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A modular quantum data processing system

Technical field
The present invention relates to the technical field of quantum computing. Particularly, the invention

relates to the technical field of Fault-tolerant quantum computing.

Backaround of the invention

Quantum computing has seen significant advancements in recent years, with the development of
various quantum data processing systems and progress towards the development of fault-tolerant
quantum computers. These systems rely on quantum error correction (QEC), as illustrated in Figure
1, to detect 33 and correct 34 errors by repeating QEC cycles 30, entangling 31 ancilla qubits 20
with data qubits 10 of QEC codes, and measuring 32 ancilla qubits 20 to identify errors 33. Some
errors can come from noise 40 due to the environment of the data qubit 10, for example. However,
existing implementations still face challenges in terms of scalability, modularity, and long-distance
connectivity. In general, it is hard to make deterministic high-fidelity gates with the best current
quantum emitter platforms, and photonic gates are usually probabilistic.

Repeat-until-success (RUS) photonic gates have been proposed as a potential solution for
enabling photonic fault-tolerant quantum computing architectures.

As well known by the skilled person in the relevant art (see for example “Repeat-Until-Success
Linear Optics Distributed Quantum Computing”, Yuan Liang Lim and al., Phys. Rev. Lett. 95,
030505 or “Repeat-until-success quantum computing using stationary and flying qubits”, Yuan
Liang Lim et al., Phys. Rev. A 73, 012304), these gates can be implemented near-deterministically
(for negligible photon loss) and with better probability in the presence of losses. However, RUS
gates have not yet been extensively investigated in the context of fault-tolerant quantum computing
architectures for syndrome measurement extraction. Existing photonic architectures comprise
fault-tolerant measurement-based quantum computing architectures and fusion-based quantum
computing architectures. While these approaches have shown promise, these architectures might
not be the most efficient when the photonic qubits are generated from a quantum emitter.

Existing architectures have not yet leveraged the capabilities of quantum emitters in combination
with RUS gates and other linear-optical components. New architectures are desired to overcome
the shortcomings of existing implementations and to further advance the field of quantum

computing. The present invention solves at least some of these issues.

Summary of the invention

According to one aspect, the present invention relates to a modular quantum data processing
system configured to cooperate with at least one fault-tolerant quantum computer, preferably
configured to process data fault-tolerantly, said modular quantum data processing system
comprising at least:

a. Afirst quantum data module QDM1 comprising at least a first quantum emitter QE1 related
to at least a first qubit QU1, said first quantum emitter QE1 being configured to emit at least
one entangled photon PH1, preferably encoded as a qubit in at least two degrees of

1
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freedom, advantageously with at least two modes, comprising at least two photonic modes
PH1a, for example (J0>), and PH1b, for example (|1>), said entangled photon PH1 being
entangled with said first quantum emitter QE1, preferably said entangled photon PH1
carrying at least one quantum data QI1 related to said first quantum emitter QE1;
A second quantum data module QDM2 comprising at least a second quantum emitter QE2
related to at least a second qubit QU2, said second quantum emitter QE2 being configured
to emit at least one entangled photon PH2, preferably encoded as a qubit in at least two
degrees of freedom, advantageously with at least two modes, comprising at least two
photonic modes PH2a and PH2b, said entangled photon PH2 being entangled with said
second quantum emitter QE2 preferably said entangled PH2 carrying at least one quantum
data QI2 related to said second quantum emitter QE2;
A quantum gate module QG1 configured to perform at least one optical transformation on
said four photonic modes PH1a, PH1b, PH2a and PH2b; preferably said optical
transformation being a linear optical transformation, said quantum gate module QG1
comprising at least one interferometer unit, said interferometer unit being configured to
execute said optical transformation; said interferometer unit being configured to make at
least said entangled photon PH1 interferes with at least said entangled photons PH2, said
interferometer unit comprising at least a first photon detector PD1, a second photon
detector PD2, a third photon detector PD3, and a fourth photon detector PD4, preferably
each photon detector PD1, PD2, PD3 and PD4 being individually configured to detect one
specific photonic mode, said interferometer unit being configured to:
i. detect at least one detection pattern using said four photon detectors PD1, PD2,
PD3, and PD4,
i. generate at least one outcome based on said detection pattern, and
ii. send at least one classical data related to said outcome to at least said classical
channel.
said outcome being taken among at least:
iv. A first outcome corresponding to an entangling gate between the first quantum
emitter QE1 and the second quantum emitter QE2;
v. A second outcome corresponding to a unitary gate between the first quantum
emitter QE1 and the second quantum emitter QE2;

vi. Athird outcome corresponding to a detection of less than two photons.

said quantum gate module QG1 being configured to repeat said at least one optical
transformation on photonic modes of at least two other entangled photons PH11 and PH22,
said entangled photon PH11 being emitted by said first quantum emitter QE1 and said
entangled photon PH22 being emitted by said second quantum emitter QE2, until said
outcome is equal to said first outcome, preferably until said outcome is equal to said first

outcome or to said third outcome;

A quantum circuit router QCR1 comprising at least one photon router PR1, said photon

router PR1 being preferably configured to route at least one photon from a given input to a

given output, advantageously said photon router PR1 being configured to route said
2
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entangled photon PH1 from said first quantum data module QDM1 to said quantum gate
module QG1, said photon router PR1 being configured to route said entangled photon PH2
from said second quantum data module QDM2 to said quantum gate module QG1;

e. A quantum channel module QCM configured to transfer at least one photon from one
module to another module, said quantum channel module QCM comprising at least a first
quantum channel and at least a second quantum channel, said first quantum channel being
configured to propagate said entangled photon PH1 from said first quantum data module
QDM1 to said quantum circuit router QCR1, said second quantum channel being
configured to propagate said entangled photon PH2 from said second quantum data
module QDM2 to said quantum circuit router QCR1;

f. Aclassical channel module CCM configured to transfer classical data from one module to
another module;

g. Aclassical processing module CPM comprising at least one classical processing unit CPU
configured to treat classical data received from said classical channel module CCM, and
configured to send classical data through said classical channel module CCM, said
classical data being configured to control at least one module taken among: the first
quantum data module QDM1, the second quantum data module QDM2, the quantum gate
module QG1, the quantum circuit router QCR1.

The present invention enables fault-tolerant quantum computing on non-interacting quantum
emitters. In the prior art, these non-interacting quantum emitters were thought to be used only as
ancilla to produce entangled photons or as physical qubits in a measurement-based quantum
computing framework.

The present invention allows interaction between distant data qubits and ancilla qubits, with
possibility of enabling non-local quantum error correction, i.e. quantum error correction protocols
involving non-local qubit interactions.

The present invention enables a scalable universal FTQC architecture for non-interacting quantum
emitters. By non-interacting quantum emitters, one means quantum devices that can encode
quantum information, e.g. a qubit, but don’t interact directly with each other, either because they
can't or because one chooses not to use the possible interaction, but which can emit other qubits
such as photons, potentially entangled with such emitters and among them.

The present invention allows running any quantum algorithm in a fault-tolerant way on a hardware
platform based on non-interacting quantum emitters and photonic links.

Using quantum error correcting codes with long-range connectivity between physical qubits can,
among other things, facilitate the implementation of high-rate QEC codes which reduces the
resource footprint of an FTQC. Enabling this long-distance connectivity can be realized using
quantum emitters and photonic links for example.

According to another aspect, the present invention relates to a fault-tolerant quantum computer
comprising at least one modular quantum data processing system according to the present
invention.

According to another aspect, the present invention relates to a method for processing at least one

quantum data QI1 using at least one modular quantum data processing system according to the

PCT/EP2024/071022



10

15

20

25

30

35

40

[017]

WO 2025/021872

present invention, said method comprises at least the following steps performed by said at least

one modular quantum data processing system:

a.

A first emission step of at least one entangled photon PH1 by the first quantum data module
QDM1, preferably said entangled photon PH1 being encoded as a qubit in at least two
degrees of freedom, advantageously with at least two modes, said entangled photon PH1
comprising at least two photonic modes PH1a and PH1b, said entangled photon PH1 being
entangled with said first quantum emitter QE1, preferably said entangled photon PH1
carrying at least one quantum data QI1 related to said first quantum emitter QE1;
A second emission step of at least one entangled photon PH2 by the second quantum data
module QDM2, preferably said entangled photon PH2 being encoded as a qubit in at least
two degrees of freedom, advantageously with at least two modes, said entangled photon
PH2 comprising at least two photonic modes PH2a and PH2b, said entangled photon PH2
being entangled with said second quantum emitter QE2, preferably said entangled photon
PH2 carrying at least one quantum data QI2 related to said second quantum emitter QE2;
A first routing step of at least said photon PH1 by the quantum circuit router QCRA1,
preferably by the photon router PR1, from said first quantum data module QDM1 to the
quantum gate module QG1, preferably through the quantum channel module QCM,;
A second routing step of at least said photon PH2 by the quantum circuit router QCRA1,
preferably by the photon router PR1, from said second quantum module QM1 to the
quantum gate module QG1, preferably through the quantum channel module QCM,;
An optical transformation step, by at least said quantum gate module QG1, on said four
photonic modes PH1a, PH1b, PH2a and PH2b, said optical transformation step comprising
the following steps:
i. adetection step of at least one detection pattern using said four photon detectors
PD1, PD2, PD3, and PD4,
ii. ageneration step of at least one outcome based on said detection pattern, and
iii. a sending step of at least one classical data related to said outcome to at least
said classical channel module.
said outcome being taken among at least:
iv. a first outcome corresponding to an entangling gate between the first quantum
emitter QE1 and the second quantum emitter QE2;
v. a second outcome corresponding to a unitary gate between the first quantum
emitter QE1 and the second quantum emitter QE2;

vi. athird outcome corresponding to a detection of less than two photons.

said optical transformation step being configured to be repeated on photonic modes of at
least two other entangled photons PH11 and PH22, said entangled photon PH11 being
emitted by said first quantum emitter QE1 and said entangled photon PH22 being emitted
by said second quantum emitter QE2, until said outcome is equal to said first outcome,

preferably until said outcome is equal to said first outcome or to said third outcome.

According to another aspect, the present invention relates to a computer program product for

processing at least one quantum data using at least one modular quantum data processing system

4
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[024]

[025]

according to the present invention which, when executed on at least one processor unit, executes
the method according to the present invention.
According to another aspect, the present invention relates to a non-volatile memory comprising at
least one computer program product according to the present invention.
According to another aspect, the present invention relates to the use of the method of the present
invention to process at least one quantum data QI1 using a fault-tolerant quantum computer
comprising at least one modular quantum data processing system according to the present
invention.
According to another aspect, the present invention relates to the use of the method of the present
invention for quantum error correction.
According to another aspect, the present invention relates to a modular quantum data processing
system configured to process at least one quantum data fault-tolerantly by using at least heralded
photon-mediated two-qubit gates, preferably during the error detection process, i.e. stabilizer check
measurements.
Before providing below a detailed review of embodiments of the invention, some optional
characteristics that may be used in association or alternatively will be listed hereinafter:
According to an example, said first outcome corresponds to joint measurements of the photonic
modes PH1a, PH1b, PH2a, and PH2b in at least one of the following detection patterns:
a. At least one photon detected by the first photon detector PD1, and at least one photon
detected by the third photon detector PD3;
b. At least one photon detected by the second photon detector PD2, and at least one photon
detected by the fourth photon detector PD4;
c. At least one photon detected by the first photon detector PD1, and at least one photon
detected by the fourth photon detector PD4;
d. Atleast one photon detected by the second photon detector PD2, and at least one photon
detected by the third photon detector PD3;

said first outcome corresponds to an entangled gate between the first qubit QU1 and the
second qubit QU2, preferably said first outcome corresponding to controlled gates configured
to apply a controlled rotation by an angle Theta on at least one among the first qubit QU1 and
the second qubit QU2, said angle Theta being different from zero, based on the state of other
qubits QU1 or QU2.

