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Quantum error correction (QEC) will likely be required to realize the full potential of
quantum computing, but comes with daunting hardware overheads and demands low
gate errors on the physical qubits' ™. These requirements can be eased by engineering
qubits with astrong error hierarchy, in which the most common noise channels are
also the easiest to correct. Erasure qubits can achieve this when detectable leakage
errors out of the computational subspace dominate over the residual Pauli errors®2,
resulting in higher thresholds and improved scaling with code distance>*",

In practice, these advantages cometo fruition only if the error hierarchy is preserved
as much as possible throughout all gates and operations. Here we design and realize a
two-qubit entangling gate for dual-rail cavity qubits, a type of erasure qubit encoded
in a pair of superconducting microwave cavities’. Our experimental demonstration
confirms that the error hierarchy is largely preserved during the gate. The gate is fast
(about 500 ns duration) and shows low erasure rates of approximately 0.5% per gate,

remaining Pauli errors below 0.1%, and a strong bias towards dephasing errors, in
whichbit-flips are practically non-existent at the 10~ level. These results enable a
faster pathto error-corrected systems that rapidly suppress errors as they scale;
aclaimwe support with our detailed surface code simulations.

To progress from the present-day era of NISQ machines™ to the era of
effective quantum error correction (QEC), the performance of physi-
cal qubits and their fundamental operations mustimprove markedly.
A useful approach to relax the requirements for QEC is to engineer
qubits with structured noise, in which certain types of errors occur
much more frequently than others, and to adapt the QEC scheme
accordingly to take advantage of this noise. This strategy works best
whentheerror structureis preserved as much as possible throughout
all gates and measurements.

Stabilized cat qubits are an example of this model® %, in which
bit flips can be greatly suppressed relative to phase flips then allows
us to concatenate these physical qubits with a repetition™ or thin
rectangular surface code®”?*for asubstantially improved QEC encod-
ing rate.

A second way to realize this model is with erasure qubits, in which
most of the errors can be detected as they occur at the hardware level™.
After resetting these faulty qubits, the resulting error channel resem-
bles a Pauli error at known spacetime location—an erasure error. QEC
codesaregenerally more tolerant to erasures and can generally correct
for twice as many erasures as Pauli errors at a given code distance’.
They also possess higher thresholds as demonstrated by the surface
code, which hasathreshold close to 25% for phenomenological erasure
noise*,

Erasure qubits are most often realized by detecting loss events
that take us out of the computational subspace. For dual-rail qubits,
such as those in photonic®2® or superconducting platforms, this is
loss of a photon or excitation that takes us to the vacuum state. In
other platforms, such as neutral atoms or trapped ions, leakage to

non-computational states or loss of the atom from the trap can also
be detected and converted to an erasure'®?*°, with similar benefits®*.

Insuperconducting circuit platforms, dual-rail qubits canbe realized
with pairs of transmons®**>* or microwave cavities”*¢, When idling,
dual-rail cavity qubits exhibit a strong hierarchy of errors that make
them a promising erasure qubit. In this hierarchy, erasures dominate
by afactor of 5-10 compared with phase flips, whereas the remaining
bit flips are exceedingly rare. So far, superconducting dual-rail cavity
qubits have demonstrated fast, high-fidelity single-qubit gates®,
good state preparation and measurement (SPAM)*¢, and efficient,
non-destructive detection of erasures®**°, However, a vital missing
ingredient is an entangling operation between two dual-rail qubits,
which must simultaneously have low error rates and preserve the
favourable error hierarchy.

Here, we propose and experimentally demonstrate a controlled-Z
(CZ) operation that satisfies these requirements for dual-rail cavity
qubits. Our so-called ‘Swap-Wait-Swap’ (SWS) gate uses high-fidelity
parametric operations to temporarily swap an excitation from one of
the cavities (that comprise the dual-rail ‘control’ qubit) to atransmon
coupler connecting the two dual-rail qubits, similar to the scheme in
ref. 41. By temporarily populating the coupler, we are able to use the
strong (MHz level) dispersive shift between the coupler and a cavity
of the other (‘target’) dual-rail qubit. Swapping the excitation back
into the control cavity completes the gate, allowing us to realize a CZ
entangling gate inabout 500 ns.

Importantly, our gate is bias-preserving in several aspects. The
excitation-preserving nature of the gate preserves the erasure-to-Pauli
noise bias on both qubits, with erasure rates below 1%. After erasure

*A list of authors and their affiliations appears at the end of the paper.
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Fig.1|Device hardware schematic and CZ gate sequence. a, Schematic
of atwo dual-rail cavity qubit system, similar to ref. 36, in which the control
and target qubits are realized using pairs of three-dimensional 1/4 coaxial
microwave cavities (red and blue). Three SQUID transmon couplers (grey and
purple) each dispersively couple to pairs of cavity modes. These couplers are
flux-pumped?® to actuate parametric beamsplitter interactions for single-
qubit gates within the dual-rails, and also toimplement the dual-rail two-qubit
gate, whichis achieved by the middle coupler. Each cavity is coupled to an
additional transmon qubit (green) and readout resonator (blue lines) that
areused for SPAM. b, Diagram of the SWS gate sequence between two dual-
rail cavity qubits. This gate consists of three steps: (1) performing a Swap
operation between the control qubit (a, cavity) and the coupler c; (2) allowing
thedispersiveinteraction between coupler and target qubit (b, cavity) to
acquire phase and entangle the two dual-rail qubits; and (3) effectively
switching off this dispersive interaction by performing another Swap between
control qubit (a, cavity) and coupler, restoring population to the a, cavity.

