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Quantum computing aims at exploiting quantum phenomena to efficiently
perform computations that are unfeasible even for the most powerful classical
supercomputers. Among the promising technological approaches, photonic
quantum computing offers the advantages of low decoherence, information
processing with modest cryogenic requirements, and native integration with
classical and quantum networks. So far, quantum computing demonstrations
with light have implemented specific tasks with specialized hardware, notably
Gaussian boson sampling, which permits the quantum computational advantage
toberealized. Here we report a cloud-accessible versatile quantum
computing prototype based on single photons. The device comprises a
high-efficiency quantum-dot single-photon source feeding a universal linear
optical network on areconfigurable chip for which hardware errors are
compensated by amachine-learned transpilation process. Our full software
stack allows remote control of the device to perform computations vialogic
gatesor direct photonic operations. For gate-based computation, we benchmark
one-, two- and three-qubit gates with state-of-the art fidelities 0f 99.6 + 0.1%,
93.8+0.6% and 86 +1.2%, respectively. We alsoimplement a variational quantum
eigensolver, which we use to calculate the energy levels of the hydrogen molecule
with chemical accuracy. For photon native computation, weimplementa
classifier algorithm using a three-photon-based quantum neural network and
reportasix-photonboson sampling demonstration onauniversal reconfigurable
integrated circuit. Finally, we report on a heralded three-photon entanglement
generation, a key milestone toward measurement-based quantum computing.

Realizations of quantum computing have built on rapid progressin  platforms to the regime of quantum computational advantage**° by
controlling physical systems that can support quantum information;  solving specific sampling problems that would require unreasonable
forexample, superconducting circuits'?, trapped ions**, neutralatoms®  computing time even for the most powerful classical supercomputers.
and light®’. These technological breakthroughs have brought four ~ Two of these four are photonic, which highlights the position of
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light-based technology among the leading platforms. Quantum light
asaquantuminformation carrier offers the advantage of low decoher-
ence and comes withamany degrees of freedom with which to encode
the information, while providing natural connectivity for distributed
or blind quantum computing”.

Over theyears, avariety of proposals that take the discrete-variable
photonic approach to universal fault-tolerant computing have been
put forward, in which quantum information is encoded with single
photons™ ™, Withidentified thresholds, these roadmaps motivate the
development of quantum computing hardware based onsingle-photon
sources, integrated photonic chips and single-photon detectors. Exper-
imental progress of ever-increasing complexity has been achieved
with integrated sources exploiting nonlinear effects, including with
large-scale integrated chips'®”. However, the probabilistic nature of
the single-photon generation process, the need for it to be heralded
and therequirement for it to operate at low efficiency to limit multipho-
ton events are strong constraints on hardware architectures. This has
resultedinalimited number of manipulated photons with typical rates
in the megahertz range for four photons, and the demonstration of
specificinformation processing tasks that rely on dedicated photonic
chips"”. Overcoming these limitations is foreseen through the use of
massive multiplexing of hundreds of heralded sources'®.

Another path to large-scale quantum computing with single
photons has emerged, owing to deterministic single-photon source
devices based on semiconductor quantum dots"". Such sources
have demonstrated record single-photon generation efficiency that
is10-20 times higher than their nonlinear counterparts, allowing fora
drasticreductioninresource requirements. Such efficiencies allowed
arecord manipulation of 14 single photonsin afree-space boson sam-
pling experiment®. Very recently, the same quantum dot sources have
shown their ability to deterministically generate photonic cluster
states at high rates, even further reducing the foreseen overheads for
large-scale measurement-based quantum computation®,

In this work we report a multipurpose cloud-accessible” single-
photon-based quantum computing machine, named Ascella, which
isbased on six photonic qubits generated by an on-demand quantum
dotsource. The quantuminformationis encoded inthe path degree of
freedom and arbitrarily manipulated ina12-mode integrated universal
interferometer. Amachine-learned transpilation process corrects for
the hardware manufacturingerrors. Ascella operates the largest num-
ber of single photons onachip so far with a six-photon sampling rate of
4 Hz, and shows operation stability over weeks. We benchmark its per-
formances and demonstrate applications both in the gate-based and
photonic computation frameworks. Each reported result represents
either state-of-the-art performance or a novel experimental demon-
stration for which we provide the full code to reproduce through Quan-
dela Cloud®. The numerous applications illustrate the general-purpose
potential of the machine for noisy near-term quantum computing. We
finally discuss the evolution of the reported platform towards scale-up,
and demonstrate a critical step for future measurement-based quan-
tum computation: heralded entanglement generation of three-photon
Greenberger-Horne-Zeilinger (GHZ) states.