This allowed enabling two-qubit gates between the qubits through optical links rather than just
through immediate interaction, e.g. nearest neighbor interaction. This feature provides the
availability of generating long-distance interaction between qubits, advantageously between non-
interacting quantum emitters. Moreover, this feature can provide a higher success rate for linear-
optical delegated gates, for example.
According to an example, said second outcome corresponds to joint measurements of the photonic
modes PH1a, PH1b, PH2a, and PH2b in at least one of the following detection patterns:

a. Atleast two photons detected by the first photon detector PD1,

b. At least one photon detected by the first photon detector PD1, and at least one photon

detected by the second photon detector PD2;
5
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[027]

[028]

[029]
[030]

[031]

c. At least two photons detected by the second photon detector PD2,

d. Atleast two photons detected by the third photon detector PD3;

e. At least one photon detected by the third photon detector PD3, and at least one photon
detected by the fourth photon detector PD4;

f. Atleast two photons detected by the fourth photon detector PD4.

said second outcome corresponding to an identity gate between the first qubit QU1 and the

second qubit QU2, preferably said second outcome corresponds to controlled identity gates.

According to an example, said first quantum emitter QE1 is configured to emit said another
entangled photon PH11 if said outcome is equal to said second outcome, and said second quantum
emitter QE2 is configured to emit said another entangled photon PH22 if said outcome is equal to
said second outcome.

According to an example, said first quantum emitter QE1 is configured to emit at least a first set of
entangled photons comprising said photon PH1 and said photon PH11, the photons of said first set
being emitted, preferably sequentially, by said first quantum emitter QE1; and, said second
quantum emitter QE2 is configured to emit at least a second set of photons comprising said photon
PH2 and said photon PH22, the photons of said second set being emitted, preferably sequentially,
by said second quantum emitter QE2; and, one photon of said first set of photons is sent to said
quantum gate module QG1 each time said outcome is equal to said second outcome; and, one
photon of said second set of photons is sent to said quantum gate module QG1 each time said
outcome is equal to said second outcome; and the other photons of said first set of photons are
sent to at least a detector module if said outcome is equal to said first outcome, preferably if said
outcome is equal to said first outcome or to said third outcome, said detector module being
configured to indirectly measure at least one quantum state of said first quantum module QM1,
preferably of said first quantum emitter QE1, advantageously of said first qubit QU1

According to an example, the other photons of said first set of photons are sent to at least two
another photon detectors PD5 and PDE6 if said outcome is equal to said first outcome, preferably if
said outcome is equal to said first outcome or to said third outcome, said photon detectors PD5
and PD6 being configured to indirectly measure at least one quantum state of said first quantum
module QM1, preferably of said first quantum emitter QE1, advantageously of said first qubit QU1.
This allows an augmentation of the speed of quantum data processing.

According to an example, said first quantum emitter QE1 comprises at least one quantum system
QS1 taken among at least: a natural atom and/or an artificial atom, said natural and/or artificial
atom being taken among at least: a Rydberg atom, a trapped ion, any solid-state defect in bulk
semiconductor, such as a quantum dot, a quantum dot molecule, a defect in diamond, in silicon
carbide and/or in silicon, rare-earth ion, said quantum system QS1 comprising at least a spin SP1,
acting as a physical carrier of QU1 and advantageously said photon PH1 is entangled with said
spin SP1.

According to an example, the first quantum emitter QE1 comprises a cavity and/or a waveguide
configured to collect and/or guide the photon PH1, preferably into a desired point, advantageously

into a predetermined localization.
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[034]

[035]
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[037]
[038]

[039]

[040]

[041]

[042]

[043]

This allows to increase the emission of a photon in a given mode and facilitates its collection in a
quantum channel module.
According to an example, said second quantum emitter QE2 comprises at least one quantum
system QS2 taken among at least: a natural atom and/or an artificial atom, said natural and/or
artificial atom being taken among at least: a Rydberg atom, a trapped ion, any solid-state defect in
bulk semiconductor, such as a quantum dot, a quantum dot molecule, a defect in diamond, in silicon
carbide and/or in silicon, rare-earth ion, said quantum system QS2 comprising at least a spin SP2,
acting as a physical carrier of QU2, and advantageously said photon PH2 is entangled with said
spin SP2.
According to an example, the second quantum emitter QE2 comprises a cavity and/or a waveguide
configured to collect and/or guide the photon PH2, preferably into a desired point, advantageously
into a predetermined localization.
This allows to increase the emission of a photon in a given mode and facilitates its collection in a
quantum channel module.
According to an example, said first qubit QU1 is a data qubit.
According to an example, said second qubit QU2 is an ancilla qubit.
According to an example, the quantum gate module QG1 is configured to perform at least one
entangling gate, which is part of at least one ancilla-assisted stabilizer measurement sequence,
the ancilla being used to detect an error on the data qubit.
According to an example, the classical processing module CPM is configured to stop the emission
of photons by said first quantum emitter QE1 and/or said second quantum emitter QE2 based on
at least one predetermined threshold of a number of emitted photons by said first quantum emitter
QE1 and/or said second quantum emitter QE2, said threshold being modified based on at least
one classical information generated by, i.e. coming from, said ancilla-assisted stabilizer
measurement sequence. According to an example, said classical processing module CPM is
configured to end the repeat sequence of said at least one optical transformation when the number
of emitted photons by said first quantum emitter QE1 and/or said second quantum emitter QE2 is
equal or higher to a predetermined threshold, preferably said threshold corresponding to a
predetermined number of photons.
According to an example, the modular quantum data processing system comprises at least a first
quantum control module QC1 and a second quantum control module QC2, said first quantum
control module QC1 being configured to control said first quantum data module QDM1 and said
second quantum control module QC2 being said second quantum data module QDM2.
According to an example, the first quantum data module QDM1 and the second quantum data
module QDM2 are physically separated one from the other by at least a third quantum data module
QDM3.
According to an example, the photon router PR1 is configured to route at least one photon
according to at least one classical data taken among at least: clock information, information
received from the classical processing module CPM.
According to an example, the present invention comprises at least one decoder module, said
decoder module comprising at least one decoder unit, said decoder unit being configured to receive
said outcome and to output at least one correction data to perform fault-tolerant quantum data
7
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[044]

[045]

[046]

[047]

[048]

[049]

[050]

[051]

processing, preferably said decoding unit being configured to perform fault-tolerant quantum data
processing.
According to an example, the method comprises:

a. Anemission step by said first quantum emitter QE1 of said another entangled photon PH11
if said outcome is equal to said second outcome,

b. An emission step by said second quantum emitter QE2 of said another entangled photon
PH22 if said outcome is equal to said second outcome.

According to an example, said first emission step comprises the emission of at least a first set of
photons comprises at least said photon PH1 and said photon PH11, the photons of said first set
being sequentially emitted by said first quantum emitter QE1;

According to an example, said second emission step comprises the emission of at least a second
set of photons comprising at least said photon PH2 and said photon PH22, the photons of said
second set being sequentially emitted by said second quantum emitter QE2;

According to an example, the method comprises at least:

a. asending step of one photon of said first set of photons to said quantum gate module QG1
each time said outcome is equal to said second outcome,

b. asending step of one photon of said second set of photons to said quantum gate module
QG1 each time said outcome is equal to said second outcome,

c. a sending step of at least one photon of said first set of photons to at least a detector
module if said outcome is equal to said first outcome, preferably if said outcome is equal
to said first outcome or to said third outcome, said detector module being configured to
indirectly measure at least one quantum state of said first quantum data module QDM1,
preferably of said first quantum emitter QE1, advantageously of said first qubit QU1.

According to an example, the method comprises a sending step of at least one photon of said first
set of photons to at least two other photon detectors PDS and PD6 if said outcome is equal to said
first outcome, preferably if said outcome is equal to said first outcome or to said third outcome, said
photon detectors PD5 and PD6 being configured to indirectly measure at least one quantum state
of said first quantum module QM1, preferably of said first quantum emitter QE1, advantageously
of said first qubit QU1.

According to an example, the method is optimized for non-interacting quantum emitters for which
two-qubit gates are not native. Preferably, implementing linear-optical gates, i.e. quantum gates,
can be done either with repeat-until-success linear-optical gates or boosted linear-optical gates.
According to an example, at least the first qubit QU1 and the second qubit QU2 encode at least
one logical qubit, said logical qubit having a error probability related to the use of the quantum gate
module, said error probability being configured to be lower than a predetermined value VA1,
preferably said predetermined value V1 being related to the noise of the system and/or to the size
of the quantum error correcting code.

According to an example, the quantum module comprises a failure probability related to at least
said quantum gate, if said failure probability is below a predetermined value VO, called the fault-
tolerant threshold, said fault-tolerant threshold being determined by the quantum error correcting
code being used and/or by the noise model of the system, then the logical error probability is lower

than said predetermined value V1.
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[056]
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[059]
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According to an example, at least one of the photon detectors PD1, PD2, PD3, PD4 comprises a
threshold detection unit, said threshold detection unit is configured to send at least one classical
data indicating the detection of at least one photon when the measure of the photon detector
exceeds a predetermined threshold.
According to an example, at least one of the photon detectors PD1, PD2, PD3, and PD4 is a
threshold detector and is configured to send at least one classical data indicating the detection of
at least one photon.
According to an example, at least one of the photon detectors PD1, PD2, PD3, PD4 comprises a
photon number resolving detection unit, said photon number resolving detection unit is configured
to send at least one classical data indicating the detection of at least one photon when the measure
of the photon detector exceeds a predetermined number.
According to an example, at least one of the photon detectors PD5 and PD6 comprises a photon
number resolving detection unit, said photon number resolving detection unit is configured to send
at least one classical data indicating the detection of at least one photon when the measure of the
photon detector exceeds a predetermined number.
According to an example, said quantum gate module QG1 is configured to perform at least one
linear-optical transformation of said four photons PH1a, PH1b, PH2a and PH2b, said quantum gate
module QG1 comprising at least one linear interferometer unit, said linear interferometer unit being
configured to execute said linear-optical transformation.
According to an example, said linear interferometer unit is configured to make at least one among
said photon PH1 interfere with at least one among said photon PH2, said linear interferometer unit
comprising at least a first photon detector PD1, a second photon detector PD2, a third photon
detector PDS3, and a fourth photon detector PD4, said linear interferometer unit being configured
to:
a. detect at least one detection pattern using said four photon detectors PD1, PD2, PD3, and
PD4,
b. deliver at least one outcome based on said detection pattern, and
c. send at least one classical data related to said outcome to at least said classical channel
module.
According to an example, said photon PH1 belongs to a first group of photons carrying the same
quantum data QI1 and the quantum gate module QG1 is configured to process said first group of
photons.
According to an example, said photon PH2 belongs to a second group of photons carrying the
same quantum data QI2 and the quantum gate module QG1 is configured to process said second
group of photons.
According to an example, said outcome is taken among at least:
a. Afirst outcome corresponding to an entangling gate between the first quantum emitter QE1
and the second quantum emitter QE2;
b. A second outcome corresponding to a unitary gate between the first quantum emitter QE1
and the second quantum emitter QE2;
c. Athird outcome corresponding to a detection of less than two photons among PH1a, PH1b,
PH2a, and PH2b.
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According to an example, said interferometer unit comprises at least a first linear optical device
OP1, a second linear optical device OP2, a third linear optical device OP3, and a fourth linear
optical device OP4, each linear optical device OP1, OP2, OP3 and OP4 comprises two input
channels and two output channels. Said interferometer unit is configured as follow:
a. one input channel of the first linear optical device OP1 is configured to receive said photon
PH1a;
b. one input channel of first linear optical device OP1 is configured to receive said photon
PH1b;
c. one output channel of the first linear optical device OP1 is configured to send at least one
photon to one input of the fourth linear optical device OP4;
d. one output channel of the first linear optical device OP1 is configured to send at least one
photon to one input of the third linear optical device OP3;
e. one input channel of the second linear optical device OP2 is configured to receive said
photon PHZ2g;
f. one input channel of the second linear optical device OP2 is configured to receive said
photon PH2b;
g. one output channel of the second linear optical device OP2 is configured to send at least
one photon to one input of the fourth linear optical device OP4;
h. one output channel of the second linear optical device OP2 is configured to send at least
one photon to one input of the third linear optical device OP3;
i. one input channel of the third linear optical device OP3 is configured to receive at least one
photon from the first linear optical device OP1;
j. oneinput channel of the third linear optical device OP3 is configured to receive at least one
photon from the second linear optical device OP2,;
k. one output channel of the third linear optical device OP3 is configured to send at least one
photon to said first photon detector PD1;
I.  one output channel of the third linear optical device OP3 is configured to send at least one
photon to said second photon detector PD2;
m. one input channel of the fourth linear optical device OP4 is configured to receive at least
one photon from the first linear optical device OP1;
n. one input channel of the fourth linear optical device OP4 is configured to receive at least
one photon from the second linear optical device OP2,;
0. one output channel of the fourth linear optical device OP4 is configured to send at least
one photon to said third photon detector PDS;
p. one output channel of the fourth linear optical device OP4 is configured to send at least
one photon to said fourth photon detector PD4;
According to an example, at least one of the linear-optical devices OP1, OP2, OP3, and OP4
comprises at least one beam-splitter, preferably each linear-optical devices OP1, OP2, OP3, and
OP4 comprises at least one beam-splitter.
According to an example, said interferometer unit comprises at least one phase controller located

between one output of OP2 and one input of OP4.
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According to an example, said linear interferometer unit is configured to execute at least one
repeat-until-success scheme.

