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The ambition of harnessing the quantum for computationis at odds with the
fundamental phenomenon of decoherence. The purpose of quantum error correction
(QEQC)isto counteract the natural tendency of acomplex system to decohere. This
cooperative process, which requires participation of multiple quantum and classical
components, creates a special type of dissipation that removes the entropy caused by
the errors faster than the rate at which these errors corrupt the stored quantum
information. Previous experimental attempts to engineer such a process'” faced the
generation of an excessive number of errors that overwhelmed the error-correcting
capability of the process itself. Whether it is practically possible to utilize QEC for
extending quantum coherence thus remains an open question. Here we answer it by
demonstrating a fully stabilized and error-corrected logical qubit whose quantum
coherence is substantially longer than that of all the imperfect quantum components

involved in the QEC process, beating the best of them with a coherence gain of

G =2.27 +0.07. We achieve this performance by combining innovations in several
domainsincluding the fabrication of superconducting quantum circuits and
model-free reinforcement learning.

Implementing a single correctable logical qubit requires a physical
system with a large state space. It should accommodate the code
subspace and its redundant replicas where the logical information will
be transferred without distortion when physical errors occur®. This
redundancyisinextricably associated with an additional operational
cost of QEC, known as the control overhead. In the search for an effi-
cientway toalleviate the detrimental effects of the overhead, bosonic
codes’ " based on the state space of aharmonic oscillator have been
proposed as a promising alternative to the standard approach based
onregisters of physical qubits®®™. In hybrid architectures, these two
approaches are complementary, with qubit-register codes built on
logical qubits dynamically protected with efficient base-layer bos-
onic QEC™,

Although some aspects of QEC have been demonstrated with
superconducting circuits’ Y, trapped ions'®?° and spinsinsolid-state
systems® %, the control overhead has prevented current-day experi-
ments from getting to the heart of what QEC promises to achieve—
extending the lifetime of quantum information stored in the system.
This extensionis quantified by the gain G, defined as the ratio between
the coherencetime of anactively error-corrected logical qubitand the
best passive qubit encodingin the same system. The break-even point
isreached at G=1. Abosonic cat-code experiment” managed to achieve
G =1.1,but witha code that continuously shrinks to the vacuum state.
Other experiments with various bosonic codes! and qubit-register
codes*” have achieved G=0.1-0.9.

We demonstrate full code stabilization and error correction with
gain G =2.27 + 0.07 using the Gottesman-Kitaev-Preskill (GKP) encod-
ing’ of a logical qubit into grid states of an oscillator. The QEC of this
codewas previously realized in superconducting circuits®and trapped
ions™. In our work, similarly toref. 3, the oscillator is an electromagnetic
mode of a superconducting cavity whose quantum state is manipulated
using a transmon auxiliary qubit (Fig. 1a). Our system has an average
relaxation and dephasing time of T'f =280 psand (echo) T';E =240 ps
for the tantalum-based transmon?, and 7, =610 ps and T, =980 ps
for the high-purity aluminium cavity®. Weimplementin this systema
‘trickle-down’ QEC scheme based on the proposals in refs. %, which
includes real-time classical processing and measurement-based feed-
back. We train the QEC circuit parameters in situ with reinforcement
learning (RL)* %, ensuring their adaptation to the real error channels
and control imperfections of our system. At peak performance, the
achievedlifetimes of logical Paulieigenstatesare T, = T,=2.20 + 0.03 ms
and 7,=1.36 + 0.03 ms, and the logical Pauli error probabilities per
QECcyclearep,=(4.3+0.4) x10™*and p,=p,=(1.81+0.04) x 107, With
such low logical error probabilities, we explore the QEC processona
previously inaccessible timescale of thousands of cycles, subjecting
toscrutiny the standard assumptions of the theory of QEC, such as the
stationarity of error rates and absence of leakage-induced correlations.
Finally, we carry out error injection experiments to identify the main
factors limiting logical performance and chart the path towards the
next-generation logical qubit.
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Fig.1|Experimental system.a, The sample consists of asuperconducting
aluminium cavity and a sapphire chip with atransmon circuit, readout
resonator and Purcell filter. The electromagnetic mode of the cavity
implements aharmonicoscillator,and{|g), |e)}levels of the transmon are used
asanauxiliary qubit to assistin oscillator QEC.b, Thesampleiscooledina
dilutionrefrigerator and controlled with microwave and digital electronics.
The QEC processis orchestrated by afield-programmable gate array (FPGA),
andits parameters are optimized insituby anRL agentimplemented ona
graphics processing unit (GPU). ¢, Experimental Wigner functions of the Pauli
eigenstatesofagrid code with A = 0.34 measured after six QEC cycles. Image of
thedilution refrigerator was adapted fromref. .

