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On-demand qubit-state initialization is a prerequisite for quantum computation. We demonstrate such
a protocol in a device consisting of fixed-frequency transmon qubits pair-wise coupled via tunable
couplers — an architecture that is also compatible with the surface code. We use tunable couplers to
transfer any undesired qubit excitation to the readout resonator of the qubit, from which this excitation
decays into the feedline. In total, the combination of multi-level qubit reset, leakage reduction, and
coupler reset takes only 88 ns to complete. Our reset scheme is fast, unconditional, and achieves
fidelities above 99%, thus enabling fixed-frequency qubit architectures as future implementations of

fault-tolerant quantum computers.

The capability to reset a qubit to a known state on demand is an essential
operation for quantum computation'. Qubit reset is becoming increasingly
crucial for speeding up quantum algorithms and calibration, since lifetimes
for superconducting qubits have extended to hundreds of microseconds and
more”™, such that resetting by simply waiting for the qubit excitation to
naturally decay becomes slow™.

Protocols for qubit reset (that do not just wait for the qubit to decay)
can be either conditional or unconditional, depending on whether or not
they require knowledge of the qubit state. In conditional reset, the reset
operation is conditioned on a previously measured result’: if the qubit is
found in the first excited state | 1), a 7-pulse is applied to drive it back to its
ground state | 0 ). The primary limitation for conditional reset is the feed-
back time of the control electronics, and the success rate of the feedback
operation depends on the readout fidelity. In unconditional reset, the excited
state of the qubit is depopulated regardless of the initial qubit state™**™"%.
Existing unconditional reset schemes typically require multiple drive sig-
nals, flux-tunable qubits, or additional control elements on the device. This
added complexity makes it challenging to scale these schemes to a larger
number of qubits.

Reset abilities that extend to higher qubit levels are required in
quantum error correction (QEC) algorithms, crucial to achieve fault-

tolerant quantum computing""*. These QEC algorithms, e.g., the surface
code that has been implemented in superconducting qubits, rely on
repeated parity measurements'*>’. In these codes, the physical qubits are
designated as either data or ancilla qubits, distributed in a checkerboard
pattern. The data qubits are parity-checked by measuring the ancilla
qubits in each error-correction cycle. Each parity check is followed by a
reset of the ancilla qubits to prepare them for the next round of error
detection. However, during the cycle, data and ancilla qubits are prone to
leakage outside of their computational subspace due to imperfections in
the single- and two-qubit gates, measurement-induced transitions, and
high-energy radiation impact, fatally compromising the QEC
algorithms™'"*'~**. Therefore, fast, high-fidelity, multi-level reset for
ancilla qubits and a leakage-reduction unit (LRU) for data qubits are both
instrumental for practical QEC.

Implementing an LRU requires resetting only the | 2 ) state or higher-
energy states without disturbing the computational subspace, which consists
of the |0) and | 1) states. An LRU can be implemented either by directly
coupling the | 2 )-state population to a lossy resonator”*** or by performing
a SWAP gate to transfer the | 2 ) -state population to another element on the
processor' %, Tt is crucial to develop an LRU that complements the reset
strategy with the same architecture.
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Fig. 1 | Subset of the 25-qubit device under test. The device has a flip-chip
architecture”, with the fixed-frequency qubits (red) and frequency-tunable couplers
(green) placed on the qubit chip and the resonators (blue) and signal lines (gray) on
the control chip interposer. A pair of qubits, Qyand Q, with their respective readout
resonators, Ry and R, and three of their couplers, Co, C,, and C,, are involved in the
experiments. Couplers Cyand C, are used to reset qubit Qo, and coupler C; is used to
implement the leakage reduction unit on qubit Q,.

In this article, we demonstrate both high-fidelity unconditional qubit
reset and leakage reduction in an architecture consisting of superconducting
fixed-frequency transmon qubits® pair-wise coupled via tunable
couplers”™, as shown in Fig. 1. We propose a reset and leakage reduction
scheme that uses the tunable coupler as a means to transfer excitations from
a qubit to its readout resonator, from which the excitations can then decay
into the feedline. We achieve five objectives with our schemes, summarized
in Fig. 2:

1. A fast, adiabatic | 1 )- to | 0 )-state reset with an error of (1.87 + 1.12) x
10~ within 9 ns.

2. An adiabatic reset that can simultaneously move both the |1)- and
| 2 )-state populations to the | 0 ) state, reaching an error of (7.87 + 1.94)
x 10~ within 61 ns.

3. An LRU that removes the | 2 )-state population back to the | 1) state
without disrupting the computational subspace of the target qubit, with
an error of 9.50 x 10~ in 5 ns.