Results

Single-photon based computer

Ascella’s hardware (Fig. 1a) comprises an on-demand high-brightness
single-photon source; a programmable optical demultiplexer, which
allows up to six single photons to simultaneously interfere with a
12-modereconfigurable universal interferometer; and a single-photon
detection and post-processing unit.

The on-demand single-photon source (see Supplementary
Section1), whichis based on anInGaAs quantum dot in a microcavity”,
is optically excited at an 80 MHz rate. It exploits a neutral dot and
longitudinal-acoustic-phonon-assisted near-resonant excitation® to
emit linearly polarized single photons with 55% probability into the

collection lens. To send six single photons to every even input mode
of the chip, an active optical demultiplexer sequentially deflects the
photon stream into six optical fibres of different lengths adjusted to
synchronize the photons?. Using optical shutters, the demultiplexer
can prepare any input state from|000000000000) to|101010101010)
(photon positions can subsequently be swapped; see Supplementary
Section 2). The 12-mode photonic integrated circuit (Si;N, platform)
iscomposed of 126 voltage-controlled thermo-optic phase shifters and
132 directional couplers® that are laid out in a rectangular universal
interferometer scheme (see Fig. 1a), allowing for the implementation
ofall12 x 12 unitary matrices with an average fidelity of F= 99.7 + 0.08%
thanks to a custom compilation and transpilation process (see
Methods). Finally, the 12 outputs of the circuit are connected
to high-efficiency superconducting nanowire single-photon
detectors, and N-photon detection events are registered using a
time-to-digital converter.

The average total efficiency of the optical set-up is ~8%, which
includesthe single-photon source device brightness, the transmission
of all optical components, and the detection efficiencies (see Supple-
mentary Section 2). Thisleads to record-breaking two- to four-photon
on-chip coincidencerates (Fig. 1b), and on-chip processing of five and
six photons, at rates of 50 Hzand 4 Hz, respectively. We measure high
single-photon purity of >99% and high indistinguishability of ~94%;
these values are independent of the delays between photon emission
(up to1ps), resulting in ameasured on-chip two-photoninterference
visibility for all 15 pairs of 91-94% (see Supplementary Section 3). The
genuine four- and six-photon indistinguishability—defined as the
probability that the Nphotons are identical—establishes anew record
value of 0.85 + 0.02 for four photons®, and a value of 0.76 + 0.02 for
six photons. We ensure long-term stability and high-performance
operation of Ascella by monitoring key metrics and by performing
automated system optimization runs hourly. This guarantees a highly
stable and long-term operation over several weeks (see Fig. 1b), and
robustness against external temperature fluctuations and mechanical
perturbations.

To operate the machine, tasks are sent remotely using the
Python-based open-source framework Perceval®®. The user can either
specify (see Fig.1c) aphotonic circuit, agate-based circuit, or aunitary
transformation (U) to be applied to a specified input state containing
one to six photons, as well as optional post-selection criteria. Qutput
photon coincidences arethen acquired up to the desired sample num-
ber,and datasampleresults are sent back to the user, either asastream
of events or as an aggregated state:count inventory.

Gate-based quantum computation

Following the Knill-Laflamme-Milburnscheme®, Ascella can perform
probabilistic gate-based protocols. Within this quantum computation
framework, we benchmark quantum logic gates on up to three qubits
and implement a hybrid variational quantum eigensolver (VQE).

Benchmarking logic gates. Ideally, agate Uapplied to aninitial pure
state |¢) will produce the pure state U |¢). In reality, errors, which are
quantified by anoise channel A (ref. 32), corrupt the final state, which
isthen described by a density matrix p = AU |¢) (¢| UT). Astandard
figure of merit to quantify the gate performanceis the quantum state
fidelity F,(U) = (¢|U TpU|y) of the final state p to theideal state U [¢)).
To assess Ascella’s performance for a given gate, we evaluate the
fidelity of the gate averaged over all possible input states |¢), that is,
Fae(U) = [F,(U)dy, where the integral is taken over the Haar measure.

Abrute-force approachto estimating F,,(U) requires animpracti-
cally large number of measurements. A more efficient method, rand-
omized benchmarking, has been proposed for matter qubits®, but
applies long sequences of gates from specific sets of unitaries*. As
photonic quantum processing converts any quantum circuit to a pho-
tonic circuit®, we use a new method to evaluate F,,, (R.M. & S.CW.,
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Fig.1| Architecture, performance and stability of Ascella. a, Sketch of the
overall architecture of the six single-photon quantum computer. A quantum-dot
single-photon source (SPS) device at 5 K is operated at a repetition rate of