¢, Schematic of photon population during the gate sequence for the four basis
states.

detection, we find the residual dephasing errors are at or below 0.1% per
gate, as characterized by quantum state tomography (QST) and inter-
leaved randomized benchmarking (IRB). Moreover, we also observe
astrong Pauli noise bias in our gate with bit-flip errors at the order of
10°® per CZ gate, an advantageous bias first explored theoretically in
ref. 11. Moreover, target qubit erasures and dephasing rates are afactor
of 3-4 times lower than those for the control qubit. This asymmetry
can be carefully managed when detecting error syndromes in a QEC
context (J.D.T., manuscript in preparation) to ensure errors on data
qubits are minimized. Finally, we study the error channel when one
of the qubits suffers from photon loss during or before the gate, and
show both theoretically and experimentally that this amounts to a
conditional-dephasing error on the other qubit. All of these proper-
ties can be exploited by properly designed error correction codes,
as we show with simulations in the surface code (Methods). The per-
formance levels we demonstrate are well past the predicted surface
code thresholds obtained from simulations'® (J.D.T., manuscriptin
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preparation) and should thus allow significant logical error suppres-
sion with increasing code distance.

The SWS CZ gate

Our two-qubit gate makes use of adispersive interaction toimplement
aCZgatebetween two dual-rail qubits, each comprising a pair of nomi-
nally linear microwave cavities. For dual-rail cavity qubits, enacting a
CZ gate in the Fock basis between two cavity modes (one from each
dual-rail qubit) also enacts a CZ gate in the dual-rail basis.

Thus, nearest-neighbour coupling of the cavities is sufficient to
implement a dual-rail CZ gate. The physical system shown in Fig. 1a
realizes this by using a coupler c to enact a CZ gate on the adjacent a,
and b, cavities. The dispersive interaction we use for this purpose
acts between the coupler and cavity mode b, in the target qubit,
Hine/ N = 2D, b1¢'¢, where x,./211=~1.51 MHz in our system.

Normally, this static interaction term does not affect the system
dynamicsinany way, and is effectively ‘switched off’ since the coupler
modecisinitsgroundstate. Theinteraction canbe effectively switched
on by attempting to swap a photon between the cavity a, and coupler
¢, temporarily redefining the control dual-rail qubit between the
non-local elements q; and ¢ (Fig. 1b). Such aswap hereisimplemented
using a parametric sideband interaction between the coupler and
cavity: H/h= g—z“c(ﬁ;E+ ﬁzc“T), similar to the interaction used to affect
single-qubit gates in dual-rails®. In our hardware, g,./211 = 4.23 MHz.
Thedispersiveinteractionis thenallowed to act for atime t=m/y,,, thus
entangling the two qubits. A final swap between the coupler and cavity
a, returns the excitation back to the control cavity. The entangling
phase ¢, = x,tw.ic has thus been imparted only to the |0,1,1,0) initial
basis state (using the notation |a,,a,,b,,b,)), which results in a
control-phase gate with phase set by the wait time. We adjust this wait
time to realize a CZ gate.

Our gate construction allows usto effectively realize alarge ‘switch-
able’ dispersive interaction between cavity modes a, and b,, without
needing to modulate the strength of the underlying static dispersive
interactionsin our system, which often requires complex Hamiltonian
engineering*. From this construction, we also expect our gate to exhibit
highly structured noise, which is advantageous for QEC syndrome
extraction circuits (see the Methods for an example with the surface
code and).D.T., manuscript in preparation).

We now describe this noise structure in detail. The first observa-
tion we make is that the total number of excitations are preserved
throughout the entire operation. Both control and target dual-rails
never leave the single-excitation manifold (redefining the control
dual-rail as modes a, and c during the gate). This property ensures
thatany photonloss, eveninthe coupler mode, leads toaloss error that
can be detected after our CZ gate. As an added benefit, we also avoid
detrimental effects due to cavity self-Kerr, as no mode is populated
with more than one photonatany point during the gate. A caveat, how-
ever, isthaterrors on the target and control qubits can have significant
asymmetry. The control qubit, which partially occupies the coupler
mode during the gate, experiences increased loss (with probability
t/T,=1%) and dephasing (¢/T, = 0.1%) compared with the target qubit
(/T cav = 0.1%, t/T g = 0.01%), owing to the lower coherence times of
the coupler mode compared with the cavities. We term this property of
our gateasan error asymmetry. Another property that arises naturally
isthe strong suppression of bit-flip errors, as observed in the idling state
of the dual-rails®. This is because the outer cavities a; and b, and their
couplers remain completely idle during the gate. As such, our gate is
bias-preserving to dephasing errors. Finally, we expect well-behaved
propagation of leakage errors. The dominant leakage channelis decay
to the vacuum state, which switches off the CZ-generating cross-Kerr
interaction. Thus, if either of the dual-rails relaxes to vacuum, subse-
quent CZ gates simply do not occur, as if they were omitted from the
quantum circuit.
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Fig.2|Benchmarkingadual-rail qubit CZ gate. a, Gate sequence used to
quantify CZ gate fidelity by QST. Applying an odd number Nofrepeated CZ
gatesideally generates a Bell state. For all cases except N=1, Xgates are applied
to each qubit midway through the sequence, after the first (N-1)/2 CZ gates.
Thisservesto echo outlow-frequency dephasing noise and to eliminate effects
of no-jump-back action (Supplementary Information section VII). By changing
thesingle-qubit gates, R.and R, (using an overcomplete gateset spanning

i, X.x, Y,m, X .}), we can extract all 16 joint Pauli correlators for the final state.

b, QST after applying the gate sequence for N=1CZ gates (dark) and N=103 CZ
gates (light), represented by joint Paulicorrelations. The ideal Bell state is
defined by (/) =(XX)=1and(YZ)=(ZY)=-1, with theresiduals shown below.
c,Repeated CZ gate Bell state tomography showing theincrease in gate error

Our experimental two-qubit system also exhibits high-fidelity
SPAM and single-qubit gate fidelities that aid in the detailed charac-
terization of our two-qubit gate. Single-qubit gates are performed by
driving a beamsplitter interaction within the dual-rail for durations
of about 200 ns, achieving erasure rates of approximately 0.1% and
post-selected randomized benchmarking error of about 0.01%. By
using end-of-the-line erasure-detected measurements®, we are able
to obtain low post-selected SPAM errors of about 0.02%. We provide
additional results in Supplementary Information section I. A detailed
explanation of these parameters and the calibration protocol can be
found in Supplementary Information sections Il and XIII.