Engineering error correction

We now explainthe principles of our experiment. Its coreideais toreal-
ize an artificial error-correcting dissipation that removes the entropy
from the system in an efficient manner by prioritizing the correction
of frequent small errors, while not neglecting rare large errors. This
ideaisillustrated in Fig. 2a for a cartoon system in which redundancy
is achieved with only four orthogonal subspacesin total, in which Cyis
the code subspace and C;-C; are the error subspaces. The error sub-
spaces of our actual infinite-dimensional system are described in Sup-
plementary Section IV.B. In this cartoon example, the standard
dissipation scheme, no. 1, is maximally efficient from the perspective
of entropy removal, because it corrects any error in asingle step. Such
an approach is taken by all qubit-register stabilizer codes, for which
measurement of the stabilizers, syndrome decoding and recovery, when
composed, realize a dissipation channel of high Kraus rank. Although
thisapproach canalso be applied to the oscillator grid code (Methods),
itsimplementation entails large control overhead, which in practice
mightbring more errors thanitis designed to correct. By contrast, the
trickle-down dissipation scheme, no. 2, has the capacity to correct all
of the same errors, but it is not able to do so in a single step. Impor-
tantly, the most probable small errors, corresponding to the error space
Cy arestill corrected in a single step. Owing to this simplification, such
anapproachreduces control overhead in the grid code, and therefore
it was adopted in our work. The continuous-time version of approach
no. 2 was also demonstrated for other bosonic codes in refs. 2%,

The stabilizer generators of an ideal square grid code are S = D(ly)
and S§ = D(il), in which [;= /21 is the length of a grid unit cell, and
D(a) = exp(aaT - a*a) is the displacement operator for an oscillator
with creation and annihilation operators a'and a. Logical Pauli opera-
tors of the ideal code are defined as X| = ,j?g and Z, = ,j?g. The ideal
codewords obey perfect translation symmetry in phase space and thus
containaninfinite amount of energy. The finite-energy codeis obtained
by applying anormalizing envelope operator N, = exp(-A2a'a) to the
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Fig.2| QECimplementation and optimization. a, Cartoon comparison of
error-correcting dissipation channels. The standard dissipation scheme, no.1,
correctsany errorinasingle step, whereas the ‘trickle-down’ dissipation
approach, no.2,canbeviewed as directional hopping between error spaces
that eventually brings the quantum state to the code space C,,. The colours of
thearrows correspond to unique Kraus operators, whose number is equal to
the channelrank. Higher-rank dissipation removes entropy more efficiently,
butincurslarger control overhead. b, Implementation of ageneral rank-2
channelon the oscillator using asingle auxiliary (aux.) qubit. The unitary Uyis
approximated as a parametrized circuit consisting of Nlayers of qubit rotations
and oscillator conditional displacements. Each conditional displacement gate
utilizes alarge intermediate displacement of magnitude |a| to enhance the gate
speed. ¢, Evolution of reward of the RL agent during the training. The black
arrow indicates the start performance based onindependent calibrations.
Expectations (denoted with E) of Pauli operators are takenin their respective
eigenstatesand include state preparation and measurement (SPAM) errors.