According to an example, said photon PH1 is emitted in a first predetermined direction, and said
photon PH2 is emitted in a second predetermined direction.

According to an example, said photon router PR1 is configured to route at least one photon
originating from a single mode to any of N output modes.

According to an example, said photon router PR1 is configured to optically connect said first
quantum data module QDM1 to said quantum gate module QG1, preferably through said quantum
channel module QCM.

According to an example, said photon router PR1 is configured to optically connect said second
quantum data module QDM2 to said quantum gate module QG1, preferably through said quantum
channel module QCM.

According to an example, the modular quantum data processing system comprises at least a
detector module comprising at least two photon detectors PD5 and PD6 configured to detect at
least one photon, said photon detectors PD5 and PD6 being configured to indirectly measure at
least one quantum state of said first quantum module QM1, preferably of said first quantum emitter
QE1, advantageously of said first qubit QU1.

According to an example, at least one of the photon detectors PD5 and PD6 comprises a threshold
detection unit, said threshold detection unit is configured to send at least one classical data
indicating the detection of at least one photon when the measure of the photon detector exceeds
a predetermined threshold.

According to an example, at least one of the photon detectors PD5 and PD6 is a threshold detector

and is configured to send at least one classical data indicating the detection of at least one photon.

Brief description of the drawings

[The numerical references will be added to the description and to the claims in the final draft]

The aims, objects, as well as technical features, and advantages of the invention, will emerge better
from the detailed description of an embodiment of the invention which is illustrated by the following
figures in which:

Figure 1 is a schematic view of an error correction cycle used in a fault-tolerant quantum computer.
Figure 2 is a general schematic view of a modular quantum data processing system according to
an embodiment of the present invention.

Figure 3 is a schematic view of a quantum emitter according to an embodiment of the present
invention.

Figure 4 is a schematic view of a photon router according to an embodiment of the present
invention.

Figure 5 is a schematic view of a quantum gate module according to an embodiment of the present
invention.

Figure 6 is a schematic view of a general quantum circuit for an indirect stabilizer measurement
using an ancilla qubit “anc” using RUS CZ gates m.

Figure 7 is a schematic view of interconnected modular quantum data processing systems

according to an embodiment of the present invention.
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Figure 8 is a flowchart of a method according to an embodiment of the present invention.

The drawings are given by way of example and do not limit the invention. They constitute
representations of principles intended to facilitate understanding of the invention and are not
necessarily on the scale of practical applications.

Detailed description

The present disclosure is here described in detail with reference to non-limiting embodiments
illustrated in the drawings.

The present invention relates to a modular quantum data processing system configured to
cooperate with at least one fault-tolerant quantum computer. Preferably said modular quantum data
processing system is configured to process data fault-tolerantly.

As well known by the skilled person in the relevant art (see for example “Fault-tolerant quantum
computation with constant error”, Aharonov, Dorit and Ben-Or, Michael, Proceedings of the twenty-
ninth annual ACM symposium on Theory of computing, 176--188 (1997), a fault-tolerant quantum
computer (FTQC) is a quantum computer that has a built-in resistance to physical errors, i.e. a
built-in mechanism configured to correct physical errors. Errors are identified by measuring
stabilizer operators which depend on the quantum error correcting (QEC) code being used, for
example, these stabilizer operators can be implemented by quantum gates, as discussed hereafter.
In an FTQC, gquantum gates can be implemented fault-tolerantly using different strategies
depending on the quantum error-correcting code being used.

As well known by the skilled person in the relevant art (see for example “Layered Architecture for
Quantum Computing”’, N. Cody Jones et al., Phys. Rev. X 2, 031007, a quantum computing
architecture is the association of a theoretical model for quantum computing (such as gate-based,
measurement-based, ancilla-driven or adiabatic quantum computing) together with the
organization of the hardware components that enables the implementation of this quantum
computing model. Therefore, a FTQC architecture is a quantum computing architecture that
exploits the fault tolerance properties of QEC. For a FTQC architecture, arbitrarily large quantum
computation can be run even when the hardware components have some number of imperfections
that induce noise in the computation.

According to an embodiment, the present invention relates to a scalable FTQC architecture. By
scalable, one means that the FTQC computing power can be made as large as required by
increasing its hardware size to arbitrarily large value. According to an embodiment, a condition for
scalability is that the noise level of each hardware components does not preferably depend on the
size of the quantum computer, advantageously increase with the size of the quantum computer.
According to an embodiment, the present invention relates to a modular FTQC architecture which
is based on an arrangement of hardware modules discussed hereafter. Preferably, there can be
different categories or types of modules, but advantageously the number of different types of
modules remains identical even when the FTQC becomes larger and larger. All the modules from
the same category are preferably identical and can have some imperfections. For a scalable
modular FTQC, the imperfections should not increase with the size of the global FTQC. The present
invention is an interesting approach towards the scalability of FTQC, as increasing the computing

capabilities corresponds to increasing the number of modules, but not their complexity.
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As well known by the skilled person in the relevant art (see for example “Quantum error correction
for beginners”, Simon J Devitt et al 2013 Rep. Prog. Phys. 76 076001), an FTQC relies on quantum
error correction QEC to detect and correct errors by repeating QEC cycles where ancilla qubits are
entangled with data qubits of the QEC code and measure the ancilla qubit state to identify errors.
As described hereafter, the present invention is a scalable and modular architecture for FTQC.
Preferably, the present invention is based on the indirect interaction between non-interacting
qubits, denoted as quantum emitters QE or spins, mediated by the emission of new qubits, e.g.
photons and advantageously using repeat-until-success (RUS) photonic two-qubit gates, i.e.
quantum gates. While linear-optical two-photon gates are intrinsically probabilistic, RUS gates can
be implemented near-deterministically without photon loss, and with a better probability in the
presence of losses. The present invention proposes to use advantageously these RUS gates
directly for the entangling step of the QEC cycles and treat a gate failure as an error correctable by
a quantum computer similarly to any other errors.
As described hereafter, a quantum emitter with a given degree of freedom can emit photons that
are entangled with this degree of freedom, such as a spin for example. Each photon is routed,
using a photon router, to be interfered with, using a linear interferometer, another photon and then
detected, using photon detectors, using a threshold or photon number resolving method. The
interferometer is chosen such that the correct detection pattern corresponds to an entangling gate
between the quantum emitters of the two photons, and that allows the use of a repeat-until-success
scheme. The entangling gate is repeated until success or until a photon is lost denoting a failure or
until the trial is aborted for other reasons. Advantageously, the entangled photon emission can be
used to measure the quantum emitter’s state.
At a higher level, the quantum emitters QE correspond to the data qubits and the ancilla qubits of
a QEC code. According to an embodiment, the present invention is configured to collaborate with
a usual quantum circuit approach to quantum computing to make an indirect syndrome
measurement using an ancilla qubit. However, in the present invention, now at least one entangling
gate of a usual quantum circuit is advantageously replaced by a repeat-until-success gate and/or
a boosted gate. According to the present invention, a gate failure is accounted for by a decoder as
a heralded error in the usual way. According to an embodiment of the present invention, a neural-
network-based decoder can be used for such a task, or even other kinds of decoders could be
suitable as well. As described hereafter, the present invention is compatible with usual FTQC
stacks.
The present invention, as described hereafter, relates to an architecture compatible with natural
atom and artificial atom quantum emitters. It is also compatible with linear-optical components and
single-photon detectors. Therefore, it is an architecture that can enable FTQC for such
components.
The present invention relates to an architecture configured to be used to run any quantum
algorithms. Advantageously, the present invention is based on a modular approach with “flying”
qubits, i.e. photons. The present invention could potentially enable distributed quantum computing
and network applications such as distributed and delegated blind quantum computing.
According to an embodiment, and as described hereafter, ancilla and data qubits correspond to
quantum emitters. Preferably, each emitter emits photons into optical fibers, using advantageously
13
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at least one photon router, towards at least one predetermined quantum gate, i.e. measurement
RUS cell, where a RUS measurement is performed. Advantageously, the measurement outcome
at each step is sent back through classical feedforward to decide whether the gate should be
repeated or not. Preferably, these RUS gates and/or boosted gates are used to perform ancilla-
assisted stabilizer (syndrome) measurements. Preferably, the ancilla and the data qubits can be
measured, potentially by measuring emitted photons.

In other words, the quantum emitters send photons to a router that directs them to the correct RUS
gate and/or single-photon measurement cell. Each RUS cell receives preferably at least two
photons and performs an entangling measurement using linear optics and detectors, as described
hereafter.

As well known by the skilled person in the relevant art, unitary gates represent invertible
transformations in quantum mechanics, they preserve the wave function's norm and thus conserve
probabilities of measurement outcomes. Mathematically, they can be represented as square
complex matrices, verifying that the complex conjugates of their transpose matrices (Hermitian
conjugates) are also their inverse matrices. In quantum computing, unitary gates act on the qubits’
states, and they are fundamental building blocks for quantum circuits. In particular, single qubit
gates are unitary gates acting on a single qubit independently of other qubits’ state, and entangling
gates are unitary gates acting on at least two qubits and that cannot be separated into separated
single qubit gates.

As well known by the skilled person in the relevant art, RUS gates were invented for measurement-

based guantum computation (MBQC) and to produce a singular resource state used in this

computing paradigm. A resource state is a specific entangled state of qubits, used for a specific

purpose, generally a guantum computation, in the MBQC paradigm. In this MBQC paradigm, the

guantum computation is carried out by performing single qubit measurements on a resource state.

Another well-known paradigm called the fusion-based gquantum computation (FBQC) paradigm,

consists of performing two-qubit measurements on multiple resource states. In this FBQC

paradigm, RUS gates have been envisioned for producing the resource states. Finally, the

paradigm that relates to the present invention is the circuit-based quantum computing (CBQC)

paradigm. For the CBQC paradigm, the guantum computation is performed by unitary gates on

qubits. For all these paradigms, a fault-tolerant approach exists. For example, for the CBQC

paradigm, the fault-tolerant approach relies on measurements of stabilizers using, for example,

ancilla gubits. Notably, RUS gates have never been implemented in the CBQC paradigm because

RUS gates have always been used for generating resource states and never as computing gates.

One of the several reasons why RUS gates have never been used as computing gates is because

they are probabilistic and can fail in the presence of photon loss. The present invention provides a

surprising technical advantage in implementing such RUS gates into a fault-tolerant circuit-based

quantum computation paradigm where the probabilistic failure of the gates is handled using fault-

tolerant technigues.

As well known by the skilled person in the relevant art, an ancilla-assisted stabilizer measurement

is a method for the measurement of multi-qubits stabilizer operators acting on data qubits using at

least one ancilla qubit. This method uses quantum circuits that include entangling gates between

data qubits and at least one ancilla qubit. Said quantum circuits are designed in such a way that
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measurements on the ancilla qubit correspond to the indirect measurement of the stabilizer
operator on the data qubits. Therefore, an ancilla-assisted stabilizer measurement sequence is a
sequence of entangling gates in a quantum circuit leading to stabilizer measurements using at least
one ancilla qubit.

