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BosonSampling
1
Scott Aaronson

1
University of Texas at Austin

I’'ll give a theoretical introduction to BosonSampling, a 2011 proposal by me and Alex Arkhipov for
demonstrating a clear quantum computational advantage using a relatively simple linear-optical setup.

Topics will include:

The connection between quantum optics and the matrix permanent

The computational complexity of the permanent, and its relationship to the complexity of BosonSampling
The hardness of approximate BosonSampling, and the conjectures on which it depends

The problem of verification of BosonSampling devices

Scaling with imperfect photon sources; Scattershot BosonSampling

BosonSampling with lost photons and dark counts



Engineering parametric down-conversion in multimode nonlinear waveguides
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K. Thyagarajan?, K. Banaszek'>

! Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warszawa, Poland
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3Centre of New Technologies, University of Warsaw, Banacha 2c, 02-097 Warszawa, Poland

Parametric down-conversion in nonlinear waveguides is a promising source of nonclassical light for quantum
communication protocols, quantum metrology, and other quantum-enhanced applications. In many cases, avail-
able waveguides support multiple transverse spatial modes at the desired wavelengths, as shown in Fig. 1(a). In
a series of papers [1-6] we have demonstrated that intermodal dispersion provides a powerful tool to control the
characteristics of radiation generated via parametric down-conversion. In multimode waveguides the efficiency
of the three-wave mixing process for given frequencies depends strongly on the specific combination of the spa-
tial modes for the signal, the idler, and the pump fields. This effect has been confirmed experimentally [1] by
realizing mode-selective sum frequency generation which provides two-dimensional maps of the effective phase
matching, such as the one presented in Fig. 1(b). Such characterisation allows one to identify the operating regime
for type-1I parametric down-conversion capable of producing orthogonally polarized photon pairs in fundamental
spatial modes of the waveguide. The spatial purity of the generated photons has been verified by measuring the
beam quality factors [2,3] and subsequently by two-photon Hong-Ou-Mandel interference, depicted in Fig. 1(c),
and generation of polarization-entangled photon pairs in the Shih-Alley configuration [4], both yielding visibilities
consistently above 90%. Spectral degeneracy of photon pairs generated in higher transverse spatial modes allows
one to generate entangled states of spatial qubits, realized as superpositions of a photon in two orthogonal trans-
verse modes of the waveguide. Deterministic single-qubit gates to manipulate such systems can be implemented as
integrated dynamic mode converters based on the electro-optic effect in nonlinear channel waveguides [5]. Alter-
natively, the generated entanglement can be tested with the help of inverting interferometers that detect the spatial
parity of the input beam [6].
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Figure 1: (a) Exemplary transverse modes for the fundamental (H) and sum-frequency (P) fields [3]. (b) A two-
dimensional phase matching map as a function of the fundamental wavelengths Ay, Ay [1]. (¢) Hong-Ou-Mandel
dip for photon pairs generated in a multimode waveguide without spatial filtering [4].

1V=931+£12%
4

T T T T T T T T
08 06 04 02 00 02 04 06

- T Time delay [ps]

References
[1] M. Karpiniski, C. Radzewicz, and K. Banaszek, Appl. Phys. Lett. 94, 181105 (2009).
[2] M. Karpinski, C. Radzewicz, and K. Banaszek, Opt. Lett. 37, 878 (2012).
[3] M. Karpinski, C. Radzewicz, and K. Banaszek, in Proc. SPIE 8518, Quantum Communications and Quantum
Imaging X, 85180J (2012).
[4] M. Jachura, M. Karpiniski, C. Radzewicz, and K. Banaszek, Opt. Express 22, 8624 (2014).
[5] D. Bharadwaj, K. Thyagarajan, M. Jachura, M. Karpifiski, and K. Banaszek, Opt. Express 23, 33087 (2015).
[6] M. Jachura, M. Karpinski, K. Banaszek, D. Bharadwaj, J. Lugani, and K. Thyagarajan, Phys. Rev. A 95,
032322 (2017).



Single-copy entanglement detection
Borivoje Daki¢'
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A main focus of current practical quantum information research is on the generation of large-scale quantum
entanglement involving many particles with the goal of achieving real applications of quantum technologies. An
important instance of this challenge is the verification problem, i.e. how to reliably certify the presence of quantum
resources, in particular quantum entanglement. The plausibility of standard verification schemes (e.g. based on
entanglement witnesses) is questionable, since they require repeated measurement on large ensemble of identi-
cally prepared copies, which is highly demanding to achieve in practice when dealing with large-scale entangled
quantum systems. In this talk, I will present our recent work [1] where we develop a novel method by formulating
verification as a decision procedure, i.e. entanglement is seen as the ability of quantum system to answer certain
“yes-no questions”. We show that for a variety of large quantum states even a single copy suffices to detect en-
tanglement with a high probability by using local measurements. For example, a single copy of a 24-qubit linear
cluster state suffices to verify entanglement with more than 95% confidence. Our method is applicable to many
important classes of states, such as cluster states or ground states of local Hamiltonians in general.
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AlGaAs photonic devices for quantum information
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Nonclassical states of light are key components in quantum information science; in this domain, the maturity of
semiconductor technology offers a huge potential in terms of ultra-compact devices including the generation,
manipulation and detection of many quantum bits [1]. Among the different resources under development, on-
chip entangled photon sources play a central role for applications spanning quantum communications, computing
and metrology. In this talk I will present our last achievements on AlGaAs photonic devices emitting non-
classical states of light at room temperature via spontaneous parametric down conversion; the choice of this
platform combines the advantages of a mature fabrication technology, photon pair emission in the C-telecom
band, a direct band-gap and a high electro-optic effect. The characterization of the quantum states emitted by
such devices demonstrates their ability to produce highly indistinguishable and entangled photons [2].

Different device designs can be adopted depending on the target application; I will show that collinear phase
matching geometries are particularly attractive to produce broadband strongly anticorrelated frequency states
which can be used for instance in multiusers quantum key distribution protocols [3] or to produce high
dimensional qudits. On the other hand, devices emitting counterpropagating photons using a transverse pump
configuration allow engineering and control a large variety of frequency states, an easy monolithic integration of
sources and photonic circuits [4] and the production of Schrodinger cats and compass states.

The compliance of our sources with electrical pumping, together with the possibility to fabricate versatile and
massively parallel devices make our approach a promising candidate for real-world quantum information.
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Figure 1: . (a) monolithic integration of a photon pair source and a beam-splitter; (b) measure of comb-like
frequency correlations leading to photonic qudits.
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Shaping the photon: Tailoring spontaneous emission in advanced single-photon
sources
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Deterministic single-photon sources based on semiconductor quantum dots (QDs) are gaining increasing
acceptance due to the recent progress in efficiency and indistinguishability and to their potential application
within large-scale quantum photonic integrated circuits (QPICs). Nevertheless, major challenges must be solved
in order to make them really scalable to large arrays and to unlock the full potential of light-matter interaction in
solid-state systems. In this talk | will focus on the control of single-photon generation from QDs embedded in
nanophotonic cavities. The simultaneous static control of the QD exciton energy and of the cavity frequency [1]
will be shown to enable fully-tuneable, Purcell-enhanced, integrated single-photon sources. Additionally, the
dynamic control of the exciton energy [2] or the cavity field [3] (on timescales shorter than the natural emission
lifetime) allows the real-time control of the emission process, and thereby enables tailoring the photon temporal
profile, opening new opportunities for the application of integrated matter-photon interfaces.
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Single and Multi photon counting using an array of SNSPDs
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Abstract:

Single photons can be used as quantum bits for the optical implementations of quantum information processing (QIP)
protocols. A lot of effort has been devoted to scale such implementations up to few tens of photons, which can only be
achieved by integrating the key quantum optical functionalities of single-photon generation, linear processing and
detection, on the same chip. Semiconductor photonic integrated circuits (PICs) operating at the single-photon level offer
this perspective, but single-photon detection in waveguides is still challenging. Indeed, integrated quantum photonics
has so far been limited to passive implementations, due to the difficulty of integrating the detectors on the same
substrate with sources and waveguide circuits. SNSPDs are the unique detectors that showed an integration
compatibility with standard semiconductor PICs, by the way a full integration of all the key component (sources,
reconfigurable PICs and detectors) is still lacking and far to be achieved. In this presentation we present the state of the
art of SNSPDs performances with a particular focus on the optimization of the System Detection Efficiency, discussing
the role of the optical coupling, of the absorbance of the film and of the internal quantum efficiency of SNSPDs
particularly focusing on the activities carried out in Rome at IFN-CNR.



Verification of Quantum Technology

The Qtech has an acute verification and validation problem: On one hand since classical
computations cannot scale up to the computational power of quantum mechanics, verifying the
correctness of a quantum-mediated computation is challenging, on the other hand the underlying
quantum structure resists classical certification analysis. The central objective of this tutorial is to
present recent advances in this field.



Title: A frequency-multiplexed source of heralded single photons

Steven Kolthammer, Imperial College London (UK)

Abstract:

The intrinsic limitations of a heralded single-photon source can, in theory, be overcome by multiplexing
many independent sources. In practice, the challenge in doing so is to efficiently combine the outputs of
identical sources conditioned on their heralding outcomes. A promising approach is to multiplex sources in
the frequency domain [1-3], leveraging photon-pair spectral correlations readily generated by parametric
fluorescence along with recent tools for measuring and manipulating the frequency of single photons. In
this talk, I'll report our experimental demonstration of this concept and discuss its potential for improving
upon current single-photon sources.

[1] T. Hiemstra et al., CLEO/Europe-EQEC, EB7.2 (2017); [2] C. Joshi et al., CLEO, FTh1C.2 (2016); C. Joshi et
al., arXiv:1707.00048 (2017); [3] M. Grimau Puigibert et al., arXiv:1703.02068 (2017).



Generation of entangled quantum states
with on-chip optical frequency combs
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Pure single photons, as well as entangled photon pairs form crucial building blocks for applications in optical
guantum information processing, quantum communications, as well as imaging and sensing with resolutions
exceeding the classical limit. The generation of optical quantum states has mainly been dominated by source based
on spontaneous parametric down-conversion (SPDC) in diverse second-order nonlinear media, as these sources
offer high nonlinearities and several different phase-matching conditions. In recent years, significant progress has
been made to generate optical quantum states also by means of spontaneous four wave-mixing (SFWM) within
third-order nonlinear media, which usually suffer from lower nonlinearities, but offer the possibility to achieve
very compact and nano/micro engineered devices. Making use of standard semiconductor fabrication techniques,
integrated photonics has established itself as a compelling platform for quantum applications. In particular, on-
chip solutions have been studied and developed, including integrated quantum circuits, sources, and detectors [1].
Indeed, most integrated quantum devices have been based on path-encoded schemes, where phase shifters,
interferometers and beam splitters are used in perfect analogy to their free-space counter parts. In contrast, several
classical integrated devices make use of integrated microring resonators, which have been widely used to achieve
classical frequency combs [2], mode-locked lasers [3], signal processing [4], and more. While microring resonators
have also been used for quantum state generation, they have mainly been used to exploit field enhancement, while
the frequency multimode nature of frequency combs has not yet been fully investigated for optical quantum state
generation.

Here we investigate quantum state generation using integrated optical frequency comb sources, based on these
resonant devices, particularly focusing on the impact of their frequency multi-mode nature. We demonstrate the
generation of multiplexed heralded single photons [5], which exhibit perfect purity within the measurement
uncertainty. Making use of polarization mode dispersion, we realized first direct generation of cross-polarized
photon pairs on a photonic chip [6], and using a pulsed excitation of the micro cavity we realized the simultaneous
generation of multiple two-photon entangled states [7], as well as the first on-chip generation of multi-photon
entangled quantum states [7].
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Femtosecond laser writing for integrated quantum photonics
Roberto Osellame
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The use of integrated photonics in quantum optics experiments has introduced dramatic improvements in
terms of stability and scalability of the set-up. In particular, femtosecond laser direct writing (FLDW) of
photonic circuits [1] enabled the manipulation of polarization encoded single photons and their use for advances
guantum simulations in glass chips [2,4]. As a further significant advantage, FLDW enabled the realization of
3D photonic circuits, introducing an additional dimension with respect to standard planar circuits. The unique
3D capabilities of this technology enabled the implementation of unprecedented layout for the quantum
processing of information [5,6].

Figure 1: Picture of the femtosecond laser writing process. Ultrashort pulses are focused inside a transparent
substrate. A nonlinear absorption process allows the creation of a positive index change confined to the focal
volume. Translation of the sample with respect to the laser beam is exploited to directly draw complex and three-
dimensional photonic circuits.

A few relevant examples will be discussed in this presentation with particular focus on the key enabling
capabilities of this technology with applications to quantum computing, simulation and communication.
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Silicon-based materials for optical quantum technologies
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The advance of optical quantum technologies relies on the development of new materials to integrate various
photonic components on the same device. The list of requirements — including low linear and non-linear losses,
availability of fast switching techniques and possibility to integrate detectors, all in a scalable fabrication
material — is extremely challenging. Here we focus on silicon-based materials, which provide superior scalability
thanks to well-developed fabrication processes in the field of electronics.

Single photon sources are crucial components for any future quantum photonic technology [1]. In recent
years, there has been a strong effort to develop technologies compatible with existing telecommunication
infrastructures. Superconducting nanowire single photon detectors (SNSPD) are the preferred technology for
detecting photons in the telecom wavelength range, due to their superior characteristics and lack of competitive
semiconductor-based detectors. This, however, introduces limitations in the development of scalable
technologies, since SNSPDs require operation at cryogenic temperatures. A further limitation is given by the
impossibility of using the thermo-optical effect to control the phase of quantum states, as the thermo-optic
coefficients decrease when lowering the temperature [2]. We solve this problem by developing a CMOS
compatible single photon source at near-visible wavelengths, where single photon avalanche detectors are
available in silicon with high efficiency. We demonstrate photon pair generation at 785nm using spontaneous
four wave mixing (SFWM) in a silicon nitride device. The strong confinement and high quality factor of our ring
resonators provides MHz generation rates with mW-level pump powers. We observe absence of two-photon
absorption, thanks to the wide bandgap of SiN. Finally, the narrow bandwidth of the resonators can match the
transition of atoms usually employed in quantum memories [3].

Silicon carbide offers unparalleled properties suitable especially for quantum and integrated non-linear
optics. Its non-centrosymmetric crystal structure grants both third-order and second-order non-linear effects,
with a significant ¥ susceptibility of 34 pm/V. The high refractive index of 2.6, indispensable for deep
integration of photonic components and small modal volume in resonators, together with the wide electronic
bandgap of 2.3 eV, could allow efficient non-linear optics processes without incurring in multiple photon
absorption. Furthermore, the high electro-optic coefficient could be used for the fabrication of fast, low-loss
electro-optic modulators. 3C-SiC thin layers can be grown directly on top of a silicon substrate thanks to a CVD
process, providing an optimal starting point for fabrication of optical devices. The presence of point defects in
the crystal [4] provides the possibility to engineer spin qubits with long coherence times. This talk will review
the advances in the fabrication of SiC photonic components [5] for quantum technologies using photons and
spins [6].
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A Universal Device for Quantum Communications
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Phase encoding is one of the most robust methods for transmitting qubits over long distances.
Typically it involves sending weak coherent pulses from an attenuated laser diode through an unbalanced
Mach Zehnder interferometer that uses a phase modulator in one arm to encode a phase difference
between the two output pulses. The qubit state can be read-out by measuring the interference after a
matched interferometer at the receiver.

Here we demonstrate an alternative method, employing direct phase modulation of the source. It
involves using a second quasi-continuous laser diode, to manipulate the coherence and phase of the output
pulsed laser diode. Applying small modulations to the drive voltage of the master laser allows different
qubit states to be encoded as a phase difference between pulse pairs from the slave. We show this method
allows record low half-wave voltages, V+ 0.35V, compatible with CMOS drive voltages. Furthermore
driving the master below the lasing threshold breaks the coherence between successive pulse pairs, as
required for the security of many quantum key distribution protocols.