d, Onerealization of the learning trajectory of the intermediate photon
number used to execute the big conditional displacement gate (‘B’in the SBS
circuit). Light blue shade shows the variance of the sampled parameter values
during the training, and dark blue line shows the mean.

ideal codewords, in which A parametrizes the code family that
approaches theideal code in the A > O limit. In phase space, this para-
meter controls the extent of the codewords and the squeezing of their
probability peaks. Our experimental Wigner functions of the code-
words with A = 0.34 are shown in Fig. 1c. The operators of the finite-
energy code are obtained through the similarity transformation
induced by the envelope operator? (for example, SXZ = N, SY/?N).

Torealize an error-correcting dissipation channel R, for the finite-
energy code, there is at our disposal a single auxiliary qubit and a clas-
sical controller. In principle, withsuchresources, it is possible toimple-
ment arbitrary quantum channels of Kraus rank 2¥ by recycling the
auxiliary qubit Mtimes and using feedback operations conditioned on
the state of the classical M-bit memory of the controller**2, Here we
construct arank-4 error correction channel as a composition of two
rank-2 dissipators R, =R} R that drive the system towards the
+1eigenspace of the finite-energy code stabilizers SX/. Ageneral rank-2
dissipation can be implemented as a unitary U that entangles the sys-
tem with the auxiliary qubit, followed by a projective measurement of
the auxiliary qubit with outcome b and a classically conditioned unitary
U, (Fig.2b).

Inour experiment, any unitary iscompiled down to aset of primitive
operations: qubit rotations around any equatorial axis R, (6) =
exp[-i(8/2)(cosp o, + sing o))l implemented as 32-ns Gaussian pulses



withspectral corrections®; oscillator displacements D(«) implemented
as40-ns Gaussian pulses; relatively slow conditional rotations CR(0) =
exp(ifo,a’a) implemented by waiting a certain amount of time
under the dispersive coupling Hamiltonian H,/h = yo,a'a/2, with
X =2m x46.5kHz; and virtual oscillator rotations R, (9) = exp(ida‘a)
implemented dynamically on the field-programmable gate array in
448 ns. These primitives are used to construct afast echoed conditional
displacement gate ECD(B) = 6,D(0,3/2) asshown in Fig. 2b, whose speed
d,|8| = |a|x is enhanced compared to the native interaction strength y
byalarge factor |a|—the magnitude of the intermediate displacement
in phase space>**.

Bothrank-2 dissipators are thenimplemented as follows: the unitary
Ugisdecomposed as a parametrized circuit consisting of layers of qubit
rotations R,(0) and entangling ECD(f) gates, whereas the unitary U, is
realized as only avirtual rotation (Fig. 2b). The role of U, is twofold: to
implement switching between R and R by changing the quadrature
ofthe oscillator by /2, and to compensate for a spurious rotation due
to the always-ondispersive coupling H,. The role of Uyis to approximate
the mapping of the finite-energy stabilizer onto the state of the auxil-
iary qubit together with autonomous back-action that pushes the state
fromthe error spaces towards the code space. Several ansatze for the
decomposition of Uy were proposed in ref. 2. We adopt a modified
version of the so-called small-big-small (SBS) protocol, named to
reflect the relative amplitudes of the three conditional displacement
gatesthatitcontains: B =[x (iA%/2, 1, iA?/2)(see Supplementary Sec-
tion IV.C for further details).

Asingle application of the resulting composite dissipator R, realizes
aQECcycle; werefer to applications of constituent dissipators Rf’z as
even/odd cycles. In our implementation, the duration of a QEC cycle
ist,=2x4.924 pus,whichincludes execution of unitary gates, measure-
ments of the auxiliary qubit, and real-time processing and decision-
making by the controller.