A modular quantum data processing system:

According to an embodiment, the present invention relates to a modular architecture based on a
plurality of modules. According to an embodiment, all the logical qubits are encoded, preferably
using a QEC code, into multiple physical qubits. Advantageously, each physical qubit corresponds
to the spin qubit of a quantum emitter. According to an embodiment, the modules are arranged to
enable QEC code stabilizer measurements and the realization of fault-tolerant gates. As illustrated
by Figure 2, this modular quantum data processing system 100 comprises different modules
organized and connected together to enable a large-scale FTQC. The modules used for such an
architecture are described in more details in the following description.
According to one embodiment, said modular quantum data processing system 100 comprises at
least:

a. Afirst quantum data module QDM1 110;

b. Asecond quantum data module QDM2 120;

c. A quantum gate module QG1 130;

d. A quantum circuit router QCR1 140;

e. A quantum channel module QCM, preferably comprising a plurality of quantum

channels 150;
f. A classical channel module CCM, preferably comprising a plurality of quantum
channels 160;

g. Aclassical processing module CPM 170.
According to an embodiment, the first quantum data module QDM1 110 is configured to generate
at least one entangled photon PH1 which is routed by the quantum circuit router QCR1 140 to the
quantum gate module QG1 130; and the second quantum data module QDM2 120 is configured to
generate at least one entangled photon PH2 which is routed by the quantum circuit router
QCR1 140 to the quantum gate module QG1 130. Then, the quantum gate module QG1 130 is
configured to make the photon PH1 interfere with the photon PH2 and to measure the outcome of
said interference, preferably to realize a RUS measurement. Then, based on the said outcome, a
classical data is sent to the classical processing module CPM 170. Then, according to
predetermined rules, another classical data is sent to other modules to control them.
According to an embodiment, said first quantum data module QDM1 110 comprises at least a first
quantum emitter QE1 111. The first quantum emitter QE1 111 is preferably related to at least a first
qubit QU1 114. Advantageously, the first quantum emitter QE1 111 is configured to emit at least
one entangled photon PH1. The entangled photon PH1 is preferably encoded as a qubit with at
least two degrees of freedom, advantageously with at least two modes, comprising at least two
photonic modes PH1a, for example ([0>), and PH1b, for example (J1>). The entangled photon PH1
is advantageously entangled with the first quantum emitter QE1 111. Preferably, the entangled

photon PH1, also called photon PH1, carries at least one quantum data QI1 related to the first
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quantum emitter QE1 111. Therefore, the determination of a property of the photon PH1 determines
a property of the first quantum emitter QE1 111.

According to an embodiment, said second quantum data module QDM2 120 comprises at least a
second quantum emitter QE2 121. The second quantum emitter QE2 121 is related to at least a
second qubit QU2 114. Advantageously, the second quantum emitter QE2 121 is configured to
emit at least one entangled photon PH2. The entangled photon PH2 is preferably encoded as a
qubit in at least two degrees of freedom, advantageously with at least two modes, comprising at
least two photonic modes PH2a and PH2b. The entangled photon PH2 is advantageously
entangled with the second quantum emitter QE2 121. Preferably, the entangled PH2 carries at
least one quantum data QI2 related to the second quantum emitter QE2 121. Here, the
determination of a property of the photon PH2 determines a property of the second quantum emitter
QE2 121.

According to an embodiment, a global FTQC architecture requiring a given number of logical qubits
for the full computation and given links between these qubits can be implemented using at least
partly the present invention. For example, using a QEC code with a given number of stabilizer
check qubits and data qubits would require at least this number of quantum emitters and each
stabilizer check qubit is linked to its associated data qubits through optical links and RUS modules.

Quantum emitter:

According to an embodiment, the first quantum emitter QE1 111 comprises at least one quantum
system QS1. The quantum system QS1 can be taken among at least: a natural atom and/or an
artificial atom, said natural and/or artificial atom being taken among at least: a Rydberg atom, a
trapped ion, any solid-state defect in bulk semiconductor, such as a quantum dot, a quantum dot
molecule, a defect in diamond, in silicon carbide and/or in silicon, rare-earth ion. Preferably the
quantum system QS1 comprises at least the first qubit QU1 114.
Advantageously, the quantum system QS1 comprises at least a spin SP1, acting as a physical
carrier of the first qubit QU1 114. Preferably, the photon PH1 is entangled with the spin SP1.
According to an embodiment, the second quantum emitter QE2 121 comprises at least one
quantum system QS2. The quantum system QS2 can be taken among at least: a natural atom
and/or an artificial atom, said natural and/or artificial atom being taken among at least: a Rydberg
atom, a trapped ion, any solid-state defect in bulk semiconductor, such as a quantum dot, a
quantum dot molecule, a defect in diamond, in silicon carbide and/or in silicon, rare-earth ion.
Preferably the quantum system QS2 comprises at least the second qubit QU2 114.
Advantageously, the quantum system QS2 comprises at least a spin SP2, acting as a physical
carrier of QU2 114. Preferably, the photon PH2 is entangled with said spin SP2.
As well known by the skilled person in the relevant art (see for example “Solid-state single-photon
emitters”, Aharonovich, |. et al., Solid-state single-photon emitters. Nature Photon 10, 631-641
(2016)), a quantum emitter is an atom or an artificial atom capable of emitting single photons.
According to the present invention, quantum emitters QE have a degree of freedom, such as a spin
on which a qubit can be encoded, |0)qe = |1)qe, [1) e = [} qz. In this description, one will use the
word spin or degree of freedom in the same way for some simplification reasons. It has to be noted
that a degree of freedom can be a spin or any two energy level states of the quantum emitter.
According to an embodiment, only one degree of freedom of a single photon, such as its
16
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polarization or its path, can be used to encode a qubit and can be entangled with the spin state
upon emission, preferably creating a photonic qubit such as the photons PH1 and PH2., with an
emission process well known by the skilled person in the relevant ar (see for example “Proposal
for Pulsed On-Demand Sources of Photonic Cluster State Strings”, Netanel H. Lindner et al., Phys.
Rev. Lett. 103, 113602). This emission process can be described by the operator:

Eqepn=10)oe @ [0)pn (O q& + |1)oe @ |1)pn (1] e
This operator allows the emission of spin-entangled photons. For example, if the spin is initialized
in the |+)qz = |0) qe +|1) q&, for simplicity of notations, the normalization of the states has been
omitted. After the emission of a photon, the resulting state is:

Eqgpn [+)qe = [0) qe @ [0)ph +[1)qe @ [1) ph.

A photonic qubit is a qubit encoded onto one of the degrees of freedom of a single photon. As
previously indicated, one can for example encode it into its polarization and/or into its path.
According to an embodiment illustrated by Figure 3, a quantum data module 110, 120 can comprise
a quantum emitter 111, 121. Said quantum emitter 111, 121 can comprise a laser 112 to generate
photons 113. Said photons 113 are configured to be entangled with a qubit 114. Preferably, the
laser can be controlled using classical data received through at least one classical channel 160.
Advantageously, the entangled photons 115 are collected and sent to another module, preferably
to the quantum circuit router QCR1 140 through at least one quantum channel 150. Said entangled
photons 115 can also be called photonic qubits.
According to an embodiment, such a quantum emitter can be a singly-charged quantum dot which
corresponds to a four-energy level system. In the present invention, the photonic qubits are
preferably encoded using the polarization degree of freedom. However, this emission process is
by no means restricted only to such a restricted level structure and can be adapted to many other
configurations and most quantum emitter platforms, such as atoms, superconducting circuits,
quantum dots, and color defects, for example.
According to an embodiment, a quantum data module QDM 110, 120 includes a quantum emitter
QE 111, 121 with a spin qubit 114, and preferably all its control components for photon emission
and spin control, i.e. degree of freedom control. Preferably, a quantum emitter QE 111, 121 is
configured to send photons advantageously in a single direction, so that photonic qubits 115 can
be efficiently collected, for example using an optical fiber. The control components of a quantum
emitter QE 111, 121 are preferably manipulated by at least one classical data. For example, the
emission of a new spin-entangled photon, i.e. a photon such as PH1 and PH2, can be triggered by
a classical data related for example to a measurement, and/or, as discussed hereafter, to the result
of a RUS gate trial.
According to an embodiment, a quantum emitter QE 111, 121 can be considered as a quantum
memory, thanks to its degree of freedom, i.e. its spin, that can be interfaced with photons.
According to an embodiment, the photon PH1 and/or PH2 can be collected more efficiently by using
a cavity or a waveguide, or any mode engineering methods to increase the emission of a photon
in a given mode, so that it can be easily collected in the quantum channel module, i.e. in a quantum
channel 150.
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According to an embodiment, the first qubit QU1 114 is a data qubit and the second qubit QU2 114
is an ancilla qubit. Preferably, the quantum gate module QG1 130 is configured to perform at least
one entangling gate, which is part of at least one ancilla-assisted stabilizer measurement
sequence, the ancilla qubit being used to detect an error on the data qubit. This kind of
measurement of the state of a data qubit using an ancilla qubit is well known by the skilled person
in the relevant art (see for example “Quantum Error Correction for Beginners”, Simon J. Devitt et
al., arXiv:0905.2794).

Quantum gate module:

According to an embodiment, and as illustrated by Figure 5, the quantum gate module QG1 130 is
configured to perform at least one optical transformation on said four photonic modes PH1a, PH1b,
PH2a and PH2b. Preferably said optical transformation is a linear optical transformation.
According to an embodiment, said quantum gate module QG1 130 comprises at least one
interferometer unit 131. Preferably, said interferometer unit 131 is configured to execute said optical
transformation. Advantageously, said interferometer unit 131 is configured to make at least the
entangled photon PH1, also called the photon PH1, interfere with at least said entangled photon
PH2, also called the photon PH2. The photon PH1 and the photon PH2 are routed to the quantum
gate module QG1 130 through quantum channels150.
Said interferometer unit comprises preferably at least a first photon detector PD1 132, a second
photon detector PD2 132, a third photon detector PD3 132, and a fourth photon detector PD4 132.
Advantageously, each photon detector PD1, PD2, PD3 and PD4 132 being individually configured
to detect one specific photonic mode.
According to an embodiment, the interferometer unit 131 is configured to:
i. detect at least one detection pattern, preferably using said four photon detectors
PD1, PD2, PD3, and PD4 132,
i. generate at least one outcome based on said detection pattern, and
ii. send at least one classical data related to said outcome to at least said classical
channel module 160.
Advantageously, said outcome is taken among at least:
i. A first outcome corresponding to an entangling gate between the first quantum
emitter QE1 111 and the second quantum emitter QE2 112,
i. A second outcome corresponding to a unitary gate between the first quantum
emitter QE1 111 and the second quantum emitter QE2 112, i.e. said second
outcome corresponding to single qubit gates on the first quantum emitter QE1 111
and on the second quantum emitter QE2 121; Indeed, as previously discussed, a
unitary gate can be a single qubit gate.
iii. A third outcome corresponding to a detection of less than two photons.
According to an embodiment, said first outcome corresponds to joint measurements of the photonic
modes PH1a, PH1b, PH2a, and PH2b in at least one of the following detection patterns:
a. At least one photon detected by the first photon detector PD1, and at least one photon
detected by the third photon detector PD3;
b. At least one photon detected by the second photon detector PD2, and at least one photon
detected by the fourth photon detector PD4;
18
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c. At least one photon detected by the first photon detector PD1, and at least one photon
detected by the fourth photon detector PD4;
d. Atleast one photon detected by the second photon detector PD2, and at least one photon
detected by the third photon detector PD3;
Preferably, said first outcome corresponds to an entangled gate between the first qubit QU1 and
the second qubit QU2. According to an embodiment, said first outcome can correspond to
controlled gates configured to apply a controlled rotation by an angle Theta on at least one among
the first qubit QU1 and the second qubit QU2, said angle Theta being different from zero, based
on the state of other qubit QU2 or QU1.
The present invention allows enabling two-qubit gates between the qubits QU1 and QU2, for
example, through optical links rather than through immediate interaction i.e. nearest neighbor
interaction. This provides the availability of generating long distance interaction and possibility to
implement non-local error correction protocols. The present invention has the advantage of having
the theoretical higher success rate known for linear-optical delegated gates.
According to an embodiment, said second outcome corresponds to joint measurements of the
photonic modes PH1a, PH1b, PH2a, and PH2b in at least one of the following detection patterns:
a. Atleast two photons detected by the first photon detector PD1,
b. At least one photon detected by the first photon detector PD1, and at least one photon
detected by the second photon detector PD2;
At least two photons detected by the second photon detector PD2;
d. Atleast two photons detected by the third photon detector PD3;
e. At least one photon detected by the third photon detector PD3, and at least one photon
detected by the fourth photon detector PD4;
f. Atleast two photons detected by the fourth photon detector PD4.
Preferably, said second outcome corresponds to an identity gate between the first qubit QU1 and
the second qubit QU2. According to an embodiment, said second outcome can correspond to
controlled identity gates.

