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A critical challenge in developing scalable quantum systems is correcting the 
accumulation of errors while performing operations and measurements. It is 
known that systems where dominant errors can be detected and converted 
into erasures have relaxed requirements for quantum error correction. 
Recently, it has been proposed that this can be achieved using a dual-rail 
encoding of quantum information in the microwave photon states of two 
superconducting cavities. One necessary step to realize this erasure qubit is 
to demonstrate a measurement and to flag errors as erasures. In this work, 
we demonstrate a projective logical measurement of a dual-rail cavity qubit 
with integrated erasure detection and measure the qubit idling errors. We 
measure the logical state preparation and measurement errors at the 0.01% 
level and detect over 99% of the cavity decay events as erasures. We use the 
precision of this measurement protocol to distinguish different types of error 
in this system, finding that although decay errors occur with a probability 
of approximately 0.2% per microsecond, phase errors occur 6 times less 
frequently and bit flips occur at least 150 times less frequently. These findings 
represent a confirmation of the expected error hierarchy necessary to 
concatenate dual-rail cavity qubits into a highly efficient erasure code.

Practical quantum error correction requires achieving error rates well 
below the threshold in physical qubits during all operations. Most 
platforms still require substantial improvements in fidelity of not just 
the gates but all operations, including state preparation and measure-
ment (SPAM). In addition to the quest for better physical qubits with 
lower error rates and fewer error channels, various avenues are being 
investigated to address these challenges. One approach is to implement 
error correction using qudits or multilevel bosonic modes to provide 
the necessary redundancy within a single physical element1–5, and is the 

only architecture to have achieved breakeven for the lifetime of a logical 
qubit6–9. Further, error correction thresholds can be less demanding if 
one can tailor codes10–14 to exploit a natural or engineered noise bias in 
the qubits15–19. While on the path to error correction, there are benefits 
in detecting errors as they occur in physical qubits through the use of 
additional flag qubits dedicated to error detection20–24.

A relatively new approach25 is to directly build, into the physical 
qubit, a capability to appropriately detect26–29 the dominant errors, 
thereby converting them into erasures, which are defined as detected 
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dominant ancilla errors41–43, into detectable erasures. Crucially, this 
can be achieved for a full set of single-qubit44,45 and two-qubit gates46, 
as well as for SPAM. A key design principle of the dual-rail cavity qubit is 
to engineer a system that exhibits a strong hierarchy of errors, with the 
majority of errors detectable as erasures and with the residual Pauli and 
leakage error rates that are orders of magnitude smaller. This hierarchy 
results in a qubit optimized for integration into a higher-level error 
correction code. Already, recent work has demonstrated single-qubit 
operation fidelities for a dual-rail cavity qubit in excess of 99.95%  
(refs. 44,45). However, to fully exploit the benefits of this encoding, 
several other aspects are required.

In this work, we implement logical SPAM in a dual-rail cavity qubit. 
We design our logical measurement to have built-in erasure detection, 
rendering it insensitive to any single occurrence of the dominant hard-
ware errors, including those arising from decoherence, initialization 
and readout. The type of logical measurement we show is an example 
of end-of-the-line erasure detection, which finds use when measuring 
qubits at the end of an algorithm or when measuring error syndromes in 
a stabilizer circuit. This is in contrast with mid-circuit erasure detection, 
which preserves the logical information within the code space when 
an erasure is not detected25. Such a mid-circuit measurement is neces-
sary for erasure conversion or correction and has been theoretically 
proposed for the bosonic cQED platform37,46 and experimentally dem-
onstrated in various platforms, including the use of neutral atom28,29, 
transmon-based dual-rail qubits47 and cavity-based dual-rail qubits48.

With our end-of-the-line measurement, we obtain SPAM errors 
that are among the lowest for any physical qubit platform, with logical 

errors that occur at a specific time and location in the physical qubits30. 
The use of such so-called erasure qubits extends error detection to full 
error correction when incorporated in a higher-level stabilizer code. 
An erasure-qubit-based stabilizer code has a distinct advantage, as it 
is known that any stabilizer code can correct for twice as many erasure 
errors compared with Pauli errors30. Additionally, large-scale error cor-
rection codes benefit from a higher threshold for erasure errors25,31,32.