Learning QEC circuit parameters

Although the SBS ansatz and gate calibrations lead to a functioning
QEC process, the highest level of performance cannot be achieved with
acrude model of the system based on a few independently calibrated
parameters—any such modelwill inevitably contain unrealistic assump-
tions. Some model inaccuracies and unknown control imperfections
canbe compensated by closed-loop optimization with direct feedback
fromthe experimental setup. Previously, pulse-level optimization was
successfully utilized to improve gate fidelities**¢, but it was never
applied to enhance the performance of QEC. Here we apply areal-time
RLagent to this task, asillustratedin Fig. 1b. We use the proximal policy
optimization algorithm??, which was shown in simulations to out-
perform other approaches when applied to high-dimensional prob-
lems with stochastic objectives that arise in quantum control”. We
parametrize the QEC circuit with P =45 parameters that include the
amplitudes of various primitive pulses in the circuit decomposition,
parameters of the auxiliary qubit reset, and so on.

Thetraining episodes begin with dissipative pre-cooling of the oscil-
lator followed by feedback cooling to prepare the system ground state
|2)10) (Methods). Then, alogical Pauli eigenstate [+X) or [+Z) isinitial-
ized with amethod fromref. >, and a candidate QEC protocolis run for
T=160 cycles. We chose this duration to enhance the signal-to-noise
ratio of thereward, similar to the technique used to sample randomized
benchmarking cost functions®?¢, At the end of the episode, the reward
forthe RL agentis obtained by measuring the logical Pauli operator X,
or Z, (depending on the initial state), which provides a proxy for the
logical lifetime. This logical measurement is carried out with one-bit
phase estimation of the ideal- code Pauli operators>®, and its fidelity
is intrinsically limited to (1+ € ™"/4)/2 (ref. ). Although there exist
methods of logical readout adapted to the finite code envelope'®2%*,
we use the phase estimation method to avoid biasing the RL agent

towards a particular finite envelope size and to let it pick the optimal
size given the error channels of our system.

By construction, the reward incentivizes the RL agent to find a QEC
protocol that leads to the longest logical qubit lifetime. The typical
evolution of the average reward during the trainingis shownin Fig. 2c.
The performance level indicated with a black arrow is achieved with
independent calibrations of the system and control parameters (Sup-
plementary Section II). The RL agent substantially improves on this
baseline performanceintwo stages: typically, in the first hundred train-
ing epochs, the agent corrects large errors in the initial parameter
values, and in the subsequent few hundreds of epochs, it fine-tunes
the circuit parameters to achieve the highest performance.

Several trends in the learning trajectories showcase the benefits
of the model-free RL approach (see Supplementary Section IV.D for
further details). Here we highlight only a singleillustrative example.In
ourimplementation of the ECD gate, there exists a nontrivial tradeoff
between coherentandincoherent errors: the gate canbeimplemented
faster by displacing the oscillator further in phase space (thatis, popu-
lating it withmore intermediate photons), but this makes the gate more
susceptible to high-order nonlinear effects*. Moreover, some choices
of this intermediate photon number can result in a Stark shift of the
auxiliary qubitinto resonance with aspurious degree of freedom (for
example, atwo-level defect*®). How these tradeoffs translate into logical
qubit performanceis difficult to model, but the RL agent canlearn the
optimal value of the large intermediate displacement without amodel.
AsshowninFig.2d, it chose to reduce the intermediate photon number,
improving the performance of QEC at the cost of amuch slower gate.

Observing QEC beyond break-even

After the trainingis finished, we pick the best-performing QEC circuit
for further characterization. Here we focus on the ability of QEC to
createagood quantum memory (thatis, to convert the effect of passage
oftimeinto anidentity channel Z: p > p that preservesall qubit states).

A metric quantifying the deviation of any quantum channel £ from
theidentity is the average channel fidelity, F[£] = fdt[}(([)lg(ll/))(([)l)u/)),
in which the integral is over the uniform measure on the qubit state
space, normalized sothatfdzp 1.Ingeneral, thlsﬁdelltydecaysover
timeinanontrivial way, but to leading order it evolvesas F(t) =1- I't
inwhich the decay rate"is equivalent to an average decoherence rate
of all pure states on the qubit Bloch sphere. Conveniently, it suffices
toaverage across the six Pauli eigenstates alone*, leading to an exper-
imental procedure for extracting /" that can be applied to any kind of
qubitirrespective of its error channel. In Fig. 3, we show the results of
suchan experiment, conducted for three different qubit encodings in
our system: the{|g), |e)} subspace of the transmon, the {|0), |1)} sub-
space of the oscillator, and the grid code of the oscillator (with and
without QEC).

