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Universal quantum computing requires an architecture that supports both
linear circuits and, crucially, strong nonlinear resources. For quantum
photonic systems, integrating such nonlinearities with scalable linear
circuitry has been amain bottleneck, leaving most optical experiments
without nonlinear operations and, consequently, incapable of achieving
universality. Here we report on an extensible photonic computer that
supports a universal physical gate set by seamlessly combining fully
programmable, scalable linear-optical networks with integrated nonlinear
modules. This platform enables a broad range of quantum computing and
simulation tasks. We demonstrate the quasi-deterministic generation of
optical Gottesman-Kitaev-Preskill states, which are essential resources
for bosonic error correction yet had previously been realized only
probabilistically. Furthermore, we simulate complex many-body quantum
dynamics, exemplified by the Bose-Hubbard model. Such quantum
simulation tasks have long been considered beyond the reach of photonic
hardware limited to linear operations. These capabilities, enabled by our
extensible architecture, establish a viable route towards photonic quantum
simulation and fault-tolerant quantum computing.

Quantum computing has recently achieved milestone demonstra-
tions across various hardware platforms'™*, and it is moving towards
large-scale quantum computationbeyond the noisy intermediate-scale
quantum era. Photonic systems®® continue to attract great attention
due to advances in architecture'’, hardware®®, resources for error
correction** and applications’ ™. The long-term goal of realizing a
large-scale fault-tolerant photonic quantum computer requires
transversal logic and magic state distillation for the implementation

of tailored error-correcting codes, such as the surface code'>. Animme-
diate experimental challenge lies in developing architectures consist-
ing of acomplete physical gate set of linear and nonlinear operations.

Recent experiments have separately demonstrated scalability*",
programmability in linear optics®" and access to nonlinear
operations'*", Historically, optical circuitry in these architectures
hasbeennon-universal at the hardware level'* %, as single-photon-level
nonlinearities are intrinsically difficult to realize and even more
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Fig.1| An extensible universal photonic quantum computing architectureand  Clavina. Tasks such as sampling'""* and cluster-state generation?**’ can be

example applications. a, Schematic of the architecture. Clavina features jigsaw-
like extensibility. A central CU provides phase control, synchronization and long-
fibre delay lines that serve as a cache. The LOU, ISU?° and NLU" can be plugged
into this CU to expand the scale and functionality of the system. Different light
sources (blue pieces) and detectors (red pieces) can be connected individually
or simultaneously. This design achieves extensibility by combining mode-count
scalability with modular composability. More details are provided in Methods
and Supplementary Section I. b, Several example applications supported by

directly implemented with its LOU. By integrating non-Gaussian resources, more
advanced applications—such as quantum optical neural networks (QONNs)”,
error-correction codes*** and Hamiltonian simulation**—also become
achievable. See Supplementary Section V for details. The diagram on the right
provides adetailed illustration of how the LOU cores enable interactions among
qumodes. EOM, electro-optic modulator; BS, beam splitter; HWP, half-wave
plate; MZI, Mach-Zehnder interferometer; @, phase-shift angle; 8, mode-mixing
angle; SU(2), special unitary group of degree two.

challenging to implement across all modes in large-scale linear
photonic circuits™". A flexible architecture capable of integrating
diverse, function-specific photonic modules is essential for overcom-
ing these challenges.

Inspired by the architecture of classical central processing units
(CPUs), anatural approach is to develop an extensible and modular
design for quantum processors. Ina CPU, a control unit (CU) orches-
tratesaprimary datapath—suchasanarithmeticlogic unit—and routes
dataviabuses tospecialized coprocessors (for example, floating-point
or graphics units) when complex, dedicated operations are required.
Analogously,a CUinaphotonic quantum processor could selectively
route optical modes between a linear-optical network and special-
ized nonlinear functional modules. However, achieving this level of
modular integration in the quantum regime remains elusive; con-
sequently, current fully programmable circuits are constrained to
performing only linear operations®>*'"">, An emerging approach for
overcoming thisis to exploit time-bin multiplexing within a specially
designed cyclic architecture. Akin to the use of CPU registers and
iterative instruction pipelining, this method encodes information
sequentially along a single path mode. This architecture allows the
linear network and costly nonlinear physical modules to be dynami-
cally reused across the circuit, and it applies operations precisely
when needed, thus substantially reducing the hardware overhead in
large-scale photonic processors.