Repeat-Until-Success Gate:

According to a preferred embodiment, said quantum gate module QG1 130 is configured to repeat
said at least one optical transformation on photonic modes of at least two other entangled photons
PH11 and PH22 until said outcome is equal to said first outcome, preferably until said outcome is
equal to said first outcome or to said third outcome. Preferably, said other entangled photon PH11
is emitted by said first quantum emitter QE1 111 and said other entangled photon PH22 is emitted
by said second quantum emitter QE2 121.
According to an embodiment, said first quantum emitter QE1 111 is configured to emit said another
entangled photon PH11 if said outcome is equal to said second outcome.
According to an embodiment, said second quantum emitter QE2 121 is configured to emit said
another entangled photon PH22 if said outcome is equal to said second outcome.
According to an embodiment, the classical processing module CPM 170 can be configured to stop
the emission of photons by said first quantum emitter QE1 111 and/or said second quantum emitter
QE2 121 based on at least one predetermined set of rules. Said predetermined set of rules can
comprise, for example, a threshold on the number of emitted photons, i.e. of previously emitted
19
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photons. Preferably, said threshold can be tuned as a function of at least one ancilla-assisted
stabilizer measurement sequence; advantageously, said threshold can be tuned based on at least
one classical information generated by, i.e. coming from, at least one ancilla-assisted stabilizer
measurement sequence.
According to an embodiment, said classical information can comprise at least one information
about at least one outcome from at least said quantum gate module QG1 130, advantageously
said classical information can comprise information about at least one detection pattern.
According to an embodiment, said classical information can comprise at least one measure of said
second qubit QU2, i.e. said ancilla qubit.
Said quantum gate module QG1 130, also called RUS gate module, is configured to take as input
two photonic qubits, i.e. two photons, advantageously PH1 and PH2, and perform a linear-optical
transformation followed by photon detection, preferably by the photon detectors PD1, PD2, PD3
and PD4 134. Depending on the measurement outcome, the quantum gate module QG1 130 is
configured to send at least one classical data, i.e. a message, related to said outcome into classical
channels 160. Advantageously, classical data can be duplicated and sent it to multiple modules,
using multiple classical channels 160, for example.
As well known by the skilled person in the relevant art, a repeat-until-success (RUS) gate is a
method to perform a quantum gate U which relies on the repetition of a non-deterministic quantum
circuit C which involves measurements. Said quantum circuit C is repeated until one of the
measurement outcomes corresponding to the successful implementation of the quantum gate U is
obtained, this corresponds to the first outcome according to an embodiment of the present
invention. The other measurement outcomes should correspond, up to corrections, to the identity
gate so that it can be repeated indefinitely, this corresponds to the second outcome according to
an embodiment of the present invention.
According to an embodiment, the RUS gate can be a two-qubit gate, e.g. a CZ gate as known by
the skilled person in the relevant art, and the non-deterministic quantum circuit C corresponds to
the quantum data modules QM1 110 and QM2 120, to the quantum circuit router QCR1 140 and
to the quantum channel module QCM, i.e. forming at least partially a linear-optical circuit.
Preferably, this RUS gate, i.e. said quantum gate module QG1 130, can be used to perform a CZ
two-qubit gate between the qubit degree of freedom, here referred to as a spin qubit, of two
quantum emitters, capable of emitting spin-entangled photons, i.e. entangled photons.
According to an embodiment, the linear-optical interferometer 131 is configured to implement at
least one RUS gate. For example, said linear-optical interferometer 131 can comprise 4 inputs.
Preferably, the input modes 0 and 1, respectively 2 and 3 correspond to the dual-rail modes of the
photonic qubits emitted by the first quantum emitter QE1 111, respectively the second quantum
emitter QE2 121.
According to an embodiment, four photon-number-resolving detectors PD1, PD2, PD3 and
PD4 134 are positioned at the output modes of the interferometer unit 131. It is also possible to
imitate the use of photon-number-resolving detectors using threshold detectors in parallel.
As previously indicated, the first outcome, the second outcome, and the third outcome correspond
to the different measurement outcomes corresponding to one trial of the RUS scheme. Preferably,
a successful measurement outcome corresponds to said first outcome.
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According to an embodiment, said first outcome can correspond to a successful CZ gate up to a
rotation onto the spin emitters. According to an embodiment, corrections that can be applied on the
first qubit QU1, according to corrections methods well known by the skilled person in the relevant
art For example, such a correction can be Za(—11/2)Zu(+11/2) or Za(+11/2)Zu(—T1/2), here, Zi(B) isa Z
rotation by an angle 6 on qubit i.

According to an embodiment, said second outcome can correspond to a partial failure
measurement outcome. Said second outcome correspond to the detection of exactly two photons
with different measurement outcomes than the successful measurement outcomes. In this
situation, the quantum gate has not succeeded, and the system is configured to repeat said
measurement until success.

According to an embodiment, the third outcome corresponds to a complete failure.
Advantageously, the gate success probability is maximized by repeating it until it succeeds or
completely fails. Said RUS gate is therefore very efficient to perform a gate between remote qubits
using linear optics. Between each trial step of the gate a round of communication between the
quantum emitter and quantum gate module, i.e. the detector nodes, are performed. Indeed,
preferably, a pair of photons is transferred from a quantum emitter towards the detectors, and the
classical data of the measurement outcome is transferred back to the quantum emitter's modules
to decide whether the next trial should proceed or not.

According to an embodiment, if the distance between a quantum emitter and a quantum gate
module, i.e. a RUS gate, is called Lo, then the waiting time T between two trials is equal to 2Lo/c,
with ¢ the speed of light. Therefore, with k being the maximum number of trials for a RUS gate, a
time of 2kLo/c can be allocated to each RUS gates. Advantageously, some strategies, such as
allocating dynamically the number of trials to a quantum gate module, i.e. to a RUS gate and/or
boosted gate, can improve the gate success probability. .

For a given qubit, the circuit of an error correction cycle can correspond to performing multiple RUS
gates sequentially. For example, each RUS gate has a given number of trials k and, in principle,
each trials take a certain amount of time t (mainly due to the feedforward of classical information
to decide whether or not to perform another trial). Preferably, the failure of a RUS gate induces
some heralded errors on the qubits. The more errors, the less likely it is to correct all of them. some
strategies can be designed to overcome these issues.

According to an embodiment, a first strategy can be to adapt the number of trials k of a RUS gate
dynamically. A fault-tolerant scheme requires to perform multiple RUS gates, for example
sequentially and/or in an error correction cycle, multiple qubits can be involved in many RUS gates.
Since these gates succeed probabilistically, a predetermined number, i.e. a maximum number, of
trials k can be allocated to each RUS gate, otherwise each gate could take in theory infinite time
which is not realistic. Therefore, according to said embodiment, each RUS gate is configured to
realize a determined number of trials k, preferably said number being dynamically determined.
Advantageously, this number of trials k can be dynamically allocated, based on the previous RUS
gates. For example, if a RUS gate takes n < k number of trials to be successful or completely fail,
one can start more quickly doing the next RUS gates and allocate the remaining k-n trials of the

previous RUS gate to these following RUS gates, such that one can now allocate a maximum
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number of trials k' = 2k — n, because there is k, the initial trial number, and k - n, the remaining trials
not used by the previous RUS gate.
According to another embodiment, a second strategy can be to perform RUS gates in parallel.
Assuming that performing all the m RUS gates involving the same qubit sequentially and that the
total amount of time dedicated to an error correction cycle is tit = m.k.t (m RUS gates which each
takes k trials of time t). One of the main limitations could be the time taken by the feedforward of
classical data. Since said feedforward is needed to be able to decide whether another trial needs
to be performed, it is a limitation on the time of the RUS gate and it can affect the total error
correction cycle time twt only because one performs the m gates sequentially. This total time tit can
be reduced by performing some RUS gate in parallel in the sense that the trials of two or more
RUS gates which have one qubit gb1 in common are intertwined. For example, said qubit gb1
emits a photon for the first trial of a RUS gate, then sends a second photon for the first trial of
another RUS gate before receiving the feedback of the first trial. This can be done as long as the
first feedback is not received and for as many trials as needed (or allocated). This way, the total
time of an error correction cycle could in principle be t'wt = K.1.
According to another embodiment, a third strategy can be to adaptively choose whether to perform
a RUS gate or not. Said strategy is designed to decide whether or not to perform RUS gate
depending on the outcome of previous RUS gates and/or on other events in the computation. Since
a RUS gate can potentially add errors to the system, if the risk of adding errors is greater than the
benefits of performing it, one can decide not to perform it. For example, suppose that a RUS gate
used for a stabilizer measurement has already failed, it is impossible to recover the ancilla-based
stabilizer measurement reliably since for that one needs all the RUS gate to succeed and, therefore,
it might be relevant not to perform the other RUS gates involved in this measurement in that case,
as one cannot gain more pieces of information but one could add more errors in the system if
another RUS gate could fail too.
According to an embodiment, these three strategies are only some examples. These strategies
can be used in combination together. For example, the first strategy can be used with the second
strategy and/or the third strategy.
Boosted Gate:
According to an embodiment, RUS gates can be replaced with boosted gates. These boosted gates
are well known by the skilled person in the relevant art (see for example “Near-deterministic hybrid
generation of arbitrary photonic graph states using a single quantum emitter and linear optics”,
Near-deterministic hybrid generation of arbitrary photonic graph states using a single quantum
emitter and linear optics, Paul Hilaire et al., Quantum 7, 992 (2023)). Preferably, a boosted gate is
configured to perform with smaller success rate, but remove the need of communications between
the quantum gate module QG1 130 and the quantum data modules QM1 110 and QM2 120
between each trial. According to said embodiment, the strategy is that each quantum emitter
produces sequentially k entangled photons and sends them towards the quantum gate module
QG1130.
According to an embodiment, trials are performed consecutively until one trial succeeds, or one
completely fails, or all the k entangled photons have been used. Preferably, whenever, successful,
all the remaining entangled photons are measured in another module, resulting into a two-qubit
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entangling gate, up to single-qubit rotations on the quantum emitters which depends on all the
measurement outcomes of all the emitted photons.

Preferably, the number k of trials is predetermined, and therefore and the gate fails if any of the 2k
emitted photons are lost. The advantage of this strategy is that no classical feedforward is needed
from the quantum gate module, i.e. detectors, towards the quantum data modules, i.e. the quantum
emitters. Preferably, only one classical feedforward is needed at the end of the kt trial to send the
classical data, for example, instructions, to perform the desired gate, preferably by single-qubit
rotation correction. Therefore, the waiting time induced by communication is reduced to 2Lo/c and
is independent of k. It has to be noted that a boosted gate can be therefore faster than a RUS gate.
In some embodiments, the boosted gates have a lower success rate compared to RUS gates.
According to said embodiment, the first quantum emitter QE1 111 is configured to emit at least a
first set of entangled photons comprising said photon PH1 and said photon PH11. Preferably, the
photons of said first set are emitted, advantageously sequentially, by the first quantum emitter
QE1 111.

According to said embodiment, the second quantum emitter QE2 121 is configured to emit at least
a second set of photons comprising said photon PH2 and said photon PH22. Preferably, the
photons of said second set being emitted, advantageously sequentially, by said second quantum
emitter QE2 121.

Preferably, one photon of said first set of photons is sent to said quantum gate module QG1 130
each time said outcome is equal to said second outcome, and one photon of said second set of
photons is sent to said quantum gate module QG1 130 each time said outcome is equal to said
second outcome.

Preferably, the other photons of said first set of photons are sent to at least a detector module if
said outcome is equal to said first outcome, preferably if said outcome is equal to said first outcome
or to said third outcome, said detector module being configured to indirectly measure at least one
quantum state of said first quantum module QM1, preferably of said first quantum emitter QE1,
advantageously of said first qubit QU1.