Boththe{|0), |1)}and{|g), |e)} qubitsare subject toamplitude damp-
ingand white-noise dephasing channels, captured by their respective
T,and T, times, with afidelity decay constant givenby "= (1/T, +2/T,)/3.
From the perspective of a quantum memory, the best uncorrectable
physical qubitinoursystemis{|0), |1)} showninFig.3b, whichachieves
oy = (800 ps)™. The{|g), |e)} qubit, shown for completenessinFig.3a,
achieves only I, = (250 ps)™.

Higher excited states of the oscillator have ashorter lifetime due to
bosonic enhancement of spontaneous emission. Therefore, as with
any QEC code, encoding a qubit using grid states incurs animmediate
penaltyin thefidelity decay rate. Moreover, this natural decay, shown
in Fig. 3c with open circles, takes the grid states outside the logical
manifold and eventually towards the vacuum state |0).

Our error-correcting dissipation stabilizes the grid-code manifold
and, together with naturally occurringdissipation, leads toalogical Pauli
channel within this manifold, with the lifetimes of logical Pauli eigen-
statesof T,=T,=2.20+0.03 msand T, =1.36 + 0.03 ms. Under the Pauli
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Fig.3|System coherence.a-c,Forthe{|g), |e)} qubit (a), the{|0), |1)} qubit (b)
and the GKP qubit (c), we initialize Pauli eigenstates, let them evolve freely or
under QEC for avariable amount of time, and measure the respective Pauli
operators. The datafor{|g), |e)}and {|0), |1)} qubits are fitted to amplitude
damping and white-noise dephasing channels, and the data for the error-
corrected GKP qubit are fitted to a Paulichannel. Inc, the [+X) dataare
symmetrically reflected with respect to O for better visibility. Open circles
representevolutioninthe absence of QEC, when grid states decay towards
vacuum.d, Lifetime of average channel fidelity for these three qubits.

channel, thefidelity decay constantis givenby "= (1/T,+1/T,+1/T,)/3,
which in our experiment amounts to /g, = (1.82 ms) ™.

The principal metric characterizing the quality of QEC from the
perspective of quantum memory is the coherence gain of an actively
error-corrected logical qubit over the best passive qubit encoding. In
our experiment, the highest achieved gainis G = g/l oxp =2.27 £ 0.07,
confidently beyond break-even.

QEC process characterization

Having characterized the logical qubit asaquantum memory, we next
examine the properties of the QEC process. Auxiliary qubit measure-
mentoutcomes, referred to as syndromes, inform us which stochastic
paththe QEC process has takenin each cycle. In Fig. 4a we show a (sta-
tistically unrepresentative) sample of these outcomes that comprise
trajectories of different experimental shots. Such a dataset contains an
immense amount of information about the QEC process, not available
in previous experiments with the grid-code QEC*™,

To interpret this dataset, we adopt here a simplified model of
trickle-down dissipation such as depicted in Fig. 2a, which captures
the essence of our QEC process. The caveats of thismodel and the exact
Kraus decomposition of our QEC circuit are provided in Supplementary
SectionIV.B. Inthis simplified model, the goutcomeindicates that the
state was projected onto the code space, whereas an e outcome indi-
catesthat the state was transferred one level down the error hierarchy,
partially or completely correcting an error.