A simple way to realize an erasure qubit is with dual-rail encoding, 
defined by the code words |0L〉 = |01〉 and |1L〉 = |10〉 (Fig. 1a). The encod-
ing of this qubit in two spatial modes33 or polarizations of an optical 
photon34 is a well-known concept35 that has been widely explored in 
linear optics platforms, and remains an active area of research36. The 
recently proposed circuit quantum electrodynamics (cQED) imple-
mentation of the dual-rail cavity qubit37 has the distinct advantage of 
strong and controllable nonlinearity via a dispersively coupled trans-
mon ancilla, which enables on-demand arbitrary state preparation, 
entangling gates and measurements enabled by efficient single-photon 
detection. Other approaches to encode and operate a qubit using a pair 
of superconducting microwave modes have been proposed and experi-
mentally demonstrated38–40. More recently, the idea of building erasure 
qubits out of transmon qubits themselves has also been proposed26. 
By using superconducting microwave cavities to encode the dual-rail 
qubit, the cQED cavity realization is designed to leverage the high noise 
bias where dephasing errors are far rarer than photon loss errors41, a 
property that is highly desirable for any erasure qubit. Additionally, 
this noise bias can be preserved during all the operations37 and offers 
the prospect of converting not only the cavity photon loss but also 
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Fig. 1 | Dual-rail cavity qubit concept, implementation and measurement. 
a, The dual-rail codespace spans the states {|0L〉, |1L〉} = {|01〉, |10〉} defined by a 
photon in Alice or Bob, respectively. Transitions out of the code space induced 
by either relaxation or heating events bring the system into a leakage space that 
can be detected with an appropriate measurement protocol. b, The dual-rail 
cavity qubit is implemented in a superconducting cQED module consisting 
of several physical modes: two three-dimensional λ/4 coaxial cavities (grey), 
each dispersively coupled to a transmon (green), and a resonator (blue) for 
control and readout. Single-qubit operations are engineered by beamsplitter 
interactions38,44,45 enabled by a nonlinear coupler, constructed here as an array 

of three SNAIL elements operated at the zero-bias sweet spot (Supplementary 
Section II). There are adjacent cavity systems within this module that are not used 
in this experiment, shown as the shaded elements. c, Protocol for a logical SPAM 
experiment. The dual-rail logical measurement incorporates erasure detection, 
leading to a measurement with three outcomes: logical outcomes 0L and 1L and 
erasures. There are several steps required to decode the logical measurement, 
starting with the assignment of transmon outcomes, classification and 
assignment to one of the physical cavity outcomes (‘00’, ‘01’, ‘10’ or ‘11’) or to 
an ambiguous outcome (A′) in the case of multiple rounds of measurements 
disagreeing, before finally assigning the logical outcome.
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errors at the 0.01% level. Additionally, we show that over 99% of decay 
errors can be detected as end-of-the-line erasures. We use this logical 
measurement to probe idling bit-flip and dephasing error rates in a 
dual-rail qubit, finding that they are smaller than the measured erasure 
rates. Specifically, for this system, we measure a cavity decay rate of 
~0.2% per microsecond, with phase and bit-flip errors measured to be 
a factor of 6 times and at least 150 times less likely, respectively. The 
development of a logical measurement with precise erasure detec-
tion is a key step for the dual-rail cavity qubit approach and enables a 
detailed characterization of both erasures and underlying small errors.

Results
Characterizing dual-rail SPAM
We first describe the principle of measurement for the dual-rail cavity 
qubit. The logical measurement of a dual-rail cavity qubit detects which 
cavity, if any, contains the photon. In contrast to conventional qubit 
measurements, where performance is limited by misassignment and 
transition errors during readout49,50, the logical measurement has the 
additional capability of labelling most of these readout errors as well as 
cavity leakage errors as erasures. The logical measurement is expected 
to have both low logical misassignment errors and be a highly sensitive 
detector of leakage due to decay errors (photon loss), as well as ideally 
incurring only a small penalty from additional erasures due to readout 
errors. These properties are essential for a good dual-rail cavity qubit.

In our hardware implementation, each cavity has an individual 
ancilla transmon and readout for control and measurement (Fig. 1b) 
and allows the simultaneous measurement of both cavities. We use a 
nonlinear coupler (Supplementary Section II) to enable a parametric 
interaction between the cavities. We implement beamsplitter-type 
interactions for logical single-qubit gates and quantify gate errors to 
be less than 10−3 (Supplementary Section III).

We describe our protocols for SPAM in the dual-rail encoding 
(Supplementary Section V provides more details). As shown in Fig. 1c, 
the state preparation protocol consists of three steps: reset to |00〉, 
initialization in a logical state and optional ‘check’ measurements to 
verify the state preparation, which can boost the preparation fidelity by 
flagging failures for post-selection. Although there are many options 
for the state preparation protocol, in this work, we have utilized two 
different methods, with both expected to have similar performance 
(Supplementary Section V provides additional information). For SPAM 
experiments described in this section, we use an optimal control pulse51 
to initialize a cavity in |1〉 and a single transmon measurement after the 
optimal control pulse to check that the transmon is in |g〉, as intended. 
For subsequent experiments in this work, we adopt a state prepara-
tion protocol that not only includes a transmon state check but also 
repeated cavity state check measurements. Importantly, for our SPAM 
protocols, any errors in the state preparation not caught by the check 
measurements can still be detected later in the logical measurement as 
an erasure, which results in an increase in the erasure rate, but without 
necessarily impacting the fidelity of the logical outcome.