4. A coupler reset unit that dissipates the excitation through the qubit
readout resonator within 27 ns.

5. Simultaneous reset of qubit Qo and leakage reduction of qubit Q; in a
total time of 88 ns.

All operations are easy to implement with the current fixed-frequency
qubits and tunable-coupler architecture without the need for any additional
hardware resources. The total duration of 88 ns refers only to the applied
reset and LRU sequence and does not include any extra dead time required
after the operations for residual photons in the readout resonator to decay,
which depends on the resonator linewidth and readout circuit design.

The experimental demonstration is carried out in a two-qubit subset of
a 25-qubit device, which is illustrated in Fig. 1. More details on the device,
fabrication, and performance are provided in the refs. 29,30. The qubits are
designed to have frequencies within two frequency groups in a checkerboard
pattern, with neighboring qubits separated in frequency by roughly
600 MHz"". The subset consists of two fixed-frequency transmon qubits Q
and Q,* with transition frequencies wq,/2m at 5.176 and 4.534 GHz, and
anharmonicities o, /27 at — 256 and —158 MHz for i = 0 and 1, respec-
tively. Each qubit is coupled with a strength g, = 50 MHz to a readout
resonator R; of frequency wy /27 = 6.752 and 6.308 GHz for i = 0 and 1,
respectively. Both resonators are coupled to the same feedline. There is a
tunable coupler between each pair of qubits arranged in a square grid on the
chip. In this experiment, three of the couplers (Cy, C;, and C,) surrounding
the pair of qubits are used. The couplers are implemented as flux-tunable
symmetric SQUID loops with maximal frequency w./27=7.5 GHz and
anharmonicity a/27 = — 80 MHz. The qubit-to-coupler coupling rates g,/
2m are 40 MHz (60 MHz) for qubit Qp (Q;). The coupling between the
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Fig. 2 | Schematic of the reset and leakage-reduction protocol. a In the reset
protocol, the coupler C, is first tuned below and then adiabatically transits through
Q, to implement a qubit-coupler (QC) SWAP gate. Q is not affected due to the
relatively large detuning between the two qubits. Note that the indicated transitions
(black arrows) are a sketch of the more involved actual dynamics. b The coupler C, is
used for the LRU, initially biased below the Q, frequency. ¢ Afterwards, the coupler
C, is tuned to higher frequencies to interact with the resonators to implement the
coupler-resonator (CR) SWAP gate. The excitation will then decay into the envir-
onment via the readout feedline. d The full scheme, showing how the coupler
frequencies (green) are tuned as a function of time with respect to the qubit (red) and
resonator (blue) frequencies. The results for each type of operation are summarized
in the inserted table.

coupler and resonator has two main sources: a direct capacitive coupling due
to their proximity on the chip and an indirect coupling mediated by the
qubit. The device is cooled down to 10 mK and a microwave setup is used to
measure the signal transmitted through the feedline. The complete
experimental setup and device parameters resulting from basic character-
ization are reported in Suppl. Note I.

The energy levels of the two-qubit subsystem are sketched in Fig. 2b-d.
We aim to reset the high-frequency qubit, Qo, and remove leakage on the
low-frequency qubit, Q;. To implement the reset protocol, the first step
consists of a qubit-coupler (QC) SWAP gate where the excitation is moved
from qubit Q, to coupler C,. C, is parked above Qo to avoid any interaction
with Q. Using a similar mechanism, the LRU is implemented on qubit Q;
via coupler C,, parked below Q;. The QC SWAP and the LRU can be
executed simultaneously on the respective qubit. Afterwards, the last step of
the protocol involves the coupler-resonator (CR) SWAP gates for all cou-
plers in parallel. The resonator excitation can then be dissipated through the
feedline. These SWAP gates are implemented by tuning the coupler’s fre-
quency via the application of a magnetic flux pulse to its flux control line.

RESULTS

Qubit reset with adiabatic pulses

For qubit reset, one main scenario to consider is the ability to reset not just
the qubit | 1 )-state population, but also that of the higher energy states, due
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Fig. 3 | Calibration sequences of the reset protocols with adiabatic pulses.

a Coupler detuning as a result of the adiabatic pulse for the qubit-coupler (QC) reset
SWAP. The pulse is defined by four parameters: the pulse duration, 7 =100 ns, the
coupler frequency offset from Qy, f, = 1 GHz, an effective QC coupling strength, g,
that sets the slope, and the QC detuning that defines the start of the adiabatic process,
fo=-0.5 GHz. In particular, f, is essentially the amplitude of the flux pulse. Before the
pulse starts, the coupler is at its idle frequency above Qo, and the first point of the
pulse diabatically shifts its frequency to be below Qo, and then crosses the Qq energy
level adiabatically before returning to the idle position. The given numerical values
are for the specific example in (a). b The pulse schemes to calibrate the qubit-coupler
(QC) SWAP include 7y, (red) and 7,,/2 (blue) pulses to prepare the qubit state, the
flux pulses (filled areas in green) applied on the coupler, and the readout (RO) pulses
on the resonator (black). ¢, d Measurement results of the qubit-coupler (QC) SWAP
with the qubit initialized in (c) the | 1) state and in (d) the superposition state
(1) 4 [2))/+/2. The color represents the reset error, which takes all non-ground
state populations into account, and the regions with lower reset errors are always
indicated in blue.

