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• Experimental components in photonics

• Linear optical quantum computing

• Designing algorithms with linear optics

• Measurement-based quantum computing and photonics
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Psi-Quantum 
USA - 2016

DV QC

Xanadu 
Canada - 2018

Continuous 
variable QC

QuiX
 Netherlands - 2019

SiN4 based 
DV QC

ORCA
UK - 2020

Memory-based 
QC

Quandela 
France - 2017

DV QC

DV QC: discrete variable quantum computing
Information is encoded in single photons that can be in different modes (e.g. spatial or polarization)

Not an exhaustive list!
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Wikipedia. Squeezed coherent states.
G. Breitenbach et al. Nature 387 (1997)
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• Studied physics at Universite Libre de Bruxelles

• PhD at ICFO in quantum correlations

• Worked for a couple of years in data science and machine learning

• Now working at Quandela

• Topics: 
• photonic quantum computing
• quantum machine learning
• machine learning for quantum
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purity
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on-demand

purity
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indistinguishability

on-demand

purity
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indistinguishability

on-demand

purity
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indistinguishability

on-demand

purity

Ideally: 
On-demand source of pure 
and indistinguishable 
single photons
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Hong–Ou–Mandel (HOM) interference for measuring indistinguishability
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Hanbury Brown and Twiss (HBT) effect for measuring single photon purity 

Second order 
correlation function g2(0)
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Quantum dot

GaAs

GaAs

InGaAs

3-5 nm
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GaAs

GaAs

InGaAs

3-5 nm

Quantum dot
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GaAs

GaAs

InGaAs

3-5 nm

Quantum dot
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Quantum dot in micropillar cavity
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pump
c(2) non-linear crystal

signal

heralding

SPDC: Spontaneous Parametric Down Conversion

Materials with large 𝜒 2
LiNbO3
KTiOPO4
AlN
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Emitted state

After detection of signal photon

Depends on 𝜒 2
and laser power 
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Emitted state

After detection of signal photon

Depends on 𝜒 2
and laser power 

Trade-off
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Spatial multiplexing
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Temporal multiplexing
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T. B. Pittman et al. Johns Hopkins APL Technical Digest 25 2 (2004)

J. Wang et al. Science 360 (2018)
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Superconducting Nanowire Single Photon Detector
(SNSPD)

> 95% single photon detection 
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Superconducting Nanowire Single Photon Detector
(SNSPD)

> 95% single photon detection 

Ideally: PNR detectors

Output states such as 0210301

Current technology: threshold detectors

Indicates click or no click

Output states such as |0110101⟩

Photon number resolution (PNR)
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Room temperature
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• Main source of noise

• Affects the whole circuit

• Exponential scaling with number of photons in an experiment
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• Discrete variable linear optical quantum computing (DVLOQC) uses beam splitters and phase shifters 
on an input of single photons to perform quantum computing.

• Fock state of n photons in a single mode : | ⟩𝑛

• Fock state on 𝑚 modes: | ⟩𝑛!,…,𝑛"

| ⟩1,0,1,0,1,1 | ⟩1,2,0,1,0,0
Input Fock state Output Fock state
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• Discrete variable linear optical quantum computing (DVLOQC) uses beam splitters and phase shifters 
on an input of single photons to perform quantum computing.

• Fock state of n photons in a single mode : | ⟩𝑛

• Fock state on 𝑚 modes: | ⟩𝑛!,…,𝑛"

| ⟩1,0,1,0,1,1 | ⟩1,2,0,1,0,0
Input Fock state Output Fock state

Source Detectors



39

Beamsplitter Phase shifter

• Linear optical transformation on 𝑚 modes 𝑈 ∈ 𝑈 𝑚 .

• Linear optical transformations are made of beam splitters (BS) which are 𝑈(2) transformations (phases) and 
phase shifters (PS) which are 𝑈(1) transformations.
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Theorem by Reck et al. : for any 𝑼 ∈ 𝑼 𝒎 , there exists an 𝒎-mode linear optical circuit implementing it

Scattering mxm unitary matrix implemented with m(m-1)/2 beam splitters

M. Reck et al. Physical Review Letters 73, 58 (1994)
W. R. Clements et al. Optica 3, 12 (2016)
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• The probability to measure an output state ⟩|𝑠!, … 𝑠"
is given by |𝛼#| $/𝑠!!...𝑠"! 𝑛!!... 𝑛"!

