encoding methods. A summary of
the advantages and challenges of each method is provided.
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It should be noted that the number of photons in a given mode can also be
considered as a degree of freedom in quantum information processing [165]; how-
ever, this requires PNRDs, which many laboratories do not currently have access
to!”. One quality that is often considered when choosing an encoding method is the
dimensionality of the Hilbert space. The KLM scheme for LOQC requires qubits,
where a photon is prepared in a superposition of two possible states associated with
a particular photonic degree of freedom. This method is often referred to as dual-
rail encoding. Yet, one major advantage of photonic quantum computing is that it
need not necessarily be confined to qubits; many of the degrees of freedom which we
have just discussed allow for the encoding of multilevel qudits (d-dimensional bits).
Furthermore, it is possible to use several of the photonic degrees of freedom simul-
taneously [166, , , , |, which provides a natural advantage to photonic
quantum information processing schemes. The photonic quantum circuit schemes of
Reck et. al. [102] and Clements et. al. [103], which we discussed in Section 4.1.2,
provide a means of realizing such d-dimensional encoding with linear optics. In princi-
ple, these photonic quantum circuits could provide universal processing with a single
photon over many modes, but one must be careful as these generally lead to expo-
nential scaling of the number of optical components; however, with a measurement-
based approach, e.g., using cluster states with feed-forward capabilities as discussed
in Section 4.1.4, these d-dimensional encoding mechanisms can indeed be quite pow-
erful [171].

Other important considerations when choosing an encoding method for quantum
information processing are: stability, ease of manipulation and programmability, sys-
tem loss, and bandwidth. FEach of these capabilities are crucial for scalability of
quantum information processing systems. In general, the aforementioned encoding
methods are each capable of achieving a subset of these capabilities; however, it is
difficult to achieve all capabilities at once—especially without the need for complex
technological requirements or feedback controls. This thesis presents a new encoding
method, UTBE, which aims to achieve the key ingredients for scalability in quantum

information processing.

1"We have recently installed TES detectors with this capability at the National Research Council
(NRC) of Canada, which opens up the possibility of encoding quantum information in the photon
number degree of freedom!
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4.3.1 Ultrafast time-bin encoding (UTBE)

Given the promise of measurement-based photonic quantum computing [206, |,
the ability to scale photonic circuits to a large number of modes is becoming increas-
ingly crucial. It is therefore important that encoding methods can support scalability
to many modes—while also maintaining low loss, high stability, straightforward pro-
grammability, and high bandwidth. Originally devised for quantum communication
and networking purposes [219, , |, time-bin encoding has recently emerged as a
promising candidate for achieving the capabilities necessary for quantum information
processing [19]. Unlike path encoding, time-bin encoding occurs along a single optical
path, which simplifies alignment while also reducing the total number of optical ele-
ments and detectors required. It can be performed in free space, on-chip, or in optical
fiber without the risk of decoherence. Moreover, it is straightforward to implement
in that it only requires phase shifters and unbalanced Mach-Zehnder (or fiber-loop)
interferometers, as shown in Fig. 4.7; yet, such interferometers must be phase stable.

To scale quantum processors based on the straightforward time-bin encoding
method, a critical requirement will be maintaining interferometric phase stability
across the entire device for extended periods of time. Oftentimes, active phase stabi-
lization is required, which may be undesirable. Another alternative is to significantly
reduce the path length difference within the interferometers in a quantum photonic
circuit based on time-bin encoding—this is the underlying idea behind our introduc-
tion of UTBE to the landscape of quantum information encoding methods.

In UTBE, information is encoded in the arrival time of photons, on ultrafast
timescales. This scheme makes use of ultrashort pulses to prepare single photons
with hundreds-of-femtoseconds (107!%s) duration, encoded in time bins that are sep-
arated by several picoseconds (107'%s). Far from the timescales often associated
with mechanical fluctuations and instability, this operation regime offers high phase
stability without the need for active stabilization. As depicted in Fig. 4.7(a), with
all-optical phase shifters (i.e., optical Kerr gates) and mode couplers (i.e., birefrin-
gent crystals), it is possible to construct the universal multiport interferometer of
Clements et. al. [103] within an N-dimensional UTBE space. Each physical circuit
element consists of an optical Kerr gate, followed by a birefringent a-barium borate
(a-BBO) crystal, as shown in Fig. 4.7(b).
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Figure 4.7: Photonic quantum circuits with ultrafast time-bin encoding
(UTBE). (a) Photons traverse the N-dimensional UTBE space, which
is depicted in terms of the familiar rectangular mesh of Clements et.
al. [103]. (b) In UTBE, a train of ultrafast time-bin states—each consist-
ing of two possible polarization states—is processed by a programmable
optical ultrafast temporal interferometric network element (POUTINE),
depicted in the orange and green insets. The overall unitary transfor-
mation of the universal multimode interferometer is achieved by tuning
the sequence of mode couplers (optical Kerr gates) and time-bin interfer-
ometers (birefringent a-barium borate (a~-BBO) crystals). DM, dichroic
mirror; SMF, single-mode fiber. Figure reproduced from [267].

Here, the N-dimensional encoding space is defined by N creation operators,

st ot st o
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associated with the horizontal (H) and vertical (V') polarization modes and ul-

trafast time bins, t;, where i € 0,..., N/2. Single-photon states can be written in the
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computational basis'® as:

{0} = {IH) @ lto), V) @ [to) , s |[H) @ [tnya) . V) @ [twp2) } - (47)
: 1 0

where we use the convention |H) = ,and |V) = : (4.8)
0 1

where N is an even number. The overall universal unitary transformation of the
multimode interferometer can be achieved through a sequence of N(N — 1)/2 pro-
grammable optical ultrafast temporal interferometric network elements (POUTINES),
which act between adjacent modes in the network. Each POUTINE consists of an
optical Kerr gate pumped by a sequence of control pulses, followed by a birefringent
a-BBO crystal.

The phase shift, ¢,,, or coupling ratio, 6,,, of each POUTINE (labeled with index
m) can be programmed by control pulses within an optical Kerr gate. In the work
presented in this thesis, each control pulse manipulates the polarization within a
specific time bin by applying a phase shift, thus coupling the two polarization modes

within a time bin. This is described by the unitary transformation,
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where k € {0,..., N — 1} defines the circuit depth, for which we must sum over the
operations across all modes, j € {0,...,[N + (—=1)¥ — 1]/2}. It should be noted that
two N/2 trains of control pulses are required for full programmability. The first
train, consisting of control pulses that are co- or cross-polarized with the incoming
photon, can be used to tune ¢,,. The second train, consisting of control pulses that
are diagonally polarized with respect to the incoming photon, can be used to tune
0,,. Nevertheless, for a large subset of transformations, a single train of control pulses
can be used to manipulate ¢,, and 6,,, by tuning the intensity and polarization of

control pulses within each optical Kerr gate, which we demonstrate in this thesis.

18The computational basis simply refers to the basis that is most natural in a given context, in
other words, its physical state space.



4.3. ENCODING METHODS IN PHOTONIC QUANTUM
INFORMATION PROCESSING 194

The Kerr gate unitary operation directly achieves the desired coupling between
modes within a given time bin, but not for modes associated with different time
bins. In order to couple the adjacent modes corresponding to different time bins, a

birefringent a-BBO crystal is used, described by the unitary operation,

N/2

~ 10 00

Usic =) ® [t;) (t;] + ® [tj) (51| - (4.10)
j=0 0 0 01

The birefringent crystal here acts as an unbalanced Mach-Zehnder interferometer in
the time domain on ultrafast timescales. The thickness of the crystal provides the path
length difference of the two arms in the interferometer. In order to achieve time bins
of equal separation throughout the circuit, birefringent crystals of the same thickness
must be used. It should be noted that these birefringent crystals will necessarily
rotate the basis of the polarization components; a simple polarization rotation can

be used to compensate for this, described by the unitary operation,

~ cos® —sin® /2
R(©) - &3 1) . (4.11)
§=0

sin®  cos®

In practice, this polarization rotation can be achieved either using wave plates or by
rotating the subsequent birefringent crystal.

The overall unitary operation associated with a single POUTINE is thus given by

UF (0, b)) = R(O) - Upiy - UL (B, ), (4.12)

and so the overall universal unitary transformation of the entire photonic quantum

circuit is given by

(O, Gm) = Hu“f (O, ). (4.13)

Photonic quantum algorithms, such as the QW discussed in Section 4.2.2, can also

be implemented using this UTBE encoding scheme. In the case of a “standard” QW,
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in which each time bin is addressed in the same manner at a given circuit depth, one
can employ a passive photonic circuit using UTBE, in which the Kerr gate operation
is not required. We demonstrate our UTBE encoding scheme for such a QW in this

thesis, as shown in Fig. 4.8.
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Figure 4.8: Photonic quantum walk with ultrafast time-bin encoding
(UTBE). Photons traverse the N-dimensional UTBE space, which con-
sists of a passive photonic quantum circuit built with birefringent a-
barium borate (a-BBO) crystals. Figure reproduced from [267].

The UTBE scheme demonstrates exceptional phase stability over remarkably long
periods of time, consists of low-loss optical elements operating along a single optical
path, and is capable of storing many modes within an ultrashort time frame. Each of
these characteristics are key ingredients for scalable photonic quantum information

processing.
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4.4 Implementing a quantum algorithm

This section is based on the following publication:

K. L. Fenwick, F. Bouchard, G. S. Thekkadath, D. England, P. J. Bustard, K. He-
shami, and B. Sussman. “Photonic quantum walk with ultrafast time-bin encoding”,
Optica 11(7): 1017-1023 (2024).

DOI: https://doi.org/10.1364/OPTICA.510312

(©) 2024 Optica Publishing Group

Previous demonstrations of qubits [261] and qudits [262] encoded in the ultrafast
time-bin degree of freedom outline the promise of this method for quantum informa-
tion processing. In this chapter, we expand upon these previous works and implement
single-photon quantum information processors based on a UTBE scheme. Operating
our photonic quantum information processors in the single-photon regime is an im-
portant step in developing our technique, allowing us to characterize key metrics such
as: loss, stability, fidelity, and programmability. In this section, we focus on char-
acterizing these parameters for a passive photonic quantum circuit by implementing
the QW algorithm using our UTBE technique.

As discussed in Section 4.2.2, the QW is both a promising quantum algorithm for
quantum simulation and a valuable testbed for characterizing quantum information
processing platforms. Our primary aim here was to test the circuit depth limits of
UTBE. The QW based on UTBE comprises a line of N birefringent a-BBO crystals,
each of which acts as a Mach-Zehnder interferometer in the ultrafast time domain.
A single QW step can be achieved with a single a-BBO crystal, which reduces the
total number of optical components required in comparison to schemes which rely
on path encoding. The first two steps of a QW with UTBE are shown in Fig. 4.9,
to help visualize the interferometric action and timescales involved. We note here
that each a-BBO crystal is placed in a kinematic rotation mount to allow full control
over the three rotational degrees of freedom. Full control over the orientation of each
crystal allows us to tune the splitting ratio of each interferometer and relative phase
it imparts on the incoming photon wave function, without the need for additional

wave plates. This further minimizes the total number of optical elements required.
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Figure 4.9: Passive interferometers used in ultrafast time-bin encoding
(UTBE). A horizontally-polarized (H) single photon, with a 100 fs pulse
duration, enters a birefringent a-barium borate (a-BBO) crystal in time
bin t;. The fast axis of the crystal is set such that it is 45° relative to
the polarization of the input photon. The input photon can then arrive
in either the early time bin, ¢}, or late time bin, t,, each with a 50%
probability. A second a-BBO crystal with its fast axis at 0° splits each
of these time bins into two, leading to a train of three time bins, where
interference occurs in the middle time bin, 5. Depicted here, time bins
are separated by 4.3 ps, which is determined by the crystal thickness and
photon wavelength.

In addition to minimizing the total number of optical elements required for a pas-
sive QW, a key feature of this design is the remarkably low loss of each crystal. With
the proper anti-reflection (AR) coating, the loss of a single crystal is < —0.045dB;
this is an important characteristic in the context of scalability and allows us to demon-
strate here a photonic QW with up to 18 steps, which maintains an overall fidelity
> 95%. Here, our circuit depth of 18 was not limited by the system itself, but rather
by the total number of a-BBO crystals found in our lab. It should be noted that
some of these crystals did not have the proper AR coating and contributed closer
to 0.1dB of loss. Thankfully, the fix to this is straightforward with a bit of pur-
chasing power. Even with this loss, the 38-mode interferometer was still capable of
high-fidelity performance for a variety of input states.

Of course, working at the timescales outlined in Fig. 4.9 poses a challenge for

most detectors. Although SNSPDs have seen remarkably low (3 ps) timing jitter in
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recent years |1 1], such specialized designs are not currently commercially available
and detector dead time can still be an issue. If you have somehow managed to stick
with me through the lengthy previous chapters, you might now be thinking: why not
use the optical Kerr gate for measurement? Indeed, this is what we do! Here, we
implement our optical Kerr gate after the QW to measure its output. Notably, we
work within a wavelength regime where we are capable of Kerr gating with efficiency
of > 99%. It is important to note that this value refers only to the efficiency of the
Kerr gate operation; the efficiency of these measurement devices are still ultimately
limited by coupling efficiency to the SMF used as the Kerr medium (~ 80%).

High-efficiency operation is crucial for scalability of quantum information proces-
sors; without a high-efficiency system, extension to the multiphoton regime will be
limited. We note here that QWs based on UTBE have been demonstrated using an
SFG gate for time-resolved detection [172, , |; however, such a gated measure-
ment is ultimately limited in detection efficiency and indeed will be difficult to scale
to the multiphoton regime. Although our implementation of the optical Kerr gate for
measurement is currently a scanning-based method which necessarily takes time, one
might consider implementing multiple optical Kerr gates in series to achieve simul-
taneous detection via time-division multiplexing. Of course, this will be ultimately
limited by the total pulse energy available for optical Kerr gating. If using an 80 MHz
titanium-doped sapphire (Ti:Sapph) laser as in this thesis, pulse energy will impose
an upper limit on the total number of optical Kerr gates achievable; however, utilizing
a lower repetition rate laser system is anticipated to allow for a significantly larger
number of optical Kerr gates.

Perhaps the key attribute of our approach is the inherent phase stability at the
timescales we operate at. The active phase locking in previous demonstrations of
time-bin interferometers, with path differences reaching several kilometers [19], is a
considerable achievement; however, this requirement can be eliminated altogether
with our UTBE scheme. The passive circuit design used here allowed us to explore
the stability of a large multimode interferometer (with up to 38 modes) based on
UTBE. We found that the system remained phase-stable for over 50 hours, without
the need for any active stabilization. Based on the flat trend observed in fidelity as

a function of time, it is anticipated that the system will remain phase stable over



4.4. IMPLEMENTING A QUANTUM ALGORITHM 199

an even longer period of time. Further anecdotal evidence of the system stability is
provided in our alignment protocol, which required each a-BBO0 crystal to be mounted
on a magnetic base. This allowed us to align the crystals comprising the QW in a
pairwise manner: each additional crystal was aligned to its preceding crystal, with
no other crystals present in the QW. Furthermore, these magnetic bases provided
a straightforward means of measuring the QW output for an increasing number of
steps. Notably, we found that it was possible to add and remove crystals from the
QW setup over the course of many days and still preserve the interference.

One limitation of the passive design implemented here is that full programmability,
where each time bin is addressed individually at each circuit depth, is not possible;
however, a great deal of programmability is still present in this passive design. The full
control over the three rotational degrees of freedom of each a-BBO crystal allows the
user to arbitrarily program each step in the QW. In the case of quantum simulation
using QWs, this is often all that is required in terms of programmability. Yet, we
note here that full programmability could be achieved by implementing optical Kerr
gates within the QW itself. Indeed, we will see such an extension in the next section
of this chapter.

In demonstrating a QW using UTBE, we have shown that our platform is capable
of performing a photonic quantum algorithm with high fidelity (> 95%) and low
loss (< —0.045dB per step) for a large circuit depth (of up to 18 steps), for various
input states (6 different input states) with remarkably high stability (demonstrated
for > 50 hours). Additionally, we demonstrate some preliminary results for operation
with two-photon input states—an important capability in the context of scalability.

These capabilities will be extended upon in Chapter 5.
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The quantum walk (QW) has proven to be a valuable testbed for fundamental inquiries in quantum technology appli-
cations such as quantum simulation and quantum search algorithms. Many benefits have been found by exploring
implementations of QWs in various physical systems, including photonic platforms. Here, we propose a platform
to perform quantum walks based on ultrafast time-bin encoding (UTBE) and all-optical Kerr gating. This platform
supports the scalability of quantum walks to a large number of steps and walkers while retaining a significant degree
of programmability. More importantly, ultrafast time bins are encoded at the picosecond time scale, far away from
mechanical fluctuations. This enables the scalability of our platform to many modes while preserving excellent interfero-
metric phase stability over extremely long periods of time without requiring active phase stabilization. Our 18-step QW
is shown to preserve interferometric phase stability over a period of 50 h, with an overall walk fidelity maintained above
95%. © 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.510312

1. INTRODUCTION

Random processes are fundamental in nature and ubiquitous in
life. The random walk (RW), one of the most important stochastic
processes in probability theory, provides a means of emulating
the evolution of random processes [1]. The quantum mechani-
cal analog of the classical RW is the quantum walk (QW) [2,3].
Unlike its classical counterpart, the QW is described by a quantum
mechanical wave function, which spreads across the different
possible outcomes. Quantum interference effects in the wave
function lead to drastically different outcomes than those observed
in a classical RW, making the QW a powerful tool for observing
the manifestation of non-classical effects. Beyond its fundamental
importance in observing quantum mechanical wave function evo-
lution, the QW has become an invaluable tool with applications in
quantum simulations [4-8], quantum search algorithms [9-11],
quantum transport [12], universal quantum computations [13],
and machine learning [14,15]. Various other physical systems
have been used to perform QWs, such as atoms [16], trapped ions
[17,18], nuclear magnetic resonance [19], and superconducting
qubits [20], but, due to the interference present in QWs, photonic
systems lend themselves naturally to the task.

Experimental realizations of photonic QWs have been reported
with walkers in both the spatial and temporal degrees of freedom
using different implementations, such as bulk optics [21-32], fiber
loops [33—40], fiber cavities [41], integrated photonics [42—47],
and measurement-based approaches [48]. Nevertheless, practical
limitations including the physical dimensions, the overall phase

2334-2536/24/071017-07 Journal © 2024 Optica Publishing Group

stability, the loss per step, and the degree of control over individual
QW steps, pose challenges to scaling the size and complexity of
these systems. Time bin encoding [49,50] is attractive because all
steps share a common spatial mode and, in the special case where
every step is identical, this offers good phase stability. However, for
a more general walk, multiple imbalanced interferometers with
active stabilization are required. These challenges motivate the
development of ultrafast time-bin encoding (UTBE) [7,8,15,51—
54]. In the UTBE scheme, information is encoded in photon
arrival time, with femtosecond-duration pulses spaced by several
picoseconds. Ultrafast time bins can be manipulated using bire-
fringent crystals [55,56], which, with appropriate coating, can be
extremely low loss and remain phase-stable for days [57].

Readout of ultrafast time bins is unattainable by most single
photon detectors; however, it can be achieved through optical
gating. UTBE has previously been demonstrated for QWs with
an upconversion detection scheme [7]; however, upconversion
efficiency is often very low, which limits scalability to a larger num-
bers of walkers (photons). In comparison, a particularly promising
method for measuring ultrafast time bins uses an all-optical Kerr
gate [58], which has previously been demonstrated to achieve
near-unit efficiency gating on picosecond timescales [59,60]. The
Kerr gate has also been implemented at sub-picosecond timescales,
on orders of hundreds-of-femtoseconds [61]. In this article, we
propose and experimentally demonstrate an UTBE scheme for
QWs using birefringent a-barium borate (¢-BBO) crystals, which
is read out by an all-optical ultrafast Kerr gate. We measure the
step-by-step evolution of the QW for single-photon input states
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with varied polarization and time-bin distributions. The QW
is demonstrated to achieve high fidelity for up to 18 steps and
remarkably high stability over long periods of time. The inherent
phase stability of our UTBE scheme paves the way for scaling up
experimental QW implementations to a larger numbers of steps
while maintaining low loss at each step. Moreover, each step can
be addressed separately, providing greater control over the QW
parameters and potential for step-by-step programmability. This
flexibility, combined with high detection efficiency, low loss per
step, and inherent phase stability of our UTBE scheme, paves the
way for more complex QW implementations with a large number
of steps and multi-photon interference. Finally, we note that our
UTBE approach is fundamentally platform-agnostic and can be
implemented in a wide range of architectures. In particular, the
small time-bin separation opens up new avenues for time-bin
approaches with integrated photonics architectures.

2. EXPERIMENTAL IMPLEMENTATION

A QW acts on a quantum particle represented by a tensor product
of two different basis states. One basis will define the space of the
“walker,” and the other basis will define the space of the “coin.”
As the quantum particle “walks through” each step of the QW;, its
probability distribution in the walker space is changed depending
on its input coin state. Here, we use a single-photon-level pulse
as the quantum particle in the photonic QW. Ultrafast time bins,
with basis states |#;) € {|5), |}, |), ...}, define the space of the
walker. The polarization state of the photon takes the coin’s role,
with basis states | /) and | V), corresponding to horizontally and
vertically polarized light, respectively.

A single step, 7, of our photonic QW;, is given by the unitary step
operator,

U,=3,-C,. (1

The shift operator, §,,, raises or maintains the time-bin state of the
single photon depending on its polarization state,

5= (H)H|® |t} (] + VIVI® ltmi1) (ul),  (2)
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and the quantum mechanical analog of the coin flip is given by the
coin operator, C,,, acting on the coin subspace such that

C=> (cos(%) |HY(H| + ¢ m(%) |HY (V]|

+ e sin<&> | V)Y{H| — cos &> |V)(V|)
2 2
B 1) (1, @

where ©,, and y, are parameters that can be adjusted to tune the
probability amplitude and phase of the state, respectively. Different
types of walks can be realized by varying the parameters of the coin
operator, for example biased [62] and step-dependent coin [63]
walks.

To achieve the step operator in Eq. (1), we use a birefringent
crystal, @-BBO, with a very low loss per step of < —0.045 dB.
The thickness of the a-BBO crystals sets the temporal separation
between time bins. In this work, we use «-BBO crystals each with
a thickness of 10 mm, providing a temporal separation of 4.3 ps
at the signal wavelength. The orientation of each a-BBO crystal
sets the coin operator, C,,. As seen in Fig. 1, each step in the QW
we present here is individually programmable, consisting of a
single a-BBO crystal with access to three rotational degrees of
freedom. In this work, we set Q,, = 7 /2 by rotating the fast axis of
each «-BBO to alternating values of 45° and 0°, for odd and even
steps, respectively. We also tune the tip and tilt of each «-BBO to
set the phase to y,, = 0. We note here for clarity that the «-BBO
crystals, in their own crystal basis, implement only the shifting
operator, S,,, while the coin operator, C,,, is implemented by the
relative-basis rotations achieved by rotating and tilting each crystal
about the optical axis, relative to the previous one. By exploiting
the rotational degrees of freedom of each @-BBO, our QW scheme
can be operated without the need for quarter- and half-waveplates
(QWPs and HWPs), making it quite compact.

