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Quantum networks based on integrated optics and pulsed
light

Oral - Abstract ID: 354

Prof. Christine Silberhorn 1

1. Integrated Quantum Optics, Department Physics, Paderborn University, 33098 Paderborn

Photonic quantum systems form a good platform for versatile applications in quantum technologies. They are

key for the realization of quantum communication, but can be also used for quantum metrology, quantum

computation and quantum simulation. The ease of preparation of high-quality photonic quantum states has

allowed for pioneering contributions for fundamental test of quantum physics. However, advanced setups with

a large number of modes and many indistinguishable single photons constitute a considerable challenge in the

field. Further progress requires careful engineering of the employed systems and an efficient exploitation of

the resources.

Here we present three different approaches for the realization of photon-based quantum networks and multi-

dimensional system, which allow for a good experimental scalability. Firstly, nonlinear integrated quantum

devices with multiple channels enable the combinations of different functionalities on a single monolithic struc-

ture. Beyond linear couplers the nonlinearity of the used waveguides enables the inclusion of efficient photon

pair sources and fast electro-optic operations, such as modulators and dynamic polarization control. Secondly,

quantum light pulses can be engineered with a tailored, complex intrinsic spectral-temporal structure. We can

define differently shaped quantum light pulses as temporal modes, which form field-orthogonal superposition

states and span a high dimensional Hilbert space. Temporal-mode selective quantum pulse gates can achieve

their manipulation, which opens new perspectives for high-dimensional quantum communication via single-

mode fibre communication networks. Thirdly, time-multiplexed quantum walks are a versatile tool for the im-

plementation of a highly flexible simulation platform with dynamic control of the underlying graph structures

and propagation properties.
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Applying Quantum Sensors

Oral - Abstract ID: 396
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The accuracy of measurements is limited by quantum mechanics. Ingenious demonstrations, like measuring

gravitational fields or time have explored accuracy limits and reached fundamental obstructions. Yet, precision

measurements so far are restricted to macroscale and dedicated environments. In the talk I will discuss spin

quantum sensors comprising a single electron spin plus a nuclear spin quantum register. With such a system we

measure a variety of quantities including electric and magnetic fields, temperature, and force. We use nuclear

spins to enhance the measurement accuracy of the electron spin e.g. via quantum error correction, as ancillary

quantum bits for memory or quantum Fourier transformation. I will present a variety of applications ranging

from biology to imaging of magnetic nanostructures.

2



Quantum Technology International Conference

Distributing 1GHz clocked entangled photon pairs

Oral - Abstract ID: 313

Ms. Ginny Shooter 1, Mr. Ziheng Xiang 1, Mr. Jonathan Müller 1, Dr. Joanna Skiba-Szymanska 1, Dr. Jan
Huwer 1, Mr. Jonathan Griffiths 2, Mr. Thomas Mitchell 2, Mr. Matthew Anderson 1, Dr. Tina Müller 1,
Dr. Andrey Krysa 3, Dr. Mark Stevenson 4, Prof. Jon Heffernan 5, Prof. David Ritchie 2, Dr. Andrew

Shields 1

1. Toshiba Research Europe Limited, 208 Science Park, Milton Road, Cambridge CB4 0GZ, UK, 2. Cavendish Laboratory,

University of Cambridge, J.J. Thomson Avenue, Cambridge CB3 0HE, UK, 3. EPSRC National Epitaxy Facility, Department of

Electronic & Electrical Engineering, The University of Sheffield, 3 Solly Street, Sheffield, S1 4DE, 4. (Toshiba Research Europe

Limited, 208 Science Park, Milton Road, Cambridge CB4 0GZ, UK), 5. EPSRC National Centre for III-V Technologies, Department

of Electronic and Electrical Engineering, University of Sheffield, Sheffield S1 3JD, UK

Single photons and entangled photon pairs are key resources for realising Quantum Networks. Nodes within

these networks could be connected over existing installed fiber if photon sources emitting at telecom wave-

lengths are used. InAs/InP quantum dots have been shown to emit in the low-loss telecom C-band, with these

single photons and entangled photon pairs produced on demand. This vital property will allow integration with

components running at set clock rates within Quantum Networks. Current Quantum Key Distribution systems

are clocked at 1GHz, which most current quantum light sources would struggle to reach.

Here we use an electrically pulsed quantum dot Entangled LED (ELED) to demonstrate a 1GHz clocked source

compatible with real-world fiber. The ELED has excellent performance as a single photon source, with <10%

multi photon probability per 1ns cycle (see Figure 1). We measure an entanglement fidelity to the Bell φ+ state

of entangled photon pairs generated via a radiative cascade in the quantum dot of 89% (see Figure 2).

We demonstrate entanglement distribution on a metropolitan scale using the ELED. One photon of an entangled

pair is sent over fiber to a remote detection system 4.6km away, while the second photon is detected in the

laboratory where the pair were generated. An average entanglement fidelity of 79% was achieved over 14

hours of continuous operation showing high reliability of this electrically driven standard clock rate quantum

light source over a real-world fiber network.

Figure 2.png Figure 1.png
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Introduction

Quantum key distribution (QKD) is a promising technology based on quantum mechanics principles, whose

goal is to ensure information-theoretic security over communication channels. However, there are three main

challenges that need to be solved for quantum cryptography to become a standard and be widely adopted,

namely the restricted reachable distance, the limited key generation rates and the difficult integration with

classical networks. Here, we propose to use space division multiplexing in a multicore fiber to enhance the rate

of quantum communications. Furthermore, by carefully designing the classical power budget, we show that in

this scheme integration with classical data rates is possible.

Methods

We used the cores of a heterogeneous 37-core fiber, fabricated by Fujikura, as independent channels for parallel

QKD systems. The protocol realized is a weak coherent pulses implementation of the 3-states time-bin BB84, with

two decoy levels and finite key analysis. Once the quantum states are prepared, the quantum signal is split into

the 37 cores and sent simultaneously in all parallel channels. A 10 Gbit/s classical channel can be multiplexed

in all cores at a different wavelength: the launch power is set such that the quantum bit error rate (QBER)

experienced in the quantum channels has similar values to the case when no classical channel is multiplexed,

and at the same time the classical channel can be received with a bit error rate (BER) lower than 10-9. Figure 1

shows a schematic of the experimental setup.

Results

Overall secret key rates of 105 Mbit/s and 63 Mbit/s were achieved for the case of only quantum transmission

and quantum and classical channels co-propagation, respectively. Figures 2a) and b) show the measured QBER,

BER, phase error and the derived secret key rates per core in the two cases.

Discussion

In this work, we showed that an enhancement of the secret key rate of an order of magnitude with respect to the

previous records is indeed possible by exploiting space division multiplexing methods. This work achieves a

proof-of-concept realization of such a scheme, as in a real implementation all channels need to be independent

and therefore carry different quantum states. Furthermore, we demonstrated the robustness of the system by

showing that the integration with an overall classical data rate of 370 Gbit/s is possible, only slightly affecting

the performances of the quantum channel.
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The limited range of quantum key distribution (QKD) in fiber based systems led to several projects aiming for

the development of a satellite based QKD infrastructure [1, 2, 3]. Using photonic integrated circuits (PICs) the

stringent demands on size, weight and power in satellite missions can be met, while minimizing the system com-

plexity and improving robustness. In this work, we present a CubeSat payload based on two Indium-Phosphide

PICs intended to demonstrate quantum communication capabilities of this technology in space. It contains a

source for weak coherent states as well as a quantum random number generator (QRNG), each on a single PIC

and will be launched to low earth orbit as part of the QUBE [4] mission.

The source for weak coherent states consists of a single 4 × 6 mm² PIC containing a laser at telecom wavelengths

followed by an IQ-modulator, which allows the generation of phase and amplitude modulated coherent states

down to optical powers comparable to a single photon per measurement time interval. An on-chip verification

measurement enables full state characterization at the satellite to e.g. compare the sent and received states.

The design of the electronic drivers allows several different modulation schemes for quantum communication

to be tested and compared with respect to their suitability in future larger QKD satellite systems.

The QRNG is based on a homodyne measurement of the quantum mechanical vacuum state [5], integrated on

a 2 × 4.6 mm² PIC. Toeplitz-Hashing of the raw measurement data will be performed to extract true and unique

random numbers with a quantifiable ε parameter, which randomness is only based on quantum mechanical

processes and the purity of the used quantum state.

Due to the small size of the PICs the whole system can be implemented on a 10 × 10 cm² PCB including

electronics, making it compatible to the CubeSat standard. Both, sender and QRNG are packaged hermetically

sealed to provide resistance against the harsh space environment. Here, we will present our payload in detail,

present first characterization measurements and discuss experimental challenges associated with performing

quantum experiments on a CubeSat.

References

[1] Liao et al., Phys. Rev. Lett. 120, 030501 (2018)

[2] Günthner et al., Optica 4, 611-616 (2017)

[3] Bedington et al., npj Quantum Information 3, 30 (2017)

[4] Consortium of Ludwig-Maximilians-Universität München, Zentrum für Telematik Würzburg, DLR-IKN, OHB
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[5] Gabriel et al., Nature Photonics 4, 10 (2010)

6



Quantum Technology International Conference

Integratedquantumrandomnumbergeneratorwithpcb.jpg

7



Quantum Technology International Conference

Device-Independent Quantum Key Distribution with Random
Key Basis

Oral - Abstract ID: 511

Dr. Rene Schwonnek 1, Dr. Koon Tong Goh 2, Mr. Ignatius William Primaatmaja 2, Mr. Ernest Tan 3, Ms.
RamonaWolf 4, Prof. Valerio Scarani 2, Prof. Charles Lim 2

1. Universität Siegen, 2. National University of Singapore, 3. ETH Zürich, 4. Leibniz Universität Hannover

Device-independent quantum key distribution (DIQKD) is the art of using untrusted devices to distribute secret

keys in an insecure network. It thus represents the ultimate form of cryptography, offering not only information-

theoretic security against channel attacks, but also against attacks exploiting implementation loopholes.

An experimental realisation of DIQKD hence marks a central milestone within the delevoplment of quantum

technology. However, despite the progress that has been made in recent years, current proposals have been

just too demanding for todays loophole-free Bell experiments.

At QTech2020 we would like to report a new variant of protocols (see arXiv:2005.02691) that closes this gap

between the theory and practice of DIQKD. Our proposal can tolerate more noise in the relevant regimes, which

reveals that the first realisation of DIQKD already lies within the range of existing experiments.

Our protocols are a simple extension of a well-known proposal by Acín et al. that uses a violation of the CHSH

inequality to employ the monogamy of entanglement as security mechanism for bounding the influence of an

attacker ‘Eve’.

In our proposal an additional layer of security is added by using two randomly chosen key generating bases

(Fig.1) instead of only one, as originally proposed. Our analysis shows that this makes it substantially harder

for Eve to perform successful attacks.

The intuition behind this builds on the well know fact that two measurements which are capable of violating

CHSH have to admit an uncertainty relation, which at the end prevents Eve from performing the attack that

would be optimal for a single key basis.

We benchmark the performance of our protocols on a general white noise model (Fig.2) and some of the re-

cent Bell-test experiments (Fig.3). Our analysis shows that the noise tolerance of DIQKD can be significantly

improved. In particular, the extended feasibility region for a positive asymptotic key-rate now covers some of

the most recent event-ready Bell-test experiments.

While the first realisation of a DIQKD experiment with positive asymptotic rate hence seems to be well

possible, a positive finite rate could however still be out of reach. In addition to the material presented in

arXiv:2005.02691, we would

therefore like to mention some results on this: our estimates suggest that a positive finite rate might be

achievable by event-ready experiments within a time-frame of only a few months of measuring time, which

marks a full demonstration of DIQKD as realistic goal

for the near future.
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Quantum key distribution (QKD) is one of the most mature quantum technologies. It enables for the exchange

of secure keys between two authenticated parties, whose security relies on the laws of quantum physics. Con-

tinuous variables QKD (CV-QKD) is a variant of QKD that uses weak pulses of light and coherent detection for

establishing the secret key. CV-QKD can be implemented with mature components developed for telecommu-

nications, making it a promising technology for the integration of QKD into network infrastructure. In this

work, we report a plug and play CV-QKD with Gaussian modulated quadratures and true local oscillator. Such

scheme reduces significantly the complexity of the systems, avoiding the need of two frequency locked narrow-

linewidth lasers. We further demonstrate quantum-classical co-existing capability of our system. The reported

performance indicates that the proposed QKD scheme has the potential to become an effective solution for

securing metropolitan optical networks.

Method
The proposed plug and play CV-QKD scheme uses two different fiber strands, one to distribute the laser sig-

nal and the other to send quantum states from Alice to Bob (Fig.1). In this configuration, the local oscillator

(signal needed for coherent detection) remains at Bob, preventing side-channel attacks of early CV-QKD imple-

mentations. Using two fibers minimizes the Rayleigh scattering, which is a typical limitation of plug and play

QKD. We also demonstrate co-existence of quantum and classical communication in the same fiber using dense

wavelength division multiplexing (DWDM).

Fig.1. Experimental setup. PM: phase modulator, AM: amplitude modulator, QS: quantum signal, PD: photo-

detector, PoM: power meter, VOA: variable optical attenuator, BS: beam splitter, 90ºOH: 90-degree optical hy-

brid, PC: polarization controller, BD: balanced detector, LO: local oscillator, PBS: polarizing beam-splitter.

Results and discussion
Figure 2 shows the secret key rate (K) over 90 minutes (11 measurements, 1.4 millions of signals per measure-

ment). Two fibers of 13km were used for the experiments. K remains positive with an average value of 0.74Mb/s

and 0.31Mb/s for the realistic (trusted detection efficiency) and paranoid scenario (non-trusted detection effi-

ciency), respectively.

Fig.2. Secret key rate for the realistic and paranoid scenario.

Classical light in the fiber transmitting the quantum signals increases the excess noise for backward and forward

Raman scattering, as depicted in Fig. 3. A secret key up to 0.3Mb/s is obtained when adding 4mW of classical

light in the optical fiber used for transmitting the quantum signal.

Fig.3. Excess noise vs power for (a) backward and (b) forward Raman scattering.
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We are developing an atom-based platform for investigating the nature of mid infrared light emitted by Quan-

tum Cascade Laser (QCL) frequency combs. These devices are supposed to emit nonclassical light and entangle-

ment among the teeth of the comb thanks to a third order nonlinearity that allows for Four Wave Mixing (FWM)

in the device (Faist 2016). However, at this wavelength, the lack of efficient and low-noise detectors compro-

mises enormously the ability to investigate nonclassical features of the emitted light. In addition to the coupling

with the vacuum, the laser gain of the device itself can introduce noise due to the amplification. Having a sig-

nature of non classical light, such as squeezed light generated via FWM (fig.1), is therefore a challenging task in

these conditions. For this reason we are looking at FWM in a cloud of laser-cooled 87Rb atoms, where we will

study in detail the effect of losses and amplification on the generation and detection of quantum features, in a

well known system where we can artificially introduce noise and gain.

In this work, we aim at generating and characterizing a two-mode squeezed state in a MOT of 87Rb, in a scheme

represented in fig.2. A laser detuned from the D2 line of 87Rb, is focused at the center of the magneto optical

trap (MOT) and serves as a pump for degenerate FWM. To fully characterize the spontaneous FWM at the

single photon level, the idler (stokes) photon is detected by an APD and acts as a trigger, while the heralded

signal (anti-stokes) photon is mixed with a local oscillator for homodyne detection, as in fig.2(b) (MacRae 2012).

We can also characterize frequency mode correlations as in fig.2(c). By introducing a controlled amount of

losses, we will therefore study the behavior of the two-mode squeezed state as a function of detection ef-

ficiency, and by seeding the FWM we can study bright two-mode states, simulating to the ones emitted by a QCL.

This proof of principle experiment will allow us to finely determine all the parameters that play an important

role in the detection of non classical light emitted by QCLs. Moreover, the generation and manipulation of

quantum light states in atomic system is advantageous because the optical bandwidths are compatible with

present day quantum technologies based on light-matter interfaces (Duan 2001).

Fig.1.png Fig.2.png
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In recent years, two-dimensional semiconductor quantum emitters have attracted substantial attention from

the solid-state quantum photonics community [1]. Their potential for on-chip integration in silicon-based pho-

tonics makes them an ideal candidate to realize large-scale hybrid quantum photonic circuits.

Given the localized strain-induced quantum emitter formation in two-dimensional WSe2 [2,3], coupling of such

quantum emitters into SiN photonic waveguides is very promising [4]. However, demonstration of single-

photon emission into a waveguide has been elusive so far. Here, we show single-photon emission from a two-

dimensional WSe2 flake integrated into a SiN waveguide. Comparing the second-order correlation measure-

ments of the signals detected from top (g(2)(0)=0.17±0.05) and coupled into the waveguide (g(2)(0)=0.15±0.09), we

observe clear anti-bunching behavior. These results open up the way towards more elaborate two-dimensional

emitter based on-chip quantum photonic circuits.

References
[1] X. Liu & M.C. Hersan, 2D materials for quantum information science. Nat. Rev. Mater., 4, 669–684 (2019).
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Many important quantum technological applications, including quantum imaging and field sensing, require

the simultaneous measurement of multiple unknown parameters. The theory of quantum metrology is able

to fully describe single-parameter estimation problems and has identified quantum-enhanced measurement

strategies, for instance by making use of entangled and squeezed states. Some of these results can be generalized

to multiparameter settings, but the situation is more complex [1]: On the one hand, the precision for each

parameter can be enhanced locally, based on the ideas of single-parameter estimation. On the other hand,

the various parameter-encoding modes can be entangled with each other and thereby lead to an additional

quantum enhancement that is unique to multiparameter measurements.

Besides identifying the ultimate sensitivity limits, it is crucial to derive methods that allow for the efficient

characterization of multiparameter sensitivity and the design of feasible strategies to attain quantum-

enhancements in realistic situations. A particularly convenient technique known from the single-parameter

theory is to study the squeezing of quadratures or spin components. However, it is unclear how squeezing

should be employed to optimally enhance multiparameter measurements. Furthermore, squeezing is usually

only a useful concept for Gaussian states.

In this talk, we present a general, operational concept of multiparameter squeezing [2] of arbitrary observables

and systems. We introduce the squeezing matrix as the multiparameter sensitivity obtained by the measure-

ment of a family of commuting observables. We provide an analytical solution to the optimization over the

measurement observables and the phase-imprinting Hamiltonians to maximize sensitivity. This optimization

can be adapted to the given experimental possibilities to ensure that only accessible observables are taken into

account. When applied to spin- or continuous-variable systems, our results generalize widely-used concepts

of spin-squeezing or quadrature squeezing parameters. Considering nonlinear measurement observables fur-

ther enables us to characterize the properties of non-Gaussian quantum states [3]. We show that the generalized

squeezing matrix provides a saturable lower bound to the quantum Fisher matrix. It thus represents a practical

and versatile tool for the development of quantum-enhanced multiparameter measurements and the efficient

characterization of multipartite entanglement properties of complex quantum states with discrete and contin-

uous variables.

[1] M. Gessner, L. Pezzè and A. Smerzi, Sensitivity bounds formultiparameter quantummetrology,Physical Review

Letters 121, 130503 (2018).
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[3] M. Gessner, A. Smerzi, and L. Pezzè, Metrological Nonlinear Squeezing Parameter, Physical Review Letters

122, 090503 (2019).
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Nitrogen-Vacancy (NV) centers in diamond are a front-runner candidate for quantum sensing and quantum

computing. Many of the most disruptive applications, such as single-molecule magnetic resonance imaging,

will require a speedup of measurements by two to three orders of magnitude over the state of the art. This is

achievable by improved techniques for spin readout [1,2,3], which however require efficient collection optics,

such as immersion optics or all-diamond micro-optics. For some of the most relevant applications, such as

shallow implanted NV centers (less than 100nm close to the diamond surface) in a cryogenic environment,

these tools are unavailable.

We present an all-optical readout scheme for the NV spin-state that achieves single-shot fidelity even if photon

collection is poor. Our technique combines resonant excitation at low temperature with spin-to-charge con-

version. Low temperature reduces the optical transition linewidth to a level where resonant laser excitation

can selectively address the spin-sublevels [3,4]. In combination with a second laser pulse, a spin-to-charge con-

version [5,6] protocol can be implemented, where the NV center is spin-selectively excited and converted to

different charge-states (see Fig. “readout_scheme” ).

These are more stable than the initial spin-state and their contrast in terms of photoluminescence under laser

excitation approaches 1. Therefore, by counting the number of acquired photons, the qubit state can be read-out

with single-shot fidelity (see Fig. “readout_results” ) even using poor collection optics. The measured readout

fidelity is (96.4±2.2)%, which corresponds to a single-shot signal-to-noise ratio of 3.5±1.2. The technique is ap-

plicable to shallow NV centers, and is more robust than competing approaches [7].

Our method accelerates measurements by three orders of magnitude over standard fluorescence readout.

Therefore, this technique enables sensing experiments using long (ms) protocols, so far precluded by acquisition

speed. A sensing time >1 ms pushes the detection range for single electron spins to several tens of nanometers.

As its most important consequence, it will become a pivotal ingredient for nanoscale electron spin resonance

experiments, as well as for two-qubit gates in scalable NV-based quantum registers.
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The functionality to image samples in the mid to far infrared (IR) holds the promise of new perspective on

problems of tremendous biological and industrial relevance. The principle limitation, however, remains one of

detection, with mid-IR imaging technology being prohibitively expensive, technically demanding and suffering

from poor sensitivity and resolution. The absence of a good detection option has lead to numerous approaches

that exploit wavelength conversion to the visible regime, where one can enjoy the comparable maturity

of CCD and CMOS technology driven by the life sciences. Here, we demonstrate how quantum non-linear

interferometry can provide a powerful tool for imaging in the mid-IR, facilitating detection in the near-infrared

with a standard CMOS camera. Our implementation relies on a non-linear interferometer formed between

two identical spontaneous parametric down-conversion (SPDC) processes coherently pumped in series. The

signal and idler fields emerging from the first crystal are subsequently aligned into the second crystal, erasing

any welcher weg information. The strong correlations shared between the signal and idler modes ensure any

distinguishing spatial information obtained by the idler is transferred to the signal. Accordingly, a sample

illuminated with the mid-IR idler is imaged via the signal with an off-the-shelf CMOS camera. Two imaging

arrangements were implemented. In a simplified arrangement, a hyperspectral imaging of a cardboard cutout

was obtained (Figure 1); demonstrating the wide wavelength tunability of the system. With the addition of a

magnification stage, a proof-of-principle demonstration of mid-IR microscopy with wet samples was realised,

resolving features down to 30 microns. Absorption images of the left ventricle of a mouse heart (Figure 2)

underscore the robustness of the technique to realistic samples. Clear and distinct morphological features are

observed, implying on the richness of the potential clinical applications the presented method has to offer. To

our knowledge, this is the first wide field image of a biological sample obtained via illumination with quantum

light, marking a significant step towards real-world biological imaging with quantum light.

Imaging and microscopy with undetected photons is a highly promising and competitive technique; allowing

low noise, fast and cost-effective imaging in the mid-IR - a challenge of central relevance for both industry and

the life sciences.
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Hyperspectral Microscopy is an imaging technique that provides spectroscopic information about microscopic

areas of a sample. When applied in the infrared (IR) region, it reveals the chemical composition of the sam-

ple with high spatial resolution. The application areas of hyperspectral Microscopy include material research,

bioimaging, and homeland security.

High-resolution hyperspectral Microscopy requires the use of high brilliance IR light sources, such as syn-

chrotron or quantum cascade laser. Wide-field imaging is performed with a cryogenically cooled focal plane

arrays (FPAs). These devices, however, still face technical limitations such as excess noise, non-uniformity of the

response, thermal sensitivity, limited life span, and high cost. These hurdles motivate the search for alternative

approaches without the need for direct detection of IR light.

Here, we realize a wide-field mid-IR hyperspectral microscopy, which only requires the use of accessible com-

ponents for visible light (off-the-shelve CW 532 nm laser, Lithium niobate crystal, and a CMOS camera). We

use the effect of nonlinear interference of frequency correlated photons, where the information about the

probe IR photons is “imprinted” on the correlated visible photon, which is detected in the experiment. Ear-

lier works demonstrated imaging with undetected photons1 (low spatial resolution at a single wavelength) and

spectroscopy of carbon dioxide gas2 (spectroscopic analysis without imaging capability). Here, we take the next

critical step by combing mid-IR spectroscopy and microscopy in a single device, which has a high spatial and

spectral resolution, and fast readout.

As a proof-of-concept, we characterize the macro-fabricated sample of a photosensitive material, see Fig.1. Dif-

ferent microscopic parts of the sample have different chemical properties due to structured UV exposure, see

figure below. Exposed (E) and non-exposed (NE) areas have a slight difference in the spectroscopic response to

mid-IR light. When probed at different wavelengths, we detect the inversion of the image due to the switch of

the absorptivity in exposed and non-exposed areas. Hence, our technique allows us to relate small variations

in the absorptivity of the sample in the mid –IR range with its chemical composition.

Our demonstration implies extending the method to studies of biological samples, which is the next logical

step of this research. Hence we are convinced that the work will motivate new interdisciplinary research in

bioimaging and material analysis.

1 Lemos G B et al, Quantum imaging with undetected photons, Nature 512, 409-412 (2014).

2 Kalashnikov D A et al, Infrared spectroscopy with visible light, Nature Photonics 10, 98-101 (2016).
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Group-IV – Vacancy color centers in diamond are fast emerging solid state quantum bits that can be harnessed

in quantum communication and sensor applications. It is an immediate quest to understand the magneto-

optical properties of point defects embedded in semiconductors, in order to select the appropriate qubits for

varying needs of particular quantum applications. We performed a systematic study [1,2] on the magnetooptical

properties of Group-IV – Vacancy color centers (see Fig. 1), SiV, GeV, SnV and PbV, in diamond by means of

cutting-edge ab initio density functional theory (DFT) calculations within the Born-Oppenheimer approximation

and beyond. We model the point defects in large supercells that holds up to 2744 carbon atoms. We will review

the computational methods that we used to reveal the physics of solid state quantum bits. We will see that,

it is possible to determine the spin-orbit coupling, electron-phonon interaction, electronic correlation or the

Jahn-Teller effect directly from ab-initio DFT and compare the results with experimental spectra from optical

luminescence measurements (see Fig. 1c).

We identified the photostability of these centers that can act as solid state qubits. We developed a novel spin

Hamiltonian for these qubits in which the electron angular momentum, the spin and the phonons are strongly

coupled. We identified such terms that have not been considered so far but are important in understanding

their magneto-optical properties. We solved this complex problem [1] of these colour centres, and were able

to reproduce previous experimental data [3,4,5] of SiV(-), GeV(-), SnV(-). Furthermore, we identified SnV(-) and

PbV(-) qubits with long spin coherence time at cryogenic temperatures where the spin state of PbV(-) can also be

thermally initialized at these temperatures. Recently a new lead related defect center was detected in diamond

[6]. Our predicted spin-orbit parameters, optical and vibronic properties of PbV(-) well agrees with this newly

found defect center that might be realized as a novel qubit in the future.

References
[1] G. Thiering, A. Gali, Phys. Rev. X, 8, 021063 (2018)

[2] G. Thiering, A. Gali, npj Computational Materials 5 (1), 18 (2018)

[3] C. Hepp, et al. Phys. Rev. Lett. 112, 036405 (2014)

[4] E. A. Ekimov, et al. Jetp. Lett. 102, 701 (2015)

[5] T. Iwasaki, et al. Phys. Rev. Lett. 119, 253601 (2017)

[6] S. Ditalia Tchernij, et al. ACS Photonics, 5, 12, 4864-4871 (2018)
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The realization of future quantum networks will heavily rely on a strong interaction of single photons with

single quantum emitters like atoms, molecules or quantum dots. Possible routes towards this goal include

tight focusing, dielectric nano-waveguides and microcavities [1]. The latter approach is particularly promis-

ing, because it can compensate for possible shortcomings of the emitter by exploiting effects of cavity quantum

electrodynamics.

In this presentation we report on the efficient coupling of (single) photons to an organic molecule in a fiber

microcavity. The system is operated at the onset of the strong coupling regime of cavity quantum electrody-

namics, where a strong Purcell factor of 38 effectively turns the molecule into a two-level quantum system. We

observe 99% extinction of a laser beam, which means that our molecule in the cavity acts almost as a perfect

scatterer of photons [2]. The strong coupling also leads to a 66 degree phase shift on a laser beam, saturation

of the molecule with about half a photon per fluorescence lifetime and a significant modification of the Lamb

shift. Additionally, we observe a very strong bunching behavior in the transmitted laser light, which can be

used to realize a photon sorter. We performed our experiments not only with a weak laser beam but also with

true single photons. To do so, we generated single photons by a second organic molecule in another laboratory.

Recent improvements in our experimental arrangement have pushed our system deeper into the regime of

strong coupling [3]. This system allows us to observe clear signatures of vacuum Rabi splitting and vacuum Rabi

oscillations. We demonstrate several nonlinear effects at the single-photon level, such as switching a photon

with another photon or four-wave mixing.

[1] D. Wang, H. Kelkar, D.-M. Cano, T. Utikal, S. Götzinger, and V. Sandoghdar, Coherent coupling of a single

molecule to a scanning Fabry-Perot microcavity, Phys. Rev. X 7, 021014 (2017).

[2] D. Wang, H. Kelkar, D. Martin-Cano, D. Rattenbacher, A. Shkarin, T. Utikal, S. Götzinger and V. Sandoghdar,

Turning a molecule into a coherent two-level quantum system, Nature Physics 15, 483 (2019).

[3] A. Pscherer, et al.,in preparation (2020).
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The wave-particle duality of light has led to two different encodings of optical quantum information. One ap-

proach, referred to as the discrete-variable (DV) one, relies on finite dimensional quantum systems, while the

other one, referred to as the continuous-variable (CV) one, is based on wave-like states belonging to an infinite di-

mensional Hilbert space. These two encodings have historically been separated, but recently, new hybrid proto-

cols which aim at combining the two complementary encodings have emerged. In that prospect our demonstra-

tion of the measurement-induced generation of hybrid entanglement between discrete and continuous-variable

quantum states [1], located at distant places and connected by a lossy channel, has opened the way to the im-

plementation of hybrid protocols and heterogeneous quantum networks. Following the first protocols based on

this resource, such as the remote preparation of continuous-variable qubits [2], or a violation of an Einstein-

Podolsky-Rosen steering inequality [3], we will here report on an entanglement swapping protocol between

entangled states based on different encodings [4].

More specifically, we have generated two entangled states from optical parametric oscillators (OPOs) operated

below threshold. First, a type-II phase-matched OPO is used to generate heralded single-photon (DV-DV)

entanglement. Then, after an appropriate delay, this OPO is operated jointly with a type-I phase-matched

OPO, by mixing their idler heralding modes, to create hybrid (CV-DV) entanglement of light. We have finally

demonstrated the creation of hybrid entanglement at a distance by swapping, realized via a specific Bell-state

measurement on one of the DV modes that combines photon counting and homodyne conditioning. This new

entangled state is fully characterized by two-mode quantum state tomography. In the context of heterogeneous

quantum networks, this opens up the possibility of connecting disparate nodes via hybrid CV-DV entanglement

of light even though one of the initial nodes were to be originating from a discrete-variable-only platform. This

entanglement is then available for subsequent operations, ranging from remote state preparation, encoding

conversion by teleportation or connection of disparate physical platforms.

[1] O. Morin et al.,“Remote creation of hybrid entanglement between particle-like and wave-like optical

qubits”, Nat. Phot. 8, 570 (2014).

[2] H. Le Jeannic et al., ”Remote preparation of continuous-variable qubits using

loss-tolerant hybrid entanglement of light”, Optica 5, 1012-1015 (2018).

[3] A. Cavaillès et al., “Demonstration of Einstein-Podolsky-Rosen steering using hybrid continuous-and discrete-

variable entanglement of light”, Phys. Rev. Lett. 121, 170403 (2018).

[4] G. Guccione et al., “Connecting heterogeneous quantum networks by hybrid entanglement swapping”,

submitted.
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Strong coupling between quantum systems is essential for many intriguing phenomena of quantum physics

and for quantum technology. Typically, it relies on short-range forces or on placing the systems in high-quality

electromagnetic resonators, restricting the range of the coupling to small distances. Here, we achieve strong

Hamiltonian coupling between remote quantum systems via the exchange of photons in an open waveguide

[1,2].

In our experiments, a free-space laser beam connects a spin-polarized atomic ensemble with a micromechanical

oscillator across a distance of one meter in a room-temperature environment (Fig. 1). The dipole-trapped atomic

ensemble with high optical depth couples to the laser beam via an off-resonant Faraday interaction [3]. The high-

quality silicon nitride membrane oscillator is mounted in a single-sided optical cavity and couples to the light

field via radiation pressure forces [4]. To mediate a bidirectional interaction between spin and membrane, the

coupling beam is arranged in a loop such that it couples twice to the spin. This looped geometry will also enable

destructive interference of optical quantum back-action on the spin.

Using this setup, we experimentally demonstrate for the first time strong Hamiltonian coupling between

remote quantum systems and explore different regimes of light-mediated interactions: With the spin initialized

in its ground state we observe normal mode splitting (Fig. 2) and coherent energy exchange oscillations, both

hallmarks of strong coupling. If we invert the spin to its highest energy state, we observe parametric gain

interactions, resulting in two-mode thermal noise squeezing. Furthermore, by shifting the phase of the light

between spin and membrane we can switch to non-Hamiltonian coupled dynamics, allowing us to observe

level attraction and exceptional points.

This high level of control in a strongly coupled modular system gives access to a unique toolbox for de-

signing hybrid quantum systems and coherent optical feedback loops. Our approach to engineer coherent

long-distance interactions with light makes it possible to couple physically different systems in a reconfigurable

way, opening up a range of new opportunities for quantum control and quantum networks.

References:

[1] A. F. Kockum, G. Johansson, F. Nori, Phys. Rev. Lett. 120, 140404 (2018).
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[3] K. Hammerer, A. S. Sørensen, and E. S. Polzik, Rev. Mod. Phys. 82, 1041 (2010).
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When the diameter of an optical fiber is reduced below the wavelength λ of the light it guides, a portion of the

light energy resides in an evanescent field outside the fiber. Further reducing the diameter to about λ/4 results

in an evanescent field the extends as far as 5λ away from the fiber and practically carries all the mode energy.

This extended mode is weakly bound but nevertheless can be guided over distances much longer than the

corresponding Rayleigh range in free space.

We immersed such a nano fiber (200-nm diameter) in a warm atomic vapor (Rubidium) and study their inter-

action. We show that the extreme evanescent field provides for a unique combination of high optical depth

and low transit-time broadening. We demonstrate lifetime-limited spectroscopy, coherent and narrow-band

two photon excitations (EIT and EIA), and extreme optical nonlinearity. This configuration can be highly

compatible with Rydberg-level excitations, thus paving the way towards quantum nonlinear optics at room

temperature.

30



Quantum Technology International Conference

Dynamic control of Purcell enhanced emission of erbium ions
in nanoparticles

Oral - Abstract ID: 372

Dr. bernardo casabone 1, Mr. Chetan Deshmukh 1, Dr. Shuping Liu 2, Dr. Diana Serrano 3, Dr. Alban
Ferrier 3, Dr. Thomas Hümmer 4, Prof. Philippe Goldner 5, Prof. David Hunger 6, Prof. Hugues de

Riedmatten 1

1. ICFO-Institute de Ciencies Fotoniques, Castelldefels, 08860 Barcelona, Spain, 2. Shenzhen Institute for Quantum Science and

Engineering, Southern University of Science and Technology, 518055 Shenzhen, China, 3. CNRS - Chimie ParisTech, 4. Fakultät

für Physik, Ludwig-Maximilians-Universität München, Schellingstr. 4, 80799 München, 5. chimie, 6. Karlsruhe Institute of

Technology

Single atoms or solid-state emitters are very promising candidates for building quantum network nodes as

they provide for a spin-photon interface that also has quantum information processing capabilities. Among

solid-state materials, rare earth ion-doped crystals constitute a promising platform for quantum information

processing and networking. They feature exceptional spin coherence time to store information, narrow opti-

cal transitions to act as an interface to optical photons (including at telecom wavelength for erbium ions), and

possibilities to realize quantum gates between single ion qubits. Coupling quantum emitters to optical cavities

enables channelling the emission from the emitters into the cavity mode while decreasing their emission life-

time. This allows the realization of an efficient and high-rate spin-photon interface, while also increasing the

indistinguishability of the emitted photons in the presence of dephasing. However, a reduction in the excited

state lifetime also reduces the time available to realize quantum gates that rely on a dipole-blockade mechanism

achieved by driving the emitter to the excited state. Dynamic control of the Purcell factor would hence enable

decoupling the emitter from the cavity when performing gates, and coupling it back at a desired time to emit a

single-photon with a tunable waveshape.

In this work [1], by utilizing erbium-doped nanoparticles coupled to a fully tunable high-finesse fiber-based

optical cryogenic microcavity, we demonstrate a Purcell factor of 31 that can be controlled on a timescale of

100 microseconds, which is more than 100 times faster than the spontaneous emission lifetime of the erbium

ions. This is achieved by tuning the length of the cavity, and hence its resonance frequency, via a piezoelectric

device with sub-nanometre precision. Additionally, we demonstrate that this technique can be operated with

a bandwidth high enough to shape deterministically the spontaneous emission of the erbium ions. With some

improvements, this technique has the potential to reach switching times of a few microseconds. Combined

with single-ion addressing, this ability will enable the generation of fully tunable narrowband single photons at

telecom wavelengths, and quantum processing using single rare-earth-ions. Our approach therefore opens the

door to a solid-state quantum node with the potential of exhibiting quantum computing and communication

capabilities all in a single device.

[1] Bernardo Casabone, Chetan Deshmukh, Shuping Liu, Diana Serrano, Alban Ferrier, Thomas Hümmer,

Philippe Goldner, David Hunger, and Hugues de Riedmatten, “Dynamic control of Purcell enhanced emission

of erbium ions in nanoparticles”, arXiv:2001.08532 (2020).
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Two-photon absorption is a well-studied process, also well-known for its quadratic dependence of the absorp-

tion rate on the input flux, and thus for its inefficiency – typical two-photon absorption cross-section values

for different materials are about 10−50 cm4 s photon−1, requiring high power laser pulses to compensate it. It

automatically excludes samples with the low damage threshold from consideration.

More recently, the concept of entangled two-photon absorption (ETPA) has been proposed, which predicts a

linear dependence of its rate on the pairs flux in the low-power regime [1,2], and provides a tool to overcome

this obstacle – linear process is obviously more efficient than quadratic, althought this presents new challenges

for collecton and detection of the signal. To show this signature, the ETPA induced fluorescence intensity of

Rh6G in an ethanol solution was measured as a function of 1064 nm spontaneous down-converted (SPDC) Type-

0 pairs flux and Rh6G concentration (Fig. 1). The corresponding Rh6G ETPA cross-sections for the mentioned

wavelength were also determined for Rh6G first time.

To clarify the role of entanglement in ETPA and its possible influence on the applications, we studied the de-

pendence of the fluorescence intensity on a relative time delay and polarization angle of the SPDC pairs. This

let us demonstrate, first to our knowledge, reliable data for ETPA in molecular systems and rule out all degrees

of freedom, which seem not to contribute to ETPA-induced fluorescence.

The developed methods have possible applications in sensing, spectroscopy, imaging and fluorescence mi-

croscopy, especially for biological objects in vivo and in vitro, due to absence of any possible damage for the

typical SPDC fluxes and unique combination of sharp temporal response and penetration depth, typical for

pulsed two-photon absorption systems and high spectral resolution inherent to continuous-wave systems [3,4].

References
[1] - H.-B. Fei, B. M. Jost, S. Popescu, B. E. Saleh, and M. C. Teich, Physical review letters 78, 1679 (1997).
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Realisation of scalable quantum technologies based on coherent colour centres in materials such as diamond

requires advanced tools for materials engineering. Laser processing with sub-picosecond pulses was shown

recently to facilitate the generation of NV centres in diamond with spin coherence (300K) approaching 1 ms, a

yield of about 40% and a positioning accuracy of better than one micrometre [1, 2]. Here we report an adapted

method for laser writing of individual colour centres which involves local laser annealing combined with feed-

back via a fluorescence monitor. This method provides both improved positioning accuracy and near-unity

yield for NV generation.

We used a monocrystalline diamond sample with [Ns] ~2 ppm which had been treated to remove existing NV

centres. Vacancies were generated with a single pulse from a Ti:Sapph laser at 790 nm focused into the sample.

Local annealing was then achieved with a 1 kHz stream of lower energy pulses. A fluorescence monitor allowed

observation of the creation of NV centres in real time during annealing, such that deterministic writing was

achieved by terminating the process when NV fluorescence was observed [3].

Figure 1 shows an array of processed sites arranged on a 2 mm grid, and their corresponding fluorescence

autocorrelation functions. 24 of the 25 sites in the array contain single NV centres, representing a yield of

96%. The positions of the NVs relative to the target grid were measured by recording fluorescence images with

high spatial resolution and fitting analytic functions. Figure 2 shows the results for both in-plane and depth

localisation revealing scatter of about 40 nm in the image plane and 200 nm in depth, about a factor of five

better than with the thermal anneal process in [1]. Measured spin coherence of the NV centres is currently

somewhat shorter than those created using thermal anneal with a maximum recorded T2value (at 300K) of 170

µs and typical values of 10’s of µs.

The use of a pulsed laser to perform local annealing is the key to deterministic writing as it allows independent

site-specific control over the process, while fluorescence feedback during the anneal process provides a wealth

of information that can be used in process optimisation. Ongoing work focuses on increasing the spin coherence

by optimising the material and process parameters. This method provides a step towards the engineering of

complex devices based on colour centres in diamond and other wide gap materials.

2020 qtech fig1.jpg
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Refrigeration is an important pillar of quantum technology: due to the low energy of most fundamental quan-

tum excitations, several practical implementations outright require temperature scales well below 1 K. For

quantum electronics, this is achieved with expensive dilution refrigerators, where a massive inner sample space

is cooled down to sub-100 mK temperature over the course of tens of hours. On the other hand, several quantum

electronic devices only require their miniaturized active elements to reach such low temperature.

Recently we have demonstrated a proof-of-concept device capable of cooling an individual macroscopic silicon

chip by 40 % from bath temperature of 170 mK [1]. The operation of the cooler is based on superconducting

thermionic electron refrigeration, a cryogenic analogue to room-temperature thermoelectric coolers [2]. In

particular, our approach leverages suspending the silicon chip [1] with semiconductor-superconductor tunnel

junctions [3].

For superconducting tunnel junction based thermionic coolers, control of electric and thermal transport

through material interfaces, is crucial for efficient operation [1,2]. We have developed high transparency su-

perconductor - insulator - semiconductor (S-I-Sm) junctions that enable very high cooling power per unit area

and are of high quality, i.e., have low sub-gap leakage, which is important for thermionic electron cooling. This

junction fabrication process has been tested with two superconducting materials, aluminum and vanadium,

and can be potentially used for a number of superconducting materials.

This project was financially supported by H2020 programme FET-open project EFINED (project number 766853)

and Academy of Finland projects ETHEC (project number

322580) and UQS (project number 310909).
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Cavity optomechanical devices exploit the interaction between light and mechanical resonators to control these

two systems in the quantum regime. Reaching the single-photon strong-coupling regime in chip-based optome-

chanical devices is a current research goal. That could be reached with multi-element optomechanics, whereby

a single optical cavity mode is coupled to an array of mechanical resonators instead of only to one resonator.

We present our experimental approach in this direction [1]. We use AlGaAs heterostructures, which enable

realizing crucial features of multi-element optomechanics, such as integrating highly reflective and uniform

mechanical resonators of well-defined spacing in a chip-based platform. We demonstrate devices consisting of

two sub-um spaced mechanical resonators fabricated from GaAs (see Figure 1) on top of a distributed Bragg

reflector. We pattern these resonators with photonic crystals to engineer their out-of-plane reflectivity. More-

over, these two photonic crystal slabs can exhibit photonic bound states in the continuum (BICs) for specific

slab spacings. These BICs could be exploited for surpassing the performance of conventional Fabry-Perot-based

optomechanical micro-cavities [2]. Our results could lead to chip-based optomechanical devices that enable

non-destructive detection of photons or sensing in the nonlinear regime.

[1] S. K. Manjeshwar et al., Appl. Phys. Lett. 116, 264001 (2020)

[2] J. M. Fitzgerald et al., arXiv:2007.07883 [quant-ph]
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Introduction

Open microcavities typically comprise two highly reflective Distributed Bragg Reflectors (DBR) which can trap

light in a small mode volume and thereby increase the light-matter interaction. When microcavities get smaller,

the penetration depth in the mirrors becomes more important. In this presentation we will show that optical

penetration in DBRs is a subtle concept that is often used incorrectly. We will show that there are in fact three

different kinds of optical penetration, which are relevant in different experiments.

Methods

The DBRs are produced by Oxford high-Q, contain alternating layers of SiO2 (n=1.46) and Ta2O5 (n=2.09), and

have a center wavelength around 640 nm. The open microcavity is constructed with one fixed DBRs and one

DBR on a hexapod system that allows sub-nm precision control in 6 degrees of freedom. In the first experiment,

we measure the transmission spectrum of a planar cavity under illumination with a Xenon lamp. In the sec-

ond experiment, we measure the transmission of a HeNe laser (633 nm) through a plano-concave cavity while

scanning the cavity length.

Results

The first experiment allows us to monitor the evolution of the cavity resonances with cavity length. Figure 1

shows the results in a form that deserves more attention than this abstract permits. The key message is that

we can accurately determine the point of touch down (LTD), the point where the physical cavity length should

be zero (Lcav=0), and the point where the cavity length deduced from the frequency spacing of the longitudinal

modes q is zero (Lb). The difference between the latter two yields the frequency penetration depth Lt=0.28 ± 0.02

µm, which is associated with the group delay of an optical pulse upon reflection. The second experiment allows

us to monitor the transverse modes n, mand transverse mode splittings (see Fig. 2). The analysis of these data

yields the modal penetration depth LD=0.22 ± 0.02 µm, associated with the angle dependence of the reflection.

Conclusions

Our analysis of the optical penetration in DBRs shows that there are actually three penetration depths. We have

measured the frequency penetration depth Lt to find that it agrees with theory. We have also measured the

modal penetration depth LD to find that it is smaller than Lt, but not as small as expected. Maybe most important,

we have shown that the effect of optical penetration on microcavity resonances is often misinterpreted and

needs correction.
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Semiconducting-superconducting nanowires attract widespread interest owing to the presence of elusive Majo-

rana zero modes, which hold promise for topological quantum computation. However, the search for Majoranas

signatures and the demonstration of their non-locality is extremely challenging because systematic explorations

in gate voltages and magnetic fields, but also in nanowire lengths and material parameters require the fabrica-

tion of reproducible hybrid devices with predefined properties. Here, we introduce a fabrication platform based

on shadow-walls that enables the in-situ, selective and consecutive deposition of superconductors and of normal

metals to form normal-superconducting junctions. Crucially, this method allows to realize devices in a single

shot, eliminating fabrication steps after the synthesis of the fragile semiconductor/superconductor interface. At

the atomic level, all investigated devices reveal a sharp and defect-free semiconducting-superconducting inter-

face and, correspondingly, we measure electrically a hard induced superconducting gap. While our advance-

ment is of crucial importance for enhancing the yield of complex hybrid devices, it also offers a straightforward

route to explore new material combinations for hybrid devices.
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Quantum technologies and in particular the second quantum revolution will have a substantial impact on world-

wide economy. PTB as the National Metrology Institute of Germany has a long tradition in quantum technology

and performs world-leading research in several fields, with a focus on quantum sensing and metrology. Exam-

ples include, but are not limited to, precise quantum standards for electrical quantities, ultracold atoms and ion

traps, sensitive sensors for magnetic fields, single photon sources and detectors and ultrastable and precise opti-

cal clocks. This expertise in quantum technology, together with PTB’s mission to support industry in metrology

as a governmental body, puts PTB into an ideal and natural position to transfer quantum technology from sci-

ence to application in collaboration with industry and academia. For this task, PTB has recently established the

Quantum Technology Competence Center (QTZ) at PTB. The QTZ will focus on the development of user-friendly

and robust components for quantum sensing and metrology and on providing calibrations, services and user

facilities accessible for external partners from industry and academia. Furthermore, QTZ will offer hands-on

training and seminars for quantum technology and support start-ups. In my talk, I will introduce the QTZ and

report on latest activities and future plans.

39



Quantum Technology International Conference

Quantum correlations between spatially separated
Bose-Einstein condensates

Oral - Abstract ID: 53

Mr. Paolo Colciaghi 1, Ms. Yifan Li 1, Prof. Philipp Treutlein 1, Dr. Tilman Zibold 1

1. University of Basel

Atomic Bose-Einstein condensates (BECs) are highly controllable and well isolated quantum systems with long

coherence times, offering applications in metrology and quantum information processing. We experimentally

study multi-component Rubidium-87 BECs on an atom-chip using internal spin states. Employing state-selective

potentials allows us to engineer the collisional interactions and create multi-particle entangled spin squeezed

states. By means of two-tone microwave pulses, we coherently transfer a controllable fraction of the BEC to

non-trapped states, thereby obtaining two spin ensembles spatially separated by approximately 80 μm. We use

absorption imaging to state selectively measure all spin components, which allows us to detect spin correlations

between the two BECs.