We demonstrate that this technique can be used to realize a flexible, universal transmitter for
guantum key distribution that can be electrically programmed for different protocols, including BB84,
Distributed Phase Shift and Coherent One Way. We characterize the performance of each and discuss the
prospects for realizing greatly simplified and improved devices for quantum communications.



Quantum enhancement of accuracy and precision in optical interferometry for
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White-light interferometry is one of today’s most precise tools for determining optical material properties.
Achievable precision and accuracy are typically limited by systematic errors due to a high number of interde-
pendent data fitting parameters. Here, we introduce spectrally-resolved quantum white-light interferometry as a
novel tool for optical property measurements, notably chromatic dispersion in optical fibres. By exploiting both
spectral and photon-number correlations of energy-time entangled photon pairs, the number of fitting parameters
is significantly reduced which eliminates systematic errors and leads to an absolute determination of the mate-
rial parameter. By comparing the quantum method to state-of-the-art approaches, we show quantum supremacy
through 2.4 times better measurement precision, despite involving 62 times less photons. The improved results are
due to conceptual advantages enabled by quantum optics, which are likely to define new standards in experimental
methods for optical materials characterization.



Title:
Photonic quantum computing exploiting the superposition of gates and other features

Abstract:

The advantages of the photons makes optical quantum system ideally suited for fundamental
guantum physics experiments and a variety of applications in quantum information processing. Here
I will review results for the realization of secure quantum cloud computing, where quantum
information is securely communicated and computed. As for photons ideally suited quantum
computational architectures | will present experiments that are based on the superposition of the
order of quantum gates as well as multi-photon processing using integrated waveguide structures.
The last part of my talk will be dedicated to the measurement of experimental benchmark values for
hyper-complex extensions of quantum mechanics that relay on quaternions (instead of complex
numbers). As outlook | will briefly discuss the scale-up of photonic quantum computing by using high-
efficient detectors and solid-state single-photon sources.



Experimental Quantum Hamiltonian Learning
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Efficiently characterising quantum systems, verifying operations of quantum devices and validating underpin-
ning physical models, are central challenges for the development of quantum technologies and for our continued
understanding of foundational physics. Machine-learning enhanced by quantum simulators has been proposed as
a route to improve the computational cost of performing these studies. Here we interface two different quantum
systems through a classical channel — a silicon-photonics quantum simulator and an electron spin in a diamond
nitrogen-vacancy centre — and use the former to learn the latter’s Hamiltonian via Bayesian inference. We learn
the salient Hamiltonian parameter with an uncertainty of approximately 10~>. Furthermore, an observed satu-
ration in the learning algorithm suggests deficiencies in the underlying Hamiltonian model, which we exploit to
further improve the model itself. We go on to implement an interactive version of the protocol and experimentally
show its ability to characterise the operation of the quantum photonic device. This work demonstrates power-
ful new quantum-enhanced techniques for investigating foundational physical models and characterising quantum
technologies.
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Scaling up Entanglement in Integrated Silicon Quantum Photonics

Jeremy C. Adcock, Caterina Vigliar, Raffaele Santagati, Joshua W. Silverstone, Mark G. Thompson
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Engineering, University of Bristol, UK

Graph states are a ubiquitous in quantum information theory and quantum information protocols [3]. Here, we use
a silicon photonic chip to generate all six fully entangled four qubit graph states with four-photons.

We use a pulsed laser to to coherently pump four SFWM spiral waveguide sources, which, after spectral
demultiplexing, produce two Bell pairs in the path-qubit basis [2]. We then send the signal photons from each pair
to an on-chip, reconfigurable entangling gate, which, combined this with local unitaries on each qubit, allows us
to produce all six graph states of four qubits [3] (see Figure 1d). The photons are then detected off chip.

Our two Bell sources have fidelities 85.1 +0.9% and 91.0+ 0.7% respectively, both of which beat the previous
record for fully integrated sources and manipulation [1]. Furthermore, by varying phase shifters on two spatially
separated qubits in turn, two-photon reverse Hong-Ou-Mandel (HOM) fringes with visibility 97.7 =0.5% and
99.4 4+0.4% are readily produced (shown in Figure 1b). Also, a preliminary four-photon triggered HOM fringe of
visibility 68.4 4+ 8% has been demonstrated (Figure 1e).

Figure 1: a) A schematic of the chip used to generate the four-photon graph states. b) A bright light fringe using
one of the interferometers on the device. ¢) Reverse Hong-Ou-Mandel fringe produced on chip from source i. one
(visibility 97.7 £0.5%) and ii. two (visibility 99.4 + 0.4%). d) Complete tomographic measurements of the two
photon states produced on chip with the entangling gate switched off, showing fidelities of i) 91.0 +0.7% and ii)
85.0+0.9%. e) Preliminary triggered HOM fringe of visibility 68.4 4+ 8%.

This device is universal in measurement-based protocols on these states, and as such makes an ideal test-
bed for protocols such as such as secret sharing and quantum computation. The chip demonstrates a milestone
for quantum photonic chip scale and functionality in silicon, and paves the way for exciting multi-photon and
measurement-based experiments in the future.
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Quantum key distribution (QKD), a technique based on quantum physics laws, provides unconditional secure
quantum keys shared between two or more clients (Alice and Bob)[1]. Most of QKD systems are implemented
in a point-to-point link using bulky and expensive devices. Consequently, a large scale deployment of this tech-
nology has not been already achieved. A solution may be represented by integrated photonic circuits, which
provide excellent performances (compacts, good optical phase stability, access to new degrees of freedom), and
are particularly suitable for the manipulation of quantum states. Recent experiments have already demonstrated
conventional binary QKD systems, using polarization and phase reference degrees of freedom [2,3]. Moreover, by
using integrated solution new high-dimensional (HD) quantum states can be generated and propagated. HD quan-
tum states are suitable for longer transmission distance and higher secret key rate transmission, being more robust
to noise level and allowing an higher channel capacity [4]. In this paper, we show the first silicon chip-to-chip
HD decoy-state quantum key distribution protocol based on spatial degrees of freedom (the cores of a multi-core
fiber -MCF-). By tuning cascaded Mach-Zehnder interferometers (MZIs), it is possible to prepare HD quantum
states in different mutually unbiased basis (MUBs) (Fig. |I| (b)). A train of weak coherent pulses are injected into
the Alice chip, where multiple variable optical attenuators (VOAs) are used to decrease the number of photons
per pulse (1 < 1) [5]. Furthermore, through a combination of MZIs and VOAs, a decoy state-technique is imple-
mented in order to avoid particular eavesdropping intrusion, like photon-number-splitting (PNS) attack. During
the key generation process, Alice, by using an FPGA board (Fig. [I(a)), randomly chooses one of the bases and
one of the four states to transmit to Bob. The ququart are matched to four cores of a multi-core fiber, through a
highly efficient MCF grating coupler. After the transmission link, the quantum states are coupled into Bob’s chip
(Fig. [[(a)) through the MCF coupler, and randomly measured in one of the bases. In the subsequent distillation
process, counts measured in the wrong bases are discarded. Acquired experimental data show stable and good
results for more than 11 minutes of measurement with a quantum bit error rate below the threshold of individual
and coherent attacks. '

ALICE

(a) Experimental setup

(b) MUBs

Figure 1: The setup used in the HD-QKD proof of concept experiment in (a). In (b) are reported MUBs tomographies
(theoretical and experimental). By using the (classical) definition of fidelity (F (x,y) = ¥; \/Pigi» we obtain 0.977 +0.01
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Electro-mechanical control of an on-chip beam splitter with an embedded single
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The tuning of photonic elements is an important step in realizing on-chip quantum optical circuits. Here, we
demonstrate tuning of an on-chip beam splitter by electro-mechanical control of a directional coupler (DC). Single
photons evanescently couple from one suspended nanobeam waveguide to the other with a different probability
depending on the controllable vertical separation between the two.

The device (shown in Fig. [Ta) is fabricated from a p-i-p-i-n diode. The DC and the cantilever are defined
within the 160 nm thick p-i-p GaAs membrane containing InGaAs self-assembled quantum dots (QDs) within the
intrinsic region, and are isolated from the n-GaAs substrate by a 2 um thick intrinsic sacrificial AlGaAs layer.
Each arm of the DC is terminated with a Bragg outcoupler (OC) to enable efficient collection of the transmitted
photons. Electrical contacts are made to the top p and the bottom n layers so that charge can build up between the
two under bias. Due to the electrostatic force the cantilever then displaces towards the substrate and thus changes
the vertical separation between the waveguides. This in turn varies the splitting ratio of the DC. The displacement
of the cantilever is expected to increase quadratically with bias until it is pulled-in onto the substrate after it has
displaced by 1/3 of the initial distance between the two (here 2 um).

The device was operated under reverse bias and was studied using micro-photoluminescence spectroscopy
with spatially resolved collection at a temperature of 4 K. A single QD emitting at 910 nm positioned in the fixed
waveguide was excited using a single-mode laser, and its emission was recorded from both the fixed and the
moving OCs past the coupling region of the DC (marked in green, blue and red respectively in Fig. [Ta). The
expected theoretical change in the splitting ratio (defined as the percentage of light transmitted through the fixed
arm to that coupled over to the moving arm) at this wavelength as a function of vertical displacement between
the waveguides is shown in Fig. [[b} Measured changes to the collected single-photon emission versus bias are
presented in Fig. The measured splitting ratio of the DC varies from 80/20% at 0V to 100/0 % at the pull-
in voltage of 13.5 V. This is in good agreement with theory, according to which the splitting ratio changes from
75/25 % when waveguides are at the same level to 100/0 % when displaced by 400 nm. The unexpected peak in
the signal from the moving side at around 11.5V is caused by interference effects due to the cantilever-substrate
distance variation, as well as collection efficiency changes, during the measurement. The single-photon nature of
the collected emission was verified with g{?) (7) measurement using the DC as the on-chip beam splitter.

This proof of concept provides a basis for the electro-mechanical control of on-chip photonic devices using
simple and easy-to-fabricate structures for use in III-V semiconductor quantum optical circuits.
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Figure 1: (a) SEM image of the device with the embedded QD’s position marked in green, and fixed and moving
OCs from which signal was collected marked in blue and red respectively, (b) FDTD simulation results of the
splitting ratio versus vertical displacement for a DC made from 280 nm wide and 160 nm thick waveguides with a
horizontal separation of 100 nm, (c) Experimental results of changes to the splitting ratio of the DC versus bias.
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Multiphoton interference lies at the core of several quantum information processing tasks. For this purpose,
complex on-chip interferometers have been developed to manipulate the spatial mode structure of single
photons. We develop an alternative guided-wave approach using time-bin modes pulses that differ only by a
temporal delay [1,2], and fiber optics, which provides a route to large-scale devices requiring few physical
components.

In our work, heralded single photons are generated at standard telecommunications wavelengths by a
spontaneous parametric wave-mixing. The photons randomly populate a sequence of several temporal modes
which access a fiber network [3] through an optical switch. The optical network is composed of multiple cavities
with path length differences matching the delay separating time bins. The cavities are connected by evanescent
coupling. For two cavities, interference between any set of input modes is achieved after a number of round trips
in the network equal to the number of input modes. The temporal modes are then released through an optical
switch and measured by photon counting. We present progress towards multiphoton interference, verify its non-
classical features, and discuss technical requirements and prospects for large-scale operation.
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Figure 1: Schematic of the time-bin fiber interferometer interfaced with a heralded single photon source.
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Boson sampling with Gaussian measurements
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We develop an alternative boson sampling model, which operates on single-photon input states followed by
linear interferometry and Gaussian measurements [1]. The hardness proof for simulating such continuous-outcome
measurements is established in two main steps, making use of the symmetry of quantum evolution under time
reversal. Namely, we first construct a time-symmetric version of scattershot boson sampling, in which, as opposed
to the original proposal [2], both halves of a collection of two-mode squeezed vacuum states undergo a linear-
optical transformation. This time-symmetric scattershot model yields, as a corollary, an instance of boson sampling
from Gaussian states where photon counting is hard to simulate. Then, a time-reversed setup is used to develop a
boson sampling model in which the simulation of Gaussian measurements — namely the outcome of unbalanced
heterodyne detection — is proven to be computationally hard. Our work thus explores minimal extensions of
Gaussian computational models [3] that are able to provide a quantum advantage: previous approaches made
use of either non-Gaussian evolution, or Gaussian input state and evolution but non-Gaussian measurements [2,
4-6]. In contrast, our model operates on non-Gaussian input, (passive, i.e. linear-optical) Gaussian evolution
and Gaussian measurements, thus completing the set of models with minimal non-Gaussian components that give
rise to quantum superiority [1]. Furthermore, these results illustrate how time symmetry may serve as a tool for
analyzing the computational complexity of novel physically-motivated computational problems.
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Encoding many qubits in different degrees of freedom (DOFs) of single photons is one of the routes towards
enlarging the Hilbert space spanned by a photonic quantum state. Hyperentangled photon states (i.e. states
showing entanglement in multiple DOFs) have demonstrated significant implications for both fundamental
physics tests and quantum communication and computation. Increasing the number of qubits of photonic
experiments requires miniaturization and integration of the basic elements and functions to guarantee the setup
stability. This motivates the development of technologies allowing the control of different photonic DOFs on a
chip. Femtosecond laser writing on a glass makes possible to use both path and polarization of photon states
enabling precise control of both degrees of freedom [1].

In this work, we demonstrate the contextual use of path and polarization qubits [2] propagating within a laser
written integrated quantum circuit and use them to engineer a four qubit hyperentangled cluster state [3]. We
also characterize the cluster state by identifying the strength of the qubits correlation by means of multipartite
non-locality tests. We present a recipe that can be applied to any cluster state subset and only requires the
knowledge of its adjacency matrix. We apply our scheme to a four-qubit linear cluster state, such that shown in
Figure 1. Our results show good agreement with what we expected from the experimental realization of the state
and pave the way toward the diagnostic of larger quantum networks. Furthermore, we tested the quality of our
cluster state by performing Grover's search algorithm following the one-way quantum computation model. Our
results show a probability of tagging the correct item of >95% [3].

>

Figure 1: Four qubit linear cluster state. The values p1,p2,p3 represent the strength of the links between adiacent
qubits. p=0 means no correlation, p=1 means perfect correlation.
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We propose an all-optical setup to generate entangled multi-qubit states encoded in temporal modes of light. The
setup employs a nonlinear waveguide in a fiber loop to generate one- and higher-dimensional tensor-network states
of light. We illustrate the generation of two different classes of entangled tensor-network states, namely the W and
the GHZ states, which are important resources for quantum communication and computation. Furthermore, we
report on a variational algorithm to simulate the ground-state physics of many-body systems, and we show the ef-
ficacy of existing fiber-loop devices to simulate the spin-1/2 Heisenberg model. Finally, the setup is demonstrated
to be robust to realistic losses, mode mismatch and dark counts.
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Quantum photonic integrated circuits (QPICs) on a GaAs platform allow the generation, manipulation,
routing, and detection of non-classical states of light, which could pave the way for quantum information
processing based on photons.

Here we present the prototype of a multi-functional QPIC together with our achievements in terms
integration of each component of the circuit [1]. Photons are generated by excited InAs quantum dots (QDs) and
routed through ridge waveguides towards photonic crystal cavities acting as filters. The filters, featuring a
transmission of 20% and a free spectral range >66 nm, are able to select a single excitonic line out of the
complex emission spectra of the QDs. The QD emission can be detected by the on-chip superconducting single
photon detectors (SSPDs).