The QW comprises a line of NV birefringent -BBO crystals,
each of which performs one step in the walk corresponding to the
operator U,. The total evolution of an N-step QW is therefore
given by

H-polarized QW
Components

Gated Intensity

20 40 6
Pump Delay (ps)

V-polarized QW
Components

°

10cm SMF

HWP
QWP

Gated Intensity
S e o
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nﬂ AMaatla ﬂm
I

Pump Delay (ps)

Conceptual experimental setup. Simplified experimental setup of the ultrafast time-bin QW. The input state, [/;,), propagates through an V-

step QW. Each step in the QW consists of a birefringent r-BBO crystal, which has three rotational degrees of freedom (shown in the bottom inset). The out-
putstate, |/ou), is sampled by an optical Kerr gate, where a strong pump pulse induces polarization rotation only where it overlaps with [/o.c) (shown in the
top inset). Prior to recombination with the pump on a dichroic mirror (DM), the QW output state is sent through a nanoparticle linear film polarizer (NP-
LFP), which can be rotated to measure either its H- or V-polarized components. Scanning the pump, At, allows for readout of the entire QW output state.
Plots on the right show experimental data (blue) collected for the H- and V-polarized QW components, compared with model (red). PBS, polarizing beam-
splitter, HWD, half-waveplate, QWP, quarter-waveplate, SMF, single mode fiber. Further experimental details are provided in Supplement 1, Section 1.
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In general, the single photon inputstate can be written as

|1//in)=Z(am|H)+/3m|V))®am|tm), (©)

where o,,, B, and a,, are complex numbers with Y, (|, |* +
|89 a,,1* = 1. Control over the input state is also necessary in
order to program the QW for quantum simulations. The input
state can be prepared in different polarization states, using QWPs
and HWPs, and across multiple time bins using an appropriate
sequence of @-BBO crystals.

The result of the QW is obtained by measuring the probability
distribution of (™) for each polarization component. As these
time bins occur on ultrafast timescales, an all-optical Kerr gate
is necessary to measure the output state. The Kerr gate relies on
cross-phase modulation via the optical Kerr effect, a third-order
(x®) optical nonlinearity where a strong pulse of light generates
a localized intensity-dependent refractive index modulation in
the medium through which it propagates. By doing so, the strong
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pulse induces a birefringence that can rotate the polarization of a
secondary optical signal. In this work, the Kerr gate medium is a
short (10 cm) piece of single-mode fiber (SMF). Depicted in Fig. 1,
when crossed-polarizers are placed along the signal beam path
before and after the SME, the signal that is temporally overlapped
with the pump will undergo polarization rotation. The entire
QW output state is measured by scanning pump delay, A7, and
detecting Kerr-gated intensity. We achieve a Kerr-gate efficiency
of >99%, for which a mathematical description is provided in
Supplement 1, Section 2. An overall system efficiency is outlined in
Supplement 1, Section 3.

3. RESULTS

Changing the input state of the QW changes its evolution. We thus
examine the step-by-step evolution of the QW for various input
states, shown in Fig. 2, in order to demonstrate the robustness of
our protocol. A PBS, HWP, and QWP are used to generate differ-
ent input polarization states. Input states with more than one time
bin can be prepared using the @-BBO crystals from the first steps of
the QW. For the results presented here, single time-bin input state

Win) = J(HD+IV)®l0) Wi = Z=(H-AV)@ID) i) = D@ <=(0)+1)

H-polarized
Components

V-polarized
Components

Win) = [H)® Z=(l)=lr1))
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Discretized step-by-step evolution of the QW for different input states. The H-polarized and V-polarized components for six different input

states (defined above each dataset) are shown. The top rows (a)—(f) show the H-polarized components of the output state. The bottom rows (g)—(I) show
the V-polarized components of the output state. The color indicates the step-by-step evolution (purple to red) of the experimental QW data, which is com-
pared with the model (black outlines). Here, we can observe the emerging two-peaked distribution expected from quantum interference in the QW [3].
When the input state is polarized along one of the @-BBO crystal axes, such as [{;,) = | H) ® 1/NV2(1%) + 1)) or [¥) = | H) ® 1/v/2(|5) — |12)), we
observe an asymmetry in the two-peaked distribution. When the input state is in a superposition of these two polarizations, such as [¥;,) = 1/3/2(1H) £+
i|V)) ® |ty), the two-peaked output distribution will be symmetric. For the inputstates [{;,) = | H) ® 1/3/2(1%) — |#)) and |¥,) = | V) ® 1/3/2(1%) +
|£)), we do not observe as strong a splitting of the distribution due to the phase of the input state. Details on data collection and processing are provided in

Supplement 1, Section 4.
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evolution is shown up to 18 steps. For the two time-bin input state
evolution, the first two a-BBO crystals in the QW are removed and
repurposed as needed for input state preparation, so a 16-step QW
is performed.

The measured evolution compares well to theoretical evolution,
which is indicated by the transparent black outlines. The agree-
ment between experiment and theory is quantified by a fidelity
calculation,

n 2
FX V=30 Vpigdn | ©

i=0 j=1

where F,(X, Y) describes the overlap between the experimental
state, X, and theoretical state, Y, for a given number of steps, 7,
in the QW. The index 7 sums over the time bins and runs from the
input time bin, 7 = 0, to the total number of time bins present after
n steps. The index j sums over the two polarization components
(H and V). The probabilities of the experimental and theoretical
QW outputs of being in a given polarization and time bin are
denoted by p; j and g; ;, respectively. The fidelity calculated for
the six different input states is shown in Fig. 3. The experimen-
tal data are in good agreement with the theory, with fidelities
remaining above 95% for all input states.

A key feature of the QW is that its probability distribution
spreads considerably faster than that of a classical random walk.
This can lead to exponentially faster hitting times when traversing
a graph [9], an extremely useful attribute for quantum search
algorithms. The standard deviation or variance of the QW output
can be calculated to show this feature [23]. We calculate the step-
by-step variance of our QW, shown in Fig. 4, for the different input
states investigated in this work. We observe that the QW variance
grows exponentially with the step number, as opposed to the linear
growth in variance expected for a classical random walk.

4. DISCUSSION
Not only does our QW protocol demonstrate high fidelity for a

large number of steps, it is also capable of preserving the inter-
ferometric phase stability for prolonged periods. We verified the
stability over a 50 h period (see Supplement 1, Section 5). With
this high stability, and a low loss of < —0.045 dB per step, our QW
platform is expected to be easily scalable to a larger number of steps.
To visualize where our platform fits into the current QW landscape
with these attributes, it is compared to a sample of other platforms
reported in the literature, on the basis of number of steps achieved,
loss per step, and overall fidelity in Fig. 5. The sample of references
included does not constitute an exhaustive list, but does provide an
overall picture of the current experimental capabilities of discrete
photonic QWs.

The combined robustness, programmability, and stability of
our QW platform make it a particularly promising solution for
scalability to a larger number of output modes while remaining
space-efficient. These attributes are crucial for realizing QWs in
regimes where classical verification is not possible or debilitatingly
slow, for example efficiently simulating Hamiltonian evolution
[64,65]. QWs have already been demonstrated for simulation
purposes such as in topological investigations [24,26,27,52].
In these cases, fewer steps than we report here were required. It
is anticipated that our QW could be extended into even more
complex regimes in a variety of ways, depending on the problem at
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Fig. 3.  Step-by-step fidelity of the QW for different input states.

Calculated fidelity after each step for the six different input states mea-
sured. Fidelities remain > 97% and > 95% over the entire evolution of
each 18-step QW and 16-step QW respectively.
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Fig. 4. Step-by-step variance of the QW. Experimental QW variances
(data points) are compared with their respective theoretical variances
(step-like lines) for various input states. The variance of a classical RW
(for the case of a single classical particle that begins the walk in a single
“time-bin”) is shaded at the bottom (light blue) for reference. For some
input states, experimental values are higher than theoretical values due to
background noise across all time bins in the measurement.

hand. Increasing the number of steps in the QW thereby allowing
access to more modes, is one option. This can be done by simply
adding more a-BBO crystals to the QW signal beam path. With
only 31 steps it is expected that the QW could be used in sim-
ulating parton showers [66], cascades of radiation produced in
high-energy particle collisions. Another feasible near-term option
requires 40 linear QW steps for the simulation of symmetries,
topological phases, and bound states [67]. QW platforms can also
borrow inspiration from experiments which use two-dimensional
arrays of quantum particles for quantum simulation, such as
Rydberg atom arrays [16,68] or trapped ion arrays [17,18,69].
Extending the space of the QW to two dimensions [34,70,71]
can be used to simulate quantum systems with a natural mapping
to two dimensions, such as in topological systems [72]. Beyond
this, some QW schemes have even been demonstrated up to three-
[73] and four-dimensions [36,74]. It would be straightforward to
increase the dimensionality of the ultrafast time-bin QW platform,
where multiple time-bin bases could be achieved using birefringent
crystals of different thicknesses.

Since our QW platform is programmable at each step, it is
realistic to consider the implications of implementing a time-
dependent coin operator, where the coin depends on the temporal
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Fig. 5.  Current QW Landscape. The loss per step is plotted against

the number of steps for the experimental discrete photonic QW’s that are
cited. The color of each point corresponds to the reported fidelity, a scale
for which is shown to the right of the plot. Circles and triangles corre-
spond to QWs with one-photon and two-photon inputs, respectively. For
references in which fidelity was not reported, the data points are white
with black outlines. Note that this plot does not constitute an exhaustive
list of all QW studies in the literature, and works that did not report on
all three attributes (loss per step, number of steps, and fidelity) were not
included. See Table S1 in Supplement 1 for a more comprehensive list.
Here, we include our 18-step, one-photon QW with 98% fidelity and our
4-step, two-photon QW with > 99% fidelity. Although the QW reported
in [7], also based on UTBE, has a low loss per step and high number of
steps, this implementation is ultimately limited by its detection efficiency,
as elaborated on in Supplement 1, Section 6.

variable [75,76]. Time-dependent coin operators have been used
to demonstrate periodic revivals of a QW distribution [63] and can
demonstrate emergence of a Parrondo paradox in QWs without
resorting to intricate high-dimensional coins [53,77]. A time-
dependent coin could be implemented in our ultrafast time-bin
QW by adding a Kerr gate in the QW itself. Step-dependent coin
operation could also be achieved, without active Kerr gates, by
simply rotating and tilting the «-BBO crystals. These capabil-
ities would allow for walking along any arbitrary graph, thereby
extending the QW protocol for use in quantum search algorithms
[9-11,78]. One could even envision implementing machine learn-
ing to program the QW [79,80], or using the QW for machine
learning [14].

Although increasing the number of steps or dimensionality
of the QW may be adequate in some cases, multi-photon input
states are required if one is to simulate more complex, multi-
particle quantum dynamics. In order to outline the promise of our
platform in handling multi-photon input states, we performed
a two-photon QW up to four steps. In this case, the attenuated
coherent state (V-polarized) used for the one-photon QW was
combined with a heralded single photon (H-polarized), after
which both sources entered the QW. Results for the two-photon
QW are presented in Fig. 6 and maintain a fidelity of > 99%,
calculated using Eq. (6), in comparison to a simulation performed
using the open-source Python library from Xanadu, Strawberry
Fields [81,82]. See Supplement 1, Section 7 for more details on the
experimental setup used for the two-photon QW demonstration
and the simulation.

Two-photon QWs have previously been demonstrated in
various platforms [42,83-85] and have even been used to reveal
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Fig.6. Two-photon quantum walk. The H-polarized components for
a two-photon QW are shown for (a) 1 step, (b) 2 steps, (c) 3 steps, and
(d) 4 steps. Here, the attenuated coherent state is combined with a her-
alded single photon. The probability, P,,, ,,, of measuring a coincidence
between time bin 72; and time bin 2, is shown for the different possible
two-photon output states, where its values are indicated by the color bar.
For my =my =m, P, ,, is the probability of measuring two photons
in time bin m. For m # mj, Py, », is the probability of measuring one
photon in time bin 72, and one photon in time bin 72,, where we note that
P,y .m, and P, ,, are equivalent and refer to the same data. Experimental
data (colored) are compared with a simulation (black outlines). For a
more detailed description of the experimental setup and simulation, see
Supplement 1, Section 7.

previously unknown two-photon effects [86] and perform two-
photon tomography [87]. Multi-photon entangled states are
extremely sensitive to interferometric noise, as is demonstrated
by the NOON state [88] and other highly entangled multi-photon
states [89]. A crucial requirement in the scaling of QW's to multi-
photon states is, therefore, maintaining interferometric stability
across the entire QW over extended periods of time. The prolonged
phase stability of our QW platform makes it a strong candidate for
this task. Extra caution must be taken with multi-photon input
states, since particle losses can drastically alter the output [40];
however, the high efficiency of our scheme makes it realistic to
move to multi-photon input states. In order to measure 7-fold
coincidences, where 7 is the number of input photons, more Kerr
gates would be required. It is possible to implement multiple
Kerr-gates for such a task [90]; however, another solution could
be to implement fast detectors, such as superconducting nanowire
single-photon detectors (SNSPDs), which can achieve timing jitter
as low as 3 ps [91]. In this case, thicker a-BBO crystals could be
used to achieve ultrafast time-bins with larger temporal separa-
tion. It should be noted that measuring 7-fold coincidences with
SNSPDs is not trivial and would require multiplexing across ~7*
fast detectors. Furthermore, careful consideration of detector dead
time would be required.

Our proposed UTBE scheme for discrete photonic QW
demonstrates the key ingredients for scalability, including high
interferometric phase stability for a large number of modes,
programmability at each step, and low loss per step. With these
combined capabilities we offer a pathway to scale programmable
QWs with simple experimental tools, opening up new avenues for
exploring problems that are intractable by classical computers.

Funding. Natural Sciences and Engineering Research Council of Canada,
Vanier Canada Graduate Scholarships (Vanier CGS) Program.

204



Acknowledgment.

4.4.
Research Article

We thank Aaron Goldberg, Andrew Proppe, Brayden

Freitas, Denis Guay, Doug Moffatt, Kent Bonsma-Fisher, Rune Lausten, and

Yingwen Zhang for their support and insightful discussions.

sclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not
publicly available at this time but may be obtained from the authors upon reason-

able request.

Supplemental document.

See Supplement 1 for supporting content.

REFERENCES

1

N

o

~N

©

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

. N. Masuda, M. A. Porter, and R. Lambiotte, “Random walks and diffu-
sion on networks,” Phys. Rep. 716, 1-58 (2017).

. Y. Aharonov, L. Davidovich, and N. Zagury, “Quantum random walks,”

Phys. Rev. A 48, 1687-1690 (1993).

J. Kempe, “Quantum random walks: an introductory overview,”

Contemp. Phys. 44, 307-327 (2003).

. F. W. Strauch, “Relativistic quantum walks,” Phys. Rev. A 73, 054302
(2006).
. D. Witthaut, “Quantum walks and quantum simulations with

Bloch-oscillating spinor atoms,” Phys. Rev. A 82, 033602 (2010).

. C.-W. Lee, P. Kurzynski, and H. Nha, “Quantum walk as a simulator of

nonlinear dynamics: nonlinear dirac equation and solitons,” Phys. Rev. A

92, 052336 (2015).

X.-Y. Xu, Q.-Q. Wang, W.-W. Pan, et al., “Measuring the winding num-

ber in a large-scale chiral quantum walk,” Phys. Rev. Lett. 120, 260501

(2018).

. Q.-Q. Wang, X.-Y. Xu, W.-W. Pan, et al., “Dynamic-disorder-induced
enhancement of entanglement in photonic quantum walks,” Optica 5,
1136-1140(2018).

. N. Shenvi, J. Kempe, and K. B. Whaley, “Quantum random-walk search

algorithm,” Phys. Rev. A 67, 052307 (2003).

A. M. Childs and J. Goldstone, “Spatial search by quantum walk,” Phys.

Rev. A70,022314 (2004).

D. Qu, S. Marsh, K. Wang, et al., “Deterministic search on star graphs via

quantum walks,” Phys. Rev. Lett. 128, 050501 (2022).

O. Milken and A. Blumen, “Continuous-time quantum walks: models

for coherent transport on complex networks,” Phys. Rep. 502, 37-87

(2011).

A. M. Childs, “Universal computation by quantum walk,” Phys. Rev. Lett.

102, 180501 (2009).

F. Flamini, M. Krumm, L. J. Fiderer, et al., “Reinforcement learning and

decision making via single-photon quantum walks,” arXiv (2023).

Q.-Q. Wang, S. Dong, X.-W. Li, et al., “Efficient learning of mixed-state

tomography for photonic quantum walk,” Sci. Adv. 10, eadl4871 (2024).

M. Karski, L. Forster, J.-M. Choi, et al., “Quantum walk in position space

with single optically trapped atoms,” Science 325, 174-177 (2009).

H. Schmitz, R. Matjeschk, C. Schneider, et al., “Quantum walk of a

trapped ion in phase space,” Phys. Rev. Lett. 103, 090504 (2009).

F. Zahringer, G. Kirchmair, R. Gerritsma, et al., “Realization of a quan-

tum walk with one and two trapped ions,” Phys. Rev. Lett. 104, 100503

(2010).

C. A. Ryan, M. Laforest, J.-C. Boileau, et al., “Experimental imple-

mentation of a discrete-time quantum random walk on an NMR

quantum-information processor,” Phys. Rev. A 72, 062317 (2005).

M. Gong, S. Wang, C. Zha, et al., “Quantum walks on a programmable

two-dimensional 62-qubit superconducting processor,” Science 372,

948-952 (2021).

B. Do, M. L. Stohler, S. Balasubramanian, et al., “Experimental realiza-

tion of a quantum quincunx by use of linear optical elements,” J. Opt.

Soc. Am. B 22, 499-504 (2005).

D. Bouwmeester, |. Marzoli, G. P. Karman, et al., “Optical Galton board,”

Phys. Rev. A61, 013410 (1999).

M. A. Broome, A. Fedrizzi, B. P. Lanyon, et al., “Discrete single-photon

quantum walks with tunable decoherence,” Phys. Rev. Lett. 104, 153602

(2010).

T. Kitagawa, M. A. Broome, A. Fedrizzi, et al., “Observation of topo-

logically protected bound states in photonic quantum walks,” Nat.

Commun. 3, 882 (2012).

25

26.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

jure

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

=

52.

53.

IMPLEMENTING A QUANTUM ALGORITHM

Vol. 11, No. 7 / July 2024 / Optica 1022

. F. Cardano, F. Massa, H. Qassim, et al., “Quantum walks and
wavepacket dynamics on a lattice with twisted photons,” Sci. Adv. 1,
1500087 (2015).

F. Cardano, M. Maffei, F. Massa, et al., “Statistical moments of quantum-
walk dynamics reveal topological quantum transitions,” Nat. Commun.
7,11439 (2016).

F. Cardano, A. D’Errico, A. Dauphin, et al., “Detection of Zak phases and
topological invariants in a chiral quantum walk of twisted photons,” Nat.
Commun. 8, 15516 (2017).

F. Nejadsattari, Y. Zhang, F. Bouchard, et al., “Experimental realization
of wave-packet dynamics in cyclic quantum walks,” Optica 6, 174-180
(2019).

A. Geraldi, A. Laneve, L. D. Bonavena, et al., “Experimental investigation
of superdiffusion via coherent disordered quantum walks,” Phys. Rev.
Lett. 123, 140501 (2019).

A. D’Errico, F. Cardano, M. Maffei, et al., “Two-dimensional topological
quantum walks in the momentum space of structured light,” Optica 7,
108-114 (2020).

. C. Esposito, M. R. Barros, A. D. Hernandez, et al., “Quantum walks of
two correlated photons in a 2D synthetic lattice,” npj Quantum Inf. 8, 34
(2022).

F. Di Colandrea, A. Babazadeh, A. Dauphin, et al., “Ultra-long quantum
walks via spin-orbit photonics,” Optica 10, 324-331 (2023).

A. Schreiber, K. N. Cassemiro, V. Potocek, et al., “Photons walking the
line: a quantum walk with adjustable coin operations,” Phys. Rev. Lett.
104, 050502 (2010).

A. Schreiber, A. Gabris, P. P. Rohde, et al., “A 2D quantum walk simula-
tion of two-particle dynamics,” Science 336, 55-58 (2012).

Y.-C. Jeong, C. Di Franco, H.-T. Lim, et al., “Experimental realization of a
delayed-choice quantum walk,” Nat. Commun. 4, 2471 (2013).

L. Lorz, E. Meyer-Scott, T. Nitsche, et al., “Photonic quantum walks with
four-dimensional coins,” Phys. Rev. Res. 1, 033036 (2019).

A. Geraldi, S. De, A. Laneve, et al., “Transient subdiffusion via disordered
quantum walks,” Phys. Rev. Res. 3, 023052 (2021).

D. Bagrets, K. W. Kim, S. Barkhofen, et al., “Probing the topological
Anderson transition with quantum walks,” Phys. Rev. Res. 3, 023183
(2021).

P. Held, M. Engelkemeier, S. De, et al., “Driven Gaussian quantum
walks,” Phys. Rev. A 105, 042210 (2022).

F. Pegoraro, P. Held, S. Barkhofen, et al., “Dynamic conditioning of two
particle discrete-time quantum walks,” Phys. Scripta 98, 034005 (2023).
. J. Boutari, A. Feizpour, S. Barz, et al., “Large scale quantum walks by
means of optical fiber cavities,” J. Opt. 18, 094007 (2016).

A. Peruzzo, M. Lobino, J. C. Matthews, et al., “Quantum walks of corre-
lated photons,” Science 329, 1500-1503 (2010).

L. Sansoni, F. Sciarrino, G. Vallone, et al., “Two-particle bosonic-
fermionic quantum walk via integrated photonics,” Phys. Rev. Lett.
108, 010502 (2012).

N. C. Harris, G. R. Steinbrecher, M. Prabhu, et al., “Quantum trans-
port simulations in a programmable nanophotonic processor,” Nat.
Photonics 11, 447-452 (2017).

I. Pitsios, L. Banchi, A. S. Rab, et al., “Photonic simulation of entangle-
ment growth and engineering after a spin chain quench,” Nat. Commun.
8, 1569 (2017).

T. Meany, M. Grafe, R. Heilmann, et al., “Laser written circuits for quan-
tum photonics,” Laser Photon. Rev. 9, 363-384 (2015).

M. Gréfe, R. Heilmann, M. Lebugle, et al., “Integrated photonic quantum
walks,” J. Opt. 18, 103002 (2016).

S. De, V. Ansari, J. Sperling, et al., “Measurement-based quantum walks
on high-dimensional graphs,” arXiv (2022).

J. Brendel, N. Gisin, W. Tittel, et al., “Pulsed energy-time entangled twin-
photon source for quantum communication,” Phys. Rev. Lett. 82, 2594
(1999).

M. Lubasch, A. A. Valido, J. J. Renema, et al., “Tensor network states in
time-bin quantum optics,” Phys. Rev. A 97, 062304 (2018).

. X.=Y. Xu, Q.-Q. Wang, S.-J. Tao, et al., “Experimental classification of
quenched quantum walks by dynamical Chern number,” Phys. Rev. Res.
1,033039 (2019).