Inthiswork, we present such an extensible all-optical architecture,
Clavina, which integrates a large-scale linear-optical network with
plug-and-play nonlinear modules via a central CU. The fully connected,
programmable linear network achieves large-scale processing via a
multi-core time-bin interferometer. We extended its functionality by
interfacing two addressable modules—aninline squeezer® and aKerr
interaction module®—each of which can be independently enabled or
disabled asrequired. Our design preserves the scalability and program-
mability of linear operations while incorporating nonlinear resources,
so that the system can support a universal gate set'®. By realizing a uni-
versal gate set at the physical level, this architecture enables the future
implementation of tailored codes, such as the surface Gottesman-
Kitaev-Preskill (GKP) code', exploiting transversal gates and magic
state distillation for fault-tolerant universal photonic computing.

With this architecture, applications that were previously out
of reach or that would require dedicated hardware to run are now
unlocked within a single apparatus. As examples, we demonstrate
applications relying on processing with linear resources—Gaussian
boson sampling and large-scale continuous-variable cluster-state
generation—followed by two applications requiring nonlinear opera-
tions that leverage the extensibility of Clavina.

Unlike existing probabilistic schemes, Clavina enables the inte-
gration of a quantum light source that near-deterministically sup-
plies photon-number-squeezed states. This provides the requisite
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Fig. 2| Scalability and nonlinearity through modular functional units.

a, Large-scale linear transformations using the LOU. b, By comparing sampling
patterns acquired at different times with the initial pattern, we tracked the
fidelity over nearly 2 h, which clearly demonstrates the stability of the platform.
The points show the mean fidelity at each time, and error bars denote +1standard
error of the mean over tenindependent experimental runs. ¢, The participation
coefficients for eight-cliques associated with all nodes in a100-node network
were extracted from Gaussian boson sampling data with more than three
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photons. d,e, The quadrature correlations of the cluster state indicate strong
x-quadrature correlations (d) and p-quadrature correlations (e) between modes
Aand B, corresponding to the odd and even input states shown in the rightmost
part of Fig. 1b, across the first 200 time-bin modes. The lower measurements
(orange) show that the nullifier variances remained consistently below the

-3 dBinseparability threshold over 8,000 modes. The reference shot-noise
variances shown in blue confirm the sustained multimode entanglement in
both quadratures.

non-Gaussian resource—small Schrédinger cat states—without post-
selection, and it allows us to engineer larger amplitude cat states
through two rounds of breeding?. Capitalizing on this and by apply-
ing real-time feedforward, we achieve the quasi-deterministic genera-
tion of optical GKP states®>*, aleading resource for bosonic quantum
error correction.

Finally, Clavina can perform complex many-body quantum
simulations, as exemplified by the Bose-Hubbard model*, beyond
the constraints of purely linear optics. By connecting the pro-
grammable linear network to a tunable Kerr interaction®, we can
encode all the boson-lattice parameters. When combined with
photon-number-resolving detectors (PNRDs), this enables simula-
tions of quantum dynamics beyond the hard-core boson limit (with
more than one boson per site). This regime is inherently challenging
for superconducting platforms, as their on-site interactions are not
tunable. These capabilities establish a new experimental paradigm for
many-body simulations and provide an all-optical pathway to photonic
universal quantum simulation.

Extensible photonic quantum processor

Weillustrate the composability and extensibility of Clavina in Fig. 1a
as ajigsaw, assembled piece by piece. This extensibility allows us to
add new functionality to the circuit without acomplete overhaul of the
design. A central CU-comprising phase-locking, a cache (along-fibre
delay line) and synchronization modules—dispatches control signals
to all the active components and schedules their tasks and operation
sequences. The combination of time-bin encoding™*?¢ and aloop-based
architecture allows functional modules to be located along asingle opti-
cal path. Eachmodule canbe reused to perform operations onsuccessive
timebins, as programmed by the CU. The capabilities of the system could

be extended by adding more modules viathe input and output ports of
the CU. Quantum states of light can be selected from coherent, squeezed
or heralded photon-number states, and detectors can be chosen from
superconducting nanowire single-photon detectors (SNSPDs), PNRDs
orhomodyne detectors (HDs).Inaddition, alinear operation unit (LOU),
which supportsseveral computational cores, shortens the overall optical
pathlengthforthe same circuit depth and, together with phase-stabilized
delay lines, implements large-scale linear transformations.