According to an embodiment, the detector module comprises at least two photon detectors PD5
and PD6.

Advantageously, the other photons of said first set of photons are sent to at least one detector
module 180, comprising at least two photon detectors PD5 and PD6, if said outcome is equal to
said first outcome, preferably if said outcome is equal to said first outcome or to said third outcome.
Said photon detectors PD5 and PD6 are configured to indirectly measure at least one quantum
state related to the first quantum module QDM1 110, preferably at least one quantum state of the
first quantum emitter QE1 111, advantageously of the first qubit QU1 114.

The use of a boosted gate can be interesting for non-local codes when the distance between each
qubit becomes nonnegligible, or to increase the stabilizer measurement rate so that fewer operation
error occurs.

Quantum circuit router:

According to an embodiment, and as illustrated by Figure 4, the quantum circuit router QCR1 140

comprises at least one photon router PR1 141. The photon router PR1 141 is advantageously

configured to route at least one photon from a given input to a given output. Preferably, the photon
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router PR1 141 is configured to route the entangled photon PH1 from said first quantum data
module QDM1 110 to the quantum gate module QG1 130. Preferably, the photon router PR1 141
is configured to route the entangled photon PH2 from said second quantum data module QDM2
120 to the quantum gate module QG1 130.

According to an embodiment, the quantum circuit router QCR1 140 is an active component that
routes photons from a given input to a given output. For example, photons originated from a single
mode, i.e. input channel 160, can be routed to any of N output modes, i.e. output channel 160, of
the photon router PR1 141. Advantageously, the routing strategy of these photons can be either
static, for example depending on a clock, or can be dynamic, i.e. adaptive, for example depending
on data sent to the photon router PR1 141 by a classical channel 150.

Quantum channel module:

According to an embodiment, the quantum channel module QCM comprises at least one quantum
channel 160, preferably a plurality of quantum channels 160. The quantum channel module QCM
is advantageously configured to transfer at least one photon from one module to another module.
According to an embodiment, said quantum channel module QCM comprises at least a first
quantum channel 150 and at least a second quantum channel 150, said first quantum channel 150
is configured to propagate said entangled photon PH1 from said first quantum data module
QDM1 110 to said quantum circuit router QCR1 140, said second quantum channel 150 is
configured to propagate said entangled photon PH2 from said second quantum data module
QDM2 120 to said quantum circuit router QCR1 140.

Preferably, said quantum channel module QCM comprises at least a first fiber F1 and at least a
second fiber F2. For example, the first fiber F1 can be configured to propagate the entangled
photon PH1 from the first quantum data module QDM1 110 to the quantum circuit router QCR1
140, and the second fiber F2 can be configured to propagate the entangled photon PH2 from the
second quantum data module QDM2 120 to the quantum circuit router QCR1 140.

According to an embodiment, the quantum channel 160 comprises at least one optical fiber.
Preferably, the propagating photons, i.e. the photons, are transferred from one module to another
thanks to quantum channels 160, i.e. quantum channel module, that can be implemented thanks
to optical fibers, for example. According to an embodiment, the length L of a quantum channel is
related to the time it takes to transfer a photon from one module to another and it generally also
relates to the photon loss probability. Indeed, an optical fiber would have for example a linear loss
of typically 0.2dB per kilometer at telecom frequencies. Thus, an optical fiber of length L would
induce a photon loss error equal to e V2t with Latt the optical fiber attenuation distance (Latt = 22
km for telecom frequencies).

Classical channel module:

According to an embodiment, the classical channel module CCM comprises at least one classical
channel 150, preferably a plurality of classical channels 150. The classical channel module CCM
is configured to transfer classical data from one module to another module, preferably through
classical channels. Preferably, classical channels are used to transfer classical data from one
module to another one module. Said classical channel module can be used to send classical data
to other modules, these classical data can be configured to control a module.

According to an embodiment, the classical channel 150 comprises at least one electrical wire.
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Classical processing module:

According to an embodiment, the classical processing module CPM 170 comprises at least one
classical processing unit CPU 171. Preferably, the classical processing unit CPU 171 is configured
to treat classical data, i.e. information. The classical data can be received from the classical channel
module CCM, i.e. through classical channels 150. Advantageously, the classical processing unit
CPU 171 is configured to send classical data preferably through said classical channel module
CCM. Preferably, the classical data is configured to control at least one module taken among: the
first quantum data module QDM1 110, the second quantum data module QDM2 120, the quantum
gate module QG1 130, the quantum circuit router QCR1 140.

Preferably, the classical processing unit CPU 171 treats the classical data received through
classical channels 160 and send classical data through classical channels 160. For example, at
least some of these classical data can be used to decide whether or not another trial should be
realized, or for decoding purposes as discussed hereafter.

Detector module

According to an embodiment, If the spin qubits cannot be directly measured in a quantum data
module, the present invention can comprise a detector module 180, i.e. a photon measurement
module. Said detector module 180 is preferably configured to measure the spin qubits,
advantageously indirectly.

Decoder Module

According to an embodiment, the modular quantum data processing system 100 comprises at least
one decoder module. The decoder module comprises preferably at least one decoder unit.
Advantageously, the decoder unit is configured to receive classical data, preferably stabilizer check
measurements outcomes. The decoder unit is configured to output at least one error pattern. Said
error pattern is configured to be related to the error which is the most likely to have occurred. The
decoder unit can be configured to receive the outcomes of at least one quantum gate module e.g.
QG1 130. It can also be configured to output a set of correction to correct this error pattern.
According to an embodiment, the decoder module is configured receive at least one outcome of at
least the quantum gate module QG1 130 and can use an algorithm that exploits this at least one
outcome to obtain better efficiency, preferably and is configured to use an algorithm that exploits
this at least one outcome to obtain better efficiency.

As well known by the skilled person in the relevant art, an error correcting code employs stabilizer
checks to determine whether errors have occurred, i.e. employs outcomes from a quantum gate
module to determine whether errors have occurred. These checks provide a way to detect the
syndrome of an error, which represents the number of checks that were not satisfied. Multiple errors
(or a set of different errors) can produce the same syndrome. In such cases, a decoder is used to
identify the most likely error and correct it.

Typically, decoders rely solely on the check measurements to make this determination. However,
according to an embodiment of the present invention, the invention goes a step further by utilizing
additional information: the outcome of each heralded gate, i.e. of each quantum gate module. By
considering this extra information, the present invention allows to more accurately assess the

probability of each error and correct them more efficiently.
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In essence, when errors occur, they generate an error syndrome based on the stabilizer check
measurements. This syndrome serves as the primary information for the decoder, allowing it to
ideally evaluate the most probable errors that led to this syndrome, essentially performing the
inverse operation. By incorporating the outcomes of the heralded gates, i.e. the repeat-until-
success or boosted gates, the present invention allows to gain access to more comprehensive
information. This enables to evaluate the occurrence probability of errors with greater efficiency,
resulting in more efficient decoders overall.

According to an embodiment, an efficient and fast decoder is an essential part of a successful
FTQC. To use its performances to its fullest, a decoder should be optimized for the error that the
qubits are experiencing and benefit from all the information about these errors. For example, an
erasure channel is typically much easier to decode than operation errors as such an error is
heralded. If a qubit is lost, one hasn’t gained any information about this qubit measurement. While
in principle, one could replace a qubit loss by some random measurement outcome and treat this
as a qubit error, this strategy is not as efficient as exploiting the heralding properties of a qubit loss
and using a decoder that exploits new type of error.

According to an embodiment, the new type of error corresponds to a heralded gate failure, i.e. to
the second outcome. This means that said decoder can exploit this heralding to maximize its
performances. Each RUS gate or boosted gate can either succeed, be aborted or fail, as previously
described. If it succeeds, the correct CZ gate is performed, if it partially fails, the identity gate is
performed and if it fails a completely dephasing channel to each quantum emitter is applied. These
outcomes are advantageously exploited in said decoder.

Based on the previous description and on these modules, the data and ancilla qubits of a QEC
codes are preferably encoded using the spin qubits of quantum emitters. Therefore, for each data
or ancilla qubit, advantageously, a single quantum emitter module can be used. Each quantum
data module is connected through a photon router module thanks to a quantum channel. The
number of outputs N of the photon router module is preferably predetermined based on the
properties of the QEC code. If n stabilizers acts non-trivially on a given data qubit, this data qubit
has at least a module of N = n outputs, for example. Advantageously, if immediate spin
measurement cannot be done, one extra output linked to a photon measurement module for indirect
spin measurement (thus N = n + 1) can be needed.

According to an embodiment, an ancilla qubit used for the measurement of a stabilizer of weight n’
is configured to cooperate with a router module with N output, N =2 n '. For a stabilizer K measured
indirectly using ancilla QU2 and acting non-trivially onto data qubit QU1, a RUS gate module 130
could be connected to one of the output ports of the photon router PR1 141 of both QU2 and QUA1.
The quantum gate module is advantageously also linked through a classical channel to one or
multiple CPU which treats the measurement outcome to decide whether to make a new trial of the
quantum gate, i.e. RUS gate, sending this data back to the first quantum emitter module and to the
second quantum emitter module, and preferably for the decoding algorithm.

Method for processing at least one quantum data:

The present invention relates also to a method 200 for processing at least one quantum data QI1

using at least one modular quantum data processing system as previously described.
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According to an embodiment and as illustrated by Figure 8, said method 200 comprises at least

the following steps performed by at least one modular quantum data processing system 100:

a.

A first emission step 210 of at least one entangled photon PH1 by the first quantum data
module QDM1 110.
Preferably, and as previously described, the entangled photon PH1 is encoded as a qubit
with at least two degrees of freedom, advantageously with at least two modes. The
entangled photon PH1 comprises at least two photonic modes PH1a and PH1b, and is
entangled with the first quantum emitter QE1 111, preferably the entangled photon PHA1
carries at least one quantum data QI1 related to the first quantum emitter QE1 111,
A second emission step 220 of at least one entangled photon PH2 by the second quantum
data module QDM2 120.
Preferably, and as previously described, the entangled photon PH2 is encoded as a qubit
with at least two degrees of freedom, advantageously with at least two modes, the
entangled photon PH2 comprises at least two photonic modes PH2a and PH2b, and is
entangled with the second quantum emitter QE2 121, preferably said entangled photon
PH2 carries at least one quantum data QI2 related to the second quantum emitter
QE2 121;
A first routing step 230 of at least said photon PH1 by the quantum circuit router QCR1
140, preferably by the photon router PR1 141, from the first quantum data module QDM1
110 to the quantum gate module QG1 130, preferably through the quantum channel
module QCM,;
A second routing step 240 of at least said photon PH2 by the quantum circuit router QCR1
140, preferably by the photon router PR1 141, from the second quantum module QM2 120
to the quantum gate module QG1 130, preferably through the quantum channel module
QCM;
An optical transformation step 250, by at least the quantum gate module QG1 130, on the
four photonic modes PH1a, PH1b, PH2a and PH2b.
Preferably, said optical transformation step comprises the following steps:
i. adetection step 251 of at least one detection pattern using at least the four photon
detectors PD1, PD2, PD3, and PD4,
ii. a generation step 252 of at least one outcome based on said detection pattern,
and
iii. asending step 253 of at least one classical data related to said outcome to at least
said classical channel module, preferably to said classical processing module
CPM 170.
Said outcome being taken among at least:
iv. a first outcome corresponding to an entangling gate between the first quantum
emitter QE1 111 and the second quantum emitter QE2 121;
v. a second outcome corresponding to a unitary gate between the first quantum
emitter QE1 111 and the second quantum emitter QE2 121;

vi. athird outcome corresponding to a detection of less than two photons.
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Said optical transformation step being configured to be repeated on photonic modes of at
least two other entangled photons PH11 and PH22 respectively emitted by the first
quantum emitter QE1 111 and by the second quantum emitter QE2 121 until said outcome
is equal to said first outcome, preferably until said outcome is equal to said first outcome
or to said third outcome.

According to an embodiment, the method can also comprise:

a. An emission step by said first quantum emitter QE1 111 of said another entangled photon
PH11 if said outcome is equal to said second outcome, and

b. An emission step by said second quantum emitter QE2 121 of said another entangled
photon PH22 if said outcome is equal to said second outcome.