We find that the correlations in this bipartite many-body system violate a non-steerability criterion, indicat-

ing the presence of Einstein-Podolsky-Rosen steering between the two BECs: measurement outcomes for non-

commuting observables in one ensemble can be predicted based on a corresponding measurement in the other

ensemble with an inferred uncertainty product below the Heisenberg relation.

Since the mechanism to spatially separate the atoms is directly linked to a separation in spin state, we are able

to individually address the two systems by means of resonant microwave fields. This feature might become

relevant for future applications of EPR steering in quantum metrology.
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We have created a steady-state Bose-Einstein condensate (BEC) of ultracold atoms, in which losses are continu-

ously balanced by adding atoms to a thermal reservoir surrounding the BEC. We have operated this continuous

refilling mechanism for up to 5 minutes without observing any degradation of the BEC atom number, in an

environment where the vacuum quality typically limits sample lifetimes to 7 seconds.

We create a steady-state BEC by continuously streaming 800K-hot strontium atoms through a sequence of spa-

tially separated laser cooling stages, reducing the gas temperature to ~1µK while simultaneously increasing its

density.

After precooling on a MHz-wide optical transition, we capture atoms in a steady-state narrow-line (kHz)

magneto-optical trap [1]. A beam of atoms is then coupled into a dipole guide and transported to a laser cooled

reservoir [2]. In the final stage, atoms accumulate in a “dimple” dipole trap, in which they are protected from

resonant light by a “transparency” beam that shifts the atomic energy levels out of resonance [3].

The dimple provides a density increase while temperature is maintained by elastic collisions with atoms from

the reservoir, creating a phase-space density enhancement to reach quantum degeneracy. Three-body losses

are compensated by the continuous arrival of new atoms into the reservoir. Steady-state is reached within 5

seconds, after which we always destructively detect a BEC of 11600(2500) atoms.

This research opens new possibilities in the fields of quantum sensors and open-dissipative quantum systems

and represents a critical step towards demonstrating continuous-wave atom lasers and atom interferometers.

[1] Phys. Rev. Lett. 119, 223202 (2017).

[2] Phys. Rev. Applied 12,044014 (2019).

[3] Phys. Rev. Lett. 110, 263003 (2013).

Steady-state bose-einstein condensate.png
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We study the dynamical generation and storage of spin-squeezed states,

as well as more entangled states up to macroscopic superpositions, in a

system composed by a few ultracold atoms trapped in a one-dimensional

optical lattice [1]. The system, initially in the superfluid phase with each

atom in a superposition of two internal states, is first dynamically

entangled by atom-atom interactions and then adiabatically brought to

the Mott-insulator phase with one atom per site where the quantum

correlations are stored. Exact numerical diagonalization allows us to

explore the structure of the stored states by looking at various

correlation functions, on-site and between different sites, both at zero

temperature and at finite temperature, as it could be done in an

experiment with a quantum gas microscope.

[1] M. Płodzień, M. Kościelski, E. Witkowska, and A. Sinatra; ‘Producing and storing spin-squeezed states and

Greenberger-Horne-Zeilinger states in a one-dimensional optical lattice’; Phys. Rev. A 102, 013328 (2020)
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Matter-wave interferometry provides a remarkably sensitive tool for probing minute forces and, potentially,

the foundations of quantum physics by making use of interference between mechanical degrees of freedom of

massive objects. Furthering this development requires making the interferometer robust to decoherence due to

external fluctuating fields while simultaneously retaining its sensitivity to signals of interest. I will discuss two

recently developed strategies to enhance the coherence time of mechanical degrees of freedom of levitated/free-

falling nanoparticles. First I will introduce the concept of dynamical decoupling applied to translational degrees

of freedom of massive objects. I will show that the superposed matter waves can be driven along paths in space

that render their superposition resilient to many important sources of noise, while at the same time resonantly

enhancing their separation distance. Second, I will address the case of rotational degrees of freedom and

introduce a method for the systematic construction of solids whose rotational degrees of freedom can be made

robust to decoherence due to external fluctuating fields. Specifically, the ratio of signal phase accumulation

rate from a nearby source to the decoherence rate caused by fluctuating fields from more distant sources can be

incremented to any desired level by using increasingly complex shapes that are built following the mathematical

theory of spherical t-designs. This allows for the generation of long-lived macroscopic quantum superpositions

of rotational degrees of freedom and the robust generation of entanglement between two or more such solids

with applications in robust quantum sensing and precision metrology as well as quantum registers.

References:

[1] Julen S. Pedernales, Gavin W. Morley, Martin B. Plenio, Motional Dynamical Decoupling for Matter-Wave

Interferometry, E-print arXiv1906.00835

[2] Julen S. Pedernales, Francesco Cosco, Martin B. Plenio, Decoherence-Free Rotational Degrees of Freedom for

Quantum Applications, E-print arXiv:2001.00826
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Existence of the superconductivity was one of the most challenging phenomena for a theoretical explanation

in the history of physics. Luminous observation of L. Cooper [1] that effective attraction between opposite-

spin fermions may lead to the spontaneous formation of correlated two-particle states above the Fermi sea has

opened after 50 years a route towards the proper theory – The Theory of Superconductivity by Bardeen, Copper,

and Schrieffer [2]. In my talk, taking as a workhorse a very simplified one-dimensional model of a few particles,

I will try to expose how the collective cooperation of attractively interacting fermions leads to the emergence of

Cooper pairs in the system [3,4]. I will also discuss how the picture is modified when different mass-fermions are

considered [5,6]. Although the model seems to be highly oversimplified, fortunately, it can be directly applied to

state-of-the-art experiments in the field of ultra-cold atoms [7,8]. Therefore, I will also display some comparison

of experimental data with theoretical predictions.

References

1. L. Cooper, Phys. Rev. 104, 1189 (1956)

2. J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957)

3. T. Sowiński, M. Gajda, K. Rzążewski Europhys. Lett. 109, 26005 (2015)
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5. D. Pęcak, T. Sowiński, Phys. Rev. A 99, 043612 (2019)

6. P. Łydżba, T. Sowiński, Phys. Rev. A (in press)

7. G. Zürn et al., Phys. Rev. Lett. 108, 075303 (2012)
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9. T. Sowiński, M. Á. García-March, Rep. Prog. Phys. 82, 104401 (2019)
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In the last five years, a new class of dilute droplet-like quantum liquids has been studied theoretically

[1–2] and experimentally [3-4]. These droplets are self-bound objects, i.e. no external trapping is needed

for their stability. Importantly, it was evidenced [1] that the existence of the quantum droplets itself is

a beyond mean-field effect. Eventhough the previous experiments where performed in 2D and 3D, the

1D case is very promising. On one hand, in 1D quantum effects are enhanced, and, on the other hand,

stability is increased due to the suppression of three-body losses [12–15]. Unlike in the 3D case, the quantum

droplets appear in the regime where at the mean-field level the system is on average repulsive and predicts a

stable gas [5]. Thus, quantum fluctuations result in an effective attraction which is able to liquefy the system [5].

We demonstrate the existence of quantum droplets in two-component one-dimensional BoseHubbard

chains [6]. The droplets exist for any strength of repulsive intra-species interactions provided they are

balanced by attractive inter-species ones. The ground-state phase diagram is obtained (see figure) and the

different phases are characterized by examining the density profile and off-diagonal one- and two-body

correlation functions. A rich variety of phases is found, including atomic superfluid gases (2SF), atomic

superfluid droplets (D-2SF), pair superfluid droplets (D-PSF), pair superfluid gases (PSF) and a Mott-insulator

(MI) phase. A parameter region which can be readily experimentally explored is identified, where the average

population per site is lower than three atoms, thus avoiding three-body losses.

[1] D. S. Petrov, Phys. Rev. Lett. 115, 155302 (2015).

[2] Y. V. Kartashov, G. E. Astrakharchik, B. A. Malomed, and L. Torner, Nat. Rev. Phys. 1, 185 (2019).

[3] C. R. Cabrera, L. Tanzi, J. Sanz, B. Naylor, P. Thomas, P. Cheiney, and L. Tarruell, Science 359, 301 (2018).

[4] C. D’Errico, A. Burchianti, M. Prevedelli, L. Salasnich, F. Ancilotto, M. Modugno, F. Minardi, and C. Fort, Phys.

Rev. Research 1, 033155 (2019).

[5] D. S. Petrov and G. E. Astrakharchik, Phys. Rev. Lett. 117, 100401 (2016).

[6] Ivan Morera, Grigori E. Astrakharchik, Artur Polls, and Bruno Juliá-Díaz, arXiv:2001.04796 (2020).
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Quantum repeaters offer the possibility to perform quantum communication over a long distance. One possible

repeater node can be made with a photon-pair source and an absorptive quantum memory. To this end, we are

developing a system which combines a solid-state quantum memory with a source of photon pairs.The memory

is based on a rare-earth doped crystal (Pr3+:Y2SiO5), where quantum information can be stored in Pr3+ ions as

a collective optical excitation using the Atomic Frequency Comb (AFC) protocol. On-demand retrieval of the

information is realised by transferring the excitation to a long-lived spin state, which has already been demon-

strated in this system [1]. Entangled pairs of single photons are generated by parametric down conversion in a

periodically poled crystal placed inside an optical cavity. This allows us to generate narrow band photons pairs,

where the signal is spectrally matched to the memory (606 nm) for storage, while the idler is in the telecom band

to allow for higher optical transmission through fibre [2].

We will present our current progress towards demonstration of energy-time entanglement between the telecom

idler photon and the signal photon stored as a spin-wave excitation. The entanglement of the original pair

is maintained by the memory’s temporal multimodality. The entanglement analysis is performed using time-

bin qubit analysers made of a fibre-based Mach-Zehnder interferometer for the idler photon, and a solid-state

equivalent based on the AFC for the signal photon [3]. With this setup, we have measured entanglement between

the telecom photon and the excitation in an optically excited state (figure 1), with a fidelity high enough to violate

a Bell inequality. The storage time in the memory was 10 µs, 100 times longer than previous demonstrations in

similar systems [3]. We will also present our recent results demonstrating entanglement with the signal photon

in a spin-wave excitation, which is necessary to achieve the longer storage times required for long-distance

entanglement between individual nodes in a quantum network, as well as on demand read-out of the stored

quantum state.

References
[1] A. Seri, Phys. Rev. X 7, 021028 (2017).

[2] D. Rielander, New J. of Phys. 18, 123013 (2016).

[3] C. Clausen, Nature 469, 508 (2011).
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A future quantum network will consist of quantum processors that are connected by quantum channels, just

like conventional computers are wired up to form the Internet.

While pioneering experiments have demonstrated the entanglement of two quantum nodes separated by up

to 1.3 km, accessing the full potential of quantum networks requires scaling of these prototypes to more nodes

and larger distances. To this end, a new technology that overcomes the bottlenecks of existing physical systems

seems mandatory.

In this context, our group explores individual erbium dopants in silicate crystals. This system offers a unique

combination of second-long ground-state coherence with narrow optical transitions in the telecommunications

frequency band where loss in optical fibers is minimal. However, harnessing individual erbium ions has been

hampered by the ms-long lifetime of their optically excited states. We overcome this challenge using optical

resonators.

In a first experimental approach, we embedded a 20 micrometer thin Yttrium Orthosilicate crystal into a tun-

able Fabry-Perot cavity with a Quality factor of 107. We successfully stabilized this resonator in a closed-cycle

cryostat, leading to a Purcell factor of 530. Including the excited state branching ratio gives a 59-fold lifetime

reduction for the best-coupled dopants (Fig. 1).

In a second approach, we implanted silicon nano-photonic structures with erbium. At optimized implantation

parameters, we find narrow (2-3 GHz) absorption features (Fig. 2) from Erbium dopants that are well integrated

into the silicon lattice. We measured the lifetime, optical coherence and magnetic field splitting of these lines.

We then fabricated photonic crystal resonators to observe and enhance the emission of single dopants.

Finally, we investigated the ground state spin coherence of small Erbium ensembles at low magnetic field. After

optical initialization, we used a split-ring microwave resonator to drive Rabi oscillaitions of the whole inhomo-

geneously broadened ensemble (Fig. 3). In a spin echo experiment, we thus find that the coherence time is lim-

ited to less than 1 microsecond by anisotropic spin-spin interactions for dopant concentrations at the few-ppm

level. We show that this limitation can be alleviated by tailored dynamical decoupling sequences, providing an

alternative path towards the long coherence times observed with Erbium dopants in high magnetic fields.

These results demonstrate the unique potential of individual Erbium dopants with respect to future quantum

networking experiments in a novel frequency-multiplexed architecture.

Fig1 purcellenhancement.png Fig2 er-dopedsilicon.png
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Trapped atomic ions embedded in optical cavities are a promising platform to enable long-distance quantum

networks and their most far-reaching applications. It has recently been shown that the combination of an ion

trap with an integrated optical cavity and telecom conversion could enable entanglement distribution between

trapped ions spaced by tens of kilometers at practical rates for verification[1]. However, it has not previously

been verified that the photons from such a system can be sufficiently indistinguishable to allow for the es-

tablishment of remote entanglement. Here we present experimental and theoretical results of photon distin-

guishability in a telecom-converted ion-cavity setting, based on interference between two photons produced

sequentially from an ion in a cavity[2]. The limiting factor on the interference visibility in our ion-cavity sys-

tem is unwanted spontaneous emission from the ion during the cavity-mediated photon generation process,

which we here model in two steps. First, we calculate the wave function of photons emitted from the cavity

conditioned on the ion being in the initial state|S� at time s and no spontaneous decay events happening for

later times (see Fig.1). Second, we compute the rate of spontaneous decay events from|P� to|S� as a function of

time. The state of the emitted cavity photon is then expressed as a mixture over all the possibilities where the

last |P� → |S� decay happens at time s or no decay events occur and a pure state photon is emitted afterward,

plus the vacuum component collecting all the possibilities where no cavity photon is emitted. With the emit-

ted photon states in hand, it is then straightforward to calculate the visibility of pairs of photons. In Fig.2, we

show the theoretical and experimental results for cavity photons at their ion-resonant wavelength. Then two-

photon interference after a two-step frequency conversion, converting the wavelength of one cavity photon to

the telecom band and back to the ion-resonant wavelength is presented in Fig.3.

We conclude that the achieved interference visibility and photon efficiency would allow for the distribution and

practical verification of entanglement between ion-qubit registers separated by several tens of kilometers.

[1] V. Krutyanskiy, M. Meraner, J. Schupp, V. Krcmarsky, H. Hainzer, and B. P. Lanyon, npj Quantum Informa-

tion 5, 72 (2019).

[2] M. Meraner, et al., arXiv:1912.09259.

51



Quantum Technology International Conference

Energy levels.jpg

Interference without conversion.jpg

52



Quantum Technology International Conference

Interference with conversion.jpg

53



Quantum Technology International Conference

A trusted node-free eight-user metropolitan quantum
communication network

Oral - Abstract ID: 547

Dr. Siddarth K. Joshi 1, Dr. Djeylan Aktas 1, Mr. Soeren Wengerowsky 2, Dr. Martin Lončarić 3, Mr.
Sebastian Philipp Neumann 2, Dr. Bo Liu 4, Dr. Thomas Scheidl 2, Dr. Guillermo Currás Lorenzo 5, Mr.
Željko Samec 3, Mr. Laurent Kling 1, Mr. Alex Qiu 1, Prof. Mohsen Razavi 5, Dr. Mario Stipčević 3, Prof.

John G. Rarity 1, Dr. Rupert Ursin 2

1. Quantum Engineering Labs, University of Bristol, UK, 2. IQOQI Vienna, 3. Center of Excellence CEMS, Photonics and

Quantum Optics Unit, Ruder Boskovic Institute, Zagreb, Croatia., 4. College of Advanced Interdisciplinary Studies, NUDT,

Changsha 410073, China, 5. School of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT, UK

Introduction

We present a network of 8 clients in a novel architecture which enables scalable quantum communication based

on polarization-entangled photon pairs at telecommunications wavelength.

Methods

We extended the architecture, that we used previously to connect four clients in a fully-connected network

(Wengerowsky et al., Nature 564, 225–228, 2018) to 8 clients by combining the previous frequency multiplexing

technique with beam-splitters.

The source (Fig. A) employs type-0 spontaneous parametric down-conversion centered at 1550 nm, pumped

by a continuous-wave laser at 775 nm. The resulting 60 nm-wide spectrum is split symmetrically into eight

pairs of wavelength-correlated channels. Each client receives four frequency channels which are polarization-

entangled with the channels sent to each of the other clients. Every channel contains photons which share

entanglement with one of two other clients. This way, the four frequency channels that every client received

yield eight connections for this client. This results in a network with 32 connections in which everyone is con-

nected to everyone else, including four double connections (Fig. B).

Every client measures channels in a single polarization analyzer in either the HV or DA basis and records re-

sults using a time tagging unit. The basis choice was performed passively using a beam-splitter. The photons

measured in the DA basis were detected with a temporal delay of 3.7 ns with respect to the HV basis. Photon

pairs between different clients were identified by their relative arrival times. Every detection unit for each

client was equipped with two superconducting nanowire detectors (SNSPD), except for client “Ivan”, who used

one SNSPD and one InGaAs SPAD.

We connected fiber loops consisting of spooled fibers and deployed fibers between the multiplexing unit and

the polarization-analysis module. The fibers ranged from 450 m to 12.6 km, to simulate the distribution of secret

keys across a metropolitan area.

Results

The setup was running for 27 minutes and a positive secure key rate was observed for all 28 connections between

the eight clients. The created secure keys ranged from 30 bits to 51 kbits.

Discussion

Extending the size of the networks, the manual polarization controllers pose an obstacle, as they consume a lot

of space and time for alignment. Another problem arises from the signal-to-noise ratio of the detectors if too

many connections are detected on the same detector.

More details about our experiment can be found in Joshi et al., Science Advances, 6(36), 2020.
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The ideal quantum Zeno effect is a robust method to protect the coherent dynamics of a quantum system. In par-

ticular, in the weak quantum Zeno regime, repeated quantum projective measurements can allow the sensing

of semi-classical field fluctuations.

In this poster I will show our proposal and demonstration, both theoretical and experimental, of a novel noise-

sensing scheme enabled by the weak quantum Zeno regime. We experimentally tested these theoretical results

on a Bose-Einstein Condensate of 87Rb atoms realized on an atom-chip, by sensing ad hoc introduced noisy fields.
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Introduction
A seminal result on unstructured search algorithm by Grover is provably optimal in the limit of large number

of states N and in an absence of decoherence and gate infidelities. N ideal conditions the algorithm finds a

single marked state in $ \pi /4 \sqrt{N} Oracle calls. However, in the presence of reasonably modeled Oracle

errors, or realistic gate infidelities defining NISQ computers, the quantum algorithm needs the number of

Oracle calls comparable to the classical one or fails completely. This effect has been demonstrated in 2018

by a team using IBM Q quantum computer with N as low as 16. We present an algorithm especially con-

structed for NISQ computers showing much better results at currently available qubit counts and circuit depths.

Methods
We have designed the algorithm modifying Grover’s Diffusion Operator to utilize only one or two qubit gates, the

latter involving only nearest neighbour qubits and acting in the orthogonal subspaces. Oracle calls, entangling

all qubits are used in two ways: one to flip the phase of a marked state and the other to set a working qubit to

1 for this state. We measured the later in some experiments to partially collapse the state and to conditionally

execute remaining part of the sequence in the case of failure. We have build our own simulator, able to generate

native code for Rigetti an IBM QCs.

Results
We have found the optimal sequences of operations for N= 16, 64 and 256,assuming different allowable number

of Oracle calls. Additionally, we determined that the scaling of slightly less efficient sequence using the same

gates is $ \sqrt{N} log4{N}.

For 64 states and a single marked element were able to achieve expected number of Oracle calls<8, with theo-

retical probability of success >0.95.

At 16 states (4 qubits), we have 4 calls to the Oracle and cheap diffusion each time (for theoretical Psucc=1.0),

rather than 3, which is optimal for original Grover’s algorithm, however the latter needs 3 expensive applica-

tions of Grover’s Diffusion Operator.

Discussion
Regretfully, a realistically hard Oracle will cancel some of the benefits of our approach. Running this algorithm

against real systems we expect less of the effect of decoherence/gate infidelity because of overall shorter circuit

depth and optimized gates.

The motivation is to show that the actual NISQ HW is better than a classical system at running unstructured

search at currently available qubit counts and fidelities.
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Ultracold dipolar molecules offer an ideal platform for investigations in the fields of quantum simulation,

precision measurement and quantum chemistry. Thus far the ultracold polar molecules that have been

produced are closed-shell molecules, which limits their range of application. Our goal is to produce ultracold

RbSr polar, open-shell molecules, in order to extend the range of possibilities offered by ultracold molecular

physics.

We present an efficient quantum-engineering approach to the production of RbSr molecules. The first step is the

creation of Rb-Sr atom pairs in the ground-state of an optical lattice, starting from quantum-degenerate clouds of

87Rb and 84Sr. The following step is the magneto-association of these atom pairs into weakly-bound molecules,

using a magnetic Feshbach resonance that we identified and that should allow efficient molecule association.

With this aim, we designed a highly stable power supply for high magnetic fields, in order to achieve efficient

adiabatic transfers from the atom pair state to the weakly-bound molecular state. We describe the laser system

that we intend to use for the final step of the molecule production, which is the coherent state-transfer to the

rovibronic ground-state using STImulated Raman Adiabatic Passage (STIRAP).

Srmotsmall.png Mottinsulator.png
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The Tom Mitchell criteria [1] states that Machine Learning is based on three fundamental actions: (1) the system

has a concrete task, (2) the system solves the task exhibiting a well-defined performance, and (3) the system

yields an output by the which it serves as an experience to face further decisions. Thus, these postulates can be

described through the language of Quantum Mechanics with experience seen as the measurement. Thus, one

can establish that the evolution operator play the role of performance in the sense that it carries the Hamiltonian

of system. Therefore one can describe the Machine Learning actions in the following manner:

1.- Task: Measurement of the probability for finding a particle of mass M, this probability is commonly written

as P=∫dx|P(x,t)|2

2.- Performance: The scheme that leads to estimate the probability, therefore one can write that: |Ψ(t) >=U(t-
t0)|ψ(t0) > with the evolution operator written as

U(t-t0)=Exp[-iHt/h]=Exp[(-i(t-t0)/h)H(P,Q,S) ]
with H the Hamiltonian. Under the scenario of a multi-task: |ψ(t0)> = ΣmCm(t0)|φm> by the which U is applied

on them, then the case of free particle one has:

ΣmCm(t0)Exp[(-i(t-t0)/h) P2/2M ]|φm>

and thus with subsequent standard procedures of Quantum Mechanics one has that: ΣmCm(t0) ∫dp
|p><p| Exp[ (-i(t-t0)/h) P2/2M ] ∫dp0 |p0><p0| |φm>.

3.- Experience.- It is the measurement, \from previous equation one arrives to:

P = ΣmCm(t0) ∫dp ∫dp0 < ψ(t0) |p><p|Exp[(-i(t-t0)/h) P2/2M ] |p0><p0| φm> that also is rewritten as: P(t)
=ΣmCm(t0) ∫dp0 ∫dp ψ(p,t0) <p|Exp[(-it/h) P2/2M ] |p0> φm (p0)
Clearly, in small periods, the system opt to improve its measurement or discard all those outcomes that might

not leave it to evolve dynamically its space-time displacement [2]. Therefore, one has a set of probabilities given

by:

P(t) =ΣmCm(t0) ∫dp0 G(p0 ,t-t0) φm (p0).
Thus given the integer ”m” then exists an m+1 yielding a probability to be greater than it in a time t > t0. The

precision of measurement or experience is therefore in accordance to the available states that exhibits a best

measurement of system. In Fig.1 the case when the system opt for sinusoidal functions, and Fig.2 the case

when the system opts by the Bessel basis. In both cases, the usage of an infinite basis provides to system to

make the best choice to measure the highest probabilities of experience.

[1] T. Mitchell, IEEE International Workshop Artificial Intelligence,1989 Pages: 77 - 84.

[2] P. Teng, https://arxiv.org/pdf/1710.03213, 2018.
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In recent years optical tweezers have emerged as a versatile platform

for the simulation of quantum systems. In tweezer experiments, atoms are

trapped in tightly focused off resonant dipole traps after a

pre-cooling stage. Light assisted collisions can then lead to either a

single, or no, atom remaining. With the addition of a microscope

objective to our strontium quantum gas machine, we have been able to

create optical tweezers and observe the first signs of single atoms,

which are the initial building block for a programmable quantum

simulator. With the addition of a phase-only spatial light modulator and

acousto-optic deflector to our setup, we will be able to program the

positions of the individual dipole traps as well as sort the remaining

atoms into the desired traps. To complete the toolbox of our quantum

simulator, Rydberg excitations can be used to engineer state-dependent

interactions between atoms in neighboring tweezers. This poster will

present our progress towards building this programmable Rydberg quantum

simulator.

Averaged 16 tweezers abs.jpg
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Introduction

Multiplexing of waveguides on chips has been a crucial requirement for development of integrated photonic

circuits (PICs) and, simultaneously, a foremost challenge before their competitive miniaturisation [1]. The

crosstalk between densely packed waveguides and the radiation loses at waveguide bends set bounds to the

packing density and coherence properties [2].

Method

Here, we extrapolate the function of finite commensurable waveguide arrays [3] to a new concept for con-

struction of densely-packed bend-free quantum PICs. The approach leverages on engineering of the crosstalk

between waveguides to render a commensurable system eigenspectrum and, hence, periodic revivals of a light

state along the array [4]. Such an approach has been used to realise the perfect transfer and photon bunching,

however it mostly remained limited to the consideration of the equally spaced eigenspectra [5]. Lifting this lim-

itation by allowing for random sampling of the Wannier-Stark eigenfrequency ladder gives access to an infinite

set of new arrays with interesting classical and quantum properties.

Results and Discussion

Their quantum capability, effected by the continuous quantum walk, is demonstrated by examples of

interconnects for the perfect transfer of qudits and multi-port couplers. Particular attention is paid to the

corresponding path-entanglement conservation and generation observable in correlation matrices, e.g., as

periodic photon (anti)bunching. While the applied analytic inverse design enables direct insights into the

array behaviour, numerical simulations confirm their validity in experimentally accessible arrays.

[1] D. A. Miller, Nat. Photonics 4, 3 (2010)

[2] W. Song, R. Gatdula, S. Abbaslou, M. Lu, A. Stein, W. Y. Lai, J. Provine, R. F. W. Pease, D. N. Christodoulides and

W. Jiang, Nat. Commun. 6, 2027 (2015).

[3] J. Petrovic and J. J. P. Veerman, Ann. Phys. 392, 128 (2018).

[4] J. Petrovic, Opt. Lett. 40, 139 (2015).

[5] M. Gräfe and A. Szameit, J. Phys. B: Atom. Mol. Opt. Phys. 53, 073001 (2020).
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Potential building blocks for multi-level qubits or qudits are intensively investigated because of the multi-

dimensional Hilbert space (d >2) for encoding several bits per unit, reduced number of units and hardware

size, and robustness against noise and error rates. These advantages over simple qubits could lead to novel

scalabale and downsized quantum computer architectures.

Although this type of qudithas been studied in transition metal (TM) ions and rare earth (RE) elements embedded

in bulk solid state1 and molecular systems,2 its experimental implementation in universal quantum gates has

not yet been achieved in quantum dots (QDs) doped with TM ions.3

We demonstrate that hyperfine interactions in isolated Mn-ion confined in colloidal QDs (Figure 1) can

exploited to probe an arbitrary superposition of states between selected hyperfine energy level pairs by using

electron double resonance detected nuclear magnetic resonance (EDNMR). This enables the observation of

Rabi oscillations and the experimental realization of NOT and SWAP universal quantum gates that are robust

against decoherence. We propose a protocol for cyclical preparation, manipulation and read-out of logic gates

that could be implemented in QDs integrated in scalable quantum circuit architectures beyond solid state

electron spin qubits.

References.

1 a) S. Bertaina, et al. Phys. Rev. B 2017, 96, 024428; b) E. Baibekov, et al. J. Mag. Res. 2011, 209, 61–68.

2 C. Godfrin, et al. Phys. Rev. Lett. 2017, 119, 187702; J. Kobak, et al ., Nature Commun. 2014, 5, 3191.

3 S. T. Ochsenbein and D. R. Gamelin, Nature Nanotech. 2011, 6, 111; F. Moro, L. Turyanska, J. Wilman, A. J.

Fielding, et al. Sci. Rep. 2015, 5, 10855.
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We propose a microphysical theory of the triboelectric effect by which mechanical rubbing separates charges

across the interface between two surfaces. Surface electrons are treated as an open system, weakly coupled

to two baths, corresponding to the bulk materials. We show that an electromotive force can be irreversibly

generated from the motion-induced population inversion of fermions, thus extending and generalizing

Zel’dovich’s theory of bosonic superradiance. We argue that this is consistent with the basic phenomenology of

triboelectrification and triboluminescence as off-equilibrium processes. We also propose a direct experimental

test of our predictions that may clarify the longstanding question of the relation between triboelectrification

and dry friction.

This work has been accepted for publication in PRL.

64



Quantum Technology International Conference

Quantum photocell based on GaN quantum dots

Poster - Abstract ID: 320

Dr. Vishvendra Singh Poonia 1, Mr. Abhishek Chakraborty 1

1. Indian Institute of Technology Roorkee

Introduction
Quantum technology is a new paradigm where quantum effects like coherence, delocalization, and entangle-

ment are harnessed to achieve supremacy over devices operating using classical physics. Quantum dot solar

cells (QDSCs) were proposed to overcome the inefficiencies of conventional solar cells but are limited by detailed

balance. This is referred to as the Shockley-Queisser limit. Physically, phenomena like radiative recombination

of charge carriers and relaxation of hot carriers to the band edge contribute to this limit. It was shown that

detailed balance can be broken to achieve higher quantum efficiencies. Scully proposed a quantum photocell

wherein the Shockley-Queisser limit can be surpassed by using an external electric field to couple energy levels

of a quantum dot system. Dorfman et al. applied the quantum heat engine model to a photocell and showed that

noise-induced coherence due to Fano interference can lead to higher efficiency. Creatore et al. proposed a bio-

logically inspired quantum photocell where dipole-dipole coupling and delocalized states produced enhanced

photocurrent as compared to a photocell without such coupling.

In this work, we propose an efficient quantum photocell based on GaN quantum dots. We exploit the strong

built-in electric field in GaN QDs and excitonic dipole-dipole coupling between adjacent QDs to break detailed

balance. As this is a much stronger effect than Fano interference, we show that such a photocell exhibits en-

hanced photo-voltage and photo-current over its conventional counterpart.

Methods and Results
We employ a quantum heat engine model to examine the excitonic dynamics of the proposed photocell. Using

Pauli master equations(PME), we show that the device has enhanced photocurrent. Numerical simulations of

the PME were carried out using different parameter values. The architecture of the proposed device is illus-

trated in Fig. 1(a). A magnified view of the single unit of the photocell is shown in Fig. 1(b). The excitonic dipole

moments are aligned in the direction of the built-in electric field. The dynamics of density matrix elements cor-

responding to various energy levels is shown in Fig. 2. The transition denoted by rate Γ is the work extraction

step for the photocell.

Discussions
The proposed quantum photocell harnesses quantum coherence and delocalized excitonic states to enhance

energy harvesting efficiency. GaN quantum dots provide an avenue to realize it owing to its in-built electric

field. It could be the first step towards harnessing quantum effects in practical energy harvesting devices.

Energy levels.png
Photocell.png
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The impurities of diamond are promising candidates as building blocks for quantum information processing.

In particular, the high-spin negatively charged nitrogen-vacancy defect (NV) in diamond has become a leading

contender in solid-state quantum information processing. The initialization and readout of the spin is based

on the spin-selective decay of the photo-excited electron to the ground state which is mediated by spin-orbit

coupling between excited states states and phonons. While there are models describing [1,2] the decay from

the dynamic Jahn-Teller [3] (JT) 3E triplet, there is little known [4] about the decay from the 1E singlet. This is a

critical step toward understanding spin polarization and readout of this quantum bit.

Here we show a theoretical model for the intersystem crossing (ISC) of the 1E singlet state of NV. We find that the

singlet states are coupled with pseudo-JT interaction [1] modulated by diamond phonons. Our model suggests

that this coupling governs the ISC rate from the 1E singlet to the 3A2 triplet ground state. Additionally, pseudo-JT

produces the anomalous difference in absorption and emission sideband of the 1.19-eV optical line between

the two aforementioned singlets. We yield quantitatively good parameters for the model via ab-initio supercell

density functional theory (DFT) calculations. We determined the strength of pseudo-JT interaction up to 10

phonon limit in the Born-Oppenheimer basis.

Our theoretical model [5] is verified by the good agreement with the theoretical and observed absorption and

luminescence spectrum of the singlets. Finally, we study the spin-selective and ISC rates (Γz and Γ±) from the 1E

state towards the ms=±1 or ms=0 substate of 3A2 triplet by our ab-initio data, respectively. By taking our ab-initio

data and the observed 1.19 eV energy gap between the singlets, we were able to reproduce the 2-3 MHz ISC rate

[6,7], in addition to the temperature dependence of the singlet lifetime. In summary, we provide deep insight

in understanding the optical spin-polarization process of NV centre in diamond.

References
1. M. L. Goldman et al., Phys. Rev. Lett. 114, 145502 (2015).

2. G. Thiering, A. Gali,Phys. Rev. B 96, 081115 (2017).

3. I. Bersuker, The Jahn-Teller effect (Cambridge University Press, 2006).

4. M. W. Doherty, Physics Reports 528, 1 (2013).

5. G. Thiering, A. Gali, Phys. Rev. B 98, 085207 (2018)

6. V. M. Acosta et al., Phys. Rev. B 82, 201202(R) (2013).

7. L. Robledo et al., New Journal of Physics 13, 025013 (2011)
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Scope of our research is the realization of a QRNG able to provide high quality of randomness at high bit-rate

and with high entropy at raw-data level, plus the potential of miniaturization and compatibility with standard

silicon microfabrication technology.

Here, we describe 3 different implementations. showing a clear trend towards a monolithic solution. The first

implementation uses a custom detector, based on Single Photon Avalanche diodes (SPAD), coupled with an

external LED [1]. The second implementation is based on the use of silicon nanocrystal light emitting diodes

(SiNC-LED) in combination with Si SPAD detectors in two different configurations (configuration 1: SiNCs-LED

+ array of SPAD with multiple time to digital converters [2], configuration 2: SiNCs-LED + analog SiPM [3]).

Finally, a 3rd configuration shows the idea to integrate both detector and photon source into the same substrate

[4], objective of development in a current research European project (QRANGE).

The first implementation demonstrates the potential of QRNGs based on a standard CMOS process in terms of

speed (128Mbps) and robustness thanks to the parallel approach and miniaturization. The second configura-

tions make use of of SiNC-LEDs and a compact QRNG (Figure 2) is demonstrated. Compactness is achieved by a

3D stacking, where a custom SPAD-based detector with multiple time stamping capability is coupled with the

SiNC-LED [2]. These LEDs were characterized in terms of stability in time, temperature and applied voltage,

showing a behavior very close to a Poissonian light source (Figure 3). A custom methodology for random bit

generation is embedded into an FPGA in order to discard unwanted events ensuring a high random quality.

Finally, an avalanche LED was coupled with a SPAD detector and implemented in FBK technology (NUV-SiPM)

( Figure 4). This approach has been successful characterized as QRNG [4] and now is ready to be integrated in

a standard CMOS process for achieving all benefits derived from the technology and shown in [5].

[1] A. Tomasi, Journal of Lightwave Technology 36 (18) pp. 3843-3854, 2018.

[2] N. Massari 26th IEEE International Conference on Electronics, Circuits and Systems (ICECS), Genoa, Italy,

2019, pp. 815-818.

[3]. Z. Bisadi, Frontiers of Physics 8 (2018) 9.

[4] F.Acerbi, Journal of Light wave Technology 35 (9) pp 1588-1594, 2017.

[5] F. Acerbi, Journal of Selected Topics in Quantum Electronics 24 (6) pp. 1-7, 201.
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Introduction and methods
Semiconductor multi-quantum wells (MQW) have many technological applications in the Infrared detection,

emission and THz weaves technologies [1]. We report here the GaAs(d1=184 Å)/Al0.18Ga0.82As(d2) MQW band

structure, the interlayer tunneling influence on the quantum Hall effect and the effect of well thickness disorder

Δ0. The variation of the density of states a function of energy is used to evaluate the quantum magneto-transport

properties.

Results and discussions
The GaAs/AlGaAs MQW band structure was calculated by the envelope function formalism with barrier thick-

ness d2=42Å and d2=283Å, as show in Figure 1 (for d2= 42Å). In both cases, the bands dispersion in the growth

direction E(kz) is smaller compared to that in-plane dispersion E(kp). This indicates a weak interaction between

wells in MQW with d2=42Å. These interactions are totally missed in the MQW with d2=283Å and are justified

by the fact that the width of the mini-band ΔE2, along kz, decreases from 1.2 meV to zero, respectively. Our

calculated band gap Eg=1521meV is in agreement with that 1527meV measured with photoluminescence by B.

G. M. Tavares et al [2].

Figure 2 show the density of states rDOSof the first three conduction bands Ei in the investigated samples. The

EF position indicates that both the first and second conduction mini-bands are occupied. In the d2=42Å MQW,

ΔEi(kz) were non zero, indicating a quasi-bidimentional electron gaz. However the d2=283Å MQW shows a

staircase with completely decoupled wells and a bidimentional transport.

The calculated Landau levels for E2 and the variation of Fermi level as a function of magnetic fields (in the MQW

with d2=42Å), at different , are shown in Figure 3. The values of B extremas are in good agreement with those

of Shubnicov de Hass oscillations in the longitudinal magnetoresistance (Rxx) observed by Yu. A. Pusep et al [3].

We also observed a decreasing of Fermi level energy with increasing Δ0, that is due to the redistribution of the

electrons over the random potential. These results are a guide and necessary for the design and engineering of

infrared detectors.

References
[1] N. Benchtaber, A. Nafidi, et al, Frontiers in Physics (Optics and Photonics), vol 8 (2020).

[2] B.G.M. Tavares, M.A. Tito, Y.A. Pusep, J. Appl. Phys, vol 119 (2016) 234305.

[3] Y.A. Pusep, A. Rodriguez et al, J. Phys. Condens. Matter, vol 21 (2009) 205501.
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A common physical constraint of quantum processors is that physical

qubits can only interact with their nearest neighbours. In order to

implement an arbitrary quantum circuit, swap gates must be inserted so

that all gates are performed between neighbouring

qubits. The swap gates must be chosen such that the total number of swap

gates inserted is minimal. The optimal algorithm for this problem is

known, but is intractable. A common heuristic is to choose the swap

gates that will minimise some function of the rest

of the circuit. The contribution each gate should make to this function

should decrease with respect to the depth of the gate. This paper

investigates how quickly this should decrease. A linearly decreasing

function is proposed, and is shown to insert 37.46%

fewer swaps than the non-decreasing function, and also run 25.76%

faster. When compared to the previously proposed quadratic decreasing

function [1], the linear function inserted 2.46% more swaps, but ran

10.11% faster. This illustrates the trade-off between

the improving the swap cost and the run time.

[1] A. Kole, K. Datta, and I. Sengupta. A new heuristic for n-dimensional nearest neighbor realization of a quan-

tum circuit. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, 37(1):182–192,

Jan 2018.

Table1.png
Table2.png

72



Quantum Technology International Conference

Universal Gate-Set for Continuous-Variable Quantum
Computation with Microwave Circuits

Poster - Abstract ID: 204

Mr. Timo Hillmann 1, Dr. Fernando Quijandría 2, Dr. Giulia Ferrini 2, Dr. Göran Johansson 2, Dr.
Simone Gasparinetti 2, Prof. Alessandro Ferraro 3

1. RWTH Aachen University, 2. Chalmers University of Technology, 3. Queen’s University Belfast

In this work we provide an explicit construction of a universal gate set for continuous-variable quantum compu-

tation with microwave circuits. The availability of a microwave-based universal gate set in CV bridges between

the quantum optics community, where this universal gate set has been first introduced and which experimental

implementation has remained elusive, and the microwave circuits community, where high-order nonlineari-

ties are available. In particular, we show that these gates allow for the generation of a cubic phase state with

an experimentally feasible procedure. This feasible procedure highlights a practical advantage of microwave

fields coupled to superconducting devices with respect to optical systems for the same purpose.
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Introduction:

Measurement-based quantum quantum protocols—based on graph states—are at the core of modern quantum

computing and communications architectures. Local complementation—the graph operation that links all local-

Clifford equivalent graph states—allows us to classify all stabiliser states by the entanglement they posses. In

this work, we study the structure of the orbits generated by local complementation, mapping them up to 9 qubits

to reveal a rich hidden structure.

Methods:

Graph states are quantum states with a one-to-one correspondence to mathematical graphs where the qubits

are initialsed to |+� and for each edge (i, j) of the graph a control-Z (CZ) operation is applied between qubit i and

qubit j. However, despite having obviously different constructions via nonlocal CZ operations, some graph states

are locally equivalent. Interestingly, a single graph transformation, local complementation, traverses the entire

set of locally equivalent graphs. Using this simple relationship, graph state entanglement classes have been fully

classified up to n = 12. Until now, however, the structure of the orbits generated by local complementation have

not been studied. We use a depth-first search to explore every connection between locally equivalent graph

states, revealing a diverse myriad of structures.

Results:

We provide new software, freely available online, with which to compute these orbits and provide data for

the first 587 orbits (up to and including 9 qubits) as well as a means to visualise them (as in the plots of this

manuscript). We study these orbits and find direct links between the connectivity of certain orbits with the

entanglement properties of their component graph states. Furthermore, we observe strong correlations be-

tween graph-theoretical orbit properties, such as diameter and colourability, with entanglement monotones.

We also suggest potential applications. For example, local complementation allows spatially separated qubits

to be ‘redistributed’ in communication protocols, and can also be used to improve state preparation complexity

in quantum computing architectures with a restricted two-qubit gate topology.

Discussion:

It is well known that graph theory and quantum entanglement have a strong interplay. Our results deepen this

relationship and provide a new avenue both to explore the nature of entanglement, as well as to build useful

tools for quantum technology.
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In quantum mechanics, the theory of quantum transitions is grounded on the convergence of a series of time-

dependent perturbation theory. In nuclear and atomic physics, this series converges because the dynamics of

quantum transitions (quantum jumps) are absent by definition. In molecular and chemical physics, on the con-

trary, the dynamics of “quantum” transitions, being determined by the joint motion of a light electron (or elec-

trons) and very heavy nuclei, are present by definition, and the series of time-dependent perturbation theory

becomes singular. An exception is the dynamic problem for stationary states in the Born-Oppenheimer adia-

batic approximation, when the electronic subsystem turns out to be “off” from the general dynamic process

and therefore is not dynamically full-fledged: it only forms an electric potential in which the nuclei oscillate.

Removing the aforementioned singularity can be accomplished in two ways. The first method was consisted of

introducing an additional postulate in the form of the Franck-Condon principle into molecular quantum me-

chanics, in which the adiabatic approximation is used. The second method was proposed by the author and

consisted of damping the singular dynamics of the joint motion of an electron and nuclei in the intermedi-

ate (transient) state of molecular “quantum” transitions by introducing chaos. This chaos arises only during

molecular quantum transitions and is called dozy chaos. Formally, the damping is carried out by replacing an

infinitely small imaginary addition in the spectral representation of the complete Green’s function of the sys-

tem with its finite quantity. The damping chaos (dozy chaos) leads to the continuity of the energy spectrum in

the molecular transient state, which is a sign of classical mechanics. Meanwhile, the initial and final states of

the molecule obey quantum mechanics in the adiabatic approximation. Molecular quantum mechanics, which

takes into account the chaotic dynamics of the transient state of molecular “quantum” transitions, can be called

quantum-classical (dozy-chaos) mechanics. The efficacy of the damping for the aforementioned singularity is

shown by quantum-classical mechanics of elementary electron transfers in condensed matter and its appli-

cations to the optical spectra in polymethine dyes and their aggregates [1]. Future research should focus on

generalizing quantum-classical mechanics to nonlinear optical processes [2].

[1] Egorov VV. Quantum-classical mechanics as an alternative to quantum mechanics in molecular and

chemical physics. Heliyon 2019;5:e02579.

[2] Petrenko A, Stein M. Toward a molecular reorganization energy-based analysis of third-order nonlinear

optical properties of polymethine dyes and J-aggregates. J Phys Chem A 2019;123:9321.
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The travelling salesman problem (TSP) consists of finding the shortest possible route that visits every city in a

set of cities exactly once, returning to the starting city, given the pairwise distance between the cities. The TSP

is relevant both for the industry and for the academy, as it is an NP-hard problem. We take advantage of the

fact that NP-hard problems can be mapped to one another by mapping the TSP to the problem of finding the

ground state of a completely connected quantum Ising spin glass. This new set-up allows us to use the methods

of computational quantum physics to solve the TSP. In particular, the task of finding ground states of many-body

systems has been successfully tackled in recent years by variational Monte Carlo techniques based on artificial

neural network trial wavefunctions. In this work, we study the robustness and scaling of a TSP solver based on

Restricted Boltzmann Machines neural networks as trial wavefunctions for the quantum Ising spin glass that is

designed to be equivalent to the TSP.
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Generalized electrostatic quantum swap gate implemented on the chain of 2 double coupled quantum dots us-

ing single electron in semiconductor is presented in

tight-binding simplistic model specifying both analytic and numerical results. The anticorrelation principle

coming from Coulomb electrostatic repulsion is exploited.The formation of quantum entanglement is speci-

fied and supported by analytical results. The difference between classical and quantum pictures given. The

correlations between geometry of quantum structures and entanglement dynamics are shown. The presented

results have its significance in cryogenic CMOS quantum technologies that gives perspective of implementation

of semi-conductor quantum computer on massive scale.

[ https://arxiv.org/pdf/2001.02513.pdf ]
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Nitrogen-vacancy (NV) center emerges as an important system exhibiting promising properties for applications

in quantum technologies, including quantum information processing, quantum metrology as well as single-

photon sources. Our work, however, aims at single-photon single atom-like system interaction. Efficient control

of light-matter interaction at a single particle level is a key factor enabling several quantum applications.

In our work, a simple, room temperature, cavity- and vacuum-free interface for photon-matter interaction is

implemented. Here we report an experiment in which a heralded single-photon is absorbed by a single atom-

like system, which is an NV center in diamond. The NV center emits then another photon, which arrival time is

measured. The heralded single-photon source is based on spectrally non-degenerate spontaneous parametric

down-conversion (SPDC) process, where detection of an infrared photon is used as a herald for the visible pho-

ton. The heralded single-photon source used in the experiment is tunable in the range of 452-575 nm [1]. The

single-photon at 532 nm was chosen but other pumping scenarios were tested as well. In Fig. 1 the obtained NV

fluorescence decay pumped with heralded single photons is shown [2].

The sample used in the experiment was a high-pressure high-temperature (HPHT) diamond with a dense con-

centration of negatively charged nitrogen-vacancy (NV−) centers, approximately 18 ppm (full sample character-

ization and preparation description, including spectrum and ODMR measurement, can be found in Refs. [3-4]).

This means single-photon interacted with one of the NV’s within the focusing volume. The already obtained

experimental results will be presented.

References
[1] A. Divochiy, M. Misiaszek, Y. Vakhtomin, P. Morozov, K. Smirnov, P. Zolotov, and P. Kolenderski, Opt. Lett. 43,

6085 (2018)

[2] M. Gieysztor, M. Misiaszek, J. van der Veen, W. Gawlik, F. Jelezko, and P. Kolenderski, arXiv:1909.05843 (2019)

[3] M. Mrózek, D. Rudnicki, P. Kehayias, A. Jarmola, D. Budker, and W. Gawlik, EPJ Quantum Technology 2 (2015)

[4] D. Rudnicki, M. Mrózek, J. Młynarczyk, and W. Gawlik, Photonics Lett. Pol. 5, 143 (2013)
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Recent experimental advancement in the field of optical cavity QED comprises two directions of development.

The first one consists on a further reduction of the mode volume of the resonators, as it is possible with the in-

troduction of fiber based Fabry-Perot cavities (FFPCs) [1]. The second one consists on an increase in the number

of well-controlled modes the photon emitters can couple to [2,3].

We have set up a new experiment that combines these two experimental advancements in a single platform with

single neutral atoms trapped at the center of two crossed FFPCs. This novel setup provides new challenges and

capabilities, such as the fabrication and assembling of high-finesse fiber cavities, the strong coupling of single

atoms to both cavity modes for long trapping times, the atom imaging system, or the microwave manipulation

of the atomic states.