Notably, this architecture enables us to fulfil the hardware
requirementsforauniversal physical gate set withanonlinear unit (NLU).
Itincorporates aKerr gate®, coupled via the CU to the LOU, and, thus,
overcomes the limitations of solely linear operations. This satisfies
the universality requirementin the continuous-variable setting, which
demands access to both Gaussian and non-Gaussian resources'® %,
With this flexible and extensible architecture, other functional mod-
ules canbeintegrated in a plug-and-play manner. This makes Clavina
an upgradable photonic quantum computing system suitable for a
variety of applications, including quantum computing, simulation and
machinelearning (Fig.1b). For more details of the experimental set-up
and applications, see Supplementary Sections I1-1V.

The scalability and full programmability of Clavina were dem-
onstrated using a dual-core LOU (Fig. 2a), which maintained high
phase stability over long operating times (Fig. 2b). As a benchmark,
we performed a100-mode Gaussian boson sampling experiment. This
samplingtask relies on tunable squeezed-state inputs and afully recon-
figurableinterferometer, thereby providing a stringent test of adjust-
ablesqueezing and programmable linear-optical control. We used this
experiment to evaluate the participation coefficients of anetwork™?,
the results of which are shown in Fig. 2c. In addition, Clavina readily
time-multiplexes squeezed light pulses to generate scalable cluster
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Fig. 3| Engineering non-Gaussian resources for quasi-deterministic GKP
state generation. a, Aninline squeezer® acting on asingle-photon state can
produce astate that serves as a small cat state, which canthenbe used asa
resource for generating GKP codes. b, Outcomes when breeding Schrodinger
cat states. Aninitial small cat state (top) is prepared by the inline squeezing of a
single-photon Fock state with a squeezing parameter r= 0.3. It is then expanded
into alarger amplitude cat state through iterative breeding (middle: after one
round; bottom: after two rounds). ¢, The Wigner function of the optical compass
state isreconstructed from the interference of two cat states, prepared with

aninline squeezing of r=0.6.d, Quasi-deterministic generation of the GKP

grid state. The marginal probabilities (prob.), shown as a solid blue line for the
full dataset and a grey dashed line for the subset filtered to |x| < 0.75, reveal a
phase-space lattice of peaks and troughs characteristic of a logical grid state.
Theinitial cat state is prepared using an inline squeezing of r= 0.48. e, Measured
quadrature probability distributions for the GKP state along two orthogonal
phase quadratures (0 and 1/2 cuts). More details are given in Supplementary
Section VI.B.

states®®?’, Figure 2d,e confirms the quantum correlations across 8,000
time bins. More information canbe foundin Supplementary Section VI.

Beyond linear operations, the extensibility of Clavina offers two
routes to introducing the tunable nonlinear resources required for
universality. First, nonlinear resource states, such as photon-number
states, canbeinjected at theinputand thensubjected toinline squeez-
ing via the inline squeezing unit (ISU). Second, the NLU can apply a
Kerrgateto the circulating states. The loop-based architecture allows
individual time bins to be arbitrarily switched into either unit, depend-
ing on the application. This flexibility in interleaving the ISU and the
NLUwith LOU executions enables a variety of computational tasks and
substantially advances the realization of future universal fault-tolerant
photonic quantum computers. In the following sections, we demon-
strate the utility of these resources for GKP state engineering and for
simulating a Bose-Hubbard model.

Non-Gaussian state engineering

Nonlinear resources are essential for generating non-Gaussian quan-
tum states and universal quantum computing, but they are challeng-
ing to implement in photonic systems due to the absence of natural
photon-photon interactions. Current demonstrations rely either on
light-matter interactions® or measurement-induced schemes®*?, but
these approaches are typically weak' or probabilistic, respectively.

Here we employ aboosted® heralded photon-number-state gener-
ator to produce these nonlinear resource states near deterministically
(SupplementaryFig.3). Prepared at arate of 1 MHz, they were switched
into the ISU?°, which generated odd-parity Schrédinger cat states, as
showninFig.3a. Theboosted heralding efficiency was approximately
93%. Taking the residual circuit loss into account, we estimated the
effective output rate to be-0.85 MHz (Supplementary Section I1.C).
Enabled by the interferometric stability of Clavina, asubsequent two-
round breeding process was performedinthe LOU, inwhich the ampli-
tude of interfering pairs of small cat states was increased to generate
larger cat states®*. The Wigner tomography® resultsin Fig. 3b confirm
boththegrowthinamplitude and the preservation of Wigner negativity.
With amodified heralding pattern—by conditioning on a two-photon
detectioneventinthe heralding PNRD arm—the same breeding proto-
col can prepare acompass state, whichis afour-component coherent
state superposition, as showninFig. 3c.