80 MHz. An active demultiplexer followed by fibred delays converts the train of
single photons into six photons arriving simultaneously at the universal 12-mode
photonic chip. Photons are detected at the chip output by superconducting
nanowire single-photon detectors (SNSPD) and detection times are processed by
acorrelator. A full software stack controls the unitary matrix Uimplemented on
the chip through the voltages % applied on126 thermal phase shifters, yielding
phase shifts a and the photonicinput state according to the job requested. It
alsorecalibrates hourly and readjusts all hardware control knobs for optimal
performance. The single photons are sent into a photonic chip featuring a
universal interferometer scheme capable of implementing any 12 x 12 unitary
matrix. b, Detected N-photon coincidence rates for N-photon inputs as a function
oftime, with the photonic circuit configured to implement the identity matrix.

coincidence counts

Therates areintegrated for 50 s. The grey areas correspond to maintenance and
upgrade periods. In the right figure, we also monitor the on-chip photon
indistinguishability and single-photon purity, as quantified by the Hong-Ou-
Mandel (HOM) visibility Vyoyand 1-g?(0), respectively, where g2 is the
normalized second-order correlation function. HOMKT is Vo for delays k x AT
between emitted photons where AT =180 ns. Each data point corresponds to a
correlation histogram integrated over 10 s. ¢, Job execution flowchart on Ascella.
Perceval users may send jobs consisting in photonic circuits, or a gate-based
circuit (GB) or a unitary matrix (U), along with the desired input state to the
Quandela Cloud. Thejobis first processed by a CPU, which computes the
necessary phase shifts 7¢Jto apply, and subsequently the voltages V for the
on-chip phase shifters from our compilation and transpilation process. Finally,
the user receives the collected single-photon and coincidence counts after the
computation on the quantum processing unit (QPU).
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Table 1| Average gate fidelities of one-, two- and three-qubit
gates implemented by Ascella evaluated based on K
expectation values obtained from M measurement
configurations

Qubits,n Gate,U Success F.,(U)(%) M K 2°4n
probability

1 T 1 99.6+0.1 4 4 16

2 CNOT 1/9 93.8+0.6 36 58 256

3 Toffoli =1/57 86+1.2 340 593 4,096

The success probability of the CNOT®? and Toffoli®’ gates are indicated.

manuscriptin preparation). Our method exploits symmetries so that
the contribution of most Fs to F,,, cancel out, allowing F,,, to be
expressed as a finite discrete sum F, = Z[ _, wim; of K expectation
values m;with weight w, (see Supplementary Section 5). Thew;and the
state preparation and measurement configurations for each m;
depend onthe gate Uand are pre-computed. Each configuration con-
sistsin preparing an unentangled initial state |¢), applying the gate and
performing single-qubit Pauli measurements. For the gates bench-
marked on Ascella (see Table 1), the Kexpectation values m;are obtained
from M < Kmeasurement configurations, with Kless than the ~2**meas-
urements required for full process tomography* of an n-qubit gate.
The average gate fidelities measured for the T (defined as

=10)(0| + e’g [1)(1]), CNOT and Toffoli gates are shown in Table 1.
To the best of our knowledge, these are record fidelities for the
two-photon CNOT*** and three-photon Toffoli*’ gates. This group of
measurements sets a benchmark for universal photonic quantum
computing, and is on par with the benchmarked performance of
open-access quantum computing platforms based onions and super-
conducting qubits (see Supplementary Section 5). These values are a
lower bound on the true average gate fidelities, as they also include
errorsrelated to state preparation and measurement roughly given by
(1- F,(T-gate)*”®), whichis 0.3 + 0.1%, 0.5 + 0.1% and 0.8 + 0.2% for the
T,CNOT and Toffoli gates, respectively.

Variational quantum eigensolver. Weillustrate gate-based computa-
tion possibilities by implementing a VQE algorithm to compute the
ground-state energies of an H, molecule; VQE exploits the variational
principlesstating that, given a Hamiltonian H and an ansatz wavefunc-

tion ‘¢(9)> parameterized by 0 the ground-state energy associated

with 7 satisfies £y < <([)(9)|.7{ tp(6)> (ref. 40). In this context, VQE
explores the state space by minimizing the energy to find achemically
accurate approximation of E,,. Reaching chemical accuracy (defined
asobtainingaresult within+0.0016 Ha of the theoretical value) is criti-
cal for making realistic chemical predictions.

We build the fermionic Hamiltonian for H, using the symmetry-
conserving Bravyi-Kitaev transformation®, which is available via the
OpenFermion* Python package (see Methods). Symmetry allows
reduction of the problem to the effective Hamiltonian % g, which
acts on two qubits expressed in the standard Paulibasis (1, X, Yand 2),

Hqubie(r) = all + B2 + YIZ + 6ZZ + pXX 1)

with real parameters a, §3, ¥, 6 and u, which depend on the choice of
bondlengthr. We create ansatz states |(p(6)>made oftwo path-encoded
qubits using single-qubit operations R@;) and an entangling
post-selected controlled NOT (CNOT) gate (see Fig. 2a). To make a
chemically accurate prediction of £,, we first find the optimal bond
length (r°*"), whichis the one that corresponds to the lowest energy by
varying rbetween 0.2and 2.05 A.