X.-Y. Xu, Q.-Q. Wang, M. Heyl, et al., “Measuring a dynamical topological
order parameter in quantum walks,” Light Sci. Appl. 9, 7 (2020).

M. Jan, Q.-Q. Wang, X.-Y. Xu, et al., “Experimental realization of
Parrondo’s paradox in 1D quantum walks,” Adv. Quantum Technol.
3, 1900127 (2020).

205



54.

55.

56.

5

58.

59.

60.

61.

62.

63.

64

65.

66.

6

J

68.

69.

70.

7

72.

N

. A. Oliveira, R. Portugal,

4.4.

Research Article

S.-J. Tao, Q.-Q. Wang, Z. Chen, et al., “Experimental optimal generation
of hybrid entangled states in photonic quantum walks,” Opt. Lett. 46,
1868-1871(2021).

C. Kupchak, P. J. Bustard, K. Heshami, et al., “Time-bin-to-polarization
conversion of ultrafast photonic qubits,” Phys. Rev. A 96, 053812
(2017).

J. M. Donohue, M. Agnew, J. Lavoie, et al., “Coherent ultrafast mea-
surement of time-bin encoded photons,” Phys. Rev. Lett. 111, 153602
(2013).

F. Bouchard, D. England, P. J. Bustard, et al., “Quantum communication
with ultrafast time-bin qubits,” PRX Quantum 3, 010332 (2022).

D. England, F. Bouchard, K. Fenwick, et al., “Perspectives on all-optical
Kerr switching for quantum optical applications,” Appl. Phys. Lett. 119,
160501 (2021).

C. Kupchak, J. Erskine, D. England, et al., “Terahertz-bandwidth switch-
ing of heralded single photons,” Opt. Lett. 44, 1427-1430 (2019).

F. Bouchard, D. England, P. J. Bustard, et al., “Achieving ultimate noise
tolerance in quantum communication,” Phys. Rev. Appl. 15, 024027
(2021).

K. L. Fenwick, D. G. England, P. J. Bustard, et al., “Carving out config-
urable ultrafast pulses from a continuous wave source via the optical
Kerr effect,” Opt. Express 28, 24845-24853 (2020).

M. Stefariak, T. Kiss, and I. Jex, “Recurrence of biased quantum walks
onaline,” New J. Phys. 11,043027 (2009).

P. Xue, R. Zhang, H. Qin, et al., “Experimental quantum-walk revival with
atime-dependent coin,” Phys. Rev. Lett. 114, 140502 (2015).

. G. H. Low and I. L. Chuang, “Optimal Hamiltonian simulation by quan-

tum signal processing,” Phys. Rev. Lett. 118,010501 (2017).

A. M. Childs, R. Cleve, E. Deotto, et al., “Exponential algorithmic
speedup by a quantum walk,” in Proceedings of the Thirty-fifth Annual
ACM Symposium on Theory of Computing (2003), pp. 59-68.

K. Bepari, S. Malik, M. Spannowsky, et al., “Quantum walk approach to
simulating parton showers,” Phys. Rev. D 106, 056002 (2022).

. J. K. Asbdth, “Symmetries, topological phases, and bound states in the

one-dimensional quantum walk,” Phys. Rev. B 86, 195414 (2012).

M. Kalinowski, R. Samajdar, R. G. Melko, et al., “Bulk and boundary
quantum phase transitions in a square Rydberg atom array,” Phys. Rev.
B 105, 174417 (2022).

R. J. MacDonell, T. Navickas, T. F. Wohlers-Reichel, et al., “Predicting
molecular vibronic spectra using time-domain analog quantum
simulation,” arXiv (2022).

H. Tang, X.-F. Lin, Z. Feng, et al., “Experimental two-dimensional quan-
tum walk on a photonic chip,” Sci. Adv. 4, eaat3174 (2018).

and R. Donangelo, “Decoherence in
two-dimensional quantum walks,” Phys. Rev. A 74, 012312 (2006).

C. Chen, X. Ding, J. Qin, et al., “Observation of topologically protected
edge states in a photonic two-dimensional quantum walk,” Phys. Rev.
Lett. 121, 100502 (2018).

]

3

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

IMPLEMENTING A QUANTUM ALGORITHM

Vol. 11, No. 7 / July 2024 / Optica 1023

. M. Ehrhardt, R. Keil, L. J. Maczewsky, et al., “Exploring complex graphs
using three-dimensional quantum walks of correlated photons,” Sci.
Adv. 7, eabc5266 (2021).

. C. S. Hamilton, A. Gabris, I. Jex, et al., “Quantum walk with a

four-dimensional coin,” New J. Phys. 13, 013015 (2011).

M.-C. Banuls, C. Navarrete, A. Pérez, et al., “Quantum walk with a time-

dependent coin,” Phys. Rev. A 73, 062304 (2006).

A. Schreiber, K. Cassemiro, V. Potocek, et al., “Decoherence and disor-

der in quantum walks: from ballistic spread to localization,” Phys. Rev.

Lett. 106, 180403 (2011).

M. A. Pires and S. M. D. Queirds, “Parrondo’s paradox in quantum walks

with time-dependent coin operators,” Phys. Rev. E 102, 042124 (2020).

D. L. Feder, “Perfect quantum state transfer with spinor bosons on

weighted graphs,” Phys. Rev. Lett. 97, 180502 (2006).

R. S. Mathew, R. O’Donnell, D. Pizzey, et al., “The Raspberry Pi auto-

aligner: machine learning for automated alignment of laser beams,” Rev.

Sci. Instrum. 92, 015117 (2021).

K. M. Hinrichs and J. J. Piotrowski, “Neural networks for faster optical

alignment,” Opt. Eng. 69, 074107 (2020).

N. Killoran, J. Izaac, N. Quesada, et al., “Strawberry fields: a software

platform for photonic quantum computing,” Quantum 3, 129 (2019).

T. R. Bromley, J. M. Arrazola, S. Jahangiri, et al., “Applications of near-

term photonic quantum computers: software and algorithms,” Quantum

Sci. Technol. 5, 034010 (2020).

H. Defienne, M. Barbieri, |I. A. Walmsley, et al., “Two-photon quantum

walk in a multimode fiber,” Sci. Adv. 2, e1501054 (2016).

J. 0. Owens, M. A. Broome, D. N. Biggerstaff, et al., “Two-photon quan-

tum walks in an elliptical direct-write waveguide array,” New J. Phys. 13,

075003 (2011).

F. Klauck, M. Heinrich, and A. Szameit, “Photonic two-particle quantum

walks in Su-Schrieffer-Heeger lattices,” Photon. Res. 9, A1-A7 (2021).

D. S. Simon, S. Osawa, and A. V. Sergienko, “Quantum-clustered two-

photon walks,” Phys. Rev. A 101, 032118 (2020).

J. G. Titchener, A. S. Solntsev, and A. A. Sukhorukov, “Two-photon

tomography using on-chip quantum walks,” Opt. Lett. 41, 4079-4082

(2016).

I. Afek, O. Ambar, and Y. Silberberg, “High-noon states by mixing quan-

tum and classical light,” Science 328, 879-881 (2010).

X. Guo, C. R. Breum, J. Borregaard, et al., “Distributed quantum sens-

ing in a continuous-variable entangled network,” Nat. Phys. 16, 281-284

(2020).

F. Bouchard, K. Bonsma-Fisher, K. Heshami, et al., “Measuring ultrafast

time-bin qudits,” Phys. Rev. A 107, 022618 (2023).

. B. Korzh, Q.-Y. Zhao, J. P. Allmaras, et al., “Demonstration of sub-3 ps
temporal resolution with a superconducting nanowire single-photon
detector,” Nat. Photonics 14, 250-255 (2020).

206



4.4.

IMPLEMENTING A QUANTUM ALGORITHM
OPTICA

Photonic quantum walk with ultrafast time-bin
encoding: supplement

KATE L. FENwICK,'2® FREDERIC BOUCHARD,'* GUILLAUME S.
THEKKADATH,!' ® DUNCAN ENGLAND,! ® PHILIP J. BUSTARD,'
KHABAT HESHAMI, "2 AND BENJAMIN SUSSMAN':2

! National Research Council of Canada, 100 Sussex Drive, Ottawa, Ontario KIA OR6, Canada
2 Department of Physics, University of Ottawa, Advanced Research Complex, 25 Templeton Street, Ottawa,

iintaria KIN GNS iianada

This supplement published with Optica Publishing Group on 18 July 2024 by The Authors under
the terms of the Creative Commons Attribution 4.0 License in the format provided by the authors
and unedited. Further distribution of this work must maintain attribution to the author(s) and the
published article’s title, journal citation, and DOIL.

Supplement DOI: https://doi.org/10.6084/m9.figshare.26206898

Parent Article DOI: https://doi.org/10.1364/OPTICA.510312

207



4.4.

IMPLEMENTING A QUANTUM ALGORITHM

Photonic quantum walk with ultrafast
time-bin encoding: supplemental
document

1. EXPERIMENTAL DETAILS

80 MHz Ti:Sapph
. ! : Prism Compressor

\

TimeTagger

Quantum Walk p ./Q
Q. Optical Isolator
@ Mirror ' e —
‘ PBS ' Qwp Kerr gate
[ Nanoparticle Polarizer \ Dichroic Mirror . APD
' aBBO N Spectral Filter " PD

Fig. S1. Experimental Setup. Detailed experimental setup of the ultrafast time-bin QW. In the
above configuration, all 18 a-BBO crystals are used in the QW (i.e., none are used for input state
generation). PBS: polarizing beamsplitter, HWP: half-waveplate, QWP: quarter-waveplate,
APD: avalanche photodiode, PD: photodiode, SMF: single-mode fiber; PCF: photonic crystal
fiber.

The full experimental setup in this work is shown in Fig. S1. Both the signal and pump originate
from an 80 MHz titanium sapphire (Ti:Sapph) laser, centered at a wavelength of Apump = 800 nm
with a spectral bandwidth of AApump = 11 nm. The output pulses from the Ti:Sapph laser are
first sent through an optical isolator to avoid unwanted backreflected light re-entering the laser
cavity. After the optical isolator, a prism compressor is used for dispersion compensation. The
pulses are then split into two paths (one for the signal and one for the pump) by a HWP and a
polarizing beamsplitter (PBS), which provide control over the pulse energy in the two paths.

Supercontinuum generation (SCG) in a 12 cm photonic crystal fiber (PCF) generates signal
pulses [1]. When pumped with pulses from the Ti:sapph laser, the PCF (NKT Photonics, Fem-
toWHITE CARS) generates a dual peak spectrum which is tunable with input pulse energy. As
the pump pulse energy is increased, the two SCG peaks will shift further away from the pump
central wavelength and increase in bandwidth. In the sub-n] pump pulse energy regime, SCG
in the PCF provides access to a signal wavelength range of 600 to 1100 nm. Input pulses with
energy ~ 0.25n] generate a spectrum with one of the dual peaks centered at 720 nm, which is
spectrally-filtered to AAgign, = 5 nm using a band-pass filter. Neutral density (ND) filters are
then used to attenuate the signal pulses to a mean photon number of y ~ 0.8 photons per pulse.
The input photon polarization state is prepared using a PBS, QWP, and a HWD, after which it
enters the quantum walk (QW). It should be noted that, for the configuration shown in Fig. S1,
the signal pulses are prepared in a single time bin, |i,) = («|H) + B|V)) @ |to).

Input states with more than one time bin can be prepared using the #-BBO crystals from the
first steps of the QW. Here, we prepare two time-bin states given by

lin) = [H) @ —= (Ito) + ¢ |86) ). )

L
V2
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where the phase, v, and the arrival of the #; time bin are varied. The position, k, of the t; time
bin depends on the number of a-BBO crystals used to generate the input state, whereas the tip
and tilt of the crystals sets v. In the data presented here, k = 1,2 and v = 0, r. The first two
«-BBO crystals in the QW are removed and repurposed as needed for input state preparation, so
a 16-step QW is performed. Note that for all input states, a PBS is added after the crystal(s) used
for input state generation, to set the input polarization state to |H).

The a-BBO crystals comprising the QW are housed in kinematic rotation mounts, providing
control over all three rotational degrees of freedom. By controlling each crystal’s rotational degree
of freedom, €, can be set arbitrarily for each step of the QW. Alignment of the entire QW is done
in a cascading manner, where each crystal is tuned relative to the previous one.

The QW output is recombined with the pump pulses on a dichroic mirror, so that the Kerr-gated
measurement can be made. Prior to recombination, the pump is prepared as followed. The pump
pulse energy is first tuned, using a HWP and PBS combination, to maximize the gating efficiency.
A PBS, QWP, and HWP are used to prepare the pump polarization so that it is 45° relative to
the signal polarization at the 10 cm SMF input to maximize gate efficiency. Finally the pump
pulses are sent through a variable delay line, A7, to delay the pump relative to the output of the
QW. Scanning AT allows for temporal traces of the QW signal to be read-out by the Kerr gate
at the picosecond timescale. The pump and signal are both coupled to the 10 cm SMF with 80%
efficiency.

The QW signal is Kerr-gated, with > 99% internal efficiency, by the pump pulse within the
10cm SMF (Thorlabs, S630-HP). After the Kerr gate, a QWP and HWP compensate for any
intrinsic polarization rotation or birefringence within the 10 cm SME. A PBS then splits the gated
and non-gated QW signal along two different optical path lengths (separated on the nanosecond
timescale). Spectral filters attenuate the pump and any noise generated by the pump inside the
10 cm SME. The gated and non-gated signals are both detected by an avalanche photodiode (APD)
and processed using a time-to-digital converter.

2. KERR GATE EFFICIENCY
The Kerr gate efficiency, 7, is given by [2]

7(T) = sin?(20)sin? (A‘PT(T)> (S2)

where 6 is the angle between the signal and pump polarization, and A¢(T) is the induced
nonlinear birefringence in the SMF due to the presence of the pump pulse. A unit gating efficiency
is achieved when § = /4 and A¢ = 7. The nonlinear phase shift is given by [3]

L

AG(T) = % [ 1p(T — du2)iz, 3)
where 1, is the nonlinear refractive index of the SMF, A; is the signal wavelength, and z is the
propagation distance within the SMF of length L. As the SMF is a dispersive medium, the pump
and signal will experience temporal walkoff, which is defined by d., = U;r} - vgs], where vgp and
vgs are the group velocities of the pump and signal pulses, respectively. The intensity profile of
the pump, Ipis expressed in a frame that moves with the signal [4], T =t — z/ Ugs, where t is the
time in the laboratory frame.

3. OVERALL SYSTEM EFFICIENCY

The efficiency of the overall QW setup is defined by each optical element it comprises. Here,
we quote the loss, in dB, for the different optical elements used. Silver mirrors: -0.088 dB;
HWP: -0.223 dB; QWP: -0.223 dB; nanoparticle thin-film polarizer (NP-TEP): -0.044 dB; telescope:
-0.094 dB; dichroic mirror: -0.044 dB; Kerr gate (includes aspheric lenses and 10 cm SMF): -1.192 dB;
PBS: -0.706 dB; spectral filters: -1.871 dB; 1 m SMF to detector: -0.706 dB; APD: -2.218 dB. The
majority of the a-BBO crystals used in the QW have an AR coating which leads to -0.044 dB loss
(Newlight Photonics, ABT5100-A-P, a-cut); however, some crystals have an AR coating which
leads to -0.269 dB loss (Newlight Photonics, ABT5100-A-AR750, a-cut). Combining the various
experimental losses (including those of optical elements not depicted in Fig. S1), we find the
efficiency of the walk to be ~ 23%, and the detection efficiency (including Kerr gating, fiber
coupling and APD efficiency) to be ~ 21%. This returns an overall system efficiency of ~ 5%.
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Fig. S2. Measured data for the UTBE QW for various input states. Boxes (a)-(f) correspond to
various input states (indicated at the top of each box). In each box, the step-by-step evolution
of the H- and V-polarized components of the QW are shown in (i) and (ii), respectively. A color
scale for these is shown to the right of all the plots. Each box compares the experimental traces
(blue) with the theoretical traces (red) for: the H-polarized input state in (iii), the H-polarized
output state in (iv), the V-polarized input state in (v), and the V-polarized output state in (vi).
Experimental traces agree well with theoretical traces.

The QW output state is sampled by the Kerr gate after each step is added. Fig. S2 shows the
temporal traces of the six different input states (see subsets (iii) for H-polarized components
and (v) for V-polarized components) and their corresponding outputs (see subsets (iv) for H-
polarized components and (vi) for V-polarized components) after the 18- or 16-step QWs. The
input and output experimental traces, shown in blue, compare well to the theory, shown in red.
The experimental step-by-step evolution of the QW for each input state is also shown in Fig. S2
(see subsets (i) for H-polarized components and (ii) for V-polarized components). We note here
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that the time bin, |t), occurs at a delay of 0 ps. After each step of the QW, one new time bin is
added to the output state at a delay of 4.31 ps, where # is the step number. At the last step in the
QW, the time bins span a range of 0 to 4.3N ps, where N is the total number of steps. This leads to
a step-by-step evolution that expands along the delay axis as the QW evolves. The QW output
traces are discretized by taking the peak value at each time-bin delay, AT = 4.3n, where # is the
step number.

5. INTERFEROMETRIC PHASE STABILITY

The advantage of using ultrafast time bins is highlighted in Fig. 53, where we see high stability for
the 19-mode interferometric output associated with our 18-step QW over a 50 hour continuous
measurement window.

1.00
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g
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0.96F = H-polarized components
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0.95 : y ’ .
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Fig. S3. Interferometric phase stability of UTBE QW. Calculated fidelity for the H- and V-
polarized components of an 18-step QW with an input state of: |¢i,) = |H) ® |to). Note that
the overall fidelity combines both the H- and V-polarized components, but here we opt to show
that they both have interferometric phase stability. The fidelity of the V-polarized components
is slightly less than that of the H-polarized components, as there is less V-polarized light for
this configuration. The data presented here was collected continuously over 50 hours to show-
case the stability of the QW platform.

6. QW LANDSCAPE

A summary of experimental implementations of discrete-time photonic QWs is provided in
Table S1. Although efforts were made to ensure a comprehensive list, it is not exhaustive. For
studies presented in Table S1, experiments performed with an attenuated laser are considered to
be using a 1 photon source. Note that two references quantify the quality of their results by the
distance, D = % Y \Pf P _ Pl-"h|, between the experimental, PieXP, and theoretical, Pith, probability
distributions, rather than fidelity.

We observe that our QW platform is capable of achieving a larger number of steps than many
other bulk optics implementations. Although the ultrafast time-bin encoding scheme presented
in [5] can achieve up to 50 steps with a loss per calcite crystal (each QW step) of -0.044 dB,
it implements an upconversion detection scheme which ultimately limits the total detection
efficiency (upconversion process and measurement by a photomultiplier tube) to < 0.5%. Such
detection loss would make it difficult to perform QWs with more than one walker. Integrated
photonics and fiber/optical loop schematics achieve a large number of steps, but they have a
higher loss per step. Finally, we note two promising QW implementations, which differ from the
others reported in Table S1. In [6], measurements on rotated bases implement the targeted unitary
for a 400-step QW. In [7], 320-step QWs are simulated by a single large “step”: 3 liquid-crystal
metasurfaces, encoded with the appropriate unitary. Such a scheme reports loss for a single
liquid-crystal metasurface as -0.706 dB. This does not directly translate to a loss per step, because
the liquid crystal could be programmed for many different sizes of QWs, with each limited by the
same total loss; however, for the 320-step QWs reported, this corresponds to a very low “loss per
step” of -0.007 dB. We do not include this metric in Table S1, as it is not directly comparable to the
loss per step of the other discrete-time photonic QWs reported.
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Year Ref. Nsteps Loss perstep [dB] Fidelity Nphotor\s Platform
2005 [8] 5 -3.010 0.9984 1 photon  Bulk optics
2008 [9] 1 - - 1 photon  Bulk optics
2010 [10] 5 -7.447 0.999 1 photon  Fiber loop
2010 [11] 6 -0.044 D =0.031 1photon  Bulk optics
2011 [12] 12 - - 1 photon  Optical loop
2011 [13] 28 -0.269 D =0.052 1 photon  Fiber loop
2012 [14] 7 - - 1 photon  Bulk optics
2012 [15] 4 -1.600 0.988 2 photons  Integrated photonics
2012 [16] 12 -2.840 0.957 1 photon  Fiber network
2013 [17] 8 - 0.951 2 photons  Integrated photonics
2013 [18] 4 -6.840 0.96 1 photon  Optical loop
2014 [19] 16 - 0.918 1 photon  Integrated photonics
2015 [20] 5 -0.655 0.991 2 photons  Orbital angular momentum
2015 [21] 16 - 0.81 1 photon  Bulk optics
2016 [22] 62 -0.500 0.99 1 photon  Optical ring cavities
2016 [23] 6 - - 1 photon  Orbital angular momentum
2017 [24] 7 - - 1 photon  Orbital angular momentum
2017 [25] 6 -4.437 0.977 2 photons  Integrated photonics
2017 [26] 26 -0.969 0.98 1 photon Integrated photonics
2018 [5] 50 -0.044 0.948 1 photon  Bulk optics (UTBE)
2018 [27] 25 -2.007 0.96 1 photon  Optical loop
2019 [28] 6 -1.249 0.9982 1photon  Orbital angular momentum
2019 [29] 7 - 0.999 2 photons  Bulk optics
2019 [30] 25 -2.007 0.912 1 photon  Optical loop
2020 [31] 5 -0.706 0.982 1 photon Transverse momentum
2021 [32] 20 -0.969 0.99 1 photon  Optical loop
2022 [33] 12 - 0.992 1 photon  Bulk optics
2022 [34] 3 -0.706 0.9773 2 photons  Transverse momentum
2022 [6] 400 - 0.98 1photon Measurement-based
2023 [7] 320  -0.007 0.77 1 photon  Liquid-crystal metasurfaces
2023 [35] 10 -8.239 0.961 2 photons  Optical loop
2023 This 18 -0.044 0.98 1 photon  Bulk optics (UTBE)
work

Table S1. Current QW landscape. A sample of photonic discrete-time QWs to-date.



4.4.

IMPLEMENTING A QUANTUM ALGORITHM

7. TWO-PHOTON QW

Two key changes are made to the experimental setup from Fig. S1 in order to demonstrate a two-
photon QW. First, the input to the PCF is split into two paths, one of which continues to propagate
through the PCF for supercontinuum generation as before, providing an attenuated coherent
state. In the other, new path, spontaneous four-wave mixing (SFWM) in a 2.5 cm polarization-
maintaining fiber (PMF) generates a photon pair. The PMF is pumped with pulses from the
Ti:Sapph laser which are centered at 795 nm, spectrally-filtered to a bandwidth of 3nm, and have
an average power of 100 mW. This generates a photon pair at wavelengths of A; = 953.5nm and
As = 681.6nm for the idler and signal, respectively. The signal and idler photons are split on a
dichroic mirror, and the idler photon is then spectrally-filtered and sent directly to an APD for
detection. The signal photon is combined with the attenuated coherent state on a PBS, after which
both are spectrally-filtered. Here, the attenuated coherent state is vertically polarized while the
heralded signal photon is horizontally polarized. A delay line on the attenuated coherent state
is adjusted such that it arrives at the same time as the heralded single photon at the input of
the QW. For a mean photon number of 1 ~ 0.24 photons per pulse for the attenuated coherent
state and a coincidence-to-accidentals ratio of 22 for the heralded photon, we observe a Hong-
Ou-Mandel interference between the attenuated coherent state and heralded single photon of
70%. The two photons then propagate through up to four steps of the QW. In this case, only the
horizontally-polarized components of the QW output were measured.

