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Quantum computers will require quantum error correction to reach the low error rates necessary for
solving problems that surpass the capabilities of conventional computers. One of the dominant errors
limiting the performance of quantum error correction codes across multiple technology platforms is leakage
out of the computational subspace arising from the multilevel structure of qubit implementations. Here, we
present a resource-efficient universal leakage reduction unit for superconducting qubits using parametric
flux modulation. This operation removes leakage down to our measurement inaccuracy of 7 x 107 in
approximately 50 ns with a low error of 2.5(1) x 1073 on the computational subspace, thereby reaching
durations and fidelities comparable to those of single-qubit gates. We demonstrate that using the leakage
reduction unit in repeated weight-two stabilizer measurements reduces the total number of detected errors
in a scalable fashion to close to what can be achieved using leakage-rejection methods that do not scale. Our
approach does not require additional control electronics or on-chip components and is applicable to both
auxiliary and data qubits. These benefits make our method particularly attractive for mitigating leakage in
large-scale quantum error correction circuits, a crucial requirement for the practical implementation of

fault-tolerant quantum computation.

DOI: 10.1103/PhysRevLett.134.120601

Quantum error correction (QEC) protocols [1,2] offer a
promising path to close the gap between physical error rates
achievable on quantum computing devices and the low
logical error rates necessary to solve computational prob-
lems that are intractable for conventional computers [3].
However, the efficient suppression of logical errors typi-
cally relies on the assumption that physical errors occur
independently in space and time, and that physical systems
used as qubits have no more than two levels [4,5]. Yet
leakage, a phenomenon in which an excitation leaves the
two-level computational subspace used to perform quan-
tum operations, is a source of highly correlated errors,
likely due to its long-lived character over many quantum
error correction cycles [6,7]. Consequently, leakage poses
a significant challenge to achieve fault-tolerant quan-
tum computation [8—14]. Leakage occurs across a wide
range of technology platforms, including trapped-ion
systems [15,16], semiconductor quantum dots [17], neutral
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atoms [18], and superconducting circuits. For supercon-
ducting circuits, leakage arises predominantly from control
inaccuracies in single-qubit gate operations [19-22], two-
qubit gate operations [23-26], and readout [27-29].

To mitigate the effect of leakage, so-called leakage
reduction units (LRUs) have been proposed to convert
leakage errors into Pauli-like errors in the computational
subspace at regular intervals during the computation [8].
Most proposals for LRUs consist of involved teleportation
circuits [8,9], of auxiliary qubit resets in combination with
periodic swaps between auxiliary and data qubits [10], or of
dedicated filter circuits that allow for the dissipation of only
the leakage state [30,31], all of which add overhead to
quantum error correction protocols or to the device archi-
tecture. Therefore, initial leakage-mitigation schemes for
superconducting qubits [6,32] focused on removing leak-
age using a multilevel reset operation [6,33—35]. However,
such an operation also resets the states of the computational
subspace [36] and can therefore only be applied to auxiliary
qubits at the end of an error correction cycle. Such a scheme
was recently extended to remove leakage of data qubits
using an additional leakage-swap gate followed by a
second auxiliary-qubit reset operation [7]. It is only very

© 2025 American Physical Society
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recently that a universal LRU, a single operation that can be
applied to data and auxiliary qubits, has been demonstrated
based on the proposal of Ref. [14] using a second-order
microwave-activated coupling (previously used in Ref. [33]
for qutrit reset) between the leakage state and the readout
resonator [37].

In this Letter, we present a resource-efficient, fast, uni-
versal flux-activated LRU that couples the leakage state of
a flux-tunable transmon qubit [38] to its readout resonator.
The engineered coupling, resulting from a parametric qubit
frequency modulation, is a first-order transition and therefore
the LRU can be fast [39], reaching durations and fidelities
comparable to those of single-qubit gates. Additionally,
unlike the method used in Ref. [7], it can also be performed
when the readout resonator frequency is higher than the qubit
frequency, a common architectural choice [34,40-42] to
avoid complications from readout-induced transitions that
arise when the readout resonator frequency is lower than the
qubit frequency [29,43].