The expectation value of Hqpic(r) on |(/1(9)> is obtained from
the weighted averages of 10,000 post-processed two-photonsamples,

givinganaccuracy of +0.01 Ha. The classical processor then evaluates
aloss function by using agradient-free optimizer based on expectation
values obtained from Ascella, and corrected using an error-mitigation
schemeinspiredbyref.43. Then fis updated classically in afeedback
loop between Ascellaand aclassical processor toreachlower and lower
energies. We then make an additional experimental run at r°* with
400,000 post-processed two-photon samples to obtain an accuracy
of +0.00158 Ha on the ground-state energy associated with
Hqubie(r °). We compare this value with £, to confirm that we have
reached chemical accuracy. In the two steps highlighted above, we use
error mitigation to compute the minimal energies of F g (r) (see
Supplementary Section 8). For any initial random parameters and
bond lengths, the algorithm consistently converges to the theoretical
eigenvaluesin50to100iterations (see Fig.2a). The entire experiment
time per bond length is approximately four times faster than past
photonic VQE experiments of a system with the same number of
degrees of freedom*’. At fixed initial conditions and r°®, chemical
accuracy was achieved with a success probability of 93%, with
greater accuracy than recent photonic VQE experiments*. These two
improvements are due to higher-quality single-photon sources and
chip control. Note that the accuracy is on par with VQE experiments
on superconducting qubits** and ions traps***, and is reached by
using a photonic platform.

Photon-native quantum computation

We now demonstrate the operation of Ascella in its native photonic
framework, where the information is directly processed through
photonic quantum interferences in chosen unitary transformations
and detection.

Photon-based quantum neural network. We train aquantum neural
network*® on Ascella for a supervised learning classification task. We
build a VQE algorithm where, taking inspiration from ref. 49, we use a
native photonic ansatz. We perform multiclass classification on the
well-known IRIS dataset*’. To the best of our knowledge, this is the first
experimental implementation of a variational quantum classifier with
single photons; we refer to ref. 51 for arealization on a superconduct-
ing platform and to ref. 52 for a two-photon classifier based on kernel
methods. Following our photon-native approach, we design the ansatz
ofthe variational algorithm directly using the beamsplitters and phase
shifters on five modes of Ascella, in which we input three photons. We
alsoimplement partial pseudo photon-number resolution by exploit-
ing four extramodes of the chip.

We train the model using a see-saw optimization between the
chip parameters and the output state parameters that define the
measurement observable. Each iteration requires 112 experiments,
one for each data point in the training set, and we gather 50,000
samples per run. A batch functionality in Perceval®® allows us to
send all data points as one job to the server. Details on the ansatz
and the training can be found in Methods and Supplementary
Section 7. After about 15 iterations, we find an accuracy of 0.92 and
0.95 on the training and test sets, respectively. Figure 2b provides
a summary of the model predictions versus actual labels as a
confusion matrix.

Boson sampling with six single photons. Boson sampling is a sam-
pling problem suited for demonstrating a quantum-over-classical
advantage with optical quantum computing platforms®. The recent
demonstrations of quantum advantage®’® in the Gaussian boson
sampling framework used squeezed light manipulated in free-space
interferometers to limit optical losses. Genuine single-photon-based
Boson sampling has progressed poorly onintegrated chips due to the
low efficiency of heralded sources™ . Here we demonstrate on-chip
bosonsampling for arecord number of six photons with a fully recon-
figurable interferometer. A 12 x 12 Haar-random unitary matrix is
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Fig.2| Computations of Ascella. a, _gate-based computation. Hybrid VQE.

On Ascella, the single-qubit gates R(@;), together with a CNOT gate, create an
ansatz two-qubit state. We then measure in the Z-basis (using the identity gate )
orinthe X-basis (using the Hadamard gate H). The output counts (grey arrows)
aresentto aclassical processor, which reconstructs the corresponding energy
and implements afeedback loop to update the single-qubit gate angles 6;viaa
gradient-free optimizer, and find an ansatz closer to the ground state. Each
iteration on the QPU takes about 22 s (including 14 s of QPU time and classical
communication to the cloud). Chemical accuracy was reached for r°°* = 0.75A.
Each data point corresponds to 10,000 post-processed two-photon coincidence
samples, except for r°P'= 0.75 A, which corresponds to 400,000. The error