SSPDs made of niobium nitride (NbN) nanowires are patterned on top of suspended nanobeams (SNBs),
instead of a more conventional ridge waveguide, and show a device quantum efficiency up to 28% establishing a
new record on the GaAs platform. Moreover, two electrically independent SSPDs on top of the same SNB form
a very compact autocorrelator system for on-chip g®(t) measurements. This, together with a jitter (127ps) much
shorter than the QD lifetime (0.94ns), shows that the proposed integrated circuit is suitable for the on-chip
measurement of single-photon emission.
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Figure 1: Sketch of the proposed QPIC
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Quantum technologies, such as linear optical quantum computing, need indistinguishable single photons. If
generated by different self assembled semiconductor quantum dots, transitions need to be tuned to the same energy.
For large scale integration, all-electrical excitation and tuning is advantageous, as many single photon sources can
be integrated with high-density on-chip or within a photonic circuit using standard photo-lithographic techniques.

Our scheme employs two neighbouring quantum LEDs (see figure 1). One LED is driven electrically so that the
InAs quantum well around the dots known as the wetting layer emits light that excites quantum dot transitions in
Diode 2. The emission energy of the quantum dot transitions in Diode 2 can be electrically tuned via quantum
confined Stark effect. We observe tuning of the transition over 5nm. Moreover, we show tuning of the fine
structure splitting which may be useful in future devices that emit entangled photon pairs. We show antibunched

dot emission with a second-order correlation function of g® (0) = 0.06.
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Figure 1: Principle of operation: (left) wetting layer emission of Diode 1 is absorbed by Diode 2 and (right)
excites quantum dot transitions. Inset shows visualisation of the operation principle.
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Quantum optical applications require a scalable approach combining bright on-demand quantum emitters and
complex integrated photonic circuits. Currently, one of the most promising quantum sources are based on 111/V
semiconductor quantum dots (QD)[1]. However, demonstrating complex photonic circuitry based on IlI-V
semiconductors faces tremendous technological challenges in circuit fabrication and deterministic integration of
single photon sources[2]. On the other hand, silicon and silicon nitride based photonic circuits are CMOS
compatible and well-developed for large scale and complex integration. We take the best of both worlds by
developing a new hybrid on-chip nanofabrication approach[3, 4]. We demonstrate on-chip generation, spectral
filtering, and routing of single-photons from selected single and multiple 111/ semiconductor nanowire quantum
emitters all deterministically integrated in a CMOS compatible silicon nitride (SiN) photonic circuit. Our new
approach eliminates the need for off-chip components, opening up new possibilities for integrated quantum
photonic systems with on-chip single- and entangled-photon sources.

A major problem with integrated quantum photonics is the suppression of excitation lasers and elimination of
unwanted emission lines. This proved to be a considerably difficult task, which hindered the demonstration of
on-chip single-photons without the use of external bulky filters. Here, we have overcome this hurdle and realize
single-photons generation and filtering on-chip. The emission from a nanowire embedded in a SiN waveguide is
filtered on-chip without the aid of off-chip components. Wavelength and polarization filtering is performed
using an electrically-controlled integrated ring resonator filter[5]. Taking advantage of our new on-chip single-
photon filtering and routing, we are able to perform wavelength division multiplexing/demultiplexing of on-
demand quantum emitters. We realize a multi-frequency quantum channel comprising two independently
selected and deterministically integrated nanowire-QDs2. Finally, we implement a scalable in-plane pumping
scheme which decouples the excitation laser from the QD emission. The broadband nature of the pump
suppression and the absence of resonant photonic structures makes it attractive for large scale integration and
performing resonant excitation of QDs on-chip.
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Comprehensive works on photon pair generation have been done in silicon photonics [1], but very little has
been done on interfering heralded photons from different sources—a crucial step towards implementing com-
plex circuits—and has been limited to straight waveguides [2]. We report a 4-photon measurement in silicon-
on-isolator, demonstrating on-chip Mach-Zehnder Interference (MZI) visibility of 71.84 +3.11% among heralded
photons generated from two separate micro-resonators. This value of visibility matches with the estimated aver-
age photon number ~ 0.09 as in figure 1(b). The heralded single-photon purities from each source are estimated
as 86.20 +3.89% and 78.69 +2.44% by examining the second order correlation g,(;) (0) [3]. This, in turn, pro-
vides an estimate of the maximum overlap (indistinguishability) between these sources as 82.36 +2.25% by using
Cauchy-Schwarz inequality.
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Figure 1: (a) The experimental setup contains a laser light passing through a broadband filter (BF), a tunable
bandwidth filter (TF) and a polarisaion controller (PC) and coupled to the photonics circuit. It consists of a
directional coupler (DC), micro-ring resonator sources (®g;, Psy), micro-ring filters (Pgy, Pry) and MZI. Photon-
pair generated by the sources are interfered and coupled off-chip and filtered (BF1 to BF4) and collected by single
photon detectors (D1 to D4) connected to coincidence logic unit (HH). (b) Numerically estimated visibility of
HOMI and MZI with respect to average photon number generated per pulse upto 10 multi-pair emission. (c)
The solid blue line fits temporally indistinguishable raw four-fold data (blue events) and estimates visibility of
71.84 +3.11% with 95% confidence interval. The red events are temporally distinguishable.

Our current result is a step towards building more complicated quantum photonics devices. However further
investigation on the purity and indistinguishability—especially understanding the impact of the resonator temporal
dynamics—is necessary for designing better sources.
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Multi-photon states generation is currently of great interest for near-future quantum simulation and quantum
computation experiments. Up-to-date spontaneous parametric down conversion is an eligible process to produce
as many as 10 entangled photons [1]. Here we experimentally investigate the properties of two single-photon
sources, based on PPKTP crystals in the telecom wavelength regime, and underline the main characteristics for

quantum interference between independent photons (see Fig. 1).
A single-photon grating spectrometer is also described as important tool for the preparation of high quality single

photons.
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Figure 1: Simulation and experimental data of the purity of independent single photons: the simulation are
extracted from the numerically calculted joint spectral amplitude whereas the experimental data correspond to
visibilities of quantum interference.
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Conventionally, quantum systems interacting with the environment are termed *open quantum systems’ (OQS),
and as such they constitute the most common structures encountered in nature. Along these lines, the standard
phenomenological approach for describing the evolution of OQS is the so-called Born-Markov master equation [1].
In its simplest configuration, OQS subject to Born-Markov premises can be investigated in quantum networks in
which environmental effects are manifested as pure dephasing [2,3]. Mathematically, such networks are described
by the stochastic equation

_dv

N
dt :8n(t)llfn+ Z Kmﬂ‘lfm

m#n

Here, i = 1, y, represents the wave function at site n, and K, , are the hopping rates between the (m,n) sites.
Moreover, £(t) denotes the fluctuating site energies having properties of Gauss-Markov processes satisfying the
conditions (g,(¢)) = 0 and (&,(¢)&u(t')) = ¥ Omn0(r —t') with (---) denoting stochastic average and ¥, being the
dephasing rates [3].

This model fundamentally describes the behavior of single-particle OQS, it does not show any divergence from
wave mechanics [4]. Indeed, the richness and complexity of genuine quantum processes are only appreciable when
a manifold of indistinguishable particles are jointly considered [5]. We studied theoretical and experimentally a
Born-Markov OQS within the single- and two-excitation manifolds. In our experiments, OQS are implemented
in waveguide networks inscribed in fused silica glass by means of the femtosecond laser writing technique [6].
In the context of photonic waveguides, the individual propagation constants, here denoted as f3,(¢) for the n-th
site, play the role of site energies and the hopping rates result from the evanescent overlap between normal modes
supported by adjacent sites. To produce dephasing-like effects in the waveguides we induce longitudinal random
fluctuations in their refractive indices. This is readily accomplished by varying the inscription velocity of the
waveguides. Correspondingly, to inspect the evolution of indistinguishable bosons we use two-photon light from
a SPDC source. Results show that even when individual particles do not preserve any quantum coherence in the
presence of noise, surprisingly two-particle states preserve, on average, quantum coherence despite the impact of
dephasing.
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Boson Sampling [1] has recently emerged as a tool to explore the power of quantum computation over classical
computation and provide evidence against the extended Church-Turing thesis. The protocol involves sending single
photon Fock states through a linear interferometer, where the output distribution of photons is difficult to predict.
This is because the probability of a photon pattern at the output depends upon the permanent of a matrix, which
is known to be a computationally difficult (#P hard) problem. However, as single photons are currently generated
probabilistically it makes the scaling to the necessary high photon numbers experimentally challenging.

It is therefore interesting from an experimental, as well as a theoretical, perspective to investigate other pho-
tonic states that may be used in Boson sampling problems. Here, we present Gaussian Boson Sampling [2], a
classically hard-to-solve problem that uses squeezed states instead of single photons. By using such states we
circumvent the problem of generating single photons. We first derive a new formula for the probability to measure
a specific photon patterns from a general Gaussian state, which is related to a matrix function called the hafnian.
Based on this result, we design Gaussian Boson Sampling, a #P hard problem, using squeezed states. This ap-
proach leads to a more efficient photonic boson sampler with significant experimental advantages over existing
protocols.
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Single-photon detectors capable of measuring ultra-weak optical signals represent a crucial tool for quantum tech-
nology, optical communication, and biomedical imaging. The key requirement for exploring statistical proper-
ties of light is the ability to distinguish individual photons. As an ideal unlimited photon-number resolution is
virtually impossible, the photon statistics has to be estimated from raw coincidence distribution of a practical
photon-number-resolving detector (PNRD). Furthermore, interesting quantum features of the detected light can be
assessed directly from the coincidence statistics on optical multiplexing networks [1-2].

We present a fully reconfigurable PNRD consisting of tunable free-space multiport network and single-photon
avalanche diodes. The detector features precise balancing with no crosstalk between detection ports. Data process-
ing is based on real-time recording of all types of coincidence events. To estimate the photon statistics of detected
light, a novel expectation-maximization-entropy algorithm is devised using entropy regularization of the popular
maximum-likelihood expectation-maximization technique [3-4]. Furthermore, we present an experimental method
of recognizing quantum non-Gaussian (QNG) multiphoton states employing the reconfigurable PNRD. QNG is a
native quantum property of Fock states, that exhibits higher resilience to losses than the negativity of Wigner func-
tion. It was recently proven to be an efficient tool for evaluation of single-photon sources and a sufficient test for
discrete-variable quantum key distribution.

We demonstrate high-fidelity photon statistics measurement of various sources of light, including simulated
emission from a cluster of 1-9 single-photon emitters. We prove QNG despite detection efficiency of 50%. Ad-
ditional loss tolerance is evaluated in the form of QNG depth, defined as the maximum attenuation, for which the
quantum state is still QNG. We discuss emitters counting based only on their collective emission [5-6].
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Figure 1: (a) Example of typical coincidence histogram of our PNRD with raw voltage output shown in the inset.
The detector development is supported by Czech Science Foundation: GACR 17-26143S. (b) Experimental QNG
witness [1] — multiphoton light is collected and brought to a balanced multichannel detector, where the highest
coincidences are compared to the QNG threshold. (¢) The detector used consists of 10 single-photon avalanche
diodes and a balanced fully-reconfigurable optical multiport network. (d) Table of observed QNG depths (in dB).
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We demonstrate the active temporal-to-spatial demultiplexing of a stream of single photons using an integrated
photonic switch with 80MHz repetition rate to create multi-photon sources with small resource overhead. This
photonic switch is suitable for use with high brightness solid state GaAs/InGaAs quantum dots deterministically
coupled to micro-pillar cavities, operating at 932 nm. These sources demonstrate high indistinguishability between
photons emitted from the same device over large timescales [1, 2]. The combination of these sources with a fast
photonic switch and suitable delay lines as shown in Figure [T[(a) allows for the creation of a multi-photon source
in a manner that the multi-fold rate scales polynomially with photon number.
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Figure 1: (a) A temporal stream of single photons emitted from a micro-pillar QD are injected into a photonic
switch, and routed to the suitable length delay line to overlap all photons in time. (b) Multi-photon rate for state of
the art platforms: red for spontaneous parametric down-conversion sources, yellow for passively multiplexed QD
single emitters, and green for the performance of the demonstrated photonic switch.

A 1:4 photonic switch is fabricated on an X-cut lithium niobate substrate via the creation of annealed proton
exchange waveguides [3]. These waveguides form a network of electro-optically reconfigurable directional cou-
plers, controlled by electrodes which synchronously switch so the first photon is sent to output one, the second to
output two, and so forth.

Figure 1b compares the measured performance of the demultiplexing device, with calculated multi-photon
count rates when coupled to a state of the art micro-pillar quantum dot to other possible multi-photon sources.
Active demultiplexing can enable a 6-photon rate 0.01 Hz, three orders of magnitude larger than what could be
obtained with unmultiplexed SPDC sources [4], and scales equivalently to a multiplexed heralded SPDC source
with single photon probability enhancement of > 600%. With improvements in source brightness and photonic
switch transmission this scheme provides a pathway to intermediate size multi-photon sources.
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Efficient quantum light sources and non-linear optical elements at the few photon level are the basic ingredients
for most applications in nano and quantum technologies. On the other hand, on-chip integration is necessary to
envision a scalable platform for quantum information and communication.

In this work we demonstrate the potential of a novel hybrid technology which combines single organic molecules
as quantum emitters and dielectric chips, consisting of ridge waveguides and grating far-field couplers [1]. Diben-
zoterrylene molecules in anthracene crystals are particularly suitable quantum systems for this task, due to out-
standing photophysical properties [2,3] in samples as thin as few tens of nanometers. Here the emitters are inte-
grated by spin-coating onto the photonic chip. We demonstrate at room temperature the emission of single photons
from DBT molecules into ridge waveguides with a branching ratio up to 40%, corresponding to an estimated in-
guide brightness around 50M Hz for cw pumping at saturation intensity. These results are competitive with state-
of-the-art single photon emission into propagating guided modes from solid state systems [4,5], while offering a
novel platform with unprecedented versatility. Single waveguided photons can be readily processed on-chip or
extracted into a quasi-gaussian mode in free space with overall efficiency around 16%. We also discuss options to
further improve the collection efficiency and applications to quantum optics [6] and to study manybody-induced
quantum correlation effects [7].

normalized coincidences

0 20 40 60
time delay (ns)