We realize the LRU by coupling the first leakage state of a
flux-tunable transmon qubit, |f), to a readout resonator-
Purcell filter system that is strongly coupled to a feedline
acting as a dissipative environment, as illustrated with a
simplified energy-level diagram in Fig. 1(a) and a full circuit
diagram of the system in Fig. 1(b). For clarity, we consider a
single readout mode in the energy-level diagram although we
have two hybridized readout resonator-Purcell filter modes
[44]; see Appendix A of the Supplemental Material [45] for
all relevant device parameters. We realize the coupling by
applying a flux pulse ¢(#) with amplitude ¢, and modulation
frequency w,, to the flux line of the qubit [35,51,52], as
depicted in Fig. 1(c) and detailed in Appendix B.

Because the qubit is operated at its upper flux-noise-
insensitive bias point (i.e., with a dc flux bias of ¢p4. = 0), the
flux modulation results in a qubit frequency modulation with
leading-order sidebands at £2w,, [39,51,52]. This modula-
tion lowers the average qubit frequency, with the difference
from its value at the upper flux-noise-insensitive bias point
defined as the modulation amplitude w,, which we infer in
the experiments as described in Appendix C. When the high-
frequency sideband [top dashed blue line in Fig. 1(a)] of | f0)
is resonant with |e1), population is transferred from |f0) to
|e1). Here, the first state label corresponds to the state of the
transmon qubit and the second to the Fock state of the
resonator mode. This resonance condition is fulfilled when

. (1)

where @, (@) is the transition frequency from |g) to |e) (|e)
to |f)) at the bias point, @ = wer — @y is the transmon
anharmonicity, and A = @y, — @, is the detuning between
the qubit frequency and the transition frequency @, of the
readout resonator mode. The overline symbol @y, indicates
the transition frequency from |k) to |/) time-averaged over
the duration of the modulation pulse, i.e., @ge X Wy — @,
and @qp X W — @,

20, = ‘(Def_wr| ~ |d)ge+a_wr| = |A+a
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FIG. 1. Concept of the leakage reduction unit. (a) Energy-level

diagram of a transmon qubit with transition frequency w,. and
anharmonicity « coupled to a resonator mode with transition
frequency w,. Sidebands generated by a modulation of the qubit
frequency are indicated with dashed blue lines. These sidebands
enable the coupling of the leaked state |f0) to the state |el),
which decays back to the computational subspace state |e0). See
main text for details. (b) Circuit diagram of the elements required
for the implementation of an LRU for a flux-tunable transmon
qubit (blue), a flux line (green), and a readout resonator-Purcell
filter system (purple) coupled to a feedline (black). (c) Modulating
the magnetic flux in the SQUID loop of the qubit (Appendix A)
using a Gaussian-filtered modulation pulse ®(z) (green line)
results in a modulation of the qubit transition frequency wg. (blue
line), leading to a parametric coupling to the resonator mode.

The resulting coupling strength g depends on the
modulation amplitude [39,52]

g= \/qurjl (wa/zwm)v (2)

with g, the coupling strength between the qubit and the
readout resonator, and J, (-) the first Bessel function of the
first kind [53]. After the leaked population has been
transferred to the readout resonator, the coupled system
decays back to the computational state |e0) on the time-
scale of the effective decay rate of the resonator mode
k./27x = 16.4 MHz (Appendix A).

When the flux modulation pulse is tuned to satisfy the
resonance condition of the LRU [Eq. (1)], an analogous
parametric transition from |e0) to |gl) with a coupling
strength g/+/2 is detuned by only |a|, as illustrated in
Fig. 1(a). It is essential to suppress residual driving of this
transition because it affects the computational subspace. To
achieve this, we ensure that the bandwidth of the |e0)
sideband is much smaller than |a| by filtering the rising
and falling edges of the flux pulse using a Gaussian kernel
of width 6 = 5 ns; see Appendix B. Furthermore, to sup-
press Purcell decay of the high-frequency |e0) sideband,
we use a device architecture with an individual Purcell
filter for each qubit and readout circuit parameters that
ensure that the transmission through the readout resonator-
Purcell filter system is suppressed at a detuning |a| from
resonance [54,55].
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We first identify suitable operating points for the LRU,
i.e., pairs of (w,,®,) satisfying the resonance condition.
Specifically, we prepare the qubit in |f), apply a flux
modulation pulse with a fixed duration of t=100ns>1/x,,
and subsequently measure the transmon qubit with three-state
readout [33]. We sweep the modulation frequency and the
modulation amplitude and identify four resonances yielding
low |f) population after 100 ns; see the four slanted spectral
lines in Fig. 2(a). The high-modulation-frequency resonance
doublet corresponds to the parametric transition from |f0) to
|e1) from the qubit into either one of the two resonator-Purcell
filter modes. We use the highest frequency resonance of this
doublet to implement the LRU. The two lower-frequency
resonances are induced by a second harmonic process; see
Appendix D for details. For each of the spectral lines, the
modulation frequency required to reach resonance increases
linearly as a function of the modulation amplitude with a slope
of approximately 1/2 as the mean qubit frequency is shifted
by w, during flux modulation; see also Eq. (1).