bars correspond to 1 s.d. of the photon counting statistics. b,c, Photon-native
computation. b, Left: classification task using a quantum neural network

and using the pseudo photon number resolving (PPNR) capabilities of the
photonic circuit. Right: confusion matrices for the classification of the IRIS
dataset on Ascella. The accuracy for the training and test sets is 0.92 and 0.95,
respectively; 50,000 samples were used for each experimental iteration. ¢, Left:
six single-photon boson sampling. Measured (top) and modelled (bottom)
six-photon output distributions for the input state [101010101010). The 924
six-photon outcomes are canonically ordered from [000000111111) to
|111111000000). Right: discrimination between boson sampling and uniform
sampling hypothesis using the Aaronson and Arkhipov (A&A) counter, and
between boson sampling and distinguishable sampling hypothesis using the
likelihood ratio counter. The value of each discriminator is updated every 10°
samples, which corresponds to ~20 six-photon events. In both cases, a positive
slope validates the test (see Methods).

randomly chosen using the dedicated tool in Perceval. We record
the threshold statistics of all N-photon coincidences (N € [[1; 6]1)
and acquire in total 340.10° samples, with a six-photon coincidence
ratereduced by the strong bunching of photons in this sampling task
downto 0.16 Hz.

Tovalidate our experimental results, we discriminate our collected
boson sampling statistics from the uniform*® and distinguishable*
sampler hypotheses. We also reconstruct the six-photon output dis-
tribution from the sampled dataand compare it with the ideal output
distribution corresponding to the chosen unitary matrix. Both distri-
butions are plotted in Fig. 2¢, from which we deduce a fidelity

F =A/P:ig; and a total variation distance (TVD) D = %Zﬁpi - qil,

where {p;} and {g;} are the ideal and experimental output probability

distributions, respectively, withi {1, ..., 924} labelling the no-collision
output configuration of the boson-sampling device®. We measure
state-of-the-art values F = (0.97 + 0.03) and D = (0.16 + 0.02)***°. Details
onthe measurement simulation with Perceval as well as bosonsampling
with kphotonslost (k € [[1; 4]]) are givenin Supplementary Section 6.
Our experiment marks a demonstration of boson sampling with six
single photons on anintegrated photonic circuit (see Supplementary
Table 4).In contrast with previous experimental demonstrations, our
fully reconfigurable chip admits to sampling from any target unitary
matrix, a critical feature for proving a quantum-over-classical advan-
tageinboson sampling.
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Discussion

Near-term improvements

The above results demonstrate the suitability of the architecture for
near-term quantum computing tasks. In the short-term, the record
4 Hz rate for six photons demonstrated here can be further pushed
to 12 photons by optimizing each hardware component (see Supple-
mentary Table1). These optimizations could be pushed even furtherin
the mid-term; forinstance, the current single-photon source efficiency
of 55% at the first lens can be brought to 96% (ref. 61). The number of
modes in the photonic chip can be increased while reducing photon
transmission loss'®”*", Finally, it is anticipated that heterogeneous
integration of the different components (source, chip, detectors) will
drastically reduce interconnection losses. For the high indistinguish-
ability, our single-photon source technology has demonstrated >99.5%
indistinguishability', which would bring the two-qubit gate fidelities
close to unity®. Altogether, these technological improvements will
allow high-fidelity linear-optical computing protocols to be performed
with dozens of photons.

Scaling

Beyond noisy intermediate-scale tasks, the current platform consti-
tutes astep towards large-scale fault-tolerant quantum computing.
By experimentally implementing quantum algorithms and protocols
onsuch aplatform, we have demonstrated key ingredients to scale
up, specifically, high-fidelity multiphoton interference and entan-
glement generation on an integrated platform, which, moreover,
is robust for continuous operation®. The next steps in reducing
the overhead of probabilistic linear-optical protocols will involve
shifting to a measurement-based paradigm that relies ultimately
on the generation of large graph states'. Heralded three-photon
GHZ states are asufficient resource to build larger entangled states
through type-ll fusion™>**, This is the last demonstration we report
on Ascella.

We use ascheme adapted fromref. 13,65 where three out of the six
single photons are consumed to herald the generation of the
three-photon state |GHZ§L> = (|000) + |111>)/\/§.

Using the stabilizer operators of |GHZ§’>, we experimentally
measure a fidelity of Fg,;;+ = 0.82+ 0.04 (see Fig. 3 and Methods)
providing a reference value and benchmark of heralded GHZ state
generation.