to the accumulation of leakage population outside of the computational
subspace. For this reason, an adiabatic pulse is chosen to perform qubit reset
due to the possibility of transferring the population from multiple energy
levels simultaneously. The pulse shape is calculated from the instantaneous
approximate adiabatic condition. Given a Hamiltonian H(f), for any two
adjacent eigenstates |¥,,(t)) and |¥,,(t)) with corresponding eigenvalues
E,(t) and E,, (1), the evolution with duration 7 is approximately adiabatic if
the following condition is met (4 = 1 throughout this article):

(O HO 0y ()]
|E, (t) — E,(t)]°

This condition implies that the changes in the interactions between
the states |‘I’,,(t)> and I\I’m(t)> at time ¢ must be significantly smaller than
the energy distance between the states. Note that this is a global condition
and can be modified to an instantaneous condition. The instantaneous
approximate adiabatic condition was previously used to accelerate
Grover’s algorithm in adiabatic quantum computation by Roland and
Cerf**”, which has been studied and experimentally verified in two-level
systems™”.

The exact analytical solution, derived in the subsection “Adiabatic
pulse shaping” in the Methods section, allows us to know how the
coupler frequency should change over time. In experiments, this infor-
mation is translated into a flux-biasing pulse which produces the desired
frequency change. An example of such a pulse, translated into coupler
detuning, is shown and annotated in Fig. 3a. The pulse can be defined by
four parameters: 7 is the pulse duration, f; is the coupler frequency offset

¢y

0<t<t

from the coupler idle point, f; is the qubit-coupler detuning at the end of
the pulse, and g is a coupling parameter that defines the slope of the
center region. In practice, g is initially set to be the same as the qubit-
coupler coupling strength, g,, but is then treated as an adjustable variable
to be optimized for better reset performance. With increasing g, the pulse
gradually transforms from a square pulse with an extra tail to a linear
ramp pulse, so that we have the full range to tune the adiabaticity of the
transition induced by this pulse.

Qubit-coupler SWAP gate

The first step of our reset protocol is to transfer the | 1 )-state population of
qubit Q to coupler Co, as shown in Fig. 2a. We first bias the coupler Cy to be
at least 1 GHz above Q, and below its resonator R,, which would be the
common idling point chosen for implementing a parametric two-qubit gate.
We prepare Qg in | 1) (without the 71,,/2 pulse, which performs half a swap
of the populations in the | 1) and |2) states) and then implement a QC
SWAP operation between Q, and C, by applying the adiabatic flux pulse
given by the solution of (1) [see (12) in Methods]. The pulse induces a
population transfer between qubit and coupler, which is ideally adiabatic.

To tune up the QC SWAP gate, we need to acquire the pulse para-
meters in two separate 2D sweeps, since four parameters are needed to
define the pulse. For each sweep, we define the reset error €, to be the
residual non-ground-state population after the operation, 1 — po, where p, is
the measured | 0 )-state population of Q,. We use the reset error as the figure
of merit for the calibration.

We first measure the reset error as a function of the pulse duration 7o
and the coupler frequency detuning f; oc. We set fo oc and g to be 200 MHz
and 71 MHz, respectively, given preliminary qubit and coupler spectro-
scopy results. The reset error as a function of 7oc and f; ¢ is shown in Fig.
3¢, and a chevron pattern illustrating population transfer from the qubit to
the coupler | 1) state is observed. We then fix 7oc and f; o¢ to be the values
that produce the lowest reset error, and sweep both g and f; oc to refine the
pulse shape, as shown in Fig. 3b. A large parameter space, with g being below
50 MHz and f;, o being around -200 MHz, can be identified where the reset
error approaches the readout limit. These initial results suggest that the
fidelity of this swap operation can be above 99 %, limited by drifting qubit
parameters and coupler flux bias currents. We achieve depopulation of the
| 1) state with a 9 ns QC SWAP gate between the target qubit Q, and the
coupler. The other qubit in the pair, Q;, is only negligibly affected by the flux
pulse, since it is 642 MHz lower in frequency than Q. Therefore, the reset of
the Qo can be performed independently of the state of Q;; more details can
be found in Suppl. Note II.