Some of the mentioned capabilities were recently used to implement a passive, heralded quantum memory for

photonic polarization qubits. The passive nature of the memory scheme requires neither amplitude- and phase-

critical control fields [4] nor feedback loops that can be prone to errors [5]. The storage heralding capability is

an important feature in the presence of photon loss, and improves the fidelity of the qubit storage.

In the future this novel platform will enable the development of other new quantum information processing

schemes based on two-mode cavity QED.

[1] Hunger et al., New J. Phys. 12, 065038 (2010)

[2] Leonard et al., Nature 543, 87 (2017)

[3] Hamsen et al., Nat. Phys. 14, 885 (2018)

[4] Specht et al., Nature 473, 190 (2011)

[5] Kalb et al., Phys. Rev. Lett. 114, 220501 (2015)
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Introduction

While photons are famously useful for transmitting and storing quantum information, the development of use-

ful photon-photon interactions can trigger numerous breakthroughs through several unique applications. De-

spite this, the development of useful photon-photon interactions remained a considerable challenge spanning

several decades. Recent development’s have shown a paradigm known as “coherent photon conversion(CPC)” is

capable of large phase shifts at high-fidelity. We investigate how in a Room-temperature Rb exhibiting a double-

lambda system, can exhibit both linear and nonlinear quantum processes and achieve a number of benchmarks

toward two-photon gate operation.

Methods

Here we demonstrate a room-temperature implementation of large phase shifts (approximately pi) on a single-

photon level probe pulse (1.5us) triggered by a simultaneously-propagating few-photon-level signal field. This

process is mediated by Rb87 vapor in a double-lambda atomic configuration. Secondly, we explore a new config-

uration that investigates an effective second-order nonlinearity for a two-photon gate based on coherent photon

conversion. We modify our control field to be at the single photon level and observe 2-to-1 photon conversion

in which weak coherent state pulses are converted into a new frequency detected by our local oscillator.

Results

We show how our unique pulse protocol can determine both the shot-by-shot phase information while simulta-

neously collecting quadrature statistics for maximum likelihood estimation. For the first experiment, we have

observed input-output fidelities higher than 90% for phase-shifted output states, and high overlap (over 90%)

with a theoretically perfect coherent state. We develop an atomic model of the input-output phase relation and

show that our data is in agreement with our theoretical model with no free parameters.

For our second experiment, we measure the efficiency of the 2-to-1 conversion useful for coherent photon con-

version. Additionally, we characterize the temporal behavior of the pulses of the nonlinear process, comparing

it to a simple toy model and an advanced analytical multi-frequency mode quantum model.

Discussion

We have characterized the quantum state of such a phase-sensitive four-wave mixing system. Our noise-free,

four-wave-mixing-mediated photon-photon interface is a key milestone towards developing quantum logic and

nondemolition photon detection using schemes such as coherent photon conversion. In our first experiment,

we discuss how our experiment evaluates the first two benchmarks for necessary for implementation of the

CPC protocol. Additionally, our second experiment shows how future experiments can work toward achieving

a two-photon gate by an effective second-order nonlinearity.

Reconstructedstatesforexperiment1.png
Experiment1.png
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Solid-state, point-defect quantum emitters lend themselves towards use in quantum networks due to their long-

lived, optically accessible spin-qubits. Recently it has been shown that group IV colour centres in diamond

demonstrate these favourable properties [1] but that their coherence times require further optimisation to be

comparable with the nitrogen vacancy centre in terms of spin coherence, which has reached T2 coherence times

of 0.6 s [2].

Here we explore the spin properties of one of the heavier group IV defects, tin vacancy (SnV) as compared with

the silicon vacancy (SiV). The SiV centre requires operation at millikelvin temperatures, i.e. using a dilution

refrigerator, to achieve good coherence times which limits the scalability of any quantum technology using

SiV. It has been shown that despite this limitation, the SiV centre is still potentially very useful for quantum

applications as the emission of individual centres can be tuned by applying strain to the defect via a cantilever

[3,4]. The tunability of the emission of SiV lends itself to creating multiple sources of indistinguishable photons,

essential for entanglement and any quantum application.

For the heavier colour centre, SnV, we show comparable T1 and T2
* properties at 2.9 K in fig. 1 to SiV at mil-

likelvin temperatures, with T1 > 10 ms and T2
* reaching the nuclear spin-bath limit at 540 ns. Achieving this at

comparatively warm temperatures demonstrates the benefits of the larger orbital splitting which comes with

heavier group IV elements [5]. Here, a more conventional cryostat can be used rather than a dilution refriger-

ator, which increases the scalability of an approach using SnV over SiV.

These results are promising with regard to improving the spin properties of the group IV colour centres. In

particular, the increased operating temperature of SnV over SiV suggests they could be candidates for use in

scalable quantum networks, without the need for a dilution refrigerator.

[1] J. N. Becker et al., Phys. Rev. Lett. 120, (2018).

[2] N. Bar-Gill et al., Nat. Commun. 4, (2013).

[3] Y. I. Sohn et al., Nat. Commun. 9, (2018).

[4] S. Meesala et al., Phys. Rev. B 97, (2018).

[5] M. E. Trusheim et al., Phys. Rev. Lett. 124, 23602 (2020).
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Quantum memories are a key element for the realisation of quantum repeaters, essential for long-distance

quantum communication. Especially for satellite-based quantum networks, alkali metal vapors constitute an

excellent storage platform, as neither cryogenics, nor strong magnetic fields are needed. Moreover, compound

quantum systems combining said memories with single photon sources open the path for applications in optical

quantum simulation and computing.

The presented project experimentally and theoretically explores a quantum memory implemented in a warm

Caesium vapor cell using the mechanism of electromagnetically induced transparency (EIT) on the D1-line.

Photon storage is modelled by describing the Cs atoms as a three-level Lambda system created by the F=3 and

F=4 hyperfine levels of the 62S1/2 state, corresponding to the ground state |g> and the storage state |s>, and the

F’=3 hyperfine level of the 62P1/2 state as the excited state |e>. In the beginning all the atoms are initialized

into |g>. A vertically polarized signal pulse (detuned from |e> by a given Δ) is applied, which couples |g> and

|e>. Simultaneously, a horizontally polarized control pulse is applied, which couples the states |e> and |s>,

as depicted in Fig.1. Using this scheme, the incoming pulse is converted into a long lived spatially dependent

coherent superposition of the states |g> and |s>, referred to as a spin wave.

With this technique, light storage, first for attenuated laser pulses and later at the single photon limit, is being

investigated. For the latter, single photons from a semiconductor quantum-dot source or a parametric down-

conversion source will be used.

Furthermore, noise and efficiency limits of storage and on-demand retrieval are studied, and optimized. Nu-

merical simulations for determining optimal storage and retrieval pulses are being performed with the goal of

achieving a noise-free quantum memory. The experimental setup is schematically shown in Fig.2.

Fig1 cs levels.jpg Fig2 expsetup.jpg

86



Quantum Technology International Conference

MHz bandwidth source of single photons tuned to Rubidium
transition

Poster - Abstract ID: 301

Ms. Sonali Gera 1, Mr. steven sagona-stophel 1, Prof. Eden Figueroa 1

1. Stony Brook University

Introduction

A large-scale quantum network requires multiple quantum memories and entanglement sources working to-

gether in conjunction to achieve entanglement swapping and distribution. We are currently constructing a

prototype of a Type II quantum repeater within our campus, and one of its main requirements is the creation of

a priori entanglement that is compatible with atomic quantum memories. In this presentation I will talk about

the operation of a MHz-bandwidth twin-photon source, on resonance with the D1 line of rubidium.

Methods

A nonlinear periodically-poled KTP crystal exhibiting type-I spontaneous parametric down conversion (SPDC)

generates photon pairs at a very large bandwidth relative to the bandwidth necessary for room-temperature

memories. In order to constrain the bandwidth to be compatible with our memories, we place our twin-photon

source inside a bowtie cavity whose length is maintained using a Pound-Drever-Hall (PDH) lock, on resonance

with the Rb F=1 to F’=1 transition. The figure shows the main components of the quantum source: 1) a master

laser locked to rubidium transitions using saturation spectroscopy, 2) a second harmonic generation cavity

locked using the Hansch-Couillaud technique producing light with a wavelength of 397.5 nm, 3) a bowtie

cavity forming an optical parametric amplifier (OPA) housing the PPKTP crystal. Left side of the figure is the

experimental diagram showing the master laser, SHG cavity, OPA twin-photon source and PDH locking laser.

On right, the inset shows the inside of the OPA (covered in black in the main picture). Through degenerate

SPDC, the crystal converts the blue photons into two red photons which are detected in a single photon sensitive

camera.

Results

We will report the performance of the twin-beam photon source including the number of coincidences

per MHz per mW of pumping power (spectral brightness), which is measured to be approx. 1000 coinci-

dences/MHz/10mW after filtering out the unwanted SPDC peaks. We will also report on the observed enhance-

ment caused by placing the nonlinear crystal inside an optical cavity in comparison to the free-space SPDC

generation.

Discussion

Our next step is to store the produced single photons in rubidium-vapor-based, room-temperature quantum

memories. We also plan to modify this set up to make a source of polarization-entangled photons by adding

another PPKTP crystal with its optic axis orthogonal to that of the first crystal. Additionally, quantum state

tomography of the retrieved single photons from the memory, using a homodyne detector, will allow us to

accurately observe the full quantum state.

87



Quantum Technology International Conference

Source.png

88



Quantum Technology International Conference

Unconventional superfluids in two-component Bose-Einstein
condensates with competing interactions

Oral - Abstract ID: 429

Dr. Leticia Tarruell 1

1. ICFO

TBD

89



Quantum Technology International Conference

TBD

Oral - Abstract ID: 431

Prof. Tracy Northup 1

1. Institute for Experimental Physics, University of Innsbruck

TBD

90



Quantum Technology International Conference

How long until a quantum repeater?

Oral - Abstract ID: 286

Prof. Wolfgang Tittel 1

1. QuTech, EEMCS, and Kavli Institute of Nanoscience, Delft Technical University

The creation of a future large-scale quantum network requires quantum repeaters that allow the efficient gen-

eration of entanglement between distant nodes over lossy links. In my talk I will discuss an approach to such

repeaters based on sources of entangled photon pairs, quantum memory for photons based on rare-earth-doped

crystals, and spectral multiplexing. I will also briefly discuss our experimental work on storing quantum states

of light using cryogenically-cooled thulium-doped crystals. Finally, I provide a few thoughts related to the ques-

tion of “How long until a quantum repeater”.
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With conventional public cryptographic security under threat from the rapid development of quantum com-

puters, quantum key distribution (QKD) has been at the forefront of quantum technology commercialisation

efforts and industrialisation with applications ranging from the health care industry to the defence sector. But

the limited range of optical fibre transmission and absent practical quantum repeaters, prevents long distance

terrestrial QKD links. The success of the MICIUS mission has paved the way for satellite QKD and sparked

global interest and efforts to deploy space-based quantum communication systems that can span countries,

continents, or even the entire world. However, the cost of traditional space system development is a significant

barrier to these efforts with large consortia being formed to exploit these new opportunities. The NewSpace

movement, characterised by ease of access to space, small satellite platforms, and the use of conventional-off-

the-shelf (COTS) components, is a potential avenue for accelerated development of quantum space systems at

reduced cost. Constellations of small satellites may also offer the advantage of greater coverage than larger

but fewer satellite systems. Several CubeSat QKD missions are in progress around the world. Here, we exploit

CubeSats to accelerate and augment technologies, or demonstrate service readiness of space based QKD with

the Responsive Operations Key Services (ROKS) mission.

In this paper, we outline the process of developing a 6U (10x20x30cmˆ3) CubeSat to perform orbit-to-ground

QKD from low Earth orbit. The ROKS mission exploits advances in CubeSat attitude determination and control

systems (ADCS), in-flight responsive operations, system architecture, tracking of ground stations, alignment and

timing synchronization mechanisms for laser and optical systems, compact and robust quantum signal sources,

as well as miniaturisation and space-readiness of optical components, all within a challenging size, weight, and

power (SWaP) envelope. A key component of the mission is the development of a portable optical ground station

based on commodity telescopes and support equipment. The paper also explores challenges and methodologies

in implementing a polarization encoded, faint-pulse, decoy state QKD protocol. The ROKS mission would be a

pathfinder for advanced CubeSat payloads and operations and would establish the basis for a constellation of

low-Earth orbit trusted-nodes for future commercial QKD service provision.
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Extending the functionality and overcoming the performance limitation [Nat Com 8, 15043 (2017)] under which

QKD can operate either require repeater stations [Phys. Rev. A 82, 032304 (2010)] or formulating new security

models by assuming limited adversary [PRX 4, 011016 (2014)]. Motivated by the latter, we present a new hybrid

security model ”Quantum Computational Timelock” (QCT) in the following way: we assume that some com-

putationally secure encryption cannot be broken within a time shorter than tcomp and conversely assume that

any quantum memory fully decoheres within a timetcoh much smaller than tcomp.

Using QCT security model, we propose an explicit key distribution protocol, ”MUB-QCT”, in which Alice sends

multiple copies of a qudit state, of dimension d, to Bob, thereby encoding a key bit x in a basis, chosen among a

full set of d+1 MUBs. This protocol allows for imposing a crucial separation between authorized users (Alice and

Bob) and non-authorized users (Eve). Authorized users can use short-term-secure computational encryption

and share a large classical secret S, and Eve, on the other hand, cannot guess S before tcomp and is restricted to

perform classical eavesdropping.

We show that the optimal eavesdropping corresponds to performing an immediate measurement on input

states, followed by post-measurement decoding using information Sat time tcomp, as studied in [Phys. Rev.

A 82, 022326 (2010)]. We prove that when Alice sends m copies of qudit, Eve’s guessing probability, when

performing collective attacks, is upper bounded by Pguess≤1/2+Ο(m/√d), allowing to send m <√d copies of a qudit

state per channel use. This results in an overwhelming key rate and long attainable distance, outperforming

the performance limits of QKD. This potential to send multiple copies per channel can be exploited to realize

secure multiparty key distribution.

We also show that the security of QCT can be guaranteed without monitoring the error rate and thus

without the need to trust the implementation of Bob’s measurement apparatus. This “MDI-type” security

relaxes some important engineering constraints with respect to QKD. In conclusion, our results illustrate that

a hybrid quantum-computational approach can bring significant practical benefits to quantum cryptography,

in terms of extended performance, functionalities and implementation security.
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Introduction. Time-bin entanglement has been used for the last 20 years for realizing Bell tests and for crypto-

graphic applications as quantum key distribution. However, when used in the Franson’s scheme (Fig.1, left), it is

affected by the so-called postselection loophole: there exists a Local Hidden Variable (LHV) model reproducing

the quantum predictions and it has been shown that this loophole enables the hacking of Franson’s scheme

when used for cryptographic purposes. We implemented for the first time a time-bin entanglement source that

is free of such a postselection loophole (“genuine” time-bine entanglement), opening up to its exploitation for

quantum communication protocols.

Results. A proper violation of the Bell-CHSH inequality can be obtained with the activeTB scheme of Fig. 1

(right), proposed and realized for the first time by us in Phys. Rev. Lett. 121, 190401 (2018). We replaced the

first beam splitter of the measurement interferometer with an additional balanced MZI with a phase modulator

acting as a fast optical switch synchronized with source. We engineered such a switch to obtain a deterministic

recombination of the |S� and |L� pulses, which allows to not discard any data thus overcoming the postselec-

tion loophole. In our proof-of-principle implementation we obtained a Bell violation of more than 9 standard

deviations.

Conclusions. Time-bin entanglement is more robust than polarization in long-distance fiber propagation.

Hence, the capability to overcome the postselection loophole paves the way to the realization of a conclusive

loophole-free Bell’s test based on genuine time-bin entanglement. In fact, despite of genuine energy-time entan-

glement, which requires to stabilize two long interferometers whose extension is determined by the distance

between Alice and Bob, our scheme requires imbalances that are much less demanding and much more achiev-

able.

Furthermore, our scheme can be realized using commercial off-the-shelf fiber components and it can be made

compatible with today’s integrated photonics, making it attractive for realizations of device-independent secure

communications between two parties. Moreover, the capability of implementing fast optical switch for time-

bin encoding, as we showed, can be exploited to realize encoders and receivers for high-dimensional time-bin

qudits.

These possibilities will be investigated by theQuanteraproject SECRET (SECuRe quantum communication based

on Energy-Time/time-bin entanglement), which is going to start in the next months.
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The quick development of quantum technologies and quantum communication demands a continuous search

for more efficient and with higher performance quantum sources and devices. In particular, quantum dots are

firmly established sources of single photon emitters and entangled photon pairs, with entanglement of photons

emitted by a single quantum dot probed in polarization[1], time-bin[2] and hyperentanglement[3]. Although

spontaneous parametric down conversion sources (SPDC) are widely used as entangled photon sources with

the highest values of entanglement[4], are being reached by quantum dot devices[5]. With similar quality as

SPDC sources, QDs however stand out as sources with sub-Poissonian statistics, essential for safe quantum com-

munication.

Still, most of the quantum dots devices exhibit low extraction efficiencies. Attempts to maximize the extrac-

tion efficiency involve sophisticated engineered photonic systems[6,7]. Furthermore, the accurate alignment of

the quantum dot-cavity system is crucial for an effective quantum dot-cavity coupling and hence an emission

enhancement into free space[8]. All of this implies the need of intricated nanofabrication processes.

Here we present a simple, scalable photonic device that grants efficient creation of entangled photon pairs

from InAs quantum dots. The device, spontaneously formed during the growth process, is based on pairs of

bottom/top distributed bragg reflectors (DBRs). A propagating deformation in the DBRs, leads to the formation

of self-aligned dimples on top of the QDs, resulting in a self-aligned quantum-dot cavity system[9]. Therefore,

costly and complex deterministic nanofabrication techniques are not required.

In this work, the device performance was characterized, showing experimental collection efficiencies of 0.17,

with theoretically pair extraction efficiencies above 0.45. Furthermore, a Purcell enhancement up to 1.7 was

obtained. Finally, the device potential to generate time-bin entangled photons was investigated performing

state tomography measurements. The subsequent reconstruction of the density matrix yields a concurrence of

0.70(10) and a fidelity of 0.84(5).

[1] N. Akopian et al., “Entangled photon pairs from semiconductor quantum dots,” Phys. Rev. Lett., vol. 96, no.

13, pp. 7–10, 2006.

[2] H. Jayakumar, A. Predojević, T. Kauten, T. Huber, G. S. Solomon, and G. Weihs, “Time-bin entangled photons

from a quantum dot,” Nat. Commun., vol. 5,2014.

[3] M. Prilmüller, T. Huber, M. Müller, P. Michler, G. Weihs, and A. Predojević, “Hyperentanglement of Photons

Emitted by a Quantum Dot,” Phys. Rev. Lett., vol. 121, no. 11, pp. 1–5, 2018.

[4] A. Predojevic, S. Grabher, and G. Weihs, “Pulsed sagnac source of polarisation entangled photon pairs,” Opt.

Express, vol. 20, no. 22, pp. 25022–25029, 2012.
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Quantum telecommunication network have started to be implemented on top of telecom infrastructure. How-

ever, they rely on bulk and fiber optical components to function. The next step is the integration of the hardware

on chip. A fundamental building block of any quantum circuit is the integrated photon source.

Spontaneous four-wave mixing provide high visibility and brightness for multiple pairs simultaneously, but this

non-linear process has the disadvantage of requiring a pump close to the generated photon pairs in terms of

wavelength. This is challenging and makes cleaning the pump require a large rejection (>100dB) on a relatively

small bandwidth (<10nm). This has been demonstrated using active devices [1,2] but create a high complexity,

due to the active tuning of all the filters, and increase losses at the cost of the coincidence rate. Such device

could be the basis of a reconfigurable point-multipoint network [3].

We have chosen a new approach based on multimode Bragg filters. Their limitation is the saturation due to

fabrication mismatch and defects [4]. To avoid this problem, we use a multimode filter [4] that reflects the

fundamental mode into a higher order mode (Fig.1), which is radiated away from the single-mode waveguide

(Fig.1) connecting successive Bragg filters. These properties finally allow to cascade filters by breaking the phase

coherence between successive filters, avoiding the rejection saturation (Fig.1). A ring resonator was combined

with our new cascaded filter on a single chip of silicon.

The integrated filter combined with a ring yields a brightness of 390pairs/s/MHz with a raw visibility higher

than >90% (Fig.2) over 11 quantum channels. Only a 20dB-crosstalk de-multiplexing was added after the chip

to achieve these performances, on top of the integrated filter. A rejection of 85dB was measured for the on-chip

filter.

This on-chip all-passive photon-pair source is an important step towards the full integration of telecom quantum

circuits. The generated pairs yield a near-unity visibility with no cost on the rate of the ring resonator. This

system strong promises for quantum key distribution networks as a cheap source of entangled photon pairs. It

is a first step towards a large-scale and multi-user QKD network.

[1] M. Piekarek, et al., Opt. Lett. 42, 815-818 (2017)

[2] J. R. Ong, et al., IEEE Photonics Technology Letters, 25, 1543-1546. (2013)

[3] S. Wengerowsky, et al., Nature, 564(7735), 225. (2018)

[4] D. Oser, et al., Laser & Photonics Reviews 13.8 (2019): 1800226.
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Quantum communication protocols have come a long way from abstract theoretical models to everyday techno-

logical applications. Such protocols demonstrate quantum advantage compared to their classical counterparts

by utilizing non-classical resources such as coherence, entanglement, and measurement incompatibility.

Their verification is typically performed in a device-dependent manner, which implies the underlying assump-

tion that the measurement devices in the laboratory perform precisely as their manufacturer promises. How-

ever, there is no guarantee that these will function exactly as expected and will not be exploited by an adversary.

Moreover, making such assumptions is very resource expensive. Hence, one would like to preferably use a com-

pletely trust-free protocol such as a Bell test. However, the realization of such tests is experimentally challenging

and extremely resource intensive, despite today’s technology.

Quantum steering protocols provide an alternative to Bell tests which is robust to experimental imperfections

and noise. These semi-device independent tasks require to trust only one party’s measurement devices while

the other party’s devices are treated as black boxes. To bring quantum steering closer to the desired Bell tests we

investigated to promising classed of steering criteria: generalised entropic steering criteria based on Shannon,

Tsallis, and Renyi entropies and dimension-bounded steering inequalities.

Entropic steering criteria allow for the detection of a large class of two-qubit states, can be extended to high

dimensional systems, and have been reported to have a detection advantage over linear steering inequalities in

terms of noise robustness. Whilst dimension-bounded steering inequalities allow for demonstration of steering

with minimal trust by simplifying Bob’s devices to the number of degrees of freedom they are monitoring.

We experimentally tested these steering protocols for a shared photonic two-qubit state with two and three

measurement settings per side. Our results, recently published in Phys. Rev. Lett. 125, 020404 (2020), show

that entropy-based criteria are robust against imperfections in state preparation. However, there is an

advantage in dimension-bounded steering in the presence of measurement imprecision. Further, we show

that dimension-bounded steering is robust even in the case maximal misalignment of measurement settings

between the parties and for the case of non-orthogonal measurement settings. We conclude with an analysis

of the probability of violating the steering inequality and find that we reach 100% probability.

This noise robust demonstration of steering with minimal assumptions brings quantum steering protocols

much closer to Bell tests without the sacrifice of extremely high-end equipment and has strong potential for

applications in quantum fibre networks.
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Deterministic quantum gates between single photons and single quantum emitters are a valuable building

block for the distribution of quantum information between remote systems, as well as for the construction of

photonic quantum states. I will review the tools cavity-QED provides for the construction of such gates, and

present our recent demonstration of a native photon-atom qubit SWAP gate [1]. The underlying mechanism is

single-photon Raman interaction (SPRINT) - an interference-based effect in which a photonic qubit determin-

istically controls the state of a material qubit and vice versa [2-4]. This open-system scheme, which had also

been demonstrated in microwave with superconducting qubits [5-6], is applicable to any waveguide-coupled

Lambda system, including ions [7] and quantum dots [8], and can serve as a basis for a variety of other

photon-“atom” interactions - from universal gates, through single photon subtraction and addition, to the

preparations of a wide range of photonic quantum states [9] valuable for photonic quantum information

processing.

[1] Nature Physics 14, 996 (2018)[2] Science 345, 903 (2014)

[3] Nature Photonics 10, 19 (2016)

[4] Phys. Rev. A 95, 033814 (2017)

[5] Phys. Rev. Lett. 113, 063604 (2014)

[6] Nature Communications 7, 12303 (2016)

[7] arXiv:1902.03469v2 [quant-ph] (2019)

[8] Rev. Mod. Phys. 87, 347 (2017)

[9] Photonics Research 7, A45 (2019)
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Quantum error correction is of crucial importance for fault-tolerant quantum computers. As an essential step to-

wards the implementation of quantum error-correcting codes, quantum non-demolition (QND) measurements

are needed to efficiently detect the state of a logical qubit without destroying it. Here we implement QND mea-

surements in a Si/SiGe two-qubit system [1], with one qubit serving as the logical qubit and the other serving as

the ancilla. Making use of a two-qubit controlled-rotation gate, the state of the logical qubit is mapped onto the

ancilla, followed by a destructive readout of the ancilla. Repeating this procedure enhances the logical readout

fidelity from 75% to 95% after 15 ancilla readouts [2]. In addition, we compare the conventional thresholding

method with an improved signal processing method called soft decoding that makes use of analog information

in the readout signal to better estimate the state of the logical qubit [2, 3]. We demonstrate that soft decoding

leads to a significant reduction in the required number of repetitions when the readout errors become limited

by Gaussian noise, for instance in the case of readouts with a low signal-to-noise ratio. These results pave the

way for the implementation of quantum error correction with spin qubits in silicon.

[1] T. F. Watson, et al., Nature (2018).

[2] X. Xue, B. D’Anjou, et al., arXiv:1911.08420.

[3] B. D’Anjou and W. A. Coish, PRL (2014).
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Introduction
Quantum network based on photo-active quantum node and spin-photon based long-range quantum entan-

glement is one of the promising routes for realizing scalable quantum computing, where in one node quan-

tum coherent nuclear spins are mediated by central electron spin for readout and control of individual spins

through hyperfine interaction. The nuclear spins are randomly distributed in the lattice structure of the host

material, thus detecting dark nuclear spins and calibrating its hyperfine parameters is a prerequisite step to

construct a building block of the quantum network. We propose a deep learning approach to analyze the dy-

namic decoupling-based nuclear spectrum for identifying hyperfine coefficients of an individual 13C nuclear

spin in a diamond.

Methods
Various deep neural network models are built for recovering noise and decoherence effect and for identify-

ing hyperfine parameters of nuclear spins in dynamic decoupling pulse sequence (Carr-Purcell-Meiboom-Gill,

CPMG) signal. (Fig. 1) To appropriately interpret the CPMG signal for the training and to reduce the large compu-

tational cost, 1D CPMG signal is converted into 2D image. (Fig.2) An auto-encoder structure is employed for the

denoising process. (Fig.3 a) Also, for final fine-tuning, another deep learning model for regression and particle

swarm optimization algorithm is introduced.

Results
We have shown over 30 individual nuclear spin detection matching with existing experimental results on the

same NV center, newly finding unanalyzed nuclear spin signals. (Fig.3 d) It covers a wide range of detectable

hyperfine parameters even for strongly coupled nuclear spins prohibiting the use of conventional numerical

peak detection algorithms. Furthermore, the trained deep learning models can be directly applied to an exper-

imental dynamic decoupling signal performed on a different NV center without training procedures.

Discussion
These results not only highlight its capacity of deep learning algorithms to encode diverse features to analyze

complicated nonlinear signatures but also its robustness for distortions on the original signal, such as due to a

decoherence effect and environmental noises.
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Fig.1 overall procedure to analyze cpmg signal

for detecting neclear spins in diamond.png

Fig.2 data representation of cpmg signal and

hyperfine detecting neural network model.png

Fig.3 denoising neural network model and experimental results.png
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The cost of enabling connectivity in Noisy-Intermediate-Scale-Quantum devices is an important factor in de-

termining computational power. Quantum computing architectures vary greatly, from the underlying system

which represents the qubit, the available quantum gate set and to the means by which qubit connectivity is en-

abled. A promising architecture for a scalable trapped ion quantum computer relies on physically shuttling ions

(qubits) around a square grid array. We have created a simulation tool to represent the architecture as a digi-

tized square grid, and utilised it to assess routing protocols against a randomly generated, depth one, globally

connected quantum algorithm.

We have created a qubit routing algorithm which efficiently enables global connectivity in a scalable trapped

ion quantum computer. This algorithm relies only on shuttling operations, which have been shown to have

a state fidelity comparable to that of stationary ions. The routing algorithm was characterized by comparison

against both a strict lower bound, and a positional swap based routing algorithm. We propose an error model

which can be combined with the connectivity results to estimate the achievable circuit depth and Quantum

Volume of a device as a function of experimental parameters. We use a new metric based on quantum volume,

but with native two qubit gates, to assess the cost of connectivity relative to the upper bound of free, all to all

connectivity. The metric was also used to assess a square grid superconducting device. We compare these two

architectures and find that for the shuttling parameters used, the trapped ion design has a substantially lower

cost associated with connectivity.

Ion routing image.png

Connectivity cost comparison.png
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Trapped ions are one of the leading platforms for quantum information processing, and a promising candidate

system for quantum computing. Achieving this goal will require improvements in error rates and robustness

of fundamental operations, as well scaling to large numbers of ions. However, the optics used to manipulate

and measure these qubits is difficult to scale up while maintaining individual addressability. Previous work

with single ions has suggested that trap-integrated waveguide optics may solve this issue and provide robust,

scalable and parallel control [1].

I will present our recent results designing and operating planar traps with integrated optics for controlling

multiple 40Ca+ ions. The qubit manipulation light is delivered via optical fibres into silicon-nitride waveguides

buried inside a cryogenic ion trap chip, and finally focussed onto ions using integrated grating couplers. We

then perform the first trapped-ion two-qubit entangling gate using integrated optics, with fidelities over 97%

and currently understood error sources suggesting significant possible improvements.

Our results suggest a possible way forward for scaling quantum information processing systems. Integrated

optics eliminates the need for beam alignment and reduces optical cross-talk, which brings closer the vision

of parallel quantum logic on large systems of ions in multiple zones connected by transport [2].

[1] K.K. Mehta, et al. Nature Nanotechnology 11, 1066-1070 (2016).

[2] D. Kielpinski, et al. Nature 417, 709-711 (2003).
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A neutral-atom (NA) system serves as a promising platform for realizing gate-based quantum computing (QC)

because of its ability to coherently control several qubits in different geometries and to scale to a large number

of qubits in optical lattices; however, the two-qubit entangling gate fidelity lags behind competing QC platforms

such as superconducting systems and ion-traps [1]. A Bell-state preparation fidelity (F) value of ~0.9999 is con-

sidered to be the threshold for surface-code fault-tolerant QC, but no state-of-the-art experiment in NA systems

is able to achieve F > 0.98 [2]. The aim of our work is to design two-qubit gate procedures on atomic qubits

delivering the threshold fidelity, fundamental to scalable QC using NA systems.

We use the quantum control technique of laser pulse shaping to realize robust and high-performance two-qubit

Rydberg-blockade gates [3] in the presence of realistic noise terms. We develop gate procedures based on the

simultaneous driving of the two atoms using adiabatic and shortcut-to-adiabatic pulses.

For the adiabatic case, we solve the Lindbladian with adiabatic rapid passage (ARP) and stimulated Raman

adiabatic passage (STIRAP) pulses driving the ground-Rydberg transitions of both atoms simultaneously [4]. A

global optimization algorithm [5] is used to design time-dependent Rabi frequencies and detunings of the lasers

in a STIRAP-inspired process, leading to higher F (= 0.998) than STIRAP [4]. Analysis with analytical ARP pulses

and Cs atom parameters results in an entangling gate with F > 0.999 [4].

Using the transitionless quantum driving algorithm [6], we design a CZ gate procedure which delivers an intrin-

sic F > 0.99 in a gate time of 0.22 μs. We find that this gate is ~2 times faster than its adiabatic counterpart, yet

robust in the presence of noise.

In summary, we propose novel techniques for implementing two-qubit Rydberg-blockade gates and analyze

their performance and robustness. Our results show that these techniques carry significant potential for achiev-

ing scalable two-qubit gates in NA systems.

References:

[1] M. Saffman, J. Phys. B 49, 202001 (2016).

[2] H. Levine et al., Phys. Rev. Lett 123, 170503 (2019); T. Graham et al., Phys. Rev. Lett 123, 230501 (2019).

[3] D. Jaksch et al., Phys. Rev. Lett 85, 2208 (2000).

[4] M. Saffman et al., Phys. Rev. A 101, 062309 (2020)

[5] R. Storn and K. Price, Journal of Global Optimization 11, 341 (1997).

[6] M. V. Berry, J. Phys. A 42, 365303 (2009).
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Arrays of individual atoms held in optical tweezers and made to interact by exciting them to Rydberg states are

an ideal platform to study quantum many-body physics, in particular spin Hamiltonians and topological matter.

After a brief introduction to the experimental platform, I will illustrate how it can be used to study quantum

magnetism, and realize topological phases.

108



Quantum Technology International Conference

Simulating open quantum systems using quantum Zeno
dynamics

Oral - Abstract ID: 17

Ms. Sabrina Patsch 1, Prof. Sabrina Maniscalco 2, Prof. Christiane Koch 3

1. Universität Kassel, Freie Universität Berlin, 2. University of Turku, Aalto University, 3. Freie Universität Berlin

Quantum simulation is most prominently used to study many-body systems which overtax even the most pow-

erful computers. However, quantum simulation is a useful tool to understand complex quantum systems of

various types. To name but one, it can be used to simulate systems which are hard to control in an experiment,

such as a fragile quantum system interacting with a large environment.

We study the role of memory effects in the dynamics of open quantum systems and suggest a quantum simulator

which is apt to tackle this problem [1]. Instead of investigating the influence of a given, rigid environment on a

quantum system, we use measurements to induce dissipation in the first place. We perform repeated, indirect

measurements of the system using identical meters which observe the system just as an environment would.

In the limit of a continuous or very strong measurement, the system’s dynamics get confined to a subspace

of selectable size – we observe quantum Zeno dynamics. By inducing dissipation through measurements, we

gain high control over the simulated environment. In fact, we can tune the non-Markovianity, i.e. the degree

of information backflow from the environment to the system, and engineer essentially arbitrary Markovian

dynamics. Due to the simplicity of our scheme it can be implemented in many experimental platforms, one

example being cavity QED [2].

Our quantum simulator opens the path to experimentally study memory effects, dissipation and their interplay

in a controlled way. This could, for example, clarify role of memory effects for the control of open quantum

systems – a matter of major importance since open quantum systems are ubiquitous and thus a crucial player

in the pursuit of quantum technologies.

[1] S. Patsch, S. Maniscalco, C. P. Koch, arXiv:1906.11492 (2019)

[2] J.-M. Raimond, P. Facchi, B. Peaudecerf, S. Pascazio, C. Sayrin, I. Dotsenko, S. Gleyzes, M. Brune, and S.

Haroche, Phys. Rev. A, 86, 032120 (2012)
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We propose a novel platform for the realisation of quantum simulations of spin arrays, providing unprece-

dented flexibility and allowing one to explore regimes beyond the reach of other platforms. It is based on

laser-trapped circular Rydberg levels. The strong van der Waals interaction between the atoms emulates a

spin-1/2 XXZ Hamiltonian. All its parameters are experimentally and dynamically tunable over a wide range.

A spontaneous-emission inhibiting structure extends the lifetime of individual laser-trapped circular Rydberg

atoms to the minute range. Quantum simulations over more than 104 interaction cycles are thus within reach.

This enables the observation of adiabatic evolutions through quantum phase transitions, of sudden quenches,

and fast modulations of the interaction parameters.

After I briefly introduce the key features of this simulator, I will focus on our latest experimental results regard-

ing the preparation and manipulation of laser-cooled circular Rydberg atoms in the vicinity of an atomchip

in an optical-access 4K-cryostat. Lifetime measurements reveal a 9K microwave blackbody temperature, and

a corresponding 5ms lifetime of the circular Rydberg states. Ramsey interferometry shows coherence times

solely limited by magnetic field noise.

I will finally present our latest results on laser-trapping of circular Rydberg atoms, a decisive step towards

the realisation of the proposed quantum simulator. We have demonstrated 2D laser-trapping of the long-lived

circular Rydberg states for up to 10 ms in hollow Laguerre-Gauss laser trap generated with a spatial light mod-

ulator. We have characterized the trapping potential (including a measurement of the trapping frequency for

the Rydberg atoms) and checked that it doesn’t affects the circular levels coherence properties.

This work is a crucial step towards quantum simulation over extended time scales, relevant to problems such as

quenches across quantum phase transitions and thermalization. It could also readily benefit quantum metrol-

ogy and quantum information with Rydberg atoms platforms.

Experimental setup.png Rydberg cloud expansion with and without

trapping.png
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The topology of one-dimensional chiral systems is captured by the winding number of the Hamiltonian

eigenstates. As it was shown in recent works, this invariant can be read-out by measuring the mean chiral

displacement [1] of a single-particle wavefunction, which is initially localized on a single unit cell of the lattice.

Here we prove that this method applies to a larger class of delocalized input states. Remarkably, this implies

that the mean chiral displacement can detect the winding number even when the underlying Hamiltonian is

quenched between different topological phases. We confirm experimentally these results in a quantum walk

of structured light [2].

[1] F. Cardano, A. D’Errico, A. Dauphin, M. Maffei1, B. Piccirillo, C. de Lisio, G. De Filippis, V. Cataudella, E.

Santamato, L. Marrucci, M. Lewenstein, and P. Massignan, Nat. Commun. 8, 15516 (2017)

[2] A. D’Errico, F. Di Colandrea, R. Barboza, A. Dauphin, M. Lewenstein, P. Massignan, L. Marrucci, and F. Car-

dano, preprint to published in January 2020.
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Synchronization phenomena have been recently reported in the quantum realm at atomic level due to collective

dissipation. In this work [1] we propose a dimer lattice of trapped atoms realizing a dissipative spin model where

quantum synchronization occurs instead in presence of local dissipation. Atoms synchronization is enabled

by inhomogeneity of staggered local losses in the lattice and is favored by an increase of spins detuning. A

comprehensive approach to quantum synchronization based on different measures considered in the literature

allows to identify the main features of different synchronization regimes.

In panel (a) of the attached figure, we show a scheme of the atomic proposal to implement an effective 1D

dissipative XX spin chain. The atomic system is described by a two-band Bose-Hubbard model in the Mott-

Insulator regime. Lattice anharmonicity, strong on-site atom-atom repulsion, and perturbative contributions

due to weak coupling lead to the desired effective spin model. Engineered dissipation is accomplished by opti-

cally addressing the internal (Λ) structure of the atomic states in the Lamb-Dicke regime. In panel (b) we show

how spontaneous synchronization emerges when the decay rates become staggered (the order parameter for

synchronization CT goes to one). Finally, in the inset, we show an example of synchronized trajectories for the

coherences of a chain of four spins. We can appreciate how, in spite of the different intrinsic frequencies of the

spins, they oscillate at the same frequency and with the relative phases locked.

[1] Albert Cabot, Gian Luca Giorgi, Fernando Galve, and Roberta Zambrini, Phys. Rev. Lett. 123, 023604 (2019).

Figure abstract.png
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The peculiar band structure in Twisted bilayer graphene (TwBLG) leads to a plethora of strongly-correlated

phases. We propose a scheme to emulate the essence of TwBLG via ultracold atoms in an optical lattice [1]. In

our scheme, no bilayer nor twist are directly realized. Instead, two synthetic layers are produced via coherently-

coupled internal atomic states, and supercell structure is generated via spatially-dependent Raman transitions.

We consider a two-dimensional Fermi gas with four internal states, indicated here generically as spin states. The

system is loaded in a spin-independent square optical lattice, which lies in the 2d plane and is characterized

by real tunneling amplitude. We select a pair of states to play the role of the electron spin, σ (up-down). In

addition, spin states corresponding to the same σ are coupled in pairs in order to obtain a bilayer structure. In

order to obtain lattice geometry with a large supercell analogous to a Moiré pattern in twisted bilayer graphene,

the amplitude of the synthetic layer tunneling amplitude is spatially modulated. The synthetic tunneling also

induces a Peierls phase, which mimics the effect of a magnetic flux that pierces the system perpendicularly to

the synthetic layer dimension.

The size of the supercell is easily tunable and so can allow to address whether the physics of TwBLG is uniquely

related to macroscopic periodicity or indeed can be accessed for small unit cells. An inherent advantage of our

optical-lattice-based construction is the possibility to modify over a wide range the interlayer coupling, which

is controlled by Raman lasers. We have shown that a square lattice synthetic bilayer displays a band structure

that can be easily engineered by changing modulation periodicity, artificial flux and Raman laser intensities. It

bears analogies to TwBLG such that it supports Dirac cones and quasi-flat bands in particular energy windows

at certain magic periodicities.

Our proposal opens the route towards the controlled study of strongly-correlated flat band physics akin to magic

angle bilayer graphene in cold atom quantum simulators.

Fig. 1: a) Each plane corresponds to one spin state m = ±1/2, which experiences a square lattice potential and is

connected to the other layer by a spatially-dependent, complex Raman coupling (vertical red lines). (b) Three

dimensional view of the energy spectrum in a particular energy window.

[1] T. Salamon, A. Celi, R. W. Chhajlany, I. Frérot, M. Lewenstein, L. Tarruell, and D. Rakshit, Simulating
twistronics without a twist, arXiv:1912.12736.
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Ion traps are a promising platform for quantum information processing and for the implementation of a quan-

tum computer. However, major challenges exist in scaling these systems to the level required for full-scale

quantum computing, while maintaining the required control of each individual qubit. I will describe work ad-

dressing these challenges, namely a multi-zone double-junction ion trap embedded in a low-vibration, low-noise

cryostat with integrated optical addressing through a fibre array.

In this line of research, we describe an approach to constructing multi-layer ion traps which offers high pre-

cision placing of electrodes. We use this to fabricate a trap with two 2-dimensional junctions which should

allow flexible re-configuration of ion arrays, and represent a unit of a QCCD architecture processor. The trap

is constituted of five separate silica glass wafers, which incorporate self-aligning structures manufactured with

a precision of < 2 μm. Alignment and assembly is promoted by a three-point support method. In this trap, we

explore optimal junction electrodes. These electrode geometries create lower pseudopotential barriers at the

junction region, and should minimise heating of the ions upon transport.

High-fidelity gate operations performed with precision over multiple ions in parallel require a stable system and

precise control over the optical fields. We have focused our work on developing further these two requirements

in a cryogenic setup: a scalable method to address and readout ions in long chains and a system which improves

the qubit coherence.

In order to implement single ion addressing, we utilise an array of waveguides matched to the ion positions. At

the output a tip with 11 independent cores is imaged through two aspheric lenses on the ions. The lenses are

fixed to a 2 axis positioner which is mechanically referenced to the ion trap, rendering all vibrations common.

The imaging of the ions is implemented using a camera with low pixel count and state-detection via FPGA-based

image processing. This should allow low-latency readout of many ions in parallel, an essential requirement for

implementing fast feedback for error-correction.

Finally, we present a system for passive cancellation of magnetic field noise using superconducting coils with a

special geometry. These should allow suppression of external field fluctuations at all frequencies down to DC.

We operate the coils as stand-alone elements, by locking in externally applied fields at the transition point to

superconducting behaviour.

This work is supported by the SNSF, IARPA and the EU Flagship program AQTION

Full trap.png
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Fabrication of an ion trap – cavity module for quantum
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Trapped ions are among the most promising architectures to realize Quantum Information Processing since

they offer some of the highest gate fidelities and longest coherence times. However, despite much progress in

this area, scalability to a number of qubits sufficient to perform error correction and complicated algorithms

remains a challenge [1]. One approach to achieve scalability consists of connecting multiple ion traps to a

quantum network via optical links [2]. For that approach, it is crucial to efficiently extract photons that are

emitted by the ions in the trap using a cavity.

We will present the most recent progress in our effort to manufacture and interface a short (~ 400 µm) and

high finesse cavity (>50 000) with a segmented ion trap that was specifically designed for that purpose.

With this setup we plan to reach the regime of strong ion-photon coupling i.e. to obtain deterministic interaction.

Specifically we will present fabrication methods for both the ion trap and fiber mirrors. The trap fabrication

relies on a novel 3D subtractive process printing (provided by FEMTOprint) that allows one to fabricate almost

arbitrary geometries from silica wafers. The fabrication of the fiber mirrors to obtain high finesse fiber cavities

(stage 1) as well as substrate cavities (stage 2, Figure 1) is based on CO2 laser ablation. Both kinds of cavities can

be interfaced directly with the ion trap. We will show our solutions to overcome the technical challenges that

come with the fabrication of a semi monolithic trap-cavity module (Figure 1) that does not rely on complicated

alignment procedures in vacuum and serves as the basic building block of an optically connected Quantum

Network.

[1] R.J. Hughes, PRL, 77, 3240-3243 (1996)

[2] C. Monroe, PRA, 89, 022317 (2014)

Figure 1.png
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Analytical solutions describing quantum swap and Hadamard gate are given with the use of tight-binding ap-

proximation. Decoherence effects are described analytically for 2interacting electrons confined by local poten-

tials with use of tight-binding simplistic model and in Schroedinger formalism with omission of spin degree

of freedom. The obtained results can be generalized for the case of N electrostatically interacting quantum

bodies confined by local potentials (N-qubit) system representing any electrostatic quantum gate withN1/N-

N1inputs/outputs. The mathematical structure of system evolution with time is specified.

[]
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Fiber-based ion trap integrated with a high-finesse fiber cavity
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Quantum network will be one of the most important research in the next decade, as it has the ability to scale

a quantum system by connecting quantum nodes through a quantum bus. To connect a trapped ion system to

a quantum network [1], the interface between trapped ions and optical photons is critical. Here, we present a

design of an ion trap integrated with a Fabry-Perot fiber cavity [2] for quantum networks, which can improve the

photon collection efficiency by Purcell enchantment. This scheme uses a trapped single barium ion to generate

photons and uses a fiber cavity to collect the 493nm fluorescence of the barium ion related to the transition

from 62P1/2 to 62S1/2. The outer edge of the fiber end face and the cylinder surface of the fiber are plated with

enough gold to form an electrode. These gold-plated fiber combinations form an ion trap and fiber cavity, where

a single barium ion is trapped in the center of the fiber cavity, and additional compensation electrodes are used

to compensate for mismatches in the installation. The 493nm fluorescence is designed to be coupled into a

300um long fiber cavity. This coupling is in the strong coupling regime and the bad cavity regime with  (g, κ,

γ)=2π×(101.2, 218.7, 20.1) MHz. Coherent manipulation of the qubit using microwave and optical pulses enables

us to achieve entanglement between the polarization of the photon and the spin state of the ion. Furthermore,

a cluster state of entangled photons can be generated by sequentially exciting the trapped ion [3]. The setup can

provide an efficient interface between multiple quantum nodes.

References

[1] T. Northup, R. Blatt, Nature Photon 8, 356–363 (2014).

[2] A. Markus, el al., Rev. Mod. Phys. 86, 1391–1452 (2014).

[3] I. Schwartz, et al., Science 354 (6311), 434-437 (2016).
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The possibility of using rare-earth (RE) mixed crystals as physical systems for creating fast quantum computers

with nanosecond sampling time is discussed. Various electronic 4f -states of RE ions are considered as qubit

levels with optical frequencies. High computational speed can be achieved due to the large inhomogeneous

broadening of the frequencies of electronic transitions in these systems. Another advantage of these systems

is the weak electron-phonon interaction, which allows obtaining qubits with a long decoherence time. The

latter is supported by the small number of tunneling systems and other low-energy excitations in the crystals

under consideration. The important advantage of these systems is a large number of 4f electronic states in RE

ions, which have strongly different values of the elements of the matrices U of Judd-Ofelt theory, which de-

scribes the properties of these ions. Such a variety of these matrix elements makes it possible to find systems

in which, along with long-living weakly interacting states suitable for qubits, there are also states interacting

strongly enough to carry out the conditional gate operations. In this case, the electronic 4f-states of RE ions with

small values of the diagonal elements of U(2) matrix are suitable to use as levels of qubits (|0> and |1>). CNOT

and other conditional gate operations are performed by temporarily placing the RE ion in the auxiliary 4f -state

(|1’>) with a large diagonal element of U(2) matrix, allowing to implement the required Stark blockade. It is

found that the main interaction responsible for this blockade (for moderate distances between RE ions) is the

quadrupole-quadrupole interaction. This result contradicts the generally accepted opinion that the main inter-

action responsible for the Stark blockade is the dipole-dipole interaction (therefore the term dipole blockade

was usually used to refer to this phenomenon). Several specific systems are proposed that are promising for

the implementation of fast optical quantum computers (see table).

Table.png
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We propose a measure of entanglement [1] that can be computed for any pure state of an M qubit system. The

entanglement measure has the form of a distance that we derive from an adapted application of the Fubini-

Study metric.