In our experiment, the logical measurement is simultaneously 
implemented by measuring both cavities to determine whether the 
dual-rail cavity qubit state is |01〉, 10〉 or a leakage state. For each cavity, 
we first perform a photon-number selective π pulse to map the state 
of the cavity onto the transmon, flipping the transmon to |e〉 only if 
the cavity is in |1〉. This is followed by a standard dispersive readout of 
the transmon, with a total duration of 4.8 μs for this sequence. There 
are many options for implementing the logical measurement and 
our chosen mapping operation is optimized for the detection of the 
dominant leakage state—|00〉 (Supplementary Section IV provides 
more details). In addition to leakage, any single ancilla error during 
the dual-rail logical measurement, including those arising from deco-
herence, control pulses or transmon readout, results not in a logical 
misassignment but rather in an erasure assignment. Importantly, as 
these photon-number resolving measurements are non-demolition on 

the cavity photon number50,52, cavity measurements may be repeated 
to form multiple rounds of measurements to further suppress assign-
ment errors. In this case, after each round of cavity measurements, we 
reset both transmons to |g〉 by applying a conditional π pulse if either 
transmon was found in |e〉 and append a subsequent transmon check 
to confirm the correct reset of the transmon. Finally, before the first 
logical measurement, we perform transmon readouts to verify that 
both are in the ground state, also assigning failures as an erasure.

Because the logical measurement protocol consists of one or more 
rounds of cavity measurements, each of which extracts one or more 
bits of information, a variety of decoding strategies can be used to 
assign a logical outcome: 0L, 1L or erasure (the ‘Decoding measurement 
outcomes’ section provides more details). Each round of cavity meas-
urements results in raw outcomes of the transmon readouts from which 
we assign one of the four possible physical outcomes: {‘00’, ‘01’, ‘10’, 
‘11’} (see Fig. 1c). In the case of a single-round logical measurement, we 
can directly assign the logical state: ‘01’→0L, ‘10’→1L and {‘00’, ‘11’}→eras-
ure. In the case of multiple rounds, we select a decoding strategy (the 
‘Decoding measurement outcomes’ section provides more details) to 
assign the most likely cavity state; in the event that a cavity state cannot 
be assigned, for example, if the measurement outcomes disagree, we 
declare an ambiguous outcome ‘A’, which is subsequently labelled as a 
logical erasure. Finally, we discard the assigned erasures and compute 
the logical outcome 1L (0L), defined as P1L(0L) = N1L(0L)/ (N0L + N1L ) , 
where N is the number of shots of the assigned logical state. Given our 
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Fig. 2 | SPAM of a dual-rail qubit. a, Set of possible measurement outcomes can 
be summarized in the assignment channel diagram, colour coded to highlight 
several different figures of merit. Logical assignment errors (pink) correspond to 
the misassignment of basis states |01〉 for |10〉 as ‘10’ and ‘10’, respectively. Erasure 
errors (blue) indicate that an erasure outcome (‘00’ or ‘11’) was measured despite 
preparation in one of the logical states (|01〉 or |10〉). Finally, leakage detection 
errors (yellow) are misassignments of a known leaked state, assigning ‘01’ or ‘10’ 
to the leakage state |00〉 or |11〉, respectively. b, State assignment data using one 
round of measurement. In our SPAM experiment, we prepare each of the four 
dual-rail states and perform a logical measurement. The results for each dual-
rail state are shown in each panel; each bar corresponds to a different assigned 
physical state. The model results are shown as green lines for each outcome. For 
each state, we repeat the experiment for a total of 100,000 times. The height of 
each bar and the centre of the black line correspond to the mean of the data and 
the error bars represent the standard error, showing ±1σ.
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mapping choice, each cavity measurement informs us whether or not 
the cavity is in |1〉. Higher leakage states in an individual cavity, such as 
|2〉, whereas less likely, are nonetheless assigned to outcome ‘0’. As 
such, dual-rail cavity qubit leakage states, such as |02〉 or |20〉, will be 
assigned to ‘00’ and labelled as an erasure.

We characterize our logical SPAM by quantifying logical misassign-
ment errors and demonstrating the unique erasure detection capabil-
ity of our logical measurement. We perform our SPAM experiment by 
preparing logical states |0L〉 = |01〉 and |1L〉 = |10〉 and then performing 

a logical measurement. From this experiment, we extract two figures 
of merit. First, the logical misassignment error is defined as the frac-
tion of counts assigned to ‘10’ (‘01’) when preparing |01〉 (|10〉); this is 
represented by the assignment channel shown with the pink arrows 
in Fig. 2a. From our data (Fig. 2b, pink bars), we determine the logical 
misassignment error to be (1.8 ± 0.3) × 10−4, averaged over both state 
preparations. Second, we can quantify the erasure fraction as the 
relative number of counts labelled ‘00’ or ‘11’ (channel shown in blue 
arrows in Fig. 2a), which we measure to be (6.03 ± 0.05) × 10−2 (Fig. 2b, 
blue bars). In addition to preparation errors, which are a logical leak-
age error, assigned erasures can also arise from any single error during 
the dual-rail measurement, including leakage in a cavity, transmon 
decoherence or readout errors. False erasure assignments, for which 
the dual-rail cavity qubit is still in the code space, are false positives 
and set a lower bound on the erasure fraction.