Second, another Kerr gate is added to the experimental setup after the first Kerr gate (in
series). This is necessary to observe the two-photon output states in which the photons exit
the walk in two different time bins. Specifically, the PBS after the Kerr gate depicted in Fig. S1
directs vertically-polarized light towards an APD and horizontally-polarized light towards an
additional Kerr gate. After the additional Kerr gate, another PBS directs the horizontally- (H) and
vertically (V)-polarized light towards two separate APDs. The setup is operated in two different
configurations, to measure the two-photon states where the photons are either in the same time
bin or in different time bins.

For the two-photon output states where the photons are in the same time bin, the H-polarized
input is rotated by 90°, so that all time bins in the first switch are now V-polarized. The first
Kerr gate is turned “on” (i.e., the strong pump pulse for Kerr gating is present) and the second is
turned “off” (i.e., the strong pump pulse for Kerr gating is not present). The first Kerr gate rotates
the polarization of the single time bin of interest (from V to H), such that only this time bin will
be allowed to transmit through the PBS and subsequently through the second Kerr gate SMF.
After the second Kerr gate, a HWP and QWP rotate the polarization of the time bin of interest by
45° and a PBS splits the two photons between its H and V output ports, with 50% probability.
Coincidences between the APDs at these two output ports and the heralding APD are measured,
and multiplied by two to account for the 50% probability of this type of event occurring.

For the two-photon output states where the photons are in different time bins, both Kerr gates
are turned “on”. In this case, the input to the first Kerr gate remains H-polarized. Each Kerr gate
rotates the polarization of a different time bin (from H to V), and these time bins are directed to
the APDs at the V-polarized output ports of the PBS immediately after their respective Kerr gate.
Coincidences between the APDs at the two V-polarized output ports and the heralding APD are
measured.

The experimental data from this two-photon QW is compared to a simulation which was
performed using the open-source Python library from Xanadu, Strawberry Fields [36, 37]. The
simulation propagates a heralded photon from a two-mode squeezed vacuum state and an
attenuated coherent state through an interferometric network corresponding to our QW [38].
Here, we use the Gaussian numeric backend. Parameters such as the coherent state mean
photon number, ji, squeezing parameter, r, system efficiency, and mode-matching between the
attenuated coherent state and heralded photon can be adjusted. Here, we perform the simulation
using parameters obtained from the characterization of our experimental setup: u = 0.24,
r = 0.12, system efficiency= 0.05, and mode-matching= 70%. The fidelity between experimental
measurements and the simulation is calculated using Eq. 6 in the manuscript.
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4.5 Implementing programmable circuits

This section is based on the following publication:

F. Bouchard, K. Fenwick, K. Bonsma-Fisher, D. England, P. J. Bustard, K. Hes-
hami, and B. Sussman. “Programmable Photonic Quantum Circuits with Ultrafast
Time-Bin Encoding”, Physical Review Letters 133(9): 090601 (2024).

DOI: https://doi.org/10.1103/PhysRevLett.133.090601

(©) 2024 American Physical Society

The previous section demonstrated the remarkable stability, robustness, and low-
loss of our UTBE scheme by implementing a large, multimode interferometer to per-
form the QW algorithm; however, this interferometer was not fully programmable
across each mode at any given circuit depth. Here, we extend the programmability of
our photonic quantum circuits based on UTBE, by adding optical Kerr gates within
the circuit itself. This is a major step towards full programmability, which is crucial in
the context of developing a full-scale universal quantum information processor based
on UTBE.

In this implementation, we make use of the same birefringent a-BBO crystals
to act as time-bin interferometers on ultrafast timescales. Each of these crystals is
preceded by an optical Kerr gate, pumped by a sequence of control pulses. Combin-
ing these two physical elements allows us to achieve a sequence of POUTINESs, as
described in Section 4.3.1. The programmability arises from the fact that the inten-
sity of each individual control pulse can be tuned, subsequently allowing continuous
adjustment of the optical Kerr gate efficiency at a given time bin. This provides full
control over the coupling ratio between the polarization components within a given
time bin. It should be noted that, for complete universality, two trains of control
pulses per POUTINE, i.e., O(N?) in total, would be required. Nevertheless, with a
single train of control pulses per POUTINE, our circuit is capable of achieving a large
subset of unitary transformations. Furthermore, only O(N) optical components are
required by our architecture of POUTINEs cascaded in a single beam line.

In this work, 362 different unitary transformations are programmed in up to eight

dimensions in a temporal circuit to demonstrate the high degree of programmability
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achievable by our UTBE scheme. Included in these unitary transformations is the
four-dimensional Hadamard gate and an eight-dimensional permutation transforma-
tion. In addition to demonstrating the programmability potential of UTBE using
optical Kerr gates and birefringent crystal, we also demonstrate the stability of our
system over > 100 hours. Small fluctuations in fidelity are observed over time, which
can be attributed to fluctuations in the control pulse energy in the optical Kerr gates.
We reiterate here that this ultrastable interferometric phase arises from the fact that
the phase of each arm in a given multiport time-bin interferometer (a-BBO crystal)
is set by tilting the birefringent crystals, which can be kept fixed with high precision.
Although this stability measurement was ended after 108 hours, from the trend, we
expect the temporal circuit to remain phase stable for much longer.

The programmable nature of our UTBE scheme supports a range of photonic
quantum computing approaches, from nonuniversal approaches like Gaussian boson
sampling to full-fledged LOQC. We note here that our implementation does not really
follow the KLLM scheme devised in 2001 for LOQC; however, nowadays, measurement-
based photonic quantum computing [200, | is anticipated to be the way forward
for full-scale quantum information processing. Given this, it is important to develop
large, multimode interferometers, e.g., based on the universal design of Clements et.
al. [103]. Of course, achieving full-scale measurement-based quantum computing will
require the generation of cluster states and incorporate feed-forward capabilities into
the design.

This work is a major step towards photonic quantum information processing us-
ing UTBE. The photonic quantum circuit demonstrated here consists of a nontrivial
number of modes which can be implemented without the need for complex fabrica-
tion processes; however, we note that our UTBE method is agnostic of the physical
platform and could be implemented on-chip if desired. The implementation here is
achieved using readily available experimental components, e.g., ultrafast lasers, opti-
cal fibers, and birefringent crystals, which provides a versatile set of tools—available

to many researchers in quantum optics—to design and program quantum circuits.
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We propose a quantum information processing platform that utilizes the ultrafast time-bin encoding of
photons. This approach offers a pathway to scalability by leveraging the inherent phase stability of collinear
temporal interferometric networks at the femtosecond-to-picosecond timescale. The proposed architecture
encodes information in ultrafast temporal bins processed using optically induced nonlinearities and
birefringent materials while keeping photons in a single spatial mode. We demonstrate the potential for
scalable photonic quantum information processing through two independent experiments that showcase the
platform’s programmability and scalability, respectively. The scheme’s programmability is demonstrated in
the first experiment, where we successfully program 362 different unitary transformations in up to eight
dimensions in a temporal circuit. In the second experiment, we show the scalability of ultrafast time-bin
encoding by building a passive optical network, with increasing circuit depth, of up to 36 optical modes.
In each experiment, fidelities exceed 97%, while the interferometric phase remains passively stable for

several days.

DOI: 10.1103/PhysRevLett.133.090601

Coherence lies at the heart of the nonclassical quantum
phenomena—entanglement and superposition—that under-
pin quantum technologies in computing, sensing, and
communications. Decoherence, in which information leaks
from a target system to its environment, is a persistent
obstacle to the practical realization of these transformative
capabilities. Realizing states that exhibit sustained quantum
coherence necessitates a careful selection of both the
physical system and encoding scheme. In comparison to
many systems, photons exhibit a unique resistance to
decoherence, maintaining their quantum state over
extended periods of time and distances, even in ambient
conditions. This robustness, coupled with their relative ease
of control and detection, renders them exceptional candi-
dates for foundational investigations of quantum mechanics
[1,2] and quantum technology applications [3]. A particu-
larly promising strategy lies in the development of photonic
quantum systems that operate on ultrafast timescales, as
short as femtoseconds. Such a rapid operational timeline
ensures that quantum information processing tasks are
completed before decoherence can significantly disrupt
the system, thereby preserving the integrity of the quantum
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information. However, maintaining coherence between
different photonic states is nontrivial, owing to the chal-
lenges of maintaining phase stability between distinct
paths. Here, we present a platform that makes use of
ultrafast time-bin encoded photons, propagating on a
collinear path, to perform quantum processing.
Generating and manipulating quantum states of light,
from single photons to complex multiphoton states,
remains a significant challenge. To harness the full poten-
tial of photonic platforms, photonic quantum processors
must be capable of generating and controlling these states
across a large number of optical modes. Recent advances in
integrated programmable circuits have enabled universal
programmability in up to 20 modes [4-9]. Although
significant progress has been made in the development
of fully programmable universal photonic quantum pro-
cessors, scaling these technologies to accommodate and
manipulate a larger number of modes remains an open
challenge. Spatial encoding in integrated and bulk photonic
platforms currently serve as the backbone of most quantum
photonic architectures; however, another approach using
time-bin encoding, or time multiplexing, is emerging with
the potential for low loss and programmability [10-16].
One of the critical requirements in scaling quantum
photonic platforms will be maintaining interferometric
phase stability across the entirety of the quantum device
and over extended periods of time. This challenge is
particularly important when dealing with multiphoton
states, given the heightened phase sensitivity of highly
entangled states with large photon numbers. This is

Published by the American Physical Society
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Quantum circuits comparison. (a) Typically, an array of photonic quantum states is processed by a linear optical network in a

waveguide configuration. The unitary transformation is programmed by tuning a sequence of beam splitters and phase shifters or by
tuning two independent phase shifters in a balanced Mach-Zehnder interferometer. The output of the quantum circuit is then directed to
the detection stage. (b) Here, an ultrafast pulse train of photonic quantum states is processed by a temporal linear optical network in a
single spatial mode. The optical Kerr effect modulation, accomplished by overlapping bright control pulses with the quantum signals
inside a single-mode fiber, applies phase shifts and couples modes. Birefringent a-BBO crystals act as time-bin interferometers. The
output of the ultrafast temporal quantum circuit is then directed to the detection stage. DM, dichroic mirror; SMF, single-mode fiber.

famously demonstrated by NOON states [17] and other
highly entangled multiphoton states [18]. In addition to
phase stability, other key requirements for developing
photonic quantum processors include high modulation
speeds, high efficiencies, high fidelities, low noise levels,
and seamless integration with the source and detectors. Our
approach, as we will demonstrate, offers a promising path
to meeting all of these requirements.

This work proposes and demonstrates an experimental
platform to universal photonic quantum information
processing through ultrafast time-bin encoding (UTBE).
The platform’s building blocks are a series of program-
mable optical ultrafast temporal interferometric network
elements (POUTINE:) that can be cascaded to form a fully
connected temporal quantum circuit. Time-bin photonic
states are prepared, and evolve, in a single beam. We
program phase shifting and mode coupling operations by a
combination of passive birefringent elements and active
modulation through nonlinear optical Kerr effect inter-
actions with intense ultrafast control pulses in optical fiber
[19]. The fiber-based architecture of our platform offers
compatibility with a wide range of quantum sources and
new detector technologies, such as superconducting nano-
wire detectors and photon-number resolving detectors.

Perhaps the key attribute of our approach is the inherent
phase stability of temporal modes at this timescale [20-22],
a significant benefit when seeking to upscale processing to
larger circuits. The ultrafast time-bin interferometers are
extremely compact, robust, and can operate in a single
spatial mode. The birefringent elements required to create
interferometric pathways between distinct time bins pro-
vide excellent interferometric phase stability. This raises
the possibility of upscaling critical quantum technologies
such as quantum computing, quantum simulation, quantum
communication, and quantum sensing. In what follows, we
showcase the versatility and potential of our platform
through two separate experiments that highlight its pro-
grammability, scalability, and stability.

Our goal is to build a universal linear optical network,
described by an N x N unitary matrix, capable of trans-
forming a set of N input time-bin modes into any arbitrary
set of N output modes [23,24]. With integrated waveguides
[7,25,26] or bulk optical devices [27,28], such a linear
optical network consists of a large multiport interferometer
with O(N?) points of interference that must be care-
fully tuned and stabilized; see Fig. 1(a). To retain the full
programmability of our circuits, O(N?) control pulses are
required. Nevertheless, the proposed ultrafast time-bin

090601-2

219



4.5. IMPLEMENTING PROGRAMMABLE CIRCUITS
PHYSICAL REVIEW LETTERS 133, 090601 (2024)
architecture requires only O(N) components, i.e.,  which can be achieved with wave plates or by rotating the

POUTINES, cascaded in a single beam line; see Fig. 1(b).
The N-dimensional encoding space is defined using N
creation operators, {&Lvto,&;m,&;“,&I,,,I,...,&L‘tm,&vv
tjv/z}, associated with horizontal (H) and vertical (V)
polarization modes and ultrafast time bins, #;, where
i€0,...,N/2. In the computational basis, single-photon
states are represented by {jyM)} ={(10)T ® 1),
OD" ®to). .. (10)" @ [tyy2). (01)" @ |ts2)},  for
even N, where (10)7 and (0 1)7 correspond to horizontally
and vertically polarized states, respectively. The overall
unitary transformation is achieved through a sequence of
N(N —1)/2 programmable mode couplers, analogous to
beam splitters and phase shifters, acting on adjacent modes
in the network.

Our approach utilizes mode couplers that manipulate
polarization at a single time bin, implemented via the
optical Kerr effect, a third-order nonlinearity that induces
local birefringence through cross-phase modulation with a
bright pulse of light [29],

k
U (O )
Z ( €64 O8O, (i) —iSING,; 1)
J

where 0,, and ¢,, are the coupling and phase shifting para-
meters, respectively, k€{0,....,N—1}, j€{0,....,[N+
(-1)k=1]/2}, and me{l,...,N(N—1)/2}, for even
N. For adjacent modes within a time bin, i.e., &L‘[j and

)®|,,><,j, )

—ie U0 $inG,, ;1) COSO, (1)

ay,,, this sequence of induced polarization rotations,
I

Uxerr (0,05 1), directly achieves the required mode cou-
pling. However, for adjacent modes belonging to different

time bins, i.e., ay, and ay, . a birefringent crystal is
required to bring both modes back to a single time bin, i.e.,

UBir:NZﬂ K(l) g) ® 1) (1| + (8 (1)) ®\’j+1><’.z‘\]- (2)

J=0

The birefringent crystal used in our scheme acts as a time-
bin interferometer, similar to unbalanced Mach-Zehnder or
fiber loop interferometers, where the path difference
between both arms of the interferometer matches the
time-bin separation. This is achieved by using birefringent
crystals of the same length as those used in the generation
of the ultrafast time-bin states. In order to bring adjacent
modes within a time bin back together, we employ another
transformation, namely a polarization rotation given by

cos® —sin® N/2
R(®) = i, 3
©) (sin@ cos ® ) ®j2:0:|tj><[j &)

subsequent birefringent crystal. A single POUTINE is thus
given by

u(k) (9,,1, ¢m) = R(]Z/Z) - Up; - Ug(kgrr(emﬂ (/)m) (4)
Finally, the overall unitary transformation can then
be constructed from a sequence of N POUTINE;, i.e.,
UM(0,, ) = TI3UN(,,,, $,,,). The transformation in
Eq. (1) can be achieved directly using two trains of control
pulses, where the intensity of each pulse in a first train
controls the phase parameters, ¢,,, and the intensity of each
pulse in a second diagonally polarized train of pulses
determines the coupling parameters, 6,,. Nevertheless, for a
large subset of transformations, the parameters 6,, and ¢,,
can be implemented with a single train of control pulses
with their intensity and polarization carefully chosen; see
Supplemental Material [30].

The use of picosecond time bins is a crucial advantage in
our approach as it enables the implementation of highly
compact time-bin interferometers with submillimeter path
difference. This can be achieved by collinearly propagating
two orthogonal linear polarization modes through a few
millimeters of birefringent crystal. The compact size of
these interferometers represents a significant improvement
over alternative methods and reduces the experimental
overhead. For instance, in previous demonstrations, time-
bin interferometers have been realized with path differences
reaching several kilometers, making the phase locking
of such interferometers a significant achievement [15].
However, the use of ultrafast time bins in our platform
eliminates this requirement altogether.

To assess the performance of our platform, we began by
designing a simple temporal circuit with N =4 optical
modes composed of a single optically induced mode
coupler, as depicted in Fig. 2(a). Using a Ti:Sa laser to
pump an optical parametric oscillator at a rate of 80 MHz,
we generate single-photon-level signal pulses and introduce
them into the temporal circuit. Here, we use a-BBO crystals
with a thickness of 10 mm as our birefringent elements to
create the appropriate ultrafast time bins with a correspond-
ing temporal separation of 4.3 ps. Details about the
generation and detection of ultrafast time-bin states can
be found in the Supplemental Material [30]. Control pulses
are then prepared from the pump laser to program the
circuit, while taking care to select nonoverlapping wave-
lengths for the signal and control pulses, i.e., Agga =
715 nm and Acgnpor = 790 nm. The average efficiency of a
single POUTINE is given by —1 dB of loss and is currently
limited by the coupling efficiency to the single-mode fiber.
The mode coupling parameter, 0, is controlled by varying
the energy of the control pulse, allowing us to continuously
tune the circuit from the identity transformation, U, {)v =4 toa
SWAP-like gate, Uf}’ =4, as shown in Fig. 2(b). To assess the
quality and stability of the circuit, we measure the output
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FIG. 2. Experimental demonstration of the programmable quantum temporal circuit. This figure presents a range of experimental
results that showcase the programmability, robustness, and scalability of our UTBE platform for linear optical quantum computing.
(a) Shows the circuit diagram of a four-dimensional temporal circuit with a mode coupler, where the coupling parameter @ controls the
transformation from the identity Ué’ =4 to a SWAP-like gate U Q’ =4, This transformation is achieved with an overall system loss, including
detector efficiency, of —5.2 dB. (b) Depicts the experimental measurement of the temporal circuit’s evolution and fidelity with respect to
6, while (c) shows the long-term robustness of the SWAP-like gate without active stabilization or any other intervention. (d) Illustrates
the four-dimensional Hadamard gate with the corresponding 6 values, while (e) shows the measured probability of detection matrices of
the Hadamard gate for different input bases. This transformation is achieved with an overall system loss, including detector efficiency, of
—7.2 dB. (f) Displays an example of an N = § permutation transformation (U’]V7:8) with each mode coupler’s coupling parameter. The
experimentally measured detection probability matrix is shown in (g). This transformation is achieved with an overall system loss,
including detector efficiency, of —7.2 dB. (h) Demonstrates the mean fidelity of all 362 measured permutation transformations from
N =2to N =8. For N = 8, the fidelity distribution is shown explicitly in the inset.

number of counts distribution for each input mode and  challenging to implement, high-dimensional Hadamard

compute the fidelity, F = (I/N)Tr(\Ufarge[ -|U5Xp|),
where Uyyeer and Uy, are the target and experimentally
measured probability of detection matrices, respectively.
Although interferometric phase stability can be a challenge
for linear optical networks, even for those as small as
N =4, we found no degradation or significant drift over
several days; see Fig. 2(c). The small variations in fidelity
we observed were likely due to fluctuations in the control
pulse energy. Our ultrastable interferometric phase arises
from the fact that the phase of each arm of the multiport
time-bin interferometer is determined by the tilting angle of
the birefringent crystals, which can be kept fixed with high
precision. We ended our stability measurements after 108 h,
but expect the temporal circuit to remain phase stable for
much longer.

Our exploration of temporal quantum circuits next
progresses to a more complex network, the high-
dimensional Hadamard gate. Although experimentally

gates are an important component of qudit-based quantum
computing approaches [31-33]. To the best of our knowl-
edge, this is the first experimental demonstration of a high-
dimensional Hadamard gate implemented in the temporal
degree of freedom of photons. The circuit diagram for the
four-dimensional Hadamard gate, H"=*, is depicted in
Fig. 2(d), which can be realized with two control pulses and
half-wave plates acting uniformly across all time bins in the
temporal network. We characterized the quality of the
Hadamard circuit by measuring the probability of detection
matrices for input quantum signals prepared in different
bases, including the computational basis, {|jy¥=*)} =
{|H, 1), |V. 1), |H,t,),|V, 1)}, the four-dimensional dis-
crete Fourier transform basis, {|p}=*)} = {(|H) £ |V)) ®
([to) £171))/2}, and other superposition bases, such as

{1y ={(H)£V))®lto)/V2.(IH) £|V) ® 1)/ V2}
and {[CN=}={|H)®(|10) £[11))/V2.|V) ® (|10} £[11))/v/2}.
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Scalability demonstration of the programmable quantum temporal circuit. (a) Shows the theoretical output probability

distribution of a fixed temporal circuit with 171 couplers and varied circuit depth for different input states, |y;,) = |H, to) (top) and
[win) = |V, 1) (bottom). (b) Displays the measured output state probability compared to the target state (black outline) for both input
states as a function of circuit depth. (c) Shows the fidelity as a function of circuit depth for the two input states (triangles and circles
corresponding to horizontal and vertical input polarization states, respectively). (d) Shows the long-term stability of the N = 36
temporal circuit with a circuit depth of 18, with no significant decrease in output state fidelity observed over a period of 50 h. This
transformation is achieved with an overall system loss, including detector efficiency, of —13 dB.

To further demonstrate the versatility and controllability
of our temporal quantum processor, we perform a set of
high-dimensional permutation transformations, which are
essential for quantum information processing. The number
of distinct permutation transformations for a linear optical
network with N modes is N!. In our experiments, we were
able to implement and measure all 32 permutation matrices
for N up to 4, while for larger dimensions, we sampled a
subset of permutations due to their overwhelming number.
In total, we have experimentally implemented and mea-
sured 362 permutation transformations for dimensions
ranging from N = 2 to N = 8. As an illustration, Figs. 2(f)
and 2(g), respectively, show the circuit diagram and the
probability of detection matrix obtained experimentally for
the N = 8 permutation transformation U%.8. We achieved
an average transformation fidelity above 97% for all
measured permutation matrices for all values of N
(Fig. 2(h)). The small decrease in fidelity can be attributed
to an increase in total noise when considering a larger
number of modes.

Having demonstrated the programmability of our plat-
form by achieving high-dimensional unitary transforma-
tions in the temporal degree of freedom, we next investigate
phase stability when scaling temporal circuits to a large
number of modes, as illustrated in Fig. 3(a). For this
purpose, we consider a fixed circuit with each coupler set to
0 = n/4 across all time bins, and measure the output
distribution of the circuit when fed with a single time
bin for increasing circuit depths, as shown in Fig. 3(b).