According to said embodiment, the method is configured to use at least one RUS gate 130 as
previously described.

According to another embodiment, the first emission step 210 comprises the emission of at least a
first set of photons comprising at least said photon PH1 and said photon PH11, the photons of said
first set being sequentially emitted by said first quantum emitter QE1.

According to said another embodiment, the second emission step 220 comprises the emission of
at least a second set of photons comprising at least said photon PH2 and said photon PH22, the
photons of said second set being sequentially emitted by said second quantum emitter QE2.
According to said embodiment, the method 200 comprises at least:

a. a sending step of one photon of said first set of photons to said quantum gate module
QG1 130 each time said outcome is equal to said second outcome,

b. asending step of one photon of said second set of photons to said quantum gate module
QG1 130 each time said outcome is equal to said second outcome,

c. asending step of at least one photon of said first set of photons to at least two another
photon detectors PD5 and PD6 if said outcome is equal to said first outcome, preferably if
said outcome is equal to said first outcome or to said third outcome, said photon detectors
PD5 and PD6 being configured to indirectly measure at least one quantum state of said
first quantum module QM1 110, preferably of said first quantum emitter QE1 111,
advantageously of said first qubit QU1.

According to said another embodiment, the method 200 is configured to use at least one boosted
gate as previously described.

Stabilizer measurements with RUS Gate:

As well known by the skilled person in the relevant art, and as illustrated by Figure 6, stabilizers
are usually multi-qubit operators which are hard to measure directly and one generally implements
these stabilizer measurements indirectly by using an ancilla qubit. For example, a quantum circuit
associated to the measurement of a stabilizer using an ancilla qubit “anc” is represented on Figure
6. In this figure, m is the measurement outcome of the ancilla qubit and it can be equal to 0 or 1.
The measurement outcome m is used by the decoder to identify and correct errors. Using the
present invention, RUS CZ gates m; are used, these gates being preferably probabilistic.
Advantageously, a RUS gate or boosted gate is probabilistic and is advantageously also a heralded
gate. Therefore, one can know when it has been successful, failed, or aborted and one can use
this knowledge for the decoder module. A failed or aborted gate can be thus treated as a heralded
28
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error which are usually easier to decode. Advantageously, the present invention allows to exploit
not only the measurement outcome m, but also the heralded outcome of each RUS CZ gate m; for
| corresponding to the target data qubit involved in a RUS CZ gate with the ancilla qubit “anc”.
According to an embodiment, in the ancilla qubit measurements with RUS gate presented in Figure
6, a RUS CZ gate is performed between each data qubit a, b, ¢ and d and the ancilla qubit anc,
irrelevant of the heralding outcome of each RUS gate. Advantageously, it is possible to improve
the performance of the architecture by deciding whether or not performing a RUS gate, depending
on the previous heralding outcome, and preferably the previous measurement outcomes of other
stabilizers. For instance, if one of the heralding outcomes of a RUS gate is either a gate failure due
to loss or an abortion, it is known that this circuit will not measure the stabilizer it is supposed to as
this only occur if all the RUS gate succeeds. Assuming that one of these gates fails or is aborted,
one can envision not performing the other RUS gate to avoid bringing new errors induced by other
failures. Therefore, one can adapt the strategy for ancilla-assisted stabilizer measurement with the
condition of performing the next RUS gates, and/or boosted gates, only if the previous RUS gates
have succeeded. Similar strategies can be envisioned with the objective of increasing the loss and
fault-tolerance of the present invention.

Spin-optical guantum computing architecture

According to an embodiment, the present invention relates to a spin-optical quantum computing
architecture. The present invention is advantageously a modular approach optimized for quantum
emitter platforms. Each quantum emitter QE is assumed to embed a qubit degree of freedom, its
spin, and is capable of emitting spin-entangled photonic qubits. Preferably, the present invention
does not require direct interaction between quantum emitters QE which makes this approach also
suitable even for isolated quantum emitters. Indeed, the present invention uses advantageously
photons to mediate the two-qubit gates between the spins of non-interacting quantum emitters QE,
preferably using a linear-optical RUS scheme. Given a QEC code, the present invention allows to
replace the deterministic two-qubit gates in the quantum circuit of indirect ancilla-assisted stabilizer
measurements, by linear-optical quantum gates, such as RUS gates and/or boosted gates.
While these gates are in principle near-deterministic, in practice they can fail with a nonvanishing
probability due to photon loss. Yet, these gate failures can be treated as a heralded error and use
QEC to handle them fault-tolerantly. Advantageously, the present invention is based on these
concepts. The modules of the present invention include preferably quantum emitters, and their
control components, optical fibers, optical components such as linear-optical components, photon
detectors, and classical processing units CPU. Advantageously, for architectures using local low-
density parity check codes, such as the surface code, the invention is fully scalable.
According to an embodiment, the present invention relates to a computer program product. Said
computer program product is configured to process at least one quantum data using at least one
modular quantum data processing system 100 and implemented the method 200. Preferably, when
executed on at least one processor unit, said computer program product executes the method 200,
i.e. control the modular quantum data processing system in order to implement said method 200.
Said computer program product can be stored in a non-volatile memory.
According to an embodiment, the present invention relates to the use of the method 200 to process
quantum data using a fault-tolerant quantum computer, said FTQC cooperating with at least one
29
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modular quantum data processing system 100. Advantageously, the method 200 can be used for
quantum error correction, preferably cooperating with at least one FTQC.

Plurality modular guantum data processing systems:

According to an embodiment, and as illustrated by Figure 7, the modularity of the present invention
allows to scale up the architecture depending on the computing power needed. In Figure 7, a
plurality of quantum data modules 110, 120 are interconnected through quantum gate modules
130. The present invention allows to add as many as needed modular quantum data processing
systems. Through the present invention, the scalability of a fault-tolerant quantum computer is
possible.
The present invention allows to generate interactions between quantum data modules, i.e. quantum
emitters, that are not contiguous. For example, the first quantum data module QDM1 110 can
interact with the second quantum data module QDM2 120 even if they are physically separated
one from the other by, for example, one or several other quantum data modules. Advantageously,
the present invention allows non-local quantum error correction, i.e. quantum error correction
protocols involving non-local qubit interactions.
In the present description, the words “data”, “piece of information” and “information” can be used
for the same purpose, i.e. one data can be or comprise information or a piece of information, and
a piece of information can be or comprise a data.
In the present description, one module can comprise several modules, one module can be formed
of several modules. For example, the quantum channel module can comprise several other
modules and quantum channels.
According to an embodiment, the present invention can be configured to cooperate with at least
one input module including one or more user interface devices such as a keyboard, pointer, number
pad, or touch screen.
In the present description, a processor may be any logic processing unit, such as one or more
digital processors, microprocessors, central processing units, graphics processing units,
application-specific integrated circuits, programmable gate arrays, programmed logic units, digital
signal processors, network processors, and the like.
In the present description, a storage device is at least one non-transitory or tangible storage device.
A storage device can, for example, include one or more volatile storage devices, for instance
random access memory, and one or more non-volatile storage devices, for instance read only
memory, flash memory, magnetic hard disk, optical disk, solid state disk, and the like.
In the present description, a storage device can include or store processor-executable instructions
and/or processor-readable data associated with the operation of the present invention and/or with
the execution of the method of the present invention. Execution of processor-executable
instructions and/or data causes the at least one processor, and/or control modules or units, to carry
out various processes and actions.
Classical data can include processor executable instructions that, when executed by a processor
cause the processor to control, initialize, write to, manipulate, read out, and/or otherwise send data
to/from a quantum module.
In the present description, and as well-known by the skilled person, a quantum error correcting
code can encode at least one logical qubit into at least one physical qubit, preferably into multiple
30
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physical qubits. Advantageously, several physical qubits can be used to encode at least one logical
qubit. According to an embodiment, the failure of a quantum gate can correspond to an error that
can be handled by the quantum error correcting properties of a fault-tolerant quantum computer.
Logical qubit error can be reduced to arbitrarily low value provided that the quantum gate failure
probability is below a threshold value, called the fault-tolerant threshold for this type of error. In
particular, quantum gate failures are preferably heralded errors which have higher thresholds than
non-heralded errors.

Classical data can include data used or obtained by the operation of the present invention. Classical
data can include data associated with, e.g., created by, referred to, changed by, a processor
executing processor-executable instructions, such as, control instructions.

A quantum data module can include one or more qubits. A qubit or quantum bit is a logical building
block of a quantum computer comparable to a binary digit in a classical digital computer. A qubit
conventionally is a defined physical system having two or more discrete states called computational
states or basis states. Basis states logically are analogous to binary states. These states may be
labeled |0> and |1>.

As well known by the skilled person in the relevant art (see for example “Quantum entanglement”,
Ryszard Horodecki et al., Rev. Mod. Phys. 81, 865), an entangled state corresponds to at least two
systems, for example two particles, sharing one wave function, and where the determination of a
property of one of the particles determines a property of the other particle.

Unless otherwise specified herein, or unless the context clearly dictates otherwise the term about
modifying a numerical quantity means plus or minus ten percent. Unless otherwise specified, or
unless the context dictates otherwise, between two numerical values is to be read as between and
including the two numerical values.

In the present description, some specific details are included to provide an understanding of various
disclosed implementations. The skilled person in the relevant art, however, will recognize that
implementations may be practiced without one or more of these specific details, parts of a method,
components, materials, etc. In some instances, well-known structures associated with
semiconductor and/or optical devices and/or quantum computing and/or quantum information
processing, such as targets, substrates, lenses, waveguides, shields, filters, lasers, processor-
executable instructions, have not been shown or described in detail to avoid unnecessarily

obscuring descriptions of the disclosed implementations.

an"

In the present description and appended claims "a", one", or "another" applied to
"embodiment”, "example", or "implementation" is used in the sense that a particular referent
feature, structure, or characteristic described in connection with the embodiment, example, or
implementation is included in at least one embodiment, example, or implementation. Thus, phrases
like "in one embodiment”, "in an embodiment”, or "another embodiment" are not necessarily all
referring to the same embodiment. Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner in one or more embodiments, examples,
or implementations.

As used in this description and the appended claims, the singular forms of articles, such as "a",
"an", and "the", can include plural referents unless the context mandates otherwise. Unless the
context requires otherwise, throughout this description and appended claims, the word "comprise"
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and variations thereof, such as, "comprises" and "comprising" are to be interpreted in an open,
inclusive sense, that is, as "including, but not limited to".

All scientific publications referred to in this description, are incorporated by reference in their
entireties for all purposes herein.