• It can be  shown that |𝛼#|$ =|𝑃𝑒𝑟(𝑈%,')| $, 𝑈%,'
submatrix of 𝑈 determined by 𝑆 = (𝑠!, … . , 𝑠") rows 
and N= (𝑛!, … . , 𝑛") column

• If 𝐴 is an n×𝑛 matrix,  𝑃𝑒𝑟 𝐴 = ∑(∈%!∏*+!
, 𝐴*((*)

• Easy rule: like the determinant but with + signs 
everywhere

• The permanent, unlike the determinant, is hard to 
compute (best classical algorithms scale as O(𝑛2,))

U

Haar-random
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U

Haar-random

• Boson sampling task: sample from the output 
probability distribution of a DVLOQC circuit

• More specifically, sample outputs S from P(S)

• With P(S) ∝ |𝑃𝑒𝑟𝑚(𝑈/,%)|$

• Hard to do classically, conditioned on some widely 
believed complexity theory conjectures

à Near term demonstration of quantum advantage
à Task may not be useful 
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Gaussian Boson Sampling defined in continuous variable framework

Original Boson Sampling article
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0 !"#$%	 ≔ 1, 0Choose an encoding

0 → 0 + 1

Dual rail

One qubit gates

Beamsplitter

1 !"#$%	 ≔ 0, 1
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0 !"#$%	 ≔ 1, 0Choose an encoding

0 → 0 + 1

Dual rail

One qubit gates

Beamsplitter

1 !"#$%	 ≔ 0, 1

Other encodings are 
possible, like polarization
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However, some two-qubit gates cannot be achieved 
deterministically with passive linear optics

Options:
• Nonlinearities (materials unavailable)
• Post-selection (probabilistic)
• Heralding (probabilistic)
• Feedforward

Example: post-selected CNOT gate

Ralph, Timothy C., et al. Physical Review A 65.6 (2002): 062324.
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Ralph, Timothy C., et al. Physical Review A 65.6 (2002): 062324.

00 → 00
01 → 01
10 → 11
11 → 10

First qubit

Second qubit

Can you convince yourself that 

?

What is the probability of success?
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pip install perceval-quandela

import perceval as pcvl
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Make an account on cloud.quandela.com
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1. A scalable physical system with well 
characterized qubits

2. The ability to initialize the state of the 
qubits

3. Long decoherence times

4. A "universal" set of quantum gates

5. A qubit-specific measurement capability
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• A scalable physical system with well characterized qubits : 
Ø A qubit = a single photon
Ø Many degrees of freedom to encode

• The ability to initialize the state of the qubits :
Ø Many degrees of freedom to encode