Finally, our recent demonstration of efficient generation of linear
cluster states directly from the same quantum dot source technol-
ogy”*—combined with ingredients demonstrated by this platform—
could lead to additional reductions in hardware resource overheads
required for fault-tolerance®®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-024-01403-4.
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Methods

Architecture

Ascella is accessible remotely via a cloud service?. Tasks can be dis-
patchedeither to Ascella, toa perfect simulator, or to a noisy simulator
throughageneric scheduler handling multiple users' access limitations
andtask prioritization. Following a compilation and transpilation pro-
cess, Ascellathen sets the demultiplexer configuration and the photonic
circuit phasesto apply the required unitary matrix to theinput state. For
applications suchas quantum machine learning, for whicheach training
datasample corresponds to atask, users can prepare and send abatch
of tasks that will execute sequentially on the QPU with fastincremental
chip reconfiguration and without any communication overhead.

Single-photon source

The single-photon source is a single InAs quantum dot determin-
istically embedded in the centre of a micropillar”. The sample was
fabricated from awafer grown by molecular beam epitaxy and is com-
posed of aA-cavity and two distributed Bragg reflectors made of GaAs/
AlyosGag osAs A/4 layers with 36 (18) pairs for the bottom (top); the top
(bottom) distributed Bragg reflectors are gradually p(n)-doped and
electrically contacted.

Photonic circuit

The photonicintegrated circuit is a12 mode universal Clements style
interferometer, including 126 phase shifters and 1,323 dB directional
couplers. The chip sizeis 20 x 20 mm?. The circuitis etched on stochio-
metricsiliconnitride waveguides with the Triplex technology designed
for 925 nm wavelength. Further details on the system and fabrication
technology canbe foundinrefs. 28,68.

The rectangular universal interferometer layout (see Fig. 1a) is
ideally based onbalanced directional couplers (thatis 50% reflectivity).
Experimentally, we observe reflectivities with average values of
56.7(6)% for our chip at the operation wavelength of 928 nm. The
randomerror stems from the fabrication tolerance and the systematic
error from the wavelength dependency. These errors reduce the range
ofimplementable 12 x 12 unitary matrices®*’® and, if not compensated
for, affect the fidelity of the implemented unitary matrix to the target
unitary matrix. To address these limitations, we designed a custom
compilationand transpilation process that converts with high-fidelity
user-provided photonic circuits, unitary matrices or gate-based circuits
intointerferometer phase shift values (compilation) theninto voltages
to apply on the chip phase shifters (transpilation). The compilation
process features a global optimization step executed on a CPU that
simultaneously fine-tunes all the phase shifts to enhance matrix fidel-
ity, thereby mitigating the impact of reflectivity errors. Subsequently,
the transpilation process calculates the voltages to apply on the chip
phase shifters while compensating for thermal cross-talk. To achieve
this, it solves the phase-voltage relation ¢ = AV ©2 +b thatmodels the
behaviour of the thermo-optic phase shifters, where the vector ¢
contains all 126 physical phase shifts, V the 126 applied voltages and ©2
represents element-wise squaring. Off-diagonal elements of the
126 x 126 matrix A represent thermal cross-talk between phase shifters
To find suitable values for A4 and &, we engineered a machine
learning-based photonic chip characterization process that optimizes
their values, constituting more than 16,000 free parameters to deter-
mine. The same process also estimates individual directional coupler
reflectivities and relative output losses (see Supplementary Section 4
for values). This process offers aseven-fold improvement on the tran-
spilation (¢ to V process) over more standard characterization tech-
niques involving interference-fringe measurements.

We benchmark the transpilation process by applying 300 random
phase configurations on the photonic chip and measuring the photon
countrates at the 12 outputs. We compare themto asimulation of the chip
whichistakenintoaccount the estimated directional coupler reflectivi-
tiesand relative outputlosses (see Supplementary Section 4 for values).

We quantify the difference between the measured and simulated values
using the TVD. At 925 nm, with a standard characterization of the chip
based on interference fringes measurements®, the TVD evaluated on
the configurationsis (21 + 11)%, where the error bar is the standard devia-
tion of the dataset. At the operating wavelength of our single-photon
source (928 nm), with our machine learning process, we achieve a TVD
of (3.0 £1.3)%, greatly improving our control over the chip. The relative
variationonthe obtained average TVD between successive benchmark-
ingsis of the order of 3%, showing repeatability of the obtained value. The
full compilationand transpilation processes achieve an average fidelity
of F=99.7 + 0.08 following the fidelity evaluation procedure fromref. 28.