Gate benchmarking

We now present several methods for characterizing the fidelity and
error structure of the SWS gate. Aswith all operations on erasure qubits,
we must carefully quantify both the erasure rate and the residual Pauli
errors. We use the SWS gate to generate an entangled Bell state, which
we analyse using QST. We also perform IRB to evaluate gate perfor-
mance in arbitrary circuits.

For our first demonstration of the SWS operation, we show high-
fidelity entanglement between two dual-rail qubits by implementing
the circuit in Fig. 2a with a single CZ gate (V=1). As shown in Fig. 2,
we generate a high-fidelity Bell state and, after post-selection of era-
sures, extract an end-to-end circuit state fidelity of 99.60(1)% and a
state purity of 99.46(3)%. We highlight that this infidelity of about
0.4% includes errors aggregated from SPAM, single-qubit gates and
the CZ gate.

Next, we perform repeated CZ gates that repeatedly entangle and
disentangle the two qubits up to N =103 to establish a more precise
metric for the error per CZ gate, using the sequence shownin Fig. 2a.
The dependence on the number of gates is shown in Fig. 2c, in which
we present state fidelity, state purity and post-selected fraction as a

T T T
50 75 100 0 100 200 300

Clifford sequence length

withincreasing gate repeats. We measure Bell state fidelity (top, purple
circles), state purity (top, yellow squares), and post-selected fraction, the
fraction of shots for which no erasure errors are detected (bottom, grey),
asafunction ofthe number of CZgates. TheinsetsshowdatauptoN=15CZ
gates. Eachtomography setting is averaged 10° times. Error bars are generated
frombootstrapped resampling of the dataand are smaller than the size of the
markers.d, Two-qubit IRBshowing reference (blue squares) and interleaved
(purplecircles) experiments. Each Clifford sequence, generated from the
gateset {Xn, Z,r, CZ},israndomized 20 times and averaged 40,000 times, and
the mean and standard deviation over random seeds are plotted. The fraction
of shots measured inthe two-qubit codespaceis plottedin the bottom panel.

function of the number of repeated CZ gates. First, we can consider
the behaviour at lower gate repeats. As shown in Fig. 2c (inset), our
datashowalinear decreasein fidelity and purity out to N=15repeated
gates, from which we extract a post-selected infidelity of 0.029(6)%
per gate.

We also analyse the results for larger gate depths up to N=103.
First, we extract the post-selected fraction (Fig. 2c, bottom), defined
to be the fraction of experimental shots for which no erasures were
detected. From fitting the results to an exponential decay, we extract
atotal erasure probability per CZ gate of 0.53(2)%. As the number of
gates increases, both the fidelity and purity of the final state (Fig. 2c,
top) exhibit an unexpected approximately quadratic decrease. We
propose the cause to be driftin calibration parameters or fluctuations
inthe frequency of the coupling transmon on timescales of experimen-
tal shot averaging. Our results indicate that dynamical decoupling by
adding more X gates between CZ gates does not alleviate this effect.
Understanding the root cause of this effect will require further inves-
tigation. As a conservative bound for the gate error, we consider the
errorat N=103 and show the corresponding QST resultsin Fig.2b and
extract an end-to-end circuit state fidelity of 87.5(1)% and state purity
of 78.4(2)%. From this, we infer abound of 0.12(1)% error per CZ gate,
which is among the best reported for superconducting qubits.

As an alternative method for determining the post-selected gate
fidelity, we perform IRBto test our CZ gate (Fig. 2d). Because of the finite
erasure probability of 0.69(2)% per gate, the usable sequence depthis
limited to only afew hundred gates (Fig. 2d, bottom). This complicates
thefitting to the typical exponential form expected for sequence yield
(Fig.2d, top). Adetailed analysis of gate error extraction canbe foundin
Supplementary Information section IV. We, therefore, use alinear fit at
shorter gate depths (Fig. 2d, inset), obtaining an estimate for the error
per CZ gate of 0.108(5)% in reasonable agreement with the result from
repeated Bell state tomography. See Supplementary Information sec-
tionVfor ananalysis on nuanced effects of leakage and seepage errors
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(leakage states silently re-entering codespace)***. In Supplementary
Information section XII, we performed repeated IRB benchmarking for
upto15 honsevendifferent two-qubit systems, with similar properties
to the one characterized here.

CZ gate noise structure

Having benchmarked the performance of the CZ gate, we now inves-
tigate the structure of gate errors on the control and target qubit and
show we preserve the error hierarchy when performing CZ gates. In
the following, we measure the error asymmetry for leakage, dephasing
and bit-flip errors.

First, we characterize the fraction of detected leakages for our
repeated gate Bell state tomography, extracting assigned erasures
for the control qubit only, target qubit only, and both qubits, shown
inFig.3a. As expected, we observe a higher fraction of erasures on the
control qubit compared with the target qubit, extracting 0.400(4)%
and 0.096(4)% per CZ gate for control and target qubit, respectively.
Taken together, this erasure asymmetry of about 4 is consistent with
the relative T; between the coupler and the average T, of the target
qubit cavities.

Next, we study therelative fraction of dephasing errors on the con-
trol and target qubit. Analysing the reconstructed quantum state
from our Bell state tomography, we extract Zerrors on the target
and control qubitindividually as well as correlated ZZ dephasing on
both qubits. Our results are shown in Fig. 3b, showing a clear asym-
metry in Zerrors between the control and target qubit, and small ZZ
errors that affect both qubits. From these results, we extract target
qubit Zerrors of 0.0112(9)% per CZ gate. The control qubit Zerrors,
however, show the same type of nonlinear behaviour observed for the
QST results, suggesting that the root cause of this behaviour could
be attributed to some characteristic of the coupler. To quantify the
control qubit error, we evaluate at N=27 gate repeats and extract an
averaged Z-error of 0.039(1)% per CZ gate. Using the same analysis,
we extract ZZ errors of 0.007(1)% per CZ gate. Overall, we observe a
dephasingratio of about 3.5, which s consistent with what we expect
from coupler and dual-rail 7,dephasing times. Detailed simulations
of the CZ gate error structure can be found in Supplementary Infor-
mation section XIV.