[1] D.Cocchiarella et al., “Entanglement distance for an arbitrary state of M qubits” arXiv:1908.03117

Wadgkgki-1.png

121



Quantum Technology International Conference

Towards Arrays of Cryogenic Traps for Improved Quantum
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Large arrays of individually controlled atoms in optical tweezers are a promising platform for quantum

engineering applications. In our group, we have realized several quantum simulations of spin models in 2D

arrays of Rydberg atoms with up to 50 spins [1,2]. Here we report on the development of a novel cryogenic

platform for performing quantum simulations with several hundreds of spins with increased coherence times.

Combining the techniques of the current setup with a closed-cycle, optical-access cryostat at 4 K, we will tackle

a main limitation of scalability:

On the current setup the vacuum lifetime τ of a ground state atom in a single tweezer due to collisions with

residual gas is around 20 seconds and the mean lifetime of an array of Natoms scales as τ/N. Also, the time to

assemble an initially random configuration of N atoms into a fully loaded target array scales linearly with the

number of atoms [3]. Therefore, for fully loaded arrays of several hundreds of atoms, pressure levels of below

10-14 mbar are crucial, which can be reached in cryostats due to cryopumping effects.

Furthermore, decoherence arising from black-body radiation induced transitions between neighboring

Rydberg states can be reduced in a cryogenic 4 K environment.

We address the current build status of the setup, including test of optics and superconducting coils at 4 K and

updates on more efficient atom assembly for large and arbitrary arrays.

[1] V. Lienhard, S. de Léséleuc, D. Barredo, T. Lahaye, A. Browaeys, M. Schuler, L.-P. Henry, A.M. Läuchli, ”Observ-

ing the space- and time-dependent growth of correlations in dynamically tuned synthetic Ising antiferromagnets.”,

Phys. Rev. X 8, 021070 (2018).

[2] S. de Léséleuc, V. Lienhard, P. Scholl, D. Barredo, S. Weber, N. Lang, H.P. Büchler, T. Lahaye, and A. Browaeys,

“Observation of a symmetry protected topological phase of interacting bosons with Rydberg atoms.”,Science365,

775 (2019) .

[3] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and A. Browaeys, ”An atom-by-atom assembler of defect-free

arbitrary 2d atomic arrays”, Science 354, 1021 (2016).
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Semiconductor nanostrustures are promising candidates for developing a broad range of single photon tech-

nologies. Relevant demonstrations in this field has been carried out by resonantly coupling a laser beam to

a quantum emitter. This allows to generate indistinguishable photons and reduce decoherence effects. Such

challenging measurements require the suppression of laser background by several order of magnitudes. One

way to do that is to use cross polarization confocal microscopy. Normally, high quality commercial crossed

polarizers allows a laser suppression down to 5 to 6 orders of magnitudes. Surprisingly, when used in combi-

nation with a confocal microscope, the extinction ratio is boosted up to 9 order of magnitudes. This unexpected

but very welcome enhancement finds its origin in the Imbert-Fedorov effect, now commonly referred to as Spin

Hall effect of light, which manifests itself in the reflectivity of a Gaussian laser beam off a mirror.

The effect is such that for a mirror placed between two polarizers in a cross-polarized arrangement, the laser

beam exciting the analyzer is not fully suppressed and splits into two spatial modes with a node at the location

of the optical axis. Placing a pinhole at the location of the node allows a further spatial filtering, rejecting

unwanted laser background and enhancing this way the polarization extinction ratio by another 2 to 4 orders

of magnitudes.

This arrangement is provided very naturally in confocal microscopy used to excite resonantly a single quantum

dot while detecting the resonance fluorescence in the polarization and spatially filtered reflected signal.

In this presentation, we will discuss in details the physics and optics of such a remarkable effect, which we

mapped in details for the first time.
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We give a quantum-classical alternative to classical finite element methods for solving partial differential equa-

tions (PDEs). Our main result is an algorithm that, for a 2D or 3D continuous problem domain to be discretized,

calculates the optimal Delaunay triangulation more efficiently for varying classes of increasingly complex

topologies. In practice, current classical algorithms such as bi-stellar flipping for approximating the Delau-

nay triangulation computations require high performance computers as the number of mesh sites n reach a

value of millions or more. Since the Voronoi Diagram is the dual of the Delaunay triangulation, we leverage this

in generating various quantum circuits that run on superconducting architecture to calculate an approximate

Voronoi Diagram. Other work in quantum-classical algorithms for solving PDEs include the HHL algorithm

which could be used for solving a linear system of equations in different finite element methods.
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Achieving a quantum advantage for computation on optical platforms requires states with negative, or equiv-

alently (for pure states) non-Gaussian, Wigner functions [1]. The experimental preparation of non-Gaussian

states is therefore of paramount interest.

A common approach to generating these states is conditional preparation. A multimode Gaussian state is pre-

pared unitarily (e.g. by parametric down conversion) and one mode is subjected to a measurement in a non-

Gaussian basis. The state over the remaining mode collapses into a non-Gaussian form. Conditional preparation

techniques can have many advantages such as broad bandwidth, high purity and multimode operation. Con-

sequently, this strategy is widely used to prepare many non-Gaussian states including heralded single-photon

states, and photon-subtracted squeezed states [2].

The usefulness of conditionally prepared states relies on the performance of the conditioning detector. Many

technologies lack dynamic range, often saturating at a single photon, or have a characteristic dead time after

a detection during which they are blind to new events. Other areas of limitation include bandwidth, quantum

efficiency, dark counts, and price [3].

Here, we propose a novel conditional preparation technique for non-Gaussian states that circumvents many

of these problems by displacing the ancilla and performing the conditioning detection at higher photon num-

ber, in the mesoscopic regime (here defined as ~10-100 photons per mode)[4]. This allows the use of existing

mesoscopic detectors (e.g. [5]), which although too noisy for true number-resolved detection, exhibit the sub-

Poissonian resolution necessary to induce non-Gaussianity- and other desirable properties including wide dy-

namic range, fast response, no meaningful dead time and high quantum efficiency- with the potential for rapid

preparation of broadband, high-purity non-Gaussian states. We show theoretically that it is feasible to gener-

ate multi-photon states exhibiting strong Wigner negativity, including Schrodinger cat states, under non-ideal

experimental conditions accessible with existing technology. We report work towards experimental demon-

stration including quantum detector tomography of candidate mesoscopic detectors.

[1] Mari, A. & Eisert, J. Phys. Rev. Lett. 109, 230503 (2012).

[2] Ra, Y., Dufour, A., Walschaers, M. et al. Nat. Phys. (2019)

[3] Hadfield, R. H. Nat. Photonics 3, 696–705 (2009).

[4] Bondani, M et al.,Phys. Rev. A 76, 013833 (2007)

[5] Rothman, J. et al, Proc. SPIE 11180, ICSO 2018, 111803S (2019);

FIGURES:

1. Schematic diagram showing conditional preparation of a non-Gaussian state |ψ�.

2. Simulated Wigner functions of output state for various conditioning measurement outcomes. From top

left: conditioning on 14, 17, 20 and 30 photons
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The VIP-2 experiment at the Underground Gran Sasso Laboratory (LNGS) aims to perform high precision tests

of the Pauli Exclusion Principle for electrons.

The Pauli Exclusion Principle (PEP) violation would be a clear indication of physics beyond the Standard Model.

The VIP-2 method consists in circulating a DC current in a copper strip, searching for the X radiation emitted

by a PEP prohibited transition (from the 2p level to the 1s level of copper when this is already occupied by two

electrons). The X-ray energy of 2p->1s transition in copper is about 8.0 keV, the anomalous one, forbidden by

PEP, is about 7.7 keV.

The VIP experiment already set a strong limit on the PEP violation probability for electrons (β2/2)<4.7�10-29.

The VIP-2 apparatus has been improved with new copper target and new X-ray detectors Silicon Drift Detec-

tors(SDDs), cooled by a liquid Argon system to 150 K to get an energy resolution of 190 eV at 8 keV. The energy

resolution of SDDs is about 400 ns. A veto system has been realized to reduce the background coming from cos-

mic rays and an external passive shielding to remove most of background coming from environmental gamma

radiations. The experiment is actually in data taking at National Laboratories of Gran Sasso (LNGS) in Italy. The

laboratories are underground, in the Gran Sasso mountain, in a very clean and low background area.

The goal of the upgraded VIP-2 experiment is to improve this limit by at least two orders of magnitude and

explore theories beyond Standard Model allowing for small violations.

The experimental apparatus and preliminary results of the analysis of a first set of collected data will be pre-

sented.
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Boltzmann Machines constitute a paramount class of neural networks for unsupervised learning and recom-

mendations systems. Their bipartite version, called Restricted Boltzmann Machine (RBM) is the most developed

because its satisfactory trade–off between computability on classical computers and computational power.

Tough, the diffusion of RBMs is quite limited as their training remains hard. Recently, a renewed interest has

emerged as Adiabatic Quantum Computers (AQCs) suggest a potential increase of the training speed with respect

to conventional hardware.

Because of the limited number of connections among the qubits forming the graph of existing hardware, associ-

ating one qubit per node of the neural network implies an incomplete graph. Thanks to embedding techniques,

we developed a complete graph connecting nodes constituted by virtual qubits. The complete graph outper-

forms previous implementations based on incomplete graphs.

Thanks to the full connectivity based on the embedding on virtual qubits, our forward annealing approach

obtains Log–Likelihood scores sensibly better than sparse implementations. At the epoch 1000 our forward

annealing method obtains a score of -5.00. The best run in literature was optimized step-by-step by a tempera-

ture estimation tool, reaching a score of ~-5.3 at iteration 5000. Even without using any effective temperature

estimation technique, the higher number of connections was sufficient to gain a great advantage over the

sparse implementation. For the sake of completeness, the same sparse embedding of literature has been tested

at a fixed temperature, shown in yjr Figure (the corresponding classical training is also shown). Our results

confirm that the complexity of the topology of the AQC are a major bottleneck for the implementation of RBMs,

to be mitigated by new chips which are likely to appear in the near future.

Quantum neural networks are of paramount importance for the full development of quantum artificial intelli-

gence so to recast deep learning algorithms on quantum computers. RBMs implemented on adiabatic quantum

computers may enable speedup once large graphs will be realized, Along this path, embedding techniques en-

able to create virtual qubits with increased number of connections with respect to the physical graph, therefore

accelerating the progress towards full exploitation. The performance improves previous attempts based on sin-

gle qubits as network units.

Despite the learning rate per epoch is still slower with respect to a classical machine, the advantage is expected

by the increase of number of nodes which impacts on the classical computational time but not on the quantum

hardware based computation.
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Introduction
The sensitivity of atom-interferometric sensors is limited by the accuracy of the quantum operations that form

the matterwave analogue of ‘mirrors’ and ‘beamsplitters’. These are typically laser pulses that drive fractional

Rabi oscillations between hyperfine states, whose fidelity is reduced by variations in laser intensity, atom ve-

locity, Zeeman state, and magnetic field across the atomic sample. This limits fringe visibility, which can fall

off rapidly if extra pulses are added, for example to increase the interferometer area [1]. It is therefore com-

mon to filter the atomic sample to reduce variations and operate at modest interferometer areas, limiting signal

strength and sensitivity. We have designed tailored laser pulses that increase the fidelity of interferometer op-

erations to extend these limits [2, 3], adapting nuclear magnetic resonance (NMR) optimal control techniques

[4].

Methods
By treating the laser phase throughout each interferometer pulse as a controllable parameter and carefully

choosing an appropriate figure-of-merit, we optimise high-fidelity pulses and sequences by adapting the NMR

gradient ascent pulse engineering (GRAPE) algorithm. By modelling typical experimental inhomogeneities in

the atom-light interaction, we may engineer robustness into the computational design procedure. Importantly,

the resulting pulses do not require higher laser powers and are straightforward to implement in many existing

sensors.

Results
We report the design and experimental demonstration of robust pulses and sequences for atom interferometry.

For a 35μK sample of 85Rb we have shown [3] that the inversion efficiency of a mirror pulse is increased from

75(3)% to 99.8(3)%, and remains above 90% at detunings for which the π-pulse fidelity is below 20% (fig.1). We

show a threefold increase in the fringe visibility of an interferometer using a 100μK by employing a sequence

of optimised pulses that exploit inter-pulse symmetry relations to cancel errors (fig.2). We have also designed

extended pulse sequences for large-area interferometers that promise significant improvements over existing

pulses including adiabatic rapid passage [5].

Discussion
In this presentation we outline our computational approach to this work, and provide details of a novel large-

area interferometry scheme employing ‘bi-selective’ pulses. An accompanying presentation by Max Carey de-

tails our latest experimental results.

References
[1] D. L. Butts et al., JOSA B 30, 922, (2013).

[2] J. Saywell et al., PRA 98, 023625, (2018).

[3] J. Saywell et al., J. Phys. B 53, 085006, (2020).

[4] N. Khaneja et al., J. Magn. Reson. 172, 296, (2005).

[5] J. Saywell et al., PRA 101, 063625, (2020).
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The storage of broadband single photons from a parametric-down-conversion source is a capability with the

potencial to foster significant development in the field of quantum information. A particular challenge to this

problem, however, is the mismatch between the short-lived photon and the long-lived memories, which trans-

lates into quite different frequency bands for the two systems. Ultimately, this difficulty can be mapped into

the problem of how a narrowband medium can efficiently absorb a broadband pulse of light. Here we present

a detailed approach to this problem focusing on the absorption of photons at 800 nm, a common choice for

parametric-down-conversion sources, by hot vapors of Rubidium atoms. For this, we employ a stronger control

field to drive a sequential two-photon transition on the atoms, which is intrinsically broadband, together with

a weak signal field consisting of a femtosecond pulse of light. We describe then how to measure small absorp-

tions of the signal pulse and how to improve this absorption through the various parameters of the problem.

Our results are modeled by a perturbative theory suitable to our present weak-absorption regime. Finally, we

provide a roadmap with different strategies to achieve larger absorptions.
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Developing of quantum networks using integrated photonic technologies is one of the key challenges for realiz-

ing practical quantum applications. Atomic defects in diamond, or color centers, such as silicon-vacancy (SiV)

centers, can be used as a building block for quantum networks. They possess bright emission line at 737 nm,

high Debye-Waller factor (~0.7), and their stable single-photon emission. The feasible way to realize quantum

networks based on diamond nodes is to integrate them with on-chip optical structures and devices.

In this work, we couple the emission of the SiV centers in nanodiamonds (NDs) to a photonic circuit based on

silicon nitride (Si3N4) structures (waveguides and ring resonators). Silicon Nitride is a well-known dielectric

material, which is transparent in VIS-NIR, compatible with CMOS-based and photolithography processes, and

possesses a relatively high refractive index (n~2). NDs are distributed in isopropanol solvent and spin-coated

onto the device, resulting in some probability of NDs landing on or next to the ring cavities. We identify NDs

containing SiVs using a confocal microscope with a 532nm pump and spectrometer, and then bring them into

contact with a ring cavity using an atomic force microscope (AFM) tip. Successful positioning is confirmed with

both scanning electron microscope (SEM) and confocal scan images, see Figure 1.

Under optical excitation, the SiV fluorescence that matches the cavity resonances is evanescently coupled to the

ring cavity and to a straight bus waveguide, which is then collected with an external objective lens. Figure 1 com-

pares the spectra collected at room temperature by the confocal microscope and through the waveguide. The

confocal SiV spectrum shows a broad peak (~10nm) due to multiple SiV centers in the nanodiamond, while the

spectra collected through the waveguide is modulated by the cavity resonances, demonstrating the SiV-cavity

interaction. In order to match the resonance of a cavity with the emission lines of single SiV at cryogenic tem-

peratures, we developed the tuning technique based on deposition on a nanometer-scale layer of silicon dioxide

for coarse tuning within several nanometers and heating by auxiliary laser for fine-tuning within several pm.

Our efforts will further focus on isolating single SiV centers via resonant excitation at 4K, and studying their

coupling to the ring resonators. Placing NDs into small holes etched into the ring could also position the SiVs at

the field maximum of the resonator mode, significantly improving the ND-cavity coupling strength.

Figure 1.jpg
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The development of new materials allows for creating composites that combine properties of liquid crystals

(LCs), LC polymers and inorganic nanoparticles (NPs). Such systems may be considered as perspective metama-

terials for applications in different areas of optical technologies and microelectronics. The major goal of this

report is to synthesize new LC systems. having chiral structure and to analyze the capabilities of those molecules

to serve as chiral shells at the surface of quantum dots that can ensure their strong interactions with LC matri-

ces. The basic approach for the synthesis of new anisotropic chiral carboxylic acids and phenols is described

(Figure 1) and their structure is proved by means of H1NMR spectroscopy, polarimetry, polarized microscopy

and DSC.

All chiral systems synthesized show pretty high optical rotation. It makes them to be perspective candidates

for creation of chiral shells for such inorganic nanoparticles as CdSe and CdSe(ZnS). B05COOH and B07COOH

simultaneously form liquid crystals possessing smectic and chiral nematic phases. Nanoparticles (NP) modified

by anisotropic mesogene-like ligands show strong photoluminescence which is compared with that of NPs sta-

bilized by oleic acid, In summary we can conclude that new chiral systems are capable of complex formation

interaction with the NPs surfaces and they may be considered for creation of nanocomposite materials. An ap-

plication of surface modified NPs as dopants for modulating LC properties seems to be one of the major trends

of the modern science related to liquid crystals.

Acknowledgments.
The reported study was funded by RFBR and BRFBR, project number 20-53-00035 Bel_a
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We present preliminary results on a novel hybrid solid-state quantum emitter based on isolated dye molecules

- such as PTCDA and DBT - which are intercalated between two monolayers of MoS2 or WS2. The latter are

supposed to provide surface passivation and dye protection against photobleaching agents, as e.g.oxygen [1]. At

cryogenic temperatures, low spectral diffusion and an accordingly narrow emission linewidth of the molecules

are expected. Being nanometer thin, this novel quantum emitter would efficiently couple to the evanescent

field surrounding nanophotonic devices, such as tapered optical fibers with nanofiber waste and on-chip high-

Q micro-resonators. Strong light-matter interaction would be ensured as the emitter can be placed directly

onto the surface of the nanostructure while causing only minimal scattering losses. The system thus represents

a promising alternative to the currently available solid-state quantum emitters based on sub-micrometric size

crystals which are doped with single molecules [2, 3].
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Once quantum computers or quantum Turing machines [1] are running in a well-established Quantum In-

ternet, a crucial task to be applied on them is the measurement of their quality of service. In this paper, we

focus on the concrete case when quantum protocols such the Bennett-Brassard-84 might be working in a coop-

erative network where intrusion actions would be a possible scenario. Thus, when Alice sends a key to Bob,

different scenarios for eavesdropping emerges as a consequence of the Internet system weakness. In this pa-

per, attention is paid on the case when a network of quantum computers are carrying out a certain job inside

a Internet network. Once the output due to a collaborative effort is obtained, it is sent through the network

using the BB84 protocol. We have simulated the scenario by which the success probability to accomplish the

task is small because Bob aborts the entire process as consequence of the unreliable quantum computers that

might be deviated from the one of BB84. Thus, in the case that quantum computers cannot run the scheme of

In-Band-Full-Duplex [2], it would origin that it is apart from the constellation of computers that require a high

efficiency.

Consider a k-bit quantum computer ”Q” that process a task of encryption through a code P yielding a classical

output with a probability,

P(m,n)
Q = < S(n,Q)IN | U†

P( �n-m � |SOUT
(m,Q) > < SOUT

(m,Q)| UP |SIN(n,Q) >
is estimated along the network that targets to compute a string of encrypted bits sent by Alice. Therefore, the

value given by

Max(P) = ΣQβQ (P(m,n)Q) �1

would guarantee an efficient delivery to Bob. The quantity βQ is expected to be random since the con-

junction of various parameters that are unknown for Alice and Bob. For example the case of two quantum

computers

Max(P)=0.2 (P(m,n)1) + 0.3(P(m,n)2)

that should yield a high probability given a specific task, however their random quantities makes them

to exhibit a low reliability to accomplish a numerical computation. In this manner, a prospective Internet of

Quantum Things, (for example the usage of BB84 protocol is seen as a quantum thing), the implementation of

a Metropolis step (given below) might improve the quality of calculation through the action of acceptance or

rejection of quantum computer (see example at Figure-1).

FOR Q-Computers

P(m,n)
Q

IF P(Q+1)<P(Q)THENREJECTS Q+1 Computer

ENDIF
Q+1�Q+2
ENDFOR

[1]C. Perez-Delgado, Phys.Rev.A,83,012303(2011).

[2] H. Nieto-Chaupis, 2019 IEEE Photonics-Society-Summer-Topical-Meeting-Series ,2019.
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Linear Programming methods consist of optimization problems in which we aim to optimize a linear cost

function with linear constraints. These problems form the basic building block of more general problems such

as Semidefinite Programming, or Integer Linear Programming, a NP-complete problem.

We introduce a new quantum optimization algorithm for dense Linear Programming problems, which can be

seen as the quantization of the a prior Interior Point Predictor-Corrector algorithm by Mizuno Todd and Ye,

using a Quantum Linear System Algorithm.

The (worst case) complexity of our method is, up to polylogarithmic factors, O(L(√n)(n+m)||M||Fκε-2) for n the

number of variables in the cost function, m the number of constraints, ε-1 the target precision, L the bit length

of the input data, ||M||F an upper bound to the Frobenius norm of the linear systems of equations that appear,

and κ an upper bound to the condition number of those systems of equations.

This represents a quantum speed-up in the number n of variables in the cost function with respect to the com-

parable classical Interior Point algorithms when the initial matrix of the problem A is dense: if we substitute

the quantum part of the algorithm by classical algorithms such as Conjugate Gradient Descent, that would mean

the whole algorithm has complexity O(L(√n)(n+m)κ log(ε-1)), or with exact methods, at least O(L(√n)(n+m)).

Also, in contrast with any Quantum Linear System Algorithm, the algorithm described in this article outputs a

classical description of the solution vector, and the value of the optimal solution.

The corresponding article has been accepted for publication in Journal of Physics A: Mathematical and Theo-

retical.

Comparative table of linear programming algorithms.png

138



Quantum Technology International Conference

Mapping a finite and an infinite Hadamard quantum walk
onto a unique case of a random walk process.

Poster - Abstract ID: 561

Dr. Arie Bar-Haim 1

1. Davidson Institute of Science Education, Weizmann Institute of Science, Israel

A new model that maps a quantum random walk described by a Hadamard operator to a particular case of

a random walk is presented. The model is represented by a Markov chain with a stochastic matrix, i.e., all

the transition rates are positive, although the Hadamard operator contains negative entries. Using a proper

transformation that is applied to the random walk distribution after n steps, the probability distributions in

space of the two quantum states |1>, |0> are revealed. These show that a quantum walk can be entirely mapped

to a particular case of a higher dimension of a random walk model, as described in the figure below. The random

walk model and its equivalence to a Hadamard walk can be extended for other cases, such as a finite chain with

two reflecting points [1].

[1] A.Bar-Haim arXiv:2006.11090 [quant-ph]
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Parameterized quantum evolution is the main ingredient in variational quantum algorithms for near-term

quantum devices. In digital quantum computing, it has been shown that random parameterized quantum cir-

cuits are able to express complex distributions intractable by a classical computer, leading to the demonstration

of quantum supremacy. However, their chaotic nature makes parameter optimization challenging in varia-

tional approaches. Evidence of similar classically-intractable expressibility has been recently demonstrated in

analog quantum computing with driven many-body systems. A thorough investigation of trainability of such

analog systems is yet to be performed. In this work, we investigate how the interplay between external driving

and disorder in the system dictates the trainability and expressibility of interacting quantum systems. We show

that if the system thermalizes, the training fails at the expense of the a large expressibility, while the opposite

happens when the system enters the many-body localized (MBL) phase. From this observation, we devise a pro-

tocol using quenched MBL dynamics which allows accurate trainability while keeping the overall dynamics in

the quantum supremacy regime. Our work shows the fundamental connection between quantum many-body

physics and its application in machine learning. We conclude our work with an example application in genera-

tive modeling employing a well studied analog many-body model of a driven Ising spin chain. Our approach can

be implemented with a variety of available quantum platforms including cold ions, atoms and superconducting

circuits

https://arxiv.org/abs/2005.11222
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Dynamics of N bodies interacting with quantum cavities are presented. The

rotating frame approximation is not used and obtained solutions are the most

basic in the framework of generalized Jayne-Cummings tight-binding model. All

presented solutions are entirely analytical and are expressed in terms of

elementary functions. Presented scheme can easily be generalized into N bodies

(qubits) with M energetic levels interacting with quantum electromagnetic

cavities with K energetic levels. Presented framework can be used for

construction of software modeling quantum communication between semi-conductor

single-electron position-based qubits.

[ https://arxiv.org/pdf/2008.12126.pdf ]
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Many types of Variational Quantum Eigensolver (VQE) methods have been rereased since VQE method is demon-

strated on IBM quantum cloud in 2016. They are ADAPT-VQE that optimizes eigenenergy and differenciated

eigenenergy by parameters, Multiscale-Contracted VQE that optimizes the eigenenergies of ground and single-

electron excited states, and Subspace-Search VQE(SSVQE) that derives multiple states at once. They all have

unique properties and aim to derive ground and excited states in high accuracy. But, they are still developing.

SSVQE is one of VQE methods that can derive multiple states by assigning different initial states for each state by

common variables of hamiltonian and clusters. This is ensured algebrically. Although, this method can derive

only two states at once in high accuracy. This method can’t derive three or more states in high accuracy beyond

chemical accuracy. This is because parameter landscape of SSVQE has many not only local minimums but also

grobal minimums and the more states SSVQE optimizes, the fewer grobal minimums be. Hence, modifyingb

optimizers and making close initial values of parameter set to the grobal minimums are needed.

We propose the frame superposition clusters(FSCs) to derive all states by SSVQE. FSCs are universal superposi-

tion maker for given two states. Then, no matter how the number of qubits make these states are large FSCs

can be made. This clusters make the equally superpositioned state such as 1/√2(|Ψi〉+|Ψj〉) for i-th state and

j-th state by operating frame cluster U n times.

Un|Ψi〉＝1/√2(|Ψi〉＋|Ψj〉) - (1)

When |Ψi〉 and |Ψj〉 are the states that have different parameter sets, the state in eq. (1) is equally superposi-

tioned states of them and Un is identical to the quantum circuit to make the state. Thus, we derive the quantum

circuit and its parameter set and demonstrate SSVQE that derives three or more states with the parameter set

used as an initial value. The parameter set may close to the grobal minimum of SSVQE that derive three or more

states including i and j-th states.

In detail, we will show the result of SSVQE on hydrogen molecule. At first, we perform two SSVQE on ground,

and triplet states and singlet and doubly excited states, respectively. Secondly, we make 8 FSCs for four source

states and two target states. Thirdly, we derive the quantum circuit and identical parameter set identical for

FSCs. Fourthly, we perform SSVQE to derive these four states and their accuracy.
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We propose and analyze a set of variational

quantum algorithms for solving quadratic

unconstrained binary optimization problems

where a problem consisting of nc classical variables

can be implemented on O(log nc) number

of qubits. The underlying encoding scheme allows

for a systematic increase in correlations

among the classical variables captured by a

variational quantum state by progressively increasing

the number of qubits involved. We

first examine the simplest limit where all correlations

are neglected, i.e. when the quantum

state can only describe statistically independent

classical variables. We apply this minimal

encoding to find approximate solutions of a

general problem instance comprised of 64 classical

variables using 7 qubits. Next, we show

how two-body correlations between the classical

variables can be incorporated in the variational

quantum state and how it can improve

the quality of the approximate solutions. We

give an example by solving a 42-variable Max-

Cut problem using only 8 qubits where we exploit

the specific topology of the problem. We

analyze whether these cases can be optimized

efficiently given the limited resources available

in state-of-the-art quantum platforms. Lastly,

we present the general framework for extending

the expressibility of the probability distribution

to any multi-body correlations. Our

approach can be implemented with currently

available quantum hardware comprised of few

dozens of qubits in different platforms.

https://arxiv.org/abs/2007.01774
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On-demand, bright and indistinguishable single photons are key building blocks for any photonic-based

quantum information processes. Resonant driving of a Quantum Dot (QD) generates near perfect (>99%)

indistinguishability and purity [1, 2] single photons, but with low brightness due to the reliant on polarization

filtering. Here, we characterize the coherent dynamics of a two-level quantum emitter driven by a pair of

symmetrically-detuned phase-locked pulses [3, 4]. The promise of dichromatic excitation is to spectrally isolate

the excitation laser from the quantum emission, enabling background-free photon extraction from the emitter.

Paradoxically, we find that excitation is not possible without spectral overlap between the exciting pulse and

the quantum emitter transition for ideal two-level systems due to cancellation of the accumulated pulse area.

However, any additional interactions that interfere with cancellation of the accumulated pulse area may lead

to a finite stationary population inversion. Our spectroscopic results of a solid-state two-level system show

that while coupling to lattice vibrations helps to improve the inversion efficiency up to 50% under symmetric

driving, coherent population

control and a larger amount of inversion are possible using asymmetric dichromatic excitation, which we

achieve by adjusting the ratio of the intensities between the red and blue-detuned pulses. Our measured

results, supported by simulations using a real-time path-integral method, offer a new perspective towards

realizing efficient, background-free photon generation and extraction.

Fig. 1. (A) Experimental schematic for the generation of dichromatic pulses. (B) Example excitation spectra S(�)

and the emission count rate (C- full) as a function of square root of excitation power at different pulse contrasts,

C=(B-R)/(B+R). The prescence of electron-phonon coupling degrades the net population change resulting in lower

count rate at C=0, compared to the case at C=1.

[1] X. Ding, et al., Phys. Rev. Letters 116, 020401 (2016). [2] N. Somaschi, et al., Nature Photonics 10, 340 (2016).

[3] Y.-M. He, et al., Nature Physics 15, 941 (2019). [4] Koong, et al., arXiv:2009.02121 (2020).
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In this work, we explore the classical simulatability of CV architectures that use bosonic encoding, such as the

GKP encoding, or encoding in bosonic codes with rotational symmetry. This problem is non-trivial because the

code-words used for these types of encodings possess intrinsically negative Wigner functions, they nevertheless

might encode stabilizer states for qubits. By exploiting a mapping of qubits into qudits, we identify a vast class

of encoded bosonic architectures that are classically efficiently simulatable, that were not recognised as such

by previously available criteria for continuous-variable systems.
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The strong coupling of an atom to a cavity offers unparalleled control over the interaction of quantum states of

light and matter. A priori deterministic single photon sources, based on vacuum stimulated Raman processes

(V-STIRAP), can leverage this control to produce single photons in a wide range of exotic quantum states, for

example, temporally long excitations with arbitrarily shaped wavepackets [1]. The importance of polarization

in photon routing and quantum networking schemes motivated the pursuit of polarized cavity-based photon

sources [2]. However, unforeseen perturbative effects of the magnetic field, required to polarize the emission,

limited the efficiency of such schemes [3, 4]. We propose a method to efficiently generate polarized photons by

recycling the magnetic state of a 87Rb atom with an additional Raman process.

References
[1] P. B. R. Nisbet-Jones et al., New J. Phys 13, 103036 (2011).

[2] T. D. Barrett, et al., Quantum Sci. Technol. 4 025008 (2019).

[3] T. D. Barrett, D. Stuart, O. Barter, and A. Kuhn, New J. Phys 20, 073030 (2018).

[4] T. Wilk, S. C. Webster, A. Kuhn, and G. Rempe, Science 317, 488 (2007).
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Photon number resolving detectors are the ultimate measurement of quantum optics, which is the reason why

developing the technology is getting significant attention in recent years. With this arises the question of how

to evaluate the performance of the detectors. We suggest that performance of a photon number detector can be

evaluated by comparing it to a multiplex of on-off detectors in a practical scenario: conditional preparation of

a photon number state, which can be realized by the setup in Fig. 1.

In this scenario, both the quality of the prepared state and the probability of the preparation are limited by

the number of on-off detectors in the multiplex, which allows us to set benchmarks against which any photon

number resolving detectors can be compared.

In the talk we will also show that, for conditional preparation of photon number states, there are no qualitative

differences between the different kinds of the detectors, which is actually the basic observation that enables the

benchmarking. We will also discuss influence of experimental imperfections and the ways to take them into

account.

Fig 1.png
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Introduction

There is an urgent quest for room temperature qubits in nanometer-sized, ultrasmall nanocrystals for quantum

sensing, hyperpolarization of biomolecules, and quantum information processing. Although the preparation of

ultrasmall nanoparticles hosting stable qubits is appealing, the creation of such systems is remaining a chal-

lenge. The lack of a suitable synthesis technique may be related, besides surface and crystal reconstruction, to

the mechanism of qubit formation in nanoparticles below 10 nm. Qubits in small nanoparticles are often cre-

ated by irradiation techniques and subsequent annealing, and then they are milled or laser-ablated into smaller

crystals. The yield of the vacancies in these nanocrystals below 10 nm falls on the ppm level in most of the

case. We developed a novel technique for introducing room temperature defect qubits into small nanoparticles

that is similar to the principles of lithography and avoids any largely invasive materials fabrication processes

such as irradiation, implantation, and milling. The two-step chemical synthesis method uses self-propagated

high-temperature synthesis (SHS) and a subsequent electrochemical method, the no-photon exciton generation

chemistry (NPEGEC) to produce room-temperature qubits in ultrasmall nanocrystals of sizes down to 3 nanome-

ters containing divacancy qubits with room-temperature optically detected magnetic resonance (ODMR) signal

and emission wavelengths falling in the second biological window (1000-1380 nm) in high yield (45%).

Methods

SiC precursor for SiC NPs made from Si, C, and Al powders by SHS method. SiC NPs were prepared from SiC

powders via NPEGEC: SiC was etched in HF:HNO3 mixture at 180 °C using a high-pressure acid digestion cham-

ber.

High-resolution transmission electron microscopy, atomic force microscopy, and dynamic light scattering were

used for size distribution characterization. X-band EPR, Raman, FTIR, NIR, and visible photoluminescence and

ODMR measurements were used to study defect properties.

Results and discussion

NPEGEC creates a porous layer on the surface SiC particles. Braking down the porous layer creates ultrasmall

nanoparticles (3-5 nm). The presence of Al during SiC formation creates stacking faults and silicon-vacancy.

Stacking faults protect the vacancy during the etching. Low-temperature annealing of the nanoparticles creates

near-surface carbon vacancies that react with the silicon vacancies creating the NIR ODMR center, divacancy.

We measured 3.5% ODMR contrast from SiC NPs with divacancy centers at room temperature and 12 MHz

FWHM.
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Quantum entanglement has become a central resource in quantum information, and efficient on-demand pho-

tonic sources of flying and distributable quantum bits are essential.

Beyond entangled photon pairs, GHZ and W photon triplets have also been important historical milestones in

exploration of multipartite entanglement. To explore further technologically this potential there is a demand

for more reliable and more simple push-button sources of GHZ photon triplets.

We propose here 3 strongly coupled identical quantum emitters disposed symmetrically in a triangular ring

cavity supporting two counter propagating modes (Fig.1). Typically such system could be integrated in a 2D

photonic crystal slab.

To build the Hamiltonian, eigenmodes and multiatom quantum states are sorted according to symmetry (ir-

reps A1, A2 and E of C3v group), and a useful structure emerges in its interaction part, either for in-plane or

perpendicular polarization.

To study the hamiltonian spectrum as a function of the number of quanta (N=0,…,3), which is conserved by

virtue of RWA, we divide the Hilbert space into corresponding sectors involving respectively 1, 5, 12 and 20

states. Much of the spectrum is analytical due to symmetry decoupling, and the phase space can also be entirely

covered in a simple manner since it involves by essence only one dimensionless parameter which is the ratio of

the atom-cavity detuning to the coupling constant. As an example we display in Fig.2 the spectrum of the most

complicated subhamiltonian in N=3, characterized by symmetry E.

With this in hand we can examine the possible ways in which the system, initialized in any of the N=3 eigenstates,

can optically decay through the three frequency selective output mirrors (at the vertices of triangle in Fig.1).

We can determine the conditions under which three-color GHZ path-entangled photons can be generated.

Fig 1.png

Fig 2.png
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1. Introduction

Multiple emitters producing indistinguishable single photons are required for quantum optics technologies.

However, typically, solid-state quantum emitters such as quantum dots, defects in 2D materials, defects in

solid emit distinguishable single photons. This necessitates of electric field tuning of the transition frequency.

In low strain bulk diamond, multiple SiV-centers can produce indistinguishable single photons, and it has

previously shown that nanodiamonds suffer from a strained environment and from electric charge fluctuation

on the surface which make the fine structure different. Here, we study silicon vacancy (SiV-) ensembles in

low-strain nanodiamonds prepared by the high pressure high temperature (HPHT) method, with excellent

spectral properties at 4K, comparable to their bulk counterpart.

2. Methods

The nanodiamonds sample used here was fabricated using the HPHT method [1], with hydrogen 5% and Argon

95% treatment at 500°C for 2h. The sample is characterized by optical micro-spectroscopy at cryogenic temper-

ature. It consists of a compact design flow cryostat to cool down the sample to liquid helium temperature. The

SiV-centers are excited with a dye laser at 570 nm. The laser light passes through and objective and the fluores-

cence is collected with the same objective. The collected fluorescence light is spectrally dispersed and filtered by

a one-meter double monochromator with high resolution. Permanent magnet mounted on a translation stage

is used to apply a magnetic field up to 9T in a Faraday geometry.

3. Results and discussions

We investigated the fine spectral structure using off-resonant excitation at 570 nm for multiple emitters, with a

negligible shift of the zero phonon lines between several emitters. The linewidth of the ensemble was measured

and found to be around 15 GHz which is narrower than previously reported SiV in nanodiamonds linewidths,

with off resonant excitation. These properties means that theses quantum emitters show negligeable spectral

diffusion, and are insensitive to external charge fluctuation and to pertubations of the dielectric environment.

Thus, HPHT method produce nanodiamonds with high crystalline quality. In addition, surface treatment with

hydrogen and argon passivate the surface of nanodiamonds.

Furthermore, by applying an external magnetic field up to 9T, we investigated the Zeeman splitting of each

optical transition into four transitions.
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In 1991 Huang et al. [Science 254, 1178 (1991)] and Dresel et al. [Applied Optics 31, 919 (1992)] put forward

Optical coherence tomography (OCT). This is a system that permits high-resolution axial tomographic imaging

of samples. The very same year Zou et al. [Phys. Rev. Lett. 67, 318 (1991)] introduced the concept of induced

coherence.

In 2017 Valles et al. [Phys. Rev A. 97, 023824 (2018)] and Paterova et al. [Quantum Science and Technology

3, 025008 (2018)] demonstrated OCT based on the concept of induced coherence (see Fig. 1). The degree of

first-order coherence between the signal photons (s1 and s2) generated by parametric down-conversion (PDC)

in two nonlinear crystals depends on the reflection coefficient seen by photons i1when they are reflected from

the sample. These experiments used PDC with a continuous-wave pump (frequency wp). In this regime the

down-converted photons show frequency anticorrelation: signal frequency ws + Ω, idler frequency wi- Ω and

ws + wi= wp.

The axial resolution of OCT increases with the spectral bandwidth. In continuous wave PDC, long crystals in-

crease the photon pairs emission rate (which reduces the acquisition times) and shorten their spectral band-

width, which reduces axial resolution. On the other hand, short crystals grant better resolution, but the resulting

recording times hamper its practical use. This raises two questions:

• Is the frequency anticorrelation provided by continuous PDC a requisite to do OCT based on induced

coherence?

NO. We show that one can do OCT with pulsed pumps

• Can the use of pulsed pumps allow the use of longer crystals without reducing the bandwidth?

YES. We analyse the fundamental factors that define the axial resolution of OCT. The axial resolution depends

on the product of two functions – one defined by the duration of the pump pulse and another defined by the

length of the nonlinear crystals (see Fig. 2). In the regime of femtosecond pumping resolution does not depend

on the crystal length.

We conclude that OCT based on induced coherence can benefit from high spatial resolution and high photon

emission rates by combining ultrashort pumping with long crystals (see Fig. 3), while maintaining its salutary

features, i.e., probing the sample with high resolution at the ideal wavelength, and using the optimum wave-

length for detection.
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In the recent years, the field of application-oriented quantum optics has experienced a considerable growth. It

has expanded to areas such as imaging, sensing, metrology, communication, spectroscopy, microscopy and com-

putation. One of the main advantages provided by quantum optics is the overcoming of classical limitations in

the above mentioned fields using correlation effects. Quantum correlations have been exploited in light sources

based on spontaneous parametric down-conversion (SPDC) which have become one of the most important tools

for quantum technologies. Among the main features of a quantum light source is its high efficiency to generate

correlated photon pairs with simultaneous ability of tuneable wavelengths.

The brightness of photon-pair sources is of crucial importance in two photon fluorescence microscopy. An

enormous amount of photons are required to measure two photon absorption (TPA) excited fluorescence due

to the extremely small probability cross section of this process. Conventional TPA fluorescence setups use high-

power lasers to overcome this problem, despite the risk of irreversible damages on the sample.

The present work exploits the quantum correlations found in the SPDC down-converted photons produced by

a type-0 MgO:LN waveguide chip pumped at 405 nm for applications on TPA fluorescence microscopy. The fact

that these photons are time and energy correlated increases the probability of TPA at the same input power com-

pared with conventional setups. The photon-pair source showed in this work has a brightness of approximately

8 million pairs per second per mW of pump power making it a suitable candidate for fluorescence microscopy

applications, besides of its easy wavelength tuneability.

Keywords: quantum correlations, two photon absorption, ultra bright source, fluorescence microscopy.
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Photons are very stable particles because their mutual interactions are negligible. This property makes them a

very good option for encoding and carrying quantum information.

Rydberg atoms have been proved to be a good resource to generate single photons [1]. Strong dipole-dipole

interactions of Rydberg atoms detune out of resonance the excitation of two atoms if they are closer than a

distance called blockade radius. The combination of Electromagnetically-Induced Transparency (EIT) with Ry-

dberg atoms ensures that two photons cannot propagate under EIT conditions if they are inside the volume

defined by the blockade radius. Then, the probability to detect two photons at the same time is much smaller

than at longer delay times. The quality of the single photons generated in a blockaded medium can be inferred

from the second-order autocorrelation function. For ideal single photons, its value should be 0.

In this work, we present an analysis of the transients in the propagation of a weak coherent pulse through

Rydberg EIT, focusing on exploiting them to generate single photons on demand with properties similar to those

generated via storage in EIT. For that, we calculate the statistics of the output pulse with a Hanbury-Brown

and Twiss experiment, consisting of a beam splitter and two avalanche photo-detectors. The arrival times to

the photo-detectors together with trigger times for trials are saved into time-stamp files. The second-order

autocorrelation function is obtained from the coincidence counts within short time windows along the pulse

width.

We obtain a variation in the second-order autocorrelation function over the pulse, showing a decrease for later

times. Hence, although in the steady-state region, the photon statistics are not the ones of single photons; this

is the case at the end of the pulse.

An analysis of this effect and a theoretical explanation is presented, which represents an important step towards

the understanding of the physics outside the steady-state region in Rydberg-based mediums. We also analyze

an application of this effect in the generation of single photons.

[1] Peyronel et al., Nature 488, 57-60 (2012)
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As reconfigurable quantum photonic circuits grow in complexity, they become increasingly challenging to

model and control. Not only can the structure of the internal Hamiltonian be unknown, but also the electri-

cal control signals can suffer from drift and fiber coupling losses can distort the optical measurement. Here, we

present a deep neural network to model and control a programmable photonic continuous-time quantum walk

consisting of 3 coupled waveguides in proton-exchange lithium niobate (see Fig 1.).

In the evanescent coupling region of our device, local voltages can be applied to vary the phase and coupling pa-

rameters for each waveguide independently. However, local trapped charges lead to a drifting optical response

for a fixed electrical signal. The slow clearing of these trapped charges causes a long-term drift and memory

effect that is hard to characterize and compensate for with standard techniques. As we move towards more

complex integrated photonic devices, automated characterization and control will become imperative.

Here, we develop a machine learning approach to solve this problem. Our novel “grey-box” methodology treats

the unknown parameters, such as the form of the Hamiltonian and the electrical control response as a “black-

box”, while treating the known components, including Hamiltonian evolution and measurements analytically

as a “white-box” (see Fig. 2). We first use a gated recurrent unit (GRU) and neural network (NN) to model

the drifting optical response from data generated by a sophisticated simulator of the device. This enables us

to predict the varying output state depending on the applied voltage, previous voltage configurations and time.

We then add a second GRU and NN to control the circuit and produce a stabilized state. In our machine learning,

we consider the output photonic quantum state including amplitudes and phases, as this would be required for

full state characterization.

We train and test our NN on a sets of 3500 and 500 voltage configurations respectively. We train the NN by

minimizing the mean square error (MSE) firstly to reproduce the same results as the drifting photonic circuit

(see Fig. 3). We next train the second NN to produce a stable and controlled output optical signal. Ultimately,

we are able to prepare a sequence of desired unitary gates with stable fidelities >99% (see Fig. 4). Our method

is efficient in the number of required parameters and fully generic to the quantum circuit design and physical

hardware.

Fig 1.jpg
Fig 2.jpg
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Photonic quantum memory is one of the key components in quantum information and quantum computing.

Before using it, we need to check its capacity. Most importantly, we need to test its ability to preserve coherence

to verify if it’s a real “quantum” memory or not.

Traditionally, people do this by process tomography. However, this method is vulnerable and reliable only

if photon source and measurement devices are all trustworthy. Compared to process tomography, the

measurement-device-independence(MDI) method, which was proposed in [PHYSICAL REVIEW X 8, 021033

(2018)], only needs a reliable source, withdrawing the assumption for any measurement. In our experiment,

we firstly verify quantum memory via the MDI method.

Our quantum memory is based on electromagnetic-induced-transparent(EIT) mechanism in a neutral atomic

ensemble. By utilizing the Rydberg blockade mechanism, we prepared single-photon from another atomic en-

semble with auto-correlation function g(2)(0)=0.03+-0.02. First, we prepared a photon qubit and stored it in the

memory. The after storage for a while, we retrieve the qubit and perform a Bell state measurement between it

and the other qubit we prepared. Based on the statistic of all results, we can infer the witness to characterize the

memory. We perform the experiment in different storage time from 5us to 55us and verified its quantumness

in this time range.

Experimental setup.png

Witness vs storage time.png
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Introduction: Weak coin flipping (WCF) is among the fundamental building blocks of secure communication

networks. It allows two mistrustful parties to remotely agree on a random bit when they favor opposite

outcomes. Unlike other quantum primitives such as bit commitment, oblivious transfer and strong coin

flipping, WCF can achieve information-theoretic security using quantum mechanics only: both parties are

prevented from biasing the flip with probability higher than 1/2+ϵ, where ϵ is arbitrarily low. Due to this

inherently quantum feature, it can be used to construct an optimal version of these other quantum primitives.

Note that, in classical WCF, the dishonest party may cheat with probability 1 unless computational assumptions

or a trusted third party are used.

Methods: No implementation has been proposed for quantum WCF so far. This may be explained by

two reasons: first, it is difficult to find an encoding and implementation which is robust to losses: a dishonest

party may always declare an abort when they are not satisfied with the flip’s outcome. Second, none of the

previous theoretical protocols translate trivially into a simple experiment: they involve performing single-shot

generalized measurements or generating complex beyond-qubit states.

In this work [1], we introduce a family of quantum WCF protocols, inspired by [2] which achieve biases as low

as ε = 1/ √2 − 1/2 ≈ 0.207. Our family involves simple projective measurements instead of generalized ones and

requires a single photon and linear optics only. The information is encoded by mixing the single photon with

vacuum on an unbalanced beam splitter, which generates entanglement between the photon number modes:

both parties may then agree on a random bit, while the entanglement is simultaneously verified (Fig.1, explained

in [1]). We then derive a practical security proof for threshold single-photon detectors, considering the extension

to infinite Hilbert spaces.

Results: Simulations show that our quantum protocol bears no classical equivalent over a few-hundred meters

of lossy optical fiber and non-unit detection efficiency. In Fig. 2, the lowest achievable classical cheating prob-

ability P_dˆC, along with the probability of the protocol aborting due to losses P_ab, are plotted as a function of

distance. The quantum cheating probability P_dˆQ is strictly smaller than P_dˆC over about 500m.

Discussion: This provides the first implementation proposal for quantum WCF, along with a theoretical

demonstration of practical quantum advantage.

[1] Bozzio et al, PRA., 102, 022414, 2020.

[2] Spekkens et al, PRL, 89, 227901, 2002.
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High-dimensional, discrete quantum systems (qudits) present several

advantages over simple two-level systems (qubits). In particulqr, qudits increase the amount of information

encoded into a single cqrrier. Moreover, in

entanglement based quantum key distribution (QKD) an eavesdropper can be

detected using Bell inequalities, which are the more violated the larger

the dimensionality of the employed states. Photonic orbital angular

momentum (OAM) states are a promising candidate for the realisation of

such high-dimensional quantum systems. However, the helical phase front

of OAM-carrying light beams is fragile with respect to turbulence

induced refractive index fluctuations. Adaptive optics (AO) can

compensate for these effects: AO uses wavefront measurements to steer in

real time corrective elements, such as deformable mirrors, in order to

correct turbulence induced phase distortions.