Variational quantum eigensolver

The ansatz for the VQE algorithm implements the gate-based circuit
showninFig.2awhich consists of ageneric two-qubit state generator.
It comprises single-qubit rotations and a CNOT gate®. This is imple-
mented on six modes (modes 1to 6) comprising two path-encoded
qubits and two extramodes for the postselected Ralph CNOT. Arbitrary
rotations areimplemented viatunable Mach-Zehnder interferometers
with thermo-optic phase shifters. Extra phase shifters are used to
mitigate systematic errors in the reflectivity of beamsplitters and to
converge faster to the ground state energy. On average, an entire VQE
experiment for H, takes about 30 min per bond length with 10,000
post-processed two-photon samples (that is the time to construct
Supplementary Fig.15). This time comprises of the actual experimen-
tal time and the classical pre- and post-processing. For the final run at
r°P* to reach chemical accuracy, gathering 400,000 post-processed
two-photon samples for eachiteration takes 4 h 30 min.

Boson sampling

Two statistical tests are used to discriminate the experimental data
against the uniform sampler and distinguishable particle hypotheses.
The A&A counter and the likelihood ratio counter, respectively, are
increased or decreased according to a likelihood ratio test. The A&A
counter A is defined as**®

2
Ay +1ifP > (ﬂ)
Ak = m 2
. n

Ak—l -1ifP < (;)
where n and m are, respectively, the number of photons and optical
modes,and 2 := HiZley‘lz' where ilabels the modes in which photons
are detected,jthe input modes and Uis the unitary sampling matrix.

Thelikelihood ratio counter Cis defined as*™’

2
Cia +1if£ > (2)
Ck = m )
Crr — LifL < (%)
where £ := Zwithg: = |[Perm(U,) 2 p: = |Perm(|U;;|?) and U, denoting
the sub-matrix restricted to the input labels i and output labels.

Photon-based quantum neural network

We build the ansatz of our variational quantum classifier using
modes3to 7 of Ascella. We input three photonsinto the chip,in modes
3,5 and 7. We use 32 of the reconfigurable thermo-optic phase shift-
ers as the variational parameters, and 4 phase shifters in the middle
of the chip for the data encoding. We use extra modes for pseudo
photon-number resolution: by setting four phase shifters to 1/2 in
the final layer of the chip, we redirect a portion of the photons from
modes 3 and 7 into modes 1, 2 and 8, 9 respectively. For the classical
optimization process, we use a see-saw approach based on Gaussian
processes and Nelder-Mead optimizers. More details regarding the
circuit ansatz, model definition, pseudo photon-number resolution
and the optimization methods are in Supplementary Section 7.

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-024-01403-4

Heralded three-photon GHZ on-chip generation
The generation of a path-encoded three-photon GHZ state is charac-
terized withthreereconfigurable integrated Mach-Zehnder interfer-
ometers(MZI,i=1,2,3). Thelayout of the optical circuitis providedin
the Supplementary Section 9. Measuring six photons with threshold
detectors, the output state of the circuit is given by’

0ut) = = (= [GHZ5) [hn) + [GHZ5 ) [|hy) + [fg) + |B7)]
—i|[GHZ3 ) |hg) + {|GHZ ) [|h2) + |hs) + |hs)])-

We target the state |GHZ; ), where [GHZ3 ) = (|000) + [111))/+/2, which is
obtained by conditioning the analysis of the state on the detection of
one of the heralding states |h,), |h3), |hs) and |hg).

The heralding channels signal the generation of a specific GHZ
state. The heralding conditions for the generation of |GHZ; ) are

|h2) = 10,15041;1505)

|h3> = |1203O4170819>

|h5> = |120314O71809>
)

lhs) = 10,131,070515)

where |0;) (|1;))correspond to detecting O (1) photonsinmodei(modes
arelabelled from1to 12 from top to bottom).

The state |GHZ§> is a stabilizer state, and therefore can uniquely
be expressed in terms of its stabilizers”.

|GHZ; ) (GHZ| = 3} s, @
NI |S|
where S;is astabilizer of |GHZ3 ), sis the stabilizer group of |GHZ; ) and
|8|is the number of elements of 8. The fidelity of some experimental
implementation p of |GHZ; ) is given by

Fenzt = Tr(|GHZ3 ) (GHZ3 | p),

Plugging the expansion of|GHZ3+) (GHZQ’. into F,,: and using linearity
of the trace, one obtains

Fonzs = |§1| D, Trace(S;p) = % <S>
N S8
Thefidelity of the heralded stateto the target stateis characterized
on Ascella using this equation, where S; € {lll, XXX, ZZI, 1ZZ, ZIZ, - YYX,
- XYY, - YXY}, the stabilizer operators of the target state, are experimen-
tally accessed through the three-qubit operators XXX, ZZZ, YYX, XYY
and YXY. Note that after the submission of this manuscript, two works
reported on the heralded generation of three-photon GHZ states’”,

Data availability
The data generated as part of this work are available on reasonable
request from the corresponding authors.

Code availability
The code used torunthe presented applicationsis available at https://
github.com/Quandela/Ascella.