In a second calibration step, we fix the modulation
amplitude and frequency, and vary the duration of the pulse
7 to extract the minimal duration 7 gy of the pulse yielding
the lowest population of |f). For the operating point
O = (wy/27 = 564, w,/2x = 128) MHz [purple circle
in Fig. 2(a)], the achieved parametric coupling ¢ is large
with respect to k,/4, which results in underdamped oscil-
lations [35] of the |f) population with a first minimum of
6(1) x 107* after a pulse duration of only 34.5 ns (54.5 ns
when accounting for the rising- and falling-edge buffers as
detailed in Appendix B); see Fig. 2(b). The exhaustive
depletion of the population in |f), down to the single-
shot readout inaccuracy of approximately 7 x 107*
(Appendix A), demonstrates the high effectiveness of the
LRU. Ultimately, we expect the residual | f) population to be
limited by the thermal occupation of the readout resonator
(~2 x 10™*), in which case the LRU can drive the transition
in the opposite direction, i.e., from |el) to [f0). The
population dynamics of all three transmon eigenstates are
in good agreement with master-equation simulations [solid
lines in Fig. 2(b)]; see Appendix E for details.

To gain further insight into the relationship between the
modulation amplitude and the duration of the LRU, we
measure the time evolution of the transmon population for
four modulation amplitudes [purple markers in Fig. 2(a)]
and extract the corresponding 7ry. As expected from
simulations, 7; gy decreases approximately as 1/w, in our
parameter regime; see purple markers in Fig. 2(c).

Although leakage errors can significantly impede the
performance of QEC protocols, they are infrequent, typ-
ically occurring at a rate of 0.1%—1% per qubit per QEC
cycle [6,55,56]. Consequently, in practice the LRU acts on
a state within the computational subspace most of the time,
and it is therefore imperative to minimize its effect on this
subspace. To this end, we extract the qubit lifetime 7,
Ramsey coherence time 773, and pure dephasing time

~

Population, Pr
0 0.2 0.4 0.6 0.8 1
[ T (c)

N
n
o

100

Mod. amp., wWa(@,)/2m (MHz) &

50 o
0 a 1 1
450 475 500 525 550 575 600 50 100
Mod. freq., wm/2m (MHz) Tiru (NS)
(b) 10° E
” tlo) tle) 41N
o 10 F by
9 E ... A
T, -2 [ elemledemnstveyentoqgeesesthipeecey N
s 10 F .
g8 & +d X o
o 10 3 TLRU % 0/
)
1 1 1 1 1 1
0 20 40 60 80 100

Pulse duration, T (ns)

FIG. 2. Calibration of the leakage reduction unit. (a) [f)
population after a 100-ns-long LRU as a function of the
modulation frequency @,, and the modulation amplitude ,.
Four operating points for an LRU are indicated with purple
symbols. (b) Experimentally measured (dots) and simulated
(lines) time evolution of the population of |g) (blue), |e) (green),
|f) (red) of the transmon qubit initially prepared in |f) when
applying the modulation pulse with the parameters indicated by a
purple circle in (a). Error bars correspond to the standard error
from 25 000 single-shot measurements. (c) Measured (markers)
and simulated (line) duration of the leakage reduction unit, 7 gy,
as a function of the modulation amplitude w,.

T, =2T,T;/(2T, — T5) when applying the modulation
pulse as a function of the modulation amplitude; see
Fig. 3(a). We observe a reduction in lifetime and pure
dephasing time, which we mostly attribute to population
loss due to the repeated crossing of two-level defect modes
[57,58] and an increased sensitivity to flux noise, respec-
tively; see Appendix F for details. Ongoing efforts to reduce
the number of strongly coupled two-level defect modes on
superconducting devices [59] are expected to help mitigate
these losses. In future work, a detailed investigation of 7y as a
function of modulation frequency could help distinguish
losses due to interactions with two-level defect modes and
from losses due to the off-resonantly driven |e0) — |g1)
transition. For all operating points, we observe that 7'y < T,
which indicates that errors on the computational subspace are
mostly 7'-limited.