Remarkably, even for the largest circuit depth (N = 36)
with a total of 171 mode couplers involved in the trans-
formation, the same prolonged phase stability observed in
the previous demonstrations (N = 2,...,8) is still main-
tained over an extended period of time, i.e., over 50 h for
N = 36, as seen in Fig. 3(c). Moreover, the transformation
fidelity remains excellent even as we increase the circuit
depth, as depicted in Fig. 3(d). Notably, since the 36-mode
temporal interferometric setup occurs collinearly in a single
spatial mode, the number of physical elements scales
linearly with circuit depth, and only 18 birefringent crystals
are required to construct this large-scale circuit.

Our results demonstrate the significant potential of the
UTBE platform for advancing quantum technologies.
Although our platform is based on polarization to create
the temporal circuit, other degrees of freedom such as
frequency bins or path encoding can be used in parallel
with the ultrafast time bins. Frequency conversion of
quantum signals based on third-order nonlinearities, such
as cross-phase modulation [34] and four-wave mixing [35],
have recently seen remarkable progress, enabling further
development of frequency-bin encoding [36]. Compared to
polarization, a hybrid time-bin and frequency-bin encoding
can offer a much larger encoding space, extending to
multiple dimensions with fewer experimental resources.
In this scheme, time-bin interferometers can be realized by
replacing the birefringent crystals with dispersion-
engineered fibers, which provide greater control and pro-
grammability of ultrafast temporal quantum processors.
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Furthermore, integrating the UTBE architecture into a
waveguide architecture with ultrafast control could lever-
age past investments in integrated photonics and exploit
key features of our ultrafast platform. Finally, recent
advances in superconducting nanowire single-photon
detectors, where a sub-3 ps temporal resolution has been
achieved [37], enable efficient measurements of ultrafast
time-bin encoded photons.

In conclusion, the proposed platform presents a prom-
ising scalability strategy that prioritizes phase stability as a
critical feature to develop future implementations with
larger mode and photon numbers. We have demonstrated
that a programmable quantum circuit with a nontrivial
number of modes can be implemented without the need for
complex fabrication processes. Leveraging readily avail-
able experimental components in quantum optics labs, e.g.,
ultrafast lasers, optical fibers, and birefringent crystals, we
have provided a versatile set of tools to design and program
quantum circuits, enabling researchers to explore a wide
range of quantum processing applications. We anticipate
that our platform will be a fertile ground for exploring novel
sources, implementations, detection schemes, and other
applications, such as quantum neural networks [38],
quantum metrology [39], and quantum networks [40].
UTBE is a powerful addition to current approaches as it
offers a single underlying platform for generating non-
classical light and conducting quantum processing.
Notably, our platform has tremendous potential for ena-
bling various applications in multiphoton entangled state
generation. Moreover, the universal nature of our UTBE
scheme supports a range of photonic quantum computing
approaches, from nonuniversal approaches like Gaussian
boson sampling to full-fledged linear optical quantum
computing.
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The supplementary material presents additional experimental details and results.

I. METHODS

To thoroughly explore various aspects of our plat-
form, we conducted two separate experiments, each fo-
cusing on different features of our scheme. Our experi-
mental setup revolves around the utilization of ultrafast
time-bin encoding for short sub-picosecond pulses, as de-
picted in Figure S1. In both experiments, we employed
a Ti:sapphire (Ti:Sa) laser that generates pulses with a
repetition rate of f., = 80 MHz. In the first exper-
iment, we generated pulses with a center wavelength of
Acontrol = 790 nm. These pulses were split into two paths
using a combination of a half-wave plate (HWP) and a
polarizing beam splitter (PBS). In one path, an optical
parametric oscillator (OPO) was employed to pump and
generate frequency-doubled signal pulses with a center
wavelength of Agignal = 715 nm. Meanwhile, in the other
path, the control pulses were prepared and directed into
the temporal circuit for further processing.

For the second experiment, we generate pulses with a
center wavelength of Acontrol = 800 nm. Similar to the
first experiment, these pulses were split into two paths.
In one path, the pulses were coupled to a photonic crys-
tal fiber, enabling the generation of signal pulses at a
center wavelength of Agigna = 720 nm through supercon-
tinuum generation and spectral filtering. In the second
path, the control pulses were sent to the output detection
stage. It is worth noting that although the control and
signal wavelengths in each experiment were close, they
were not identical. This discrepancy arises due to the
optimization process for generating signal pulses using
different techniques such as optical parametric oscillation
and supercontinuum generation. However, regardless of
the small wavelength offset, we observed similar perfor-
mance in both experiments. Morevoer, we note that our
platform is largely wavelength-agnostic and can be oper-
ated at wavelengths ranging from visible to telecom-band
wavelengths.

A. Input state preparation

The signal pulses, denoted by |Yino) = |H,to), are
directed to the state preparation stage. In the second
experiment, input states consisted of a single time-bin
state with varying polarization states, i.e.

[thin) = (cosO|H) +sinf|V)) @ |to). (1)
On the other hand, in the first experiment, by employing
a series of optical elements including a HWP, PBS, and
a-BBO crystals, we enable the generation of a diverse
range of 8-dimensional ultrafast time-bin states. In the
initial phase of the state preparation, a 10-mm «a-BBO
crystal produces two adjacent time bins: |to) and |t1). By
adjusting the angle of the HWP preceding the crystal, we
can create an intermediate state represented as

|win,1> :COS91‘H,t0> +SiIl€1|V,t1>. (2)
Our objective here is to generate an arbitrary time-bin
state, independent of polarization. To achieve this, we

project the overall state onto a single polarization, re-
sulting in the following expression:

[thin2) = |H) ® (cos b1|to) + sin 0y [t1)). (3)
It is worth noting that the introduction of an addi-
tional quarter-wave plate (QWP) allows the generation
of a more general state: |ino) = |H) @ (cosbi|to) +
exp(ig1)sinfq|t1)). The subsequent stage of the state
preparation involves a 20-mm a-BBO crystal (or a se-
quence of two 10-mm «-BBO crystals) to generate the
subsequent time bins, specifically |t2) and |t3). By ad-
justing the optical axis of a second HWP, we gain control
over the intermediate input state, resulting in

[¢hin,3) = cos 2| H) @ (cos by |to) + sinbq]t1)) +

sin02|V)(cos O1]tz) +sinbilts)).  (4)

Projecting onto a specific polarization state once again,
we obtain the following intermediate state:

[thin.a) = |H) ® (cos 0 cos Oz|tg) + sin 0 cos Oa|t1)

+ cos 07 sin Oz]t2) + sin 6y sin Os|t3)).  (5)
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FIG. S1. Experimental setup. A Detailed experimental setup for the first demonstration investigating the programmability
of the ultrafast time-bin encoding platform. B Detailed experimental setup for the second demonstration investigating the

scalability of the ultrafast time-bin encoding platform.

Finally, by adjusting a final HWP, the polarization can
be tuned to generate the ultimate input state:
[Yin) =
cos 61 cos Oy cos 03| H, to) + cos 0 cos 0 sin 05|V, tg)
+ sin 0y cos 63 cos 03| H, t1) + sin 0 cos O3 sin 05|V, t1)
+ cos 0y sin 63 cos 03| H, ta) + cos 07 sin 6 sin 05|V, to)
+sin 6 sin 0 cos 03| H, t3) + sin 6 sin 05 sin 03|V, t3). (6)

It is important to note that the addition of QWPs at each
stage or the removal of some PBS elements can allow for

the preparation of more general states while preserving
the coupling between polarization and time bins. How-
ever, in the current configuration, we are able to sample
a wide array of input states that are particularly useful
for transformations such as high-dimensional Hadamard
gates. Finally, the signal is attenuated to the single pho-
ton level using a neutral density filter, achieving an av-
erage mean photon number per pulse of p = 0.18 and
1 = 0.8 for the first and second experiment, respectively.
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FIG. S2. Measured counts. The measured number of counts is shown as as a function of arrival time on the APD for varying
pump delay. The counts are shown for each input state. By scanning the pump delay with respect to the output signal, we
can determine the output probability distribution of the ultrafast time-bin states exiting the temporal circuit.
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FIG. S3. Probability-of-detection trace. The ratio of
counts in each polarization state, determined by the appro-
priate coincidence window, is shown as a function of pump
delay, for each input state.

B. Temporal circuit

In the first experiment, the input state is directed into
the temporal circuit for further processing. This is ac-
complished by coupling the input signal into a 14-cm
single-mode fiber (SMF). To program the temporal cir-
cuit, the control beam is also coupled to the single-mode
fibers. We achieved an average coupling efficiency of 85%
and 80% for the signal and control pulses, respectively,
across all SMFs in the temporal circuit. Although not
depicted in Figure S1, lens systems are employed to pre-
vent spatial divergence of the control beam throughout
the setup, ensuring higher coupling efficiency for the con-
trol beam. Efficient coupling of the signal pulses between
consecutive SMFs is facilitated by utilizing 3-axis fiber
coupling stages at both the input and output stages.
Furthermore, we estimate that the signal coupling effi-

ciency could be further enhanced by incorporating anti-
reflection coated fibers.

At each SMF stage, the signal and control beams
are initially overlapped using a dichroic mirror (DM).
To compensate for polarization rotations induced by
the DM, a combination of half-wave plates (HWP) and
quarter-wave plates (QWP) is employed for both the sig-
nal and control beams. The relative time of arrival of the
control pulse is independently adjusted for each step of
the temporal circuit using motorized translational stages.
By varying the time of arrival of the control pulses, the
energy of the control pulses, and the polarization of the
control pulses, we can program the temporal circuit to
operate in a wide range of configurations. It is worth
mentioning that the control pulses can also be prepared
in a superposition of ultrafast time-bins using appropri-
ate thicknesses of a-BBO crystals, although not shown in
Figure S1. Additionally, HWP and QWP combinations
are placed after each SMF within the temporal circuit
to compensate for any polarization rotation of the sig-
nal pulses occurring inside the SMFs. Finally, due to
limitations in pulse energy from the Ti:Sa oscillator, we
restrict our temporal circuit to include only three SMFs,
with an additional SMF dedicated to measuring the final
output. However, by utilizing laser systems with lower
repetition rates, we anticipate the availability of a signif-
icantly larger number of independently controllable con-
trol pulses without power restrictions.

In the second experiment, we deliberately limit the de-
gree of programmability to investigate the scalability of
our platform. In this context, we focus on a passive tem-
poral circuit without active optical nonlinear phase mod-
ulation. In the circuit diagram, this corresponds to fixed
values of the coupling and phase parameters within a
single Programmable Optical Ultrafast Temporal Inter-
ferometric Network Element (POUTINE). However, it is
important to note that each POUTINE can still be inde-
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FIG. S4. Probability-of-detection matrix for Ufs~°. The
input and output ultrafast time-bin states are measured in the
computational basis, i.e. |¢;).

pendently programmed by adjusting the rotation and tilt
of the a-BBO crystal in each layer of the temporal cir-
cuit. By sacrificing some configurability, we can explore
the performance of our platform when increasing the cir-
cuit depth up to 18 POUTINES, corresponding to a total
number of modes of N = 36 in the temporal circuit. This
circuit is achieved via a sequence of 18 a-BBO crystals.
On average, each crystal contribute to -0.044 dB of loss.

C. Detection

The output of the temporal circuit is directed to a fi-
nal SMF, where the signal beam is overlapped with a
control pulse. Prior to coupling to the SMF, the signal
passes through a 5-mm a-BBO crystal, enabling the con-
version of the final polarization information into an addi-
tional time-bin degree of freedom. As a result, we obtain
an 8-dimensional time-bin-only state. In our demonstra-
tion, we use a polarizer rotated by 45 degrees, to co-
polarized all time bins exiting the 5-mm a-BBO crystal,
thus simplifying the presentation of our measurement for
this demonstration. By doing so, we measure only half
of the photons coming out of the crystal. However, both
polarization states can be analyzed in parallel using two
separate optical switch to measure the final output time-
bin states. The co-polarized time-bin state is then effi-
ciently coupled to the final SMF. Prior to the final SMF,
appropriate spectral filtering is required to filter out the
control pulses. This is achieved with appropriate short-
pass and band-pass filters. Morevoer, the dichroic mir-
rors used to combine the control and signal pulses in the
temporal circuits also help in filtering out the control
pulses throughout the circuit. Within the fiber, the con-
trol pulse is scanned across the signal state, leading to
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FIG. S5. Passive programming quantum circuit. Cir-
cuit diagram of a transformation that is passively pro-
grammed between the N = 8 permutation gates UR=% and
Ug9=8. The uniform coupling parameter  across a full layer
of the circuit is achieved experimentally via a half-wave plate
rotated at the appropriate angle.

polarization rotation of specific time-bin output states.
To reconstruct the ultrafast time-bin state at the output
of the temporal circuit with sub-picosecond resolution,
we employ two polarizing beam splitters (PBS) to mea-
sure the ratio of horizontal-to-vertical polarization at the
SMF output. Each polarization is made to propagate
through different path lengths, thus resulting in differ-
ent nanosecond scale time-of-arrival at the APD. This
measurement provides us with the necessary information
for accurate reconstruction of the final ultrafast time-bin
state. We note that in a typical experiment, one can use
a serie of switch to demultiplex each polarization and
time-bin states to a single APD, resulting in 8 detectors
passively recording the output of each mode of the tem-
poral circuit.

For photon detection, we utilize an avalanche photodi-
ode (APD). To ensure precise temporal synchronization,
the APD is electronically gated by referencing the pump
laser’s pulses, which are measured by a separate photo-
diode. The signals detected by the APD are then trans-
mitted to a time-to-digital converter (TDC) (Swabian In-
strument, Time Tagger Ultra) for further analysis. The
TDC exhibits an timing jitter of 22 ps (full width at half
maximum). However, since the maximum data-transfer
rate of the TDC is 65 MHz, which is lower than the rep-
etition rate of the pump laser, we implement a condi-
tional filter. This filter effectively discards all clicks from
the fast photodiode that do not coincide with a detec-
tion event from the APD, directly at the TDC. To define
the coincidence window, we rely on the timing jitter of
the APD. In this case, we set the coincidence time win-
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FIG. S6. Passive programming. Experimentally measured probability-of-detection matrices corresponding to passively

programmed transformations between the Ugy=®

and Ug)~=® permutation gates. The programming parameter 6 is varied from

A 0 =0, to G0 = /2 in increments of 7/12. Experimental gate fidelities for the permutation gates U=® and U™ are

shown for each transformation.
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FIG. S7. Permutation gates for N = 2. Experimentally
measured probability-of-detection matrices for the 2 permuta-
tion gates in dimension N = 2. Corresponding experimental
gate fidelities are shown for each transformation.
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FIG. S8. Permutation gates for N = 3. Experimentally
measured probability-of-detection matrices for the 6 permuta-
tion gates in dimension N = 3. Corresponding experimental
gate fidelities are shown for each transformation.

dow to Atcoine = 2 ns, allowing for accurate detection
events. From the measured data, we extract the proba-
bility of detection in each output time-bin state, enabling
further analysis and characterization of the system’s per-
formance.

D. Mode couplers

A building block of our programmable quantum tem-
poral circuit is the ability to couple adjacent modes in
the interferometric network. For two adjacent modes,
represented by the creation operators &L’tj and d};tﬁ
an arbitrary mode coupler can be represented by the 2-
dimensional unitary transformation,

€'%i cos 0;
—ie'® sin 0;

U (01 6) — ( ~isin Hﬂ') ® 1) {1,(7)

cos 0;

analogous to a symmetric beam splitter with a phase
shifter in one of the input ports. The parameter 6; con-
trols the strength of the coupling between the two modes
and ¢; controls the relative phase between the two output
modes. This transformation amounts to a general polar-
ization transformation that can be achieved by a bire-
fringent element with the appropriate birefringence and
orientation of the optical axis. However, we note that this
birefringence must be applied only onto the time-bin ¢;
and turned off for subsequent time bins. We achieve this
ultrafast birefringence optically via the nonlinear optical
Kerr effect inside the SMF. More precisely, the strong
control pulse induces a nonlinear phase shift

AP = 87Tn2Lefprump/3Asignalv (8)

between the orthogonal polarization states of a signal
pulse, where ny is the nonlinear refractive index of the
SMF, L is the effective length of the nonlinear medium,
Iyump is the intensity of the control pulse, and Agjgnal is
the center wavelength of the signal pulse. Moreover, we
take advantage of the group velocity difference between
the signal and pump wavelength in order to achieve a
uniform nonlinear phase across the temporal profile of
the signal pulse.

The local polarization transformation induced by a
control pulse is described by the Jones matrix associated
to a linear phase retarder (LPR) with an optical retarda-
tion of ¢ and its optical axis at an angle of v with respect
to the horizontal axis, i.e.,
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Urpr(6, ) = )
it ( cos?¢p + e sin®p (1 —e®®) cosysin 1/1)

(1—€®) costpsing  sin® ¢ + e cos? ¢

Here, the parameters J and 1 correspond to the non-
linear phase shift shown in Eq. 8, where §(Ipump) =
A®(Ipump) is set by varying the intensity of the control
pulse, and the polarization angle of the control pulse,
respectively. For a general unitary transformations, a se-
quence of two control pulses with variable optical retar-
dations d; and d with their optical axis at ¥; = 0° and
e = 45°, respectively, maps directly to the desired 2x2
unitary transformation from Eq. 7. The corresponding
Jones matrix is given by,

Uszx2(01,02) = Urpr(d2,7/4) - ULpr(d1,0)

_ cosda/2 —isindy/2) (€ 0
cos b2/2 0 1

- <7isin52/2
€1 cos 8y /2  —isindy/2
cosda/2 )’ (10)

- <7iei‘51 sin g /2

where we obtain the transformation for a symmetric
beam splitter with reflectivity cosds and phase shift ¢;.
Thus the mode coupler operation in Eq. 7 is achieved
with a sequence of two control pulses with,

0,(11%) = A8 /2 = drny Lo 1P /3N ignan
¢ (1) = MA@ = 870y Lea (" /3Nsignal,

(11)
(12)

where IV and 1? correspond to the intensity of the first
and second control pulses, respectively. We note that
achieving the two-pulse configuration can be approached
in two distinct manners. Firstly, it can be realized by em-
ploying two separate SMF's, effectively doubling the total
number of required SMFs. Alternatively, it can be exe-
cuted within a single longer SMF by operating each con-
trol pulse within the time-bin separation of the quantum
signals. The latter approach necessitates fewer SMFs re-
sulting in lower loss due to imperfect coupling efficiency,
but leads to more noise since each control pulse must
propagate through a larger length of fiber. Moreover, the
sequence of co-polarized and diagonally polarized control
pulses for each POUTINE can be meticulously prepared
with independently adjustable intensity using various re-
combining schemes. For instance, employing a sequence
of birefringent crystals with precisely selected optical axis
angles, followed by a final polarizer, allows for the gen-
eration of a controlled train of intensity-adjusted con-
trol pulses. Furthermore, adding fast electro-optic mod-
ulators between the birefringent crystals can achieve the
same result with large reconfiguration speeds.
Furthermore, we note that for a large subset of unitary
transformations Ukerr with mode coupling parameters, 6;

IMPLEMENTING PROGRAMMABLE CIRCUITS

and ¢;, a single control pulse can be enough to perform
the desired transformation. This can be seen by compar-
ing Eq. 7 with the Jones matrix associated with a single
control pulse, see Eq. 9.

The fully connected quantum temporal circuit can
then be constructed by applying independent coupling,
Om(j,k), and phase shifting, ¢y,(; r), parameters for each
time bins, ¢;, and each layer labeled by the index k €
{0, ..., N — 1}. The over programming of the circuit can
be described by,

U (O bm) (13)

B €060 08 Oy (k) — SIN O (1)
_ Z (eimm g8 T ) @ It5)(t;1,
: : ;

where a total of m € {1,..., N(N — 1)/2} coupling and
phase shifting parameters can be independently tuned
via the optical Kerr effect.

For example, in the case of the 4-dimensional
Hadamard gate, a control pulse polarized at an angle of
45° with respect to the horizontal polarization direction
of the signal pulse achieves the § = 7/2 mode coupling,
see Fig. 2-D from the main text. However, the nonlinear
polarization rotation achieved by the control pulse also
leads to an additional phase shift between the horizontal
and vertical polarization states of the signal pulses. The
additional phase can be undone to realize a ¢ = 0 mode
coupler with a second control pulse polarized at a fixed
angle of 0° with respect to the horizontal polarization of
the signal pulses.

II. SUPPLEMENTARY EXPERIMENTAL
RESULTS

A. Data processing

Here we outline the process by which the output time-
bin states from the temporal circuit are measured and
processed to obtain the final probability-of-detection ma-
trix. To do so, we choose a specific temporal circuit and
show each step of the data processing.

The unitary transformation that we consider here is
the 8-dimensional permutation gate,

00010000
01000000
00100000

ves 10000000

Vs =100001000 (14)
00000100
00000010
00000001

For each input time-bin state in the temporal circuit,
the output time-bin state is sent through the detection
stage comprised of a Kerr switch where the relative delay
of the control pulse with respect to the output time-bin
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FIG. S9. Permutation gates for N = 4. Experimentally measured probability-of-detection matrices for the 24 permutation
gates in dimension N = 4. Corresponding experimental gate fidelities are shown for each transformation.
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FIG. S10. Permutation gates for N = 5. Experimentally measured probability-of-detection matrices for the first 16
permutation gates in dimension N = 5. Corresponding experimental gate fidelities are shown for each transformation.

state is varied. By varying the control pulse delay, we can
scan the temporal profile of the temporal circuit output.
The output of the Kerr switch is sent to a PBS where
a polarization-dependent delay allows us to resolve dif-
ferent polarization states temporally using a single APD,
see Fig. S2.

The counts are acquired by integrating the signals
within two coincidence windows corresponding to hor-
izontal and vertical polarizations. The ratio of these
counts is calculated to generate probability-of-detection
trace, as illustrated in Figure S3. These matrices serve
to define the probability of measuring photons in differ-
ent ultrafast time-bin states at the output of the tem-
poral circuit. The shape of the probability-of-detection
trace, observed as a function of pump delay, is deter-
mined by several factors. These factors include the tem-
poral profiles of the control pulse and the signal pulse,

the difference in group velocity between the control and
signal pulses within the SMF, and the length of the
SMF itself. The presence of a flat-top characteristic in
the probability-of-detection trace signifies that the Kerr
switch covers a longer time duration compared to the du-
ration of the signal pulse. This aspect ensures that the
detection efficiencies remain close to unity. However, it is
worth noting that this arrangement may introduce addi-
tional noise stemming from the control pulse within the
SMF, which can be considered as unnecessary noise for
the desired signal.

To obtain a comprehensive understanding of the sys-
tem, we calculate a probability-of-detection matrix based
on the probability-of-detection trace as a function of
pump delay. For all output ultrafast time-bin state of
the temporal circuit, a corresponding set of pump de-
lay values is determined. The probability-of-detection



4.5. IMPLEMENTING PROGRAMMABLE CIRCUITS 232

=983% FN=6 =983

Walgs)

97.9%

) s)

FIG. S11. Permutation gates for N = 6. Experimentally measured probability-of-detection matrices for the first 100
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matrix is then constructed by considering the ratio of
counts in each polarization at those specific pump de-
lays for each input state, as depicted in Figure S4. This
matrix provides valuable insights into the measurement
probabilities associated with different experimentally re-
alized unitary transformations.