Figure 1: Cartoon and fluorescence image collected with an EMCCD camera showing signal from both the con-
focal excitation spot and the outcouplers; antibunching dip measured in correspondence of all output ports revels
single-photon nature of the signal.
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The generation, manipulation and detection of non-classical states of light on a miniaturized chip is a major
issue for future quantum information technologies. Among the different material platforms explored in these last
years AlGaAs attracts a particular interest due to its compliance with electrical injection [1] and electro-optic effect.
Here we demonstrate AlGaAs waveguides with high rate of biphoton generation (2.37MHz) and signal-to-noise
ratio (SNR) up to 5x10*. This potentially brings us in the condition of achieving a 0.99 fidelity for the generation
of entangled states. Our devices, based on a modal phase-matching scheme, include two Bragg mirrors providing
both a photonic band gap confinement for a TE Bragg pump mode around 780nm and total internal reflection
claddings for the twin photons TE and TM modes centered at 1560nm. Furthermore, the dispersion properties of
our devices, together with the modal reflectivity on the waveguide facets, allow engineering the joint spectrum
of the emitted biphoton state to get comb-like spectral correlations, corresponding to frequency-entangled qudits.
Indeed the facets create a Fabry-Perot cavity for both output modes, inducing regular time-delays between photons
directly transmitted through the waveguide facet and photons having experienced one or more round trips [2].
Taking this into account, the expression of the joint spectral density |®(wy, @;)|? of the emitted biphoton state is:
|D(wy, @) > = N7, (o, ) *|A( 0, )| fre(oy, o) fru(@s, ;). Here @, (o + @;) is the spectral amplitude
of the pump beam, A(wy, @;) is the three-wave-mixing phasematching function, frg and fry describe the effect
of the reflection on the waveguide facets for the generated TE and TM polarized photons, respectively and N
is a normalization constant. Figure 1 reports the measurement of a portion of the JSD for the biphoton state
emitted by our device under CW pumping, as well as a Hong-Ou-Mandel measurement. The amplitude of the
biphoton wavefunction is distributed along @ + @; = ®, and oscillates with peaks at @, — @;. This suggests that
the generated state is an entangled qudit structure ® = Y ;| @;, ®,—; > as pointed out also in [3]. Contrary to
recent experiments that required spectral filters and/or modulators, or external cavities to engineer the target state,
our devices represent a miniaturized source, working at room temperature and telecom wavelength.
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Figure 1: Left:Measurement of the joint spectral density. Right: HOM dip measured by pumping the sample with
a CW Ti:Sa laser; the generated photons are filtered on a 10.8 nm bandwidth.
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The growing complexity of the integrated experiments for quantum photonics applications is requiring
architectures that are more complicated and the on-chip manipulation of an increasing number of optical modes.
This implies also the integration of an increasing number of detectors, requiring sophisticated electronic for their
simultaneous readout. SNSPDs are the best candidates as single photon detectors for their leading performances
in terms of quantum efficiency, time jitter and count rate, and because of the capability of being integrated with
optical circuits on different platforms. Recently, it has been shown a scalable electrical readout scheme for
single-photon pulse-position SNSPD arrays [1]. Our approach consists of a modified spatially-multiplexed
PNRD (photon number resolving detector) [2] made of a series of N superconducting NbN nanowires with, in
parallel, an opportunely selected set of AuPd resistors fabricated on-chip. This approach, providing the coupling
to a cryogenic high impedance amplifier to preserve the linearity of the voltage outputof the pulse-position
resolving detector (PPNR), enables the simultaneous read out of about ten elements with a single coaxial rf
cable.
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Figure 1: a)-d) Scanning electron micrographs of: a) Silicon substrate shaped as a lollipop used to achieve self-
alignment of the PPRD with a SM fiber. The PPRD is fabricated on 262 nm thick SiO2 A/4 cavity on top of the
silicon substrate, 200um thick. b) Each one of the 4 pixels of the PPRD have an on chip resistance in parallel
(20, 50, 80 and 160 Q). ¢) Enlarged view of the 80 nm wide NbN meandered nanowires (filling factor of 50%).
d) Enlarged view of an on chip 20Q AuPd resistance. €) IV characteristics of a PPRD measured at 2.9K; the
linear fit of the ohmic branch (red line in the figure) is used to infer the sum value of the series resistances Rs =
313 Q (in agreement with the nominal value of 310 Q).

A 4-pixel PPRD with 4 different on chip parallel resistances of nominal values R; =20 Q, 50 Q, 80 Q, 160 Q
has been fabricated as a proof of concept detector. We used a two parallel nanowire approach [3, 4], to improve
the signal to noise ratio (SNR) of the PPRD in order to discriminate the 4 different output levels. The device is
operated in a single photon regime and read out with a standard 50 Q input room temperature rf electronic. The
optical characterization shows clearly distinguishable pulses of different amplitude, even if, due to the 50 Qrf
readout, the output of the detector is not linear because of a non ideal voltage reading.

References
[1] V.B. Verma et al., Appl. Phys. Lett. 104, 051115 (2014).
[2] Mattioli et al., Supercond. Sci. Technol. 28, 104001(2015).
[3] M. Ejrnaes, R. Cristiano, O. Quaranta et al.,Appl. Phys. Lett. 91, 262509 (2007).
[4] F. Marsili, et al., Nano Lett., 11, 2048 (2011)


mailto:alessandro.gaggero@ifn.cnr.it

An efficient plug-and-play single photon source, and limits on spectral purity and
heralding efficiency for photon pairs

Evan Meyer-Scott, Nicola Montaut, Johannes Tiedau, Linda Sansoni, Harald Herrmann, Raimund
Ricken, Viktor Quiring, Tim J. Bartley, and Christine Silberhorn

Integrated Quantum Optics, Dept. of Physics, University of Paderborn, Warburger Straf3e 100, 33098 Paderborn, Germany

We report on a fully fiber-coupled heralded single photon source with 46 % raw heralding efficiency [1]. The
source (Fig. 1a) is based on type-II parametric down-conversion in a periodically-poled lithium niobate waveguide,
producing degenerate photon pairs at 1558 nm. Many previous attempts at packaging single photon sources have
resulted in sharply reduced performance [2], but by filtering just the heralding arm the heralding efficiency is
limited only by optical losses, which we keep low by careful selection and coupling of components. However,
when both photons are tightly filtered, for example to increase the spectral purity for multiphoton interference, this
high efficiency is no longer possible for both photons [3]. We use our source to probe this tradeoff, finding that
as filters (Fig. 1b) are narrowed, the signal and idler heralding efficiencies necessarily decrease (Fig. 1c) [4]. We
also find fundamental limits to these quantities and discuss the source engineering needed to avoid this problem.
Our heralded single-photon source is well-suited for applications in quantum communication, networking, and
information processing where hands-off operation is desired without sacrificing laboratory-scale performance.
For applications requiring multiphoton interference, however, our work highlights the need to properly tailor the
photon generation process to the application rather than rely on filtering after photon generation.
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Figure 1: (a) Fiber-coupled single photon source with high heralding efficiency. Arbitrary spectral filters are
then added in place of the DWDM filter to probe the tradeoff between heralding efficiency and spectral purity.
(b) Spectral filtering of correlated two-photon joint spectrum. (c) Theoretical (curves) and experimental (points)
tradeoff between heralding efficiency and spectral purity of the reduced heralded single-photon state.
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During the last decade there has been a significant interest in the use of multimode optical fibers, which allow
complex structured light modes such as light modes carrying orbital angular momentum (OAM), to increase the
channel capacity in optical communications. At variance with polarization -only allowing for the transmission
of, at most, two orthogonally polarized signals without crosstalk at a single wavelength-, OAM modes have the
advantage that the dimensionality of the Hilbert space formed by OAM modes can be arbitrarily increased as one
increases the number of light modes with different azimuthal indices that propagate within the same waveguide.
Thus, the use of light beams carrying OAM adds more degrees of freedom to the control of light beams in integrated
optical devices. Since most applications of integrated optical devices take profit of the evanescent field of optical
waveguides to couple two or more of these using photon tunneling, the additional degrees of freedom offered by
OAM optical modes provide an alternative tool to control photon tunneling in coupled waveguides.

In this work [1], we investigate the propagation of OAM modes in a system of three cylindrical waveguides
arranged in a triangular configuration. In particular, we show that photon tunneling amplitudes between OAM
modes of adjacent waveguides that have opposite topological charge are, in general, complex. For the particular
case of the in-line and the right triangle configurations, we demonstrate the existence of bright and dark supermodes
in the system, which are characterized by their coupling and decoupling from the central waveguide, respectively.
Thus, we discuss that any of these two configurations can be used to implement an OAM cloner and an OAM
inverter by simply adding dissipation in the central waveguide while taking advantage of the projection of the
input state into the dark supermode when it propagates through the system.
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Figure 1: (a) Ilustration of an OAM cloner of the |[R+) mode (with one positive unit of OAM at the right waveg-
uide) to the waveguide L, and (b) the corresponding intensity evolution along the z direction of |L+) (red-solid
curve), |L—) (orange-dashed curve), |C+) (black-solid curve), |C—) (gray-dashed curve), |[R+) (blue-solid curve),
and |R—) (turquoise-dashed curve) OAM modes. For details and parameter values see [1].
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Quantum metrology enhanced by entanglement from boson sampling
Daniel Nagaj'
Unstitute of Physics, Slovak Academy of Sciences

Quantum enhanced metrology. There are many ways that quantum mechanics can be used to improve the sensitivity
in quantum metrology beyond shot noise, i.e. 1/+/# of tries. The goal is reaching the Heisenberg limit. This has
been achieved for example by NOON states. However, these states are notoriously hard to generate, and sensitive
to noise. We thus choose to look for other avenues to quantum improvement.

Our goal is to determine an unknown phase, that is applicable in varying amounts to photons in various modes
(not only to one particular mode). For example, imagine a photon in a particular mode running through some
length of a medium where the phase applies.

Boson sampling generates useful entanglement. In [1], Motes et al. presented a way to utilize spontaneously
generated entanglement from a multimode interferometer to beat the shot-noise limit in quantum metrology. Theirs
is a boson sampling approach, using a multimode interferometer built from a unitary transformation, an application
of an unknown phase, and a reverse of the unitary transformation: B = U TVq,,U . With no phase applied, B =1. The
authors now choose U to be a Fourier transform, and apply the phase in a gradient way (as black boxes),

Vo :Zeixw\x><x|. (1)

Putting in 1 photon per mode, and counting how often they detect 1 photon in each of the output modes allows
them to determine the unknown phase ¢ with precision

A(pz@(N_%) :(H)((#uses)*%), (2)

recalling that the application of the phase as in (I)) is equivalent to N(N — 1) /2 applications of the phase ¢. This is
1
better than shot noise (#uses) 2, but worse than the Heisenberg limit (#uses) .

Our results: towards the Heisenberg limit using Boson Sampling. We answer several open questions from [1], and
add some of our own. First, we show that applying an unknown phase to just one (or several) of the modes can not
give one a metrological improvement over shot noise in the scenario B = U TVQDU . Second, we prove some of the
numerical results in [1]. Third, we show that when one applies the phase in a nonlinear fashion, using

Vo =Y e ) {x] 3)
X
with f, a polynomial in x with degree a, the resulting phase precision scales like
(NI
Ap=© ((# uses) 2<u+1>) , @

i.e. arbitrarily close to the Heisenberg limit (with growing a). Fourth, we show conditions on the “mixing” unitary
U behind an interferometer highly sensitive to phase — it is enough to “mix” the modes up, so that the probabilities
of single photons going from mode any x to any mode y are roughly equal. This is of course satisfied by the Fourier
transform in [1], but other options are viable too.
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We investigate the behavior of a pair of two-level quantum emitters (“atoms”), embedded in a quasi-one-
dimensional waveguide [1]. Integrated photonic circuits and superconducting qubits provide one of the most
interesting experimental platforms for realizating dimensional reduction and engineering the atom-field coupling
[2,3].

Figure 1: Two identical two-level atoms are fixed at relative distance d in a one-dimensional waveguide, with
propagation directionalong the x axis. Both atoms are coupled to the same guided mode of the field.

While an isolated atom would unavoidably decay to its ground state, in the considered configuation the atom
cannot decay if its excitation energy is smaller than the threshold for photon propagation. Moreover, when two
atoms are coupled to the same waveguide mode, nontrivial bound states can exist even above the propagation
threshold, due to interference effects. We explore the one-excitation sector of the rotating-wave Hamiltonian and
find the existence of a single entangled bound state above threshold, occurring for discrete values of the
interatomic distance. Hence, under proper conditions on the distance and the excitation energy, a generic initial
state can spontaneously relax towards an asymptotic entangled state, in which the two atoms share an excitation.
We study the properties of such states in terms of the interatomic entanglement, and determine the typical
timescale of relaxation from the analytical properties of the resolvent of the Hamiltonian. We also find that both
bound states and the entanglement-by-relaxation protocol are robust against small parameter variations. We
finally comment on the interplay with possible detrimental effects, and generalize to multilevel atoms and
sectors with a larger number of excitations.
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Efficient quantum interfaces converting quantum states from one physical system to another are important
components for realizing a plethora of quantum computing applications. One way of achieving such quantum con-
nectivity is through the optical interactions of single photons with quantum emitters. [1] Since single photons can
be routed on photonic integrated circuits (PICs) and interfaced with on-chip quantum emitters, one can integrate
many functionalities on a single chip, eventually paving the way towards scalable quantum devices. [2] In order to
improve the interaction efficiency between photons and quantum emitters, a variety of approaches using dielectric
waveguides and cavities ([3,4]) as well as plasmonic waveguides ([5]) have been suggested. However, to the best
of our knowledge, a general study of such integrated quantum photonic platforms, including all relevant interac-
tions and loss channels, is still missing. As a result, the requirements to optimize certain quantum functionalities
(e.g. a single photon source) within an integrated quantum photonics platform still remain elusive.

We will introduce a general quantum photonic model of a quantum emitter coupled to an integrated photonic
cavity, which in itself evanescently interacts with a nearby waveguide. Using a density matrix analysis we investi-
gate the effect of the different coupling strengths and loss channels on the system’s transmission .7 and reflection
Z as well as on the single photon purity (characterized by the second order correlation function g(? (0)) of the
transmitted and reflected light. For weak coherent input fields we show that .7 and % can be analytically obtained
by the stationary solutions of the Heisenberg equations:
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where I, and I, are the decay rate of the emitter and cavity respectively, Q the coupling strength between the
emitter and the cavity, I'jp the decay rate into the waveguide and A, and A, the detuning of the emitter and cavity
frequency from the driving frequency. Our numerical density matrix analysis perfectly corresponds with this
analytically expected trend. Moreover, our model predicts the expected Jaynes-Cummings normal mode splitting
for strong emitter-cavity coupling. These sanity checks are used to corroborate the validity of the suggested model.

Subsequently, we will present a comparative analysis between the weak and strong coupling regime of inte-
grated quantum photonic platforms and demonstrate how their performance can be optimized using careful tuning
of all coupling rates involved. Finally, we will discuss our experimental efforts on the realization of high efficiency
and high purity integrated single photon sources using the above model. Since our model can be applied to any
kind of cavity-emitter system (ranging from low-Q integrated nanoplasmonic antennas to high-Q dielectric ring
resonators) coupled to a 1D continuum of waveguide modes, it is broadly applicable in the design and optimization
of integrated quantum photonic systems (such as e.g. on-chip single photon sources).
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In classical physics, the various properties of the objects exist independently of the context, i.e. whether
and how measurements are performed. In Quantum physics this assumption appears to be wrong and Nature is
indeed “contextual” [1,2]. Contextuality has been observed in many different physical systems, such as single
photons [3], neutrons [4] and ions [5], and it is considered to play a fundamental role in the quantum computation
advantage [6]. Here, we demonstrate for the first-time quantum contextuality in an integrated photonic chip. The
chip implements different combinations of measurements on a single photon delocalized on four distinct spatial
modes. Contextually is confirmed by violations of a CHSH-like non-contextuality inequality. This pave the way to
compact, portable devices for contextuality-based quantum protocols [7].
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Integrated photonics is the frontline concept in the technological advancement of optical devices for infor-
mation processing. Femtosecond Laser Writing is a technique which allows to write waveguides directly into
transparent materials, without the use of masks, speeding massively the engineering process of the photonic de-
vices, with relatively low costs and the possibility of writing polarization independent waveguides, allowing the
encoding of information in polarization entangled photons.