In addition, to extract the average error of the LRU on the
computational subspace, we perform interleaved random-
ized benchmarking [60] in which the LRU is benchmarked
against a perfect identity operation. For the operating point
O [the coherence times of which are indicated by the blue
arrow in Fig. 3(a)], we obtain an average gate error of
0.25(1)%; see Fig. 3(b). In comparison, the error for an idle
operation of the same duration as the LRU is about 0.1%,
showing that performing the LRU causes errors on the
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FIG. 3. Effect of the LRU on the computational subspace.

(a) Effective lifetime T (circles), dephasing time 77 (triangles),
and pure dephasing time T, (squares) as a function of the modula-
tion amplitude w,. The modulation amplitude w, = 128 MHz used
for (b) is indicated with a blue arrow. (b) Interleaved randomized
benchmarking (blue) performed as shown in the upper quantum
circuit diagram and reference randomized benchmarking (gray)
performed as shown in the lower quantum circuit diagram.

computational subspace of the same order of magnitude as
coherence-limited single-qubit gates. The measured error is
in good agreement with a calculated coherence limit [61] of
0.24%, which takes into account the reduction in 7'y and 77
during the LRU. We choose the operating point O for all
further experiments because it provides a good compromise
between LRU duration and errors on the computational
subspace.

To demonstrate the benefits of using an LRU in QEC
experiments despite the small errors it causes on the
computational subspace, we perform repeated cycles of a
weight-two Z-type stabilizer measurement [55] with and
without LRU; see Fig. 4(a) for the full quantum circuit
diagram. The two data qubits (red dots) are initialized in one
of the four Z-basis eigenstates and the parity of the state is
mapped onto the auxiliary qubit (green dot) as shown in
Fig. 4(a). An LRU can be applied to the auxiliary qubit,
which is subsequently measured using single-shot three-level
readout [55]. Scheduling the LRU just before the midcircuit
auxiliary-qubit readout, rather than after, prevents potential
dephasing and Stark shift of the auxiliary qubit that could
otherwise be induced by the residual photon population in the
readout resonator at the end of the LRU (n,, < 0.2). The
entire stabilizer cycle of a fixed duration of 0.7 ps is repeated
m times.

We find that when the LRU is applied, the accumulation of
population in |f) of the auxiliary qubit after 50 cycles,
averaged over the four data-qubit input states, is reduced by
approximately a factor of 10 to ~3.5 x 1073 [green dots in
Fig. 4(b)], compared to ~3.4 x 102 when the LRU is not
applied (gray dots). We observe a background residual
leakage of about 2 x 10~ on average after a single cycle,
higher than the minimum |f) population reported in
Fig. 2(b). We attribute this residual leakage to a frequency
collision leading to state-dependent readout-induced leak-
age; see Appendix G. This frequency collision can be
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FIG.4. Integration of the LRU in a weight-two Z-type stabilizer
measurement. (a) Stabilizer circuit with one auxiliary qubit
(green dot) and two data qubits (red). (b) Leakage of the auxiliary
qubit with (blue) and without (gray) LRU in each stabilizer cycle
as a function of the number of executed cycles m. (c) Leakage of
data qubits D1 (circles) and D2 (triangles) with (red) and without
(gray) the LRU. (d) Leakage lifetime in the stabilizer circuit with
(green) and without (gray) the LRU, and in a separate charac-
terization measurement (gray dotted line). (¢) Mean syndrome
element ¢ with the LRU (blue dots), with neither the LRU nor
leakage rejection (gray dots), and with leakage rejection instead
of the LRU (dashed gray line).

avoided in the future by adapting the design frequencies
of the qubits and readout resonators. When considering
solely the accumulation of leakage in addition to this back-
ground value, we calculate that the LRU leads to a twentyfold
reduction in leakage accumulation. Moreover, we find that
the application of the LRU to the auxiliary qubit also reduces
leakage accumulation on data qubits, as shown in Fig. 4(c).
We attribute this effect to a decrease in leakage transport [6,7]
that arises only when the auxiliary qubit is in |f). The
differences in leakage between the two data qubits are
currently not understood. We provide a proof-of-principle
experiment to further suppress leakage accumulation on data
qubits; see Appendix H. We intend to integrate such data-
qubit LRUs in quantum error correction circuits in future
work, which has the potential to further reduce leakage-
induced errors.