By intentionally preparing leakage states |00〉 and |11〉, we directly 
test the erasure detection capability of our logical measurement. This 
assignment channel is shown in Fig. 2a (yellow arrows) and the experi-
mental results are shown in Fig. 2b (right). The critical figure of merit 
is what we call the leakage detection error, which is the fraction of 
false negatives, that is, when we fail to detect a leakage event. Because 
undetected leakage errors are amongst the most damaging errors in 
a stabilizer code, it is important to keep the fraction of leaked qubits 
small53–56. In our system, photon loss from the code space to |00〉 is by 
far the dominant leakage channel, and we measure a leakage detection 
error of (7.7 ± 0.3) × 10−3. As such, we can convert more than 99% of leak-
age errors into erasures. The leakage detection error when preparing 
|11〉 is higher (at the 10−2 level), but leakage to this state is much rarer, at 
least 1,000 times less likely, requiring a cavity-heating event.

We have developed a detailed model to simulate the SPAM proto-
col (Supplementary Section VIII), finding close agreement between 
these simulations (Fig. 2b, green lines) and our experimental data. 
Further, we have developed a simplified error model (Supplementary 
Section IX provides more details) to determine the physical error 
mechanisms that contribute to incorrectly assigned outcomes. Using 
this model, we infer that outcomes assigned as erasures are often 
transmon T1 events during readout, contributing between 30–50% of 
the total error. Leakage detection errors are dominated by transmon 
readout classification errors, contributing between 60% and 90% of 
the total error.

Finally, by performing the SPAM experiment with two rounds of 
measurements, we observe an exceedingly low logical misassignment 
error of (4 ± 2) × 10−5 and leakage detection error of (1.2 ± 0.1) × 10−3 
(Extended Data Fig. 2). We attribute this almost five times improvement 
to the decoding strategy where we require agreement between both 
rounds of measurements (the ‘SPAM experiment using two rounds 
of measurements’ section provides more details). Such a strategy 
suppresses the effect of ancilla errors on logical misassignment and 
leakage detection error, instead assigning these outcomes as additional 
erasures. We do observe this trade-off and report a higher erasure frac-
tion, measured in our system to be (17 ± 0.1) × 10−2. Nevertheless, this 
experiment highlights the flexibility of our measurement protocol, 
with options for multiple rounds of measurements and strategies for 
reduced SPAM error or for reduced erasures.

Measuring bit-flip errors
Having demonstrated a high-fidelity logical measurement, we now use 
this tool to probe idling errors in our dual-rail qubit. First, we study the 
dual-rail bit-flip error rate, defined here as the rate of transition from 
one logical state to the other: |01〉→|10〉, and vice versa. We expect these 
transitions to be exceedingly rare, caused by a double error via photon 
loss in one cavity and photon gain in the other cavity, thereby inducing 
a bit flip in the logical state. In our system, Alice and Bob cavities have 
relaxation times of T1 = 1/κ = 592 and 350 μs and thermal populations 
of nth = 3.5 × 10−4 and 1.7 × 10−4, respectively (Supplementary Section 
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total counts (right axis). For each state preparation, we repeat the experiment for 
a total of 100,000 times. The solid line corresponds to a simulation performed 
with measured parameters, whereas the dashed line is a simulation performed 
without any intrinsic bit-flip errors by setting the cavity-heating rates to zero. 
The close overlap of the solid and dashed simulation lines indicate that the cavity 
heating is not the dominant error mechanism, whereas the close overlap of 
both simulation curves with the data gives us confidence in our understanding 
of the overall underlying error mechanisms. c, From the data in b, we compute 
the logical outcomes and plot the bit-flip error fraction when initializing in |0L〉 
(left) and |1L〉 (right). The solid and dashed lines are generated using the same 
simulations as in b, showing the results with nominal and with no intrinsic bit-flip 
errors, respectively. The small difference between the two simulations provide 
evidence that intrinsic bit-flip errors are yet a small contribution to the apparent 
bit-flip error. The inset shows the results for an additional experiment performed 
with delays up to 20 μs. We perform a linear fit (solid line) and extract an apparent 
bit-flip error probability of (1.5 ± 0.4) × 10–5 and (3.0 ± 1.0) × 10–6 in a microsecond 
for |0L〉 (left) and |1L〉 (right), respectively. The error bars for all the data represent 
the standard error, showing ±1σ.
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I provides more details). In this experiment (Fig. 3a), the qubit is pre-
pared in either of the logical states, namely, |0L〉 ≡ |01〉 (photon in Alice) 
or |1L〉 ≡ |10〉 (photon in Bob), and a logical measurement is performed 
after a variable delay.

We first consider the assigned physical outcomes (Fig. 3b). At 
zero delay, the assigned outcomes are consistent with the |01〉 and 
|10〉 SPAM results, and we find the probability of assigning the bit-flip 
outcome to be ~10−4. As the delay increases, we observe the expected 
exponential increase in the |00〉 population (Fig. 3b, red markers) due to 
decay errors out of the code space. At longer delay times, the assigned 
outcomes tend towards the measurement outcomes when preparing 
|00〉, as shown in our SPAM experiment. Our apparent bit-flip rate will 
have contributions from the intrinsic bit-flip error rate, defined as 
the logical transition rate in the absence of logical assignment errors, 
as well as from leakage detection errors. We compare our data with 
two simulations, one with the measured hardware parameters and 
the other with no intrinsic bit-flip errors by setting the cavity thermal 
populations nth = 0 (Fig. 3b, solid and dashed lines, respectively). We 
find that both simulations agree well with the data, suggesting that the 
bit-flip outcome counts are not dominated by actual state transitions 
in the cavities but rather by measurement errors.