Idle dual-rail cavity qubits exhibit extremely low bit-flip errors®,
because they require the loss of a photon in one cavity and the gain of
aphotonin the other (a double error). We expect our CZ gate to also
exhibit this property and experimentally confirm only asmallincrease
inbit-flip errors when executing the CZ gate, relative to the idle case, as
showninFig.3d. Wealso further characterize bit-flips on the control and
target qubits separately, as summarized in Fig. 3e and Supplementary
Information section XI. The total probability of any bit-flipis bounded
atafew parts per million per gate, whichis probably not limited by ‘true’
bit-flip errors but rather a photon loss event followed by misassigning
aleakage error as being in the codespace in the final. Once again, the
asymmetry in observed bit-flips on the control and target qubitsisin
line with what we expect from the lower T, of the coupler.

CZleakage propagation

Finally, we investigate how the dominant |00) leakage propagates
through the CZ gate while awaiting detection by erasure check meas-
urements. Leakage is typically considered to be a particularly damag-
ing error in a QEC context. If not properly controlled, leakage may
propagate withoutbound, resultingin correlated errors and diminished
effective code distance.

In our system, we consider two possible leakage scenarios: photon
loss to |00), which occurs before a CZ gate and leakage that occurs
midway through the CZ gate at an unknown time. We study the more
likely scenario of leakage affecting only the control qubit, although
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Fig.3|Quantifying CZ error structure. a, Extracted erasure fraction.

b, Z-error fraction after applying a variable number of CZ gates, showing a
breakdown for the following categories of dephasing errors: control only (red
circles), target only (blue squares), both control and target (purple triangles)
andtotalerror (yellow diamonds). For both results, astrong asymmetry
between the controland target erasuresis observed. Error bars are generated
frombootstrapped resampling of the dataand are smaller than the size of the
markers. c, Example circuit to measure control qubit bit-flip errors using a
Ramsey-like sequence with aseries of NCZ gates or an equivalent delay.
dephasingerrors that could convertinto bit-flip errors. Unlike the QST circuit,
thisexperimentis performed without an echo pulse to eliminate asource of
extraneous bit-flip errors from the single-qubit gate. d, Measured control qubit
bit-flip fraction wheninitialized in |01) as a function of the number of applied
CZgates (circles)and as a function of the equivalentidle (squares). Froma
linear fit to the data, we infer a total bit-flip error per CZ gate of 2.8(4) x10°°
and 0.5(2) x10"*whensimply idling. Error bars are 95% confidence intervals
generated using the Clopper-Pearson method. e, Extracted bit-flip error
fractions per CZ gate for the control qubit (red, left) and target qubit (blue,
right). CZbit-flip errors are compared againstidling errors, showing low
bit-fliperrorsat thelevel of about 10~® per gate. Each measurement setting is
averaged 10°times.

due to the symmetry of a CZ gate, our results are expected to apply
similarly to the case of leakage on the target qubit. Although other
dual-rail leakage states are possible due to cavity heating, such as |02)
or [11), these occur atleast 1,000 times less frequently in our hardware
and are not considered here.

We can first consider what happens ifthe control qubitisin the |00)
state before the CZ gate. As there is only one excitationin the system
(in the target qubit), the dispersive interaction does not affect any
system dynamics, resulting in an identity operation on the target
qubit. The exact same scenario occurs if the control qubit begins
in |10) and suffers from photon loss in mode a, during the CZ gate:
as no photons were ever swapped into the coupler, the dispersive
interaction was never activated, which again results in an identity
operation on the target.



Post-select

a b c N-1 N+1 on [00)
Photon loss Photon loss
before during
100) = 100) = oo 100)
—
d l e 1 f 1
Initialize N=1 N=27 Initialize N=1 N=27 Initialize N=1 N=27
control in [00) I X Y z X Y z controlin[10)| | y y 2 I X Y z controlin01) | | x y z I X Y z
0.1 0.1 0.1

I I PO I | - | I
-~ _ '} H g~ M H s~ 'H H
S5(@ 5 X X S1@) 5 X X 3@ 5 X X
o N 0 S g 0 = X 0
° E gy Y g E gy Y g .@, gy Y
£ t(e 5{0}
38 z z 01 & z z 01 Shyt ? z ||
= @ I XY Z 1 XY 2z = ﬁ I XY Z I XY Z z @ I XY 2z I XY Z
El E | | 29 | | EAQS | |
B < x X g B 3 X X g E 3 X X
= 2 = = = 2
& (@ EY \% e (@ E Y Y < (O EY Y

z z z z z z

Fig.4 |Leakage propagation properties of the CZgate. a, Leakage onthe
control qubit to |00) before the CZ gate causes the gate to be switched off,
andinstead theidentity processis performed onboth qubits. b, If photon

loss occurs during the gate, the error channel canbe accurately modelled as
amixture ofleakage occurring before the gate, or after the gate, resultingin
whatweterma“‘CZerror’. ¢, Circuit diagram used to test the leakage propagation
properties of the CZ gate. For different preparations on the control qubit,
quantum process tomography is performed on the target qubit after applying
NCZgatesonthetarget qubit. To test for control qubit leakage properties,

the tomography is conditioned on the control qubit being found in the leakage
|00) state. d-f, Conditioned process tomography on target qubit when the
control qubitis preparedin|00),|10) and |01), respectively. To quantify the error
channel, we plot the leakage-conditioned quantum process tomography using
the x-error matrix*¢ against areference process, here, the identity channel

The case when the control qubit begins in |01) and swaps into the
coupler is more involved. Should excitation loss occur at any time
during the gate, the end result is equivalent to performing a CPHASE
gate with an unknown rotation angle, and the control qubit endingin
vacuum. Averaging over all possible loss times results in what we term
a‘CZerror’,acorrelated error in which the target qubit dephases, but
onlyifthe control leaks from the initial |01) state.