From the dataset in Fig. 4a, we observe that most outcomes are g
(green), which means that errors are rare. The stochastic pattern of e
outcomes (yellow) reflects randomly occurring errors. Most errors are
smalland, when corrected, leave singleisolated e outcomes. Anexam-
ple syndrome string probably generated by alarge error in one quad-
ratureisindicated withanarrow: it has a characteristic eg/eg/... pattern.
Wealso observeisolated auxiliary qubit leakage events (red). Leakage
to|f) is reset in the same cycle with high probability. Sometimes,
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leakage persists for multiple cycles (streak of red), owing to the trans-
mon escaping to a state higher than|f), which is not addressed in our
reset scheme.

The average probability of each outcome as a function of time is
shownFig.4b,inwhich the process starts froma [+X) state. After about
10 cycles of initial state correction, the process settles into a dynamical
equilibrium that persists for at least a hundred thousand cycles
(thelongest measured here) without any notable increase of the error
rates over time. Detailed analysis reveals that the QEC processis nearly
stationary, with residual deviations from stationarity caused by the
transmon leakage to states higher than|f) atarate 1.3 x 10 per cycle
(Supplementary Section IV.F).

In this dynamical equilibrium, physical errors excite the quantum
state out of the code space with probability p,,, = 0.13 + 0.02 per QEC
cycle, asdeduced from the statistics of syndrome outcomes. The com-
petition between physical errors and error-correcting dissipation
resultsina‘thermal’ distribution across the subspaces with probabil-
ity {Iy» = 0.82+0.02 of occupying the code space (Methods). Having
Pere < 1justifies the use of low-rank error-correcting dissipationin our
system, whichis sufficient to prevent physical errors fromaccumulat-
ing and causing logical errors. At the highest achieved QEC gain, the
logical Paulierror probabilities per QEC cycleare p, = (4.3 +0.4) x10™*
and p,=p,=(1.81+0.04) x 107, By comparing the total logical error
probability, p,+ p, + p,, to the physical error probability, p.,,, we con-
clude that 97% of the errors are successfully corrected by our process.

Asrare large errors require several cycles to be corrected, the QEC
processis weakly time-correlated with acorrelation length of 3.9 + 0.1
cycles (Supplementary SectionIV.F). Tounderstand these correlations,
inFig.4cweinject displacementerrors along the position quadrature
and monitor the syndromes that they produce as a function of time.
Sucherrorsleave traces of e outcomesin proportionto their distance to
the closest logical operation. For example, adisplacement of length O,
equivalent to a logical identity, leaves no syndrome trace; a displace-
mentoflength [;/2is close to alogical bit flip of the finite-energy code,
and hence it leaves only a small syndrome trace; on the other hand, a
midway displacement of length (/4 makes a large-distance error that
takesthelongest timeto correct withalow-rank dissipator, generating
alasting trace of eoutcomes.

This displacement error injection experiment confirms that errors
indeed generate the esyndromes. To verify whether these syndromes
herald the occurrence of errors, we carry out post-selection of trajec-
tories with different syndrome patterns. In particular, we discard tra-
jectories that have >d consecutive e outcomesinthe same-quadrature
cycles, withresulting post-selected decay of Pauli eigenstates shownin
Fig.4d.Inthe cased =5, post-selection eliminates rare large-distance
errors and improves the fidelity lifetime only by afactor 1.2, but at the
cost of rejection probability of 7 x 107* per cycle. On the other hand,
in the case d =1, post-selection eliminates relatively frequent small
errors that are close to identity, as well as rare large uncorrectable
errorsthatare closetoalogical operation. It is because of the latter that
the fidelity lifetime in this setting improves by a factor 6.3, but with a
more severe rejection probability of 6 x 107 per cycle. These favour-
able post-selection results indicate that such a method can be used
for probabilistic preparation of high-fidelity logical states, including
the magic states required for universal quantum computing*?, which
is left for future investigation.