• Long decoherence times
Ø No decoherence in transparent media

| ai =
p p0|0a

i+
p p1e

i↵1 |1ai

<latexit sha1_base64="tDnIXIAKNevLMoXdCZqD4HmixSM=">AAACMXicbVDLSgMxFM34tr6qLt0EiyAIMiOCbgTRjUsFa4VOHe6kt20wk4lJRijT/pIb/0TcuFDErT9h+lC09UDg5JxzSe6JleDG+v6LNzE5NT0zOzdfWFhcWl4prq5dmTTTDMssFam+jsGg4BLLlluB10ojJLHASnx72vMr96gNT+WlbSusJdCUvMEZWCdFxbNOqAyPINQgmwKPQnOnba4iv9vxf9SdbzXo4k3OaQhCtcDdOsFPJiqW/F2/DzpOgiEpkSHOo+JTWE9ZlqC0TIAx1cBXtpaDtpwJ7BbCzKACdgtNrDoqIUFTy/sbd+mWU+q0kWp3pKV99fdEDokx7SR2yQRsy4x6PfE/r5rZxmEt51JlFiUbPNTIBLUp7dVH61wjs6LtCDDN3V8pa4EGZl3JBVdCMLryOLna2w0cv9gvHZ8M65gjG2STbJOAHJBjckbOSZkw8kCeySt58x69F+/d+xhEJ7zhzDr5A+/zC4G2q5A=</latexit><latexit sha1_base64="tDnIXIAKNevLMoXdCZqD4HmixSM=">AAACMXicbVDLSgMxFM34tr6qLt0EiyAIMiOCbgTRjUsFa4VOHe6kt20wk4lJRijT/pIb/0TcuFDErT9h+lC09UDg5JxzSe6JleDG+v6LNzE5NT0zOzdfWFhcWl4prq5dmTTTDMssFam+jsGg4BLLlluB10ojJLHASnx72vMr96gNT+WlbSusJdCUvMEZWCdFxbNOqAyPINQgmwKPQnOnba4iv9vxf9SdbzXo4k3OaQhCtcDdOsFPJiqW/F2/DzpOgiEpkSHOo+JTWE9ZlqC0TIAx1cBXtpaDtpwJ7BbCzKACdgtNrDoqIUFTy/sbd+mWU+q0kWp3pKV99fdEDokx7SR2yQRsy4x6PfE/r5rZxmEt51JlFiUbPNTIBLUp7dVH61wjs6LtCDDN3V8pa4EGZl3JBVdCMLryOLna2w0cv9gvHZ8M65gjG2STbJOAHJBjckbOSZkw8kCeySt58x69F+/d+xhEJ7zhzDr5A+/zC4G2q5A=</latexit><latexit sha1_base64="tDnIXIAKNevLMoXdCZqD4HmixSM=">AAACMXicbVDLSgMxFM34tr6qLt0EiyAIMiOCbgTRjUsFa4VOHe6kt20wk4lJRijT/pIb/0TcuFDErT9h+lC09UDg5JxzSe6JleDG+v6LNzE5NT0zOzdfWFhcWl4prq5dmTTTDMssFam+jsGg4BLLlluB10ojJLHASnx72vMr96gNT+WlbSusJdCUvMEZWCdFxbNOqAyPINQgmwKPQnOnba4iv9vxf9SdbzXo4k3OaQhCtcDdOsFPJiqW/F2/DzpOgiEpkSHOo+JTWE9ZlqC0TIAx1cBXtpaDtpwJ7BbCzKACdgtNrDoqIUFTy/sbd+mWU+q0kWp3pKV99fdEDokx7SR2yQRsy4x6PfE/r5rZxmEt51JlFiUbPNTIBLUp7dVH61wjs6LtCDDN3V8pa4EGZl3JBVdCMLryOLna2w0cv9gvHZ8M65gjG2STbJOAHJBjckbOSZkw8kCeySt58x69F+/d+xhEJ7zhzDr5A+/zC4G2q5A=</latexit><latexit sha1_base64="tDnIXIAKNevLMoXdCZqD4HmixSM=">AAACMXicbVDLSgMxFM34tr6qLt0EiyAIMiOCbgTRjUsFa4VOHe6kt20wk4lJRijT/pIb/0TcuFDErT9h+lC09UDg5JxzSe6JleDG+v6LNzE5NT0zOzdfWFhcWl4prq5dmTTTDMssFam+jsGg4BLLlluB10ojJLHASnx72vMr96gNT+WlbSusJdCUvMEZWCdFxbNOqAyPINQgmwKPQnOnba4iv9vxf9SdbzXo4k3OaQhCtcDdOsFPJiqW/F2/DzpOgiEpkSHOo+JTWE9ZlqC0TIAx1cBXtpaDtpwJ7BbCzKACdgtNrDoqIUFTy/sbd+mWU+q0kWp3pKV99fdEDokx7SR2yQRsy4x6PfE/r5rZxmEt51JlFiUbPNTIBLUp7dVH61wjs6LtCDDN3V8pa4EGZl3JBVdCMLryOLna2w0cv9gvHZ8M65gjG2STbJOAHJBjckbOSZkw8kCeySt58x69F+/d+xhEJ7zhzDr5A+/zC4G2q5A=</latexit>