Here we present three major works in the use of novel femtosecond laser written photonic devices in quantum
information experiments. First we will present the first femtosecond laser written reconfigurable chip operating
at telecom wavelength, demonstrating optimal performance of the device in the quantum regime, by measuring
single and two photon interference with viabilities close to 99% [1]. Then we will discuss about the use of a recon-
figurable photonic device in the investigation of entanglement generation due the evolution of the spin chain, by
mapping the Hamiltonian into a discrete quantum walk of single photons, achieved by combining two femtosecond
laser written devices in series, one simulating the quantum state transport, the second characterizing the entangle-
ment [2]. Finally we present the first integrated single photon source at telecom wavelength by femtosecond laser
writing, achieved by creating a system of three photonic devices: a thermally reconfigurable chip, PPLN crystal
with inscribed waveguides and a directional coupler, allowing the control over the state of the generation between
|11) and |20).
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In the quantum world, a single particle can have various degrees of freedom to encode the quantum information.
Controlling multiple degrees of freedom simultaneously is necessary to describe a particle fully and, therefore, to
use it more efficiently. Here, we introduce the transverse waveguide mode degree of freedom to quantum photonic
integrated circuits, and demonstrate the coherent conversion of photonic quantum state between path, polarization
and transverse waveguide mode degree of freedom on a single chip for the first time. The preservation of quantum
coherence in these conversion processes is proven by single photon and two photon quantum interference using
a fiber beam-splitter or on-chip beam-splitters. These results provide us with the ability to control and convert
multiple degrees of freedom of photons for the quantum photonic integrated circuit-based quantum information
process.
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Figure 1: (a) Transverse waveguide mode as a new on-chip quantum information encoder. In free space high
dimensional quantum information processes, orbital angular momentums of photons are usually used to encode
information. Correspondingly, transverse waveguide mode can be used as a new degree of freedom for on-chip
high dimensional quantum information process. Inset on upright corner shows the energy distributions of the
fundamental mode (TE(, TMg) and the first higher-order mode (TE;) in a multi-mode waveguide. The silicon-
on-insulator (SOI) strip waveguide has a cross section of ~ 750nm x 220nm. (b) On-chip coherent conversion of
quantum states between different degrees of freedom, such as paths, polarization, and the transverse waveguide
mode, is essential for using different degrees of freedom simultaneously.
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Quantum dynamics of many-particle systems is attracting more and more attention. In this regard the main

issue, from the experimental point of view, is the generation of many walkers. For example photonic implementa-
tions suffer from losses and low signals, which make it a hard task. A way to tackle this challenge is to generate
particles directly inside the network instead of preparing the input state outside. This is what we call a driven
system.
Here we present driven dynamics based on the generation of particles within the network. This approach can be ex-
plored in the framework of quantum walks [1] and search algorithms [2]. The introduction of the generation inside
the network strongly affects the evolution of the walkers giving rise to new effective linear evolutions that depend
on the generation parameters. A driven dynamics can also be exploited for boson sampling protocols [3]. When
using heralded single-photon sources based on parametric down-conversion, this approach offers enhancement in
the input state generation rate over scattershot boson sampling [4], reaching the scaling limit for such sources [5].
More significantly, this approach offers a dramatic increase in the signal-to-noise ratio with respect to higher-order
photon generation from such probabilistic sources, which removes the need for photon number resolution during
the heralding process as the size of the system increases.
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The efficient and reversible mapping of quantum states of light into collective excitations of atomic ensembles
represents one of the most promising routes towards the realization of quantum memories. Rare earth doped
crystals, in particular, offer long lived spin states and are naturally suitable for miniaturization and integration, e.g.
in form of waveguides, of several quantum memories onto a single substrate. The latter would greatly facilitate
the scalability and, thanks to the tight confinement of light, would lead to a strong enhancement of the light matter
interaction. Pr’*:Y,SiOs is currently one of the best systems for quantum memory applications, in fact it is the
only solid-state system in which externally generated heralded single photons have been stored with on-demand
retrieval [1]. Moreover, very efficient storage of weak coherent states [2] as well as the longest storage time ever
demonstrated in any system (in the regime of 1 minute for classical images) [3] have been shown with this crystal.
Despite this, only two approaches for integration have been reported so far in this material [4,5]. The first one
is based on evanescent coupling with TeO2 waveguides deposited on a bulk crystal [4]. The second one is based
on femtosecond laser micromachining [6]: a fs-pulsed laser is highly focused in the crystal to create pairs of
parallel damage tracks. As a consequence of a positive change of refractive index between the two tracks, the
light is guided (type II waveguide). In this approach, the interaction between the light confined in the waveguide
and the active ions was shown to be higher and storage with on-demand retrieval was performed with bright light
pulses using the atomic frequency comb (AFC) protocol, demonstrating the first implementation of an integrated
on-demand spin wave optical memory [5].

We propose a new platform for integrated optical memory based on the same technique: we fabricate a single
mode type I waveguide in Pr’*:Y,SiOs , performing just one long damage track along the crystal in which, due to
different fabrication parameters, the positive change of refractive index coincides with the track itself. Contrary to
the type Il waveguides studied in [5], type [ waveguides provide higher confinement without increasing the losses,
thus further increasing the light-ions interaction. Moreover they can be easily addressed with fibers and standard
glass chips (differently from type Il waveguides). We demonstrate that the coherence properties of the material
are in the same order of magnitude as for the bulk (a factor 3 lower), despite the invasive fabrication process. We
perform storage of ultranarrowband single photons generated by spontaneous parametric down conversion (SPDC)
and with telecom heralding, using the AFC protocol for storage times in the order of (s, thus proving that laser
written memories can operate in the quantum regime. This device opens new perspectives for the implementation
of miniaturized and integrated quantum memories.
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Integrated quantum photonics places much hope on silicon photonics—and the mature fabrication it brings—
to provide the very large scale that quantum technologies requires [1]. Silicon-on-insulator waveguides, with
their tight confinement and strong nonlinearity, have been an important test bed for nonlinear optics [2] including
photon-pair generation via spontaneous four-wave mixing (SFWM) [3]. However, doubts in silicon’s viability
for both quantum and nonlinear optics have been raised, due to its strong two-photon absorption (TPA) around
1.55 um. TPA limits nonlinear optical processes, and the generated carriers add loss, heat, and unwanted dynamics
[2]. Cross-TPA reduces heralding efficiency, fundamentally limiting photon-pair source performance [4]. Only two
approaches exist: find a material system with a larger bandgap; or use photons with less energy. We choose the
latter route, and explore silicon quantum photonics (SiQP) in the short-wave infrared (SWIR) band, around 2.1 pm.
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Figure 1: a Simplified band diagram and nonlinear effects in silicon. b Micrograph of fabricated SWIR SiQP
devices. Measured grating transmission and ring resonator spectrum (c, d).

The SWIR presents a number of opportunities, in addition to the suppression of TPA. We will discuss these, as
well as the challenges, and outline our progress to date in exploiting this new band for SiQP. We will discuss the
design and technical challenges of devices; show results on new passive structures, including waveguide couplers
and delay lines; report on our progress towards generating and collecting photon pairs in the mid-IR; and finally
outline our development of integrated SWIR-optimised single-photon detectors.

The SWIR route avoids the known barriers of SiQP in the telecom band, and presents exciting opportunities
and challenges for large-scale quantum optics.

References
[1]J. W. Silverstone, et al. “Silicon Quantum Photonics”, IEEE J. Sel. Top. Quantum Electron., 22, 6, 390 (2016).
[2] B. Jalali, “Silicon photonics: Nonlinear optics in the mid-infrared”, Nat. Photon. 4, 506 (2010).
[3]J. E. Sharping, “Generation of correlated photons in nanoscale silicon waveguides”, Op. Ex. 14, 12388 (20006).

[4] C. A. Husko, et al. “Multi-photon absorption limits to heralded single photon sources”, Sci. Rep. 3, 3087
(2013).



Noise features dictating the ultimate precision of frequency estimation
A. Smirne', J. Haase', J. Kolodyriskiz, R. Demkowicz-Dobrzariski’, S.F. Huelga'

Unstitute of Theoretical Physics, Universitdt Ulm, Albert-Einstein-Allee 11D-89069 Ulm, Germany
2ICFO-Institut de Ciéncies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Spain

3 Faculty of Physics, University of Warsaw, 02-093 Warszawa, Poland

Quantum metrology protocols allow in principle to surpass the precision limits typical to classical statistics,
leading from the standard quantum limit (SQL) to the Heisenberg limit (HL) [1], see also the Figure. However,
such a quantum advantage is jeopardized by the interaction of the probes with their surrounding environment,
which typically constrains it to a constant factor, thus bounding the error to the SQL [2-4]. Recently [5], it was
shown that the quantum enhancement in the scaling of precision with the number of probes can be restored par-
tially, but significantly also in the presence of noise, by exploiting some key features of the probes’ dynamics. For
any phase-covariant dynamics, where the action of the noise commutes with the unitary encoding, one can achieve
an asymptotic precision which is intermediate between the SQL and the HL if and only if the short-time evolution
departs from a time-homogeneous (semigroup) dynamics. After briefly recalling this general result, I will further
illustrate the specific role played by the (non-)phase covariance of the dynamics, as well as its possible deviations
from time-homogeneity, by taking into account a physically relevant example. The microscopic derivation of the
open-system dynamics in the spin boson model will allow us to clarify the effects of the different kinds of noise
on the estimation precision achievable via measurements on the probes [6].
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Figure 1: The interaction with an environment with a finite correlation time allows for noisy metrological limits that surpass
the standard quantum limit imposed by the central limit theorem. We demonstrate the existence of a fundamental (Zeno)
limit (in black) to the best attainable precision in noisy frequency estimation and its attainability (in red) using quantum
probes initially prepared in an entangled state [5]. While the asymptotic Zeno-resolved precision is above the Heisenberg
unitary limit, no further improvements are feasible by exploiting non Markovian effects and therefore this bound provides a
fundamental limit to the resolution for a broad class of system-environment interactions.
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Quantum metrology holds the great promise of overcoming the shot-noise limit in phase-sensing measure-
ments compared to classical strategies, by exploiting multi-photon states [1]. However, such photonic schemes
are hard to be implemented experimentally [2], since the simultaneous detection of all the involved photons is
required. Therefore those protocols are hardly competitive with classical approaches. In this work, we propose
and demonstrate a new strategy allowing phase sensing with two-photon phase sensitivity while relying on the
detection of single photons only. Strikingly, two-photon phase shifts can be retrieved thanks to classical inten-
sity measurements with a standard photodiode. Our idea is inspired by the concept of induced coherence without
induced emission [3].
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Figure 1: a) Experimental setup. b) Results for phase-sensing using classical (blue) and quantum (red) strategies.

The basic principle of the experimental setup is depicted in Figure [[(a). Two nonlinear crystals (NL; and
NL,) are coherently illuminated by a continuous-wave 780 nm pump laser (red lines). In the first crystal (NL),
cross-polarised non-degenerated signal and idler paired photons |H;)|V;) are generated through type-II spontaneous
parametric downconversion (SPDC) (blue and yellow lines). Subsequently, they are transmitted through a phase
object, where the individual photons accumulate a phase shift of ¢, and ¢;, respectively. After being transmitted
through a dichroic mirror (DM;), this quantum state is coherently superposed with the one generated in NL;
through type-0 SPDC, i.e. |V;)|Vi). Therefore, the quantum state reads: |y) = (e!(®+9)|H,) + Vi) @ [Vi)/v/2.

The signal photon is subsequently projected in the phase-sensitive diagonal basis. Interference fringes origi-
nating from phase shifts accumulated by both signal and idler photons appear now exclusively in the signal photon
intensity. Notably, no coincidence detection is necessary. The experimental results are shown in Figure[I[b). The
results clearly demonstrate a two-photon enhanced phase sensitivity associated with the quantum approach.

Besides a significant reduction in the measurement apparatus resources, our technique has a great potential for
future applications. Our experiment demonstrates that the advantages of quantum-enhanced phase-sensing can be
fully exploited even by classical intensity measurements, paving the way towards resource-efficient and practical
quantum metrology.
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Experimental benchmark of Boson Sampling with pattern recognition techniques
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The difficulty of validating large-scale quantum devices, such as Boson Samplers (Fig. [T)), poses a major challenge
for any research program that seeks to show quantum advantages over classical hardware. Boson Sampling is a
computational problem formally defined by Aaronson and Arkhipov [1] in 2011 that has been shown to be clas-
sically intractable (even approximately) under mild complexity theoretic assumptions. Thus, demonstrating that a
quantum device can efficiently perform Boson Sampling is powerful evidence that quantum computing can bring
exponential advantages over its classical counterpart. However, despite the fact that Boson Sampling is within our
reach [2], its measurement statistics are intrinsically exponentially hard to predict, so that the validation of a Boson
Sampler is not a straightforward task for large quantum systems.

To address this problem, we propose a novel data-driven approach wherein models are trained to identify common
pathologies using unsupervised machine learning algorithms. The aim is to find an inner structure in an unknown
data set through clustering, grouping data in different classes according to collective properties recognized by the
algorithm. We illustrate this idea by training a classifier that uses K-means clustering [3] to distinguish between
Boson Samplers that use indistinguishable photons from those that do not. We train the model on numerical sim-
ulations of small-scale Boson Samplers and then validate the pattern recognition technique on larger numerical
simulations as well as on integrated photonic platforms in both traditional Boson Sampling experiments and scat-
tershot experiments [4]. This approach performs substantially better on the test data than previous methods and
underscores the ability to further generalize its operation beyond the scope of the examples it was trained on.

output

||| “I l processing
LIl dfth

unknown device

? = boson sampling @ ? = alternative sampler

Figure 1: Validation of Boson Sampling experiments. An agent has to discriminate whether a finite sample
obtained from an unknown device has been generated by a quantum device implementing the Boson Sampling
problem or by an alternative sampler.
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The promise of quantum technologies for secure communication and information processing relies on
coupling single-photon sources (SPS) to optical microcavities (OMCs) [1]. The light-matter interaction in these
systems is sensitive to the SPS position and orientation with respect to the OMC. Current SPS-to-OMC coupling
technologies limit quantum-photonic device manufacturability by either requiring high-cost and non-scalable
nanofabrication techniques such as e-beam lithography, or lacking the ability to select optimal SPSs and control
their orientations. At the same time, nanoscale light emitters are being realized as ideal biosensors due to their
ability to be conjugated with biomarkers. In particular, nanodiamonds with color centers stand out from other
guantum emitters due to their brightness, photostability, nontoxicity, and ability to act as nanoscale temperature
and magnetic sensors [2,3]. The coupling of quantum emitters to OMCs enhances the signal from the biosensor,
but the path forward from laboratory demonstrations of this effect to a commercially scalable technology has not
been demonstrated.

Our work solves this materials-processing challenge by borrowing from additive manufacturing. We will
deterministically print nanodiamonds containing nitrogen-vacancy color centers (NVNDs) from a transparent
substrate on to an OMC by using opto-thermal expansion under laser heating. Figs. 1a-b schematically show the
working principle of the proposed method as follows: (1) NVNDs are dispersed on a transparent substrate. (2) A
search algorithm locates nanodiamonds that only have one nitrogen—vacancy color center, using single-photon
correlation measurements. (3) A laser beam is focused on the substrate right beneath the NVND, which causes a
sudden thermal expansion of the substrate due to the opto-thermal effect. This rapid thermal expansion kicks the
NVND off the surface (Fig. 1a, side view). (4) The NVND flies to the top surface where the OMC is located. The
OMC we will use is a 1D photonic crystal cavity, designed with an electric field gating the target location (Fig. 1b,
top view). Electric field gating around the NVND target location will: i) trap the NVND, ii) align the color center’s
optically excited dipole with the electric field, and iii) could serve to electrically excite the quantum emitter.
Importantly, our method allows for the simultaneous manipulation of both the SPS position and orientation with
respect to the quantum-photonic device, and can be conducted at ambient conditions. This method can be
generalized to emitters without excited state dipoles, such as the Ge- and Si-vacancy color centers: the orientation
of the color center can be determined optically, and the induced electric dipole of the nanodiamond may be
oriented by an external electric field.
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Fig. 1. Schematic illustration of placing and aligning emitters with a photonic device. a) side view. b) top view.
¢) Gold nanoparticles placed on a metallic tip using the proposed method.

As a proof-of-principle demonstration, Fig. 1c shows an SEM image of 200 nm gold nanoparticles which
were kicked on to a metallic tip. We will present our characterization of the positioning accuracy of this method
using both nanodiamonds and gold nanoparticles, elucidate the influence of nanoparticle shape on the trapping and
positioning efficiency, and the coupling of these nanoparticles to optoelectronic circuits.
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Bell's theorem plays a crucial role in quantum information processing and thus
several experimental investigations of Bell inequalities violations have been carried out
over the years. Despite their fundamental relevance, however, previous experiments
did not consider an ingredient of relevance for quantum networks: the fact that
correlations between distant parties are mediated by several, typically independent
sources. Here, using a photonic setup, we investigate a quantum network consisting of
three spatially separated nodes whose correlations are mediated by two distinct
sources (Figure 1). This scenario allows for the emergence of the so-called non-bilocal
correlations, incompatible with any local model involving two independent hidden
variables. We experimentally witness the emergence of this kind of quantum
correlations by violating a Bell-like inequality under the fair-sampling assumption. Our
results provide a proof-of-principle experiment of generalizations of Bell’'s theorem for
networks [1], which could represent a potential resource for quantum communication
protocols.