Conclusion and outlook

Inthis work, we used real-time error correction to realize a fully stabi-
lized logical qubit whose lifetime is more than doubled compared to
the best passive qubit encoding in the system, marking the transition
of QEC from proof-of-principle studies to a practical tool for enhancing
quantummemories. Our workimproves on previous QEC experiments,
whichdonot protect the logical identity operator /, (ref. 7), protect only
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Fig.4|Analysis of error syndromes. a, Asample of the auxiliary qubit
measurement outcomes during QEC. The e outcome (yellow) indicates
correction of physical errors. The black arrow points to asyndrome string of
thetypeeg/eg/... probablyleft by alarge errorin one oscillator quadrature.
Redindicates transmon leakage out of the{|g), |e)} qubit subspace.b, Average
probability of each measurement outcome as a function of time. After
correcting stateinitialization errors, QEC settlesinto a steady state that
persists for atleastahundred thousand cycles. ¢, Probability of eoutcome as
afunction of time afterinjecting position displacement errors of varying

one of the logical Pauli operators X, or Z, (refs. ******) implement cor-
rection in post-processing**’, require post-selection* and do notreach
break-even'”. Instrumental for this achievement, among other fac-
tors, was the adoption of amodel-free learning framework, improved
fabrication techniques for the transmon auxiliary qubit and a new
grid-code QEC protocol.

Carrying out additional experiments, we identified the core chal-
lengesthat need tobe addressed to ensure future progress of grid-code
QEC. Inparticular, by studying long-time system stability, we found that
occasional collapses of the logical performance are strongly correlated
with appearance of spurious degrees of freedom in the system. Their
resonantinteraction withthe Stark-shifted transmon qubit degradesthe
fidelity of our operations (Supplementary SectionV.)).Intheshortterm,
this effect could be mitigated by adopting atunable auxiliary qubit and
periodically re-training the QEC circuit to find better spectral locations.
Inthelongterm, the behaviour of these defects needs to be understood,
as they pose even greater danger for scaled-up quantum devices*>’.

Inaddition, we expect that considerable enhancement canbe gained
by tailoring the QEC process not only to error channels of the oscillator,
butalso to those of the auxiliary qubit. Our QEC circuit is fault-tolerant
with respect to auxiliary qubit phase-flip errors by design?. With the
transmon qubit used here, the sensitivity of the logical lifetime to aux-
iliary qubit phase flips is 65 times smaller than to auxiliary qubit bit
flips, as found with noise injection experiments (Supplementary Sec-
tionIV.I). Future development should incorporate robustness against
auxiliary qubit bit flips, either through path-independent control***
or by adopting an auxiliary qubit with biased noise*®.

Note added in proof: In parallel with our work, a gain G =1.16 was
demonstrated with a binomial code realized in a microwave cavity*.
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Methods

QEC of theideal grid code

To understand the error-correcting properties of the ideal code,
consider an error channel £ decomposed in the displacement
basis. Anideal grid code with code projector I, satisfies the Knill-
Laflamme conditions® [1,D"(g,)D(g )M, < 6(e, — £5)I, for all errorsina
correctable set £, = {D(¢) : |Re(¢)|, Im(¢)| < [;/4}. A displacement error
ofamplitude € creates an error state ¢, = D(¢) |¢), in which |¢) isany
state from the code space. As adisplaced grid state is still translation-
allyinvariant, it remains an eigenstate of the ideal-code stabilizers, and
the phase of its eigenvalue encodes a continuous error syndrome:
S§|(/)£) =exp(2ilsRe[e]) ¢y and S§|tp€> =exp(-2ilim[e]) |¢).Error cor-
rection of anideal grid code can be carried out in a similar manner to
that for any stabilizer code: first, measure the stabilizers to obtain the
error syndrome, which here corresponds to phase estimation of §3/Z
thatyields the error amplitude €. This step projects the state onto one
of the orthogonal error spaces. Then, apply the recovery operation,
here asimple displacement D(-¢), to correct the error. This procedure
realizes an artificial dissipation R of an infinite rank that corrects any
error fromE, inasingle cycle, (R  £)(p) = p, analogously to the cartoon
high-rank dissipationin Fig.2a. In contrast to thisapproach, our exper-
iment realizes low-rank dissipation that asymptotically satisfies
(IR1"" &) (p) < p.