This type of ‘benign’ leakage propagation can be incredibly useful for
QEC, by enabling fewer and delayed erasure checks. Forinstance, in the
surface code, we may performall erasure checks at the end of around of
syndrome extractionrather than after every two-qubit gate (Methods),
without significantloss of threshold or effective code distance. Amore

Table 1| Error hierarchy and asymmetry for the SWS gate

Error Total cost per Error asymmetry Error propagation
hierarchy CZ gate (control:target) for QEC
Typical Measured

Erasure /(X 1) ~0.5% 10:1 4 Z-error on unleaked
qubit

Dephasing 1-[/()(bC TqC)) ~0.1% 10:1 3.5:1 Commutes with gate;
ancilla dephasing
becomes stabilizer
measurement error

Bit-flip <10 10:1 immeasurable Very rare, contributes

to circuit-level
depolarizing noise

Values reflect both the typical and measured performance expected for a SWS gate and their
effect on QEC schemes.

(Supplementary Information section VI). For each case, the real (top) and
imaginary (bottom) part of the x-error matrices are plotted for N=1CZ gates
(left)and N=27 CZ gates (right). The colour scaleis clipped to have amaximum
value of 0.1, to make deviations from the expected error channel more visually
apparentinthe plots. For control qubitinitialized in |00) and |10), the expected
identity processisobserved,indicating thataleakage error turns offthe gate;
whileadephasing-like erroris observed on the target qubit when the control
qubitisinitializedin|01) indicated by //and ZZ componentsin the real part

of x-error matrix. This error channelis discussedin detail in Supplementary
Information section V1, along with the significance of the /Zand ZI components
intheimaginary part of the y-error matrix. Quantum process tomography is
averaged over 10,000 repetitions whenstartingin|00>and 100,000 times
whenstarting in |01>and [10> states.

detailed and theoretical treatment of this leakage error model can be
found in Supplementary Information section VI.

We use quantum process tomography to verify and measure these
leakage properties, as shown in Fig. 4c. We prepare the control qubit
inthe known states |01), [10) and |00) and perform Nrepeated CZ gates
followed by process tomography onjust the target qubit. In all cases,
we require the control qubit to end in the state |00) and post-select
accordingly. Our results (Fig. 4d,e for N=1and N=27 CZ gates) show
the expected trivial behaviour when the control qubit begins in |00)
or |10) state, and at N =1, we measure the deviation from the ideal
identity channel to be Pauli errors on the target qubit with strength
0.19(2)% and 0.18(2)%, when preparing |00) or |10) in the control qubit,
respectively. Repeating the gate many times allows us to reduce the
contribution from SPAM errors. At N=27, we estimate the fraction of
CZerasurestoberoughly two-thirds of total erasures, and measure the
target qubit Pauli errors to be 0.012(1)% and 0.013(1)%, respectively,
per CZ gate.

Finally, tomography for when the control qubit begins in [01) is
shownin Fig. 4f. Visually, the process matrix on the target qubit closely
matches apure dephasing channel. More quantitatively, we extract the
deviation fromthe pure dephasing channel: for N=1gates, the extracted
residual Xand Yerrors total 0.7(1)%. Similarly, at N=27, we determine
this error to be 0.094(2)% per CZ gate. This can be interpreted as an
upper bound onthe Xand YPaulierrors on the target when the control
qubit leaks from |01) during the gate.

Discussion and conclusion

The addition of afast and high-fidelity entangling operation completes
the toolbox of gates and operations for dual-rail cavity qubits’. We have
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experimentally confirmed several properties important for erasure
qubits. It preserves (Table 1) the desirable error hierarchy by exhibiting
both a strong erasure-to-Pauli noise bias and a dephasing-to-bit-flip
noise bias. Furthermore, we observe a significant asymmetry in the
errorsinduced on the control compared with the target qubit. Finally,
the gate hasasimple error channelinthe event that one of the qubit is
erased before or during the gate, which is useful for delaying erasure
checks in QEC contexts.

Our results present numerous opportunities for operating dual-
rail cavity qubits at scale with high-performance: from enabling high-
circuit performance for short-depth circuits, to new types of error
mitigation through flagging erasures, to—perhaps most excitingly—a
viable path forimplementing QEC using erasure qubits. Asa preview
for how well we expect our dual-rail cavity qubits to perform for QEC,
in the Methods, we present some preliminary results simulating the
performance of a surface code implemented using dual-rail cavity
qubits with a more comprehensive treatment in an upcoming pub-
lication (J.D.T., manuscript in preparation). We find that even with
current CZ gate performance, the error rates are already a factor of
ten below the respective erasure and dephasing thresholds. Further
improvements in physical error rates can also be straightforwardly
achieved through improvements in beamsplitter rates to increase
gate speed and through improving the coherences of, primarily, the
coupler. In the presence of both kinds of errors, detailed numerical
simulations (J.D.T., manuscriptin preparation) are needed to estimate
theactual performance, but the results described here provide a path
torealize large error correction gains of 10 or more with anincrease
in code distance in the near future. All of these results highlight that
superconducting dual-rail cavity qubits have quickly become an
attractive path for achieving fault-tolerant quantum computing.
During the completion of this paper, we became aware of related
work on implementing the two-qubit gates using tunable dual-rail
transmon qubits®.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-026-10822-y.

1. Shor, P. W. Scheme for reducing decoherence in quantum computer memory. Phys. Rev. A
52, R2493(R)-R2496(R) (1995).

2. Steane, A. M. Overhead and noise threshold of fault-tolerant quantum error correction.
Phys. Rev. A 68, 042322 (2003).

3. Google Quantum Al and Collaborators. Quantum error correction below the surface
code threshold. Nature 638, 920-926 (2025).

4.  Google Quantum Al and Collaborators.Suppressing quantum errors by scaling a surface
code logical qubit. Nature 614, 676-681(2023).

5. Grassl, M., Beth, T. & Pellizzari, T. Codes for the quantum erasure channel. Phys. Rev. A 56,
33-38(1997).

6. Kubica, A. et al. Erasure qubits: overcoming the T, limit in superconducting circuits.
Phys. Rev. X13, 041022 (2023).

7. Teoh, J.D. et al. Dual-rail encoding with superconducting cavities. Proc. Natl Acad. Sci. USA
120, €2221736120 (2023).