From the assigned physical outcomes, we plot the logical bit-flip 
outcomes (Fig. 3c). We also plot the erasure fraction, and find that it is 
consistent with the individual cavity decay rates. We define the dual-rail 
erasure probability in a microsecond to be given by the average of the 
cavity decay rates, ̄κ  = (κA + κB)/2 = 1/(440 μs). Given the high-fidelity 
logical measurement, we also perform these experiments at short times 
(20 μs) to directly observe idling errors on the few-microsecond time-
scale relevant for a logical entangling gate46. We perform a linear fit to 
the short-time data, and show that the probability of apparent logical 
errors is (0.0015 ± 0.0004)% and (0.0003 ± 0.0001)% in 1 μs when 
preparing |0L〉 and |1L〉, respectively. These correspond to effective 
bit-flip rates of 1/(66 ± 16 ms) and 1/(364 ± 189 ms). Finally, we quantify 
the ratio between erasure errors and bit-flip error rate to conservatively 
be higher than (440 μs)–1/(66 ms)–1 = 150.

Our model suggests that this rate is an upper bound on the intrinsic 
dual-rail bit-flip rate, as the intrinsic bit-flip contributes only ~0.5% 

of the apparent bit flip even at 20 μs (Supplementary Section X pro-
vides more details). Given the good agreement with the simulation, 
we infer that the intrinsic bit-flip rate should be non-exponential37 
and extremely slow, with a probability of ~nth(κt)2 at short times, which 
would be only a few parts per billion in a microsecond (Supplementary 
Section IX.B).

Measuring dephasing rates
We perform Ramsey and echo experiments to make the first estimate of 
phase errors of the dual-rail cavity qubit. This measurement is particu-
larly important as the efficacy of dual-rail encoding relies on preserving 
the low dephasing errors of the individual cavities when adding addi-
tional nonlinear elements. After state preparation in a logical dual-rail 
state (|0L〉 ≡ |01〉 (photon in Alice)), the Ramsey sequence is performed 
by applying a logical π/2 pulse, implemented via a parametric beam-
splitter interaction44,45, and, after a variable delay, applying a second 
logical π/2 pulse, before measuring the qubit. In the case of the echo 
measurement, an additional logical π pulse is inserted midway during 
the delay. For the Ramsey experiment, the beamsplitter is intentionally 
detuned by a small (5 kHz) amount, giving rise to the periodic behaviour 
of the superposition of states.

We present the results of the Ramsey and echo dephasing experi-
ments (Fig. 4). In both the experiments, we observe a decrease in the 
expectation value of ̂ZL = |1L⟩ ⟨1L| − |0L⟩ ⟨0L|, which is consistent with 
the dephasing of the logical state. However, one difference that we 
observe in our data is an offset in ⟨ ̂ZL⟩ at long times, where it is expected 
to decay to zero. This can be explained by leakage detection errors that 
bias the logical measurement at long times, due to the increased prob-
ability of being in the |00〉 state. As the delay time increases, the prob-
ability that the system suffers a decay error to |00〉 also increases. With 
this increased probability of being in |00〉, there is an increased contri-
bution of the measurement outcome from leakage detection error (see 
the ‘Characterizing dual-rail SPAM’ section) where state |00〉 is misas-
signed as a ‘01’ or ‘10’ outcome with unequal probabilities. Our model-
ling suggests that this is the dominant effect at long times (t ≫ T1) and 
causes the apparent bias in the data. We provide further discussion of 
this effect in Supplementary Section VII. To limit the impact of this 
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Fig. 4 | Dual-rail phase error measurement. a,b, Dual-rail qubit Ramsey (a) and 
echo (b) experiment, with the top panel showing the dual-rail circuit used to 
measure the dephasing error rates. The middle panel shows the assigned physical 
outcomes, and the bottom panel shows the logical outcome ⟨ ̂ZL⟩ (black) and 
erasure fraction (purple). The simulation results are shown in the solid lines. The 
inset shows the results from an additional experiment performed with shorter 

delays and the black line is a linear fit to the data. We extract the phase-flip error 
probabilities of (0.023 ± 0.003)% and (0.019 ± 0.001)% in a microsecond for the 
Ramsey and echo experiments, respectively. For both these experiments, we 
repeat the experiment for a total of 100,000 times. The error bars represent the 
standard error (±1σ).
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measurement error, we perform coherence experiments at shorter 
delay times, which again allows us to extract the error rates on the 
few-microsecond timescale relevant for dual-rail entangling gate. For 
these short-time Ramsey experiments, we implement an extended 
version of this experiment where, in addition to varying the Ramsey 
delay, we sweep the phase of the second π/2 pulse (the ‘Short-time 
Ramsey experiment’ section provides more details). From these experi-
ments, we extract the dephasing rates from the linear slope of 
Γ