In the present contribution, we discuss the ability of AO to protect

maximally-entangled states of two OAM qudits of dimension d = {2,3,4}

transmitted through a turbulent channel for a vast range of turbulence

conditions. To that end, we numerically simulate the propagation of the

entangled photons through turbulence and consider two AO models. The

first model performs a full reconstruction of the phase profile, with

resolution limited only by our numerical grid. This corresponds to the

ideal AO, unachievable in real experiments. On the contrary, the second

model only stabilises the direction of the incoming beam with a tip-tilt

mirror.

After identifying which states can be efficiently protected, we

characterise entanglement evolution in different dimensions using

generalised Bell inequalities. On the one hand, our results (see Fig.)

show that the stronger violation of Bell inequalities by high

dimensional states cannot compensate for their faster degradation.

On the other hand, we show that AO can significantly increase the

turbulence threshold at which the photon’s non-classical correlations

are lost. We thus conclude that AO can enable entanglement

distribution with OAM qudits in free space.
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• Introduction

Entanglement is a resource for applications that harness quantum correlations. Applications such as quantum

communication can benefit from entanglement distribution and are increasingly implemented in real world

scenarios. Efforts are ongoing to deploy quantum communications over long distances, with the ultimate goal

of establishing a global quantum network. In this regard, terrestrial methods of entanglement distribution have

limited range. A way to tackle this range problem is to equip high-altitude nodes such as drones or satellites with

the necessary instrumentation to operate as quantum nodes as demonstrated by the Chinese satellite Micius. In

principle, satellites in the nano-satellite category can also be used as space-based quantum nodes.

• Methods

SpooQy-1 is a 3U Cubesat (a type of nano-satellite) built to demonstrate in-orbit quantum entanglement, acting as

a pathfinder for space-to-ground Quantum Key Distribution using Cubesats. In SpooQy-1, both the generation

and the detection of entangled photon-pairs are performed in-situ. The satellite is equipped with a compact

polarization-entangled photon-pair source (dimensions: 17 x 7 x 3 cm). The source is coupled to an internal

free-space detection system which performs Bell-type (Clauser-Horne-Shimony-Holt) measurements in order to

assess the in-orbit entanglement quality via the S parameter.

The entangled photon-pair source is based on critically-phase matched Spontaneous Parametric Downconver-

sion (SPDC), featuring two parallel-aligned beta-Barium Borate (BBO) crystals that sandwich an achromatic half-

wave plate and enable collinear, non-degenerate SPDC emission at 770 nm and 842 nm for signal and idler,

respectively. By compensating the phase difference between photon-pairs generated in the first and the second

BBO, a high-fidelity quantum state is generated by the source.

In order to analyze their polarization state, the photon-pairs are split by wavelength and are directed towards

independent polarization analyzer arms. These analyzer arms are equipped with passively-quenched silicon

avalanche-photodiodes (APD) that detect the arrival of the photons and liquid crystal polarization rotators

(LCPR) to enable polarization state measurements. By performing coincidence measurements between both

APDs and adjusting the polarization settings in the LCPRs (e.g., utilizing the CHSH polarization degrees), corre-

lation curves can be obtained finally.

• Results

It can be observed how high-quality entanglement is maintained in-orbit after undergoing space-qualification,

rocket launch and orbit injection (before: S=2.63± 0.05; after: S=2.60±0.06), with a normalized photon pair pro-

duction rate of approximately 50 Mpairs/s/mW.

• Discussion

While experiments in SpooQy-1 are on-going, future CubeSat missions will aim to distribute entanglement be-

tween a satellite and a ground station, or between satellites enable global quantum networks.
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A global-scale quantum communication network will require various interconnected nodes linked by optical

fibers or free-space links (the most distant nodes will likely be connected by satellite-to-ground links). The

most important challenge for free-space QC is day-light operation and the development of simple and reliable

devices. Here we present a QKD system developed with the support of the Italian Space Agency (ASI) realizing

a daylight free-space QKD at 1550 nm [arXiv:1907.10039]. We realized a QKD source based on polarization

encoding implementing the 3-state 1-decoy BB84 QKD protocol exploiting a silicon-based integrated optical
chip. We tested the prototype in daylight operation over a 145m-long free-space link established in the urban

area of Padua. To our knowledge, this is the first experiment where a chip-based QKD state encoder is coupled

to a free-space channel in an actual in-field trial, and represents one step forward towards the demonstration

of a seamless joint satellite-fiber quantum network at the telecom band.

We also present the results obtained with a polarization encoder, the POGNAC (for POlarization SaGNAC [Op-

tics Letters 44, 2398 (2019)]. The POGNAC combines a simple design and high stability reaching a low in-

trinsic quantum bit error rate: as reported in the figure below in 45 minutes we measured an average QBER
of 0.07% and 0.02% in the two bases of BB84 protocol. The average QBER here reported is, to the best of our

knowledge, the lowest for any active QKD source fully implemented using exclusively commercial off-the-shelf

(COTS) components. The self-compensating Sagnac-loop design greatly improves long-term stability over inline

implementation, making it insensible to temperature fluctuations and DC drifts. Since its realization is possible

from the 800 to the 1550 nm band using COTS devices, our polarization modulator is a promising solution for

free-space, fiber, and satellite-based QKD. We also report on a QKD demonstration based on the POGNAC tested

with a 26km fiber link [arXiv:1909.12703]. The temporal synchronization is performed using the recently in-

troduced Qubit4Sync method, with no need for auxiliary time reference, by sending a public qubit sequence at

preestablished times [arXiv:1909.12050]. The reduced complexity of both the transmitter and the receiver, as

well as the robustness and stability demonstrated by our implementation, represent an important technological

step towards mature QKD systems.

Intrinsicstability 1percentaxis.jpg
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Achieving ultra-high detection rate with high efficiency is crucial for many applications requiring fast single

photon detection, such as Quantum Key Distribution. SNSPDs have the potential to reach very large counting

rates, but SNSPD designs based on a single meander exhibits a limited detection rate due to its recovery time.

One potential approach to increase the counting rate of SNSPD consists in splitting the SNSPD meander in several

sections connected in parallel. This allows for a reduced kinetic inductance per section and to virtually no dead-

time (the efficiency is never equal to zero after a single detection), while requiring a single coaxial line readout

instead of one per pixel as in SNSPD arrays. In practice, such a design is subjected to electrical cross-talk between

the parallelly-connected nanowires, thus the current piles-up in other wires as the counting rate increases. This

can ultimately cause all nanowires to latch through a cascading effect. Overall, the potential for high-count

rates of parallel SNSPDs is seriously hindered by these effects.

We report on a new approach to mitigate the effects of cross-talk and the latching it can cause in parallel SNSPDs.

We developed parallelly-connected SNSPDs with additional unexposed sections acting as a current redistribu-

tion means. By carefully choosing the number of current redistribution means, their geometries (length, cross

section) and series resistances, we can reduce cross-talk and completely eliminate latching at high count rates.

Using this method, we will report on MoSi-based SNSPDs with high efficiency (~77%) at 1550 nm and detection

rates as high as 200 MHz. The mean efficiency per photon as a function of the detection rate is investigated. The

efficiency is reduced to 40% with a 80 MHz detection rate, and to ~10% with a 200 MHz detection rate. Using

the detectors in a QKD experiment, a secret key rate of 8.7 Mbps over a distance of 50km of single-mode fiber is

achieved.

We also report on the photon number resoving capability of our design. The amplitude of the output signal is

strongy depending on the number of detected photons. We demonstrate the detection of up to 8 photons, the

histogram of output signals amplitude shows a near perfect discrimination of the number of photons detected.

Application for high-speed quantum key distribution will be discussed. We will further discuss the potential

improvements and application of SNSPD based on this design.

Efficiency vs countingrate.png Pnr traces.png
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Encoding information in quantum systems is the fundamental principle of quantum information technologies,

ranging from quantum computers to unconditionally secure communication. Quantum networks constitute

an important element for implementing such technologies in a scalable fashion. The exact requirements and

applications of large-scale quantum networks constitute an active research area. One of the key challenges for

constructing large scale quantum networks is to faithfully transmit quantum information over long distances

which is challenging due to transmission loss.

We propose a novel one-way quantum repeater architecture based on photonic tree-cluster states. Encoding a

qubit in a photonic tree-cluster protects the information from transmission loss and enables long-range quan-

tum communication through a chain of repeater stations. As opposed to conventional approaches that are

limited by the two-way communication time, the overall transmission rate of the current quantum repeater pro-

tocol is determined by the local processing time enabling very high communication rates. We further show that

such a repeater can be constructed with as little as two stationary qubits and one quantum emitter per repeater

station, which significantly increases the experimental feasibility. I will discuss potential implementations with

diamond defect centers and semiconductor quantum dots efficiently coupled to photonic nanostructures and

outline how such systems may be integrated into repeater stations.

Importantly, many of the required parameters for our protocol are not far from current state-of-the art per-

formances, which together with the significant resource reduction compared to previous one-way protocols

cements the experimental feasibility of our approach.

Please see preprint at arXiv:1907.05101 for further details.
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All-optical quantum teleportation and entanglement swapping are essential elements to the operation of a quan-

tum network [1]. These quantum phenomena rely on the properties of entangled states of light that, in the

prospect of real-life applications, should be encoded on photon pairs on demand [2]. Despite recent advances,

however, the goal has proved elusive. Experimental reports have long been limited in complexity to teleporta-

tion protocols involving at maximum two photons from the quantum emitter [3]. In this work, we show that

entangled photon pairs generated on demand by a single quantum dot can successfully be used to perform

multi-photon experiments.

We make use of GaAs quantum dots as a state-of-the-art entangled photon source [4] currently able to deliver

significant figures of merit such as an entanglement fidelity up to 0.978(5) [2], together with extremely low multi-

photon emission [5] and single-channel counts above 1 MHz under pulsed mode operation. We performed all-

photonic quantum teleportation and entanglement swapping experiments as sketched in Fig. 1. The protocols

are implemented using triggered photon generation and avoiding temporal and spectral filtering strategies.

Quantum teleportation is demonstrated for arbitrary input states with a fidelity that violates the classical limit

by more than five standard deviations [6]. For the entanglement swapping, we show the successful realization

of the operation with 0.58(4) fidelity to the expected Bell state [7]. The complete output state tomography is

predicted with excellent accuracy from the physical properties of different emitters with the support of an

original theoretical model.

In this way, the operation fidelity is identified to be hindered by imperfect indistinguishability and entanglement

of the photon pair from the quantum dot radiative cascade, as summarized in Fig. 2. Finally, we review available

approaches [2,8] to address the current limitations and argue that they can be overcome in the short-term future

with a foreseeable impact on the field of quantum optics.

[1] S. Wehner, et al., Science 362, eaam9288 (2018)

[2] D. Huber, et al., Phys. Rev. Lett. 121, 33902 (2018)

[3] J. Nilsson., et al., Nat. Phot. 7, 311 (2013)

[4] F. Basso Basset, et al., Nano Lett. 18, 505 (2018)

[5] L. Schweickert, et al., Appl. Phys. Lett. 112, 093106 (2018)

[6] M. Reindl, et al., Sci. Adv. 4, eaau1255 (2018)

[7] F. Basso Basset, M. Rota, C. Schimpf, D. Tedeschi, et al., Phys. Rev. Lett. 123, 160501 (2019)

[8] J. Liu, et al., Nat. Nanotechnol. 14, 586 (2019)
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Single-photon sources are indispensable resources in photonic quantum technologies, with applications in

quantum key distribution and optical quantum computing. The complexity and the success rate of quantum

protocols typically increase exponentially with the single-photon generation efficiency η (�ηN). The standard

approach using a quantum dot in a semiconductor micropillar has led to some success [1], but the end-to-end

efficiency is still too low. In this work, we break the established paradigms for single-photon generation by em-

ploying a single quantum dot in a tunable microcavity [2, 3]. We achieve an end-to-end efficiency of 57% in the

best case, which is twice higher than the previous state-of-the-art [1]. With the exponential scaling of quantum

protocols, our source would enable a 220speed-up in current boson sampling experiments [4]. Crucially, the

other metrics of our source match the best available sources: we generate highly indistinguishable and pure

photons, i.e., HOM visibility better than 96% and g2(0)<2%.

Figure 1(a) shows the design of our microcavity. It is composed of a semiconductor distributed Bragg reflector

(DBR) at the bottom and a concave DBR at the top [2]. The concave shape of the top DBR guarantees ideal mode

matching between the cavity and a single-mode fibre. A layer of the InAs quantum dots are grown on the bottom

DBR. We excite the quantum dots at a repetition rate of 76.3 MHz, to generate one photon per pulse. Figure 1(b)

shows the photon rate at the final output of the system, a single-mode fibre, as a function of the excitation power.

At the highest signal, we generate single-photons at 40.5 MHz, yielding an efficiency of (53±3) % in this particular

case.

An important figure of merit for applications in linear optics-based quantum computing is the indistinguisha-

bility of the photons. We characterize the indistinguishability of the source by interfering photons that are

generated 1.5 microseconds apart. We observe a Hong-Ou-Mandel interference visibility (HOM) of ~96% be-

tween these photons, see Fig. 1(c). We repeat the HOM measurements at a delay of 1 ns: this gives the same

indistinguishability, and hence we conclude that we can generate single photons every nanosecond [2]. In other

words, our source can generate at least 1500 indistinguishable single photons successively.

References
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[3] Najer et al., Nature 575, 623-627 (2019).
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We introduce a framework for presenting quantum communication protocols to make them available for a

broad range of communities interested in the use cases of quantum technology. The framework distinguishes

functionalities (what should be achieved) from protocols (how it is achieved) and presents representative proto-

cols using a consistent approach in terms of format and decomposing them in subroutines. The decomposition

is inspired by abstract cryptography [1] – as it provides sound guidelines for defining resources and using them

to build advanced ones.

The Quantum Protocol Zoo is hosted at https://wiki.veriqloud.fr. The Protocol Library covers families of quan-

tum protocols classified according to the advanced stages of a quantum internet [2]; and the Certification Library

presents different certification, benchmarking techniques and protocols for quantum devices. For each proto-

col, we provide its detailed outline, assumptions, resources, requirements, procedure description and proper-

ties.

In addition, we have implemented a novel concept of dependency visualisation for protocols. This includes two

user-friendly interfaces: Protocol decomposition, to identify the types of resources required for each protocol;

and Knowledge Graph, an interactive interface connecting all the listed protocols with their required resources

in a single graph. With these tools, we provide ways to explore and choose protocols to implement, given the

availability of physical devices, and to identify protocols which “unlock” new capabilities as they are used to

implement other functionalities.

We are also developing an open-source library where the protocols are turned into code for running on a sim-

ulation platform SimulaQron [3]. These protocols should be able to run on real hardware implementing the

Classical Quantum Combiner (CQC) Interface when they become available. Thus, the repository is useful for

complex protocol implementations, since, it provides end-to-end protocol implementations and atomic func-

tions.

We aim at continuing this work by integrating additional quantum internet and certification protocols to make

the zoo a valuable resource for developing and realising real-world use-cases, future networks and quantum de-

vices. By providing code examples we facilitate building proof of concepts simulations, while also contributing

to setting up a standard model of a secure network stack.

[1] M Ueli and R Renner, Abstract Cryptography, Innovation in Computer Science (2011)

[2] S Wehner, D Elkouss, and R Hanson, Quantum internet: A vision for the road ahead, Science362, eaam9288

(2018)

[3] A Dahlberg and S Wehner, Simulaqron—a simulator for developing quantum internet software, Quantum

Science and Technology 4, 015001 (2018)

Note: The first four authors contributed equally.
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Quantum networks employ entanglement as a resource to achieve distributed information processing for tasks

such as cryptography, interferometry, communication, and sensing. We propose an optimized fixed access time

schedule for accessing states stored in imperfect quantum memories after entanglement swapping operations.

The schedule maximizes the rate of the entanglement of formation in the accessed state by using an optimized

time window after which the quantum memory should be reset. We show that the optimal window size depends

on the entanglement generation probability and memory lifetime. Compared to the canonical protocol the

optimized access schedule can achieve orders of magnitude improvement in entanglement generation rates for

the successive nesting levels. For long-distance entanglement distribution, which comprise multiple nesting

levels of entanglement swapping, we propose an architecture where each nesting level can follow an optimized

protocol. We show that the rates achievable using optimized schedule are higher than canonically expected

rates for all nesting levels up to a crossover level. We derive analytic expressions for the expected state at any

nesting level in both the optimized and canonical protocols, which can be used to determine the crossover level.
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Quantum imaging aims at resolving structures beyond the classical Rayleigh limit. Classical imaging relies on

measuring the spatial distribution of intensity of light scattered by the objects to investigate. On the other hand,

quantum imaging exploits spatial correlation measurements. When the illumination source itself contains cor-

relations, additional information about the objects can be extracted from correlation measurements. This is the

case for two-photon states emitted from spontaneous parametric downconversion (SPDC). The detection of such

photon pairs for imaging requires detectors with both spatial and temporal resolution. Single Photon Avalanche

Diode (SPAD) arrays offer the possibility to combine single photon time stamping at the pixel level with spatial

resolution. Here we present new CMOS SPAD array sensors (Fig. 1) with sub-nanosecond temporal resolution

[1]. From direct observation of spatial correlations in the near-field of the source and anti-correlations in its

far-field, we demonstrate spatial entanglement from the SPDC source (Fig. 2). We then implement imaging

of a transmissive object at the Heisenberg limit in an experimental realization of the optical centroid method

[2]. Furthermore, the sensor allows to experimentally realize a new image reconstruction method from the

measured correlations based on non-linear estimation. We demonstrate super-resolution for measurements of

higher-order correlation functions with quantum correlated photons from SPDC and with classically correlated

pseudo-thermal light [3].

[1] L. Gasparini, M. Zarghami, H. Xu, L. Parmesan, M. M. Garcia, M. Unternährer, B. Bessire, A. Stefanov, D.

Stoppa, and M. Perenzoni, IEEE International Solid - State Circuits Conference - (ISSCC), 2018, pp. 98–100.

[2] M. Unternährer, B. Bessire, L. Gasparini, M. Perenzoni, and A. Stefanov, Optica, vol. 5, no. 9, p. 1150, Sep.

2018.

[3] A. B. Mikhalychev, B. Bessire, I. L. Karuseichyk, A. A. Sakovich, M. Unternährer, D. A. Lyakhov, D. L. Michels,

A. Stefanov, D. Mogilevtsev, Commun. Phys., vol. 2, no. 1, p. 134, Dec. 2019.

Stefanovfig2.png

Stefanovfig1.png

182



Quantum Technology International Conference

Optical coherence tomography based on induced coherence in
the high parametric gain regime

Oral - Abstract ID: 323

Mr. Gerard J. Machado 1, Mr. Gaetano Frascella 2, Dr. Juan P. Torres 1, Dr. Maria Chekhova 2

1. ICFO-Institute de Ciencies Fotoniques, Barcelona Institute of Science and Technology, Mediterranean Technology Park, 08860

Castelldefels, Barcelona, Spain, 2. Max Planck Institute for the Science of Light

In 1991 Optical coherence tomography (OCT) appeared. It is a three-dimensional non-invasive optical imaging

system that permits cross-sectional and axial high-resolution tomographic imaging of three-dimensional sam-

ples. The same year Zou et al. [2] introduced the concept of induced coherence without induced emission. When

signal photons (s1 and s2) generated in parametric down-conversion (PDC) emerging from two nonlinear crys-

tals interfere, and the companion idler photons (i1and i2) cannot carry any information about in which crystal

the signal photons originated, there is first-order coherence between signal photons. If some information exists,

even in principle, there is a loss of first-order coherence.

In 2018 Valles et al. and A. V. Paterova et al. [3] demonstrated a new type of OCT based on the concept of induced

coherence. The varying reflectivity of the sample along the direction of propagation of the idler beam translates

into changes of the degree of first-order coherence between the two signal beams. As a practical advantage, the

scheme allows probing the sample at one wavelength and measuring light at another wavelength.

These two experiments operated in the regime of low parametric gain where the down-converted photons are

few and do require the use of single-photon counting detectors. Notwithstanding the induced coherence effect

should still be present even in the case of high-gain parametric gain [4,5]. Does OCT still work in the high

parametric gain regime?

Here we report on a very versatile experimental scheme (Figure 1) that allows us to make experiments with

OCT based on induced coherence in the different scenarios considered up to now: two different effective in-

terferometric configurations (Mach-Zehnder or Michelson interferometers) and in two different domains (time

or frequency). We observe the effect of induced coherence in the high-parametric gain regime, whose main

signature is a nonlinear dependence of the normalized first-order coherence for the signals versus the loss of

the sample for the idler probes (Figure 2). Finally, we demonstrate FD-OCT of a 100 microns thick microscope

glass slide.

References:
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Introduction
The sensitivity of atom-interferometric sensors is limited by the accuracy of the quantum operations that form

the matterwave analogue of ‘mirrors’ and ‘beamsplitters’. These are typically laser pulses that drive fractional

Rabi oscillations between hyperfine states, whose fidelity is reduced by variations in laser intensity, atom ve-

locity, Zeeman state, and magnetic field across the atomic sample. This limits fringe visibility, which can fall

off rapidly if extra pulses are added, for example to increase the interferometer area [1]. It is therefore com-

mon to filter the atomic sample to reduce variations and operate at modest interferometer areas, limiting signal

strength and sensitivity. We have designed tailored laser pulses that increase the fidelity of interferometer op-

erations to extend these limits [2, 3], adapting nuclear magnetic resonance (NMR) optimal control techniques

[4].

Methods
By treating the laser phase throughout each interferometer pulse as a controllable parameter and carefully

choosing an appropriate figure-of-merit, we optimise high-fidelity pulses and sequences by adapting the NMR

gradient ascent pulse engineering (GRAPE) algorithm. By modelling typical experimental inhomogeneities in

the atom-light interaction, we may engineer robustness into the computational design procedure. Importantly,

the resulting pulses do not require higher laser powers and are straightforward to implement in many existing

sensors.

Results
We report the design and experimental demonstration of robust pulses and sequences for atom interferometry.

For a 35μK sample of 85Rb we have shown [3] that the inversion efficiency of a mirror pulse is increased from

75(3)% to 99.8(3)%, and remains above 90% at detunings for which the π-pulse fidelity is below 20% (fig.1). We

show a threefold increase in the fringe visibility of an interferometer using a 100μK by employing a sequence

of optimised pulses that exploit inter-pulse symmetry relations to cancel errors (fig.2). We have also designed

extended pulse sequences for large-area interferometers that promise significant improvements over existing

pulses including adiabatic rapid passage [5].

Discussion
Building on the optimal control techniques detailed in the presentation of Jack Saywell, here we detail the chal-

lenges of implementing these techniques in a real-world atom-interferometric sensor and present the latest

results of our proof-of-principle experiments.
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State-of-the-art quantum sensors, like optical clocks, work at or near the standard quantum limit (SQL), where

the device precision is limited by quantum projection noise even in the absence of any technical noise. Over-

coming the SQL by engineering entanglement is a major goal in quantum metrology. Spin squeezed state (SSS)

is an interesting collective entangled state where the quantum noise is redistributed in order to reduce the spin

projection noise in the measured quadrature, thereby improving the device precision. We demonstrate the first

generation of an SSS in an optical clock transition. In particular, we show a spin projection noise reduction of

6dB in variance beyond the SQL and a metrological gain 4.4 dB.

By coupling an ensemble of approximately 500 Yb-171 atoms to a high-finesse asymmetric micromirror cavity

with single-atom cooperativity of 3.1, we generate an SSS within the two magnetic sublevels of the ground state.

This entangled state is then mapped onto the optical transition via an optical π-pulse which coherently transfers

one of the magnetic sublevel population to the 3P0 clock state.

We map back the optical SSS to the ground state and independently perform state tomography (see tomogra-

phy.png) and Ramsey interferometry contrast measurement. The maximal observed spin noise suppression is

6.0(4) dB in variance and the final Ramsey contrast is 0.85, resulting in a metrological gain over the SQL, de-

fined by the Wineland parameter, of 4.4(4) dB. The SSS state can survive on the optical transition for up to 200

ms (see ) limited by the finite 800ms lifetime of the excited state due to single photon scattering. Finally, we

demonstrate an optical-clock sequence with an SSS input that provides and atomic system noise below the SQL

(see Allan.png).

These results demonstrate it is possible to generate entanglement in the clock transition and to use it for im-

proving a sensor performance beyond the SQL. Furthermore, SSS in clock transition have the potential to boost

optical clock performances in the near future and, more generally, in the fields of precision measurement and

quantum metrology.
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Super-resolution optical fluctuation imaging (SOFI) is a simple, versatile and promising microscopy method,

suitable for 3D imaging of biological samples, including living cells and subcellular structures [1]. The core idea

of SOFI is to measure high-order intensity correlations of randomly emitting light sources, for example, blinking

quantum dots, organic dyes, fluorescent proteins. Independence of the emitters’ blinking ensures additivity of

the intensity cumulants and promises potentially unlimited spatial resolution increase, when the cumulants

order grows, due to effective “narrowing” of the point-spread function (PSF).

Despite rather intensive research on SOFI, up to now there were no works questioning the very possibility of

infinite resolution enhancement in SOFI. The purpose of our contribution is to implement information analysis

for obtaining lower bounds on the errors of emitter’s position estimation and to check whether there are certain

fundamental limits on the achievable resolution.

We consider the SOFI scheme with a simple model object composed of weak non-Gaussian light sources, ran-

domly switching between “bright” and “dark” states. Notwithstanding its simplicity, the model is perfectly

suitable for application of the empirical SOFI considerations: building a “cumulant image” from high-order

intensity correlations leads to PSF narrowing essential for the SOFI. To get deeper understanding of the depen-

dence of achievable resolution on the orders of cumulants, we go beyond empirical considerations of the “PSF

narrowing” and use Fisher information for quantification of the informational content of the obtained images.

By the analysis of the Fisher information for intensity correlation functions, we show that correlation functions

beyond a certain order might bring less information than the correlation function of a lower order. There is an

optimal correlation order for objects in the super-resolution regime. It leads to rather drastic consequences for

the SOFI in the super-resolution regime. Even under a number of optimistic assumptions (absence of detectors

imperfections and degradation of sources; assumption of additivity of the information provided by correlation

functions of different orders, etc.), the lower bound of reconstruction error might saturate tending to a finite

value when the order of the considered cumulant increase, in contrast to the infinite resolution increase pre-

dicted from empirical considerations.

Our data confirm the already established opinion of the SOFI being able to bring only moderate (few-fold) im-

provements over the diffraction limit in realistic microscopic scenarios.

[1] Th. Dertinger, R.Colyer, G. Iyer, S.Weiss, and J. Enderlein. Fast, background-free, 3D super-resolution optical

fluctuation imaging (SOFI). PNAS, 106(52): 22287 (2009).
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NV-center-based Quantum sensors have created a lot of interest in recent years due to their potential to provide

an unprecedented combination of sensitivity and spatial resolution. To improve their performance and reach

optimal sensitivity and measurement time, adaptive protocols in which control and measurement parameters

are updated in real-time have been proposed, and some were recently demonstrated. Here we demonstrate how

such protocols can be performed using Quantum Machines’ Quantum Orchestration Platform, which allows

intuitive programming and significantly improved performance and feedback latency. Moreover, we discuss

new protocols previously unexplored that can be performed with the platform.
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Ensembles of negatively-charged nitrogen-vacancy (NV-) centres in diamond constitute a promising platform for

magnetometry applications. However, the sensitivity of present NV-ensemble devices and the need for diamond

material with reproducible properties have hindered progress toward many envisioned applications. The work

presented here addresses these challenges by optimizing a chemical vapor deposition (CVD) growth process to

produce material at scale with optimised NV-ensemble properties.

Through development of the CVD process it is shown that increased nitrogen incorporation does not necessarily

result in increased densities of unwanted vacancy-related defects which act as charge acceptors, reducing the

NS and NV charge ratio, and limiting the dephasing time, T2*. Measurements of the NV concentration, NV charge

ratio, and measurement contrast suggest that these grown-in defects are correlated with a detrimental impact

on the NV-ensemble properties observed after irradiation and annealing.

This work also investigated the potential to produce material with a reproducible NV concentration as shown

in figure 1. In addition we show consistent NV charge ratio, strain homogeneity, and T2* by characterizing a

batch of 23 samples containing ~3.8 ppm NV. The measured NV- and NV0 concentrations in the batch of samples

varied by less than 7% (1 standard deviation) and exhibited well-controlled strain inhomogeneity as shown in

figure 2. The resulting T2* ~ 1 µs in material enriched with > 99.99% 12C was as expected for the concentration

of N, establishing that other sources of decoherence have been controlled.

The material reported in this work enables immediate sensitivity improvements for present quantum-sensing

devices and the correlations observed between material properties at different stages of processing provide

efficient metrics for future work targeting other NV densities or sample geometries such as micron-scale, NV-

rich layers for magnetic imaging.

Figure 1.png

Figure 2.png
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Reversible entanglement transfer between light and matter is a crucial requisite for the ongoing developments

of quantum information technologies. Quantum networks and their envisioned applications, e.g., secure com-

munications beyond direct transmission, distributed quantum computing, or enhanced sensing, rely on en-

tanglement distribution between nodes. In this talk, I will review recent developments on cold-atom-based

quantum memories. In particular, I will discuss our realization of a highly-efficient and reversible entangle-

ment transfer between light and quantum memories, with an overall storage-and-retrieval efficiency of 85%

and operated deeply in the single-excitation regime. I will underline the current and future challenges for such

atomic repeater nodes.
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The ability to generate light in pure quantum states is central to the development of quantum-enhanced tech-

nologies. Recently, artificial atoms in the form of semiconductor quantum dots have emerged as an excellent

platform for quantum light generation [1-2]. By placing the quantum dot in an optical microcavity, pure de-

phasing phenomena are strongly suppressed and single photon wavepackets with very high quantum purity in

the frequency domain are generated. This is demonstrated at unprecedented high efficiency that allows scal-

ing up linear quantum optical technologies [3,4]. The system is also shown to generate light pulses in a pure

quantum superposition in the photon number basis, a feature that has never been demonstrated even with

natural atoms. This is obtained through coherent control of the artificial atom transition: a pure quantum su-

perposition of vacuum and one-photon is generated with a full control of their relative populations. Driving

the system even stronger, a coherent superposition of vacuum, one- and two-photons is generated—a state that

shows phase super-resolving interferometry [4].

[1] N. Somaschi, et al. Nature Photonics, 10, 340 (2016)

[2] P Senellart, G Solomon, A White, Nature Nanotechnology 12 (11) (2017)
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Most future quantum technologies applications, ranging from optical computing to quantum radiometry [1]

and sensing [2], strongly rely on light manipulation at the single photon level. This sets new requirements to

traditional photonic platforms, such as the integration of quantum emitters, which hold promise as on-demand

single-photon sources and non-linear elements. An effective coupling to the emitter is indeed mandatory to

guarantee efficient collection and processing of the quantum states. However, on-chip integration is typically

detrimental for the emitter coherence and photostability properties [3,4]. Moreover, conventional fabrication

approaches are hardly scalable and bear limitations in terms of geometries and materials.

In the present contribution we introduce an alternative platform, based on molecules that preserve near-

Fourier-limited fluorescence even when embedded in polymeric photonic structures [5]. Three-dimensional

patterns are achieved by Direct Laser Writing (DLW) of commercial photoresists around self-assembled organic

nanocrystals containing fluorescent molecules. This method enables fast, inexpensive and scalable fabrication

process, while offering unique advantages in terms of versatility and sub-micron resolution. In particular, An-

thracene nanocrystals doped with dibenzoterrylene (DBT:Ac NCX) fluorescent molecules show unprecedented

performances of single-photon emission [6] and are naturally suitable both to deterministic positioning and to

the integration in hybrid devices. We demonstrate the integration DBT:Ac NCX via DLW at variable heights and

well-defined locations in different architectures, fabricated on different substrates. In Fig. 1 we show the con-

cepts of a modified Weierstrass solid immersion lens (micro-dome SIL) (Fig.1a), and of a suspended waveguide

(1b), with the corresponding SEMs of the realized structures (Fig.1c,1d) and the measured fluorescence maps

(Fig.1e,1f). Close-to Fourier limited emission is observed from on-chip molecules at cryogenic temperatures

(Fig.2), and enhanced light extraction is achieved in the micro-dome SIL design, reaching photon fluxes above

15Mcps.

These results show how an all-organic platform can be realized, combining on a chip the freedom of three-

dimensional polymeric architectures with the optimal properties of single photon emission from fluorescent

molecules. The proposed technology allows conceiving a novel class of quantum devices, including integrated

multi-photon interferometers, arrays of indistinguishable single-photon sources and hybrid electro-optical

nanophotonic chips.

[1] P. Lombardi, et al., Adv. Quantum Technol. (2019), 1900083.

[2] K. Schaedler, et al., Nano Letters 19, (2019).

[3] U. Jantzen, et al., New J. Phys. 18, 073036 (2016).

[4] J. Liu, et al., Phys. Rev. Appl. 9, 064019 (2018).

[5] M. Colautti, et al., arXiv:1909.07334 (2019).

[6] S. Pazzagli, et al., ACS Nano 12, 4295-4303 (2018).
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Entangled photon pairs have become a hallmark of quantum since the clear violation of Bell inequalities by

Aspect et al., but have also been true workhorses enabling many wonders like quantum teleportation, quantum

repeaters and device-independent quantum cryptography. Entangled GHZ photon triplets are no less important.

Also born out of fundamental concerns, they proved to carry a very different form of entanglement and to be

important for third-party control of the wonders. The existing sources are very scarse and complicated with no

practical on-demand scheme.

In their original paper Greenberger, Horne and Zeilinger (GHZ) [1] proposed two main routes to generate GHZ

triplets entangled in polarization, one scheme based on a cascade emission sequence with real intermediate

levels, the other one based on non-deterministic photons issuing from diverse spontaneous parametric down-

conversion (SPDC) schemes. The latter has been the privileged route taken by all previous authors generating

GHZ photon triplets. We reanalyse the first GHZ route (Fig.1) and show that it fails to generate the maximally en-

tangled GHZ photon triplet. Spatial symmetry arguments allow us to propose sources with suitable symmetries

and collection geometries (Fig.2). Interestingly, less stringent symmetry requirements than GHZ are necessary

(e.g.CnV instead of CinfV), and despite the fact that the main argument is quite simple and extremely general, it

has not been proposed before.

The interest of the approach, besides its generality, is that it reveals and demonstrates that a wide variety of on-

demand GHZ triplet sources could potentially be realized on the basis of already available technology developed

for high quality on-demand entangled photon sources. We can cite here many existing C3v symmetric sources

like triexcitons in C3v semiconductor quantum dots grown on [111] substrates [2], eventually embedded in

nanowires, high energy states of defect centers like NV-, NV0, SiC, etc… in diamond or in other materials, recently

also some modern 2D materials like monolayer hBN have also recently emerged as single photon sources, and

may have C3v or C6v symmetry.

Finally we consider a few obvious generalisations or alternatives which can be of interest and which are based

on the same principle (path entanglement, strongly coupled optical cavity systems, GHZ photon N-uplets, GHZ

spin triplets in molecules, new W-state generation by triple SPDC, etc…).

[1] D.M. Greenberger, M.A. Horne and A. Zeilinger, “Going Beyond Bell Theorem”, 1989

[2] M.A. Dupertuis et al., Phys. Rev. Lett. 103, 127403, 2011
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Introduction. Highly-transparent Nanostructured dielectric metasurfaces have emerged as an important class

of modern photonic elements. Recently, such metasurfaces were introduced to quantum photonics, opening

a pathway for ultra-compact and robust manipulation and measurement of quantum light [1]. Manipulation

of multi-photon states, especially in the commonly-used polarization degree of freedom, is an active research

topic associated with a variety of practical applications including quantum communications and simulations.

Methods. We suggest and validate experimentally a new conceptual approach for implementing metasurfaces

that can directly transform a chosen entangled two-photon polarization state to another arbitrary target state,

as sketched in Fig. 1. It is convenient to represent any pure state of two indistinguishable polarization-entangled

photons by a pair of state vectors on the Poincaré sphere [Figs. 1(a), (c)]. The action of the metasurface [Fig.

1(b)] on a two-photon state will produce a superposition of pure two-photon and mixed single-photon states,

which can be distinguished through conditional detection. We note that an important capacity for modification

of the degree of quantum entanglement corresponds to the change of the angle between the pair of states on

a Poincaré sphere. This cannot be accomplished by unitary operators and requires a non-Hermitian (i.e. non-

conservative) transformation.

Results. We formulate a practical design principle that is optimal for achieving any desirable polarization trans-

formation [2], which is realized through polarization-dependent diffraction with pairwise dielectric structures

[see Fig. 2(a)]. We show an example of an experimentally characterized non-conservative transfer matrix in

Figs. 2(b,c). We use this transfer matrix to emulate the transformation of the input quantum state composed

of orthogonally H- and V-polarized entangled photons. We visualize the output two-photon states by pairs of

same-color points on the Poincaré sphere in Fig. 2(d), where the colors correspond to different metasurface

orientation angles and the arrows point to the output state at zero rotation. We see that the non-trivial trans-

formation delivers a tailored change of relative angle [Fig. 2(d)], which indicates the flexible entanglement

control.

Discussion. We anticipate that a fundamental capacity of polarization-entangled state transformation through

tailored non-Hermitian operations will further extend the scope of ultra-thin meta-optical elements for quan-

tum photonics with unprecedented flexibility for various applications from quantum imaging to communica-

tions.

References
[1] K. Wang et al, “Quantum metasurface for multi-photon interference and state reconstruction,” Science 361,
1104 (2018).

[2] S. Lung et al, “Complex-birefringent dielectric metasurfaces for arbitrary polarization-pair transformations,”

arXiv:2006.16559 (2020).
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Quantum states with negative Wigner functions are useful resources for quantum computing. In this work, we

compare the Wigner negativity of a stabilized state in a nonlinear cavity and its corresponding output field.

The output field from a continuously driven linear parametric oscillator may exhibit considerably more squeez-

ing than the intracavity field. Inspired by this fact, we explore the nonclassical features of the steady-state output

field of a driven nonlinear Kerr parametric oscillator (KPO).

The KPO is currently of interest in the quantum computing commmunity since it can be used to generate non-

classical states of light, such as cat states. However, when subject to single-photon losses, it has been shown that

the steady-state cavity field of the KPO is a classical state, despite the nonlinearity of the system.

Here, we study the steady-state output field using a temporal wave packet mode description. We find that

although the cavity steady-state is Wigner positive, the output may exhibit Wigner negativity, depending on the

properties of the selected mode.
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Quantum-enhanced optical systems operating within the 2-2.5 µm spectral region have the potential to revo-

lutionize emerging applications in communications, sensing and metrology. However, until now, sources of

entangled photons have been realized mainly in the near-infrared 700–1550 nm spectral window. Above 2 µm

lies an atmospheric transparency window with nearly one-third of the solar blackbody radiation as what is

typical at telecom wavelengths. There is, therefore, a growing interest to deliver sources and detectors operat-

ing in this wavelength range for free-space optical communications and in emerging fields of high-sensitivity

metrology, specifically, gravitational wave detection [1,2]. Here, using a 130 fs pulsed laser at wavelength 1.05

μm to pump custom-designed non-linear crystals for spontaneous parametric down-conversion (SPDC) process

and tailored superconducting nanowire single-photon detectors (SNSPD), we demonstrate for the first-time two-

photon quantum interference and polarization entanglement in the mid-infrared, at � 2.1 μm.

In order to demonstrate these key building blocks of quantum technologies, we used a custom-designed Type-0

phase-matched 1 mm-long MgO-PPLN down-conversion crystal optimised for collinear generation of photon

pairs at the degeneracy wavelength of 2090 nm before being coupled into tailored SNSPD’s [3]. A graphical

representation of the experimental setup is shown in Figure 1 (a). An important figure of merit for correlated-

photon-pair sources is the coincidence-to-accidental ratio (CAR). Figure 1 (b) shows the coincidence measure-

ment with a peak at zero delay and a maximum CAR of 180 ± 50 at ~3 mW of input pump power. To investigate

the quality of indistinguishability of the generated photons, signal and idler photons are injected into the two

input ports of a 50/50 beam splitter and the characteristic Hong-Ou-Mandel (HOM) dip of visibility of 88.1% is

shown in Figure 2 (a) demonstrating photon indistinguishability via two-photon interference.

Also, we show entanglement using a test of the violation of the CHSH-Bell inequality S ≤ 2 which involves

polarization-correlation measurements (see Figure 2 (b)) between the signal and idler photons from Type II

down-conversion in a custom MgO-PPLN crystal. For our source, we determined the Bell parameter to be S =

2.20 ± 0.09 > 2, clearly demonstrating entanglement [4]. This is, to the best of our knowledge, the first measure-

ment of entanglement in the mid-infrared spectral region.
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Introduction – Among certification techniques, those based on the violation of Bell inequalities are appealing

because they do not require assumptions on the underlying Hilbert space dimension and on the accuracy

of calibration methods. Such device-independent techniques have been proposed to certify the quality of

entangled states, unitary operations, projective measurements following von Neumann’s model and rank-one

positive-operator-valued measures (POVM). Here, we show that they can be extended to the characterization

of quantum instruments. This allows us to certify a large class of quantum processes including quantum

memories.

Methods – We present a two-step protocol that allows to put a bound on the channel fidelity F of a can-

didate quantum instrument. Our method uses measurements on an entangled system to identifies local bases

in which the candidate quantum instrument can be compared to an ideal instrument (see attached Fig. (a)).

The fidelity is then bounded from the values of two observables betaˆi and betaˆo observed respectively in

each step of the protocol.

Results – Applying our method to a one-qubit quantum memory, we obtain a lower bound on the fidelity of the

memory as a function of two Bell inequality violations (see attached Fig. (b)). This fidelity has an operational

meaning as it bounds the worst case effect that can happen with the candidate memory is used in place of a

perfect quantum memory.

Discussion – Quantum memories play a fundamental role in both quantum networks and quantum computing,

and they are a key element for scalable quantum technologies. Their characterization is thus of central impor-

tance. We present a method that can guarantee the proper working of a quantum memory independently of

its envisioned usage. In particular, our method is device-independent and therefore it is compatible with the

requirements of quantum cryptography. The robustness of our method also ensures that is can be readily used

in present-day experiments.
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Introduction. Imagine that we are given a quantum device whose internal working is unknown to us and our

task is to verify whether this device operates on the promised quantum state and performs the promised quan-

tum operations on it, without opening this device, and thus destroying it. A possible way to tackle this problem is

self-testing [1], which is a device-independent certification method, allowing to make statements about quantum

devices only from the statistical data these devices generate. In recent years there has been a wave of results

presenting self-testing protocols for various composite quantum systems and measurements. In particular, in

[2], exploiting the results of [3], self-testing for any pure entangled bipartite state was proposed. This method is,

however, based on the violation of many two-outcome Bell inequalities such as the CHSH [4] or the tilted CHSH

ones, and it remains a highly nontrivial problem to propose certification scheme of d-dimensional quantum

states based on a violation of a single d-outcome Bell inequality that uses genuinely d-outcome measurements.

Results. Here we address the above problem and propose a self-testing protocol for the maximally entangled

state of any local dimension and the well-known CGLMP measurements [5]. Our result exploits a genuinely d-

outcome Bell inequality proposed recently in [6] to be a generalization of the CHSH Bell inequality to scenarios

involving any number of measurements and outcomes. To this aim, we exploit the sum of squares decomposi-

tion of this Bell inequality and show that up to local isometries the state and measurements maximally violating

this Bell inequality is the maximally entangled state of two qudits and the CGLMP measurements.

Discussion. We propose the first, to the best of our knowledge self-testing statement for quantum systems of ar-

bitrary local dimension ‘d’ that does not rely on self-testing results for qubit states. Apart from being interesting

from the fundamental point of view, that our self-testing result establishes unbounded randomness expansion

from quantum correlations, that is, the maximal quantum violation of the Bell inequality [6] certifies log(d) of

perfect randomness, while it requires one random bit to encode the measurement choice.

Article available at: arXiv:1909.12722

References [1] Proc. 39th Ann. Symp. FOCS, 503 (1998). [2] Nat. Comm. 8, 15485 (2017). [3] Phys. Rev. A 87,

050102(R) (2013). [4] Phys. Rev. Lett. 23, 880 (1969). [5] Phys. Rev. Lett. 88, 040404 (2002). [6] Phys. Rev. Lett.

119, 040402 (2017).
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A quantum state is shared by two parties— Alice and Bob. The state of Alice is correlated

to the state of Bob but not the state of Bob with that of Alice —sounds as absurd as the statement like:

Alice is married to Bob but Bob is not. The violation of the present description of local hidden state (LHS)

model sometimes predicts exactly that. There are states for which Alice can steer Bob but Bob cannot steer

Alice. Is it then possible to find an alternative and improved local hidden state model for which such scenarios

do not

arise?

The situation arises primarily because of the game considered in the description of local hidden state model.

We consider two parties— Alice and Bob. Alice prepares

a bipartite state. A part of which she sends to Bob and keeps the other part with her. Alice claims, she can steer

his state and his state is entangled with her. Bob does not trust Alice. Bob comes up with a strategy to verify her

claim by constructing the steering inequality based on the LHS model.

As it can be observed, the game is asymmetric by construction. A symmetric scenario would be, where Alice

(A) and Bob (B) both receives quantum states from an unknown source (S). They do not trust each-other and

the source. Therefore, they would like to come up with an effective strategy to verify whether they have EPR-

correlations between their particles or not.

We consider two spacially separated parties receiving quantum states from an unknown source and introduce

symmetric hidden state (SLHS) model for such scenario. A completely new form of nonlocality emerges from

the model. Our model provides the tightest entanglement witness method for two device-independent/trust-less

parties, making it a better alternative to the Bell inequality for self-testing and other device-independent proto-

cols. A generalized isotropic state of dxd dimension is steerable for $p >\frac{\sum_{r=2}ˆ{d}\frac{1}{d}}{d-

1}$ and entangled for $p > \frac{1}{d+1}$, whereas our method predicts the bound of EPR-correlation for

$p>\frac{1}{d}$.

We also propose an experiment to show the experimental violations of our inequalities. A resource theory of

the new form of non-locality is also discussed.
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Introduction

We formally introduce and experimentally demonstrate an ultrafast optical quantum randomness generator

(QRG) that uses a totally untrusted photonic source1. While considering completely general quantum attacks,

we certify randomness at a rate of 1.1Gbps with a security parameter of 10-20. Our security proof is entirely

composable, hence the generated randomness can be utilised for arbitrary applications.

Methods
We certify quantum randomness generated by an optical beam splitter for which one input field is the vac-

uum and the other is completely unknown (Fig.1). Certification was carried out in real-time using an additional

vacuum mode to tap off part of the unknown light source into mode C prior to the randomness generation in

mode R. A test is applied to the output of detector C with the protocol aborting if the result lies outside a range.

Upon passing the test, our knowledge of the detectors allows us to obtain a certificate that the photon number

in mode R was within a certain range except with some failure probability, εfail . Minimising the conditional

quantum min-entropy over all states within this range, yields a certified lower bound on the generated ran-

domness. The experimental setup is displayed in Fig.2 and consists of a fully fibre-connected architecture with

commercially available components.

Results
In Fig.3, a comparison is shown between the experimentally estimated raw min-entropy/sample, various device-

dependent min-entropy models and our source-independent approach. It is clear that the claimed level of

randomness critically depends on what assumptions are made. While our value is roughly half the device-

dependent rate, we argue that this is an attractive compromise of substantial bitrates with the addition of

source-independent security.

Discussion

A practical quantum random number generator (QRNG) must balance security with ease of implementation,

achievable bitrate, durability and cost. Recently, partially device-independent (DI) protocols have emerged as

an appealing solution, intermediate between fully trusted and fully DI schemes. Our device is fast, robust, cheap

and also composably secure - a feature not enjoyed by any DI QRNG’s or recent works utilising similar optical

devices2. The only comparably secure prior work3 reported a randomness rate of ~5 Kbps. In summary, we

presented and experimentally implemented a QRG based on the quantum nature of untrusted light, achieving

state-of-the-art bitrates whilst providing a rigorous security analysis.

References
1Drahi, D., et al. (2019) arXiv:1905.09665
2Marangon, D. G., et al. (2017) PRL, 118, 060503
3Cao, Z., et al. (2016) PRX, 6, 011020
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Randomness is a fundamental feature of quantum mechanics, which is an invaluable resource for both classical

and quantum technologies. Practical random number generators (QRNG) are deeming to be trusted. However,

their secrecy can be jeopardized in case of imperfections or malicious external actions. In this work, we present

a scheme for a semi device-independent QRNG that guarantees security and speed in the generation. Compared

to the fully device-independent(DI) models, this protocol requires only an additional assumption that the over-

lap of the prepared states is bounded. The advantage of heterodyne detection over alternative implementations

that exploit discrete variable or homodyne detection is increased speed and enhanced resilience with respect

to phase fluctuations. In particular, our system does not require an active phase stabilization, and the phase

tracking is done via software, greatly simplifying the experimental implementation.