8. Xu, Q.etal. Tailored XZZX codes for biased noise. Phys. Rev. Res. 5, 013035 (2023).

9. Sahay,K., Jin, J., Claes, J., Thompson, J. D. & Puri, S. High-threshold codes for neutral-atom
qubits with biased erasure errors. Phys. Rev. X 13, 041013 (2023).

10.  Wu, Y., Kolkowitz, S., Puri, S. & Thompson, J. D. Erasure conversion for fault-tolerant
quantum computing in alkaline earth Rydberg atom arrays. Nat. Commun. 13, 4657
(2022).

1. Aliferis, P. & Preskill, J. Fault-tolerant quantum computation against biased noise. Phys.
Rev. A78,052331(2008).

12. Barrett, S. D. & Stace, T. M. Fault tolerant quantum computation with very high threshold
for loss errors. Phys. Rev. Lett. 105, 200502 (2010).

13. Delfosse, N. & Zémor, G. Linear-time maximum likelihood decoding of surface codes over
the quantum erasure channel. Phys. Rev. Res. 2, 033042 (2020).

14.  Preskill, J. Quantum computing in the NISQ era and beyond. Quantum 2, 79 (2018).

15.  Puri, S., Boutin, S. & Blais, A. Engineering the quantum states of light in a Kerr-nonlinear
resonator by two-photon driving. npj Quantum Inf. 3,18 (2017).

6 | Nature | www.nature.com

16. Puri, S. et al. Bias-preserving gates with stabilized cat qubits. Sci. Adv. 6, eaay5901
(2020).

17. Grimm, A. et al. Stabilization and operation of a Kerr-cat qubit. Nature 584, 205-209 (2020).

18.  Putterman, H. et al. Hardware-efficient quantum error correction via concatenated
bosonic qubits. Nature https://doi.org/10.1038/s41586-025-08642-7 (2025).

19.  Mirrahimi, M. et al. Dynamically protected cat-qubits: a new paradigm for universal
quantum computation. New J. Phys. 16, 045014 (2014).

20. Leghtas, Z. et al. Confining the state of light to a quantum manifold by engineered
two-photon loss. Science 347, 853-857 (2015).

21.  Tuckett, D. K. et al. Tailoring surface codes for highly biased noise. Phys. Rev. X9, 041031
(2019).

22. Tuckett, D. K., Bartlett, S. D., Flammia, S. T. & Brown, B. J. Fault-tolerant thresholds for the
surface code in excess of 5% under biased noise. Phys. Rev. Lett. 124, 130501 (2020).

23. Darmawan, A. S., Brown, B. J., Grimsmo, A. L., Tuckett, D. K. & Puri, S. Practical quantum
error correction with the XZZX code and Kerr-Cat qubits. PRX Quantum 2, 030345
(2021).

24. Claes, J., Bourassa, J. E. & Puri, S. Tailored cluster states with high threshold under biased
noise. npj Quantum Inf. 9, 9 (2023).

25. Chuang, I. L. & Yamamoto, Y. Simple quantum computer. Phys. Rev. A 52, 3489-3496
(1995).

26. Chuang, I. L. & Yamamoto, Y. Quantum bit regeneration. Phys. Rev. Lett. 76, 4281-4284
(1996).

27.  Knill, E., Laflamme, R. & Milburn, G. J. A scheme for efficient quantum computation with
linear optics. Nature 409, 46-52 (2001).

28. Slussarenko, S. & Pryde, G. J. Photonic quantum information processing: a concise
review. Appl. Phys. Rev. 6, 041303 (2019).

29. Ma, S. et al. High-fidelity gates and mid-circuit erasure conversion in an atomic qubit.
Nature 622, 279-284 (2023).

30. Kang, M., Campbell, W. C. & Brown, K. R. Quantum error correction with metastable
states of trapped ions using erasure conversion. PRX Quantum 4, 020358 (2023).

31.  Gu, S., Vaknin, Y., Retzker, A. & Kubica, A. Optimizing quantum error-correction protocols
with erasure qubits. PRX Quantum https://doi.org/10.1103/985g-58gd (2025).

32. Shim, Y.-P. & Tahan, C. Semiconductor-inspired design principles for superconducting
quantum computing. Nat. Commun. 7, 11059 (2016).

33. Campbell, D. L. et al. Universal nonadiabatic control of small-gap superconducting
qubits. Phys. Rev. X 10, 041051 (2020).

34. Levine, H. et al. Demonstrating a long-coherence dual-rail erasure qubit using tunable
transmons. Phys. Rev. X 14, 011051 (2024).

35. Zakka-Bajjani, E. et al. Quantum superposition of a single microwave photon in two
different ‘colour’ states Nat. Phys. 7, 599-603 (2011).

36. Chou, K. S. et al. A superconducting dual-rail cavity qubit with erasure-detected logical
measurements. Nat. Phys. 20, 1454-1460 (2024).

37. Chapman, B. J. et al. High-on-off-ratio beam-splitter interaction for gates on bosonically
encoded qubits. PRX Quantum 4, 020355 (2023).

38. Lu, Y. etal. High-fidelity parametric beamsplitting with a parity-protected converter.
Nat. Commun. 14, 5767 (2023).

39. Koottandavida, A. et al. Erasure detection of a dual-rail qubit encoded in a double-post
superconducting cavity. Phys. Rev. Lett. 132, 180601 (2024).

40. de Graaf, S. J. et al. A mid-circuit erasure check on a dual-rail cavity qubit using the
joint-photon number-splitting regime of circuit QED. npj Quantum Inf. 11, 1(2025).

41, Rosenblum, S. et al. A CNOT gate between multiphoton qubits encoded in two cavities.
Nat. Commun. 9, 652 (2018).

42. Rosenblum, S. et al. Fault-tolerant detection of a quantum error. Science 361, 266-270 (2018).

43. Chen, Y.-H. & Baldwin, C. H. Randomized benchmarking with leakage errors. Phys. Rev. Res.
https://doi.org/101103/j8sz-6ws9 (2025).