R
ϕ = 1/(2.2 ± 0.2ms) and Γ E

ϕ = 1/(2.7 ± 0.2ms), respectively, for Ram-
sey and echo. From these quantities, we infer the phase-flip error prob-
abilities as pϕ = Γϕt/2 for time t, for Ramsey and echo of 
pR
ϕ = (0.023 ± 0.003)% and pE

ϕ = (0.019 ± 0.001)% in a microsecond, 
respectively (Supplementary Section VI provides more details). Using 
these measured dual-rail dephasing rates in our simulations of the 
Ramsey and echo experiments, we indeed find good agreement with 
the long-time dephasing behaviour. The reported dual-rail dephasing 
rates are probably still dominated by extrinsic sources, introduced by 
finite heating rates and state transitions of the dispersively coupled 
nonlinear elements, which are two measurement transmons and three 
Josephson coupling elements in our system (Fig. 1b). This initial bound 
on the phase-flip rate measured here is encouraging, and the extracted 
error rates for the Ramsey and echo experiment are five and six times 
slower than the erasure rate, respectively. Further improvements are 
achievable, for example, by decreasing the heating rates in these ele-
ments and detecting their residual state transitions as erasures.

Conclusion
We have developed a logical measurement with built-in erasure detec-
tion resulting in logical misassignment on the order of 10−4 and with 
efficiency for detecting leakage to |00〉 in excess of 99%. Our measure-
ments show that the logical bit-flip rate is at least two orders of magni-
tude smaller than the erasure rate, and that the logical phase-flip rate 
is a factor of six smaller, providing initial confirmation that dual-rail 
cavity qubits can have a favourable hierarchy of errors in the idling state. 
Further improvements in the measurement and characterization of 
dual-rail qubits should also be possible. First, although we have already 
demonstrated low error rates, a more detailed analysis of the physi-
cal phenomena and the ultimate limits on dephasing in the dual-rail 
qubit are key questions and a topic of ongoing investigations. Second, 
this logical measurement can be used as a syndrome measurement 
for a stabilizer code and in such an application, it will be important to 
minimize the erasure fraction. Our analysis (Supplementary Section 
IX) indicates that a substantial fraction of erasure assignments are false 
positives and can be improved by further hardware optimizations. 
Finally, asymmetric errors in erasure detection can introduce a bias 
in the measured outcomes, particularly for longer circuits where the 
erasure fraction is high, and therefore, ways to estimate and mitigate 
these effects should be pursued.

We have demonstrated high-fidelity SPAM in the logical Z basis 
of an encoded dual-rail cavity qubit—a fundamental building block 
required to operate these qubits for any purpose. Furthermore, this 
will serve as a foundational tool for the characterization of subsequent 
dual-rail operations such as entangling gates and mid-circuit erasure 
detection. This low SPAM error allows a direct characterization of 
logical operations without having to resort to techniques to mitigate 
physical measurement errors, such as randomized benchmarking, 
which have been necessary given high SPAM errors relative to gate 
errors. Combining the already demonstrated dual-rail operations—
single-qubit gates44,45 and SPAM—with mid-circuit erasure detection 
and proposed two-qubit entangling gates46 would complete a full 
toolbox of error-detected quantum operations for the dual-rail cavity 
architecture.

Moving beyond error detection to full error correction with eras-
ure qubits requires using dual-rail qubits as physical qubits in a stabi-
lizer code. Leakage detection in a single dual-rail qubit is an important 

first step on the path to correct erasures, which will require a next-level 
code made by concatenating many dual-rail qubits. Further exploration 
and confirmation of the expected error hierarchy—during not only 
idling but operations—could, therefore, enable a new and faster path 
to fault-tolerant computing. Finally, the ability to convert errors into 
measurable erasures also creates near-term opportunities for error 
mitigation and improved fidelity in short-depth circuits.

Note: During completion of this manuscript, we became aware of 
related work on the dual-rail encoding using tunable transmon qubits47.

Online content
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Methods
Decoding measurement outcomes
In this section, we discuss our methodology for decoding measurement 
outcomes for our dual-rail experiments. The assignment of physical 
and logical outcomes for a dual-rail experiment is more involved than 
that of a transmon given that each dual-rail sequence can involve mul-
tiple measurements of both cavities and transmons. Our state prepara-
tion and logical measurement protocols consist of a number of ‘check’ 
measurements as well as the logical measurement (Supplementary 
Section V). In the state preparation protocol, state initialization is fol-
lowed by a transmon check and an optional sequence of cavity check 
measurements. For the logical dual-rail measurement, we first perform 
a transmon check and then perform the logical cavity measurement. 
In the case of multiple rounds, we will reset the transmons after each 
round of logical cavity measurement and perform an additional trans-
mon measurement to check that the transmons are in the ground state. 
Extended Data Fig. 1a shows the sequence of measurements.

We group the checks and logical measurements into three catego-
ries, determined by the ways in which we use the outcomes to classify 
each of the runs of the experiment: failed state preparation check 
(FPC), failed measurement check (FMC) and failed state assignment 
(FA). Although FPC shots are removed from the total number of counts, 
FMC and FA shots contribute to the erasure counts (Extended Data 
Fig. 1b). In this section, we describe each of these three categories and 
the way in which we analyse the counts assigned from each category.