ü Polarization ü OAM ü Energyü Time ü Photon numberü Path
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• A "universal" set of quantum gates

Ø Single qubit gates very easy to implement
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• A qubit-specific measurement capability

Ø Superconducting single photon detectors

Commercially available – System efficiency > 90% 
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• A "universal" set of quantum gates

Ø Two qubit gates are trickier 
Ø Photon entanglement with interaction through non-linear materials (e.g. AC Kerr 

effect) is extremely challenging 

Ø Knill, Laflamme and Milburn removed the need of strong non-linearities by 
showing that photon interference + photon measurement can induce photon 
entangling interactions

Ø Browne and Rudolph showed that this could be done with HOM-type interference 
(see later) instead of Mach-Zehnder-type interference, removing the need for 
phase stability -> fusion gates

Ø Further developments integrate these ideas in the MBQC framework
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Scheme for a universal quantum computer with LO elements, single-
photon sources and photon detectors:

• Qubit encoding, state measurement, single qubit gates

• Post-selected CNOT / CZ gates

• Gate teleportation for near-deterministic gates

• Prepare entangled state with gate already applied offline
• Teleport into circuit 
• Prepare many probabilistic gates with n-photon state

• Success rate ,"

(,0!)"
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Teleportation circuit

P. Kok et al. Rev. Mod. Phys. 79, 135 (2007) Teleport CZ gate 𝜓 = 𝑈12 𝜙! 𝜙$
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• Long coherence

• Connectivity 

• 4K to room temperature 

• Connection with network

• Single-qubit gates

• Photon loss 

• Source efficiency

• Two-qubit gates
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Beamsplitter

Phase shifter

Fock state with ni photons in mode i|𝑛!, 𝑛$, … , 𝑛* , … , 𝑛"⟩

+ source and detectors

0 !"#$%	 ≔ 1, 0

Dual rail

1 !"#$%	 ≔ 0, 1

Qubit encoding

0 → 0 + 1

Beamsplitter
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Qubit circuit basedPhotonic native
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• Variational quantum algorithms are a type of hybrid quantum-classical algorithm

• A computation is usually run on a quantum circuit (ansatz) with parameters that can be optimised

• The optimisation procedure is done on a classical computer

A. Peruzzo et al. Nature Communications, 5:4213, (2014)
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𝑅
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• Variational framework is the same as VQE

• Here, the ansatz computes the model, which is a function of the variational parameters 𝜃

• For a dataset (𝑥* , 𝑦*) where 𝑥* are the data points and 𝑦* the labels, the loss function is of the form 

𝐿 =O
*

𝑑( 𝑓3 𝑥* , 𝑦*)	
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• Variational framework is the same as VQE

• Here, the ansatz computes the model, which is a function of the variational parameters 𝜃

• For a dataset (𝑥* , 𝑦*) where 𝑥* are the data points and 𝑦* the labels, the loss function is of the form 

𝐿 =O
*

𝑑( 𝑓3 𝑥* , 𝑦*)	

model output label
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• Variational framework is the same as VQE

• Here, the ansatz computes the model, which is a function of the variational parameters 𝜃

• For a dataset (𝑥* , 𝑦*) where 𝑥* are the data points and 𝑦* the labels, the loss function is of the form 

𝐿 =O
*

𝑑( 𝑓3 𝑥* , 𝑦*)	

model output label

minimise
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[1] B. Y. Gan, D. Leykam, and D. G. Angelakis. EPJ Quantum 
Technol. 9, 16 (2022)

Fock-space based quantum neural network (QNN)
Resulting model:

Defined in Fock space:

Unitary from the circuit Observable
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[1] B. Y. Gan, D. Leykam, and D. G. Angelakis. EPJ Quantum 
Technol. 9, 16 (2022)

Fock-space based quantum neural network (QNN) Recall Clements / Reck decompositions:

M. Reck et al. Physical Review Letters 73, 58 (1994)
W. R. Clements et al. Optica 3, 12 (2016)
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Input Fock state

Pseudo PNR
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Classifying Fisher’s iris dataset:
• 150 data points
• 4 dimensions
• 3 classes
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With classical resources, the CHSH inequality is 
bounded by 2

BCHSH = hA1B1i+ hA1B2i+ hA2B1i � hA2B2i  2

With quantum resources, it can reach up to 2√2
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01 + 10
√2

Phases are functions
of input 𝑥 and 𝑦
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01 + 10
√2

Phases are functions
of input 𝑥 and 𝑦
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• The probability to measure an output state ⟩|𝑠!, … 𝑠"
is given by |𝛼#| $/𝑠!!...𝑠"! 𝑛!!... 𝑛"!