44. Wood, C. J. & Gambetta, J. M. Quantification and characterization of leakage errors.
Phys. Rev. A 97, 032306 (2018).

45. Huang, W. et al. Logical multi-qubit entanglement with dual-rail superconducting qubits.
Nat. Phys. 22, 591-597 (2026).

46. Korotkov, A. N. Error matrices in quantum process tomography. Preprint at arxiv.org/
abs/1309.6405 (2013).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

@@@@ Open Access This article is licensed under a Creative Commons Attribution-
BY_NC_ND

NonCommercial-NoDerivatives 4.0 International License, which permits any

non-commercial use, sharing, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material derived from this article
or parts of it. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

D-Wave Quantum Inc.

Nitish Mehta*™, James D. Teoh', Taewan Noh"**%, Ankur Agrawal', Amos Anderson',

Beau Birdsall', Avadh Brahmbhatt', Winfred Byrd', Anthony Cabrera'®, Marc Cacioppo",
Leo Carroll', Jonathan Chen'®, Tzu-Chiao Chien'’, Richard A. Chamberlin', Jacob C. Curtis',
Doreen Danso', Sanjana Renganatha Desigan', Francesco D’Acounto’, Bassel Heiba Elfeky'?,


https://doi.org/10.1038/s41586-026-10822-y
https://doi.org/10.1038/s41586-025-08642-7
https://doi.org/10.1103/985g-58gd
https://doi.org/10.1103/j8sz-6ws9
http://arxiv.org/abs/1309.6405
http://arxiv.org/abs/1309.6405
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. M. Farzaneh', Chase Foley', Benjamin Gudlewski', Hannah Hastings', Robert Johnson', 'D-Wave Quantum Inc., New Haven, CT, USA. 2Departments of Applied Physics and Physics,

Nishaad Khedkar'®, Trevor Keen', Anup Kumar', Cihan Kurter', Kamila Krawczuk', Yale University, New Haven, CT, USA. ®Yale Quantum Institute, Yale University, New Haven, CT,
Eric Langstengel', Richard D. Li', Ganggiang Liu', Hanyi Lu', Pinlei Lu', Luke Mastalli-Kelly', USA. “Present address: Q-CTRL, Los Angeles, CA, USA. *Present address: NVIDIA Corporation,
Adam Maines', Michael Maxwell', Heather McCarrick’, Mona Mirzaei', Anirudh Narla', Santa Clara, CA, USA. ®Present address: Atom Computing, Berkeley, CA, USA. "Present

Omar Rashad', Erik Reikes', Mizanur Rahman', Rurik Primiani’, Michael Schwaller’, address: Microsoft Quantum, Redmond, WA, USA. ®Present address: IBM Quantum, Yorktown
Ali Sabbah’, Tali Shemma''®, Ruby A. Shi', Sitakanta Satapathy’, Dean Stolpe', Heights, NY, USA. °Present address: Departments of Applied Physics and Physics and Yale
Jonathan Strenczewilk', Doug Szperka', lu-Wei Sze', David Sweeney', Preetham Tikkireddi', Quantum Institute, Yale University, New Haven, CT, USA. °Present address: Department of
Chin-Lun Tsung', Daren Vet Sam', Daniel K. Weiss', Zhibo Yang', Liugi Yu', Teng Zhang'", Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel. "Present address:
Olivier Boireau'2, Stephen Horton', Sean Weinberg', José Aumentado', Bryan Cord', Rigetti Computing, Berkeley, CA, USA. ?Present address: Alice & Bob, Paris, France. *These
Chan U. Lei', Joseph O. Yuan', Shantanu O. Mundhada', Kevin S. Chou'™", authors contributed equally: Nitish Mehta, James D. Teoh, Taewan Noh. ®e-mail: nmehta@

S. Harvey Moseley Jr' & Robert J. Schoelkopf'?** dwavesys.com; kchou@dwavesys.com; robert.schoelkopf@yale.edu

Nature | www.nature.com | 7


mailto:nmehta@dwavesys.com
mailto:nmehta@dwavesys.com
mailto:kchou@dwavesys.com
mailto:robert.schoelkopf@yale.edu

Article

Methods

Quantum error correction benefits of structured noise in our CZ

gate

Our SWS gate possesses an error structure that can be leveraged to

reduce errors during syndrome extraction in stabilizer codes such as

the surface code. Here, we show simulations using Stim* that support
and quantify this claim by studying the reductionin logical error rate
compared with code distanceinasurface code memory. More complete
simulations results and methodology will be the subject of an upcom-
ing, separate publication (J.D.T., manuscript in preparation), which
solely focuses on QEC scaling in a dual-rail cavity qubit surface code.
There are four aspects to the SWS gate error structure that are
expected to improve syndrome extraction circuits in general:

« Erasures (leakages to |00)) occur much more frequently than Pauli
errors.

« Pauli errors are mostly dephasing errors; bit flips are rare.

« We can designate the ‘control’ qubit to be the ancilla, which then
picks up most of the erasure and dephasing errors, leaving the data
qubits mostly error-free.

« Once a qubit has leaked to |00), subsequent CZ gates are skipped,
which allows us to perform less frequent erasure checks.