 1. FPC: after initializing the dual-rail state, we perform measure-
ments of the ancilla transmons order to confirm that they 
are both in |g〉. Optionally, we can also perform a subsequent 
sequence of cavity measurements to confirm the correct 
preparation of the cavity state. If in any run of the experiment, 
the transmon checks indicate that either of the transmons were 
in |e〉 or if (in the case where cavity checks were performed) any 
of the cavity measurements indicate that either of the cavities 
were not in the intended state, then the shot is labelled as ‘FPC’ 
and removed from the total number of counts. 
In other words, if NAll is the number of shots that were performed, 
the total number of counts that we consider (NT) is as follows.

NT = NAll − NFPC

 2. FMC: before performing the logical end-of-the-line measure-
ment, we perform measurements of the ancilla transmons to 
confirm that they are both in |g〉 before the logical measure-
ment. In the case where we perform multiple rounds of logical 
measurements, we also perform a transmon check before each 
additional logical measurement to confirm that the transmon 
reset after the previous measurement was successful, and 
that both transmons are indeed in |g〉 before the next logical 
measurement. If any of these checks indicate that either of the 
transmons were in |e〉, and if the shot was not already labelled 
as FPC, then the shot is labelled as FMC, giving us counts of NFMC 
and will contribute to the erasure fraction.

 3. FA: FA can get assigned from the logical measurements when 
multiple rounds of measurements are performed. Following the 
state assignment method (main text), using the results of the 
logical measurements, we can assign one of the four outcomes, 
namely, {‘00’, ‘01’, ‘10’, ‘11’}, giving us the counts for N00, N01, N10 
and N11, respectively. However, if two measurements do not 
agree in the case where we perform two rounds of measure-
ments or if there is no strict majority in the case where we per-
form more than two measurements, the outcome is ambiguous 
and labelled as FA, giving us the NFA counts.

Having defined all types of count that we can assign from the 
ensemble of shots of an experiment, we can explicitly define each of 
the SPAM metrics described in the main text.

The logical misassignment error when preparing |01〉 (|10〉) is 
defined as

N10(01)

N10 + N01
.

The erasure fraction is defined as

NFMC + N00 + N11 + NFA
NT

,

where NFA = 0 in the case where only one logical measurement is per-
formed. Finally, the leakage detection error to the logical state |0L〉 
(|1L〉), measured by intentionally preparing |00〉 and |11〉, is defined as

N01(10)

NT
.

SPAM experiment using two rounds of measurements
We discuss the results for the SPAM experiment with two rounds 
of measurements, that is, Nrounds = 2. Our strategy for decoding the 
measurement results is to require that both raw measurement out-
comes agree to assign a physical state outcome {‘00’, ‘01’, ‘10’, ‘11’}; if 
the raw measurement outcomes disagree, for example, we observe the 
two-round sequence (‘GE’, ‘GG’), then we assign an ambiguous outcome 
‘A’ and subsequently assign as a logical erasure. With this measurement 
protocol, we measure a logical misassignment error of (4 ± 2) × 10−5, 
leakage detection error of (1.2 ± 0.1) × 10−3 and erasure fraction of 
(17.0 ± 0.1) × 10−2. With multiple rounds of measurements, the contribu-
tions to the total erasure fraction comes from both assigned erasure 
states ‘00’ and ‘11’, and from the ambiguous assignments ‘A’.

As described in the main text, SPAM errors can arise either from 
state preparation errors, cavity transitions or from physical ancilla 
errors during the two rounds of measurements. From our error analysis, 
we find that cavity transitions are not the dominant source of SPAM 
errors, which are instead dominated by physical ancilla errors and state 
preparation errors (Supplementary Section IX). Physical ancilla errors 
such as errors during the cavity-state mapping or during the dispersive 
readout will result in an incorrect assignment of the underlying cavity 
state. By performing two rounds of measurements, the impact of these 
physical errors on the state assignment is suppressed, as the probability 
of such an error occurring on both consecutive measurements and cor-
rupting the assignment is p2 rather than p, where p is the probability of 
a transmon ancilla error.

With this in mind, we can understand the ways in which the two 
rounds of measurements affect each of the three figures of merit 
that we extract from the SPAM experiment. First, we expect the 
logical assignment error to decrease. A logical misassignment is a 
second-order logical error resulting from an error in both cavities. 
Suppressing each of the cavity misassignment probabilities to p2 means 
that the logical misassignment due to ancilla errors becomes a highly 
unlikely fourth-order event that can result only from the consecutive 
misassignment of both cavities. On the other hand, errors due to state 
preparation or cavity transitions between the state preparation and 
logical measurement will not be suppressed by multiple measurements 
as the logical measurement is quantum non-demolition and, as such, 
any number of measurements should result in outcomes that agree 
and as such cannot be ‘caught’. For instance, from our error model 
(Supplementary Section IX), we find that the dominant error channel 
contributing to logical assignment errors with two rounds of measure-
ments is the case where one of the dual-rail’s cavities are misassigned 
with both post-cavity-state mapping readout and post-reset transmon 
check, and suffer a state preparation error on the other cavity.