Quasi-deterministic generation of an optical

GKP state

The cat states prepared above enable the synthesis of an optical GKP
state*”. With Clavina, several cat states can interfere with each other
inthe LOU while each ancilla bin is monitored by one HD. The measure-
ment outcomes of the ancilla time bins are fed forward to a real-time

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-026-01962-8

a - . Wigner value Wigner value Wigner value
— ﬁ[mr‘,ks(at;rrimfezer pislace] - 03 02 01 0O A o A 0.2 0.1 0-0.1 A - A 0.2 0.1 0-0.1
) Inline
Linear Control it ] squeezing unit | 2 é - % 2r % = % 2+ Output
operation [ ontrol uni ——
unit | | Q ol — ‘ ‘ Q 0t ‘ ' QO
. . b d -
| ‘_ M S S — Nonlinear unit S
— _s;Nsm PNRD HD | -2 t Input -2 L Output -2+
L L L Kerr nonlinearity L L L Kerr nonlinearity L L L
-2 2 2 with @ = /15 i with @ = 11/2 =04
b i c
Ideal Experimental Interaction Input Hopping Interaction
2) 0.80 -
0.70 Hopping E— J ——a—- - -1
1) Re 0.60
0 0.50 “ — o -—D
0.40 -
0.30 M Q E— — B & -—D
12) 0.20 <) —_— .
010 : Linear : : :
[1) Im o transform
(0] -0. | ! B
|0y 0.10 —...—D
[0y 11 12> 10> 1) 12)
d Experimental results: € Experimental results:
Input state: [200) Input state: [110) Input state: [200) Input state: [110)
os m e
1o b I ;o B 050
< 15 8 e Bl o> | ] 060 Z
) 9
20 F F [110) 0.40 8
L L g
25 [ . L - 1ot 020 &
30 5 I B il [011) .! 0
| | | | | | | | | L | |
] [} 05 1.0 1.5 2.0 25 3.0 35 05 1.0 1.5 2.0 25 3.0 35
|200) |020) |002) [110) [101) |011) t t
Ideal numerical simulation results: Ideal numerical simulation results:
Input state: |200) Input state: |110) Input state: [200) Input state: [110)
0.5 | L
1200) 1.00
L L 020
1.0 1020} 080 |,
.0
- 15F = |002) - 0.60 =
=) a
20 L [110) 0.40 _ré
&
25 L [101) 0.20
on 0
3.0 - I | > | | | | | 1 1 1 1 -
m m 05 10 15 20 25 30 3505 10 15 20 25 30 35
|200) |020) |002) [110) [101) 1011) t t

Fig. 4 |Nonlinear resource for simulating a Bose-Hubbard Hamiltonian.

a, Ameasurement-induced Kerr interaction (e~#t/")'S, with Hamiltonian

H = hkr(n — 1) (where riis the bosonic number operator, k is Kerr nonlinear
interaction strength and # is the reduced Planck constant), directly introduces
nonlinearity by imparting a phase shift of @ = k¢ to the two-photon component
relative to the zero- and one-photon components, as evidenced by the Wigner
negativity (blue regions) of the output state. b, Fidelity of the Kerr interaction in
the low-photon-number Fock subspace reached 0.820 + 0.033 relative to the real
(Re) and imaginary (Im) component of ideal values, for a coherent-state input
with a=0.5and Kerr nonlinearity @ =m/3. ¢, Schematic of the one-dimensional
Bose-Hubbard model, where bosons (for example, photons) hop between
nearest-neighbour lattice sites and experience on-site interactions. This

model can be simulated with Clavina by interfacing the NLU with the LOU

viathe central CU. The LOU implements the hopping term/by coupling time-bin
modes, analogous to tunnelling between neighbouring sites. The NLU enables
the on-site interaction U. For simplicity, the on-site potential term y is set to zero.
d, Occupation probabilities after a fixed evolution time (¢=0.5) while the
interaction-to-tunnelling ratio U//is swept from 0.5 to 3.0. Each bar is stacked
according to the six two-photon Fock configurations. Left and right subpanels
correspond to theinitial states |200) and |110), respectively. e, Time-resolved
evolution at U//=1. The heat maps show the same Fock-state probabilities as
functions of time for the two initial states used in d. Top: experimental results.
Bottom: ideal numerical simulations sampled densely across U//and ¢. The
observed agreement, within experimental uncertainty, demonstrates that
Clavinaaccurately captures the dynamics.