Figure 1: Directed Acyclic Graphs (DAG) can represent different causal structures, for instance
the nodes in the graph represent the relevant random variables with arrows accounting for
their causal relations for a tripartite scenario with two independent local hidden variable, that
is, bilocal hidden variable (BLHV) model.
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Quantum Darwinism is a theory proposed by Zurek in 2009 [1], in which the process of
proliferation of information from a quantum system to an environment is discussed. The theory
explores the borders between the quantum and the classical world: information about a quantum state
can be accessed by multiple observers interrogating the environment which is connected to the system
itself (Figure 1a). If the observers agree about the results of their measurements, then “objectivity”,
which is a fundamental feature of the classical world, is born. This is a shift in perspective from an
approach in which the environment in a quantum structure is only considered as an agent introducing
decoherence on the system.

In this work, we give the first experimental verification of the predictions of Quantum
Darwinism, extending Zurek’s framework by considering either interacting and non-interacting
environmental qubits. We use cluster states as the main platform of investigation, identifying one of the
nodes as the system (A in Figure 1b-c) and the others with the environment. In a cluster state qubit
correlation can be activated by performing C-Phase operations between adjacent qubits.
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Figure 1: a) Scheme in which multiple observers interact W|th mdependent fragments of an
environment to extract information about the system. b) Four qubits “Star” cluster state, in which the
system is correlated to the other qubits of the environment. ¢) Four qubits “Web” cluster state, which

introduces correlations between environment qubits.

We show a definite experimental signature of quantum Darwinism using a four-qubit cluster
state, generated by a path-polarization hyperentangled source [2]. In Figure 1b we introduce direct
connection between the system and the environment. This state, which we dub “Star Cluster” follows
Zurek’s model, and shows the presence of Darwinism. Introducing interaction between qubits (Figure
1c), however, disrupts Darwinism demonstrating that even the amount of correlations in the
environment is fundamental for assessing the characteristics of the system.
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The efficient generation of high quality quantum states of light is one of the main challenges in the field of
experimental quantum optics, and plays a central role in the development of photonic quantum technologies.
Several methods have been sifted to increase the capabilities of single photon sources, and the integrated optics
approach represents a promising strategy, offering unigque features of compactness and stability [1]. Here we report
the development and the characterization of all the components required for building an integrated source of single
photon pairs at telecom wavelength, based on spontaneous parametric down conversion (SPDC) in non-linear
waveguide. A schematic of the source is reported in figure 1.

780 GLASS
780 nm

o 2 PPLN

GLASS

1560 nm
1560 nm

Balanced directional
coupler at 780 nm

Balanced directional
coupler at 1550 nm

Figure 1: The pump light, impinging on an input port of a balanced directional coupler is equally split and directly
coupled to an array of two waveguides in periodically-poled lithium niobate. A pair of photons at telecom
wavelength is thus generated in one of the two nonlinear waveguides through SPDC. An additional directional
coupler recombines the two separated spatial modes to produce the output state.

Remarkably, all the components have been realized by femtosecond laser writing, proving that this relatively
novel fabrication technique is extremely flexible, and allows to process glass as well as crystalline materials [2].
The first chip consists in a balanced directional coupler at 780 nm wavelength realized in aluminum-borosilicate
glass (EAGLE2000, Corning). A thermo-optical phase adjuster fabricated on the top of one of the output arm can
control the relative phase between the two outputs of the directional coupler. A complete tunability of the device
over the 0-2n range can be achieved with low power consumption. The waveguides in MgO:PPLN have been
inscribed by adopting a multi-scan approach and they show single-mode behavior at both fundamental and down-
converted wavelength. The preservation of the non-linear properties of the material, as well as the spectral features
of the generated light were studied in the classical regime through second harmonic generation experiments. This
characterization showed that a very high degree of spectral indistinguishability can be reached between the photons
generated in the two waveguides. A third glass chip containing a directional coupler (balanced within a 10 nm
bandwidth centered at the generated wavelength) produces interference between the two optical modes and,
depending from the value of the phase ¢, permits to produce either a pair of indistinguishable photons or an
entangled NOON state and the device output. Additionally, we developed and characterized another glass chip,
containing a pair of integrated half waveplates with rotated axes followed by a balanced and polarization
insensitive directional coupler. The use of such device in replacement of the third stage of figure 1 transforms our
device in a source of entangled photons in the polarization Bell ®* state. The results obtained are very encouraging
toward the realization of a reconfigurable and very versatile integrated photon pair source, with multiple
applications in quantum technologies.
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Current challenges in experimental quantum optics become utterly demanding to optical hardware perfor-
mance. Traditional bulk optical setups no longer fulfil the photonic processing requirements for tasks like linear
optical quantum computing [1], boson sampling [2], quantum walks [3], etc., which should be implemented on an
essentially scalable, flexible and low loss optical platform. Semiconductor industry disposes cutting-edge technol-
ogy for programmable integrated photonic device fabrication and packaging providing all the necessary tools for
boosting experimental research in the areas listed above. However, this technology is hardly available for average
quantum optical laboratory.

In our work we demonstrate the power of femtosecond laser micromachining for active integrated photonic
device prototyping. Femtosecond laser writing is an established tool for rapid prototyping of sophisticated optical
waveguide structures [4]. Laser writing of thermooptically controlled devices has recently been demonstrated on
individual tunable element scale [5]. We further develop the technique and fabricate 4 x 4 integrated interferom-
eter thermooptically adjustable applying voltage to 12 chrome heaters patterned using femtosecond laser writing
facility on a metallic film deposited on the chip surface. We demonstrate 5 ms switching time and design adap-
tive algorithms for precise calibration of the device to perform desired unitary transformation. Furthermore, we
extend reconfigurability principle to polarization degree of freedom of quantum states of light. employing induced
anisotropy feature of written waveguide structures tunable integrated waveplate device is designed and fabricated.
We believe our results may stimulate research in integrated quantum photonics field endowing researchers with an
affordable programmable integrated device fabrication approach.
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Balanced homodyne detection is a well-developed technique allowing to perform measurements of quadratures
on a quantum electromagnetic field. Due to its high versatility, it has found a large number of applications ranging
from characterisation of quantum states [1] and processes [2] to continuous variables quantum computing and
quantum key distibution [3].

A homodyne detector consists of an optical beamsplitter and a pair of photodiodes. The signal field of interest
interferes on the beamsplitter with a powerful coherent beam named Local Oscillator (LO) and the two output
fields are measured by the two photodiodes. The generated currents are then processed by an electronic circuit that
takes their difference and amplifies it. The resulting electronic signal is proportional to the quadrature Q(0) of the
signal field, where 0 is the optical phase difference between signal and LO. For a sufficient number of different
local oscillator phases, it is possible to use measurements of this type to reconstruct the full state of the quantum
optical signal field using a reconstruction technique named homodyne tomography[4].

Use of homodyne detectors on more than a small number of optical modes has so far been limited by the
interferometric stability of quantum optical experiments. Integrated quantum photonics, in which optical sources,
circuits and detectors are monolithically integrated on a semi-conductor chip, has the potential to solve this issue
due to its inherent interferometric stability, but homodyne characterisation of quantum states on integrated optical
devices has never been demonstrated until now. The recent integration of cryogenically cooled superconductive
nanowire single photon detectors [5] has enabled detection of single photons on-chip, but to date more general
quantum states of light still need to be coupled off-chip to be characterised.

Here we present the first, to our knowledge, integrated homodyne detector capable of performing measure-
ments of quantum states of light on a silicon-on-insulator optical chip. The device relies on two on-chip germa-
nium photodiodes operating at room temperature and at a wavelength of 1550nm and shows high speed and low
noise, with a 3dB bandwidth of 150MHz and a shot-noise clearance of 11dB. These specifications allowed us to
perform homodyne tomography of coherent states of different amplitudes with fidelities above 99%.

The integrated homodyne detector was also used to generate random numbers by sampling quadratures of the
vacuum state. The numbers were generated at a rate of 1.2Gbps and pass all of the statistical tests provided by the
NIST test suite.
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The Majorization Principle is a fundamental statement ruling the dynamics of information processing in op-
timal and efficient quantum algorithms. They are conjectured to obey a quantum arrow of time governed by
the Majorization Principle: the probability distribution associated to the outcomes gets ordered stepby- step until
achieving the result of the computation [1]. We have observed experimentally the Majorization Principle in two
quantum algorithms, namely the quantum fast Fourier transform (qFFT) and a recently introduced validation pro-
tocol for the certification of genuine many-boson interference [2]. The demonstration has been performed through
integrated 3-D photonic circuits fabricated via femtosecond laser writing technique [3], which allows to monitor
unambiguously the effects of majorization along the execution of the algorithms. The measured observables pro-
vide a strong indication that the Majorization Principle holds true for this wide class of quantum algorithms, thus
paving the way for a general tool to design new optimal algorithms with a quantum speedup.

a Steps b
——

~ —\ — e
=%
— L{i‘?& Step I+2

-

Figure 1: The Majorization Principle in quantum algorithms. a) The experimental observation of the Majoriza-
tion Principle is performed comparing the cumulative probabilities of the quantum register after different numbers
of steps in the algorithm (blue: 1; green: 2; orange 3). b) By exploiting the 3-D capability of the femtosecond laser
writing we can effciently decompose the evolution in a logarithmic number of steps, corresponding to the partial
instance of the qFFT, between which a step-by-step majorization is observed.
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Photonic quantum technology relies on efficient sources of coherent single photons, the ideal carriers of quantum
information. Heralded single photons from parametric downconversion (PDC) can approximate on-demand single
photons to a desired degree, but in a typical heralded PDC source the signal photon emerges in a spectrally mixed
state due to strong (anti)correlation in the joint spectrum of PDC photon pairs. One method for reducing spectral
correlations is spectral filtering, but this compromises the heralding efficiency and brightness of the source and
introduces mixture in other degrees of freedom: further source engineering is therefore required to enhance the
signal photon purity. To this end, several studies have introduced domain-engineering techniques for controlling
the spectral response of a poled nonlinear crystal by shaping its phase matching function (PMF).

In our recent work [1], we propose crystal nonlinearity engineering techniques with sub-coherence-length do-
mains. We first introduce a combination of two existing methods: a deterministic approach with coherence-length
domains [2] and probabilistic domain-width annealing [3]. We then show how the deterministic domain-flip ap-
proach can be implemented with sub-coherence length domains, allowing a sensibly higher flexibility in tailoring
the PMF with respect to other engineering methods. Our new techniques are fast, can readily be implemented
commercially, and create high purity photons outperforming previous algorithms in particular for short nonlinear
crystals matched to femtosecond pump lasers (see fig.1). We experimentally characterise our method through a
high-precision measurement of multi-photon interference between two heralded photons generated by two inde-
pendent sources. We also show that by considering sub-coherence-length domains it is possible to generalise the
algorithm in [2] to the case of complex target field amplitude, allowing us to approximate more exotic cases such
as complex-chirped nonlinearity profiles or antisymmetric PDC joint spectra.

We expect that the versatility of our new domain engineering techniques can offer a range of interesting appli-
cations both in single photon generation through four-wave mixing in integrated photonics as well as in ’classical’
nonlinear optics for which domain engineering was originally designed.

Figure 1: Phase matching function and corresponding joint spectral amplitudes and purities for a short (2 mm) KTP
crystal. (a) Standard ppKTP crystal having a sinc-shaped PMF. (b,c) Crystal engineered with our new methods:
annealing (b) and sub-coherence length domains (c). Our new algorithms provides an improvement in the heralded
photon’s purity of about 2% with respect to the algorithm proposed in [2].
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The ability to generate arbitrary quantum states is far reaching both from a fundamental and from an applied
point of view, and at the core of many recent quantum technologies. Engineering entangled states in high-
dimensional Hilbert spaces is however a generally hard task for state of the art technologies. We show how a
coined discrete-time quantum walk on a line [1, 2, 3], using a coin operator changing at every step, can be used
to generate arbitrary quantum states in the Hilbert space of a single high-dimensional qudit.

The system under consideration is that of a quantum walker, having a position degree of freedom, and a 2-
dimensional coin degree of freedom. The position is initially fixed at some initial site. The walker is evolved for
a number n of discrete steps. At every step 1) a unitary coin operator changes the state of the coin, without
affecting the position degree of freedom of the walker, and 2) a shift operator changes the position of the walker
conditionally to its coin state. The coin operator is usually chosen to be fixed at all steps, but with this restriction
there is very little freedom in the quantum states resulting after a fixed number of steps.

Allowing the coin to vary at every step, we show that an appropriate choice of coin operators allows the
walker to result in any target superposition of position states, after projection on a suitable coin state at the end
of the walk. For this purpose we develop a set of necessary and sufficient conditions for a state in the position +
coin space to be a possible output for a quantum walk evolution. From this conditions we derive a constructive
way to compute all the coin operators that must be used to generate a specific final target state. We also present a
numerical way to compute these coin operators using global optimization techniques.

Finally, we present a novel experimental proposal for the implementation of the above protocol with linear
optics, using the orbital angular momentum and the polarization of a photon as position and coin degrees of
freedom.

References
[1] Y. Aharonov, L. Davidovich, and N. Zagury, “Quantum random walks”, Phys. Rev. A 48, 1687—
1690 (1993).
[2] A. Ambainis, E. Bach, A. Nayak, A. Vishwanath, and J. Watrous, “One-dimensional quantum walks”, Proc.
33th STOC, pages 60-69, New York, NY, (2001).
[3] S. E. Venegas-Andraca, “Quantum walks: a comprehensive review”, Quantum Inf Process, 11:1015-1106
(2012).



Quantum non-Gaussianity of multi-photon light

Lukds Lachman, Ivo Straka, Josef HlousSek, Martina Mikovd, Michal Micuda, Miroslav JeZek,
Radim Filip

Department of Optics, Faculty of Science, Palacky University,
17. listopadu 1192/12, 771 46 Olomouc,

Czech Republic

Quantum attributes of light has been so far related to in-compability with mixtures of coherent states. The progress
in quantum optics indicates that this feature do not suffice to witness exotic behavior of light anymore. On the other
hand, quantum non-Gaussianity is starting to appear as a promising property reflecting interesting states of light
suitable for quantum protocols [1]. We introduce hierarchy of criteria of quantum non-Gaussianity and predict this
attribute can be observed on states of light with high mean number of photons even when the light is attenuated
above fifty percent [2]. These criteria test click statistics gained on an array of beam splitters and avalanche
photo-diodes and therefore they are suitable for many experimental platforms.
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Programmable two-photon quantum walks through a multimode fiber, acting as a linear coherent 100s-mode op-
tical platform, can be implemented by using the knowledge of its transmission matrix in combination with spatial
wavefront modulation of two photons. We demonstrate that the two-photon quantum interference between two
modes distributed among different spatial-polarization modes can be programmed from Hong-Ou-Mandel bunch-
ing effect to photon antibunching.

Photon pair 5
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Figure 1: Programmable two-photon quantum walks through a multimode fiber: The transverse wavefronts of
two-photon generated from a type-II colinear SPDC are independently modulated by the spatial light modulators
(SLM V and SLM H). The high-dimensional entangled states can be engineered on desired output modes.