Furthermore, we extract the effective lifetime of a
leakage event in the stabilizer circuit by postselecting on
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runs in which leakage is detected on the auxiliary qubit and
counting the average number of cycles in which the auxiliary
qubit is consecutively read out in |f) after the initial leakage
event. We find that the LRU achieves the goal of reducing the
leakage lifetime on the auxiliary qubit to close to a single
cycle of the repeated stabilizer measurements, while the
lifetime is on the order of six cycles when no LRU is used;
see Fig. 4(d). In comparison, the |f)-state lifetime of the
auxiliary qubit in an independent 7'y measurement (dashed
gray line) is much longer, approximately 24.6 cycles, which
provides further evidence for leakage transport away from
the auxiliary qubit during the repeated stabilizer measure-
ment. From the reduction of the leakage lifetime, we infer
that both space- and time-correlated errors caused by leakage
are suppressed [7].

To further investigate the impact of the LRU on the total
number of detected errors by the stabilizer, we construct the
error syndrome in each cycle ¢, = (1 —s,, X 5,_1)/2
from the current (m) and the previous (m — 1) measured
stabilizer values s, with ¢ = 1 indicating an error and ¢ = 0
indicating no error, respectively [55,62]. When averaging
over all circuit runs and possible data-qubit input states,
we find that applying the LRU reduces the mean error
syndrome value 6 from ~0.15 to ~0.1 after 50 cycles
[Fig. 4(e)]. Moreover, applying the LRU significantly
decreases the probability of observing correlated syndrome
elements separated by more than one cycle; see Appendix I
for details. These results suggest that the LRU suppresses
leakage-induced time-correlated errors and consequently
reduces the total number of errors by approximately 33%.
To further assess the performance of our approach, we
compare the use of the LRU to a leakage-rejection method
[dashed gray line in Fig. 4(e)] that discards experimental
runs in which a leakage event on the auxiliary qubit is
detected using three-level readout [55,56]. Note that this
method is not suited for large-scale QEC experiments
because the amount of experimental runs left after
leakage-rejection decreases exponentially with the number
of QEC cycles and qubits. By contrast, employing the LRU
results in nearly the same performance as the leakage-
rejection method, with the key benefit of scalability.

In summary, we have demonstrated a fast leakage
reduction unit based on parametric flux modulation taking
only ~50 ns, which effectively removes leakage down to
our qubit readout error of 7 x 1074, Moreover, it is high-
fidelity, causing only an error of 2.5(1) x 10~ on the
computational subspace. Our LRU thus approaches dura-
tions and fidelities comparable to those of single-qubit
gates. We successfully integrated the LRU in a weight-two
stabilizer measurement, thereby significantly improving
its performance. Simulations show that the ability to
suppress leakage will become even more relevant when
executing large-scale quantum error correction circuits [7].
Furthermore, we show how the LRU protocol can be
extended to mitigate leakage from even higher-excited
transmon states using a sequence of modulated pulses with

the appropriate modulation frequencies. As demonstrated in
Appendix H, such a multilevel LRU can remove population
from both the state |f) and the third-excited transmon state
|) in approximately 120 ns. In the future, the presented LRU
can also be applied to data qubits (Appendix H) and thereby
further reduce the total number of errors.

The LRU introduced in this work offers several advan-
tages compared to other recent developments in leakage
suppression [7,37]. First, our LRU is 4 times faster than the
one presented in Ref. [37], resulting in a reduction of idling
errors on all qubits, which often constitute a substantial
fraction of the total error budget [32,63]. Second, the
modulation pulses are generated by the same electronics
that also generate pulses for the two-qubit gates, avoiding
additional cost and complexity of the experimental setup.
Finally, employing parametric coupling for realizing the
LRU enables its use in a wide range of qubit-frequency
configurations. Hence, this work showcases that the flux-
activated parametric LRU is a promising approach to
effectively suppress leakage in large-scale error correction
circuits, which is an essential requirement for the practical
implementation of fault-tolerant quantum computation.
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