The experiment scheme is based on a prepare-and-measure scenario, as shown in FIG. 1, preparation box has

two inputs x � {0, 1} which can send two different and unknown quantum states |ψ0� and |ψ1� which are two

coherent states (|ψ0� = |α�, |ψ1� = −|α�). The Measurement part instead has a single measurement (heterodyne

detection) with two respective outcomes b � {0, 1}. The central assumption of this protocol is the overlap between

the two states |�ψ0 | ψ1�| which is lower bounded by value δ. If δ � {0, 1}, the two states are not orthogonal,

and they cannot be deterministically distinguished. This also implies that there is no way for the Eavesdropper

(Eve) to perfectly predicts the outcome of the measurement. Indeed, even if Eve performs optimal unambiguous

state discrimination (USD), some of the measurements will be inconclusive, leading to a non-null randomness

generation. After running the protocol for few times, conditional probabilities p(b|x) can be calculated. The

conditional min-entropy is used to bound Eve’s quantum side information (E). For estimating the amount of

extractable (secure) random numbers, we calculate a lower bound on the conditional min-entropy. Lastly, the

conditional min-entropy is optimized with a numerical method, so-called semidefinite programming (SDP). We

derived and optimized both primal and dual SDP codes for this problem; the results are shown in FIG 3.

Our QRNG features all-fiber setup and obtains randomness generation rates in the order of tens of MHz, hence

tantamount to commercial QRNGs. In the final analysis, the extracted random numbers passed all the NIST and

ENT randomness tests.

Fig1.png Fig2.png
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Many-body entanglement is the basis of the fundamental quantum advantage potentially offered by future

devices, such as many-body quantum sensors, quantum processors and quantum simulators. A scalable and

robust certification of entanglement is therefore central to the assessment of quantum devices. The most reli-

able approach in this context is the device-independent one, relying uniquely on the input settings and on the

output of the quantum device, and fundamentally based on the violation of Bell inequalities.

Devising relevant Bell inequalities which are violated by entangled many-body quantum states is generically

considered to be a hard problem, scaling exponentially in the number of degrees of freedom. Here we present a

variational algorithm which, given a set of quantum data (typically correlation functions for the output elements

of the quantum device), builds explicitly the local-variable theory by solving a so-called “inverse Ising problem”,

namely by finding the best approximation to the quantum data via the Boltzmann equilibrium state of an Ising

model (in the case of binary outputs - easily generalizable to other classical statistical physics models in the case

of richer outputs). If the local-variable theory fails to reproduce the quantum data within their precision, then

the method outputs explicitly the Bell inequality which is maximally violated by a linear combination of the

quantum data, thereby detecting non-locality. This data-driven approach has by construction a computational

cost scaling polynomially with system size, and it is therefore fully scalable. We demonstrate its effectiveness

by discovering new Bell inequalities violated by paradigmatic quantum states with an arbitrary number of

qubits, of central relevance for the quantum simulation of quantum magnetism — namely the low-temperature

states of quantum Heisenberg antiferromagnets in arbitrary spatial dimensions [see I. Frérot and T. Roscilde,

arXiv:2004.07796 (2020)].
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As quantum computational power increases, the key challenge is to demonstrate the quantum computational

advantage that a given quantum device has over a classical one (‘quantum supremacy’). An essential aspect

of this problem is how to verify a claimed quantum advantage, i.e. how to show that the device is truly

outperforming a classical computer. Since a no-go theorem [1] forbids sample-efficient, device-independent

verification, the way forward is to construct a reasonable error model of a device, and demonstrate how to

measure the parameters of that model.

In this work, we accomplish this for boson sampling [2], where the task is to sample from the output distribution

of photons in a large linear optical network in the number basis. For boson sampling, the issue of finding ver-

ification strategies became pressing with the advent of the first boson sampling experiment where brute force

strategies are impractical [3]. The strongest theoretical limits known on the permissible amount of noise come

from a series of pseudoprobability distributions which efficiently approximate the true output distribution of

a boson sampler in the presence of noise [4 5].

We show that the level of imperfections in a boson sampler can be reconstructed from just a sparse set of

samples using maximum likelihood. We use this method to find the level of the various noise sources which are

present in a data set that was generated on the same experimental apparatus as reported in [3]. Consistent with

earlier theoretical work [5] we find that the experimental imperfections compound, meaning that they can be

represented as a single quantity to which all imperfections contribute.

We express the level of noise in our boson sampler as an effective value of the mutual photon distinguishability,

which is one of the key sources of noise. Our work can be understood as an extension to the multiphoton case

of the use of the Hong Ou Mandel effect to measure the quality of single photon sources. Our method gives a

complete strategy to test whether a given boson sampling experiment possesses the required level of quality to

demonstrate a quantum advantage.

[1] Hangleiter et al, Phys. Rev. Lett 122, 210502 (2019)

[2] Aaronson, Arkhipov, Theory Comput. 9, 143 (2013).

[3] Wang et al., Phys. Rev. Lett. 123 250503 (2019).

[4] Renema et al., Phys. Rev. Lett. 120, 220502 (2018).

[5] Renema, et al, arXiv:1809.01953 (2018).
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Photonic quantum memory is the core element in quantum information processing (QIP). For scalable and con-

venient practical applications, great efforts have been devoted to the integrated quantum memory based on

various waveguides fabricated on solids. However, on-demand storage of qubits, which is an essential require-

ment for QIP, is still challenging to be implemented using such integrated quantum memory. Here we report

the on-demand storage of time-bin qubits in an integrated quantum memory, i. e., a femtosecond-laser micro-

machining (FLM) type IV waveguide in a Eu3+:Y2SiO5 crystal, utilizing the Stark-modulated atomic frequency

comb protocol. A qubit storage fidelity of 0.99 is obtained with single-photon level input, far beyond the high-

est fidelity achievable using the classical measure-and-prepare strategy. The developed integrated quantum

memory with the on-demand retrieval capability, represents an important step towards practical applications

of integrated quantum nodes in quantum networks.

215



Quantum Technology International Conference

Atomic Frequency Comb Memory in a Room Temperature
Alkali Vapour

Oral - Abstract ID: 284

Dr. Patrick Ledingham 1, Mr. Dougal Main 1, Dr. Khabat Heshami 2, Mr. Thomas Hird 1, Prof. Ian
Walmsley 3

1. The University of Oxford, 2. NRC, 3. QOLS, Blackett Laboratory, Imperial College London, London, SW7 2AZ, UK

Introduction: Quantum memories for light provide a crucial capability - enabling the deterministic syn-

chronisation of probabilistic processes associated with quantum constituents within a large-scale network.

Applications include remote entanglement synchronisation by quantum repeating for quantum communica-

tion and local sync for photonic cluster state generation for quantum computation. Such applications impose

strict requirements on the properties of the quantum memory, such as storage time, retrieval efficiency,

bandwidth, and scalability. Off-resonant ladder protocols in warm alkali vapour platforms are promising [1,2],

combining efficient high-bandwidth operation with low-noise on-demand retrieval. However, the storage time

is limited by motion-induced dephasing associated with the broad velocity distribution of atoms comprising

the vapour. We solve this issue by velocity selective pumping of a room temperature caesium vapour and

perform the atomic frequency comb (AFC) memory protocol [3].

Methods: Narrowband (<1MHz) 852nm and 895nm lasers are used to prepare multiple velocity classes in the

F=4 hyperfine ground state of caesium. The frequency spacing of the classes is chosen to coincide with the F’=4

to F’=5 hyperfine splitting of the 6P_{3/2} excited state resulting in a broadband periodic absorbing structure.

Weak coherent states of duration 2ns are prepared with pulse carving techniques to be mapped into this AFC.

Results: Figure 1 shows the 2 different spectra of the caesium with and without the AFC preparation,

demonstrating clear comb structure with peak widths down to 40MHz, an order of magnitude narrower

compared to the Doppler-broadened line of around 500MHz, with a peak optical depth of around 1. Figure

2a shows the storage and retrieval of a 2ns pulse with pre-programmed recall times of 8ns and 12ns with

an efficiency of around 7% and 3% respectively. Finally, we demonstrate the multimode nature of the AFC

quantum memory [3] by storing 2 temporal modes with no detriment to the total efficiency (Figure 2b).

Discussion: This is the first demonstration of the AFC quantum memory protocol in a warm alkali vapour. En-

hancements of the optical depth and the preparation of the comb will see improvements in the overall efficiency.

Our experimental techniques pave the way for addressing the issue of Doppler dephasing in off-resonant ladder

quantum memory protocols in warm vapours.

[1] K. T. Kaczmarek, et al. Phys. Rev. A, 97:042316, (2018).

[2] Ran Finkelstein, et al., Science Advances, 4:eaap8598, (2018)

[3] M. Afzelius, et al., Phys. Rev. A, 79:052329, (2009)
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Introduction:

Color centers in silicon carbide (SiC) have been demonstrated as promising physical platforms for quantum

information processing. SiC is a well-known semiconductor material with well-developed device fabrication

protocols and inch-scale growth. Recently, silicon vacancy defects in SiC become a favorable system for quan-

tum technology due to their unique properties such as photostability and long spin coherence time at room

temperature.

Methods:

We generate shallow silicon vacancy defects by implanting hydrogen, helium and carbon ions on the surface

of the sample, respectively. For the demonstration of a generated single silicon vacancy array, we use electron-

beam lithography to make 50+/-10 nm diameter arrays on a 200 nm PMMA layer, which are deposited on the

SiC surface by spin coating. We further use reactive ion etching to precisely control the depths of the ion im-

plantation induced shallow silicon vacancy defects. The photoluminescence and spin properties of the defects

are characterized by using a home-built confocal microscope combined with a microwave system.

Results:

The conversion efficiency of a silicon vacancy of helium ions is shown to be higher than that by carbon and

hydrogen ions in a wide implanted fluence range. After optimizing the annealing conditions, the conversion

efficiency can be increased more than 2 times. The single silicon vacancy array can be generated with a high

conversion efficiency of about 80%. We further obtain a slow and stable etching rate of about 5.5 nm/min. The

PL and spin properties of the generated defects are stable, even after the etching process.

Discussion:

The high conversion efficiency of generated defects would lead to little residual radiation damage, which can

prolong the coherence time of defect spins and is useful in quantum information processing and quantum sens-

ing. The etching method can be used to prepare a single silicon defect in SiC with specific depth and to combine

the nanostructures to enhance the extraction efficiency of single photons.
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Introduction
For several years now, rare-earth-doped crystals have been identified as promising candidates for solid-state

quantum memories. In the bulk state, these materials show extremely long optical and spin coherence times,

around the millisecond [1] and several hours respectively [2]. They are in addition adapted to multi-mode

storage [3]. The recent demonstrations of long optical and spin coherence times [4] in rare-earth nanoparticles

open new perspectives for these materials with the possibility of developing nanoscale quantum memories

which can be coupled to other quantum systems, forming novel quantum devices.

In the present work, we use the Stark echo modulation memory (SEMM) protocol to show optical storage in rare-

earth-doped nanoparticles of 100 nm size. This protocol, first demonstrated in bulk Eu3+:Y2SiO5 [6], uses weak

electric pulses for introducing phase-shifts to annihilate and recover photon echo signals on demand. This

allows emitting the echo in a non-inverted medium, preventing fluorescence noise, which is a fundamental

requirement at the single-photon level. SEMM is also suitable for broadband storage.

Methods
The SEMM protocol was applied to Y2O3:Eu3+ nanoparticles (0.3 % at.) of 100-nm average diameter and optical

T2 of 6 µs. Those were grown by homogeneous precipitation and treated with high-temperature annealing and

under O2 plasma. Ensembles of particles in powder form were placed between two transparent electrodes and

introduced within a He bath cryostat for optical experiments.

Results and discussion
Prior to the optical storage demonstration, an effective Stark coefficient of 50 kHz V-1cm was measured in the

Y2O3: Eu3+ nanoparticles. The SEMM protocol was then implemented for the simultaneous storage of two optical

input pulses, detuned by 3 MHz with respect to each other.

The protocol is then demonstrated by showing the annihilation of the primary echoes after the first electric

pulse, followed by their recovery after the second electric pulse. Secondary echo signals were detected up to

40 µs (Figure 1). These experiments are, to our knowledge, the first measurements of the Stark effect and on-

demand, frequency-multiplexed, optical storage in a rare-earth-doped nanomaterial.

[1] T. Böttger et al., PRB 73, 075101 (2006).

[2] M. Zhong et al., Nature 517, 177 (2015)

[3]M. Afzelius et al., PRA 79, 052329 (2009).

[3] J. G. Bartholomew et al. Nano Lett. 17, 2 (2017)

[4] D. Serrano et al. Nat. Commun. 9, 2127 (2018).

[5] A. Arcangeli et al. PRA 93, 062303 (2016).
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Photons are likely to become a key element in future quantum networks as they are well suited as carriers

of quantum information. For all processes involving interference such as optical Bell state measurements, a

high purity of the quantum state is required. Therefore, the temporal degree of freedom of the photon wave

packet needs to be thoroughly controlled. In this work [1] we present an experimental and theoretical treatment

of controlling the time-dependent complex-valued wave function of a single photon. Exploiting the quantum

memory scheme described in reference [2], which is based on a single atom trapped in a high-finesse optical

cavity, we demonstrate absolute control over both the amplitude and the phase of the temporal mode function

of a single photon. The temporal evolution of amplitude and phase is measured with respect to a coherent laser

[3], which serves as a network-scale reference. Therefore, our scheme is suitable for sending certified photons

between network nodes. Furthermore, we show that our system can serve as a mode converter which is able

to stretch or compress the temporal mode of a photon by three orders of magnitude. For connecting quantum

systems operating on different physical platforms this feature is of major importance as it can be used to mediate

between different temporal modes.
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Quantum non-Gaussian states and highly nonlinear quantum operations are key resources for advanced quan-

tum technology and applications in quantum sensing and metrology, quantum communication and ultimately

quantum computing with large information capacity. This territory is challenging for investigation, both the-

oretically and experimentally. After a brief introduction to quantum non-Gaussian physics, we will present

recent theoretical and experimental activities in quantum non-Gaussian optics and mechanics: (i) faithful loss-

tolerant hierarchy of quantum non-Gaussianity for multiphoton generation and its experimental verification

[Phys. Rev. Lett. 123, 043601 (2019)], (ii) proposals of the generation of quantum non-Gaussian states with the

nonlinear squeezing of light [New J. Phys. 21, 063018 (2019)] and mechanics [New J. Phys. 21, 113050 (2019)],

(iii) recent experimental result on the accumulation of quantum non-Gaussianity of single-atom mechanical os-

cillators [submited] and (iv) extension of such methods for atomic ensembles using mechanical oscillators [npj

Quantum Information 6, 4 (2020)]. The talk will conclude with the next challenges in theory and experiments

with light, mechanical oscillators and superconducting circuits to stimulate discussion and further development

of this field.
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We show that postselection offers a nonclassical advantage in metrology. In every parameter-estimation ex-

periment, the final measurement or the postprocessing incurs some cost. Postselection can improve the rate of

Fisher information (the average information learned about an unknown parameter from an experimental trial)

to cost. This improvement, we show, stems from the negativity of a quasiprobability distribution, a quantum

extension of a probability distribution. In a classical theory, in which all observables commute, our quasiprob-

ability distribution can be expressed as real and nonnegative. In a quantum-mechanically noncommuting the-

ory, nonclassicality manifests in negative or nonreal quasiprobabilities. The distribution’s nonclassically neg-

ative values enable postselected experiments to outperform even postselection-free experiments whose input

states and final measurements are optimized: Postselected quantum experiments can yield anomalously large

information-cost rates. We prove that this advantage is genuinely nonclassical: no classically commuting the-

ory can describe any quantum experiment that delivers an anomalously large Fisher information. Finally, we

outline a preparation-and-postselection procedure that can result in an arbitrarily large Fisher information. In

collaboration with Aephraim Steinberg’s quantum-optics group, we are currently conducting an experiment to

demonstrate this result.

arXiv: https://arxiv.org/pdf/1903.02563.pdf
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Introduction
We experimentally demonstrate an entirely new entanglement-generation framework, where the structure of

the entangled state of photons is not limited by the photon-generating physical process, but is defined by the

geometry of the experimental setup. Such a framework, known as entanglement by path identity, exhibits a

high degree of customizability. Both multi-dimensional and multi-partite entangled states can be created this

way. Moreover, a large class of states can be produced with no need for post-selection and generalizations of

the framework to various degrees of freedom are possible.

Using one specific geometry of the setup we built a source of high-dimensionally entangled photon pairs. This

source of photons has a modular structure, is scalable to arbitrarily high dimension and does not require post-

selection to prepare a quantum state.

Methods
The design of the source follows the pattern shown in Figure 1. Multiple non-linear crystals are arranged in a

linear fashion, all of them collectively producing pairs of photons via SPDC. Due to the overlap of photons’ prop-

agation paths and mutual indistinguishability of SPDC processes, photon pairs are created in a customized state

of their orbital angular momentum (OAM). One has absolute freedom to tune local phases as well as magnitudes

of complex coefficients in the quantum state.

Results
The experimental setup, consisting of a linear arrangement of three non-linear crystals embedded in two

actively-stabilized interferometers, see Figure 2, produces states of photon pairs of the form: a|0,0>+b|2,2>+c|-

2,-2>. We present our control over coefficients a, b, and c by producing several maximally entangled states and

a state very similar to the one maximizing three-dimensional Bell inequality. By employing not three, but only

two crystals in the setup, also two-dimensional states of OAM can be produced.

Discussion
High-dimensional entanglement is an intensively studied quantum-informational resource that finds applica-

tions in many quantum algorithms as well as cryptographic schemes. The generation of high-dimensional entan-

gled states of photons nevertheless suffers either from low-rate production or from impossibility of customizing

the form of the state.

We demonstrated the creation of three-dimensionally entangled states of photons and showed how to incremen-

tally increase the dimensionality of entanglement. The generated states retain their quality when we increase

the dimension from two to three and suggest that no significant decrease should take place even in higher di-

mensions. Our approach allows for customized production of entangled states and promises high brightness of

the source.
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Universal optical interferometers – devices capable of performing arbitrary linear transformations – are indis-

pensable in many fundamental and applied areas, especially those related to classical and quantum photonic

information processing. Most of the methods used today to construct universal interferometers are based on

planar meshes of tunable two-channel blocks, however, the schemes turn out to be sensitive to fabrication er-

rors. In our work we propose a novel architecture of universal interferometers that is extremely robust to

fabrication errors in real world devices and may be straightforwardly applied to large scale programmable op-

tical interferometers for classical and quantum information processing. Our architecture is based on a novel

method for matrix decomposition using layered structures consisting of variable diagonal phase shifting layers

and static layers [1], which is depicted in Fig. 1. Interestingly, we have found that for the depicted scheme to

be universal one can choose the transfer matrices of the static blocks Vˆ{(m)} virtually arbitrary, as the set of

“good” matrices allocate almost all matrix space. As a result, such decomposition is robust to errors, to which we

give strong numerical evidence. This makes the interferometer architecture favorable for realization by virtu-

ally any fabrication process and scheme topology, therefore, it can be beneficial for large-scale implementations

of unitary transformations by techniques, which are not of wide proliferation today or yet to be developed.

Fig. 2 illustrates the typical dependence of infidelity of total transformation 1-F as a function of parameter α

that quantifies the effect of errors (see [1] for more details). Also, the dependence of infidelity 1-S between

the transfer matrices of the blocks V(m) imposed by the errors are also drawn in the figure. The solid curves

correspond to the average over 300 randomly generated target matrices to be implemented by the scheme; the

lower and upper bounds of the shaded regions are the averages of the 10 worst and best infidelities, respectively.

As can be seen from the figure, the dependence of infidelity for the whole transformation has a clear threshold

behavior, namely, it stays on the constant level of accuracy of the numerical algorithm as far as α does not

exceed value ≈0.5. The dependence witnesses of the robustness of our universal interferometer architecture to

the errors.

1. M.Yu. Saygin et al., arxiv:1906.06748 (2019) (to be published in PRL).

Fig 1.jpg

Fig 2.jpg
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Introduction. It is known that the larger optical cat states are, the faster they loose their coherence properties

and purity when coupled to a thermal bath and the harder their interference fringes are to detect. Their ”size”

is therefore a good gauge for their quantum nature. The question arises how these observations generalize to

arbitrary pure or mixed states of a Bosonic field.

Results. In [1], we define to that end for every state of a Bosonic field its quadrature coherence scale (QCS):

this is a measure of the scale on which its quadrature coherences live. For cat states the QCS is directly related

to their ”size.” We then establish three results. First, the rate at which any pure or mixed state looses its co-

herence and purity is proportional to its QCS. Second, we show that the QCS is harder to measure if it is larger.

Finally, we show the QCS coincides with a previously introduced optical nonclassicality witness, the so-called

operator ordering sensitivity [2]: a large QCS therefore implies a strong optical nonclassicality. These results

together imply a close quantitative link between optical nonclassicality and purity loss through environmental

decoherence and they suggest that the QCS is a good candidate measure for the somewhat elusive concept of

macroscopic quantum coherence.

Beyond coherence and optical nonclassicality, entanglement is a third distinct typically quantal property of

multimode states. The question arises how they are related. In [3] we bound entanglement measures such as

the entanglement of formation and the logarithmic negativity from above by nonclassicality measures such as

the total noise monotone and the QCS for Gaussian and non-Gaussian states.

Method. The QCS can be expressed in terms of the Wigner function or the characteristic function of the state,

making it amenable to both experimental determination through tomography and to computation. Coupling the

field to a thermal bath with a master equation in Lindblad form, the evolution of the QCS can thus be determined.

Discussion.There is considerable interest in the study and experimental realization of non-Gaussian entangled

states. The QCS could prove a useful tool in evaluating the quantal nature of such states.

[1] A. Hertz and S. De Bièvre, Phys. Rev. Lett. 124, 090402 (2020)

[2] S. De Bièvre, D. Horoshko, G. Patera, M. Kolobov, Phys. Rev. Lett. 122, 080402 (2019)

[3] A. Hertz, N. Cerf, S. De Bièvre, Phys. Rev. A, to appear.
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For decades parametric down-conversion (PDC) has been one of the main sources to generate nonclassical states

of light. In this process, the pump wave propagating through the nonlinear crystal can generate two photons

which are correlated both in space and in time. In the normal group velocity dispersion (GVD), PDC type-I has a

specific X-shaped wavelength-angular spectrum [1]. It has been demonstrated that when the degenerate wave-

length for this process coincides with the zero-dispersion wavelength of the medium and beyond this limit, the

wavelength-angular spectrum becomes ring-shaped for the noncollinear nondegenerate case and it is restricted

in both angle and wavelength [2]. Accordingly, the first- and second-order correlation functions of PDC display

a coupled spatiotemporal dependence. In particular, the reduction of coherence due to the time delay can be

compensated by the spatial displacement and vice versa [2].

In our work we experimentally study the coupled spatiotemporal coherence for high-gain PDC in the anomalous

regime of GVD for the noncollinear nondegenerate case. The source is a BBO nonlinear crystal pumped by a

Ti:Sapphire laser (800nm, 1.6 ps, 0.5 mJ), generating PDC around 1600nm. The experimental setup is based in

a modified Mach-Zehnder interferometer, which allows us to control precisely and simultaneously both time

and space variables to measure the correlation functions in the near field.

The first- and second-order correlation functions are peak-shaped in the centre of the distribution (trivial case

for the zero-time delay and zero space shift) surrounded by weaker rings where the coupled coherence is ob-

served. The size of these rings can be controlled by tuning the phase matching. In consequence, it is possible

to obtain different times and radiuses of coherence, which scale of 20 fs and 50 um (even less), respectively.

Particularly for the high-gain regime, the peak in the centre is remarkably narrow, indicating extremely short

correlation time and distance. At low gain, it is possible to eliminate the peak, so that correlated photons are

either time-delayed or space-shifted.

The broadband spectrum, the ability to control its temporal and spatial features experimentally, and the very

small correlation time and distance are very useful tools for two-photon absorption and nonlinear spectroscopy

applications [3].

[1] O. Jedrkiewicz, et al. Physical Review A 76, 033823 (2007)

[2] K. Yu.Spasibko, et al., Optics Letters 41, 2627 (2016)

[3] B. Dayan et al. Physical review letters 94. 4, 043602 (2005).
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A crucial milestone in the field of quantum simulation and computation is to demonstrate that a quantum de-

vice can perform certain tasks that are impossible to reproduce by a classical computer with any reasonable

resources. Such a demonstration is referred to as quantum supremacy. One of the most important questions

is to identify setups that exhibit quantum supremacy and can be implemented with current quantum tech-

nology. The two standard candidates are boson sampling and random quantum circuits. Here, we show that

quantum supremacy can be obtained in generic periodically-driven quantum many-body systems. Our anal-

ysis is based on the eigenstate thermalization hypothesis and strongly-held conjectures in complexity theory.

To illustrate our work, we give examples of simple disordered Ising chains driven by global magnetic fields

and Bose-Hubbard chains with modulated hoppings. Our proposal opens the way for a large class of quantum

platforms to demonstrate and benchmark quantum supremacy.

https://arxiv.org/abs/2002.11946
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Quantum computing machines have now entered a regime where tasks that were intractable on classical hard-

ware can be solved. However, computational errors in such devices are still prohibitive for scaling to hundreds

of good quality qubits.

In photonics, towards the achievement of a scalable platform for fault-tolerant universal quantum computing

the reconfigurable generation of large entangled states is needed. These states can provide a flexible archi-

tecture which can naturally embed error-correction and be therefore useful for real applications in error-full

scenarios.

Here we propose and experimentally demonstrate a novel integrated silicon photonic architecture that both

entangles multiple photons and encodes multiple physical qubits on individual photons to produce error-

correctable logical qubits. We realise reprogrammable entangled states for measurement-based quantum com-

puting and compare a wide range of quantum information processing tasks with and without error correction.

Moreover, we show the effectiveness of error correction codes in quantum applications, such as the quan-

tum phase estimation protocol, observing a significant success rate increase when running algorithms with

error correction. We do it on an integrated silicon photonic platform which provides, fast-reconfigurable, high-

precision, compact and mass-manufacturable circuitry, able to process up to eight qubits. This represents a

record number for reconfigurable on-chip generated photonic qubits.

Figure 1 shows our silicon chip (a) embedding the photonic circuit (b) for the generation and processing of eight-

qubit entangled states via the use of multi-photon high-dimensional entanglement. A reconstructed entangled

state of four photons, with each photon representing a four-dimensional qudit is shown in (c). Fidelities for

different classes of entangled graph states that can be generated reconfiguring the circuit are shown in Figure

1.d. Figure 2.a shows measurement-based single-qubit processes using an entangled state of physical (left) and

logical (right) qubits. Figure 2.b shows MBQC single-qubit gates reconstructed via quantum process tomography

using the physical and logical encodings. Associated process fidelities are shown on the right, showing a fidelity

enhancement in the logical case. Results for a measurement-based quantum phase estimation implementation

using physical (black) and logical (blue) resource states are shown in Figure 2.c. Red bars represent errors in

inferring phases. Success probability improves to 96\% in the logical case compared to 62\% for the physical

case.

Our results show how quantum error correcting schemes can provide advantages not only for fault-tolerant

machines, but also for near-term applications on pre-fault-tolerant devices implemented with resource-efficient

photonic architectures that can already dramatically improve the performance of quantum algorithms.
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Introduction
Parametrized optical quantum circuits process quantum information by propagating quantum states of light

through a sequence of parametrized optical transformations [1]. Working in the optical domain has several ad-

vantages, such as no low temperature or vacuum requirements, and the possibility of building compact devices

via integrated optics [2].

A possible way to achieve a universality is by combining Gaussian transformations (such as beam splitters,

squeezers, displacements, phase shifters) and non-Gaussian ones (such as the Kerr gate) [3]. Such circuits can

already be trained via Machine Learning techniques [4]. However, current methods can quickly become very

demanding in terms of computational resources, and this makes it challenging to apply them to the design of

devices that make use of several optical modes.

Methods
In a previous work [5], we introduced a recursive, differentiable algorithm to compute the transformation ma-

trix associated with each gate. This algorithm was approximately 2 orders of magnitude faster than previous

methods [6]. In our current research, we designed a new algorithm that directly computes the output state

without the need to compute the transformation matrix. Our algorithm is differentiable thanks to the differen-

tiability of the recurrence relation on which it relies.

Results
If we train a circuit on a pure state input, our new algorithm is exponentially faster in the number of optical

modes M, as the number of tensor elements that need to be computed is lower by a factor O(1/2M) with respect

to having to compute the whole transformation tensor. Moreover, back-propagated gradient tensors have the

shape of the state, rather than the shape of the transformation tensor, which is a square root improvement that

benefits circuits with respect to their depth.

Discussion
The outstanding challenge is that if the input state is mixed, we would have to run it on each significant eigen-

state, thus getting a performance hit proportional to the rank of the state. However, in early numerical bench-

marks, we have noticed no impact, probably thanks to automatic code vectorization.

[1] G. R. Steinbrecher et al., npj Quantum Inf. 5, 1 (2019).

[2] A. Politi et al., IEEE J. Sel. Top. Quantum Electron. 15, 1673 (2009).

[3] S. Lloyd and S. L. Braunstein, in Quantum information with continuous variables (Springer, 1999) pp. 9–17.

[4] J. M. Arrazola et al., Quantum Sci. Technol. 4, 024004 (2019).

[5] F. M. Miatto, N. Quesada, arXiv:2004:11002 [quant-ph](2020).

[6] N. Killoran et al.Quantum 3, 129(2019).
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Quantum artificial intelligence involves the employment of quantum neural networks to implement quantum

machine learning algorithms on quantum computers. Neural net-works can be implemented on a quantum

computers by different methods. One may define quantum neural network by variational quantum circuits

composed of parameterized gates whose non-linearity is based on measurements. Another method goes in the

direction of computing the artificial neural network by the quantum computer itself, either semi-classically or

fully quantum . Here we follow the second approach so to extend to continuous inputs the perceptron existing

in literature. In other words, we develop a continuous Rosenblatt quantum perceptron which represents the

generalization of the McCulloch-Pitts quantum perceptron.

The McCulloch-Pitts model (MCP) of a perceptron consists of a threshold function applied to the scalar product

between an input vector and the weight values vector.. The most obvious way to recast the input values and

the weights is by two n-qubit states. The limit of McCulloch-Pitts perceptron is the constraint such that the input

values and the weights can only take binary values. We propose a quantum model of Rosemblatt perception,

where both are real numbers. The square modulus activation function has been employed. We implement

its quantum circuit on a IBM quantum computer by Qiskit We compare the target function computed with a

classical computer and the value obtained from the quantum algorithm implemented on different devices. Such

devices are a local quantum simulator called qasm simulator without noise and with simulated noise with the

parameters of the quantum computer ibmq16melbourne, respectively. In additions we will use a real quantum

device called ibmqx2.

Graph p 20 b 0 x 1111.png
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Introduction

Reservoir computing is a machine learning approach to online processing of temporal signals. Generic complex

systems may be used to this end by driving them with the signal and extracting the final output using a simple

trained function of the reservoir observables. The target is a function of past inputs; an example is real-time

speech recognition. The goal is to harvest nontrivial information processing from physical systems: both

memory and bulk of the processing is offloaded to the reservoir. Keeping the readout function simple leads to

simplified and fast training of the reservoir computing system.

We establish the potential of continuous-variable Gaussian states in performing reservoir computing in a

quantum framework, going beyond previous optical approaches [1].

Methods

We consider Gaussian states of quantum harmonic oscillators interacting with springlike interaction terms. The

input is injected into the system by periodically resetting the state of one of the oscillators—the ancilla—while

the rest of the system plays the role of the reservoir. The output is a function of the first and second moments

of reservoir operators. The scheme is depicted in the first figure. Measurement back-action is not considered;

addressing the role of measurements is a challenge not only for us but for quantum reservoir computing in

general and goes outside of the scope of present work.

The resulting reservoir computing system is analyzed using contemporary reservoir computing theory.

Results

We show that the proposed model forms a class universal for reservoir computing, i.e. any continuous function

of a finite number of past inputs can be uniformly approximated. We show that the encoding of the input to

states of the ancilla acts as both a source and means to control nonlinearity of reservoir memory. Second figure

shows an example with encoding the input to magnitude and phase of displacement. Finally, a comparison

of reservoir memories in the third figure shows that reservoir computing with squeezed vacuum states

characterized by magnitude and phase of squeezing retains both the power and versatility of, e.g., coherent

states.

Discussion

Our results introduce a new research paradigm for the fledgling field of quantum reservoir computing and the

engineering of Gaussian quantum states. At variance with universal quantum computing, Gaussian states are

shown to be enough for universal reservoir computing and furthermore provide high versatility and bring the
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proposal within experimental reach.

[1]. Nokkala et al., Gaussian states provide universal and versatile quantum reservoir computing, submitted.

Figure 1 quantum reservoir computing

schematic.png

Figure 2 control of reservoir memory for

coherent states.png
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Ultracold atoms give a unique opportunity to create large entangled quantum states, while being perfectly ac-

cessible e.g. via microscopes with single-atom resolution. The isolation of ultracold atom setups from the en-

vironment is excellent and the microscopic system parameters are highly tunable. This makes ultracold atom

systems ideal candidates for quantum information processing.

Using the quantum optics toolbox of current experimental setups we propose to use a mixture of two ultracold

atomic species to implement a universal quantum computer. Such a mixture experiment of two ultracold atomic

species will permit long-range entangling gates as well as quantum error correction. We use one atomic species,

which forms localized effective spins with tunable angular momentum. The effective spins form the basic unit

of information. The second atomic species forms a bosonic bath with phononic excitations and can be employed

as as a bus. We theoretically show that the interaction between the two atomic species can be described by the

exchange of phononic excitations. This exchange of the delocalized phononic excitation leads to long-range

interactions and will be used to entangle two effective spins, thus permitting the realization of a universal gate

set. We illustrate how to encode a qubit in the higher dimensional Hilbert space of the effective spin using a

finite dimensional version of the Gottesman-Kitaev-Preskill code and illustrate how to correct specific errors in

this propose experimental setup.

Summaryfigure.png
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In this talk we will present some ideas to use 3D topology for quantum computing. Topological quantum com-

puting in the usual sense works with an encoding of information as “knotted” quantum states of topological

phases of matter, thus being locked into topology to prevent decay. Today the basic structure is a 2D system

to realize anyons with braiding operations. From the topological point of view, we have to deal with surface

topology. But usual materials are 3D objects. Possible topologies for these objects can be more complex than

surfaces usually classified by the genus (first homology group). From the topological point of view, Thurstons

geometrization theorem gives the main description of 3-dimensional manifolds. Here, complements of knots do

play a prominent role and are in principle the main parts to understand 3-manifold topology. For that purpose,

we will construct a quantum system on the complements of a knot in the 3-sphere (see arXiv:1811.04464 for

previous work). The whole system depends strongly on the topology of this complement which is determined

by non-contractable, closed curves. Every curve gives a contribution to the quantum states by a phase (given

by the Aharonov-Bohm effect). Therefore, the quantum states can be manipulated by using the knot group

(fundamental group of the knot complement). The universality of these operations was already showed by M.

Planat and co-workers (arXiv:1802.04196). In the talk we will discuss these operations for different knot groups.

Furthermore we will define a qubit in this system. Then a representation of the knot group into SU(2) gives the

operations on the qubit.

Interestingly, the quantum states are protected by topology (in the sense of noiseless subsystems) and should be

robust with respect to decoherence. Here, we will present some ideas to show this rebustness. We also discuss

a possible realization of this system by 2d materials.
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We present a method to solve the quantum marginal problem for symmetric d-level systems. The method is

built upon an efficient semi-definite program that determines the compatibility conditions of an m-body re-

duced density with a global n-body density matrix supported on the symmetric space. We illustrate the appli-

cability of the method in central quantum information problems with several exemplary case studies. Namely,

(i) a fast variational ansatz to optimize local Hamiltonians over symmetric states, (ii) a method to optimize

symmetric, few-body Bell operators over symmetric states and (iii) a set of sufficient conditions to determine

which symmetric states cannot be self-tested from few-body observables. As a by-product of our findings, we

also provide a generic, analytical correspondence between arbitrary superpositions of n-qubit Dicke states and

translationally-invariant diagonal matrix product states of bond dimension n.
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Probabilistic storage and retrieval (PSR) of unitary quantum dynamics is possible with exponentially small fail-

ure probability with respect to the number of systems used as a quantum memory [PRL 122, 170502 (2019)].

Here we study improvements due to a priori knowledge about the unitary transformation to be stored. In par-

ticular, we study N ->1 PSR of qubit phase gates, i.e. qubit rotations a round Z axis with an unknown angle,

and show that if we access the gate only N-times, the optimal probability of perfect retrieving of its single use is

N/(N+1). We propose a quantum circuit realization for the optimal protocol and show that programmable phase

gate [PRL 88, 047905 (2002)] can be turned into (2ˆk-1)->1 optimal PSR of phase gates and requires only k CNOT

gates, while having exponentially small failure probability in k.

Obr1.jpg Obr2.jpg

Obr3.jpg
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Quantum-assisted Optical Interferometers
Andrei Nomerotski (Brookhaven National Lab, Upton NY, USA)

Observations using interferometers provide sensitivity to features of images on angular scales much smaller

than any single telescope, on the order of Delta theta ~ lambda/b where b is the interferometric baseline.

Present-day optical interferometers are essentially classical, interfering single photons with themselves. How-

ever, there is a new wave of interest in interferometry using multiple photons, whose mechanisms are inher-

ently quantum mechanical, which offer the prospects increased baselines and finer resolutions among other

advantages. We will discuss recent ideas for quantum-assisted interferometry using the resource of entangled

pairs, and specifically a two-photon amplitude technique aimed at improved precision in dynamic astrometry.

While very successful in radio frequency domain the large baseline interferometry struggles in the optical do-

main. The cost of building and maintaining an optical path which is stable at the sub-wavelength level limits

present-day interferometers to maximum baselines on the order of a hundred meters, which for the visible

wavelength range corresponds to angular resolutions on the order of a milli-arcsecond. However, as we dis-

cuss, we can exploit quantum effects to uncouple the two observing stations, in principle then allowing arbitrary

baselines and much finer angular resolution scales, down to the micro-arcsecond level or below.

It was pointed out by Gottesman, Jennewein and Croke in 2012 that optical interferometer baselines could be

extended, without an optical connecting path, if a supply of entangled Bell states between the two stations could

be provided. If these states could then be interfered locally at each station with an astronomical photon that

has impinged on both stations, the outcomes at the two stations would be correlated in a way that is sensitive

to the phase difference in the two paths of the photon, thus reproducing the action of an interferometer. Equiv-

alently, this can be seen as using a Bell state measurement at one station to teleport the state of that station’s

astronomical photon to the other station, and interfering it with its counterpart there.

In the presentation we will argue that using QIS techniques the two-photon interferometry would enable prac-

tically arbitrarily large synthesized apertures, opening completely new windows into astrophysical phenom-

ena. We will discuss a few examples on how this can be deployed for cosmological and astronomical mea-

surements derived from precise astrometry of stars and galaxies. We also describe several groundbreaking

proof-of-principle experiments, showcasing the observational methods assisted by entanglement of photons.
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INTRODUCTION:

Metrological quantum advantage is usually defined in terms of the estimation precision achievable with respect

to the number of probe systems: The precision achievable with classical systems scales linearly with the number

of probes, while the optimal quantum strategy achieves a quadratic scaling, known as the Heisenberg limit. It

is well known that some quantum systems can undergo a critical phase transition in the thermodynamic limit,

where the number of constituents becomes macroscopic. In proximity of a quantum phase transition the system

susceptibility diverges, leading to an apparent super-Heisenberg scaling of the estimation precision. However,

such an improvement in sensitivity is counterbalanced by the critical slowing down, which implies an inevitable

growth of the protocol duration [Physical Review X 8, 021022 (2018)].

METHODS:

In this contribution, we present a new class [Physical Review Letters 124, 120504 (2020)] of metrological pro-

tocols that make use of finite-component phase transitions, which take place also in few-body quantum optical

systems. In the finite-component case, the thermodynamic limit is replaced by a diverging scaling imposed on

the Hamiltonian parameters. We compare the metrological performances of standard Ramsey interferometry

protocols with two strategies that exploit finite-size criticalities: an adiabatic following and a driven dissipative

setting. In particular, we evaluate analytically the quantum Fisher information, which is a measure of the opti-

mal estimation precision achievable with a given estimation protocol. We focus on the scaling of the quantum

Fisher information with respect to the estimation time, and we design quantum-control schemes to shorten the

protocol duration.

RESULTS:

We show that, in spite of the critical slowing down, critical quantum optical probes can achieve a quantum-

enhanced time scaling of the sensitivity in frequency-estimation protocols. In particular, we show how the

proposed protocols could be applied to implement a quantum magnetometer using nowadays atomic and solid-

state quantum technologies, such as trapped ions or superconducting quantum circuits.

DISCUSSION:

Our results show that critical quantum-optical systems represent a compelling tool for quantum metrology.

In addition, we unveil the metrological potential of finite-component quantum phase transitions, a result

that has both practical and fundamental consequences. Finally, by focusing on the time scaling and on a

finite-component system, our analysis challenges the standard framework in which the fundamental resources

needed to achieve quantum advantage are usually assessed.
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In the quantum Shannon theory, the current paradigm of quantum communications, enhancement of infor-

mation transmission is obtained through quantum superposition and quantum entanglement. Up to now the

carriers and the channels of information benefited of the full quantum paraphernalia but the connections be-

tween channels remained classical. Recently, a new paradigm for quantum Shannon theory with superposition

of trajectories was proposed, where not only the information but also the propagation in space-time is treated

quantum mechanically [1]. A remarkable counterintuitive effect was then demonstrated by Chiribella et al [2]:

two completely depolarizing quantum channels, that lose all information when used separately or combined

in a classical way, can transmit classical information when they are coherently controlled in time and in space.

Some experimental confirmations of this effect have already been given [3-4]. We propose here [5] a general

procedure to assess the transmission of information through a network of N channels operated within this new

paradigm for quantum information and quantum communication fields. Our work in indefinite causal order

structures goes beyond the state-of-the-art two-party scheme for communication theory [2]. We retrieve infor-

mation transmission through a network of an arbitrary number N of channels with arbitrary depolarization

strengths and obtain a quantitative assessment of the impact of quantum coherent control through indefinite

causal structures. Remarkably, we find for example in the case N = 3 of Fig. 1(i) that the transmission of in-

formation for three channels is twice the transmission of the two-channel case when a full superposition of

all possible causal orders is used, see Fig. 1(ii). Our method also uncovers new quantum features of indefinite

causal structures by exhibiting the outcome of coherent control of the numberm of causal orders involved in the

combination of channels on the transmission of information [6]. This advanced quantum control was not con-

sidered in all previous theoretical and experimental studies [7]. Finally, we suggest an optical implementation

using standard telecom technology [6]

[1] G. Chiribella, et al, Proceedings of the Royal Society A, 475 (2019)

[2] D. Ebler, et al, Phys. Rev. Lett. 120, 120502 (2018)

[3] K. Goswami, et al, arXiv:1807.07383, (2018)

[4] Y. Guo, et al., Phy. Rev. Lett. 124.3 (2020)

[5] L. M. Procopio, et al., Entropy, 21(10), 1012 (2019)

[6] L. M. Procopio et al., Phys. Rev. A, 101, 012346 (2020).

[7] L. M. Procopio et al., Nat. Commun. 6, 7913 (2015).
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Introduction: Canetti and Fischlin’s result on the impossibility of achieving information-theoretic secure cryp-

tographic protocols without any setup assumptions motivated a rich line of research investigating the advan-

tages of making assumptions on hardware in protocol design[1]. Physical Unclonable Functions (PUFs) are one

of the hardware assumptions that have recently greatly impacted the field [2]. PUFs are hardware structures

with unique behaviour that are hard to clone. Considering the importance of PUFs as hardware primitive in

several cryptographic applications it is worth investigating the impact of the laws of quantum mechanics on

boosting the security properties of PUFs. This is the central question that we have addressed in this work, pre-

senting both existence and impossibility results.

Methods: We have first formally defined QPUFs, encapsulating all requirements of classical PUFs particularly

robustness, uniqueness and collision-resistance for QPUFs as well as studying the testability of QPUF responses

using efficient test algorithms such as SWAP test. Then, we have developed a quantum game-based security

framework for analysing the unforgeability property of QPUFs in different adversarial models against un-

bounded and quantum polynomial-time (QPT) adversaries. Our framework is a quantum analogue of the stan-

dard game-based framework. We have also defined a new class of quantum attacks, called Quantum Emulation

Attack. This class of attacks exploits previously learnt challenge-response pairs to emulate the action of an un-

known quantum transformation on new input. It covers all the adversarial strategies for breaking the security

of a cryptographic primitive by having quantum access to it. We devise a concrete attack based on an existing

quantum emulation algorithm [3].

Results:No QPUF provides unforgeability against an unbounded adversary and existential unforgeability

against QPT adversary. However, we have proved that QPUFs are unforgeable against a QPT adversary who

needs to generate a valid response to a challenge that has been chosen by the honest party [4].

Discussion:Our results show that against quantum adversaries, some security definitions, such as existential

unforgeability are too strong for QPUFs. However, they provide the essential security requirement to be applied

in most of the PUF-based applications including PUF-based identification protocols and PUF-based multiparty

computations.

1. Katz, Jonathan. “Universally composable multi-party computation using tamper-proof hardware.”

Springer, 2007.

2. Badrinarayanan, Saikrishna, et al. “Unconditional UC-secure computation with (stronger-malicious)

PUFs.” Springer, 2017.

3. Marvian, Iman, and Seth Lloyd. “Universal quantum emulator.” arXiv preprint arXiv:1606.02734 (2016).

4. Arapinis, Myrto, et al. “Quantum Physical Unclonable Functions: Possibilities and Impossibilities.” arXiv

preprint arXiv:1910.02126 (2019).
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Wigner functions that take negative values are a crucial resource for achieving a quantum computational ad-

vantage with continuous variables. In quantum optics, the subtraction (or addition) of a photon from a squeezed

state is a common method to generate such Wigner-negativity [1]. These techniques lead to interesting new phe-

nomena in multimode systems when the mode in which a photon is subtracted is entangled to other modes [2].

For instance, it was shown that photon subtraction in one mode induces non-Gaussian properties in the modes

that are correlated to it. In this contribution, we go a step further and ask under which conditions can photon

subtraction in one mode create Wigner-negativity in a correlated mode?

To answer this question, we use the Wigner function formalism [3] to subtract a photon in mode g and study

the reduced state Wigner function Wf
-(x,p) in a correlated mode f (see Figure). We show that Wf

-(x,p) attains

negative valuesif and only if the following condition is fulfilled:

Tr [Vg|f] < 2, where Vg|f := Vg - Vgf Vf
-1Vfg (1)

Here, Vg and Vf are the covariance matrices for modes gand f,respectively, and Vfg= Vgf
t is a matrix that con-

tains all the Gaussian correlations between these modes. Matrix Vg|f is the conditional covariance matrix that

describes the variance of quadrature measurements in mode gthat are conditioned on measurement outcomes

of mode f.

Condition (1) implies that Einstein-Podolsky-Rosen (EPR) steering[4] from mode f to mode gis a necessary condi-

tion for the generation of Wigner-negativity in mode f through photon subtraction in modeg. Finally, we show

that this EPR steering also become a sufficient condition when we can perform a local Gaussian transformation

in mode g prior to photon subtraction.

In summary, we find a connection between remotely inducing Wigner-negativity through photon subtraction

and EPR steering. Recent experimental advances [2,5] show that these results can be tested in state-of-the-art

quantum optics experiments.

[1] J. Wenger, et al. Phys. Rev. Lett. 92, 153601 (2004); V. Parigi, et al. Science 317, 1890 (2007).

[2] Y.-S. Ra et al.arXiv:1901.10939 (accepted in Nat. Phys.)

[3] M. Walschaers et al.Phys. Rev. A 96, 053835 (2017).

[4] I. Kogias, et al. Phys. Rev. Lett. 114, 060403 (2015).

[5] X. Deng, et al. Phys. Rev. Lett.118, 230501 (2017); Y. Cai et al. arXiv:1910.13698.
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Introduction
Single-photon avalanche detectors (SPADs) represent a promising advance wthin the emergent quantum tech-

nologies due to their scalability and low costs compared to other alternatives. They are used in a wide variety of

fields ranging from optical communications to depth scanning [1,2]. However, their working principle prevents

us from getting direct access to multi-photon detection and information from single SPAD pixels.

Methods
In this work, we show experimental results of a super-resolution phase-contrast imaging method, which exploits

polarization-entangled light and the non-local photon number-resolving capabilities of a SPAD array camera.

With our protocol, it is possible to retrieve the spatially varying phase between orthogonally polarized wave-

fronts, while increasing the phase and spatial resolution respect to classical alternatives [3]. When a quantum

source generates a NOON state with N photons in H or V polarizations, its emitted beam can be used as probe for

birefringent environments. When the maximum optical difference measurement (ODM) of the beam is small

(Fig. 1), the single-photon wave-functions overlap in space. In such a case, the optical centroid measurement

and its associated phase can be defined by the accumulated contribution of all photon coincidences. If the ODM

is large, one imposes a lower value on the scale of the phase changes. Phase-contrast images are then obtained

by computing a quantum phase-shifting digital holography.