displacement operation onthe remaining time bin. This allows a GKP state
to be produced quasi-deterministically®, a key breakthrough towards
practical quantum error correction. Although recent probabilistic GKP
state preparation schemes>**” have brought about notable advances, our
architecture offers adeterministicapproach, in principle, thus enabling
the generation of cat states without post-selection and incorporating
feedforward conditioned onhomodyne outcomes™®. Inpractice, we filter

outhomodyne outcomes with excessive noise arising mainly from the lim-
ited throughput and squeezingavailableinthe currentimplementation.
Assuch, the systemis constrained to the quasi-deterministic generation
of GKP states. By operating the experiment at 250 kHz, we generated
approximately 2,000 GKP states per second.

Figure 3d shows the one-dimensional GKP state we measured
with the quadrature distributions shown in Fig. 3e (Supplementary
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Section VI.B). This reconstructed Wigner function exhibits the
characteristic grid pattern, consistent with an approximate
GKP logical state. We assessed the quality of this GKP state by
measuring the stabilizer amplitudes (S,) = 0.1061 + 0.0071 and
(SAHL)) = 0.2065 £ 0.0055. These results show that the state had pre-
served appreciable lattice-wide phase coherence while suppressing
thelogical-Zcomponent, as expected for the |1, ) codeword. Independ-
ent confirmation comes from the quadrature variances of the central
lattice peak, (A%x) = 0.1493 + 0.0052 and (A%p) = 0.0870 + 0.0018.
The product, (A%)(A%p) = 0.0130 + 0.0005, is more than an order of
magnitude below the vacuum limit, which confirms the presence of
sub-Planck-scale interference fringes characteristic of an ideal grid
state®®, Further details, such as stabilizer definitions and effective peak
squeezing, are provided in Supplementary Section VI.

Aswith previous demonstrations®*, lower loss and higher squeez-
ingarerequired for these states to be practically useful for error correc-
tion. Despite this, the relatively large stabilizer amplitudes, together
with a sharply localized peak, indicate that the state cannot be repro-
duced with Gaussian resources alone. Moreover, its quasi-deterministic
generation from a near-on-demand non-Gaussian resource (Fock
states) makes this approach a promising route to fault-tolerant quan-
tum computing via further Gaussian operations®.

Photonic quantum many-body simulations

We now describe our NLU, which comprises a strong Kerr interac-
tion realized by interferometrically combining photon-addition and
photon-subtraction sequences'" (Supplementary SectionIV.B). Owing
tothe extensible design of Clavina, the NLU was easily interfaced with
the LOUtoinduce astrong nonlinearity, as shownin Fig. 4a. The fidel-
ity of the Kerr interaction is quantified in Fig. 4b. The NLU provides
the essential non-Gaussian element that, together with our Gaussian
toolbox, completes the hardware-level gate set for universal quan-
tum computing. This capability allows Clavina to directly simulate
the dynamics of an interacting many-body system, moving beyond
the constraints of linear-optical networks. As a demonstration, we
simulated a three-site Bose-Hubbard model using a three-mode ver-
sion of the circuit*’ (Fig. 4¢).

Our architecture enables the real-time observation of Bose-Hub-
bard dynamics while allowing us to tune the interaction-to-tunnelling
ratio U// and the evolution time ¢. The LOU implements the hopping
term /by coupling time-bin modes, analogous to tunnelling between
neighbouring sites, while the NLU enables the on-site interaction, U.
The on-site potential term g, which can be controlled by alocal phase
shift, is set tozero for simplicity. For these demonstrations, we initial-
ized two photons in the chosen Fock states and then measured their
distributions. Figure 4d demonstrates that the preferred
photon-occupancy patterndependsjointly on the interactionratio U//
and the initial state. Starting from the bunched state |200) at a fixed
evolutiontime t=0.5, weak interactions populated both bunched and
separated configurations, whereas increasing U// stabilized
double-occupancy and suppressed singly occupied states. The trend
was reversed for the initial state |110), as weak interactions favoured
doubly occupied states, while increasing U// kept the photons apart.
Consistent with expectations, alarge/enhanced hopping, resultingin
contrasting behaviours for the two initial states. Figure 4e shows the
dynamics with U =J. For different initial states, we tracked the state
populations over t € [0.5, 3.5]. After a long period of evolution, the
dynamics show an initialization-dependent preference for either
bunched or separated configurations. Further details are provided in
Supplementary Section VII.