Second, we expect the leakage detection error to decrease 
slightly. On one hand, the probability of actual leakage during the two 
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measurements increases by a factor of 2, that is, the probability of a 
cavity-state transition increases from ~tRM/T1 to ~2tRM/T1, where tRM is 
the duration of each round of measurement. However, as a subset of 
the leakage detection errors are the result of misassignment due to 
ancilla errors, these errors will be suppressed by a power of 2 by the 
second measurement, offsetting the increase in actual leakage errors.

Finally, we expect the erasure fraction to increase due to two pri-
mary contributions compared with the erasure fraction from one round 
of measurement. First, with our decoding strategy, any two-round 
outcomes that disagree with one another are decoded as ‘A’ and con-
tribute to the erasure fraction. In such cases, if the outcome of the first 
round of measurement is ‘00’ or ‘11’, it would have contributed to the 
erasure fraction even in the case of one round of measurement and thus 
is not an additional contribution. However, cases where the result of 
the first round is assigned to be in the code space but the outcome of 
the second round is assigned as a leakage state or the opposite logical 
state will get decoded as residual ‘A’ counts compared with one round 
of measurement. For our system, we both estimate and measure this 
contribution to be ~4%. Second, as described in Supplementary Section 
V, after each round of measurement, the ancilla transmon is reset to |g〉 
if it is measured to be in |e〉 after the cavity measurement by way of an 
unselective π pulse. This conditional reset is followed by a transmon 
check to confirm that it was correctly reset to the ground state. In cases 
where this check fails, the shot is treated as an erasure and is an addi-
tional contribution to the ‘A’ fraction, as this check is not performed 
in the case of a single round of measurement.

Short-time Ramsey experiment
As described in the main text, we used an extended protocol for perform-
ing a short-time Ramsey experiment to better resolve the dephasing at 
these shorter delays, mitigating the effects arising from small detuning 
errors. In this version, we vary both Ramsey delay and phase of the sec-
ond π/2 pulse. For each delay, as a function of the phase of the second π/2 
pulse, we extract a characteristic Ramsey oscillation in the expectation 
value and the coherence of the qubit is encoded in the amplitude of the 
oscillation. We fit and extract the contrast of the oscillation for each 
delay. Finally, we fit the contrast as a function of delay to extract the 
dephasing error rate. These results are shown in Extended Data Fig. 3.

Data availability
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Code availability
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Extended Data Fig. 1 | Decoding measurement outcomes. (A) Measurement 
outcomes are decoded and assigned based on the results of each of the check 
measurements and the logical measurement is the state preparation and 
measurement protocols. As described in Supplementary Information Section V, 
there are check measurements associated with the state preparation, and check 
measurements associated with the logical measurement that come after a delay 
or an algorithm between the state preparation and measurement. The dashed 
lines indicate the grouping of the check measurements to state preparation or 

logical measurement; the colors indicate one of the three categories that are 
used to assign the outcomes of each of the measurements (B) The outcomes of 
each of the check or logical measurements can result in the shot being assigned 
either as FPC (failed state preparation check), FMC (failed measurement check), 
or FA (failed assignment). Each such k shot is placed into an abstract ‘bucket’, and 
contributes to the total counts of the outcome, Nk. NFPC counts are removed from 
the total number of counts, while NFMC and NFA are two of the contributing groups 
of counts to the erasure fraction.
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Extended Data Fig. 2 | State assignment data using 2 rounds of 
measurements. As in the case of the SPAM experiment with 1 round of 
measurements, we prepare each of the four dual-rail basis states. Using the 
results of the 2 rounds of measurements and our decoding strategy, we assign 
one of the four states {‘00’, ‘01’, ‘10’, ‘11’}, or the ambiguous outcome ‘A’ in the case 
where the two measurement outcomes disagree. Results of preparing the two 
logical state |01⟩ and |10⟩ are shown in the left two panels; results of intentionally 

preparing the leakage states |00⟩ and |11⟩ are shown in the right two panels. The 
green horizontal lines simulation results modeling the SPAM experiment with 
two-rounds of measurements. For each state, we repeat the experiment a total of 
100, 000 times. The height of the each bar and center of the black line 
correspond to the mean of the data and error bars represent the standard error, 
showing ± 1σ.
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Extended Data Fig. 3 | Short-time Ramsey experiment analysis. (A) For 
these experiments, we perform a modified version of the Ramsey experiment 
described in the Main Text. Here we sweep both the Ramsey delay as well as 
the phase of the second π/2 pulse. (B) Top left: Logical results showing Ramsey 
oscillations for each delay out to 20 μs. The markers correspond to experimental 

results while the lines correspond to the fit. Bottom left: Fit residuals. Right: 
Extracted Ramsey contrast (valued between 0 and 1) as a function of Ramsey 
delay. Each marker corresponds to a different delay, color-coded to the data in 
the left column. Straight black line is a linear fit to the data.