• It can be  shown that |𝛼#|$ =|𝑃𝑒𝑟(𝑈%,')| $, 𝑈%,'
submatrix of 𝑈 determined by 𝑆 = (𝑠!, … . , 𝑠") rows 
and N= (𝑛!, … . , 𝑛") column

• If 𝐴 is an n×𝑛 matrix,  𝑃𝑒𝑟 𝐴 = ∑(∈%!∏*+!
, 𝐴*((*)

• Easy rule: like the determinant but with + signs 
everywhere

• The permanent, unlike the determinant, is hard to 
compute (best classical algorithms scale as O(𝑛2,))

U

Haar-random
P(S) ∝ |𝑃𝑒𝑟𝑚(𝑈%,')|$
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Adjacency matrix of a graph

If two vertices are connected in the graph you 
get a 1 in the adjacency matrix, otherwise a 0

Several graph problems can be related to the 
properties of the adjacency matrix
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Step 1: We scale down the adjacency matrix using 
singular value decomposition

𝐴# ≔
1
𝑠
𝐴

Step 2: Use the unitary dilation theorem to embed 
𝐴# onto a larger unitary matrix 𝑈4. If A is an 𝑛 × 𝑛
matrix, 𝑼𝑨 is a 𝟐𝒏 ×𝟐𝒏 matrix

𝑈4 ≔ (𝐴# ∗
∗ ∗)

Use 2n 
modes

p(𝒏𝒐𝒖𝒕| 𝒏𝒊𝒏) ∝ |Per(𝐴#)|$

∝
1
𝑠$, |Per(A)|$

𝑈4 =
𝐴# ∗
∗ ∗
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Number of perfect matchings: 𝑃𝑒𝑟 𝐴

Graph isomorphism: compare 
permanents of adjacency matrices

Densest subgraph identification
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Circuit Unitary matrix Phases Voltages

Compilation Transpilation

!𝑈

arXiv:2310.15349
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A Qiskit QuantumCircuit can be converted to an equivalent Perceval Processor using QiskitConverter
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Error mitigation scheme inspired from [1]

State preparation and measurement (SPAM) errors

Correct probability distribution 𝑞 = Γ#𝑝

Evaluate right before experiment

[1] D. Lee et al. Optica 9, 88-95 (2022)
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Error mitigation scheme inspired from [1]

State preparation and measurement (SPAM) errors

Correct probability distribution 𝑞 = Γ#𝑝

Evaluate right before experiment

[1] D. Lee et al. Optica 9, 88-95 (2022)
New results on QEM for photon loss coming out in May 
(J. Mills and R. Mezher, in preparation)
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Measurement based quantum computing (MBQC)

Proposed by R. Raussendorf and H. J. Briegel in A One-Way Quantum Computer (2001)
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• Circuit model:
• Evolve unitarily qubits through a circuit by applying on the qubits the gates one-by-one
• Measure (read-out) at the end to convert quantum information to classical

• MBQC model:
• Start with a large entangled state consisting of multiple qubits (also called resource state, cluster state)
• Make single-qubit measurements in suitably chosen bases 
• Apply corrections to make it deterministic

|+⟩

CZ

Petros Wallden. Lectures http://pwallden.gr/courseiqc.asp
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• Circuit model:
• Evolve unitarily qubits through a circuit by applying on the qubits the gates one-by-one
• Measure (read-out) at the end to convert quantum information to classical

• MBQC model:
• Start with a large entangled state consisting of multiple qubits (also called resource state, cluster state)
• Make single-qubit measurements in suitably chosen bases 
• Apply corrections to make it deterministic