B. Passive programming

In our temporal circuit architecture, parameters in the
network can be tuned optically by varying the polariza-
tion and the pulse energy of the control pulses. More-
over, for uniform mode parameters across a layer of the
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interferometric network, it is possible to program sec-
tions of the circuits using passive polarization optics, see
Fig. S5. As an example, we implement an 8-dimensional
permutation gate consisting of 3 optically programmed
mode couplers. A half-wave plate is then placed at the
input of the circuit and rotated to tune the coupling pa-
rameter 6 of each mode couplers in the first layer of the
circuit. By doing so, we continuously transition from
the 8-dimensional permutation gates UJ=8 to UJ=8, see
Fig. S6.

C. Permutation gates

We explore the programmability of our platform by re-
alizing an important set of transformations, namely per-
mutation gates. For lower dimensions, permutation gates
corresponds to well know transformations such as Pauli

gates, cyclic gates, and a wide range of controlled-gates.
Here, we perform an exhaustive experimental investiga-
tion of the implementation of permutation gates in di-
mensions ranging from N = 2 to N = 8. For a given
dimension, or number of modes, N, there exist N! cor-
responding permutation transformations. For lower di-
mensions, we have experimentally implemented and mea-
sured all permutation transformations, i.e. 2, 6, and 24
for dimensions N = 2, 3, and 4, respectively. However,
for larger dimensions, such as N = 8, where the total
number of permutation gates is larger than 40,000, we
limit ourselves to the first 186 permutation gates. For
dimensions N = 5, 6, and 7, we measured a total of 16,
100, and 28 permutation transformations, respectively.
This corresponds to having implemented a total of 362
permutation transformations. Experimentally measured
probability-of-detection matrices for N = 2,3,4,8 are
shown in Fig S7-S14.

233



4.5. IMPLEMENTING PROGRAMMABLE CIRCUITS

P8 =978%

)

N=8 _
FN==976%

FIG. S13. Permutation gates for N = 8. Experimentally measured probability-of-detection matrices for permutation gates
UY=® to UL~ in dimension N = 8. Corresponding experimental gate fidelities are shown for each transformation.
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FIG. S14. Permutation gates for N = 8. Experimentally measured probability-of-detection matrices for permutation gates
URS® to UNE® in dimension N = 8. Corresponding experimental gate fidelities are shown for each transformation.
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Chapter 5

Multiphoton quantum information

processing

Ultrafast time-bin encoding (UTBE) demonstrates the key ingredients for scalabil-
ity in quantum information processing, including high interferometric phase stability
for a large number of modes, programmability, and low loss. With these combined
capabilities, UTBE offers a promising pathway to scaling up photonic quantum infor-
mation processors. As we have seen, UTBE works well in the single-photon regime;
however, we must still confirm that it is capable of operation with multiple photons.
In fact, computational complexity grows exponentially with the number of photons
present in a quantum information processor. Multiphoton capabilities are thus often
regarded as what gives these devices an edge over classical computers. We first sum-
marize the requirements for scalable quantum information processing in Section 5.1.
Next, in Section 5.2, we consider multiphoton interference effects, focusing on the
hallmark Hong-Ou-Mandel interference which forms the basis for a large portion of
quantum information processing and communication schemes. This chapter con-
cludes with a demonstration of up to three-photon interference in a quantum walk
with UTBE, in Section 5.3.
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5.1 Requirements for scalable quantum information

processing

It is generally accepted that a quantum computer must meet the criteria set by Di-
Vincenzo in 2000 [69]. Our UTBE scheme is examined in the context of DiVincenzo’s

criteria in Table 5.1. In an ideal scenario, a quantum information processor would

DiVincenzo’s criteria for quantum computing

Well-defined state space of qubits: The state space defined by UTBE is
experimentally accessible with high accuracy. Furthermore, UTBE provides
access to robust, high-dimensional qudits. We must now work to create a
system with an arbitrarily high number of well-characterized qudits.

Ability to initialize the state of the qubits: Photons can be easily
initialized to a desired input state with UTBE using birefringent crystals
and wave plates. The challenge lies in creating multiphoton input states,
which rely on non-deterministic (low efficiency) processes.

Long relevant decoherence times: Photons naturally have long decoher-
ence times; yet, factors such as loss and instability can lead to dephasing.
UTBE provides low loss and high stability, but there is still room for im-
provement.

A universal set of quantum gates: Rather than implement qubit opera-
tions, UTBE uses qudits to achieve programmable unitary transformations,
which has seen success operating on single photons. Deterministic multi-
photon operations remain a challenge; however, measurement-based schemes
present a promising avenue.

A qubit-specific measurement capability: Projective measurements of a
UTBE quantum state can be performed with high efficiency through optical
Kerr gating, but this is still limited by fiber-coupling losses. Multiphoton
operation will require as low loss as possible.

Table 5.1: DiVincenzo’s criteria for quantum computing. A summary of the
criteria necessary for quantum computing, set by DiVincenzo in 2000 [69],
including an evaluation of how our ultrafast time-bin encoding (UTBE)
scheme fares against them.
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have zero loss, absolutely no decoherence, complete stability, and perfect fidelity of all
operations; however, in practice, systems will always have some loss and decoherence,
may not be perfectly stable, and operation fidelity will not be 100%. The goal is to
get as close as possible to these characteristics, such that error correction can be used
to compensate for any remaining imperfections.

We see in Table 5.1 that UTBE generally meets DiVincenzo’s criteria for quantum
computing; yet, the need for multiphoton operations is a recurring theme. A logical
next step for us is therefore moving into the multiphoton quantum information pro-
cessing regime. We extend the capabilities of UTBE to the multiphoton regime in
this chapter, where we have elected to showcase the quantum walk (QW) algorithm

operating on up to three photons!.

5.2 Multiphoton quantum interference

Wave interference is ubiquitous in the physical world. Although it is often as-
sociated with signal degradation, interference is also of considerable utility; e.g.,
in tuning musical instruments [175], optimized performance in concert halls [176],
and in reaching exquisite levels of measurement sensitivity, such as for measurement
of gravitational waves [177]. The “waves” of quantum mechanics can also interfere
mathematically in Hilbert space. Quantum interference is differentiated from classical
interference by its unusual scaling, making it a key ingredient for quantum computa-
tional speedup [178].

Having no classical analogue, multiphoton interference is fundamental to photonic
quantum information processing and provides a distinct advantage over classical com-
putation. In 1987, Hong, Ou, and Mandel published their seminal demonstration of
quantum interference between two photons (usually referred to as HOM interfer-
ence) |179], which has since formed the basis for many quantum photonic applica-
tions, including quantum communication [130] and quantum computation [76]. In
dual-rail photonic quantum computing, two-photon HOM interference is heavily re-

lied upon to perform the two-qubit gates necessary for universal computation [70]. In

Tt should be noted that we infer the presence of up to three photons using various coincidence
click patters at our detectors, described in more detail in [2068].
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measurement-based schemes, multiphoton interference in large multiport interferom-

eters is crucial [181].

5.2.1 Two-photon Hong-Ou-Mandel (HOM) interference

In order to better understand why multiphoton interference is so important for
quantum computation, we turn our attention towards two-photon Hong-Ou-Mandel
(HOM) interference?. The action of a beam splitter is at the heart of HOM interfer-
ence. Previously, we described the unitary action of a beam splitter in Section 4.1.1.
We use this formalism to describe how a beam splitter can be used to mix two input
modes, and demonstrate the outcome when these two input modes are indistinguish-
able photons. Although simple, we have seen previously that the beam splitter is an
essential building block of any LOQC system.

We follow our description of a beam splitter, as in Fig. 4.1 and Eq. 4.1. For the
HOM effect, we consider a 50:50 beam splitter, depicted in Fig. 5.1(a), where § = 7/4

and we take ¢ = 0. The beam splitter transformation can then be written as

(5.1)
B, B 3 (- b
in 7 V2 Aout — Oout | »
where we have written the transformation on the input creation operators, &iTn and

T

bT out*

mn?’

why this is a useful representation. In HOM, two photons are incident on the beam

in terms of the output creation operators, dlut and b ,. We will see momentarily

splitter, one at each input port. This can be written in terms of creation operators,

in the beam splitter input modes, acting on the multimode vacuum state, |0), as

‘w>in = &iTn,mI;;rn,n |0> ’ (52)

where, for now, we allow for each photon to be distinguished based on an additional

degree of freedom (i.e., polarization, timing, frequency, spatial mode, ...), labeled

2For further reading on the HOM effect, I recommend this review article [132].
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here by m and n. The beam splitter, ]§§, transforms this input state as

7 Bs, 1 > R -
aiTn,mbIn,n |0> — 5 9 < Zut,m + blut,m) (a:[)ut,n - blut,n) |0>

<aj)ut mdlut no out mbzr)ut n + bout m out no bj)ut m out n) |0> (53)

These four terms correspond to the four scenarios depicted in Fig 5.1(b). The hall-

(a) bout
BS
Ain / > Aoyt
bin

(b) 4 N

Figure 5.1: Two-photon interference at a beam splitter. A beam splitter is
depicted in (a), with input ports, aiy, and by, and output ports, Gout
and boy. The four possible ways in which the two photons can traverse
the beam splitter are shown in (b), corresponding to the four terms in
Eq. 5.3. Note that the degrees of freedom m and n are depicted in blue
and red, respectively, to better visualize the different paths each photon
can traverse.

mark HOM two-photon interference emerges when we consider indistinguishable pho-

tons at the two input ports (i.e., m = n), such that the output state is now

. BS 1 /. .
:F b;rn ‘O> — 5 < outaout M_FM blutd&ut) ’0>
| .
= 5 |i(a:[)ut> - < out> :| |O>

Sl

[12) a0 = 12)800] - (5.4)
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where we have removed the m = n subscripts for simplicity. We see an entirely new
interference effect—physically distinct from the interference of a single photon or be-
tween classical fields—that arises only in the quantum mechanical picture. This is an
important result; such two-photon HOM interference is a purely quantum mechanical
effect, and provides a means of controlling photons.

In placing detectors at each of the two output ports and performing a coincidence-
type measurement, as in the experimental configuration shown in Fig. 5.2(a), one can

expect to measure zero coincidence events. The characteristic HOM “dip”, as seen

(a) (b)
§ ] ATCorr
At _ St
. IT[ BS 2l
Z — '§ ]
Delay, At

Figure 5.2: A typical HOM experiment. The typical experimental configuration
to achieve HOM two-photon interference is depicted in (a), while its char-
acteristic “dip” is depicted in (b). Here, Atcg,, refers to the correlation
time of the incident photons, and is related to their bandwidth, Aw,
through: A7ce, = 1/Aw. For perfectly indistinguishable photons, the
visibility of the HOM dip will be 100%.

in Fig, 5.2(b), can be observed by adding a delay line to one of the input ports,
and scanning the delay of one input photon relative to the other. Only when the
two photons overlap in time will they interfere destructively. The visibility of this
interference is related to the mode overlap between the two photons, calculated as
V _ Cmax - C'min (5 5)
Cmax ’ .
where Cl .« is the maximum coincidence rate, and C),;, is the minimum coincidence

rate as measured at A7. It should be noted that this destructive and constructive
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interference can be adjusted by tailoring the beam splitter operator or the symmetry
of the two-photon input state, making this a critical tool in the photonic quantum

computing toolbox.

5.2.2 Multiphoton interference

Thus far, we have considered only two-photon HOM interference at a beam split-
ter; however, interference of photons need not be limited to this simple, yet powerful,
case. Indeed, it is possible to extend the capabilities of interference by introducing
more photons within more complicated multiport interferometers. As evidenced by
boson sampling demonstrations, the complexity of such a scheme quickly extends
beyond the simulation capabilities of classical computers, providing a promising can-
didate for the demonstration of quantum advantage |18, 19].

The increased complexity offered by multiphoton interference in multiport inter-
ferometers opens the door to many other new effects, including in quantum telepor-
tation schemes [183], generating multipartite entanglement [181], and most relevant
to this thesis, in QWs. In sending just two photons into a multiport interferometer,
their propagation can be described by a complex bipartite QW, which gives rise to
interesting correlation patterns [138, ]. Such capabilities are expected to be cru-
cial in quantum simulation using QWs [180, |. Given the necessity of multiphoton
operation for photonic quantum information processing, it is crucial that our UTBE

scheme is capable of operation in the multiphoton regime.
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5.3 Implementing multiphoton capabilities

This section is based on the following preprint:

K. L. Fenwick, J. Baker, G. S. Thekkadath, A. Z. Goldberg, K. Heshami, P. J.
Bustard, D. England, F. Bouchard, and B. Sussman. “Multiphoton interference in a
single-spatial-mode quantum walk”, arXiv preprint arXiv:2409.11483 (2024).

DOI: https://doi.org/10.48550/arXiv.2409.11483

Multiphoton interference is crucial to many photonic quantum technologies, in-
cluding especially quantum information processing. It is therefore important that our
UTBE scheme is capable of operating in the multiphoton regime, as we demonstrate
here. We elect to operate our UTBE scheme in a passive configuration, demonstrating
a multiphoton QW algorithm that consists only of birefringent crystals (i.e., no active
Kerr gates are included within the interferometer). Although this limits programma-
bility, the focus of this demonstration is on successful multiphoton interference, for
which the QW provides an excellent testbed.

Here, we extend our QW from Section 4.4 to the multiphoton regime. We operate
the QW up to 11 steps, providing access to as many as 12 ultrafast time bins (a
total of 24 modes). The key difference here lies in the input state to the QW, which
now consists of an attenuated coherent state and one photon from a pair source.
We observe a HOM visibility of up to 70% between the attenuated coherent state
and heralded single photon at the first step of the QW. This, in itself, is rather
interesting—we overcome the classical limit of 50% HOM visibility, and thus observe
quantum interference between two photons which are generated from two independent
processes. One might still be inclined to ask why we do not opt for two photon pair
sources for this demonstration. Although a higher HOM visibility can be expected
from two heralded photons at the input to the QW, our choice of input states provides
more flexibility in observing various combinations of different input states.

Originally, we set out to demonstrate a two-photon QW, but found that we were
also capable of observing some coincidence patterns consistent with three-photon
propagation within the QW. As such, we measure different one-, two-, and three-

fold coincidence patterns at the output of the QW to infer the propagation of one,
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two, and three photons through the multiport interferometer. In order to measure
these coincidence patterns, we require two Kerr gates at the output of the QW for
time-demultiplexing. It should be noted that we measure the QW output in a single
polarization basis. Both output polarizations could be observed with the addition
of a second line of two Kerr gates, in parallel. Alternatively, the QW output distri-
bution could be measured in the superposition basis of its two output polarizations.
Furthermore, with two Kerr gates in our detection scheme, we can measure only a
subset of three-fold coincidence patterns. With a third Kerr gate, the full three-fold
coincidence pattern could be measured. Nevertheless, we still observe intriguing re-
sults. In the various one-, two-, and three-fold coincidence measurements, we can
analyze the output probability distributions when a photon from the pair source is
both heralded (i.e., arising from a quantum two-mode squeezed vacuum state) and
unheralded (i.e., arising from a classical thermal state). Notably, we observe stronger
clustering of probability outcomes when heralded—a signature of bosonic quantum
interference, which can only arise from nonclassical input states.

Our experimental results are verified with a simulation performed using the open-
source quantum optics simulation package, Strawberry Fields, from Xanadu |[138,

|. Our simulation propagates a two-mode squeezed vacuum (TMSV) state and an
attenuated coherent state through a circuit which corresponds to our QW. In addition
to verifying our results, our simulation provides us with another means of investigating
nonclassicality in our demonstration. By replacing the TMSV state with its closest
classical approximation, namely the two-mode squeezed thermal (TMST) state, we
can demonstrate that the quantum model outperforms the classical model [190]. We
find significantly better agreement between the experimental data and model when
the simulation includes the quantum TMSV state rather than a TMST state.

Despite its limitations, this demonstration is an important step in outlining the
promise of UTBE for photonic quantum information processing. Our scheme ex-
hibits the same desirable low loss, high fidelity, and stable operation as seen in the
previous chapter—only now, extended to the multiphoton regime. The low event de-
tection rates arising from the use of probabilistic single-photon sources still remains an
obstacle; however, with improvements in source technology (or perhaps with photon-
number-resolving detectors), our UTBE scheme is anticipated to provide a promising

pathway towards scalable photonic quantum information processing.
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Multiphoton interference is crucial to many photonic quantum technologies. In particular, interfer-
ence forms the basis of optical quantum information processing platforms and can lead to significant
computational advantages. It is therefore interesting to study the interference arising from various
states of light in large interferometric networks. Here, we implement a quantum walk in a highly
stable, low-loss, multiport interferometer with up to 12 ultrafast time bins. This time-bin interfer-
ometer comprises a sequence of birefringent crystals which produce pulses separated by 4.3 ps, all
along a single optical axis. Ultrafast Kerr gating in an optical fiber is employed to time-demultiplex
the output from the quantum walk. We measure one-, two-, and three-photon interference arising
from various input state combinations, including a heralded single-photon state, a thermal state,
and an attenuated coherent state at one or more input ports. Our results demonstrate that ultrafast
time bins are a promising platform to observe large-scale multiphoton interference.

INTRODUCTION

Wave interference is ubiquitous in the physical world.
While often associated with signal degradation, interfer-
ence is also of considerable utility. For example, con-
trolled interference of acoustic waves is critical for instru-
ment tuning [1] and optimized performance in concert
halls [2], while metrology frequently relies on interfer-
ometry and can reach exquisite levels of sensitivity, e.g.,
in measuring gravitational waves [3]. By contrast, the
“waves” of quantum mechanics interfere mathematically
in Hilbert space. Quantum interference arises from the
fact that quantum systems can remain in a superposition
of many possible states, only until measurement. The
unusual scaling of quantum interference differentiates it
from classical interference, making it=esa key ingredient
for quantum computational speedup [4] and the distribu-
tion of quantum walks, as demonstrated here.

Quantum interference can be exploited in many plat-
forms, including trapped atoms [5] or ions [6] [7], nuclear
magnetic resonance [8], and superconducting qubits [9];
however, photonic platforms are naturally suited to this
task, offering advantages such as the ability to operate
at room temperature and exceptional resilience to deco-
herence [10H12]. Amplitude-splitting interferometers [13]
remain the tool nonpareil for the generation and manip-
ulation of optical interference. They rely on the action
of a beam splitter, and are also well-suited to measure
quantum interference: when two indistinguishable single
photons are each incident at one of the two input ports of
a beam splitter, the hallmark “Hong-Ou-Mandel” inter-
ference dip can be observed in coincident detection at the
output [14}[15]. This effect is the foundation of logic gates
in linear optical quantum computing (LOQC) [16]. Large
scale implementations of LOQC will require the propaga-
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tion of multiphoton input states in reconfigurable inter-
ferometric networks [17]. In this context, experimental
investigations of quantum interference in large interfero-
metric networks become increasingly relevant and valu-
able.

The quantum walk (QW) [18 [19], the quantum me-
chanical analog of the random walk, provides an ex-
cellent platform for generating, manipulating, and ob-
serving quantum interference. Here, we use a photonic
QW to manipulate and observe multiphoton interference
for a variety of input states. Photonic QWs have been
demonstrated experimentally, with interference in both
the path and time degrees of freedom, in many different
platforms, including bulk optics [20H33], fiber loops [34l-
[41], fiber cavities [42], integrated photonics [43H48], and
measurement-based approaches [49]. Nevertheless, cer-
tain limitations must be taken into account when select-
ing a platform to study multiphoton interference in a
QW. The overall phase stability of the multi-mode inter-
ferometer must be high, the loss per step will necessarily
be low, and each individual layer of the interferometric
network should be readily programmable.

One promising QW platform [52] which addresses these
concerns uses ultrafast time-bin encoding (UTBE) [32]
[53H55], where the beam splitter action occurs in the
time domain, on ultrafast timescales. Sub-picosecond-
duration photons enter and exit the time-domain beam
splitter in time-bin modes, separated by several picosec-
onds. These time bins can be achieved, manipulated,
and detected using birefringent crystals and ultrashort
pulses [56H58]; this enables operation in a single spatial
mode, which offers high phase stability in transmission
and compatibility with single-mode fibers. Direct mea-
surement of the multi-mode time-bin signal at these time
scales is not yet possible with fast photodetection and
electronics; however, demultiplexing is possible with ul-
trafast optical Kerr gating [59].

In this work, we implement a QW in a single spa-
tial mode, using UTBE, to investigate one-, two-, and
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FIG. 1. Simplified experimental setup. Photons from (a) an attenuated coherent state and (b) a heralded single-photon
source enter (c) the QW in modes |V,t1) and |H,t1), respectively. The analogous planar circuit for (c) is shown in the centre
background. Shown in inset (a), the attenuated coherent state is achieved through supercontinuum generation (SCG) in a
10 cm photonic crystal fiber (PCF), which is spectrally filtered and attenuated to the single-photon level with neutral density
(ND) filtering. Inset (b) depicts the heralded single-photon source, where photon pairs are generated through spontaneous
four-wave mixing (SFWM) in 2.5cm of polarization-maintaining fiber (PMF) [50, 51]. The idler photon (A\; = 954nm) is
measured by the first avalanche photodiode (APD 1) and heralds the arrival of the signal photon (As = 682nm) at the output
of the QW. Photons from these two sources traverse the N-layer QW (N = 1...11), where each layer consists of a birefringent
a-BBO crystal, as seen in inset (c), with three rotational degrees of freedom. The multi-mode probability distribution across
the possible horizontally polarized output states, |H, ¢, '), is demultiplexed via optical Kerr gating, as shown in inset (d). In
each optical Kerr gate, a strong pump pulse induces polarization rotation only where it overlaps in time with the QW output
signal. Scanning the pump delay, Am; and ATs, allows for readout of the entire horizontally polarized QW output state. Various
coincidence patterns, measured by APDs 1-4 and processed using a time-to-digital converter, are analyzed to extract one-, two-,
and three-photon interference. For example, detecting coincidences between APD 1, 2 and 4 (for a single interferometric layer,
N =1, and when both Kerr gates are turned off) allows us to measure the Hong-Ou-Mandel (HOM) two-photon interference
between the two different input states, as seen in inset (e), where coincidence counts are normalized. We observe up to 70%
HOM interference visibility between the two independent sources. DM: dichroic mirror, PBS: polarizing beam splitter, HWP:
half-waveplate, QWP: quarter-waveplate, SMF: single mode fiber. See Fig. S1 in the Supplementary Materials for further
experimental details.

three-photon interference. Optical Kerr gating, with ef-
ficiency > 97%, is used to demultiplex the time-bin en-
coded probability distribution at the output of the QW.
After demultiplexing, various click patterns at the detec-
tors are recorded, allowing for the measurement of one-,
two-, and three-photon probability distributions. Exper-
imental measurements are compared to a simulation [60]
of the QW, which uses the open source quantum optics
simulation package, Strawberry Fields [61] [62]. Results
demonstrate the versatility of the QW for generating,
manipulating, and observing interference in a large in-
terferometric network—a crucial capability in the context
of photonic quantum information processing. Moreover,
this experimental demonstration of multiphoton interfer-
ence in a QW is consistent with requirements for quan-
tum state generation [63], quantum state detection [64],
and quantum simulation [65].