References

68. Roeloffzen, C. G. H. et al. Low-loss Si;N, triplex optical
waveguides: technology and applications overview. IEEE J. Sel.
Top. Quantum Electron. 24,1-21(2018).

69. Burgwal, R. et al. Using an imperfect photonic network to
implement random unitaries. Opt. Express 25, 28236-28245 (2017).

70. Russell, N. J., Chakhmakhchyan, L., O'Brien, J. L. & Laing, A. Direct
dialling of haar random unitary matrices. New J. Phys. 19, 033007
(2017).

71. Hein, M. et al. Entanglement in graph states and its applications.
In Proceedings of the International School of Physics “Enrico Fermi”
115-218 (10S Press, 2006).

72. Cao, H. et al. A photonic source of heralded GHZ states. Preprint
at https://arxiv.org/abs/2308.05709 (2023).

73. Chen, S. et al. Heralded three-photon entanglement from a
single-photon source on a photonic chip. Preprint at https://arxiv.
org/abs/2307.02189 (2023).

Acknowledgements

We would like to thank A. White for fruitful feedback, R. Osellame and
his team for valuable interactions on the generation of heralded GHZ
states, and J.J. Dormard, G. Parent and J. Herlent for their support

in the electronic modules. We acknowledge |. Maillette de Buy
Wenniger, V. Guichard, F. Hoch and A. Henry for preliminary work

on the classification experiment, and G. de Gliniasty for discussions
on the Toffoli gate scheme. This work has received funding from the
European Union’s Horizon 2020 Research and Innovation Programme
QUDOT-TECH under the Marie Sklodowska Curie Grant Agreement No.
861097, from the European Union’s Horizon 2020 FET OPEN project
QLUSTER (grant no. 862035), from the European Commission as

part of the EIC accelerator program under the grant SEPOQC (grant
agreement no. 190188855), and from BPI France Concours Innovation
PIA3 projects DOS0148634/00 and DOS0148633/00—Reconfigurable
Optical Quantum Computing (ROQC), from the Plan France 2030
through the project ANR-22-PETQ-0011.

Author contributions

The quantum dot single photon source was fabricated by

A.P., N. Margaria, W.H., A.L., I.S., S.B. and T.H.A., and its optical
characterization was performed by P. Stepanov, A.F., E.I., M.P. and
M.B. O.A. and A. Brieussel integrated all of the hardware components
under the close supervision of N. Maring. A.F., N. Maring, N.B. and
J.S. developed the machine-learned chip control. E.I., A.F. and

M.P. developed the software layer controlling all instruments and
realizing the remote tasks. M.V. architected the software stack, E.B.
implemented the control code within Perceval, and A. Baert wrote
the interface between Perceval and the cloud worker. R.M., S.CW.

P. Sinnott and J.S. conducted the gate benchmarking. M.P. and R.M.
ran the boson sampling task. M.P. implemented the six-photon
indistinguishability test and heralded three-photon GHZ state
generation. A.S. and D.A.F. realized the classification experiment,

P. Sinnott and P.-E.E. defined and realized the VQE. S.M. supervised
and coordinated the theoretical work. P. Senellart and N.S. guided the
source fabrication process and hardware integration. J.S. coordinated
the full assembly of the hardware and software. N.S. supervised the
overall project; M.P,, P.-E.E., A.S., R.M., N.M,, P. Sinnott, A.F., S.CW.,
N.S., N.B, S.M., J.S. and P. Senellart wrote the paper.

Competinginterests
N.S. and P. Senellart are co-founders of Quandela.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41566-024-01403-4.

Correspondence and requests for materials should be addressed to
Jean Senellart or Niccolo Somaschi.

Peer review information Nature Photonics thanks Leong-Chuan Kwek,
Xian-Min Jin and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Photonics


http://www.nature.com/naturephotonics
https://github.com/Quandela/Ascella
https://github.com/Quandela/Ascella
https://arxiv.org/abs/2308.05709
https://arxiv.org/abs/2307.02189
https://arxiv.org/abs/2307.02189
https://doi.org/10.1038/s41566-024-01403-4
http://www.nature.com/reprints

	A versatile single-photon-based quantum computing platform

	Results

	Single-photon based computer

	Gate-based quantum computation

	Benchmarking logic gates
	Variational quantum eigensolver

	Photon-native quantum computation

	Photon-based quantum neural network
	Boson sampling with six single photons


	Discussion

	Near-term improvements

	Scaling


	Online content

	Fig. 1 Architecture, performance and stability of Ascella.
	Fig. 2 Computations of Ascella.
	Fig. 3 Heralded generation of three-photon GHZ states.
	Table 1 Average gate fidelities of one-, two- and three-qubit gates implemented by Ascella evaluated based on K expectation values obtained from M measurement configurations.