Fig. 1 - Left: Useful (blue) and useless (yellow) photon pairs in a 1D SPADs array. Center: Coincidence map and

correlation. Right: Enhanced resolution.

Results
By using N=2, the state has the shape |ψ>=(|2H0V>+exp(iΘ(x))|0H2V>)/√2, where one access twice the phase-

resolution of the classical phase profile, Θ(x)=2Φ(x) (Fig. 2).

Fig. 2 - Retrieved phase-profile from a liquid crystal mask. Classical (left) vs Quantum (right) method.

Discussion
Our method is able to detect and exploit multi-photon states in a wide field-of-view configuration to get truly

quantum-enhanced imaging. Additionally, its phase-sensitivity can beat the shot noise scaling 1/√M [3], with M

as the number of single-photons, if all of the detections contribute to the phase estimation, i.e. without rejecting

coincidence within the same pixel. We expect new photon sources and detectors can fully exploit the capabilities

of our protocol.

[1] Charbon, E. and Donati, S., 2010. Optics and Photonics News, 21(2), pp.34-41.

[2] Altmann, Y., McLaughlin, S., Padgett, M.J., Goyal, V.K., Hero, A.O. and Faccio, D., 2018. Science, 361(6403),

p.eaat2298.

[3] Giovannetti, V., Lloyd, S. and Maccone, L., 2011. Nature Photonics, 5(4), p.222.
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Entanglement is a key resource of disruptive quantum technologies and the quest of efficient sources of

entanglement is a thriving area of research. Notably, multipartite entanglement (ME) is required in many

quantum computation, simulation, sensing and communication protocols. Optical networks are of great

interest in this context. We show arrays of quadratic nonlinear waveguides (ANW) (Fig.1) provide a compact

source of spatial ME by embracing nonlinearity and coupling. We report here our theoretical results on

generation of continuous-variable (CV) ME in the spontaneous parametric downconversion (SPDC) regime and

on-demand production of cluster states through pump engineering and measurement-basis reconfigurability

[1].

We present a general framework for the analysis of the ANW in terms of individual modes and eigen-

modes of the array. We introduce the different parameters that can be tuned: phase matching, coupling profile,

number of waveguides, pump profile and basis of detection. We give analytical solutions for any ANW when

pumping with a flat profile. We use these solutions to assess ME in ANW with large number of waveguides.

Indeed, we show that arrays with an odd number N of waveguides pumped in this particular configuration

support multipartite entanglement of (N + 1)/2 SPDC fields (Fig.2). Our strategy is scalable, robust to optical

losses and does not rely on specific values of nonlinearity and coupling.

We also tackle a crucial limitation of ANW: although the nonlinear interaction in each waveguide is wavevec-

tor quasi-phase matched (QPM), the coupling between waveguides introduces an additional phase mismatch

that limits the efficiency of the nonlinear conversion. We introduce the coupling-QPM as the QPM of selected

ANW eigenmodes through suitable tailoring of the effective nonlinearity at a set super-period. This technique

achieves a continuous growth of the nonlinear interaction for the eigenmodes, yielding strong entanglement

between the individual elements which make up these eigenmodes.

Finally, we exhibit the production of CV cluster states by means of optimization of the pump profile and basis

of coherent detection. The large number of degrees of freedom available in the ANW enables the generation

of clusters with different geometries in a monolithic device with no bulk-optics equivalent. Spatially-encoded

cluster states are specially suitable for quantum communication networks and measurement-based quantum

computing.

We thus demonstrate that the ANW is a versatile synthesizer of ME and establishes it is a competitive source

for quantum information processing.

[1] D.Barral et al. arXiv:1912.11154 (2019) and Barral et al. 2019 references therein
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The exponential growth in data being communicated is unsustainable using current communications protocols

due to the energy and bandwidth limits in the underlying physical systems. This will cause users to compete for

finite resources and will reduce the quality of service, especially as the ever increasing number of connected

devices become ever more data intensive. The current approach of simply adding more and more hardware

becomes untenable as the amount of energy, bandwidth and physical resources required scales with the amount

of data, causing communications to become both cost prohibitive and environmentally detrimental. Here we

explore the use of quantum measurement to meet this challenge.

We recognized that in an optical quantum measurement (as opposed to a classical measurement) extra infor-

mation is available. We created and experimentally tested the first ‘holistic’ communication protocol for classi-

cal information that significantly benefits from this ‘quantum advantage’. The coherent frequency shift keying

(CFSK) is the communication protocol that uses M phase-synchronized coherent states that differ in phases and

frequencies such that detunings and initial phases between the adjacent states are equal. We experimentally

measure the state discrimination error rate for the input states with different energies for a range of alphabet

lengths: M=4…16. Our quantum receiver unconditionally outperforms the best theoretically possible classical

receiver (a receiver with 100% system efficiency that is limited by optical shot noise only, i.e. has no detection

noise of its own) for all tested M s. This is the first time when quantum receivers are experimentally shown to

perform better than ideal optical shot-noise-limited receivers for M>4, i.e. we demonstrate scalabilityof quan-

tum receivers. In the attached figure we plot experimental discrimination error rates at 1 photon/bit for our

protocol, and show the theoretical bounds derived based on quantum properties of coherent states and mea-

surement.

Although the results here are already impressive, we point out that there is no proof that the achieved result is

the best possible, nor there exists a recipe to reach fundamental physical limits of the communication resources’

use. We will present other communication protocols that we tested with the purpose of further optimize the

use of communication resources for the quantum enabled, practical ‘green’ internet.

Scalability.png
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An optical memory cell, storing a bit of information, can be represented as a reflector with two possible val-

ues of the reflectivity, which is equivalent to considering two possible lossy channels acting on the incoming

optical beam. Thus, the information retrieval is modeled as a problem of bosonic channel discrimination. In

this scenario, one can show that the use of a quantum source of light (and, in particular, entangled) can sensi-

bly boost the retrieval of information from the cell with respect to classical input states, i.e., having positive-P

representations [1].

Here, we present the first experimental demonstration [2] of the quantum reading protocol proposed in [1],

showing that a collection of two-mode squeezed vacuum states is able to outperform any classical state in re-

trieving information from an absorbing layer in a coated glass-slide, mimicking the memory cell. Remarkably,

this advantage is achieved just resorting to photon counting (PC) of the output followed by a maximum likeli-

hood decision. Quantum advantage is proven notwithstanding the presence of more than 20% experimental

loss.

Experimental results are compared with theory in Figure 1, showing the gain G of quantum reading (bits) as a

function of the lower transmissivity of the memory cell (the upper transmissivity is fixed to 1). Blue data refers

to the gain with respect to the classical optimal bound while red data refers to the gain with respect to the use

of classical transmitter and PC receiver. Theoretical bands correspond to a confidence interval of 1 standard

deviation.

The robustness to losses and the simplicity of detection scheme pave the way to possible real applications of

quantum-reading in the next future, with potential applications for any other model that is based on the binary

discrimination of bosonic loss.

References

[1] S. Pirandola, Quantum Reading of a Classical Digital Memory, Phys. Rev. Lett. 106, 090504 (2011)

[3] G. Ortolano, E. Losero, I. R. Berchera, S. Pirandola, and M. Genovese, Experimental quantum reading with

photon counting (2020), arXiv:2004.10211
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Quantum emitters in diamond are among the most promising systems for the realization of optically accessible

qubits in the solid state. While the well-known NV center shows unmatched spin coherence, its inefficient optical

interface and charge noise sensitivity sparked a lot of interest towards novel color centers. Among these, the tin-

vacancy (SnV) center combines the inversion symmetry expected from Group IV-vacancy defects with a large

spin-orbit splitting of the ground state orbitals, leading to the observation of lifetime limited linewidth and long

spin coherence times at liquid helium temperatures [1].

Here we investigate the effect of an external electric field on the optical transition of a single SnV center in

diamond. To do so, we realize an interdigitated electrode structure on the surface of a bulk diamond sample

where the defects are created by ion implantation (figure panel (a)). The optical transitions of the SnV are then

studied by photoluminescence excitation spectroscopy at cryogenic temperatures, while the external electric

field is controlled by the surface electrodes (figure panel (b)).

Our study reveals the absence of a permanent electric dipole with an extremely low polarizability of the emitter,

more than 3 orders of magnitude lower than for an NV center. This marks the first direct demonstration of the

inversion symmetry of a Group IV-vacancy defect in diamond and confirms the origin of their insensitivity to

charge noise. Moreover, we show that by modulating the SnV electric-field-induced dipole we can use the SnV

optical linewidth as a nanoscale probe to quantify electric field noise at its location. To gain further insight

on the effect of the electric field noise, we also probe the optical transition at different timescales. This allows

to resolve the individual spectral jumps of the transition, and to measure the homogeneous linewidth of the

emitter without spectral diffusion effects. Finally, the behavior of some emitters suggests that the applied field

can have a beneficial effect in suppressing the spectral diffusion of the optical transition of an SnV.

[1] M.Trusheim, B.Pingault et al., Phys. Rev. Lett. 124, 023602 (2020)

Ple vs efield.png

255



Quantum Technology International Conference

Cavity-enhanced Raman scattering for in situ alignment and
characterization of solid-state microcavities

Oral - Abstract ID: 338

Mr. Sigurd Flågan 1, Dr. Daniel Riedel 1, Dr. Brendan J. Shields 1, Ms. Viktoria Yurgens 1, Dr. Tomasz
Jakubczyk 1, Prof. Patrick Maletinsky 1, Prof. Richard J. Warburton 1

1. University of Basel

The negatively-charged nitrogen-vacancy (NV) centre in diamond possesses a highly coherent, optically address-

able electron spin. Recent advances in photon-photon [1] and spin-photon entanglement [2] pave the way for

the use of NV centres as qubits in quantum networks. However, the scalability of these experiments is limited

by the modest entanglement rates owing to the low detection rate of coherent photons.

The photon flux is mainly limited by three factors: firstly, total internal reflection across the diamond-air in-

terface limits the photon extraction efficiency out of the diamond. Secondly, the NV centre possesses a long

radiative lifetime of 12ns. Thirdly, only 3% of the emitted photons are emitted via the coherent zero-phonon-

line (ZPL), while the remaining 97% are emitted together with a rapidly decohering phonon.

In principle, all three problems can be addressed by coupling NV centres to a small mode-volume tuneable

Fabry-Perot microcavity, where the ZPL emission is selectively enhanced via the Purcell effect [3]. Our device

consists of a high-quality single-crystalline diamond membrane bonded to a high-reflectivity planar DBR mirror.

A concave top mirror completes the cavity (Fig. 1). A set of piezoelectric nanopositioners offers in situ spatial-

and spectral tuneability of the resonant cavity mode.

Contrary to monolithic resonators, open Fabry-Perot cavities require in situ mode-matching of the cavity mode

to external optics. This is a laborious and non-trivial task if a single emitter is used, as appreciable count rates

can only be achieved for close-to-optimal coupling. To this end, we propose to harness the Raman scattering

from the solid-state host for in situcharacterisation and optimisation of the cavity mode [4].

When the cavity is tuned into resonance with the Raman photons, the weak Raman process is enhanced by the

cavity. We find a 58.8-fold signal enhancement compared to confocal measurements under equivalent condi-

tions (Fig. 1). This signal depends only weakly on the (x,y) alignment of the cavity, since the Raman is present

all over the diamond. The Raman signal couples to all cavity modes, allowing for fast characterisation of the

dispersion of the cavity mode. Using a CCD camera enables single-shot images of the modes’ lateral profile (Fig.

1). With the aid of the Raman transition, quality factors on the order of 100 000 were measured.

1. Nature 497, 86-90 (2013).

2. Nature 466, 730-734 (2010).

3. Phys. Rev. X 7, 031040 (2017).

4. D. Riedel, S. Flågan et. al Phys. Rev. Appl. 13, 014036 (2020)

Fig. 1 - cavity enhanced raman scattering.png
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We demonstrate how to discover new and unknown quantum phases in many body systems using novel

automated and unsupervised machine learning. Previous work on the interface of quantum phase transitions

and machine learning has primarily been focused on supervised learning, where data is classified using

predetermined labels. Here, we perform anomaly detection, where the task is to differentiate a normal data

set, composed of one or several classes, from anomalous data. We propose a scheme, employing deep neural

networks, to map out entire phase diagrams in a completely unsupervised and automated fashion.

An autoencoder is trained to learn the characteristic features of the normal data set in a latent variable and

faithfully reproduce the original data from there. A significant increase in loss between input and output indi-

cates anomalous data. As a paradigmatic example, we explore the phase diagram of the extended Bose Hubbard

model in one dimension at integer filling. This system admits transitions of Berezinskii-Kosterlitz-Thouless, Lut-

tinger and Ising type as well as a topologically ordered Haldane insulator phase, therefore serving as a diverse

toy model for our proposed scheme. We use tensor networks to obtain the ground states, from which we use

entanglement spectra and central tensors as our input data. Further we show that the method works as well

with experimentally accessible data like correlators.

Without a priori knowledge (i.e. unsupervised), we train with data from the origin of the phase diagram and

output the loss for the whole diagram after training. With just one run we can already discriminate all 5 phases

of the system. Since it is not generally the case that one can discriminate regions within the anomalous set, we

further propose a systematic scheme to map out all the phase boundaries from there.

2d pbc es sf.png
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Quantum metrology holds the promise to deliver near term practical quantum technologies. Experimental de-

velopments in sensing are successfully demonstrating early theoretical results and advancements in estimation

theory [1]. An outstanding difficulty in the field is the simultaneous estimation of multiple non-compatible ob-

servables. Specifically, the optimal measurement strategy that attains the fundamental precision limit for all

parameters simultaneously is not known. For practical applications of quantum sensing, this is a necessary

requirement. Efforts in this direction have largely focused on approaching the fundamental quantum Cramér-

Rao bound (QCRB). This often leads to nontrivial measurement schemes that are difficult to implement exper-

imentally. On the theoretic front, we need to find tighter alternative precision bounds that are guaranteed, by

construction, to be physically attainable. The Holevo Cramér-Rao bound (HCRB) was introduced in the 1970s to

address this specific objective. However, the HCRB is difficult to evaluate since it involves a difficult optimisa-

tion over quantum observables. This has limited its application in quantum estimation theory and in the design

of enhanced sensors.

Attempts to determine upper bounds or numerically evaluate the hcrb have recently become a hot topic in the

field [2, 3]. Here, we show that the HCRB can be analytically solved for two parameters and we provide ana-

lytic expressions for the optimal positive operator valued measurements [4]. We discuss the interplay between

our expression for the HCRB and existing bounds. Our discussion supplements the original works of Holveo,

Hayashi, and Nagaoka in quantum estimation theory [5]. For more parameters, we generate a lower bound to

the HCRB. Our results are easily accessible by both theorists and experimentalists, as we demonstrate by apply-

ing our formalism to magnetic field sensing. Recently, a separate study has demonstrated the necessity of using

the HCRB for magnetometry, owing to a violation of the weak commutation condition; where the QCRB becomes

unattainable. The timely submission of our work is complimentary to this finding, and we apply our formalism

to present deeper insight into this application. Our work permits application of the HCRB to a diverse range of

problems, providing deeper insight into the attainability of multi-parameter bounds.

1. J. S. Sidhu and P. Kok (2019), arXiv:1907.06628v2.

2. M. Tsang (2019), arXiv:quant-ph/1911.08359.

3. F. Albarelli, J. F. Friel, and A. Datta, Phys. Rev. Lett. 123, 200503 (2019).

4. J. S. Sidhu, Y. Ouyang, E. T. Campbell, and P. Kok (2019), arXiv:1912.09218.

5. M. Hayashi, Asymptotic Theory of Quantum Statistical Inference (World Scientific Publishing, 2008).
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Quantum tomography is currently ubiquitous for testing any implementation of a quantum information pro-

cessing device. Various sophisticated procedures for state and process reconstruction from measured data are

well developed and benefit from precise knowledge of the model describing state preparation and the mea-

surement apparatus. However, physical models suffer from intrinsic limitations as actual measurement op-

erators and trial states cannot be known precisely. This scenario inevitably leads to state-preparation-and-

measurement (SPAM) errors degrading reconstruction performance. Here we develop a framework based on

machine learning which generally applies to both the tomography and SPAM mitigation problem.

We experimentally implement our method with high-dimensional spatial states of photons. The simplified

sketch of the experimental setup is shown in the attached figure. We trained a supervised neural network to

filter the experimental data and hence uncovered salient patterns that characterize the measurement probabil-

ities for the original state and the ideal experimental apparatus free from SPAM errors. We compared the neural

network state reconstruction protocol with a protocol treating SPAM errors by process tomography, as well as

to a SPAM-agnostic protocol with idealized measurements. The attached figure shows the experimental recon-

struction fidelity distributions for 2000 random 6-dimensional states achieved with our protocol and without

any additional SPAM correction. Reconstruction fidelity significantly increases without any prior assumptions

about the errors in the measurement apparatus. And even if additional diagnosis and correction with ordinary

process tomogrpahy is performed, neural network post-processing still shows average fidelity enhancement by

10\%.

The presented method applies to the vast range of quantum experiments which rely on tomography. It can be

easily implemented in the simple prepare-and-measure scenario common for quantum communications where

other known tools, like randomized benchmarking, cannot be directly implemented.

Simplified experimental setup.png
Experimental results.png
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Introduction
Energy transport in disordered quantum systems is often featured by the rise of superdiffusive dynamics,

intermediate between the diffusive one, which is expected for a classical stochastic process, and the ballistic

behaviour, typical of genuinely quantum propagation processes.

A Quantum Walk (QW) is a very general model of coherent propagation, whose dynamics is directly relatable

to any energy transport phenomenon; we have experimentally investigated the superdiffusive behaviour of a

QW, with a resolution high enough to make the different disorder regimes clearly distiguishable.

Methods

The disorder in the Quantum Walk is inserted according to a time and space independent pattern, called

p-diluted: according to the value of p�[0,1] (which is the total level of disorder in the system), a phase shifting

φ�{0,π} is randomly imposed on each joint state of position and coin at any step, in an uncorrelated way, with

probability P0=1-p, Pπ=p.

The experimental setup consists of two multi-pass Sagnac Interferometers linked by a common Beam Splitter,

provided with vertical and horizontal displacement of photons trajectories such that a BSs network is

reproduced (Fig. “Experimental Setup”).

This setup allows phase shifts to be addressed individually on each branch of the BSs network.

Detailed description of the model and of the experimental setup can be found in A. Geraldi, A. Laneve, et al.,

Experimental investigation of superdiffusion via coherent disordered quantum walks, Phys. Rev. Lett.123,140501

(2019) [doi: 10.1103/PhysRevLett.123.140501].

Results

The single-photon output distributions were measured for five different disorder levels p={0,0.05,0.1,0.2,1},

while for two-photon input the experiment was performed for p={0,0.1,1}.

The experimental results for single photons, compared with the expected ones, are shown in Fig. “Variance

Evolution”, clearly showing a transition between the ballistic regime and the diffusive one, with a definite

distinction between different disorder levels. The experimental variance evolution for two indistinguishable

photons is shown in Fig. “Two Photon Variance”, showing the same behaviour.

Discussion
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The superdiffusive behaviour of a discrete QW was observed by introducing tunable disorder; any phases

configuration could be implemented on the setup.

The p-diluted QW approach makes also possible to simulate a decoherent process without actual degradation

of the walker coherence.

Experimental setup.png

Variance evolution.png

Two photon variance.png
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Introduction
The experimental control of the coherent interaction between light and matter is one of the corner stones of

the recent developments in the field of quantum technologies. Experiments in cavity quantum electrodynamics

have been essential both for our understanding of quantum-optical phenomena at the most fundamental level

and for the implementation of quantum information protocols. A decisive challenge consists in increasing the

strength of the coupling between light and matter. In this respect, a essential milestone was the achievement of

the ultrastrong coupling (USC) regime, where the coupling strength becomes comparable or even larger than the

cavity frequency [1,2]. The USC regime proved to induce profound modifications in a variety of fundamental

quantum optical phenomena. Among its prominent features, it was recognized that some finite-component

systems exhibit a two-fold degenerate ground state [3] and a superradiant phase transition [4].

Results
We prove that two-fold degeneracy and parity-symmetry breaking are universal properties of quantum optical

models in the ultrastrong coupling limit, where the coupling strength dominates over all other energy scales

[5].

Furthermore, we show that in a wide class of models, including Bose-Hubbard chains, a superradiant phase

always emerges in the ultrastrong coupling limit, whether in the form of a crossover or a phase transition. We

investigate different scenarios of interplay between critical behavior and supperradiance.

Methods
We give a general analytical proof of the two-fold degeneracy in the case of bounded Hamiltonians and extend

it to a set of models with unbounded operators by implementing appropriate unitary transformations. Phase

transitions are studied in an effective thermodynamical limit, defined by introducing proper scaling parame-

ters.

Discussion
The universality of these results paves the way to the experimental implementation of novel finite-component

quantum phase transitions in a broad variety of atomic and solid-state platforms.

From a theoretical perspective, the framework we introduced motivates the thorough phenomenological study

of the USC limit of different light-matter interaction models. Of particular interest is its extension to open quan-

tum systems, in which finite-component dissipative phase transitions have also been predicted.

References
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Using IBM Quantum Computer Simulators and Quantum Computer Hardware, we have successfully employed

the Quantum Support Vector Machine Method (QSVM) for a ttH (H to two photons), Higgs production in associ-

ation with a top quark pair analysis at the LHC.

We will present our experiences and results of a study on LHC high energy physics data analysis with IBM

Quantum Computer Simulators and IBM Quantum Computer Hardware using IBM Qiskit. The work is in the

context of a Qubit platform. Taking into account the limitation of a low number of qubits, the result using

the Quantum Computer Simulators expressed in a ROC curve is comparable with the results using classical

machine learning methods (BDT and classical SVM). This study is applied to a ttH physics analysis, one of the

flagship physics channels at the LHC, with 5 qubits, 100 training events and 100 test events. Here the ROC curve

is defined as the Receiver Operating Characteristics curve in the plane of background rejection versus signal

efficiency.

In addition, we have employed the IBM QSVM quantum machine learning algorithm using 5 qubits on the IBM

Quantum Computer Hardware of 20 qubits (“IBM Boeblingen”), with 100 training events and 100 test events,

again for a ttH (H to two photons) analysis at the LHC. The present result from the IBM Quantum Hardware is

about 10% in performance below the Quantum Simulation.

The work is performed by an international and interdisciplinary collaboration with Department of Physics and

Department of Computer Sciences of University of Wisconsin, CERN Openlab of IT Division, IBM Research Zurich

and Fermilab Quantum Institute.

This work pioneers a close collaboration of academic institutions with industrial corporations in a High Energy

Physics analysis effort.
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Machine learning enjoys widespread success in High Energy Physics (HEP) analysis at LHC. However the ambi-

tious HL-LHC program will require much more computing resources in the next two decades. Quantum paral-

lelism may speed-up the analysis in HEP at HL-LHC and may be the new paradigm.

We have successfully employed Variational Quantum Classifier (VQC), Quantum Support Vector Machine Kernel

(QSVM-kernel) and Quantum Neural Network method for a ttH (H to two photons) and a Hmumu analysis at the

LHC.

We will present our experiences and results of a study on LHC high energy physics data analysis with IBM

Quantum Simulators, IBM Quantum Hardware and Google Cirq simulator. The work is in the context of a Qubit

platform. Taking into account the limitation of hardware access, different quantum machine learning methods

are researched on simulators and the results are compared with classical machine learning methods (BDT, clas-

sical SVM and classical Neural Network). However, on many points, we do apply quantum machine learning on

IBM quantum hardware to compare performance between on quantum simulators and on quantum hardwares.

The work is performed by an international and interdisciplinary collaboration with the Department of Physics

and Department of Computer Sciences of University of Wisconsin, CERN Openlab of IT Division, IBM Research

Zurich and Fermilab Quantum Institute.

This work pioneers a close collaboration of academic institutions with industrial corporations in a High Energy

Physics analysis effort.
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We are implementing a comprehensive set of single-atom-single-photon quantum interfaces that enable

controlled generation, storage, transmission, conversion, and entanglement of photonic and atomic qubits

in quantum networks. Such tools are required, for example, in quantum repeater protocols for reliable

intermediate storage and long-range transmission of quantum information.

Specifically, we demonstrated a programmable ion-photon interface, employing controlled quantum interac-

tion between a single trapped 40Ca+ ion and single photons [1,2]. Depending on the choice of input and output

qubits, the interface protocol serves as an atom-to-photon or photon-to-atom qubit converter, or as a source of

entangled atom-photon pair states.

The interface lends itself particularly to integrating Ca+ ions with entangled photon pairs from a resonant, nar-

rowband spontaneous parametric down-conversion (SPDC) source [3,4]. We demonstrate high-fidelity transfer

of entanglement from an SPDC photon pair to atom-photon pairs, as well as atom-to-photon quantum bit tele-

portation [5]. We also extend our quantum network toolbox into the telecom regime by quantum frequency

conversion of ion-entangled photons [6]. The reverse conversion process from 1550-nm telecom photons to

ion-resonant photons at 854 nm is also realized [7].

The figure shows real and imaginary part of the two-qubit density matrix of a maximally entangled state be-

tween the {|D5/2,m=-3/2>, |D5/2,m=+1/2> atomic qubit and the {|L>, |R>} 1320-nm photonic polarization qubit

after quantum frequency conversion after quantum frequency conversion of a single photon emitted by and

entangled with the ion [6].

[1] C. Kurz et al., Nat. Commun. 5, 5527 (2014).

[2] C. Kurz et al., Phys. Rev. A 93, 062348 (2016).

[3] A. Lenhard et al., Phys. Rev. A 92, 063827 (2015).

[4] J. Brito et al., Appl. Phys. B (2016), 122:36.

[5] S. Kucera et al., to be published.

[6] M. Bock et al., Nat. Commun. 9, 1998 (2018).

[7] M. Bock, J. Arenskötter et al., to be published.
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Entanglement between stationary quantum memories and photonic channels is an essential resource for

future quantum networks. Together with entanglement distillation it will enable for efficient distribution of

quantum states. We will report on the generation and observation of entanglement between a single Rb-87

atom and a photon at telecom wavelength over 20 km optical fiber. For this purpose, we modify a trapped-atom

quantum node, which is part of an elementary quantum network node [1], with a polarization-preserving

quantum frequency converter [2,3] in order to transform the wavelength of a photon entangled with the

atomic spin state from 780 nm to the telecom S-band at 1522 nm (see Fig. 1). We achieve an unprecedented

external device conversion efficiency of 57% and observe an entanglement fidelity between the atom and

telecom photon of >78.5±0.9% over 20 km of optical fiber (see Fig. 2), mainly limited by decoherence of the

atomic state [4].

[1] W. Rosenfeld et al., Phys. Rev. Lett. 119, 010402 (2017)

[2] M. Bock et al., Nat. Commun. 9, 1998 (2018)

[3] R. Ikuta et al., Nat. Commun. 9, 1997 (2018)

[4] T. van Leent et al., arXiv:1909.01006
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Future quantum networks will rely on the distribution of entanglement between distant material quantum

nodes. We report the demonstration of heralded entanglement between solid-state multimode quantum mem-

ories based on praseodymium doped crystals, located in different laboratories.

In our experiment, each quantum node is composed of a non-degenerate photon pair source of quantum light

emitting one photon at 606 nm compatible with the quantum memory and the other photon at telecommunica-

tion wavelengths (Fig. 1).

First, we mix the telecom modes coming from the different sources at a beam splitter (BS), and we map the 606

nm modes into the quantum memories. The detection of a single photon after this BS erases the information

about its origin, therefore projecting the two quantum memories onto an entangled state in the Fock basis. This

type of entanglement requires that the total phase of the system be stabilised. The entanglement is characterized

by quantum state tomography. By measuring the photon statistics of the modes and the coherence between

them, we reconstruct the density matrix of the resulting state (Fig. 2). We witness the entanglement by achieving

a positive concurrence for all the tests that we performed.

Entanglement between the remote quantum memories is heralded at a rate of up to 1.4 kHz and is stored in

the crystals for a pre-determined storage time up to 25 μs, allowing in principle heralded entanglement over a

distance of 5 km of optical fiber.

In addition, we show experimentally that the generated entanglement is robust against loss in the heralding

path, and demonstrate temporally multiplexed operation, with up to 62 temporal modes. Together with the

fact that the entanglement is heralded by a photon at telecom wavelengths, these measurements show that our

technique is readily extendable to longer distances.

The remote matter-matter entanglement demonstrated in this work represents an important step towards a

feasible realisation of a quantum repeater, showing for the first time telecom-heralded entanglement between

two multimode quantum memories.

Fig 1 setup.png
Fig 2 density matrix.png
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Future quantum networks will enable large-scale secure communication, distributed quantum computing and

simulation using shared entangled states over the nodes of the network [1]. The network nodes, that consist of

multiple qubits for storing and processing quantum information, can be entangled through photon-mediated

protocols. Nitrogen-vacancy (NV) centres are promising candidates for such nodes, because of their optical

interface, excellent spin properties and the use of nearby carbon-13 isotopes as memory spins.

We have recently shown deterministic delivery of an entangled state between two separated nodes [2]. The next

major challenge is to go beyond two-node links. By connecting the nodes in a line configuration, entanglement

can be shared between all three nodes by using a memory qubit in the middle node, thus realizing the first

multi-node quantum network.

Here we present the first results on our three-node network. We generate entanglement between two pairs

of nodes with a single-photon entanglement scheme [1], which requires control over the all optical phases in

excitation and over the path length difference from the two different nodes. We present a scalable architecture

for this phase stabilization, combining homodyne and heterodyne phase detection methods. This architecture

allows for faster entanglement generation and for connecting multiple nodes. Furthermore, we improve on

the coherence of the memory qubit during entanglement attempts by operating in an optimized magnetic field

regime. The carbon-13 isotope memory qubit is controlled via the electron spin of the NV centre using the

hyperfine interaction. Since this interaction is always on, errors such as initialization and microwave pulse

errors on the electron spin translate to dephasing of the memory qubit. By increasing the magnetic field the

effect of these errors on the memory qubit are mitigated.

A multi-node quantum network enables applications beyond current two-networks, such as heralding of a multi-

partite entangled state or using the middle node as a quantum repeater to facilitate entanglement between the

two end nodes. Here we present our latest results towards these applications. Our work serves as a proof-

of-principle of a quantum network, it enables the exploration of first multi-node protocols and paves the way

towards extended many-node networks.

[1] S. Wehner et al., Science 362, 6412, 2018

[2] P. Humphreys et al., Nature 558, 268-273, 2018

Figure 1 scalable quantum network.png
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Quantum internet will enable a number of revolutionary applications. It relies on entanglement of remote

quantum memories over long distances. Despite of numerous progresses made so far, the maximal physical

separation between two nodes achieved remains 1.3km, and challenges for long distance stand.

Here we make a significant step forward by entangling two atomic ensembles in one lab via photon transmission

through metropolitan-scale fibers. We use cavity enhancement to create bright atom-photon entanglement and

harnessing quantum frequency conversion to shift the atomic wavelength to telecom. We realize entanglement

over 22km field-deployed fibers via two-photon interference, and entanglement over 50km coiled fibers via

single-photon interference. Our experiment can be extended to physically separated nodes with similar distance

as a full-functional segment for atomic quantum networks, thus paving the way towards establishing atomic

entanglement over many nodes and over much longer distances.

Experimental setup.png

Entanglement over field fibers.png
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Introduction

The goal of quantum communication is to transmit quantum states between distant sites. The big challenge,

however, is that the entanglement transmitted decreases exponentially with the length of the connecting

channel. To overcome this difficulty, the concepts of entanglement swapping, and quantum repeater operation

are needed. In this presentation we will show our progress towards building a quantum repeater network

of many quantum devices capable of distributing entanglement over long distances connecting Stony Brook

University and the Brookhaven National Laboratory on Long Island, New York.

Methods

Our Stony Brook/BNL collaboration already has four operational room temperature quantum memories and

two polarization entanglement sources are under construction. We have achieved quantum memory operation

for polarization qubits in a warm 87Rb atomic vapor. Using noise-reduction techniques, these devices work

with average fidelities > 99% and have the potential to achieve hundred micro-second lifetimes and 50% storage

efficiency.

Additionally, BNL and SBU have already established quantum communication-capable networks within their

corresponding campuses. On the SBU campus we have performed experiments in which 795nm wavelength

entangled photons have been communicated over approx. 11km, using a standard single-mode fiber infrastruc-

ture. In BNL a portable entanglement source has been used to transmit entangled photons over approximately

18km.

Results

We have developed a room-temperature quantum cryptographic network connecting several memories and

qubit sources and shown elementary memory assisted MDI-QKD protocols performed with two random streams

of qubits. We have also characterized the Hong-Ou-Mandel (HOM) interference with photons retrieved from two

memories. Additionally, we are building two experimental setups using Spontaneous Parametric Down Conver-

sion (SPDC)-based photon sources with MHz bandwidth, tuned to Rb wavelengths. We are currently working

on the interaction of the quantum memories with entangled sources, and on providing quantum connectivity

between the SBU and BNL campuses using the fiber infrastructure of the Energy Sciences network (ESnet) and

the fiber provider Crown Castle (approx. 60km in fiber length).

Discussion

We will discuss how produce photonic repeater-ready quantum entanglement and how to store it and distribute

it by optically manipulating the properties of room temperature atomic clouds placed in remote locations, across

the described Long Island quantum network. Additionally, we will comment on the current planned experiment

expanding this quantum local network towards the MANLAN fiber exchange point in New York City, via the

ESnet’s Garden City fiber exchange point, as well as the entanglement characterization and compensation tests

already undergoing in these long fiber links.
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Quantum memories are a key ingredient for the realization of quantum networks [1]. Furthermore, they al-

low the synchronization of probabilistic single photon sources significantly enhancing the generation rates of

multiphoton states [2].

We implemented a broadband, optical quantum memory in hot Rb vapor with on-demand storage and retrieval

[3]. Operating on the Rb D1 line, this memory is suited for storing single photons emitted by GaAs droplet

quantum dots [4] or by spontaneous parametric downconversion (SPDC) sources [5].

With a bandwidth matched SPDC source, we can generate heralded single photons suited for storage with

a heralding efficiency ≈ 50%. We report on our recent achievements in storing SPDC single photons with a

linewidth of 230MHz with an end-to-end efficiency ηe2e = 1.3(1)% for a storage time of T = 50ns. A signal to noise

ratio of 1.9(2) and a memory lifetime τ= 380ns are achieved. The measurement of the second order autocorrela-

tion of retrieved single photons results in g(2) = 0.91(3), showing that the non-classical properties of the stored

light are maintained.

[1] N. Sangouard et al., Rev. Mod. Phys. 83, 33 (2011).

[2] J. Nunn et al., Phys. Rev. Lett. 110, 133601 (2013).

[3] J. Wolters, et al., Phys. Rev. Lett. 119, 060502 (2017).

[4] J.-P. Jahn, et al., Phys. Rev. B 92, 245439 (2015).

[5] A. Ahlrichs et al., Appl. Phys. Lett. 108, 021111 (2016).
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Sources of indistinguishable photons are a key resource for many quantum information protocols. Their reach

is further extended when they are paired with quantum memories (QM), as this combination is the basis of sev-

eral quantum repeater architectures. The basis of their operation is the distribution of entanglement between

remote locations of the network, by performing entanglement swapping between nodes, that is individual quan-

tum repeater links. In one possible implementation, these operations are performed by mixing photons from

different links on a beam splitter (BS), erasing the “which path” information. It is therefore of paramount im-

portance that the photons are indistinguishable in all the degrees of freedom.

Here, we report a Hong-Ou-Mandel (HOM) experiment between two sources able to generate pairs of pho-

tons, one at telecom wavelength and the other compatible with the storage in a solid-state QM based on

Praseodymium doped crystal. Furthermore, we show our progress towards demonstrating entanglement swap-

ping between them.

The sources of photon pairs are two cavity-enhanced spontaneous parametric down-conversion (SPDC) crystals.

Each optical cavity has 260 MHz of free spectral range, and has to be in resonance with both the QM-compatible

wavelength (in our case 606 nm) and the telecom one (1436 nm), with a resulting bi-photon linewidth of 2 MHz,

as required by the Praseodymium QM. Moreover, in order to produce photons at the same frequency within

their very narrow linewidth, the lengths of the two cavities have to be chosen with few tens of nanometres

precision.

To perform the HOM measurement we mix the telecom photons from the two sources with a fibre BS, while

heralding their generation with the QM-compatible ones. We are able to measure a visibility up to (90+-10)%. We

can explain this value from the statistics of each source individually (Fig.1&2), therefore, the overlap between

the wavepackets at the BS is compatible with unity within our errors.

Provided that the two photons are indistinguishable, the BS will erase the information about the origin of the

photons: the detection of a single photon after this BS will entangle the two visible photon modes. However,

this protocol requires that the total phase of the system is stabilised. We present the first results towards the

demonstration of such an entanglement with our sources.

Our system of indistinguishable sources of photon pairs, suitable for long distance communication and quantum

storage, will be the basis of the realisation of a quantum repeater link.
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Quantum memory is an important component in most current schemes for a quantum repeater, the technology

that will enable future long-range quantum networks. The atomic frequency comb (AFC) protocol is a promising

approach to realizing quantum memory, and the optical properties of rare-earth-ion-doped crystals make them

excellent platforms for this particular technique. For example, Pr3+:Y2SiO5 (Pr:YSO) has ground-state lifetimes

of several seconds and hyperfine transitions that are homogeneously broadened on the order of 1 kHz, and

inhomogeneously broadened on the order of 5 GHz. These properties make it suitable for storage of broadband

single photons.

Here, we study the effect of hyperfine structure in Pr:YSO (Figure 1) on AFC formation and echo efficiency for 120

MHz-bandwidth AFCs with a range of tooth spacings. To do this, we prepare optical frequency combs with tooth

spacings ranging from 0.1 MHz to 20 MHz, and we use them to burn the crystal absorption spectrum, aiming

to reproduce the optical comb as an AFC. We make two different measurements: in the first, we measure the

comb transmission spectrum, and in the second we send a pulse to the AFC for storage and observe its echoes

(Figure 2).

We observe that high-quality AFCs – and thus high-efficiency echoes – tend to occur only for certain tooth spac-

ings, related to the material’s hyperfine structure (Figure 3). Notably, we observe high-quality combs for a

range of tooth spacings close to the spacing of the excited states. Our findings suggest ideas for improving the

efficiency of AFC quantum memory.

Figure1.png

Figure2.png
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Efficient atom-photon interfaces are a basic requirement for any quantum network [1,2]. The efficiency of such

interfaces has been shown to increase significantly by the use of cavities [3]. We present a new segmented

ion trap design for 40Ca+ ions with an integrated fiber cavity. The fiber cavity is incorporated into the center

electrodes of the trap, which shields the fibers from lasers and protects the ion from charge accumulation on

the fiber mirrors. A simulation of the trapping potential shows the viability of micro-motion compensation

and ion-shuttling operations, at trap frequencies around 2.5 MHz (radial) and 0.5 MHz (axial). Preliminary

characterization measurements of coupling efficiency and finesse of the fiber cavity are presented.

[1] C. Kurz et al., Nat. Commun. 5, 5527 (2014)

[2] M. Bock et al., Nat. Commun. 9, 1998 (2018)

[3] T. G. Ballance et al., Phys. Rev. A 95, 033812 (2017)
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Non-classical light states with custom temporal shapes are an important tool for future quantum networks.

Here, we demonstrate the distillation of single-photons out of coherent optical pulses as well as the generation

of optical cat-states via cavity QED. To this end, a coherent pulse is reflected off an atom-cavity system in the

strong-coupling regime. Depending on the internal atomic state, the impinging pulse is either reflected off the

cavity or it enters into the cavity and acquires an optical phase shift which can be used to generate atom-light

entanglement. If the atom is prepared in a superposition state, a subsequent rotation and measurement of the

internal atomic state after the reflection of the impinging pulse can be used to create a plethora of quantum

states, e.g. single photons with arbitrary temporal-mode profile [1] and flying optical-cat states [2].

[1] Daiss, Welte, Hacker, Li and Rempe, Phys. Rev. Lett. 122, 133603 (2019)

[2] Hacker, Welte, Daiss, Shaukat, Ritter, Li and Rempe, Nat. Photon. 13, 110 (2019)
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Future quantum repeater architectures, capable of efficiently distributing information encoded in quantum

states of light over large distances, rely on quantum memories for light [1]. Quantum repeaters can benefit

from a modal multiplexing implementation of the memory, essentially scaling up the repeater’s throughput [2].

To date, spatial, temporal and frequency multiplexing has been implemented on different hardware platforms.

In this work, we demonstrate a temporally multiplexed quantum memory in a laser-cooled cloud of Rb-87 atoms

(as proposed in [3]). We employ the DLCZ protocol where pairs of photons and single collective spin excitations

(so called spin waves) are created [4]. The latter can then be efficiently transferred into a second single photon,

emitted into a well-defined spatio-temporal mode as long as atomic coherence is preserved.

For selective readout, we need to control the dephasing and rephasing of the spin waves created in different

temporal modes. We achieve this by a reversible magnetic field gradient, which induces an inhomogeneous

broadening of the involved atomic hyperfine levels [5]. The broadening is controlled such that, at read-out

time, only one spin wave is in phase and can be selectively retrieved, while N - 1 modes are dephased. However,

those dephased excitations still give rise to random noise during the read-out. To counteract, we implement a

moderate finesse cavity around the memory in order to achieve cavity-enhanced noise suppression.

By controlling the spin wave dephasing, combined with cavity-enhanced noise suppression and feed forward

readout, we demonstrate distinguishable retrieval of up to 10 temporal modes. For each mode, we prove non-

classical correlations between the first and second photon. Furthermore, an enhancement in rates of correlated

photon-photon pairs is observed as we increase the number of temporal modes stored in the memory. The

reported device is a crucial key element of a quantum repeater architecture implementing multiplexed quantum

memories.

[1] H.-J. Briegel, W. Dür, J. Cirac and P. Zoller; Phys. Rev. Lett. 81 5932 (1998)

[2] C. Simon, H. de Riedmatten, M. Afzelius,N. Sangouard, H. Zbinden and N. Gisin;

Phys. Rev. Lett. 98 190503 (2007)

[3] C. Simon, H. de Riedmatten and M. Afzelius; Phys. Rev. A 82 010304(R) (2010)

[4] L. Duan, M. Lukin, J. Cirac and P. Zoller, P; Nature 414 413 (2001)

[5] B.Albrecht, P. Farrera, G. Heinze, M. Cristiani and H. de Riedmatten; Phys. Rev.

Lett. 115 160501 (2015)
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We consider a hybrid system of matter and light as a sensing device and quantify the role of cooperative effects.

The latter generically enhance the precision with which modifications of the effective light-matter coupling

constant can be measured. In particular, considering a fundamental model of N qubits coupled to a single

electromagnetic mode, we show that the ultimate bound for the precision shows double-Heisenberg scaling:

Δθ�1/(Nn), with N and n being the number of qubits and photons, respectively. Moreover, even using classical

states and measuring only one subsystem, a Heisenberg-times-shot-noise scaling, i.e. 1/(Nn1/2) or 1/(nN1/2), is

reached. As an application, we show that a Bose-Einstein condensate trapped in a double-well potential within

an optical cavity can detect the gravitational acceleration g with the relative precision of Δg/g�10−9Hz−1/2. The

analytical approach presented in this study takes into account the leakage of photons through the cavity

mirrors, and allows to determine the sensitivity when g is inferred via measurements on atoms or photons.
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The ampere is defined by a fixed value of the elementary charge in the new SI. While the ampere can be re-

alized with the help of quantum standards of voltage and resistance, the most direct realization would be the

synchronized transport of single or multiple electrons. In terms of measurement uncertainty, the most ad-

vanced method of synchronous electron transport are semiconductor-based single-electron pumps. Another

interesting approach are coherent quantum phase slips (CQPS) in superconducting nanowires. Even though

the CQPS method is still in its infancy, the duality of superconducting physics suggests that they could reach

similar performance to Josephson voltage standards.

Our recent experiments with a silicon electron pump pave the way for practical quantum current standard:

Sub-ppm accuracy was demonstrated at 4 K, zero applied magnetic field, and with sine wave pump signal. The

results were repeatable since the pump current, approximately 168 pA, was measured by three laboratories,

and the measurements agree with the expected current ef within the uncertainties which range from 0.2 ppm

to 1.3 ppm. We also discuss other practical aspects of using the electron pump as a current standard, such as

testing its robustness to changes in the control parameters, and using a rapid tuning procedure to locate the

optimal operation point.

In theory, superconducting nanowires would be an ideal current standard since - in contrast to electron pumps

- they are utilizing a macroscopic quantum effect. In practice, only weak traces of current plateaus have been

observed. In preliminary experiments, we have observed quantum phase slips in MoSi nanowires, where the

properties could be tuned by changing the parameters of rapid thermal anneal [3]. In an ongoing work, we

have amorphisized MoSi wires by irradiation with a focused ion beam. As a result the critical temperature is

increased from 1 K to 4 K, and the normal-state resistivity increases. This is important since materials with high

normal-state resistance / kinetic inductance are expected to be promising for quantum phase slip devices.

This work was financially supported by H2020 programme FET-open projects QUANTUM E-LEAPS and EFINED

(862660 and 766853) and EU EMPIR Joint Research Project ‘e-SI-Amp’ (15SIB08).

[1] S.P. Giblin, E. Mykkänen, A. Kemppinen, P. Immonen, A. Manninen, M. Jenei, M. Möttönen, G. Yamahata, A.

Fujiwara, and M. Kataoka, arXiv:1912.02042 (2019).

[2] J. S. Lehtinen, A. Kemppinen, E. Mykkänen, M. Prunnila, and A.J. Manninen, Superconducting MoSi

nanowires, Superconductor Science and Technology 31, 015002 (2018).
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Matter-wave interferometry with ultracold atoms is an emerging technology with the potential to open up new

frontiers in inertial sensing. This enables scientific oppurtunities ranging from tests of the universality of free

fall (UFF) to gravitational wave detection, but also many applications in geodesy such as gravimetry and gra-

diometry. At present however, the performance is at a level competitive with, but not yet significantly outper-

forming classical sensors.

A significant gain in sensitivity can be made by increasing the free evolution time of the wave packets in the

interferometer. In earthbound systems however, this time is constrained by the dimensions of the vacuum

vessel. At the Very Long Baseline Atom Interferometry (VLBAI) facility in Hannover we aim to perform atom

interferometry over a 10 m long baseline, corresponding to seconds-scale free evolution times. This would allow

for gravimetry with a short term instability better than 10-9 m/s2 at 1 second integration time, and UFF tests at

the 10-13 level[1].

In order to reach this performance we are constructing high-flux BEC sources of rubidium and ytterbium. Ad-

ditionally it will be necessary to deal with sources of acceleration noise on the interferometry signal, the most

important of which are magnetic field gradients and vibrations of the interferometry mirror. In order to deal

with the former we have built and characterized a magnetic shield that supresses gradients along the baseline

to less than 2.5 nT/m over 8 meters. To deal with the latter the mirror will be isolated from outside vibrations

by a seismic attenuation system based on geometric anti-springs which provides passive as well as active com-

pensation. Finally, we will present the current status of putting all of this together at the Hannover Institute of

Technology (HITec)

This work is funded by the DFG as a major research equipment (VLBAI facility), and additionally via the CRCs

1128 “geoQ” and 1227 “DQ-mat”, under Germany’s Excellence Strategy (EXC 2123) “QuantumFrontiers”, and

by the Federal Ministry of Education and Research (BMBF) through the funding program Photonics Research

Germany (contract number 13N14875)

[1] J. Hartwig et al. New J. Phys. 17 035011 (2015)
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Classical far-field imaging systems are physically limited in resolution by the diffraction limit of the optical

system. This limit defines a lower bound on the size of particles that can be imaged and is the desired resolution

of any optical setup.

Theoretical analysis of the lateral resolution limits of an optical setup in a microscopy setting with entangled

photons pairs source is performed. In this work, a correlated biphoton wavefunction of a general Gaussian

form,

ψin = exp [-1/4 (κs
2/δs

2 + κi
2/δi

2 - 2κsκiρ/(δsδi)) ],

is considered, where δs, δi stand for the mode profile radii of the signal and idler photons, κs, κi stand for the

signal and idler directions and the Pearson coefficient (ρ) is the measure of correlations between the signal and

idler photons. The biphoton wavefunction is propagated through the optical setup depicted in Fig. 1. The prop-

agation consists of subsequent free-space, lens (Ls, Li1 ), free-space, lens (MO, Li2), and free-space propagations,

where s(i) stands for signal (idler) arm andMO for the high NA microscope objective. The apertures of the lenses

andMO are assumed finite, and all the simulation parameters are set to experimentally achievable values. Next,

the signal’s photon spatial mode profile width and central position are investigated in the heralding scenario,

which means the information about the idler photon is not neglected. The impact of the correlations on the

signal’s photon spatial mode profile is compared in the heralding and non-heralding scenario. This method al-

lows to significantly alleviate photon loss problem in the optical setup which is a crucial factor limiting practical

applications of single-photon based techniques. It is achieved by an effect similar to phase shaping introduced

by spatial light modulators.