Dissipative cooling to vacuum

We utilize the dissipation engineering framework* to design fast cool-
ing of the oscillator to the vacuum state in the weak-coupling regime
for which previous known cooling methods® fail. We also expect this
new method to be applicable to cooling of trapped ions, for which
conditional displacement can be realized through sideband driving,
and auxiliary qubit reset through internal state repumping'®. Asin
error-correcting dissipation, we realize this cooling as a composition
of two rank-2 channels that shrink the oscillator state in the orthog-
onal quadratures. The unitary U in this case is realized as a three-
layer circuit obtained from the first-order Trotter decomposition of
U= expl[-ic(ao, + a'0_)], in which £ < 1 controls the cooling rate. This
unitary swaps the excitations of the oscillator into the auxiliary qubit,
whichis reset in every cycle. The duration of one full cooling cycle
(including both quadratures)is ¢, = 2 x 3.38 ps. With € = 0.4, we achieve
coolingatarate 20 times faster than the natural energy damping rate
ofthe oscillator. In our experiment, 25 full cycles of such a dissipative
cooling are then followed with a feedback cooling protocol adapted
fromref.” to remove any residual thermal population. See Supplemen-
tary Section IL.F for more details.

RLimplementation

The QECcircuitis parametrized with a vector p. Instead of optimizing
p directly, the RL agent learns parameters of the probability distribu-
tion from which p is stochastically sampled during the training to
ensure adequate exploration of parameter space. To this end, we use
afactorized multivariate Gaussian distribution N, 6) with mean p
and covariance matrix diag[c]%. To capture the pattern of relations
between different components of p, the mean and covariance are rep-
resented as parametrized functions p(6) and 6(0) of common hidden
variables 6. In thiswork, pand o are produced at the output of aneural
network with two fully connected layers of 50 and 20 rectifier linear
unit neurons. Starting with the initial vector of parameters g, found
withindependent calibrations, during the course of learning the agent
gradually deforms the distribution and localizes it on the new vector
R, the final result of the optimization. Typically, as it proceeds, the
agentalso reduces the entropy of the distribution to have a finer con-
trol over the mean. These features of learning are observed in the exam-
ple evolution of one component of p in Fig. 2d. During one training
epoch, we evaluate 10 QEC circuit candidates with 300 episodes (that

is, experimental shots) per candidate. The collected information is
used to update the neural network parameters 8 according to the
proximal policy optimization algorithm, which completes the epoch.
One epoch takes approximately 16 s, with most time spent on recom-
pilation of instruction sequences for the field-programmable gate
array, and itsreinitialization. See Supplementary Section I11.B for more
details.

Steady state of the QEC process

We carry out Wigner tomography of the logical states after a varying
duration of the QEC process, reconstruct the density matrix, and from
its spectral decomposition extract the expectation value of the code
projector {I1y) = 0.825+0.003, in which the uncertainty represents
the standard deviation with respect to different process durations of
100,200,400 and 800 cycles. In addition to the code space, only one
error space is occupied in the steady state with an appreciable prob-
ability of 0.170 + 0.005. The logical decoherence within this error space
happens at the same rate as within the code space. For more details,
see Supplementary Section IV.H.

The expectation value of the code projector in the steady state can
be estimated independently, using the statistics of syndrome out-
comes. Under the approximations discussed in Supplementary
Section IV.E, the probability that a syndrome string of length 2n con-
sists only of g outcomes asymptotically approaches (I1,)(1- pe")”’1
for large n. Using this method, we extract <I1,) =0.81+ 0.02 and
Perr=0.13 +£0.02. The uncertainty in this case represents the inaccuracy
of the model for the string probability, which is valid to first order in
Per- The value of (I1,) quoted in the main text is the average of the
two methods. Constructing a detailed error budget of the aggregate
error probability p.,.based on the system-level simulation of the known
error processes is an avenue left for future work.
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