EXPERIMENTAL IMPLEMENTATION

The interferometric network, depicted in Fig. is
based on a QW scheme consisting of layers of beam split-

ters. In general, a QW involves some quantum particle
(or particles) with two degrees of freedom, represented by
a tensor product of two Hilbert spaces. One Hilbert space
is used to describe the walker, while the other is used to
describe a coin. At each beam splitter layer, the parti-
cle(s) will have some probability of exiting in each of the
possible output walker states, depending on how the coin
portion of its state is prepared. Here, the quantum parti-
cles traversing the QW are photons from either an atten-
uated ultrafast laser pulse, depicted in Fig. a)7 or from
a heralded single-photon source, depicted in Fig. b).
Ultrafast time bins form the basis states of the walker,
[tm) € {|t1), |t2), |ts), ...}, while the polarization state of
each photon defines its coin, with basis states |H) and
|V}, corresponding to horizontal and vertical polariza-
tion, respectively. The state of each photon is given by a
tensor product of basis states from each of the walker and
coin Hilbert spaces such that there are no initial correla-
tions or entanglement between the degrees of freedom.

Here, each beam splitter layer of the interferometric
network corresponds to a single step of the photonic QW.
The n** step in the QW is described by the unitary step
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operator,
Uy = 8- Con. (1)

The shift operator, S’n, raises or maintains the time-bin
state of the photon, depending on its polarization state,
and is given by

Sn = Z [H) (H| ® [t) (tm] + V) (V] ® [tmt1) (tm] - (2)
The coin operator is given by

A Qn 7 . Qn
C, = Z (cos? |H) (H|+e Wsm? |H) (V| +

m

2 QT’, Q7l
s V) (] cos P (V) V]) @ 0) (] (3

where the parameters, 2, and +,, can be adjusted to
tune the probability amplitude and phase, respectively,
of the nt" step in the QW.

In this work, the unitary step operator in Eq. [l is
achieved using a single birefringent a-barium borate (a-
BBO) crystal. With the proper anti-reflection coating,
the loss through each crystal is < —0.045dB. The tem-
poral separation between ultrafast time bins is set by the
thickness of the a-BBO crystals; here, a crystal thickness
of 10 mm provides a temporal separation of ~4.3 ps at the
signal wavelength. Each a-BBO crystal can be rotated
along three axes, providing individual programmability
of each layer in the QW. Rotating the n*® a-BBO crys-
tal about the optical axis sets €2, while adjusting its tip
and tilt sets .

Shown in Fig. c)7 the QW comprises a sequence of N
birefringent a-BBO crystals, each performing one step of
the walk, U,,. The N-step QW can then be described by
the unitary operator,

N
% =[] Un (4)
n=1

which acts on an initial probability amplitude vector.
When more than one photon is input to the walk, it
becomes easier to consider the QW evolution using the
second quantization formalism. Here, we can count the
number of photons in the i*" mode, which is defined by a
specific polarization (H or V) and time bin (¢,,). In this
picture, % still provides all the information required to
predict multiphoton evolution, but it now acts on each
specific mode. For example, the case of a separable mul-
tiphoton input state with a total of K photons can be
written as

Tl ATk
Wﬁn)zﬂm(ai) L|0>’ (5)

where |0) is the vacuum state, (&I) is the creation opera-
tor for a photon in mode %, and the total number of pho-
tons satisfies K = Zf\il k;. The QW acts on the multi-

mode creation operator such that it maps dz U &I@Z i,
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The total evolution of the N-step walk is then given by

M
1 . .
voudy =TT (@ al@ ™ o). (©)
i=1 v

Multiphoton interference will influence the measured
probability distribution for a given output state, |¢(()],;/t)>
Since the time bins defining the position of each walker
occur on ultrafast timescales, ultrafast optical gating is
necessary for output signal demultiplexing. QWs based
on UTBE have been demonstrated with upconversion
schemes for detection [32] [53]; however, upconversion ef-
ficiency is often very low. Instead, we implement all-
optical Kerr gating [59] [66], depicted in Fig. d)7 for
measurement. Kerr gating relies on a third-order (x®))
optical nonlinearity, by which a strong pulse of light is
used to generate an intensity dependent refractive index
modulation in the medium through which it propagates.
This induces a birefringence, localized to the timing of
the strong pulse, which can be used to rotate the po-
larization of a secondary optical signal, when the two
are overlapped in the Kerr medium. Here, we use short
(10cm) pieces of single-mode fiber (SMF) as the Kerr
medium. Each Kerr gate is operated with a high effi-
ciency of > 97%, which is crucial for observing multi-
photon interference.

An ideal measurement would simultaneously detect the
photon number content of each time bin at the output
of the multiphoton QW [67]; however, this is not pos-
sible with available technologies. Instead, we are able
to extract information by gating out time bins individ-
ually (e.g., a one-fold measurement of time bin t,,, at
APD 3) and pair-wise (e.g., a two-fold measurement of
time bins ¢,,, and t,,, at APDs 3 and 4) with two Kerr
gates. Time-resolved detection events in the gated time
bins can also be measured in coincidence with detection
events in the remaining time bins (e.g., a three-fold mea-
surement of time bins ty,,, tm,, and [tm,,], at APDs 3,
4, and 2, where [t,,] refers to all remaining time bins,
[tms] = {tm | m # miAm # ma}). We compare our mea-
sured detection probability patterns for heralded (condi-
tional on an event at APD 1) and unheralded one, two,
and three-fold events with those simulated using Straw-
berry Fields software.

RESULTS

In order to observe the effect of multiphoton quantum
interference in the QW, we use two distinct categories of
input state to the network. The signal mode from the
two-mode squeezed vacuum (TMSV) source (Fig. [I{b))
is input to the |H,t¢;) bin for all measurements. This
acts as a nonclassical source of heralded single photons
when APD 1 detects an idler photon. In the unher-
alded case, when all laser shots are included, the input
is a single-mode thermal state, with mean photon num-
ber pe =~ 0.026. Either of these two input states is in-
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FIG. 2. One-fold measurements. Unheralded and her-
alded one-fold measurements presented in the top and bot-
tom rows, respectively. The step-by-step QW output evolu-
tion (for puo = 0.1) is plotted in the first column, (a) and
(b), with the corresponding 11-step probability distribution
shown in the middle column, (c) and (d). Experimental data
is compared with a simulation through a similarity calcula-
tion, plotted in the last column, (e) and (f), for the three
different values of piq.

put to the QW along with an attenuated coherent state
(ACS), with mean photon number u,, always input to
|V,t1). We measure the output QW probability distri-
bution across the possible horizontally polarized output
time bins and examine one-, two-, and three-fold coinci-
dences for both the heralded (single photon input) and
unheralded (thermal state input) cases. See Table S1 in
the Supplementary Materials for details on the various
coincidence patterns considered. Data is collected for
three different values of p, in order to observe its effects.

Quantum interference requires that the photons in
the walk are indistinguishable (i.e., ideally, with perfect
mode overlap). We quantify this by measuring Hong-
Ou-Mandel (HOM) interference between the ACS and
the heralded single photon, for a single QW layer. For a
given squeezing parameter of the heralded single-photon
source, the HOM visibility will also depend on the mean
photon number of the ACS [68,[69]. We measure a maxi-
mum HOM visibility of 70%, which is used as an estimate
for the mode overlap between the two input sources in
the Strawberry Fields simulations.

We first consider the heralded and unheralded one-fold
measurements of the QW output, as shown in Fig.
Here, only one Kerr gate and APD 4 is required to make
the measurement. The unheralded and heralded distribu-
tions are shown in Figs. a) and (b), respectively. The
QW output after 11 steps is plotted in Figs. c) and
(d), next to the corresponding step-by-step QW evolu-
tion from (a) and (b), respectively. Here, experimental
data is plotted next to the Strawberry Fields simula-
tion [60], for the corresponding photonic circuit. Each
step-by-step QW output probability distribution is mea-
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sured for three values of u,, and a similarity calcula-
tion between experiment and simulation is made using
the Bhattacharyya coefficient. Similarity calculations are
presented in Figs. 2|c) and (d), and correspond to the
data presented in (a) and (b), respectively. In all data
presented, the similarity remains above 95%. The qual-
itative difference between the heralded and unheralded
distributions is determined by the relative brightness of
the light at the two input ports [52]. For the unheralded
case, the output distribution is dominated by the ACS
V-polarized input (pq > fi¢); for the heralded case, the
output distribution is dominated by the H-polarized sin-
gle photon input (p, < 1).

Next, heralded and unheralded two-fold measurements
are presented in Fig. [3] Here, two Kerr gates and APDs
3 and 4 are required to measure the complete probabil-
ity distribution. The unheralded and heralded two-fold
measurements are presented in the top and bottom rows,
respectively. Measurements are taken for u, = 0.1, 0.24,
and 0.95. Each experimental dataset is compared with
the simulation, through a similarity calculation, as shown
in the respective insets in Fig. This simulation prop-
agates an ACS and the signal mode of a TMSV state
through N steps of the QW unitary in Eq. [I] Details on
the simulation are provided in the Supplementary Mate-
rials (see Fig. S5).

We see that the probability distributions in Figs. d)—
(f), for which the two-fold measurements are her-
alded, show stronger clustering than the distributions
in Figs. Bla)-(c), for which the two-fold measurements
are not heralded. For example, the largest probabili-
ties measured in (d), (e), and (f) are 3.0, 2.4, and 1.9
times larger than the largest probabilities measured in
(a), (b), and (c), respectively. The probability distribu-
tions in (d)—(f) also show detection outcomes which are
more suppressed overall. Both of these effects are sig-
natures of bosonic quantum interference, caused by non-
classical input states. Another way to investigate this
nonclassicality is by testing the accuracy of an optimized
classical model. This model simulates the experiment us-
ing a two-mode squeezed thermal (TMST) source, also
referred to as a “squashed state”, rather than the TMSV
source. For low enough squeezing, the TMST source pro-
vides the closest classical approximation to a photon pair
source after loss [70]. We find significantly better sim-
ilarities when experimental data is compared with the
quantum simulation using a TMSV source, rather than
a TMST source. See Fig. S6 in the Supplementary Ma-
terials for details on this comparison.

Finally, we present heralded and unheralded three-fold
measurements in Fig. Due to the fact that only two
Kerr gates are implemented in this work, we are limited
to measurements where one detector measures an event in
time bin ¢,,,, another detector measures an event in time
bin ¢,,,, and the remaining detector measures an event in
time bin [t,,], where [tn,] = {tm | m # mi Am # mo}.
This approach is possible only because the Kerr gates are
operated with such high efficiency, ensuring that photons
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FIG. 3. Two-fold measurements. Unheralded and heralded measurements of the QW output distributions from the 11-
step QW are shown in the top, (a)-(c), and bottom, (d)-(f), rows, respectively. Data is collected for po =0.1 (first column),

0.24 (second column), and 0.95 (third column).
corresponding simulation are shown in the respective insets.

in time bins ¢,,, and t¢,,, have a very low probability of
arriving at the detector which measures [t,,,]. See Fig.
S7 for a depiction of this experimental configuration. We
note here that with a third Kerr gate, the full three-fold
probability distribution could be measured directly. Nev-
ertheless, we present a subset of the unheralded and her-
alded three-fold measurements at the output of a 9-step
QW in Fig. [f{a) and (b), respectively. The similarities
between experiment and simulation are 95% and 89% for
the unheralded and heralded three-fold measurements,
respectively. We note that all measurements in Fig.
correspond to a value of p, = 0.95, which provides the
highest coincidence rates. A similarity calculation for the
step-by-step evolution of the three-fold measurements is
provided in Fig. S8.

DISCUSSION AND OUTLOOK

The QW model, which is essentially a large, multi-
mode interferometric network, provides a convenient
testbed for interference-based quantum platforms (e.g.,
Gaussian boson sampling [71]), for example in quantum
information processing and quantum metrology. By im-
plementing a QW here, we are able to demonstrate the
potential of UTBE for the generation, manipulation, and
measurement of multi-mode interference between up to
three photons in a single spatial mode. This is a key step
towards scalable quantum information processing plat-
forms, which require high-dimensional multi-mode inter-
ference of many photons in order to push beyond the
current limitations of classical computation, entering the

The step-by-step similarities between each experimental dataset and its

realm of “useful” quantum computation.

In practice, many-photon operation still poses a large
challenge. One of the main limitations for multi-photon
operation in many-mode interferometric networks is that
the loss scales with the circuit depth. As such, achieving
low loss per circuit depth, as demonstrated here, is cru-
cial to scale these photonic circuits to the multi-photon
regime. Single-photon sources pose another limitation
to the scalability of photonic quantum information pro-
cessing schemes. Deterministic sources, such as quan-
tum dots [72] or defect centers [73] are promising for on-
demand single photons with high rates; however, achiev-
ing high interference visibility is still difficult. Probabilis-
tic sources, generated through nonlinear processes such
as the SFWM source in this work or spontaneous para-
metric downconversion [14] can be used to achieve high
interference visibility, but due to their probabilistic na-
ture pose constraints on count rates; however, with pho-
ton number resolving detectors, probabilistic sources can
be operated at higher rates, making them a promising av-
enue for photonic quantum information processing [74].
This would be compatible with continuous-variable (CV)
quantum information processing schemes, which consist
of deterministic sources of squeezed light [75] [76].

Not only useful for information processing, quantum
interference holds implications for metrology where the
large interferometric network presented here could be ex-
tended for parameter estimation [77H79]. Most propos-
als of parameter estimation with QWs consider the case
where the parameters of the walk itself are being esti-
mated. This is useful in the context of implementing
QWs with low experimental error; parameter estimation
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FIG. 4. Partial three-fold measurements. Output dis-
tributions from a 9-step QW are shown when three-fold mea-
surements are (a) unheralded and (b) heralded. Data is shown
for po = 0.95. Experimental data is compared to simulation,
with similarities of (a) 95% and (b) 89%, respectively.
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1. EXPERIMENTAL DETAILS

The full experimental setup for the multiphoton quan-
tum walk (QW) is shown in Fig. S1. The output
pulses (80 MHz repetition rate, central wavelength: A, =
795nm, bandwidth: AX = 11.4nm) from the titanium
sapphire (Ti:Sapph) laser are first sent through an optical
isolator to avoid unwanted backreflected light re-entering
the laser cavity. After the optical isolator, a prism com-
pressor provides dispersion compensation, which is nec-
essary for stable operation of supercontinuum generation
(SCG) in the photonic crystal fiber (PCF). The pulses
are then split into two paths by a HWP and a polarizing
beam splitter (PBS), which provide control over the pulse
energy for both QW input state generation and optical
Kerr gating.

A. Input state generation

Pump pulses from the Ti:Sapph are further split into
two paths by a HWP and PBS for the pumping of two
independent photon sources which will provide the in-
put state to the QW. Spontaneous four-wave mixing
(SFWM) in polarization-maintaining fiber (PMF) is used
to generate heralded single photons, while SCG in PCF
is attenuated to the single-photon level to provide an at-
tenuated coherent state. Photons from the attenuated
coherent state and heralded single-photon source are re-
combined on a PBS and then spectrally filtered to a band-
width of ~3nm before entering the QW.

Heralded single-photon source

SFWM in a 2.5cm PMF produces photon pairs where
the central wavelengths of the herald and signal photons
are \; = 954nm and Ay = 682nm, respectively. The
idler photon is detected at the first avalanche photodiode
(APD 1), which heralds the detection of the signal photon
after traversing the QW. The pulses pumping the SEWM
process are spectrally filtered to a bandwidth of about
4nm, so as to achieve a joint spectral intensity (JSI) [1]
as round as possible, and have energy ~1.25nJ.

Attenuated coherent state generation

SCG in a 12 cm PCF generates signal pulses [2]. When
pumped with pulses from the Ti:Sapph laser, the PCF
(NKT Photonics, FemtoWHITE CARS) generates a dual
peak spectrum which is tunable with input pulse energy.
As the pump pulse energy is increased, the two SCG
peaks shift further away from the central wavelength of
the pump. In the sub-nJ pump pulse energy regime, SCG
in the PCF provides access to a signal wavelength range
of 600 to 1100 nm. Pump pulses with energy ~0.18nJ
generate a spectrum with one of the dual peaks centered
at 682nm. Neutral density (ND) filters are then used to
attenuate the signal pulses to single-photon-level, after
which a HWP is used for continuous tuning of the mean
photon number of the coherent state, ji4, prior to its re-
combination with the heralded single photon at the PBS.
The single-photon-level pulses are sent through an opti-
cal delay line, Atgonm, which allows for measurement of
Hong-Ou-Mandel (HOM) two-photon interference [3] be-
tween the attenuated coherent state and heralded single-
photon source. After a HOM interference measurement
is made, ATgom can be set at the optimal position to
maximize quantum interference between the two sources
within the QW.

B. Quantum walk (QW)

Photons from the heralded single-photon source en-
ter the quantum walk in the |H,¢;) mode, while pho-
tons from the attenuated coherent state enter the
walk in the |V,¢;) mode. Photons which traverse
the QW will exit in one of the 24 output modes,
[Voth) | H, th) ooy [Viths) y | H, the). We elect to measure
only the H-polarized output modes for simplicity, which
is done by sending the QW output signal through a
nanoparticle linear film polarizer (N-LFP). The horizon-
tally polarized (H-polarized) QW output is then sent into
the two Kerr gates for demultiplexing and measurement.

C. Demultiplexing via optical Kerr gating

The QW output signal is a train of time bins, sepa-
rated by about 4.3 ps, each of which has a horizontally-
polarized and vertically-polarized component. Demulti-
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FIG. S1. Detailed experimental setup of the multiphoton QW. Ti:Sapph: titanium sapphire; SFWM: spontaneous
four-wave mixing; PMF: polarization-maintaining fiber; SCG: supercontinuum generation; PCF: photonic crystal fiber; Araom:
optical delay for Hong-Ou-Mandel measurement and interference optimization; QW: quantum walk; A7y: optical delay of pump
pulse 1; A7s: optical delay of pump pulse 2; SMF: single-mode fiber; PBS: polarizing beam splitter, N-LFP: nanoparticle linear
film polarizer; HWP: half-waveplate, QWP: quarter-waveplate, DM: dichroic mirror; SF: spectral filter; a-BBO: a-barium

borate crystal; PD: photodiode; APD: avalanche photodiode.

plexing in the time domain is required so that specific
time bins can be selected out from the train of time bins
for measurement. This is achieved via optical Kerr gat-
ing, with > 97% internal efficiency in Kerr gates 1 and
2, in short 10 cm pieces of SMF (Thorlabs, 780-HP). We
note here that although the signal wavelength is below
the single-mode cutoff for this particular type of SMF, we
are still able to operate with both the pump and signal
in the single-mode regime, due to the fact that the short
SMF is not bent.

The internal efficiency of each Kerr gate, 7, is given

by [4]

where 6 is the angle between the signal and pump polar-
ization, and A¢(T') is the induced nonlinear birefringence
in the SMF due to the presence of the pump pulse. Gat-
ing efficiency is maximized when § = 7/4 and A¢ = 7.
The nonlinear phase shift is given by [5]

Ad(T)
2

n(T) = sin®(20)sin? ( (1)

8mns

L
/ I,(T — dyz)dz,

aor) =5 |

(2)
where no is the nonlinear refractive index of the SMF,
s is the signal wavelength, and z is the propagation dis-
tance within the SMF of length L. The pump and sig-
nal will experience temporal walkoff in each Kerr gate,
duw = vy, — vy, where vy, and vy, are the group ve-
locities of the pump and signal pulses, respectively. The
intensity profile of the pump, I, is expressed in a frame
that moves with the signal [6], T =t — z/v,,, where t is
the time in the laboratory frame.

The output signal from the QW is recombined with
pump pulses 1 and 2 from the Ti:Sapph on dichroic mir-
rors (DMs) for demultiplexing in Kerr gates 1 and 2,
respectively. Prior to the DMs, the pump pulses 1 and
2 are each prepared as followed. First, the pump pulses
enter a Michelson interferometer in which one arm has
variable delay, A1y, to control the relative delay between
pump pulses 1 and 2. The absolute delay of both pump
pulses, relative to the QW output signal, is controlled
by the delay, A7y. Scanning A7y and A7y allows for de-
multiplexing of the ultrafast time-bin output signal from
the QW. The energy of both pump pulses is first tuned,
using a HWP and PBS combination, to maximize the
gating efficiency. A PBS, QWP, and HWP are then used
to prepare the polarization of each pump pulse (45° rel-
ative to the signal polarization at the 10 cm single-mode
fiber (SMF) input) in order to maximize gate efficiency.
The QW output signal is coupled to the SMF in Kerr
gates 1 and 2 with efficiencies of 75% and 85%, respec-
tively, while pump pulses 1 and 2 are coupled to Kerr
gates 1 and 2 with efficiencies of 80% and 70%, respec-
tively. The signal coupling efficiency to the second Kerr
gate is accounted for in measurements by dividing the
total events measured after this Kerr gate by 0.85.

After each Kerr gate, a QWP and HWP compensate
for any intrinsic polarization rotation or birefringence
within the 10cm SMF. A PBS then splits the gated and
non-gated QW signal, where the gated signal is sent to
an APD for detection. Prior to each APD, spectral fil-
ters attenuate the pump and any noise generated by the
pump within the 10cm SMF. The non-gated signal is
also sent to an APD for detection. All APDs are con-
nected to a time-to-digital converter (TimeTagger Ultra,
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Swabian Instruments) for one-, two-, and three-fold mea-
surements. Section 4 discusses the different Kerr gate
demultiplexing configurations required for measurement.
The transmission efficiency of photons through the full
experimental system, from the QW input through to de-
tection, is ~ 8%.

2. CHARACTERIZATION OF THE HERALDED
SINGLE-PHOTON SOURCE

We first characterize the heralded single-photon
source, before it is propagated through the QW. To do so,
we use a flip mirror (after the DM used to split the sig-
nal (s) and idler (¢) photons, not depicted in Fig. S1) to
couple the signal photons directly to a 50:50 fiber beam
splitter which then directs the two signal photon paths
to two APDs (s; and s3). Shown in Fig. S2(a), the sec-
ond order auto-correlation between the two signal pho-
ton paths conditioned on the arrival of an idler photon,

gf?szli(O), clearly demonstrates the nonclassicality of the
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FIG. S2. Second order auto-correlation function of
heralded single-photon source. The second order auto-
correlation of the signal photons from the heralded single-
photon source (a) conditioned on the detection of an idler
photon and (b) not conditioned on the detection of an idler
photon, as a function of increasing pulse energy used to pump
the SFWM process is shown. Note that we pump the source
with ~1.25nJ pulses for all measurements.
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FIG. S3. Coincidence rate between signal and idler
photons. The delay-dependent rate of coincidences between
the signal and idler photons, Cs ;(7), from the photon pair
source is shown for pump pulses with energy ~ 1.25nJ. The
coincidence-to-accidental (CAR) ratio extracted from this
measurement is ~35.

photon pairs produced through SFWM (gEf?‘,z(o) < 1).
For an ideal two-mode squeezed state, the unconditional
auto-correlation between the two signal photon paths,
géf?,;z(()) = 2, which is seen in Fig. S2(b).

When the signal photons are propagated thorough the
full experimental setup, we measure a total of ~ 12,000
heralded photons per second when the pulses pumping
the SFWM process have ~ 1.25nJ pulse energy. Under
these conditions, we measure the delay-dependent coinci-
dence rate between the signal and idler photons, C, ;(7),
as shown in Fig. S3. From this measurement, we can
extract a coincidence-to-accidentals ratio of ~ 35 for the
operating pump pulse energy of ~ 1.25nJ.