While certain features of the described embodiments and implementations have been described
herein, many modifications, substitutions, changes and equivalents will now occur to the skilled
person in the relevant art. It is, therefore, to be understood that the appended claims are intended
to cover all such modifications and changes as fall within the scope of the described embodiments

and implementations.
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160
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References:

a data qubit

an ancilla qubit

an error correction cycle

an entanglement step

an ancilla measurement

a decoding step

a correcting step

noise

a modular quantum data processing system
a first quantum data module QDM1

a first quantum emitter QE1

a laser

a photon

a qubit (QU1, QU2)

an entangled photon

a second quantum data module QDM2
a second quantum emitter QE2

a second qubit QU2

a quantum gate module QG1

an interferometer unit

a photon detector PD1, PD2, PD3, PD4, PD5, PD6
a quantum circuit router QCR1

a photon router PR1

a quantum channel

a classical channel

a classical processing module CPM

a classical processing unit CPU

a detector module

a method for processing at least one quantum data
a first emission step

a second emission step

a first routing step

a second routing step

an optical transformation step

a detection step

a generation step

a sending step
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Claims

1. A modular quantum data processing system (100) configured to cooperate with at least one fault-

tolerant quantum computer, preferably configured to process information fault-tolerantly, said

modular quantum data processing system (100) comprising at least:

@]

A first quantum data module QDM1 (110) comprising at least a first quantum emitter
QE1 (111) related to at least a first qubit QUA1, said first quantum emitter QE1 (111) being
configured to emit at least one entangled photon PH1 comprising at least two photonic
modes PH1a and PH1b, said entangled photon PH1 being entangled with said first
quantum emitter QE1 (111),said first qubit QU1 being a data qubit;
A second quantum data module QDM2 (120) comprising at least a second quantum emitter
QE2 (121) related to at least a second qubit QU2, said second quantum emitter QE2 (121)
being configured to emit at least one entangled photon PH2 comprising at least two
photonic modes PH2a and PH2b, said entangled photon PH2 being entangled with said
second quantum emitter QE2 (121), said second qubit QU2 being an ancilla qubit;
A quantum gate module QG1 (130) configured to perform at least one optical
transformation on said four photonic modes PH1a, PH1b, PH2a and PH2b, said quantum
gate module QG1(130) comprising at least one interferometer unit (131), said
interferometer unit (131) being configured to execute said optical transformation, said
interferometer unit (131) being configured to make at least said entangled photon PH1
interferes with at least said entangled photons PH2, said interferometer unit (131)
comprising at least a first photon detector PD1, a second photon detector PD2, a third
photon detector PD3, and a fourth photon detector PD4, preferably each photon detector
PD1, PD2, PD3 and PD4 being individually configured to detect one specific photonic
mode, said interferometer unit (131) being configured to:
¢ detect at least one detection pattern using said four photon detectors PD1, PD2,
PD3, and PD4,
¢ generate at least one outcome based on said detection pattern, and
¢ send at least one classical data related to said outcome to at least one classical
channel.
said outcome being taken among at least:
¢ A first outcome corresponding to an entangling gate between the first quantum
emitter QE1 (111) and the second quantum emitter QE2 (121);
¢ A second outcome corresponding to a unitary gate between the first quantum
emitter QE1 (111) and the second quantum emitter QE2 (121);

¢ A third outcome corresponding to a detection of less than two photons.

said quantum gate module QG1 (130) being configured to repeat said at least one optical
transformation on photonic modes of at least two other entangled photons PH11 and PH22,
said entangled photon PH11 being emitted by said first quantum emitter QE1 (111) and
said entangled photon PH22 being emitted by said second quantum emitter QE2 (121),

until said outcome is equal to said first outcome or to said third outcome; And
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wherein said quantum gate module QG1 (130) is configured to perform at least one
entangling gate, which is part of at least one ancilla-assisted stabilizer measurement

sequence, said second qubit QU2 being used to detect an error on the first qubit QU1;

o Aquantum circuit router QCR1 (140) comprising at least one photon router PR1 (141), said
photon router PR1 (141) being configured to route said entangled photon PH1 from said
first quantum data module QDM1 (110) to said quantum gate module QG1 (130), said
photon router PR1 (141) being configured to route said entangled photon PH2 from said
second quantum data module QDM2 (120) to said quantum gate module QG1 (130);

o A quantum channel module QCM configured to transfer at least one photon from one
module to another module, said quantum channel module QCM comprising at least a first
quantum channel (150) and at least a second quantum channel (150), said first quantum
channel (150) being configured to propagate said entangled photon PH1 from said first
quantum data module QDM1 (110) to said quantum circuit router QCR1 (140), said second
quantum channel (150) being configured to propagate said entangled photon PH2 from
said second quantum data module QDM2 (120) to said quantum circuit router QCR1 (140);

o Aclassical channel module CCM configured to transfer classical data from one module to
another module;

o Aclassical processing module CPM (170) comprising at least one classical processing unit
CPU (171) configured to treat classical data received from said classical channel module
CCM, and configured to send classical data through said classical channel module CCM,
said classical data being configured to control at least one module taken among: the first
quantum data module QDM1 (110), the second quantum data module QDM2 (120), the
quantum gate module QG1 (130), the quantum circuit router QCR1 (140).

2. The modular quantum data processing system (100) according to the previous claim wherein said
first outcome corresponds to joint measurements of the photonic modes PH1a, PH1b, PH2a, and
PH2b in at least one of the following detection patterns:

o At least one photon detected by the first photon detector PD1, and at least one photon
detected by the third photon detector PD3;

o At least one photon detected by the second photon detector PD2, and at least one photon
detected by the fourth photon detector PD4;

o At least one photon detected by the first photon detector PD1, and at least one photon
detected by the fourth photon detector PD4;

o At least one photon detected by the second photon detector PD2, and at least one photon
detected by the third photon detector PD3;

said first outcome corresponds to an entangled gate between the first qubit QU1 and the
second qubit QU2.
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The modular quantum data processing system (100) according to any one of the previous claims
wherein said second outcome corresponds to joint measurements of the photonic modes PH1a,
PH1b, PH2a, and PH2b in at least one of the following detection patterns:
o At least two photons detected by the first photon detector PD1;
o At least one photon detected by the first photon detector PD1, and at least one photon
detected by the second photon detector PD2;
o At least two photons detected by the second photon detector PD2,
o At least two photons detected by the third photon detector PDS;
o At least one photon detected by the third photon detector PD3, and at least one photon
detected by the fourth photon detector PD4;
o At least two photons detected by the fourth photon detector PD4.

said second outcome corresponding to an identity gate between the first qubit QU1 and the
second qubit QU2.

The modular quantum data processing system (100) according to any one of the previous claims
wherein said first quantum emitter QE1 (111) is configured to emit said another entangled photon
PH11 if said outcome is equal to said second outcome, and wherein said second quantum emitter
QE2 (121) is configured to emit said another entangled photon PH22 if said outcome is equal to

said second outcome.

The modular quantum data processing system (100) according to any one of the previous claims
wherein said first quantum emitter QE1 (111) is configured to emit at least a first set of entangled
photons comprising said photon PH1 and said photon PH11, wherein said second quantum emitter
QE2 (121) is configured to emit at least a second set of photons comprising said photon PH2 and
said photon PH22, and wherein one photon of said first set of photons is sent to said quantum gate
module QG1 (130) each time said outcome is equal to said second outcome, and wherein one
photon of said second set of photons is sent to said quantum gate module QG1 (130) each time
said outcome is equal to said second outcome, and wherein the other photons of said first set of
photons are sent to at least a detector module (180) if said outcome is equal to said first outcome,
preferably if said outcome is equal to said first outcome or to said third outcome, said detector
module (180) being configured to indirectly measure at least one quantum state of said first
quantum module QM1, preferably of said first quantum emitter QE1 (111), advantageously of said
first qubit QU1.

The modular quantum data processing system (100) according to any one of the previous claims
wherein said first quantum emitter QE1 (111) comprises at least one quantum system QS1 taken
among at least: a natural atom and/or an artificial atom, said natural and/or artificial atom being
taken among at least: a Rydberg atom, a trapped ion, any solid-state defect in bulk semiconductor,
such as a quantum dot, a quantum dot molecule, a defect in diamond, in silicon carbide and/or in
silicon, rare-earth ion, said quantum system QS1 comprising at least a spin SP1, acting as a
physical carrier of QU1, and wherein said photon PH1 is entangled with said spin SP1, and wherein
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10.

11.

12.

13.

said second quantum emitter QE2 (121) comprises at least one quantum system QS2 taken among
at least: a natural atom and/or an artificial atom, said natural and/or artificial atom being taken
among at least: a Rydberg atom, a trapped ion, any solid-state defect in bulk semiconductor, such
as a quantum dot, a quantum dot molecule, a defect in diamond, in silicon carbide and/or in silicon,
rare-earth ion, said quantum system QS2 comprising at least a spin SP2, acting as a physical

carrier of QU2, and wherein said photon PH2 is entangled with said spin SP2.

The modular quantum data processing system (100) according to any one of the previous claims
wherein the classical processing module CPM (170) is configured to stop the emission of photons
by said first quantum emitter QE1 and/or said second quantum emitter QE2 based on at least one
predetermined threshold of the number of emitted photons by said first quantum emitter QE1 and/or
said second quantum emitter QE2, said threshold being modified based on at least one classical

information generated by said ancilla-assisted stabilizer measurement sequence.

The modular quantum data processing system (100) according to any one of the previous claims
comprising at least a first quantum control module QC1 and a second quantum control module
QC2, said first quantum control module QC1 being configured to control said first quantum data
module QDM1 (110) and said second quantum control module QC2 being said second quantum
data module QDM2 (120).

The modular quantum data processing system (100) according to any one of the previous claims
wherein the first quantum data module QDM1 (110) and the second quantum data module QDM2
(120) are physically separated one from the other by at least a third quantum data module QDMS.

The modular quantum data processing system (100) according to any one of the previous claims
wherein the photon router PR1 (141) is configured to route at least one photon according to at least
one classical data taken among at least: clock information, information received from the classical

processing module CPM (170).

The modular quantum data processing system (100) according to any one of the previous claims
comprising at least one decoder module, said decoder module comprising at least one decoder
unit, said decoder unit being configured to receive said outcome and to output at least one

correction data to perform fault-tolerant quantum data processing.

A fault-tolerant quantum computer comprising at least one modular quantum data processing

system (100) according to any one of the previous claims.

A method (200) for processing at least one quantum data QI1 using at least one modular quantum
data processing system (100) according to any one of the claims 1 to 11, said method comprising
at least the following steps performed by said at least one modular quantum data processing

system:
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A first emission step (210) of at least one entangled photon PH1 by the first quantum data
module QDM1 (110), said entangled photon PH1 comprising at least two photonic modes
PH1a and PH1b, said entangled photon PH1 being entangled with said first quantum
emitter QE1 (111);
A second emission step (220) of at least one entangled photon PH2 by the second
quantum data module QDM2 (120), said entangled photon PH2 comprising at least two
photonic modes PH2a and PH2b, said entangled photon PH2 being entangled with said
second quantum emitter QE2 (121);
A first routing step (230) of at least said photon PH1 by the quantum circuit router QCR1
(140) from said first quantum data module QDM1 (110) to the quantum gate module
QG1 (130);
A second routing step (240) of at least said photon PH2 by the quantum circuit router QCR1
(140) from said second quantum module QDM2 (120) to the quantum gate module
QG1 (130);
An optical transformation step (250), by at least said quantum gate module QG1 (130), on
said four photonic modes PH1a, PH1b, PH2a and PH2b, said optical transformation step
comprising the following steps:
¢ a detection step (251) of at least one detection pattern using said four photon
detectors PD1, PD2, PD3, and PD4,
¢ a generation step (252) of at least one outcome based on said detection pattern,
and
¢ a sending step (253) of at least one classical data related to said outcome to at
least said classical channel module.
said outcome being taken among at least:
¢ a first outcome corresponding to an entangling gate between the first quantum
emitter QE1 (111) and the second quantum emitter QE2 (121);
¢ a second outcome corresponding to a unitary gate between the first quantum
emitter QE1 (111) and the second quantum emitter QE2 (121);

¢ a third outcome corresponding to a detection of less than two photons.

said optical transformation step being configured to be repeated on photonic modes of at
least two other entangled photons PH11 and PH22, said entangled photon PH11 being
emitted by said first quantum emitter QE1 (111) and said entangled photon PH22 being
emitted by said second quantum emitter QE2 (121), until said outcome is equal to said first

outcome or to said third outcome.

14. The method (200) according to the previous claim comprising:

An emission step by said first quantum emitter QE1 (111) of said another entangled photon

PH11 if said outcome is equal to said second outcome,
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o An emission step by said second quantum emitter QE2 (121) of said another entangled

photon PH22 if said outcome is equal to said second outcome.

15. The method (200) according to claim 13 wherein:

o said first emission step comprises the emission of at least a first set of photons comprising
at least said photon PH1 and said photon PH11, the photons of said first set being
sequentially emitted by said first quantum emitter QE1 (111);

o said second emission step comprises the emission of at least a second set of photons
comprising at least said photon PH2 and said photon PH22, the photons of said second

set being sequentially emitted by said second quantum emitter QE2 (121);
and the method comprising at least:

o asending step of one photon of said first set of photons to said quantum gate module QG1
(130) each time said outcome is equal to said second outcome,

o asending step of one photon of said second set of photons to said quantum gate module
QG1 (130) each time said outcome is equal to said second outcome,

o a sending step of at least one photon of said first set of photons to at least a detector
module (180) if said outcome is equal to said first outcome, preferably if said outcome is
equal to said first outcome or to said third outcome, said detector module (180) being
configured to indirectly measure at least one quantum state of said first quantum data
module QDM1 (110), preferably of said first quantum emitter QE1 (111), advantageously
of said first qubit QU1.
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