Multimode fiber

Propagation of indistinguishable photons in a complex manner allows designing useful high-dimensional states.
The ability to address the dimensionality and a class of the states is promising. We will describe our theoretical
and experimental efforts towards generating high-dimensional one- and two-photon multipartite entangled states,
namely W states and Dicke states. This work paves the way for controllable photonic state-engineering strategies
based on random media and wavefront shaping.
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Soon after the first quantum algorithms emerged also the questions of universal quantum devices were investi-
gated. One can imagine having universal cloner, processor or a multimeter. In such a device one part of quantum
system would serve as the data register and the other as a program register, which determines an operation to be
performed on the data. Although such devices would be very useful, they are not allowed by quantum mechanics
in their ideal form. For cloners we have no cloning theorem, linearity restricts also multimeters and for quantum
processors Nielsen and Chuang proved that error free implementation of k distinct unitaries requires k dimensional
program register, which is effectively a No-programming theorem. These restrictions can be treated in two ways.
Either we ask for approximate devices, which always produce an output, or we require the device to be proba-
bilistic, but if it is successful it always produces a perfect (precise) output. Study of optimal cloners proved to be
useful and this motivates also the study of other universal devices. Recently, cloning was considered for quantum
operations [1]. This unveiled unexpected feature called super-replication [2] in which one can deterministically
generate with an exponentially small error up to N? copies of a single-qubit unitary operation U starting only from
N copies. While studying cloning of unitary transformations it was realized there is a closely related task, which
only differs in the causal order of available resources. While in cloning the cloned transformation is available after
we have the input states for the clones, one can consider also a task where the order is reversed.

Consider a set of unitary channels on the d dimensional Hilbert space. Suppose one of these channels, further
denoted as %, is chosen randomly and we have access only to N uses of it today. Our aim is to propose a strategy
that contains channel %/ N-times and stores it in a state of a quantum memory. This phase of the task is called
storing. Later, after we lost access to %, we are requested to apply % on an unknown state £. Our goal is to
choose storing and retrieving strategy in such a way that we would be able to retrieve channel %/ . This task was
first considered in the approximative way by Bisio et.al. [3]. Our goal is to study the perfect probabilistic version
of the problem, and we call the task perfect probabilistic storing and retrieving of a unitary channel. The main
difference is that we want to retrieve the quantum channel from the quantum memory only without error and with
highest possible probability Ps, which we require to be the same for all unitary transformations U € SU (d).

We derived the following results with the use of the formalism of quantum combs. We found the optimal
probability of success of perfect probabilistic storing and retrieving of a qubit unitary channel from its N uses and
it reads Ps = N/(N +3). We investigated also the qudit version of the problem (d arbitrary) and until now we
were able to solve N = 1 up to N = 5 setting. All the results we have found can be described by the formula Ps =
N/(N —14d?), which suggests a conjecture that the previous formula holds for N and d arbitrary. Very recently,
we managed to reduce the general problem to a linear program for optimization of probability distributions and
we believe that soon we will either verify or reject the above conjecture. Our current results have surprising
features. Let us start by comparison with the approximate version of the problem (termed quantum learning).
Optimal solution of the approximate version turns out to be an estimate and prepare strategy, thus quantum memory
is not essentially needed. In contrast for our problem quantum memory can not be avoided. Our results have
implication also for covariant probabilistic universal quantum processors. One of the main questions for them is
the relation between the dimension of the program register and the probability of success. This question although
very important is still unsolved even for this specific class of processors, where the relation of the program state
to the implemented unitary transformation is specified by some representation W (U) of the special unitary group
SU (d) and the success probability is the same for all unitaries. Our results imply a lower and an upper bound on
the dimension of the program register for a given probability of success Ps.
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Nonclassical light sources and linear optical components are essential tools for quantum information; the integra-
tion of these elements in a single chip is a key issue for future quantum processors. Among the different platforms
for quantum photonics AlGaAs is particularly attractive, since it combines high second order nonlinearity, direct
bandgap and electro-optics effect. These properties have already led to the demonstration of electrically driven
two-photon sources based on spontaneous parametric down-conversion [1], to the generation of biphoton states
with high level of entanglement [2,3] and to photonic circuits manipulating quantum states [4].

In this work, we report the design, fabrication and characterization of the monolithic integration of a source
of heralded photons with a 50/50 beam splitter. The sample is grown by molecular beam epitaxy using a (100)-
oriented GaAs substrate, and processed by reactive ion etching to design a beamsplitter having straight waveguides
as input and output ports. This beamsplitter is a multimode interferometer, which has been characterized in terms
of optical losses, splitting ratio and sensitivity to polarization. Photon pairs are generated through type II spon-
taneous parametric down conversion. Among the two photons generated, one of them is used as herald (the one
directly outgoing from the straight waveguide), while its twin enters the beamsplitter (Figure 1). This configuration
allows to realize an integrated Hanbury-Brown and Twiss experiment, by measuring the coincidences between the
two outputs of the beamsplitter. The extracted autocorrelation function g(® (1), which characterizes the statistical
properties of the emitted light [5], serves as a benchmark for the integrated source and beamsplitter.

Results show a g(z) (0) value of 0.10, demonstrating the non-classical nature of the generated photons. Due to
their robustness, adjustable splitting ratio, and their easy implementation, waveguide beamsplitters with internal
generation of photon pairs provide a promising step towards fully integrated quantum circuits.

Figure 1: Principle of the on-chip heralded Hanbury-Brown and Twiss measurement.
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As integrated photonic circuits for quantum technologies grow in complexity, efficient methods for their charac-
terisation become essential. A previous solution, Stimulated Emission Tomography [1], uses only laser light and
standard optical power meters to reconstruct the two-photon state produced by a nonlinear optical circuit. How-
ever, the technique has been shown to be intolerant to any losses of light [2] and difficult to scale, requiring full
knowledge of the circuit’s linear optical properties [3]. In our work, we propose and demonstrate a fast, reliable
method based on sum frequency generation which works regardless of propagation losses and can be applied to
any arbitrary nonlinear optical circuit [4].

We applied this protocol to a multi-channel nonlinear waveguide network which we designed using the tech-
nique of quantum state engineering with specialised poling patterns [2], and fabricated in lithium niobate using
reverse proton exchange [5]. Using both our protocol and single photon coincidence counting, we measured a
99.28 £+ 0.31% fidelity between quantum and classical characterisation.
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Figure 1: a. Generation of photon pairs by SPDC with a particular output state from the device. b. Reconstruc-
tion of the two photon state by SFG measurements. ¢. Comparison between relative squared amplitudes of the
wavefunction elements predicted by SFG and measured by coincidence counting.
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Proof of principle experiments realized with bulk linear optics are the testing ground for the design of integrated
optical circuits. Here, we present an experimental demonstration of a three- and four-qubit linear-optical quantum
logic circuits. Our robust and versatile schemes exploit encoding of two qubits into polarization and path degrees
of freedom of single photons, and involve several inherently stable interferometers. This approach allows us to
design complex quantum logic circuits that combine several single- and multi-qubit gates and can realize genuine
three-qubit quantum Fredkin and four-qubit quantum Toffoli gates [1]. Although every quantum circuit can be
realized using single and two-qubit gates, the Fredkin gate as well as the Toffoli gate are essential since they can
simplify the structure of quantum circuits dramatically. The Fredkin gate (known as controlled-SWAP) swaps
two target qubits if and only if the control qubit is in the logical state |1). The four-qubit Toffoli gate (known as
controlled-controlled-controlled-NOT) flips the logical state of a target qubit if and only if three control qubits are
in state |1). Even though both circuits allow deterministic implementation of single and two-qubit gates, the overall
schemes are probabilistic due to the nature of the used three and four-qubit controlled-Z gate which is realized by
two-photon interference on an unbalanced beam splitter [2].
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Figure 1: Schemes of the implemented a) three-qubit, b) four-qubit logic circuit.

Both linear-optical quantum logic circuits are shown in Fig. 1. Single-qubit unitary gates R; and U; are im-
plemented in polarization modes by rotable half-wave plates, and sequences of a rotable half-wave plates and
quarter-wave plates, respectively. The two-qubit controlled rotation gates CR; are realized by a rotating half-wave
plate which is inserted only in one arm of a Mach-Zehnder interferometer supporting the spatial qubit. Single-qubit
phase gates V; are achieved by changing optical phase in Mach-Zehnder interferometer.

We have performed a process reconstruction of the implemented Fredkin and four-qubit Toffoli gate using full
quantum process tomography and Monte Carlo sampling procedure, respectively. The achieved gate fidelity for
Fredkin gate yielded F=0.901(1) and for Toffoli gate Fy;c=0.912(42) with uncertainty of Fy;c estimated to 0.011.
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The measurement process plays a crucial role in quantum mechanics as it interrupts the unitary evolution of a
state. The consequences are apparent when investigating the return probability (Polya-number) of a particle in a
Hadamard walk on the line [1,2]: Depending on whether the evolution is influenced by a measurement, either a
transient or a recurrent evolution can be observed. We investigate both cases experimentally in a time-multiplexed
architecture [3] and monitor the evolution of the walker over 39 steps, revealing the fundamental differences of the
two cases as predicted by theory: In the measurement-free-regime, the Polya-number will gradually approach 1.

In contrast, the measurement-induced-regime yields an asymptotic value of 2/7.
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Figure 1: left: Illustration of the implementation of a sink at position 0. right: The experimental and numerical
return probabilities for the measurement-free- and the measurement-induced-regime.

We enhance the established architecture of a time-multiplexing quantum walk setup [3] by adding the possi-
bility of dynamic and deterministic outcoupling, which is crucial for probing measurement-induced effects.
In order to probe the two different regimes of recurrence, it is necessary to determine the probability that the walker
returns to the origin for the first time. When just measuring a photon at the origin, the information how many times
before the photon has crossed this distinguished position is not available per se. However, deterministically cou-
pling out all light at the origin (position 0) before examining a certain step ensures that what is eventually detected
at position O has reached it for the first time (see Fig. 1). We refer to the outcoupling at position 0 as a sink, as
light is directed out of the loop not for the detection, but simply to drain the state of all components that do not
belong to the state we project onto.
The evolution of the walker is monitored from step 2 to step 39 for both the measurement-free-regime (no sinks)
and the measurement-induced-regime (sinks) (see Fig. 1). The experiment exhibits a good overlap with the nu-
merical data and clearly shows the difference between the two regimes.
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We report coupling of single photons emitted from organic Dibenzoterrylene (DBT) molecules embedded in thin
anthracene crystals into ridge SisN4 waveguides at room temperature.

Single DBT molecules show photostable emission at room and cryogenic temperature. Because of good
structural matching between the anthracene matrix and the molecules, the zero-phonon lines are very stable
against bleaching, thus making DBT a promising single photon source for chip-based quantum applications [1].
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Fig.1. Model of nanophotonic device with integrated DBT molecule with resulting fluorescence signal on
EMCCD camera
To characterize the emission properties, we use a hanophotonic device consisting of two grating couplers (input

and output ports) connected by a nanophotonic waveguide (fig.1). The grating couplers are covered with a
Hydrogen silsesquioxane (HSQ) buffer layer with gold mirror on top to increase the coupling efficiency. The
photonic components are prepared from silicon nitride-on-insulator wafers consisting of 175 nm stoichiometric
SisN, on top of 500um glass substrate. The devices are realized with three steps of electron-beam lithography
followed by reactive ion etching [2]. Subsequently DBT molecules embedded in anthracene crystals are
deposited onto the photonic chip by spin-coating.

We achieve isolated excitation of a single DBT molecule by scanning the sample with a laser beam and detecting
the fluorescence signal (A=780nm) collected from the confocal point of illumination and from the grating
couplers. When the molecule is optically pumped (1=767nm), the fluorescence evanascent field couples into the
waveguide and is detected at the grating couplers and the confocal point. Using a Hanbury Brown and Twiss
(HBT) setup to measure the second order autocorrelation function we find antibunching with g®(0)=0.50+0.05
from grating couplers and g?(0)=0.35:£0.07 from illumination point.

Our device provides nanoscale foot-print, scalability and dense integration on chip at low cost. Such
nanophotonic circuits with efficiently coupled/integrated quantum light sources are promising solutions for on-
chip quantum photonics.
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The efficient characterization and validation of the underlying model of a quantum physical system is a central chal-
lenge in the development of quantum technologies. However, the impossibility to efficiently predict the behaviour
of complex quantum models on classical machines makes this challenge to be intractable to classical approaches.
The combination of machine learning techniques and quantum information processing has been proposed as an
efficient solution [1]. We here present experimental quantum Hamiltonian learning (QHL), where the behaviour of
a quantum Hamiltonian model is efficiently predicted by a quantum simulator, and the predictions are contrasted
with the data obtained from the quantum system to infer the system Hamiltonian via Bayesian methods [2]. In our
experiment the quantum simulation is performed via a silicon quantum photonic chip, classically interfaced with
an electron spin in a diamond nitrogen-vacancy center to learn its Hamiltonian via QHL (Fig.1).
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Figure 1: The Silicon photonics quantum simulator in a) is used to learn the Hamiltonian quantum dynamics of the diamond NV electron
spin in b). The two different systems are interfaced classically, allowing the implementation of the quantum Hamiltonian learning protocol
using classical machine learning techniques. c) Experimental results for the QHL protocol, showing the probability distribution over a
normalized frequency @ = v/Av converging to the correct value @y of the electron spins Hamiltonian. d) Evolution of the covariance of
the distribution during the protocol. The limitations of the Rabi model (Model I) to describe the dynamics are manifested by a saturation of
the covariance norm, which indicates a limit in our ability to learn within that model. Using a chirped Rabi model (Model II) we are able
to improve the limit, giving evidence that Model II provides a better representation of the real quantum system.

Modelling the spin’s Hamiltonian with a Rabi model H(v) = v, /2, we are able to learn the parameter v = 6.93 +
0.09 MHz, which is consistent with the Rabi frequency of the NV spin vg = 6.90 MHz (Fig.1c). Furthermore, in
Fig.2d we show how QHL is able to detect limitations of the model to represent the real system, manifested by a
saturation of the covariance, and allows us to improve the model itself via an additional chirping parameter (Fig.2d
inset). This shows a powerful new application: quantum simulators can learn automatically how to best simulate a
quantum system, giving potential key insights on the underpinning quantum physics.
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Photonic spatial modes are useful information carriers for quantum photonics thanks to their intrinsic infinite
dimensionality and relative ease of implementing single-photon unitary operations [1]. This work presents a
method to transport high-dimensional spatial quantum states through optical fibers that can ideally realize quantum
communication or quantum interface without space restriction. Multiple paths of single photons are respectively
coupled to different cores within a common cladding of a multi-core fiber (MCF) shown in Fig. 1. An ideal
MCEF can preserve the relative phases between the different core-mode components according to propagation. The
influence of ambient vibration and temperature change is also suppressed because all the modes share the same
medium.

Figure 1: Transmission of single-photon path qudits through a multi-core fiber. Inset: the cross section of the
four-core fiber.

To demonstrate the quantum state transmission, we generate spatially entangled photon pairs between two
MCFs by spontaneous parametric down-conversion (SPDC). The end faces of the two fibers are imaged on a
periodically poled lithium niobate (PPLN) crystal surface with a non-collinear geometry [2]. The two images
overlap inside the crystal, therefore when one down-converted photon is coupled to core i (i = 1,2, ...) of the first
MCF (MCF1), the other twin photon is coupled to core i of the second MCF (MCF2) [1]. The probability amplitude
and phase of each photon pair generation are determined by the field distribution of the pump laser around the core
images that can be controlled, for example, by a spatial light modulator (SLM). We use a narrow-band cw diode
laser (wavelength 775 nm) as a pump, and commercially-available four-core fibers (Fibercore SM4C1500) to guide
the telecom-band (wavelength around 1550 nm) photons. The entangled photon-pair state has a general form:

1) = a|1)1[1)2 +b|2)1[2)2 +¢|3)1|3)2 + d[4)1]4)2 (D

where |i) ; denotes the single-photon state in core i of MCF, and a, b, ¢ and d are complex constants.