We opt for narrow spectral filtering of the signal pho-
tons so as to ensure good spectral overlap between the
heralded photons and attenuated coherent state. This
allows us to achieve high HOM visibility, but limits our
heralding efficiency to about 7%. We expect that any
limitations to the mode overlap between the two sources
most likely arises due to temporal mode overlap, since
photons from the two sources are generated through en-
tirely different processes and also propagate through dif-
ferent lengths of various material. Nevertheless, we are
able to achieve HOM visibility as high as 70%, as demon-
strated in the following section.

3. HOM INTERFERENCE BETWEEN THE
HERALDED SINGLE-PHOTON SOURCE AND
ATTENUATED COHERENT STATE

The HOM two-photon interference defines the extent
of the mode overlap (or indistinguishability) between the
heralded single-photon source and attenuated coherent
state. We note here that, since the herald photons are
also spectrally filtered, this overlap will not necessarily be
the same between the attenuated coherent state and the
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FIG. S4. HOM two-photon interference visibility as a
function of mean photon number of the attenuated
coherent state. The HOM interference visibility is plotted
as a function of increasing mean photon number of the atten-
uated coherent state, po. We see a peak in the interference
visibility at po = 0.24 of about 0.7. We present measure-
ments of the QW output for po ~ 0.1, 0.24, and 0.95 in the
manuscript.

thermal state (photons arising from the SFWM process
which are not heralded). The level of indistinguishability
will influence the multiphoton interference observed.

We interfere photons from the heralded single-photon
source and attenuated coherent state at the first step of
the QW (i.e., the first ultrafast time-bin beam splitter).
Rotating the fast axis of the first birefringent a-BBO
crystal of the QW to 45° provides 50:50 beam splitter
action on photons from both sources. Each photon can
exit the time-bin beam splitter in either the |H, ;) state
or the |V, t2) state. For perfectly indistinguishable pho-
tons, HOM interference will reduce the probability of one
photon exiting in the |H,t;) state and one photon exit-
ing in the |V, t2) state to zero. We use the PBS after the
SMF in Kerr gate 1, see Fig. S1, to split the two out-
put ports of the time-bin beam splitter for measurement
at different detectors. Measuring coincidences, Cia4, be-
tween APDs 1, 2, and 4 while scanning the optical delay
of the attenuated coherent state relative to the heralded
single-photon source, Tyowm, allows for the observation of
HOM two-photon interference.

This HOM interference is measured for increasing
mean photon number of the attenuated coherent state,
and the visibility,

_ Cia4, max — Cr24, MIN
V= : 3)
Cio4, MAX

is calculated and plotted in Fig. S4. We observe a
maximum HOM visibility of about 70% for p, = 0.24.
For lower values of p,, the reduced visibility is mainly
due to system noise, while for higher values of p,, the
reduced visibility is mainly due to contributions from
events with more than one photon in the attenuated co-
herent state [7]. In order to observe the effect of p, on
multiphoton interference, we measured the one-, two-,
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and three-fold probability distributions for three differ-
ent values of p,: 0.1, 0.24, and 0.95.

4. DATA COLLECTION AND PROCESSING

Data for the one-, two-, and three-fold measurements is
collected simultaneously and extracted from the various
detection event patterns measured at the four APDs. We
measure these detection event patterns for three differ-
ent values of the mean photon number of the attenuated
coherent state, o, = 0.1,0.24, and 0.95, for an increasing
number of QW steps, N =1 to 11.

For each dataset collected (i.e., for a given value of N
and fto), we measure the QW output probability distri-
bution in two different Kerr gating regimes. First, we
measure in the regime where two different time bins are
Kerr gated. Here, both Kerr gates are on (i.e., both
pump 1 and 2 are present in their respective Kerr gates),
and the two H-polarized input time bins, which are ro-
tated by Kerr gates 1 and 2, are directed towards APD
4 and 3, respectively. This regime allows us to measure
the two- and three-fold detection events associated with
states in which photons exit the QW in different time
bins.

In the second regime, a single time bin is Kerr gated.
This regime allows for straightforward measurement of
the one-fold detection events, but requires some modifi-
cation in order to measure two-fold events in which the
photons exit the QW in the same time bin. Here, the
polarization of the QW output is rotated from H to V,
prior to entering Kerr gate 1. Kerr gate 1 is turned on
(i.e., pump 1 is present), and rotates the polarization
of the time bin of interest, from V to H. The non-gated
time bins will be directed towards APD 4, while the Kerr-
gated, H-polarized time bin then propagates through the
optics of Kerr gate 2; however, Kerr gate 2 is inactive
(i.e., pump 2 is not present). The HWP after Kerr gate
2 is used to rotate the H-polarized time bin of interest by
45°, such that the PBS will have a 50% chance of splitting
the two-photon state along its two output ports, towards
APD 2 and 3. This regime allows us to record one-fold
measurements, by combining events at APD 2 and 3, as
well as two-fold measurements associated with states in
which two photons exit the QW in the same time bin, by
measuring coincidences between APD 2 and 3 (and APD
1, if heralding is included). Note that in this regime, we
multiply two-fold events associated with photons in the
same time by a factor of two, in order to account for
the 50% probability of this measurement. We also divide
these events by 0.85 to account for the ~85% coupling to
the second Kerr gate SMF.

The heralded and unheralded one-, two-, and three-fold
measurements can be extracted from the various coinci-
dence patterns measured at the four APDs in the experi-
mental setup. We consider cases in which measurements
are unheralded or heralded, in order to demonstrate the
interference arising from nonclassical and classical pho-
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Measurement Coincidence pattern at APDs
One-folds  Unheralded Sa + 53
Heralded Ci2+Cis
Two-folds Unheralded Same: 0_—285023
Diff: Csq4
Heralded Same: 5%-Ci23
Diff: Ci34
Three- Unheralded — Cazs
folds
Heralded Clr234

TABLE SI. Detection event patterns used for analy-
sis of one-, two-, and three-fold measurements. For
each measurement type, both unheralded and heralded mea-
surements are considered. The coincidence patterns used to
calculate the various measurements are provided in the last
column, where S; refers to the detection of a single event at
detector i, Cj; refers to the detection of a coincidence between
detectors i and j, Cjj;x refers to the detection of a coincidence
between detectors i, j, and k, and finally Ci234 refers to the
detection of a coincidence between all four detectors.

ton statistics, respectively. The relevant coincidence pat-
terns are presented in Table SI, where S; (i € 1,2,3,4)
are the detection events at APDs 1, 2, 3, and 4, respec-
tively; Cy; (i,5 € 1,2,3,4; i # j) are coincidence events
between two APDs; Ciji (i,5,k € 1,2,3,4; i # j # k)
are coincidence events between three APDs; and Cia34
are coincidence events between all four APDs.

A. One-fold measurements

For one-fold measurements, we operate the Kerr gate
demultiplexing in only the second regime, which mea-
sures photons in a single time bin, t,,. In this case, only
the Kerr-gated time bin is directed towards APDs 2 and
3, from which detected events are added together. In
referring to the one-fold measurements, we really mean
that one detection event is being measured at the output
of the Kerr gate demultiplexing. These measurements
can be unheralded or heralded, to elucidate the differ-
ence between an input state consisting of an attenuated
coherent state and either a thermal state or two-mode
squeezed vacuum state (TMSV), respectively.

B. Two-fold measurements

In order to collect two-fold measurements, we operate
the Kerr gate demultiplexing in both regimes, measuring
the case where photons can arrive in two different time

IMPLEMENTING MULTIPHOTON CAPABILITIES

bins (tm, # tm,) or the same time bin (tm,, = tm,)-
Here, we refer to the case where two events are detected
after Kerr gate demultiplexing as two-fold measurements.
These measurements can also be unheralded or heralded,
to elucidate the difference which arises when the SEFWM
source provides either a thermal state or TMSV state.

C. Three-fold measurements

The partial subset of three-fold measurements is col-
lected when operating the Kerr gate demultiplexing in
only the first regime, in which all three photons arrive
in different time bins, ty,,,tm,, or tm,,. Here, we note
that the third time bin, t¢,,,, can be in any one of the
remaining time bins, where t,,, # t,, # tm,. Here,
we refer to the case where detection events occur at all
three detectors after Kerr gating as three-fold measure-
ments. These measurements can be unheralded or her-
alded, again to demonstrate the effect of either a thermal
state or TMSV state, along with an attenuated coherent
state, propagating through the QW.

5. SIMULATION OF THE QW

Experimental measurements are compared to a simula-
tion [8] of the multi-mode interferometric network using
the open source quantum optics simulation package from
Xanadu, Strawberry Fields [9, 10]. The code used to run
our simulation, and details about its implementation, can
be found on GitHub [8].

An example QW circuit for N = 2 steps is shown in
Fig. S5. Here, we use the Gaussian numeric backend.
The simulation takes a TMSV state input to modes 0
and 1, and a coherent state input to mode 2. Mode 0
is the heralding mode and does not propagate through

Step 1 Step 1
a-BBO @ 45° a-BBO @ 0°

Herald 0—f

UTMSV

[H ty) 1=

|V,t1)2-| D(@) I *x l
|H,t;)3 I
|

= Uswar

I:UBS

[V.t;) 4

|H,t3)5

A 4

|V.t3) 6

FIG. S5. Example of the simulated quantum photonic
circuit for two QW steps. The QW takes a two-mode
squeezed vacuum (TMSV) state at input modes 0 and 1,
where mode 0 is the herald which does not traverse the QW.
Input to mode 2 is a weak coherent state, D(a). Each step
of the QW consists of a unitary beam splitter operator, Ugs,
and a unitary SWAP operator, Uswap.
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FIG. S6. Similarity between experiment and simulation with a TMSV and TMST input state. The similarity
between experimental two-fold measurements and simulation with either a TMSV or TMST input to modes 0 and 1, for (a)

ta = 0.1, (b) pa = 0.24, and (c) pa = 0.95.

the QW. Each step of the walk is performed by a 50:50
beam splitter gate (BS), Ups, and a SWAP gate, Uswap
(4.e., a beam splitter with unit reflectivity). The SWAP
gates are applied on the later time bins first to prevent
propagation of light backwards in time. The simulation
accounts for various experimental imperfections such as
dark counts (i.e., noise photons), optical losses, and mode
mismatch between the TMSV and attenuated coherent
state. Mode mismatch is accounted for by simulating
the QW twice. First, the probabilities are calculated for
a heralded photon (TMSV) and an attenuated coherent
state, as in the experiment. Second, the probabilities are
calculated for a vacuum input in place of the heralded
photon and an attenuated coherent state. Note that here,
the idler photon still heralds detection events, but the
signal photon is effectively removed from the calculation
by introducing 100% loss in its mode, prior to entering
the QW. It is assumed that the detectors cannot deduce
from which of these two possible QWs the photons came
from, and so we convolve their photon statistics (with
weights according to the estimated mode mismatch).

It is important to note that all simulations performed
in this work take real experimental values as inputs (i.e.,
no fitting is performed). Here, we perform the simu-
lation using parameters obtained from the characteriza-
tion of our experimental setup: p, = 0.1, 0.24, or 0.95;
squeezing parameter r = 0.12; system efficiency= 8%,
and mode-matching= 70%. The similarity between ex-
perimental measurements and simulation results is cal-
culated as

n+1 2

where S,(X,Y) describes the overlap between the ex-
perimental state, X, and simulation state, Y, for a given
number of steps, n, in the QW. The index 7 sums over
the time bins and runs from the input time bin, i = 1, to
the total number of time bins present after n steps. The
probabilities of the experimental and theoretical QW out-
puts of being in a given time-bin are denoted by p; and
a;. respectivelv.

A. Simulating the heralded single-photon source as a
“squashed state”

In order to demonstrate nonclassicality of the two-fold
measurements, we can compare them with a simulation
using classical states to emulate the QW. To do so, we
modify the simulation by replacing the TMSV state with
a “squashed state”. The squashed state is a two-mode
squeezed thermal state (TMST) which is input to modes
0 and 1, for heralding and QW propagation, respectively.
We constrain the amount of squeezing in the squashed
state to ensure it has a classical quasiprobability distri-
bution. This provides the best possible classical state
approximation to the lossy TMSV state [11]. In Fig. S6,
we compare the similarity between experimental data and
the simulation, for u, = 0.1, 0.24, and 0.95, when either
a TMSV or TMST state is input to modes 0 and 1. We
see that the simulation with a TMSV input outperforms
the simulation with a TMST input, which demonstrates
the nonclassicality of the interference.

WV
Kerr gate 2
APD 4 APD 3
Kerr gate 1 S
QW
Output ’_" ) APD ﬁ
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FIG. S7. Conceptual diagram for three-fold measure-
ments. We use two Kerr gates to measure a subset of the
three-fold detection events. Kerr gate 1 separates time bin
tm, (purple) from the QW output signal, to be measured by
APD 2. Kerr gate 2 separates time bin t,,, (blue) from the
QW output signal, to be measured by APD 3. All remaining
time bins, [tms], are measured by APD 4.
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FIG. S8. Similarity between experiment and simula-
tion for three-fold measurements. Heralded (pink cir-
cles) and unheralded (blue squares) three-fold experimental
measurements are compared with simulation through a simi-
larity calculation.

6. NOTES ON THREE-FOLD MEASUREMENTS

Shown in Fig. S7, three-fold measurements are per-
formed by Kerr gating two specific time bins, ¢,,, and
tm,, and sending the remaining, non-gated time bins,
[tms), to a third detector. With only two Kerr gates,

IMPLEMENTING MULTIPHOTON CAPABILITIES

we are limited to three-fold probability distribution mea-
surements, Pr,, i, [tm,]): Where tms] = {tm |m #
m1 Am # ma}.

We calculate the similarity between the subset of three-
fold measurements, P, .., [t.,]), and the correspond-
ing simulations, shown in Fig. S8,. Since the three-fold
measurements here require at least three time bins, we
measure only for QW steps 3 to 11. We can attribute the
lower similarity of heralded three-fold measurements to
the fact that these measurements require a coincidence
between all four APDs (heralded three-fold rates will be
less than the unheralded three-fold rates). The rapid de-
crease in similarity for steps 9 to 11 can be attributed
to insufficient integration time leading to very few co-
incidence events, and thus a large error. We also note
that we calculate these coincidence events from the ex-
pressions for three-fold measurements given in Table SI,
which further increases the error; this could have be mit-
igated by measuring the raw time tags from the time-to-
digital converter directly, rather than performing coinci-
dence logic with the time-to-digital converter. All mea-
surements described here consider only the case where all
three photons arrive in different time bins; measurement
of probabilities where two or three photons can arrive in
the same time bin would require three Kerr gates and
additional 50:50 beam splitters.
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Chapter 6

Concluding remarks

6.1 Summary and conclusions

This thesis has taken us on a journey through the development of a promising new
technique for quantum information processing: ultrafast time-bin encoding (UTBE).
This journey can be divided into the six different projects summarized in this thesis,
each of which are a crucial step towards scalable photonic quantum computing.

We began with an overview of quantum information processing in Chapter 1,
with the goal of better understanding the current state of this field. This chapter also
briefly discussed where our UTBE scheme fits into the broader picture of quantum
information processing.

The remainder of this thesis continues in a way that parallels my learning expe-
rience throughout my PhD. In Chapter 2, we established an essential foundation in
ultrafast and nonlinear optics, with a focus on the development and characterization
of optical Kerr gating—a key component of our UTBE technique. This chapter con-
cluded by presenting two implementations of the optical Kerr gate in the classical
regime. The first implementation [263] allowed us to characterize the intrinsic Kerr
gate resolution for a given set of experimental parameters and explore its configura-
bility. Carving pulses from a continuous wave (CW) laser, we saw Kerr gate speeds
as low as 305 fs. In the second implementation [26], we deepened our understanding
of the optical Kerr gate’s capabilities, through a fun “side quest” in which the high

temporal resolution of the Kerr gate was translated to the frequency domain.
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We extended our foundational knowledge to include quantum optics in Chapter 3,
where we focused on the generation, detection, and characterization of the most im-
portant aspect of any photonic quantum information processor: single photons. This
chapter concluded by demonstrating that optical Kerr gating is not only capable of
manipulating single photons on ultrafast timescales, but can also be used to mea-
sure the temporal wave packet of energy-time entangled photon pairs [265]. In this
work, two Kerr gates were used to measure the joint temporal intensity of a photon
pair source. Although ultimately limited by noise, the temporal resolution of each
Kerr gate still allowed for the verification of entanglement through a violation of the
time-bandwidth inequality.

Having built an extensive background in ultrafast, nonlinear, and quantum optics—
and having demonstrated the versatility and efficacy of optical Kerr gating—we pro-
ceeded to implement our UTBE scheme for photonic quantum information processing
in Chapter 4. This chapter presented two key demonstrations of UTBE, each oper-
ating on single photons. First, we demonstrated a well-known quantum algorithm—
the quantum walk (QW)—using our UTBE technique [266]. We then explored the
programmability of our UTBE scheme in the second demonstration [267]. Within
the large multimode interferometers presented in each of these experiments, we saw
remarkable phase stability over extended periods of time, high fidelity operation,
programmability, and low loss—all key ingredients for the scalability of quantum
information processors.

Given the promising capabilities of UTBE seen in the single-photon operation
regime, we extended our investigations to include the last key ingredient for scala-
bility: operation in the multiphoton regime. Chapter 5 presented a QW algorithm
using our UTBE technique, operating with up to three photons [268]. Even in the
multiphoton regime, our UTBE scheme saw the same desirable low loss, high fidelity,
and stable operation as seen in our single-photon demonstrations.

In light of these promising demonstrations of UTBE for photonic quantum infor-

mation processing, one question remains: where do we go from here?
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6.2 Outlook

While the ultimate goal of this work is scaling our ultrafast approach towards full-
fledged quantum information processing, this remains a long-term pursuit. Thank-
fully, this overarching goal can be broken down into several more manageable mile-
stones, in order to address the current challenges.

Perhaps the largest challenge to overcome is pushing the capabilities of UTBE to
include many more photons. Despite having demonstrated UTBE with up to three
photons in Chapter 5, it is important to recognize that every additional photon will
dramatically increase experimental acquisition times. This limitation is imposed by
current single-photon sources, which rely on probabilistic nonlinear optical processes.
While significant progress has been made in the fabrication of deterministic (“on-
demand”) single-photon sources |7, 31|, these sources are currently characterized by
very long lifetimes!, and are thus not compatible with the ultrafast timescales of our
approach. Deterministic sources of nonclassical light do, however, exist in the ultra-
fast regime, in the form of squeezed states. Each time a nonlinear crystal is pumped
by a strong pulse of light, the same squeezed state will be generated. Working with
such deterministic squeezed states would require a paradigm shift towards continuous-
variable (CV) encoding with homodyne measurement, which is non-trivial to imple-
ment. Nevertheless, these nonclassical states are crucial deterministic resources, e.g.,
in scaling up cluster-state-based photonic quantum computing.

There are several promising avenues towards increased efficiency when working
with probabilistic sources. For example, one could employ time-multiplexing with
a switchable storage cavity to turn probabilistic sources into pseudo-deterministic
sources [191, 192]. Time-multiplexing offers a strong advantage over space-multiplexing
in that only a single nonlinear crystal is required. We anticipate our UTBE scheme
to be readily compatible with such a time-multiplexed source. Another means of im-
proving the rates of heralded single-photon sources employs photon-number-resolving
detectors (PNRDs) [193, 194]. Sources could be pumped with higher power to in-

crease the number of photon pairs produced, after which PNRDs would allow for

!Note that long lifetimes are generally considered a good thing, as they indicate that these sources
have a very narrow transition linewidth.
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post-selection onto only single-photon events. This scheme mitigates the risk of de-
tecting undesirable multiphoton pairs. PNRDs also open the door to combining the
photon number degree of freedom with the other degrees of freedom used in UTBE
(ultrafast time-bin and polarization), which could provide expanded information pro-
cessing capabilities.

In addition to expanding our multiphoton capabilities, there is still room to im-
prove the overall efficiency of our UTBE systems. Although our UTBE schemes have
already seen an impressively low loss per circuit depth, there is always room for im-
provement. In particular, we are currently most limited by our coupling efficiency
(~70-85%) to the single-mode fiber (SMF) in which optical Kerr gating is performed.
Many factors contribute to the proper coupling of light into a SMF core [195], which
could be better optimized for improved coupling efficiency. One may even consider
using tapered fiber [196]. Yet another option includes foregoing the SMF altogether
and instead using a crystal, with a high third-order nonlinear susceptibility, as the
Kerr medium in our ultrafast all-optical gates [257].

Another limitation faced by our UTBE protocol is the pump energy requirements
of each optical Kerr gate. To operate a single Kerr gate with near-unit efficiency, we
require about 260 mW average power at a repetition rate of 80 MHz (3.25nJ pulse
energy). To put this into context, a Ti:Sapph with total output power of around
2.5 W would be able to pump around nine Kerr gates (with approximately 160 mW
buffer left to pump single-photon sources and to account for losses along the pump
beamline). Given that one Kerr gate per input photon is required for measurement—
and full circuit programmability requires multiple optical Kerr gates—this limits the
total possible circuit complexity; however, lower repetition-rate pulsed laser systems
could be used instead to provide significantly higher pulse energy, thus mitigating
restrictions imposed by total available pump power.

In light of recent demonstrations of superconducting nanowire single-photon detec-
tors (SNSPDs) with timing jitter as low as 3 ps [1 1], one may even consider removing
the Kerr gated measurement requirement at the output of our UTBE photonic cir-
cuits. In this case, thicker birefringent crystals could be used to achieve ultrafast
time-bins with larger temporal separation than demonstrated in this thesis. Measur-

ing n-fold coincidences with SNSPDs is not trivial and would require multiplexing
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across ~ n? fast detectors; however, fast enough SNSPDs do have some photon-
number-resolving capabilities [355, , |, which could be leveraged. It should
be noted that careful consideration of detector dead time would be required if using
SNSPDs with low timing jitter. Nevertheless, this is an intriguing possibility.

By further improving our system efficiency and scaling up the number of photons
our UTBE scheme is capable of handling, we can begin implementing more com-
plicated unitary transformations, thus accessing more complex computational proto-
cols. Two interesting avenues include the implementation of multiphoton gates (as
in the KLM-based approach) or the generation of complex input states, e.g., clus-
ter states [254, 197| (as in the measurement-based approach). Another interesting
direction could include investigating the quantum simulation potential of QWs us-
ing UTBE, e.g., in high-energy physics [198] or in condensed matter and materials
physics [117]. Of course, for full-fledged quantum computing, it will also be impor-
tant to consider feed-forward measurement capabilities and error correction schemes.
Another intriguing possibility in the context of noisy intermediate-scale quantum
(NISQ) devices—which are likely to lack full-scale error correction—is the implemen-
tation of machine learning protocols to assist in performing quantum computation by
controlling noise [199, 500].

Indeed, given the promising demonstrations of UTBE in this thesis, there are now
many interesting avenues to explore with our ultrafast all-optical approach to quan-
tum information processing. It is certainly an exciting time in the field of quantum
computing and I am eager to see where this work, along with the broader efforts of
many others in the field, will lead. I hope that, in reading this thesis, you have shared

in some of my excitement and enthusiasm for this field.
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