P. Kok et al. Rev. Mod. Phys. 79, 135 (2007)

CZ
|+⟩|+⟩|+⟩|+⟩|+⟩

CZCZCZ
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• Circuit model:
• Evolve unitarily qubits through a circuit by applying on the qubits the gates one-by-one
• Measure (read-out) at the end to convert quantum information to classical

• MBQC model:
• Start with a large entangled state consisting of multiple qubits (also called resource state, cluster state)
• Make single-qubit measurements in suitably chosen bases 
• Apply corrections to make it deterministic

P. Kok et al. Rev. Mod. Phys. 79, 135 (2007)

CZ
|+⟩|+⟩|+⟩|+⟩|+⟩

CZCZCZ

What are (b), (c) and (d) equivalent to?
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• Circuit model:
• Evolve unitarily qubits through a circuit by applying on the qubits the gates one-by-one
• Measure (read-out) at the end to convert quantum information to classical

• MBQC model:
• Start with a large entangled state consisting of multiple qubits (also called resource state, cluster state)
• Make single-qubit measurements in suitably chosen bases 
• Apply corrections to make it deterministic

P. Kok et al. Rev. Mod. Phys. 79, 135 (2007)

Z meas: removes qubit and severs all bonds with cluster
X meas: removes qubit and transfers all the bonds

?
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MBQC is universal and equivalent to circuit model

Based on set of  𝐽 𝜃 = !
$

!
!
;#$
<;#$ gates for all 𝜃 and 𝐶𝑍 gates which is universal
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MBQC is universal and equivalent to circuit model

Based on set of  𝐽 𝜃 = !
$

!
!
;#$
<;#$ gates for all 𝜃 and 𝐶𝑍 gates which is universal
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Nice examples in the paper 
like how to do the quantum 
Fourier transform in MBQC
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Improvement on KLM proposal for a linear optical quantum computer

Using MBQC framework

Introducing fusion mechanisms that allow for the construction of cluster states 



100

Proposal by PsiQuantum

Compared to MBQC it already integrates fault tolerance

Proposal comes with photonic hardware as well 



101

Generate small GHZ states
Add fusion operations
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N. Coste et al., Nat. Photon. 17, 582 (2023)

| ⟩↑ | ⟩𝑅 + | ⟩↓ | ⟩𝐿 Spin-photon 
entanglement
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N. Coste et al., Nat. Photon. 17, 582 (2023)

| ⟩↑ | ⟩𝑅 + | ⟩↓ | ⟩𝐿
⁄= $	spin-gate

| ⟩↑ + | ⟩↓
2

| ⟩𝑅 +
| ⟩↑ − | ⟩↓

2
| ⟩𝐿
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N. Coste et al., Nat. Photon. 17, 582 (2023)

| ⟩↑ | ⟩𝑅 + | ⟩↓ | ⟩𝐿
⁄= $	spin-gate

−𝑖| ⟩↑ | ⟩𝑉 + | ⟩↓ | ⟩𝐻
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N. Coste et al., Nat. Photon. 17, 582 (2023)

| ⟩↑ | ⟩𝑅 + | ⟩↓ | ⟩𝐿
⁄= $	spin-gate

−𝑖| ⟩↑ | ⟩𝑉 + | ⟩↓ | ⟩𝐻
Excitation H

−𝑖| ⟩↑ - ⟩𝑉 | ⟩𝑅 + | ⟩↓ - ⟩𝐻 | ⟩𝐿

…
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General intuition:
• Strategies like FBQC can be achieved with many quantum dots
• Why not leverage those dots as carriers of quantum information?
• Trade-off between all-photonic and all-matter based approaches

• Using spins of quantum dots as qubits
• Using spin-entangled photon to perform 2-qubit gates
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• Near term photonic quantum computing:
• LOQC (linear optics)
• Boson Sampling
• Variational and boson-sampling-based algorithms

• Medium term photonic quantum computing:
• MBQC and other schemes

• Really cool resource to know more: Mercedes Gimeno-Segovia’s PhD thesis