Compared with superconducting and other physical plat-
forms, Clavina offers several distinct advantages. Benefiting from
fast electro-optic modulation, the circuit can be reconfigured on the
fly, making both the couplings J; and the on-site interactions U tun-
able in time. Such capabilities are typically challenging to realize in

superconducting-qubit architectures*, where U is generally fixed at
alarge value and cannot be tuned, thereby restricting simulations
to the hard-core boson limit (within a perturbative regime). On our
platform, we can explore finite-U physics and, by leveraging PNRDs,
directly probe multi-occupancy beyond that regime. Collectively,
these capabilities establish our photonic realization of this type of
many-body model as a practical pathway to scalable photonic quantum
simulators****,

Discussion and outlook

To overcome the long-standing limitation of photonic quantum com-
putingto linear operations, we propose an extensible architecture that
integrates scalable linear networks with diverse nonlinear functional
modules. We apply an inline squeezer to Fock states and a nonlinear
Kerr gate, both of which are crucial for advancing towards universality.
The measurement-induced approach used in our work circumvents the
intrinsic limitationsidentified in ref. 19 by avoiding direct Kerr nonlin-
earities and, thus, the causality-induced phase noise that compromises
high-fidelity operation. This approach canalso be extended naturally
to the multiphoton case®, thereby enabling strong nonlinearities at
higher photon numbers. For near-term implementations, alongside
continuingimprovements in gate fidelity, the probabilistic nature can
be mitigated by offline preparation bufferedin afibre-delay loop using
arepeat-until-success strategy; the prepared gate is theninjected into
the main circuit via gate teleportation to enable near-deterministic
and scalable operation. Furthermore, photon addition and subtrac-
tion can be achieved deterministically via light-matter interfaces*,
for instance, using semiconductor quantum dots*. The engineered
quantum-dot devices can act as single-photon adders*®*’ or subtrac-
tors’ on each time-bin mode, thereby providing a nonlinear resource
while preserving the modularity of the platform.

In the long term, direct Kerr-like interactions may also become
feasible. Although ref. 19 argued that single-photon Kerr nonlin-
earity cannot be achieved with high fidelity under realistic con-
ditions, recent progress indicates that there is no fundamental
barrier to such operations. Platforms like strongly coupled pho-
tonic crystal microcavities®, hybrid Rydberg-atom systems®* and
waveguide-embedded quantum dots*? are steadily advancing
towards significant single-photon-level nonlinearities, indicating
that high-fidelity Kerr or other nonlinear gates could eventually be
realized. Importantly, these platforms are naturally compatible with
the extensible time-bin loop architecture of Clavina, which allows
eachtimebin tointeract sequentially with ashared NLU for scalable,
hardware-efficient nonlinear processing.

Inthis work, we have demonstrated the generation of GKP states,
whichlays the groundwork for producing states characterized by large
amplitudes and high squeezing levels*. The approach to time-bin
encoding in Clavina®? is naturally suited for generating large-scale
GKP cluster states and constructing surface codes™, a crucial require-
ment for concatenating with topological error-correcting codes to
achieve faulttolerance. Consequently, our architecture offersa prom-
ising route towards active quantum error correction (Supplementary
Section VI.C).

To move towards fault-tolerant universality, the physical non-
Gaussian resources demonstrated here must be integrated with
tailored error-correcting codes to fully exploit gate transversality.
Specifically, high-fidelity GKP states serve as the foundational logical
Pauli states. Our NLU can supply the essential non-Clifford physical
operationsrequired to generate and distil magic states, thereby com-
pletingthe universal logical gate set that transversal operations alone
cannot provide.