For measurement of the generated states, photons exiting the MCFs are collimated and reflected by SLMs,
respectively, before being coupled into single-mode fibers connected to single-photon counters. The phase pattern
on each SLM chooses a core mode or a multi-core superposition state to be projection measured [2]. Quantum
state tomography reconstructs the quantum state and verifies the entanglement through entanglement measures.
Methods for state engineering and long-distance transmission will further be discussed.
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Wave-particle duality is the most fundamental description of the nature of a quantum object which behaves like a
classical particle or wave depending on the measurement apparatus. On the other hand, entanglement represents
nonclassical correlations of composite quantum systems, being also a key resource in quantum information. De-
spite the very recent observations of wave-particle superposition [1-3] and entanglement [4-6], whether these two
fundamental traits of quantum mechanics can emerge simultaneously remains an open issue. In this work [7] we
introduce and experimentally realize a scheme that deterministically generates wave-particle entanglement of two
photons, A and B, in the state: |®),, = % (|wave) , |wave)  + |particle) , |particle) ), where the single-photon
states |wave), |particle) are defined so that represent respectively the capacity and the incapacity of the photon
to produce interference. The elementary tool allowing this achievement is a scalable all-optical single-photon
setup which exploits the polarization and the path degrees of freedom of the photon (fig[I). It can be in principle
extended to generate multiphoton wave-particle entanglement. Our study reveals that photons can be entangled
in their dual wave-particle nature and opens the way to potential applications in quantum information protocols
exploiting the wave-particle degrees of freedom to encode qubits.
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Figure 1: Layout of the experimental implementation of the wave-particle toolbox. Angles of the optical axis
orientations for the half-wave plates are: HWP(45°), HWP,(22.5°), HWP3(22.5°), HWP4(45°), HWP5(0°),
HWPs(0°), HWP7(45°).
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Compact silicon integrated devices, such as micro-ring resonators, have recently been demonstrated as
efficient sources of quantum correlated photon pairs [1,2]. The possibility of mass production of integrated devices
requires the implementation of fast and reliable techniques to monitor the device performances. In the case of
time-energy correlations, this is particularly challenging, as it requires the reconstruction of the biphoton
wavefunction (BPW). This is even more demanding for micro-ring resonators, as the bandwidth of the generated
photons is typically tens or hundreds of pm [3,4]. Here we show the reconstruction [5,6] of the Joint Spectral
Density (JSD) of photons pairs generated by SFWM in a ring resonator by studying stimulated four wave mixing.
We also show that this result can be used to discriminate between the generation of nearly-uncorrelated and highly-
correlated photon pairs.
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Figure 1: (a) Measured JSD for a 21 ps laser pump pulse and (b) corresponding calculated JSD. (c¢) Measured JSD in the
case of continuous wave pump.

The sample is a ring resonator with Q~40000. In a first experiment we excite the resonator with pulses filtered
to a linewidth of 90 pm and use a CW for the signal resonance. In this configuration the generated photons are
nearly uncorrelated [7]. The calculated Schmidt number is indeed K=1.09. In Fig. 1(a) and 1(b) we show the
corresponding measured JSD and the calculated one, respectively. From the measured JSD, one can calculate a
lower bound for the Schmidt number Koune=1.03, which does not take into account the eventual phase correlations.
We then use a CW pump to study the generation of pairs of highly-correlated photons. In Fig. 1(c) we show the
corresponding measured JSD. This last measurement indicatess that, in contrast to the case of pulsed pumping, the
photon pairs are now time-energy correlated.
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Integrated optical devices exhibiting both high fidelity and high speed transmission are expected to foster
novel communication platforms paving the way for scalable photonic quantum technologies. In particular, Space-
Division Multiplexing devices [1] have attracted a lot of attention due to the increasing demand of high-capacity
optical transmissions being Supersymmetric (SUSY) optical devices [2] one of the most promising alternatives
to standard spatial multiplexing devices offering global phase-matching and efficient mode conversion in an in-
tegrated and scalable way. SUSY can be applied to Helmholtz optics due to the analogies between the time-
independent Schrodinger and Helmholtz equations and offer new ways to control the modal content of light beams
in optical waveguides. On the other hand, Spatial Adiabatic Passage (SAP) techniques [3] have been proposed
and experimentally reported as a high-efficient and robust method to transfer a light beam between the outermost
waveguides in a system of three identical evanescently-coupled waveguides.

We propose to combine SUSY and SAP techniques to design an efficient and robust spatial mode filtering
device, which can be used to manipulate and study the modal content of an input field distribution, to filter signals
and remove non-desired modes or to mode division multiplexing/demultiplexing applications. It consists of a
system of three coupled waveguides, with two identical step-index external waveguides and a supersymmetric
central one with the separation between waveguides engineered to optimize spatial adiabatic passage for the first
excited spatial mode. We demonstrate that by injecting a superposition of the two lowest transverse electric spatial
modes into the left waveguide, the fundamental mode remains in the left waveguide while the first excited mode is
fully transmitted into the right waveguide obtaining each spatial mode at a different output. The implementation of
SAP techniques in combination with SUSY structures is proposed for the first time giving a great improvement in
terms of robustness and efficiency obtaining output fidelities .# > 0.90 for a broad range of geometrical parameter
values and light’s wavelengths, reaching .# = 0.99 for optimized values.
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Figure 1: (a) Schematic representation of the proposed mode filtering device viewed from above. (b) Refractive
index distribution and transverse mode profiles of each waveguide at z. (c) Numerical simulations using Finite
Difference Methods of light intensity propagation. Parameter values: A = 1.55 um, 6 = 4mm and x,,,;;, = 7 um.
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Recently, interference of multi-particle states has raised a strong interest in the scientific community, since it is believed to be
at the very heart of post-classical computation. In this context, Boson Sampling [1] devices exploit multi-photon interference
effects to provide evidence of a superior quantum computational power with current state-of-the-art technology. Thus, the
capability to correctly certify the presence of multi-particle interference and find optimal platforms, becomes a crucial task
because is expected to find numerous applications in photonic quantum information as a diagnostic tool for quantum optical
devices.

Figure 1: a) Internal structure of 8-mode integrated interferometers implementing the symmetric matrix over the optical
modes. The mode arrangement has been chosen in a way to minimize bending losses. b) internal structure of a 4-mode
Sylvester matrix. ¢) Complete set of 28 measured 2- fold coincidence patterns (raw experimental data) for all output combi-
nations in the 8-mode chip. d) Complete set of 2-indistinguishable photon input-output counts in a scattershot configuration
for a 4-mode Sylvester. Grey bars: distinguishable case.

We investigate different scenarios, namely, when the consider only a fixed set of input modes, but also for the situation
where all input sets can be used. We find that, in certain cases, the best choice for this task consist of Hadamard [2-4]
interferometers which we implemented with a novel architecture enabled by the 3D capabilities of femtosecond laser writing.
We derive and experimentally demonstrate a novel zero-transmission law based on symmetric interferometers (Fig. 1) and
we verifyied the optimality of these platforms by performing further Bayesian analysis and by maximizing the total variation
distance between the probability distributions corresponding to indistinguishable and distinguishable particles. The results
suggest an immediate application for scattershot Boson Sampling experiments [5], where an exponential advantage in terms of
generation rate is obtained with respect to the fixed-input problem. The main advantage of this technique consists in the large
fraction of input-output suppressed combinations when these trasformations are injected with indistinguishable photons. In
summary, this work represents a further step for quantum interference analysis and it is worth noting that Hadamard matrices
naturally appear as the optimal designs for identifying genuine photonic indistinguishability in multimode interferometers
and a powerful tool to validate Boson Sampling experiments.
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Silicon quantum photonics represents one of the most promising approaches in the development of large-scale
photonic quantum technologies. The high miniaturisation capability, already matured in this platform, allows
to integrate complex photonic circuits in small-scale chips, offering great stability and reconfigurability. The
operation of quantum applications of increasing complexity on such devices requires a careful understanding of the
practical experimental issues and precise error models [1]. However, as the typical sources of noise in this highly
miniaturised environments are substantially different from the ones present in other platforms, a satisfactory error
model for Silicon quantum photonics has yet to be completely established [2].

Here we try to develop a systematic study of error models able to describe the main sources of noise in Silicon
quantum photonics: cavity-induced, thermo-optic, and electric cross-talks and source engineering. The accuracy of
this model is tested on a Silicon chip embedding four on-chip photon-pair sources, on-chip filters, a reconfigurable
two-qubit gate and local operations, aimed to build all six of the non-isomorphic complete graph states of four
qubits [3], as shown in Fig[T] Preliminary calibration and tomographic results are reported in Fig[T| a-d, showing
the operating regime of the device.
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Figure 1: a) Schematic of the chip used to generate arbitrary four-photon graph states. b) A bright light calibration
curve using one of the interferometers on the device. ¢) Sources 1 —3 and 2 — 4 can produce |¢*) Bell states
with fidelities 86.0 + 0.9 and 91.0 £ 0.7% respectively. d) We observe high-visibility reverse Hong-Ou-Mandel
interference fringes of 97.3 +0.5% and 98.6 +-0.4% , produced by simultaneously varying phase shifters on two
spatially separated qubits.

Further developments will include experimental and theoretical studies on noise effects in the implementation
of quantum protocols, such as measurement based quantum computation. By comparing theoretical and experi-
mental results, these tests will provide a benchmark for the error model description of Silicon quantum photonics
experiments.
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Integrated photonics are emerging as a strong platform for quantum simulation and computation. The small size
and intrinsic interferometric stability of waveguides makes them ideal candidates for the complex networks of
linear-optic components needed for quantum computation. In this work, we use a femtosecond-laser-written
waveguide to perform a nondestructive CNOT operation on two photons’ polarization. Two additional maxi-
mally entangled photons are required as ancillas. The successful operation of this gate is heralded by detection of
the two ancillary photons: the control and target photons do not have to be detected and can be used for subse-
quent logic operations [1]. In our experiment we show the first implementation of polarizing beam splitters in a
femtosecond-laser-written waveguide and show the use of thermally expanded core fibers to increase our coupling
performance to the chip.
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The photonic bandgap effect of photonic crystals (PCs) provides the highly confined mode needed to be
control the propagation of the light. Due to their nanometer feature size, the device packing density can be
increased. Several PC devices have been developed such as directional couplers[1], ring resonators[2], hollow
waveguides[3], laser[4], lenses[5], etc. To integrate these devices, the fabrication process including the
conventional pthotolithography and the e-beam lithography should be utilized. In this study, we realize the
integrated nano-optics system consisting of a PC demultiplexer, a PC taper coupler, PC waveguide as well as
two photodiodes for the detection of the light.

InGaAsP-based materials are chosen for the fabrication of the device. For the photodiodes, the partially
p-doped photo-absorption layer is adopted to accelerate the diffusion of the electron form absorption layer to the
depletion layer [6]. The PC demultiplexer is formed by periodically arranged air-holes in hexagonal lattice. The
radius is chosen to be 0.33a. The normalized frequency of the complete photonic bandgap is between 0.2 and 0.3.
The normalized frequency of 0.24 is chosen for the wavelength at 1.55um. The corresponding lattice constant
and radius of the air-holes are 0.375um and 0.125um, respectively. The sample is grown by
metal-organic-chemical-vapor-deposition (MOCVD) on a semi-insulating InP substrate. The conventional
waveguide and the photodiodes are fabricated by the conventional photolithography processes. The pattern of
the PC region is defined onto the photoresist by electron-beam lithography and the inductively coupled plasma
etcher. PC taper couplers are used between the conventional waveguides and the PC waveguides to reduce the
coupling loss. Fig. 1(a) shows the layout of the system including the conventional waveguide and the SEM
image after the fabrication (inset).

4.5

== 1530nm Pholodesecior

A8 =
15500 Pholodewcion o

l 2 e
E ER A /
I = 1.0k el /
2.5 lIr
£
8 et %
o o -
&= 1.5 & u/ J '“-1-
B 1ef /
R e o i
0.5 A "’"-v/
5. N . " i . "
1520 1530 1540 1550 1560 1570
Wavelangth {nm )
(@) (b)

Fig.1 (a) Layout of integrated nano-optics system. The inset is the PC demultiplexer (b) Spectra of output
current ratio of the photodetectors

A tunable semiconductor laser with its power of 0dBm is used as the light source. The wavelength of the
input light is scanned from 1.52um to 1.57um. Fig. 1(b) shows the measured photocurrent ratios between two
photodiodes. From the measured result, we can observe that the PC demultiplexer can successfully separate the
different wavelengths. The photocurrent ratio is 3.2 (5dB) and 3.8 (5.8dB) for the photodiodes of 1530nm and
1550nm, respectively.
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[5]H.-T. Chien, C.-C. Chen, “Focusing of electromagnetic waves by periodic arrays of air holes with gradually
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photodiodes with a partially p-doped absorption layer and a Distributed-Bragg-Reflector for high-power and
high-bBandwidth responsivity product performance” IEEE Photon. Technol. Lett. 18, 1267 (2006).



Single organic molecule coupling to a hybrid plasmonic waveguide
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Efficient photon sources will enable many quantum technologies. Single dibenzoterrylene (DBT) molecules are
promising photon sources, but often emit in an unknown direction making photon collection challenging. Dielectric
structures redirect emission into single optical modes [1], but are relatively large due to the diffraction limit of light.
Plasmonic devices, such as antennae, can concentrate the electromagnetic field at the site of an emitter on a surface
in volumes below the diffraction limit and redirect emission into well-controlled directions, but often suffer from
losses. Recently, planar dielectric antennae have shown promise for redirecting emission [2], however often they
do not provide single mode operation or compatibility with integrated photonics.
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Fig. 1: (a) White-light image of a HPW showing input/output grating couplers and anthracene crystals on the
surface. (b) Molecule fluorescence from the dashed box in (a). (c) Saturation curves for the molecule indicated
with a red dashed circle in (b), showing count rates collected from the confocal microscope (black squares) and
from a grating coupler (red circles). (d) Pulsed laser measurement of the molecule excited state lifetime. (e) g (7)
measured from the microscope only and (f) g(z) (t) measured from the grating and microscope.

Here we present a hybrid dielectric—metal approach in coupling a single molecule to an optical mode in an inte-
grated planar device. We designed and fabricated a hybrid plasmonic waveguide (HPW) consisting of a dielectric
slab with a nanoscale gap patterned in gold on the surface, as shown in Fig. 1(a). Replacing the silicon layer used
in our previous work [3] with titanium dioxide (TiO,) allows operation at ~ 785 nm, the emission wavelength of
DBT. Light propagating in the TiO; layer passes through the gap between the islands of gold. The width of the gap
controls mode confinement: when the gap is <100 nm the propagating mode is mainly in the gap providing strong
confinement; but when the gap is wider the mode decouples from the gold and propagates mainly in the TiO, with
low loss. We deposited DBT-doped anthracene crystals on the surface (Fig. 1(a)) using a supersaturated vapour
growth technique [4]. Using confocal fluorescence microscopy we found a DBT molecule positioned near the gap
(Fig. 1(b)). We then measured the saturation intensity of the molecule (Fig. 1(c)) to be L, = 325(27) kW/cm?.
[luminating the molecule with a pulsed laser (Fig. 1(d)) we measured the lifetime of the molecule to be 2.74(2) ns.
Under CW excitation we measured the second-order correlation function g(2) (1) of the light emitted directly into
the microscope. This shows clear anti-bunching (Fig. 1(e)) with g(®(0) = 0.25(6) proving this to be a single
molecule. By detecting photons simultaneously from the microscope and from the grating coupler we measured
¢ (0) = 0.24(6) (Fig. 1(f)), demonstrating that this single molecule was emitting into the waveguide mode. By
measuring the optical losses in our setup we calculated the coupling efficiency from the molecule to the HPW to
be ~ 22%. This method provides a route to building waveguide sources of photons in planar integrated quantum
photonic circuits for applications in quantum technology.
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