We quantify error correction performance by extracting A, the fac-
tor by which the logical error rate (per syndrome extraction round)
decreases when the surface code distance is increased by 2 (refs. 3,4).
We compare two noise models. Thefirstisanoise modelin which only
the CZ gates are error prone, and the error rates for all CZ gates are
identical to the values shown in the paper at low repeated gate depth,
that is, ancilla erasure = 0.4%, data erasure = 0.1%, ancilla dephas-
ing = 0.04%, data dephasing = 0.01%, joint dephasing = 0.01%, ancilla
bit flip = 0.0003%, data bit flip = 0.00005%. We also include perfect
erasure checks, whichare delayed to the end of the syndrome extraction
round (see next sectionin Methods as to why we make this choice). The
second noise model uses only atwo-qubit depolarizing noise channel
after each CZ gate as the only source of error, awell-studied noise model
with athreshold close to 1%. For this noise model, we set the error rate
p=0.1%toreflect state-of-the-art performancein other two-qubit gates
with ‘unstructured’ errors. Both simulations to extractA are performed
using Stim. For the first error model, leakage errors cause subsequent
CZ gates to be omitted from the simulation (a property confirmed
experimentally in Fig.4), until the qubitis detected and reset, which s
crucial for accurately modelling the propagation of leakage errors with
delayed erasure checks. Theresults shown in Extended Data Fig.1show
A=14forthe depolarizing noise model and A =27 for our SWS gate error
model, demonstrating the benefits of structured errors. More detailed
analysis canbe foundin our upcoming publication (J.D.T., manuscript
in preparation). We reiterate that these noise models are chosen to
be simplistic, to allow direct comparison between the two-qubit gate
errors. Morerealistic simulations mustinclude errorsin the single-qubit
gates, all measurements (including erasure checks) and idling errors,
whichreduce the value of A.

Leakage propagation and delayed erasure checks in a dual-rail
surface code

Akey property of our SWS gate is that attempting to perform the gate
when one of the qubits has leaked to |00) before the gate results in
identity being performed on both qubits, and excitation loss at any
pointintime during the gate canbe accurately modelled as a CPHASE
gate of unknown angle (between 0 and 1) followed by photon loss
on one of the dual-rail qubits. These properties were experimentally
verified inFig. 4. Here, we show with simulations that this property can
be leveraged to delay all mid-circuit erasure checks to the end of the
syndrome extraction round, without significant loss of code distance
or threshold we expect from erasure qubits.

Performing erasure checks once every four CZ gates (rather than
after every CZ gate) makes us much less prone to errorsinthe erasure
checks themselves, whichiis vital for achieving good error correction
performance in practice. This also, in principle, enables us to avoid
mid-circuit erasure detection entirely in a surface code, by instead
detecting erasures by 1-bit Knill-style teleportation in between syn-
drome extraction rounds*® (thatis, teleporting back and forth between
data and ancilla qubits, and performing a ‘destructive’ erasure check
whenever a qubitis measured outinan end-of-the-line measurement).
Assuch, theimportance of a high-fidelity, fast mid-circuit erasure check
may have been previously overemphasized for erasure qubitsthat pos-
sess this ‘leakage skips subsequent gates’ property.

To verify these claims, we perform Stim simulations in which the data
qubitand ancillaqubit each have probability p/2 of leaking to the |00)
state after every CZ gate, and subsequent CZ gates are skipped (that
is, omitted from the quantum circuit) ifany one of the qubits in the CZ
pair are in |00). We then perform perfect erasure checks at the end of
eachround. From Extended Data Fig. 2, we extract a threshold of 5.6%
and verify preservation of the effective code distance by fitting the
logical error rate to the model p, =< p™. We find & = 0.93, close to the
value of 1expected for erasure-like errors. For Pauli-like errors, a=0.5
isexpectedinstead.

The threshold we find is slightly higher than that obtained inref. 10,
in which a threshold of 5.13% was obtained for an error model with
perfect erasure checks after every CZ gate, but also assumed leakage
duringa CZ gate caused adepolarizing error on the other qubit, which
we believe introduces more entropy (and more possible syndromes to
decode) than our error model.

When delaying erasure checks to the end of the syndrome extraction
round, thereis anincreased uncertainty with regard to the exact time
location of the leakage event in the syndrome extraction gate sequence.
However, we find that thisadded uncertainty does not lead to any bad
hook errors. This property can be verified by exhaustively sampling
detector flip patterns for all possible locations of a single leakage event
in the previous syndrome extraction round. This lack of hook errors
isalso thought to be the reason why we obtain a close to 1, preserving
the scaling with code distance expected for typical erasures. Delayed
erasure checks will be studied more extensively in an upcoming pub-
lication (J.D.T., manuscript in preparation).
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athttps://doi.org/10.5281/zenodo.20433754.

Code availability

The code used to generate the QEC simulation results will be presented
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p A= 27.0 SWS CZ erasure and Pauli errors
A= 14.4 CZ simple 2Q depolarizing error

10_4?

10_5?

-

10_6?

Logical error per cycle

10_7?

3 4 5 6 7 8 9
Surface code distance

Extended DataFig.1|Simulated surface code memory scaling vs code distance. Despite our total CZ gate error being -0.5%, around 5 times higher
distance, to compare structured noisein our SWS gate (blue) vs. than other state-of-the-art two-qubit gates, we obtain a value of A thatis
unstructured CZ gate noise in the form of two-qubit depolarizing roughly double that of simple depolarizing noise. This provides strong
noise (orange) with strength 0.1%. Fits to asimple exponential shown with evidence that the structured noise in our SWS gate canbe leveraged to
dashedlinesareusedtoextractA, thereduction factorin per-cyclelogical improve quantumerror correctionand is on-par with, or better than current
error rate when the code distance increases by two. For the blue plot, the error state-of-the-art two qubit gates with 0.1% Paulierrors whenusedinasurface
rate per CZ gate are chosento be the sameas the valuesreportedin Fig. 3. code.

Having predominantly erasure errors allows us to simulate at even code
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Extended DataFig.2|Simulated surface code memory under erasure errors
withdelayed, perfect erasure checks. Results are averaged over the Xand Z
basis, under anerror model thatincludes only erasuresin the native CZ gates
with total erasurerate p per gate, and perfect erasure checks thatare delayed
toonly occuratthe end of each stabilizer round. Dashed lines are fits from
whichwe extractathreshold of 5.6% and a=0.93 (from fitting the function
P, (p/p*)* below threshold), showing that delaying erasure checks to the
end of each stabilizer round still preserves the favorable error-correction
properties of erasures, under our ‘leakage skips subsequent gates’ error model.
Showing these favorable QEC propertiesinthe presence ofimperfect erasure
checks, and with many other noise sources accounted for is the subject of an
upcoming publication (J.D.T., manuscriptin preparation).
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