Finally, Clavina is readily transferable to integrated photonic
circuits—for example, those based on thin-film lithium niobate on
insulator—which are capable of fast electro-optic modulationand inte-
grated high-gain squeezing. Integrating these sources with time-bin
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circuitry on-chip would help to mitigate some of the photon losses
associated with coupling to optical fibre*>*,

With continued advancesin component engineeringand quantum

error correction, the blueprint realized in Clavina canbe refinedintoa
fault-tolerant universal photonic quantum computer, thereby position-
ing photonic systems as compelling candidates for next-generation
quantum technology.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541566-026-01962-8.
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Methods

Hardware summary

Clavinais an extensible photonic quantum computing platform com-
posed of six units. Specifically, squeezed states are produced by a
low-loss optical parametric oscillator, and photon-number states are
prepared near-deterministically via heralding withaboosting protocol;
both the squeezing level and the coherent-state amplitude are tuned
by computer-controlled EOMs. The current implementation uses a
dual-core, time-bin-encoded LOU, where each core consists of a pair
of EOMs thatimplement SU(2) operations between adjacent time-bin
modes. Other cores can be incorporated to realize larger linear trans-
formations while reducing the number of loops required for a given
circuit depth. The CU includes a phase-locked delay line, a long-fibre
delay and an input/output module controlled by optical switches to
provide time-bin synchronization and dynamic routing. This allows
functional modules, such asthe ISUand NLU, to be inserted or bypassed
on a per-time-bin basis. This plug-and-play architecture enables effi-
cient hardware reuse along a single optical path and supports flexible
reconfiguration for various tasks. The output states are measured using
SNSPDs, PNRDs or HDs. Over extended operation, the observed fidelity
reduction (Fig. 2b) was probably caused by the cumulative effect of
several minor driftsand imperfections. These include slight reductions
in coupling efficiency, modest degradation of the interference extinc-
tionratiointhe LOU (despite active phase-locking), small driftsin EOM
driveraccuracy during long runs (possibly due to thermal effects) and
slight variations in SNSPD detection efficiency over time. Although
each of these effects is minor in isolation, their combined impact can
become noticeable during longer measurements.

Toreducelossesinthe near term, we could use higher-bandwidth
EOMs to increase the source repetition rate and shorten the tempo-
ral spacing between time bins. This would enable the use of shorter
Herriott cells and allow free-space delays to replace the fibre delays,
thereby eliminating the fibre-coupling loss entirely. Simultaneously,
continuingimprovementsin photodetectors—including devices with
efficiencies up to 99% and SNSPDs/PNRDs exceeding 95%—will directly
reduce the read-out loss.

Inthelonger term, the Clavina architectureisinherently compat-
ible with integrated photonics. Thin-film lithium niobate platforms,
for instance, support 100-200 GHz modulation, which corresponds
to picosecond-scale delays and millimetre-scale path lengths. Cou-
pled with propagation losses as low as 0.01 dB cm™, monolithically
integrating the ISU and NLU onto a single chip presents a promising
route for substantially suppressing the coupling losses in the current
bulk-opticimplementation.

GKP state preparation
The preparation of GKP states requires that nonlinear resources are
addedtoalinear-optical system. Two main approaches canachieve this:
photon-number-state injection and photon-number-state detection
(the strategy used in ref. 2). Both combine photon-number-induced
nonlinearity with linear operations, like inline squeezing and
beam-splitter interference, but differ in where the nonlinearity is intro-
duced. Detection relies on post-selected, photon-number-resolved
outcomes. Although intrinsically probabilistic, this is a practical way
toscale nonlinear resources by selecting higher photon-number sam-
pling events. For example, ref. 2 produced atwo-dimensional GKP state
withthreelobes alongboth the x-and p-quadratures by post-selecting
on 3-3-3 photon-sampling outcomes (equivalent to a nine-photon
nonlinear resource). By contrast, injection introduces non-Gaussian
resources directly via prepared single-photoninputs. Combined with
inline squeezing and interference, injection enables deterministic
operationinprinciple, assuming idealized limits without finite squeez-
ing constraints or loss.

Generally, the amount of nonlinear resource dictates the size of
the generated GKP state, whereas the achievable squeezing and losses

limitits quality. In this work, four squeezed single-photon inputs pro-
vided the equivalent of a four-photon nonlinear resource, yielding
a one-dimensional GKP state. Although capable of correcting small
displacementerrors along the p-quadrature, this does not realize a full
two-dimensional, fault-tolerant GKP state. Nevertheless, the injection
architecture is fundamentally scalable: increasing the single-photon
inputs and breeding steps can generate larger two-dimensional GKP
states, although mitigating the fidelity-reducing effects of further
losses remains a practical challenge.
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