Fig1-experimental-setup-concept.png
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Introduction and methods
Infrared photodetectors InAs(d1)/GaSb(d2) type-II MQWs have attracted attention as quantum sensors in metrol-

ogy and communication. They have specialized applications, especially in astronomy, ballistic missile defense,

environmental sensing, medical diagnosis and quantum remote sensing systems [1]. We investigated here three

MQWs with a quantum well thickness d1of 21 Å, 30 Å and 40 Å respectively, while barrier thickness d2 = 24 Å.

Based on the envelope function formalism [2] we calculated the band structure and the effective mass m*/m0

along the growth axis kz and in the plan kp(kx,ky) at 5 K. We interpreted the effect of d1 and temperature on the

band gap Eg, the cut-off wavelength λc and the transition semiconductor-semimetal (SC-SM). We report also on

the change of conductivity type and the evolution of transport characteristics with the ratio R(d1/d2)..

Results and discussions
When the temperature increases, Eg decreases while λc increases as seen in Figure 1. In the temperature range

of 5–300 K, 3.9 < λc1(µm) < 4.8, 5.6 < λc2(µm) < 7.4 and 6.7 < λc3(µm) < 9.8 for the three MQWs respectively. Thus,

MQWs2and MQWs3 can be used as LWIR detectors, whereas, the cutoff wavelength rang of MQWs1 cover the

mid-infrared window. In Figure 2, we calculated the carrier’s effective masses. Along kp, m*(E1) increases, then

diverges and decreases assuming a hole conduction, whereas m*(h1) decreases and m*(hh1) remains constant.

Figure 3 shows that for each d1, Eg decreases with increasing temperature. Eg decreases significantly with

increasing d1 and move to zero at the transition SC-SM point. The calculated energy band gaps are in good

agreement with the PL measurements in [3]. The calculated density of states and the position of Fermi level

energy, show that when d1increases, the quasi-bidimensional conductivity change from n-type to p-type. For d1

< 40 Å, the system exhibits p-type semiconductor conductivity. We calculated also the transport scattering time

tp, the velocity of electrons on the Fermi surface vF, the mean free path l and their evolution as a function of R.

These quantum transport results show that d1 control the engineering design of LWIR and MWIR nanostructures

infrared detectors.

References

1. R. K. Bhan, V. Dhar, Opto Electronics Review, vol 27 (2019) 174-193.

2. D. Barkissy, A. Nafidi, et al., Superlattices and Microstructures, vol 127 (2019) 54-60.

3. H. J. Haugan, B. Ullrich, et al., Journal of Applied Physics, vol 107(2010), 083112.
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Many optical sensors are restricted in probe power by sample saturation and are therefore fundamentally lim-

ited in precision by optical shot-noise. This constraint is particularly prominent in the sensing of biophysical

and molecular systems due to relatively low saturation intensities [1-2]. In this case, one promising route to

increased precision is through quantum sensing strategies and so it is vital that the effects of saturation on

quantum and classical probes be fully understood. Here, we consider the effect of sample saturation on the

performance of classical absorption probes and compare it to the ultimate quantum limit. We also consider

the performance of bright squeezed states with intensities high enough to cause saturation. The optimal clas-

sical probe power is found to be lower bounded by the saturation intensity. With our model we demonstrate

that a probe power reduction of three orders of magnitude can be gained by switching to the optimal quantum

strategy. Furthermore, we show that squeezed states can perform to within 85% of the ultimate quantum limit

demonstrating that overcoming saturation with non-classical states of light is possible with current technology.

[1] M. A. Taylor and W. P. Bowen, “Quantum metrology and its application in biology”, Physics Reports, vol. 615,

pp. 1–59, 2016

[2] J. N. Henderson, H. W. Ai, R. E. Campbell, and S. J. Remington, “Structural basis for reversible photobleaching

of a green fluorescent protein homologue,” Tech. Rep. 16, 2007
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There are a lot of research lines regarding the creation of new quantum computing algorithms, as well as, peo-

ple wanting to enter in the quantum computing world. Thanks to the effort of some individuals, companies,

universities and research centres, you can simulate the execution of a quantum algorithm in your own com-

puter or even in a real quantum computer. Despite these possibilities, two problems arise: firstly the lack of

standardization on the way to design algorithms and the gate set provided; secondly the little number of qubits

available, especially when using a real quantum computer. A quantum computer simulator called QSimov has

been created, that aims to provide a user friendly way to create quantum algorithms and test them, and also on

the one hand a small set of universal gates widely used, and on the other hand being multi-platform with a low

number of dependencies to reach a wide number of users.

Quantum simulation qsimov.png
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Commonly in Quantum Electrodynamics techniques, one finds that the Fermi’s golden rule is expressed in terms

of a Dirac-Delta function that guarantees the energy conservation of any reaction defined by initial and final

states [1]. In this paper, we propose a theoretical Quantum simulation of these functions through Quantum

circuits based on Volterra series that are in essence convolution integrals [2]. Once the circuit is established

then one passes to estimate the correspondence between the circuit components and the Dirac-Delta function. In

concrete the orthogonal basis of integer-order Bessel functions is employed. It is because from the experimental

side, the proposal theory can be demonstrated through photoexcitation of atomic states by twisted photons in
40Ca transitions as seen at[3]. In this way:

δ(EB - EA) = ∫dt Exp[i(EB - EA )t ]

being it formulated as a Volterra-like circuit and as evolution operators:

= ∫dt U(HAt) U(iHB) and|EA >< EA| =|EB >< EB| = I

thus one gets:

= ∫dt U(HAt)|EA >< EA| U(HB) |EB >< EB|

= ∫dt Exp[-iHAt] |EA >< EA| Exp[iHB t] |EB >< EB|

= ∫dt Exp[-iEAt]|EA >< EA| Exp[iEB t] |EB >< EB|

= < Φ| ∫dt Exp[-iEAt] |EA >< EA| Exp[iEB t] |EB >< EB||Φ >

=∫dt Exp[-iEAt] Exp[iEB t] Φ( EA) Φ(EB)

= ∑m,n ∫dt Jm(t) Jn(t) Exp[-i m EA] Exp[i n EB t]Φ(EA) Φ(EB)

Thus, one can assume that only the diagonal makes

contribution to the Dirac-Delta function. Thus one gets that

under the assumption that (EB - EA) � π then

∑m ∫dt J2
m(t) Exp[-i m (EB - EA) ] Φ(EA) Φ(EB)

= - Φ(EA) Φ(EB) ∑m ∫T/2 dt J2
m(t)

with the integral runs from ”t” to T/2 yielding a number by which is perceived as a weight to the product Φ(EA)
Φ(EB) that denotes the product of the experimental Quantum Mechanics initial and final states. In this way

the quantity ∑m∫T/2dt J2
m(t) denotes the amplitude to be experimentally observed. In Figure-1 attached to this

submission it is possible to see an approximate 3D spectrum of the Dirac-Delta function emphasizing the peaks

at the lowest orders.
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Introduction

Quantum computing (QC) technologies are rapidly emerging. A number of recent studies report the achieve-

ments of silicon-based qubits. The benefits of nanometer-scale CMOS technologies boost the potential of minia-

turization, scalability and full system integration. However, the physical-level control and read-out of noisy

intermediate-scale quantum (NISQ) computers is a challenging problem. It requires precise manipulation of

quantum states of qubits by the use of classical circuitry and is specific to every existing NISQ computer. This

abstract presents the recent development of a quantum system-on-a-chip utilizing quantum structures fabri-

cated in 22nm FDSOI.

Methods

The fine lithography of nanometer-scale CMOS allows the use of single-electron devices (SED) for the injection

and detection of single electrons, as well as their quantum transport through the quantum register. To assist in

the design of a fully integrated quantum computer, we investigate single and multi-electron quantum transport

in silicon structures.

Our aim is to implement a driver controlling the qubit hardware through appropriate manipulation of voltages

applied across the quantum structure. We develop physical models of the qubits and perform multi-physics

simulations.

The theoretical analysis and modeling of qubits are based on a Hubbard model in the tight-binding limit.

Various topologies of interacting qubits are investigated exhibiting maximally entangled states.

Results

In Fig.1.(a) the cross-section TEM photo of the CMOS coupled quantum dots is visualized. A representative 3D

model of the structure used for semiconductor and electrostatic finite-element method simulations is shown in

Fig.1.(b).

Fig.1.(c) shows an example of the 1D effective potential energy profile in such a structure.

Fig.2.(a) shows a high-level diagram explaining the control of the quantum core. Fig.2.(b) shows the simulation

flow used to model the quantum core.

In Fig.3 the evolution of the probability of the quantum states as obtained from the tight-binding for-

malism is visualized.

In Fig.4.(a) the system of two interacting qubits denoted as qubit #1 (system-A) and qubit #2 (system-B)

is visualized. The time evolution of the probability of the quantum states of the two interacting qubits is shown

in Fig.2.(b). Fig.2.(c) shows the time evolution of the entanglement entropy in the system. Maximally entangled

states can be achieved.

Discussion
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We developed models to assist with the design of electrostatic control of the quantum core of a fully integrated

system-on-chip quantum computer. We described the evolution of quantum states of interacting qubits and

their quantum transport. We showed that maximally entangled states can be achieved.

Fig.1 quantum core structure.jpg

Fig.2 block diagram.jpg

Fig.3 evolution of the probability of the quantum

states.jpg

Fig.4 entanglement entropy.jpg
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In classical computing one of the first steps before improving a searching algorithm, either for optimization

problems or decidability ones, is to take advantage from the knowledge of the problem domain as defining

some sort of heuristics in order to reduce the former searching domain. However, in quantum computing most

of the algorithms start with an equitable superposition of all input qubits, so that it can be said that the Grover’s

algorithm perform a brute force technique to find the target state. The same way that in classical computing,

avoiding this fact as much as possible is also desirable. This poster shows two case studies over a SAT function,

in which this reduction of the search domain is done. In the first case we know in advance the value of any

given variable, and in the second case the range of the solution is known a priori.

Poster qtech2020 paulet-1.png

296



Quantum Technology International Conference

Benchmarking 16-element Quantum Search Algorithms on
Superconducting Quantum Processors

Poster - Abstract ID: 465

Mr. Jan Gwinner 1, Mr. Marcin Briański 1, Dr. Wojciech Burkot 1, Mr. Łukasz Czerwiński 1, Mr.
Vladyslav Hlembotskyi 1, Mr. Adam Szady 1

1. Beit Inc.

We present experimental results on running 4-qubit unstructured search on IBM quantum processors. Our

best attempt attained probability of success around 24.5%. We try several algorithms and use the most recent

developments in quantum search to reduce the number of entangling gates that are currently considered the

main source of errors in quantum computations. Comparing theoretical expectations of an algorithm perfor-

mance with the actual data, we explore the hardware limits, showing sharp, phase-transition-like degradation

of performance on quantum processors. We conclude that it is extremely important to design hardware-aware

algorithms and to include any other low level optimizations on NISQ devices

Ccz gate in line topology.png
Margolus gate with target qubit in the center.png

Theoretical and experimental results on runs of

four algorithms.png

Topology of ibmq vigo.png
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Abstract
We propose a scheme to implement a fast modulation of the boundary conditions by tuning the applied magnetic

flux through super-conducting quantum interference devices (SQUIDs) localized in the middle of the transmis-

sion line resonator (TLR). In the ultra-strong coupling regime of light-matter, we show that this model allows the

observation of vacuum fluctuations by turning the virtual photons into real ones. Furthermore, we analyze the

phase space properties of our scheme by using the Wigner distribution function. Finally, we map our system to

the ground state in order to show the creation of a genuine quantum entanglement and compare it to the strong

coupling regime
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Continuous-variable (CV) quantum key distribution (QKD) is aimed at efficient implementations of quantum

cryptography over metropolitan ranges. An important application of CV QKD is over free-space channels, which

do not rely on fiber-optical infrastructure, can be relatively quickly deployed, and where CV QKD may have

particular advantage due to ability of homodyne detection, employed in CV QKD, to filter out the broadband

background radiation, that does not match a narrow-band local-oscillator beam, used as a phase reference.

However, CV QKD suffers from transmittance fluctuations, also referred to as channel fading, which are caused

by atmospheric turbulence effects, and are known to drastically limit the performance of coherent-state CV

QKD [Usenko et al., New J. Physics 14, 093048 (2012)]. Certain hardware-based methods [Usenko et al., Opt.

Exp. 26, 31106 (2018)] or data manipulation techniques [Ruppert et al., New J. of Physics 21, 123036 (2019)]

can be used to partially overcome fading for coherent-state protocols. As an alternative, we suggest to apply

squeezing to the signal states in order to circumvent the fading effects. Indeed, squeezing is known to improve

robustness of CV QKD to channel noise [Garcia-Patron and Cerf, PRL 102, 130501 (2009)] or inefficient post-

processing [Usenko and Filip, New J. Phys. 13, 113007 (2011)]. In the current work we show that squeezing

can make CV QKD more robust against channel fading, thus allowing for longer distances, also in scenarios of

combined atmospheric and fiber channels (see attached scheme). We also show that the level of squeezing in CV

QKD over fading channels should be optimally limited for a given channel, contrary to fiber-based realizations of

CV QKD, where stronger nonclassicality is always better. We confirm the results by modelling the performance

of squeezed-state CV QKD in mid-range turbulent atmospheric channels, where transmittance fluctuations are

typically dominated by beam-wander effects. We also test our results for real atmospheric channels, using long-

term monitoring data and taking into account finite-size effects, imperfect post-processing and excess noise. We

show that use of squeezed states enables up to two-fold extension of secure atmospheric channel distances in

strongly turbulent channels characterized by higher Rytov parameter (see attached figure) and substantially

reduces the protocol down-times compared to conventional coherent-state CV QKD (see attached figure). Our

results pose a feasible alternative, but can also be combined with other above-mentioned counter-measures

against channel fading, and pave the way to efficient full-scale realization of CV QKD over free-space channels.

Protocol scheme.jpg

Protocol distance.jpg
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Introduction
Quantum Cascade Lasers (QCLs) are interesting resources and potential non-classical-light-states-emitters

suitable for free-space communication in the mid-infrared (MIR) atmospheric-transparency-window set

around 4 µm. The potentialities of QCLs as non-classical source are due to a three-order-parametric-non-linear

process (Four-Wave Mixing, FWM) that takes place in their active medium enabling the generation of frequency

comb in multimodal QCLs (QCL-combs) (Faist 2016). Recently, it has been demonstrated in other optical-comb

sources the possibility of squeezing and color entanglement generation due to FWM (Dutt 2015; Chembo

2016). By the way, nowadays non-classicalities in QCL-combs have not yet been demonstrated and need to be

investigated at the quantum level.

Methods
In quantum optics, homodyne detection is one of the most common techniques applied to study non-classicality

in light-states. In this technique, performing a balanced detection at the two outputs of a 50/50 beam-splitter is

essential in order to obtain the field-quadrature-observable of the light state under investigation. In this work,

we present for the first time the development of a shot-noise-limited mid-infrared balanced detector (Fig.1)

suitable for the characterization of light emitted by QCLs.

In the assembled balanced detector, we used two InSb photovoltaic detectors able to detect light emitted in the

MIR (≈4.6 µm). By using a single-mode QCL as light source and performing a differential measurement between

the two 50/50 beam-splitter outputs, we have tested our setup as a shot-noise-limited detector.

Results
By performing a frequency-domain analysis around 600 kHz, we proved that the measured data (blue spots,

Fig.2) are comparable with the sum of the expected theoretical shot-noise-level and background noise (orange

spots). The ratio between shot-noise and background (clearance) is about 2, therefore the shot-noise level can be

retrieved only after background subtraction. Moreover, we demonstrated that by sending on the beam-splitter

a local oscillator power of 400 µW (corresponding to a total amount of 1.0 V measured at the DC amplifiers’

outputs, Fig.2) we achieve the best compromise between linear responsivity and clearance.

Conclusion
The major setup limits are due to the InSb detectors. They are, in fact, characterized by low quantum efficiency

(≈30%), low saturation power (≈300-400 µW), a limited bandwidth (≈4 MHz) and a limited clearance (≈2). We

are currently testing new detectors to be effectively used in a high-efficiency low-noise detection scheme.
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Introduction
Quantum correlations of multi-partite systems are crucial in secure protocols for private communication,

namely device-independent quantum key distribution (DI-QKD) [1]. Assessing the secure key rate, which is a

major figure of merit in QKD applications, without carrying out the actual protocol is a non-trivial task. In

our work we study entanglement sources based on spontaneous parametric down-conversion (SPDC) and

quantum dots. We report that the increasing multi-photon component in a quantum state ultimately leads to

a bound on SPDC secure key rate, whereas the quantum dot sources are not fundamentally bounded in this way.

Method
Our approach [2] relies on parsing the highly-dimensional structure of the multi-photon states into a two-qubit

Hilbert space. This allows us to assess effective entanglement from tomographic data which are readily

available in a wide spectrum of experiments with entanglement sources. From the reconstructed density

matrix we calculate the lower bound on secure key rate. A model was developed to study how this effective

density matrix, and, ultimately, secure key rate, depends on the gain of the SPDC process [Fig01]. The

predictions of our model are tested with experimental data from an SPDC source.

Results
For SPDC sources there exists a critical value of the gain parameter until which no significant degradation in

entanglement quality is observed and the secure key rate thus increases as the coincidence rate increases as

well. However, after this gain threshold the multi-photon component in the produced quantum state becomes

non-negligible and the key rate eventually drops to zero. There is a critical value of gain after which SPDC

sources stop being viable for the DI-QKD protocol [1] and also an optimal value of gain for which the key rate

is maximized.

Discussion
The bounds on secure key rate for SPDC sources are juxtaposed with experimental data from recent state-of-

the-art realizations of quantum dot entanglement sources [Fig02]. We discuss what requirements on the quality

of entanglement and pair coincidence rate, primarily governed by collection efficiency, need to be fulfilled in

order for the quantum dot entanglement sources to surpass their SPDC counterpart in QKD applications.
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Quantum-based technologies promise to go beyond the capabilities offered by technologies based on classical

principles. However, the implementation of the logic gates that are the core of these systems is challenging since

they should overcome quantum decoherence, low probability of success, and are prone to errors.

One unexpected contribution of considering ideas in the quantum world is to inspire similar solutions in the

classical world (quantum-inspiredtechnologies). These are protocols that aim at mimicking particular features

of quantum algorithms. These solutions are based on features of quantum physics also shared by waves in

the classical world, such it is the case of interference or entanglement between degrees of freedom of a single

particle. There are aspects of these quantum-inspired gates, such as non-locality, that will make fundamentally

different classical analogues from its counterpart quantum algorithms

Distinguishing between strings of data or waveforms is at the core of multiple applications in information tech-

nologies. In a quantum language, the task is to design protocols to identify optimally different quantum states.

A possible method to determine the difference between states is using logic gates. The Fredkin gate has received

considerable attention since it allows direct estimations of linear and nonlinear functionals of a Quantum State

[Phys. Rev. Lett. 88, 217901, 2002]. There have been experimental and theoretical proposals to implement a

Fredkin gate with optical systems [Opt. Express, 15, 150 (2007), Nature Communications, 7, 11424 (2016)]. Fig

1(a) shows a schematic representation of the quantum Fredkin gate. This gate has three input bits and three

output bits and swaps or not the last two bits depending on the value of the first bit that acts as control [Optics

& Laser Technology, 42, 249,(2010)].

Here we demonstrate in a proof-of-concept experiment a quantum-inspired protocol based on the quantum

fingerprinting [Phys. Rev. Lett. 87, 167902, (2001)]. Information is encoded on optical beams with orbital

angular momentum (OAM). These beams allow implementing a Fredkin gate or polarization-controlled SWAP

operation (Figure 1(b)) that exchanges data between beams with different OAM depending on the its polar-

ization. Fig 2 shows a schematic representation of our experimental set-up that builds a quantum-inspired

classical Fredkin gate based on spatial modes of light. Figure 3 demonstrate that the Fredkin gate performs a

polarization-controlled SWAP operation. Finally, we will present several examples where we measure the de-

gree of similarity between waveforms and strings of bits without unveiling the information content of the data.
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Stimulated Raman Adiabatic Passage (STIRAP) is a technique for preparing atoms and molecules in an arbi-

trary preselected coherent superposition of quantum states, ordinarily controlled by Gaussian laser pulses. We

search novel pulse sequences by exploiting deep reinforcement learning algorithms in order to achieve fast and

flexible solutions for integer and fractional STIRAP. By using the robustness of the PPO algorithm, we impose the

agent to exploit only digital pulses corresponding to on/off states of the control radiation instead of continuous

amplitudes. Such method allows to adapt to detuning of the energy levels and disturbances such as dephasing.

STIRAP and its fractional version (f-STIRAP) are well known methods for optically manipulate atomic quantum

states by laser pulses. Both are used in Quantum Ion Processing for coherent control of trapped ions: STIRAP

and f-STIRAP proved to be efficient tools for optical and hyperfine , respectively, qubit manipulation.

Here we control both standard and fractional STIRAP faster than by the known analytical pulses by exploiting

artificial intelligence. Deep Reinforcement Learning (DRL) algorithms are able to identify strategies for achiev-

ing a goal without prior knowledge of a system \cite{sutton2018reinforcement} and were therefore chosen to

short-circuit the analytical approach in this work.

f-STIRAP, and STIRAP as a particular case, are mathematically equivalent to Coherent Transport by Adiabatic

Passage which has already been treated by using deep reinforcement learning by one of us. Consistently, in

the case of (f-)STIRAP the goal is to transfer amplitude from the initial state, to the final, without involving the

dark state, using a sequence of two laser pulses: the Stokes pulse, and the Pump pulse

Since speed and resistance to disturbances are fundamental in these problems, DRL came naturally, as already

seen in the case of CTAP. We show that the pulses discovered by the DRL algorithm achieves STIRAP and f-

STIRAP faster than the analytical solutions and adapt to detuning (for which there is no two-photon resonance)

and dephasing (phase relaxation). In both cases there is no analytical approach.

By varying the learning parameters of the artificial intelligence algorithm, we demonstrate the agent solves

STIRAP and f-STIRAP not only in the ideal case but also in case of disturbances.

Figurepapamoro.png
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Quantum state tomography is an essential tool required for the development and debugging of quantum de-

vices. One of its goals is to provide estimation with higher fidelity for a given number of measured copies of the

input state. Usually, this goal is achieved using adaptive measurements, where the measurement sequence is

constantly tuned to an estimator of the input state. The authors of recent work [1] proposed a novel adaptive

tomographic protocol that does not resolve to a decomposition of unity. Therefore it can be more advantageous

in terms of achievable fidelity than conventional protocols, which form a decomposition of unity. During pro-

tocol development, the authors rely on an analogy from special relativity theory. We reformulate the protocol

in terms of rank-preserving (RP) transformations of density matrices (so this protocol will be denoted as RP).

The original work [1] contains only numerical study. We present an experimental realization of RP protocol. The

experiments are performed with polarization degrees of freedom of single photons. Photons are produced using

a heralded single-photon source, where a type-II spontaneous parametric down-conversion with a degenerate

collinear phase matching in a PPKTP crystal occurs.

We compare the performance of the adaptive RP protocol with measurements in random bases and with an-

other adaptive strategy (Eigen), which includes measurements in the eigenbasis of the current estimate [2]. As

expected, infidelity scaling for both adaptive schemes is 1-F = c/N with the number N of input states. However,

prefactor c for RP is approximately two times smaller as the one for Eigen protocol.

Also, we numerically investigated several protocol modifications. They include complementation to the decom-

position of unity and different choices of the underlying protocol, which is subject to RP transformation. We

find that, when the protocol is complemented, its accuracy drops and becomes similar to Eigen protocol. The

change of the underlying protocol hardly affects RP protocol accuracy.

[1] Yu. I. Bogdanov, N. A. Bogdanova, B. I. Bantysh, Yu. A. Kuznetsov, “The concept of weak measurements

and the super-efficiency of quantum tomography,” Proc. SPIE 11022, International Conference on Micro- and

Nano-Electronics 2018, 110222O (15 March 2019).

[2] D. H. Mahler, Lee A. Rozema, Ardavan Darabi, Christopher Ferrie, Robin Blume-Kohout, and A. M. Steinberg

“Adaptive Quantum State Tomography Improves Accuracy Quadratically,” Phys. Rev. Lett. 111, 183601 (2013)
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Ground-state cooling of a mechanical oscillator by coupling it to a driven optical cavity in the resolved-sideband

regime has been demonstrated experimentally in various optomechanical systems. We provide a so far missing

thermodynamic analysis of this process. Furthermore, we investigate two recent alternative schemes for

ground-state cooling: using a cavity with a frequency-dependent mirror (Fano mirror)1 and replacing the

coherent laser drive by squeezed light2,3. By applying our thermodynamic framework, we gain new insights

into these three different schemes, allowing a better understanding of the mechanisms at play.

While the widely used weak-coupling limit provides an intuitive understanding of the thermodynamic roles

of the setup’s components (Fig. 1), here we go beyond this limit by using a Langevin approach. We derive

the evolution of the second-order moments of the fluctuations, allowing us to identify heat flows, analyze

thermodynamic efficiencies and compute the oscillator’s steady-state phonon number neff.

The oscillator is the thermodynamic system, its phononic environment the hot bath, and the driven cavity acts

like an effective cold phonon bath at temperature Topt. Interestingly, the coupling strength Γoptbetween the

oscillator and the cold bath is proportional to the cavity’s average photon number nc. Therefore, nc is like a

valve allowing heat to flow from the oscillator to the cold bath and maintaining this valve open comes with a

cost , namely the power Pinof the laser drive. Combining this picture with the system’s dynamics, we define

efficiencies: ηconv= ħΩm Iphonon/ ħΔ Iphoton and ηlaser= ħΩm Iphonon/ Pin, with Iphonon/ Iphotonthe flow of phonons /

photons interacting with the cavity / oscillator. Ωmis the mechanical frequency and Δ the cavity-laser detuning.

Figure 2 shows neff and the efficiencies as functions of the cooperativity C, which is the ratio between the

optomechanical coupling and the loss rates.

The Fano mirror changes the cavity’s lineshape, increasing Γopt while lowering Topt, which comes with the addi-

tional cost of building a steady-state amplitude in the Fano mode, hence the lower efficiencies compared to the

standard setup. Conversely, the squeezed light only lowers Topt by reducing the amplitude noise in the cavity,

so the efficiencies are barely impacted while neff can be further decreased.

1. O. Černotík et. al., Phys. Rev. Lett. 122, 243601 (2019)

2. M. Asjad et. al., Phys. Rev. A 94, 051801 (2016)

3. J. B. Clark et. al., Nature 541, 191–195 (2017)
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Superradiant lasers have been proposed as next-generation optical frequency references for precision measure-

ments, metrology, quantum sensing and exploration of new physics [1].

A superradiant laser on the 87Sr 1S0-3P0 mHz clock transition is the perfect candidate to realize such a frequency

standard. It would overcome a limitation of passive optical clocks that generates in the residual thermal noise in

the optical cavity providing the short term frequency stabilization. Superradiant pulses on this narrow transi-

tion have been demonstrated [2], but the duration of the pulse is limiting the short term stability of the frequency

reference. Inspired by our experience with steady-state strontium BEC [3, 4], we are designing a new machine

aiming to produce a continuous superradiant laser output, Fig.1. This machine will explore new ways to realize

frequency references suitable for precision measurements.

Although superradiance on the clock transition offers unparalleled performance, obtaining it is also a complex

and expensive undertaking. Theoretical proposals [5, 6] suggest an alternative: obtaining superradiance using

a simple hot atomic beam. We describe our work on a second machine using this approach, aiming at superra-

diance with Hz-level linewidths exploiting the 1S0-3P1 transition of 88Sr. In such a device only few cooling stages

are necessary, promising a compact, robust and simple clock, Fig 2. Moreover using the atomic beam almost

directly from the oven opens the possibility of high atom flux, giving high output power, which is ideal for a

wide range of industrial and scientific applications.

[1] Meiser et al., Phys. Rev. Lett. 102, 163601 (2009).

[2] Norcia et al., Sci. Adv. 2, e1601231 (2016).

[3] Bennetts et al., Phys. Rev. Lett. 119, 223202 (2017).

[4] Chen et al., Phys. Rev. Appl. 12, 044014 (2019).

[5] Chen J., arXiv: physics/0512096 (2005).

[6] Liu et al., arXiv: 2009.05717.

Fig.1 Design of the mHz machine. A continuous beam of atoms is sent from a storage trap in the sci-

ence chamber through a cavity, enabling superradiant emission. The storage trap is refilled periodically with

a new ultracold samples prepared in the MOT chamber.

Fig.2 Sketch of the hot beam machine. A beam of gaseous strontium effuses from an oven and is collimated

by transversal cooling. The atoms are optically pumped to the 3P1 level and travel into a ‘bad cavity’ where

superradiant lasing is realized.
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Commonly, Quantum Electrodynamics expressed through the Feynman’s rules, implies the presence of a Dirac-

Delta function whose argument contains the energy-momentum conservation of a concrete event of scattering

[1]. Particularly, in Compton Scattering either linear or nonlinear, the argument of the Dirac-Delta function can

be projected onto the Bloch’s sphere scenario that is a pure geometrical territory, in order to extract information

on the energies by which the scattering event requires to carry out to protect itself of anomalous emission of

photons that can violates the energy conservation.

Thus one can find well defined angles that are attained to the initial and final states of the Compton’s amplitude.

To accomplish this, one-dimension Dirac-Delta function that can be written as:

δ(E+nω - E’ - mω’) = ∫dt e-i(E+nω-E’-mω’)t/hIn this manner, one can argue that the exponential depending

on the integer number are a spontaneous source of the well-known Bessel series that can be employed in order

to take advantage a natural incorporation of free parameters, consistent with previous experiments [2]. Thus

the Dirac-Delta function can be written as

δ(E+nω - E’ - mω’) = ∫dt Σp Σq Jq (ρ λ) Jp (x y) eiq(u-v) e-ip(z-r)

That is compatible with the Reiss-Eberly theory [3] in the sense that if the Dirac-Delta function has actually the

character of a Feynman’s space-time propagator, then it can also be perceived as a Green’s function.

In this way with the free parameters: Tan (u) = E/mt, Tan (v) = ω’ /t Tan (z) = E’/nt, Tan (r) = ω/t, and the relations:

ρ=( E2 + (mt)2 )1/2

λ=( (ω’)2 + (t)2)1/2

x=( (E’)2 + (nt)2)1/2

y=( (ω’)2 + (t)2)1/2

leads to define a set of rectangle triangles whose polar angles are coexisting in the Bloch’s sphere. In-

deed all of them are fully correlated with energies either absorbed (Fig.1) or emitted (Fig.1) fact that might

suggest that the energy conservation is tacit on the geometrical relations of the Bloch’s sphere [4]. In this

manner, one can to establish a well-defined hierarchy of these pseudo angles as follows: u > r > v > z. Thus,

these triangle relations would lead to establish well-defined geodesics, sustainable in Quantum Mechanics.

[1] R. Feynman, (1950).Physical Review 80 (3): 440-457.

[2] Bula, et.al, Phys Rev Lett 1996 Apr 22;76(17):3116-3119.

[3] Reiss and Eberly, (1966) Phys. Rev. 151, 1058.

[4] H. Nieto-Chaupis, 2019 IEEE 2nd British and Irish Conference on Optics and Photonics.
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Introduction
Generation of polarization states of light, encoding information in polarization degree of freedom, and efficient

measurement of unknown polarization are the critical tasks of many applications in optical metrology, com-

munications [1], polarization-sensitive imaging [2], and photonic information processing [3]. Liquid crystal

(LC) devices have proved to be indispensable for polarimetric tasks. However, their limited precision, challeng-

ing modeling, and the requirement of a custom design imposes a limit of practical applicability. We report the

preparation and detection of polarization states with unprecedented accuracy using common twisted nematic

LC (TNLC) displays with low-voltage driving and no moving parts.

Methods
The presented polarimetric device consists of three commercially available TNLC displays. Polarizing sheets,

and other auxiliary layers are removed from the displays. The calibration of the TNLC device made from three

cells consists of finding control voltages for which the device transforms the input horizontal polarization to

the particular target state. Because the utilized mathematical model is not accurate enough, it was not possible

to find exact voltages by the simulation. Instead, we continued in the search by performing polarization mea-

surements experimentally in the vicinity of numerically found positions. We have found optimum voltages for

all the H, V, D, A, R, and L polarization states and also for 4 states that create vertices of tetrahedron for minimal

tomography [4].

Results, and Discussion
To verify the performance of the device we use it to prepare dozens of polarization states with average

fidelity 0.999(1) and average angle deviation 0.5(3) deg, as shown in Fig 1. Polarization measurement data

are processed by the maximum likelihood method [5] to reach a valid estimate of the polarization state. The

resulting fidelities and angle deviations are summarized in Table 1. In addition to the application in classical

polarimetry, we also employ the reported liquid-crystal device for full quantum tomography of three-qubit

Greenberger–Horne–Zeilinger entangled state produced by photonic quantum Toffoli gate. The fidelity of

the measured state and the ideal GHZ state is 0.936. For comparison, we characterized the state also using a

common wave-plate based polarimetry and obtained the same value of the fidelity.

References
1. Z.-Y. Chen et al. Light. Sci. Appl. 6, e16207–e16207 (2016).

2. K. Zhanghao et al. Nat. Commun. 10 (2019).

3. S. Slussarenko et al. Appl. Phys. Rev. 6, 041303 (2019).

4. J. Řeháček et al. Phys. Rev. A 70 (2004).

5. M. Ježek et al. Phys. Rev. A 68 (2003).
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The world is moving forward to its second quantum revolution: a stage in technological history where new de-

vices, including sensors based on quantum systems, with unprecedented degree of sensitivity are being devel-

oped. Physicists all over the world are working toward practical implementations on new generation quantum

sensors, and with the present project Mexico joins this important international effort through the “Grávico”

collaboration.

Grávico is a multi-intitutional collaboration that gathers some of the main research groups on the manipula-

tion of quantum systems in México. Its main goal is to design and build a portable Quantum Gravimeter, that

will be Mexico’s first sensor based on Quantum Technologies. Its design will allow to realize absolute gravity

measurements based on atom interferometry of free-falling cold atoms.

Our portable Quantum Gravimeter is composed of three main modules: a stabilized narrow-linewidth laser

source, a modulation system for the generation of multiple laser beams, and a UHV system stabilized with re-

spect to mechanical vibration. Here we present progress toward the construction of the first Quantum Gravime-

ter in Mexico.

The development of this Quantum Technology may lead to improved prediction models for the location of

aquifers, hydrocarbon exploration, minerals, tectonic fault monitoring, as well as for the development of new

sensors and navigation systems.

We acknowledge funding from CONACYT projects: Fronteras de la Ciencia (157), FORDECYT (297126), CON-

CYTEQ (88756).
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Normally the derivation of Feynman amplitudes requires of a fully quantum mechanics scenario where initial

and final states wave functions are needed together with the propagator function [1].
In this paper we take advantage of the formalism developed by Kerman and Hartemann [2] to derive pseudo

Feynman amplitudes in the sense that the resulting structure of the classical radiation intensity is perceived

as the square of all possible amplitudes and that is dependent on the sum of all contributions. To carry out

this we employ the Fourier-Bessel transformation that enables to extract the Dirac-Delta function that respects

the energy and momentum conservation of the reactions [3]. In particular we focused on nonlinear Compton

scattering where a GeV energy free electron interacts with various laser photons in the superintense regime. A

closed-form derivation of the radiated intensity in a pure classical scheme gives us:

d2I/dϖdΩ = | ∑k ∑q ∫dx ∫dx’ Jk(x) ∑m ∑n Hmn(u,v) Jq(x’) δ(p+mk+p’-nk’ ) |2

by which is seen as the classical counterpart of the ordinary Feynman diagrams through the recogni-

tion of ∑m∑n Hmn(u,v) as the Green’s function or propagator as pointed out in the seminal wok of Reiss and

Eberly. Also, the argument of the Dirac-Delta function is in a full accordance with the momentum-energy

conservation. Under this view one can anticipate that the integer numbers as sub-index on the Bessel functions

of propagator are related with the absorbed and emited photons. We can also to observe that the sub-index “q”

and “k” seen in the Beseel functions Jq(x’) and Jk(x) respectivamente are also related as the well-known Volkov’s

solutions that emerge from the fact that the laser field becomes superintense and with a well-defined circular

polarization as achieved in past laser-based experiments. As reported in [4], nonlinear Compton scattering

was observed, so the theoretical approach of this pape might be relevant to handle with complex interactions

in the superintense regime that might demand complicate extensions of Quantum Electrodynamics without

closed-form mathematical methodologies.

[1] R. P. Feynman, Phys. Rev. 76, 769 (1949).

[2] F. V.Hartemann and A. K. Kerman, Classical Theory of Nonlinear Compton Scattering. Phys. Rev. Lett. 76,

624 (1996).

[3] Huber Nieto-Chaupis, Multiple Absorption and Emission of Photons in Strong Laser Fields: The

Electrodynamics-Based Path Through the Hartemann-Kerman’s Radiation Intensity Equation, 2018 IEEE XXV

INTERCON (2018).

[4] C. Bula et.al., Observation of Nonlinear Effects in Compton Scattering, Phys. Rev. Lett.76, 3116 (1996).
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Atom-based spectroscopy allowed self-calibration, sub-wavelength resolution, accuracy and stability for the

detection of the microwave fields. Spectroscopy of the Rydberg states of alkali metals in vapour cells reached

photon shot noise limited sensitivity and allowed scalar detection of microwave electric fields with amplitudes

at the µV/cm level [1]. This contribution proposes a new method to characterize a THz electric field by comparing

the experimental measurements of the lighshifts induced on two-photon rovibrational transitions probed on

cold trapped HD+ ions with accurate predictions of the molecular theory.

The hydrogen molecular ions benefit from accurate quantum electrodynamics (QED) calculations of the en-

ergy levels [2] and their shifts in external fields [3]. The spectroscopy of cold trapped HD+ ions by resonance-

enhanced multiphoton dissociation allowed accurate measurements of THz and optical transitions [4], and al-

lowed determination of fundamental constants, QED tests and searches for physics beyond the Standard Model.

The proposed approach is based on Zeeman spectroscopy of a subcomponent of the two-photon rovibrational

transition (v,L)=(0,0)→(2,0) of HD+ with fractional uncertainty estimated at the 10-12 level [5]. A THz-wave off-

resonant with subcomponents of the rotational transition (v,L)=(0,0)→(0,1) may be detected using lightshifts

induced on the two-photon transition.

The lightshift of the HD+ (v,L)=(0,0)→(2,0) transition is calculated in function of theoretical and experimen-

tal parameters. The lowest amplitude of a reference THz-wave detuned by 1.6 MHz to a subcomponent of

(v,L)=(0,0)→(0,1) that may be detected with this method is 11 µV/m. An algorithm may translate lightshifts mea-

surements into the amplitudes and phases of the Cartesian components of the THz electric field in the laboratory

frame. The measurements of lightshifts for three magnetic fields B1=10-6 T, B2=5×10-6 T, B3=10-5 T with the ori-

entations (α,β)=(0,0) and (α,β)=(0,π/2) defined by Euler angles can be converted using ac-polarizabilities of HD+

into the polarization ellipse of the THz wave (Fig. 1). This plot displays the reference polarization ellipse in red

and the results with this method in blue.

[1] S. Kumar et al, Opt. Express 25, 8625 (2017).

[2] V.I. Korobov et al, Phys. Rev. Lett. 118, 233001 (2017); D. Bakalov et al, Phys. Rev. Lett. 97, 243001 (2006).

[3] S. Schiller et al, Phys. Rev. A 89, 052521 (2014); D. Bakalov et al, J. Phys. B 44, 025003 (2011).

[4] S. Alighanbari et al, Nat. Phys. 14, 555 (2018); S. Patra et al, Science 369, 1238 (2020).

[5] F.L. Constantin, IEEE Trans. Instrum. Meas. 68, 2151 (2019).
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The rapid progress achieved on semiconductor growth techniques has opened new possibilities to obtain nanos-

tructures in a ring-shape whose morphology has been deeply studied by using cross-sectional scanning tunnel-

ing microscopy. Over recent years there has been great interest in studying donors confined in quantum nanos-

tructures under the presence of intense short pulse laser due to the emergence of phenomena related with the

matter-light interaction and novel opto-electronic devices. In this regard, we consider the simplest molecular

ion D2
+confined into the realistic cylindrical GaAs-GaAlAs quantum ring under external probes: magnetic and

intense laser fields. The nonlinear intraband optical absorption coefficient, nonlinear optical rectification, and

relative refractive index changes as a function of incident photon energy are calculated within the effective

mass approximation and compact density-matrix formalism. The D2
+Schrödinger wave equation is solved by

using finite element computational procedure. In this study, we analyze the influence of the geometrical factors:

quantum ring radii, width, and two donor positions on the above mentioned linear optical properties. Addition-

ally, we analyze under what conditions these geometric factors together with the variations of the intensities of

the external fields can leads to either a redshift and/or a blueshift of the resonant peaks of the intraband optical

absorption and relative refractive index change spectrum.

In the limit case, as one of the donors is located very far from the quantum ring, we show that our results are

in good agreement with those previously reported for a neutral donor.
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Over recent years, the implementation of droplet epitaxy technique at high temperature regime has made possi-

ble the fabrication of semiconductor quantum rings having rectangle-shape holes (RQRs) [1]. This RQR are ideal

nanostructure sets for optical and quantum cellular automata technological applications. To carry out these

applications is necessary to have reliable and fast methods to calculate the electron energy spectra and optical

properties. This fact has motived to consider a single electron confined in a RQR under the presence of orthog-

onal electric and magnetic fields. To calculate the optical properties, the corresponding electron eigen-energies

are obtained by solving Schrödinger wave equation within the effective mass approximation and using finite

element computational procedure. From these data, we calculate the single electron nonlinear intraband opti-

cal absorption coefficient and relative refractive index changes as a function of incident photon energy. These

calculations are made within the compact density-matrix formalism under steady state conditions. Taking into

account that central rectangle hole and external circular contour of the quantum ring leads to an anisotropic

width of the RQR, we analyze how this anisotropic structural behavior tends to affect the electron nonlinear

optical properties since the widest areas have a great localizing power of the electronic cloud. This effect can

be reinforced by oriented in a correct form the in-plane electric field. However, the threading magnetic field

can destroy this electron localization because this field tends to rotate the electron, reason why redshift and/or

a blueshift of the resonant peaks of the intraband optical absorption and relative refractive index change can

be observed.

[1] P. Boonpeng, W. Jevasuwan, S. Suraprapapich, S. Ratanathammaphan, S. Panyakeow, Quadra-quantum dots

grown on quantum rings having square-shaped holes: Basic nanostructure for quantum dot cellular automata

application, Microelectronic Engineering 86 (2009) 853–856.

323



Quantum Technology International Conference

Theoretical description of the optical properties of nematic
nanocomposites with gold and silver nanoparticles

Poster - Abstract ID: 516

Prof. Mikhail Osipov 1, Mr. Alexey Merekalov 2, Dr. Alexander Ezhov 3

1. Department of Mathematics and Statistics, University of Strathclyde, Glasgow G1 1XH, Scotland, UK, Topchiev Institute of

Petrochemical Synthesis, Russian Academy of Sciences, 119991 Moscow, Russia, 2. Topchiev Institute of Petrochemical

Synthesis, Russian Academy of Sciences, 119991 Moscow, Russia, 3. Faculty of Physics, Lomonosov Moscow State University,

119991 Moscow, Russia, Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 119991 Moscow, Russia

A molecular-statistical theory of the high frequency dielectric susceptibility of the nematic nanocomposites has

been developed and approximate analytical expressions for the susceptibility have been obtained in terms of

the effective polarizability of a nanoparticle in the nematic host, molar fraction of the nanoparticles and the

susceptibility of the pure nematic phase, using the general theory developed ealier [1]. A simple expression for

the split of the plasmon resonance of the nanoparticles in the nematic host has been obtained and it has been

shown that in the resonance frequency range the high frequency dielectric anisotropy of the nanocomposite

may be significantly larger than that of the pure nematic host. As a result all dielectric and optical properties of

the nanocomposite related to the anisotropy are significantly enhanced which may be important for emerging

applications. The components of the dielectric susceptibility have been calculated numerically for nanocompos-

ites based on the nematic liquid crystal 5CB with gold and silver nanoparicles as functions of the nanoparticle

volume fraction and frequency. The splitting of the plasmon resonance has been observed together with the

significant dependence on the nanoparticle volume fraction and the parameters of the nematic host phase. The

results for two different nematic hosts have also been compared.

Fig.1 The dependence of Re εΙΙ (a), Im εΙΙ (b), Re ε� (c) and Im ε� (d) of the nematic nanocomposite (host 5CB plus

gold nanoparticles) on the volume fraction of nanoparticles φ and frequency ω.
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The improvement in materials growth techniques have made possible practical realization of semiconductor

quantum rings having different shapes. In this regard, quantum rings with diamond-shaped an elliptical hole

were recently reported [1]. Much of the present tremendous interest on these nanostructures have been spurred

by the possibility to obtain technological potential applications including opto-electronic devices and quantum

architecture elements. To carry out these applications with exotic diamond-shaped quantum rings is necessary

to have reliable and fast methods to calculate the electron energy spectra. This fact has motived to consider

a single electron confined in a diamond-shaped quantum ring under the presence of orthogonal electric and

magnetic fields. To calculate the optical properties, the corresponding electron energy levels are obtained by

solving Schrödinger wave equation within the effective mass approximation and using finite element compu-

tational procedure. From these data, we calculate the single electron nonlinear intraband optical absorption

coefficient and relative refractive index changes as a function of incident photon energy. These calculations are

made within the compact density-matrix formalism under steady state conditions. By considering both centric

and eccentric elliptical hole, an anisotropic width is obtained which tends to localize the electronic cloud in in

the widest regions of the ring, reason why the electron energy spectrum is formed by vibrational and rotational

states. In this work, the anisotropic width effect on the nonlinear optical properties is analyzed in relation with

the threading magnetic field effect since this external probe tends to destroy the vibrational states which can

leads to redshift and/or a blueshift of the resonant peaks of the intraband optical absorption and relative refrac-

tive index change can be observed. The magnetic effect on the nonlinear optical properties is contrasted with

the in-plane electric field effect since this last field tends to increase the number of vibrational states and reduce

the energy separation among different states of the same band. This fact has to modify the optical properties

linked with the relative refractive index changes.

We show that under singular geometric conditions, our results tend to be very similar to previous results re-

ported for concentric elliptical quantum ring [2].

[1] Suwit Kiravittaya, Armando Rastelli and Oliver G Schmidt, Advanced quantum dot configurations, Rep. Prog.

Phys. 72 (2009) 046502

[2] Doina Bejan, Cristina Stan, and Ecaterina C. Niculescu, Optical properties of an elliptic quantum ring: Eccen-

tricity and electric field effects, Optical Materials, 78 (2018) 207
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In the last few years, The implementation of quantum physical devices has known a great deal of interest yet

quantum states generators remain an exceptional issue. In this work, we propose the implementation of a

schematic structure based on a quantum-dot photonic-crystal-resonator platform. This platform interacts in

the thermodynamic limit with a quantum waveguide and shows a great potential for the generating of non-

classical tunable light. Firstly we analyze the electrodynamics phenomena governing our system . Afterwards,

we proceed with an analysis of the Wigner distribution function in order to show the phase-space properties

of the ground state-wave function. We support our results by a rigorous quantum optical simulations proving

that our system can serve as a robust photonic states generator To Finally outline the Entanglement phenomena

governing the generated states.
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A quantum state can be characterized from the violation of a Bell inequality. In this case, the characterisation

holds without assumption about the internal working of devices used in the Bell test. This is known as self-

testing. The aim of this contribution is to show that self-testing can be used as a trustworthly certification tool

which could play a central role in future quantum communication protocols.

We will introduce self-testing through the simplest and most common Bell inequality, the Clauser-Horne-

Shimony-Holt (CHSH) inequality. The sole knowledge of the CHSH score is known to be sufficient to charac-

terize the singlet state even in noisy scenario. However, the mininum CHSH violation leading to a non-trivial

self-testing bound is an open question. We will give an example showing that the CHSH self-testing threshold is

quite far from the local bound. We will then introduce new tools to account for finite statistics in CHSH based

self-testing. Applying these tools to data from the loophole-free Bell experiment [W. Rosenfeld et al. Phys. Rev.

Lett. 119, 010402 (2017)], we will show that self-testing can be used in an elementary link of a quantum network

to certify the successful distribution of a Bell state over 398 meters.

We will then show how self-testing can be used to certify quantum channels with classical and/or quantum out-

puts. This includes quantum units to store (quantum memories), process (frequency converters, logical gates)

and to measure (quantum instruments) quantum information. The proposed certifications are resistant to noise

and could soon certify experimental realisations.

Finally, we will introduce connections between self-testing and quantum information applications. For exem-

ple, we will show that self-testing can certify that a given setup can be used for quantum key distribution where

the security guarantees hold independently of the details of the actual implementation.
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