To show how we can reset both the | 1 )-state and | 2 )-state popu-
lation of the target qubit simultaneously, we prepare Qo in a super-
position state (| 1) 4 |2))/+/2 with an additional 7r,/2 pulse [see Fig.
3b] so that the effect on both states is visible with a single measurement.
The coupler interacts with multiple qubit levels during the frequency
tuning; see Fig. 7 in the Methods section. The results are shown in Fig. 3d.
There is a relatively small parameter space for a fast reset on the order of
31 ns due to interaction between both qubit |1)- and |2 )-state popu-
lation with the coupler, with around 5% of the population remaining in
the | 1) state while the rest is in the | 0 ) state. This is due to the proximity
of the qubit Q; to Qg in frequency, limiting the furthest extent of the
adiabatic pulse and thus the adiabadicity of the pulse. Therefore, we are
able to reset both the | 1) and the |2) states with the same pulse para-
meters, although the reset of the | 2 ) state is only partially complete with
a single pulse.

To improve the reset fidelity, we repeat the same reset scheme with
another coupler. In practice, the implementation is realized with the coupler
Cy and C,, both of which are coupled to Q. By preparing the |1) and |2)
states separately, we observe that the | 1 )-state reset can achieve an error
below 1 %, while the reset error for the | 2 ) state is close to 10% (see Suppl.
Note IIT). From this, we can estimate that two successive reset operations
with similar success probability can achieve a total fidelity of 1 — 0. 1% = 99%,
albeit at the cost of double the reset time.
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at 54 ns, corresponding to a coupling strength of 18.5 MHz and a CR SWAP gate
of 27 ns.
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Fig. 5 | Calibration and verification of the LRU protocol. a Calibration of the
square pulse used in the LRU, which is defined by two parameters: pulse duration
TRy and coupler offset f; 1 ry. Qubit Q is initially prepared in the | 2) state before
the application of the pulse. The dashed lines indicate the parameters with minimal
measured leakage. b Measured | 2 )-state leakage (red) and the effect of the pulse on
the | 1 )-state (blue) population when Q is prepared in the | 2) (red) and | 1) (blue)
state, respectively. ¢ Quantum process tomography (QPT) results for applying the
LRU to Qy, with the real and imaginary parts of the y matrix shown separately, and
blue (red) color represents positive (negative) values. The process fidelity is 99.20%
when the LRU process is compared to an ideal identity gate. State-preparation-and-
measurement (SPAM) errors in the QPT are mitigated, as explained in Suppl.
Note IV.

Coupler-resonator SWAP gate

The next step of the reset protocol is to remove the excitation in the coupler
by resonant interaction with the qubit readout resonator, as shown in Fig.
2d. Due to the direct capacitive coupling between the coupler and the qubit
readout resonator and the indirect coupling mediated by the qubit, it is
possible to implement this scheme without changing the architecture of the
device.

To calibrate the coupler-resonator SWAP, which is a diabatic square
pulse defined by two parameters, coupler offset f, -, , and duration 7y , we
start by measuring the coupling strength between the coupler and the
resonator and implement the pulse sequence shown in Fig. 4a. We first
prepare the qubit Qo in the | 1) state and then apply the reset flux pulse,

starting with a QC SWAP to populate the coupler. A diabatic square pulse is
used during calibration to observe the oscillation of the excitation between
the qubit Qp and the coupler Co. Afterwards, we apply another diabatic
square pulse of an opposite sign to observe the population oscillation
between coupler C, and resonator R;, which is lower in frequency than Ry. A
Rabi oscillation between the coupler and the resonator population is
observed and shown in Fig. 4b. The corresponding coupling rate is calculated
to be 18.5 MHz, of which 1.4 MHz is contributed by the indirect coupling via
the qubit, estimated from g, - g;/A,,. The rest of the coupling strength is the
direct capacitive coupling between the coupler and the resonator as a design
feature of the flip-chip architecture. Similar strength is observed when
coupling C, to the other resonator R;, with a measured coupling strength of
16.1 MHz, with 1.9 MHz being indirect coupling. We then use a 27 ns square
pulse (duration chosen in the center of the available parameter space to be
robust against parameter drift) to perform the CR SWAP with a remaining
population of 1.73% in the coupler, which can be further improved by using
a resonator with a faster decay rate” ™. Note that the CR SWAP can be
applied to all couplers simultaneously to reduce sequence time. To be able to
reset multiple excitations in the coupler in a single process, an adiabatic
transition can be used °. However, due to the relatively small coupling rate
between the coupler and the resonator on our current device (compared to
that between the qubit and its resonator, which is on the order of a hundred
MHz), the adiabatic process is too slow compared to a diabatic transition,
which should be considered as a factor in future iterations of chip design.

Leakage reduction unit with diabatic pulse

Qubit leakage outside of the computational space is a major source of errors.
For example, a protocol to specifically target the |2) state of the qubit
without disrupting the | 1 )-state population is necessary for successful error
correction. An LRU on the qubit Q; can be implemented by moving the
coupler C,; to where the |1, 1c> and |2, 0C> states of the Q,;-C, system are on
resonance, as shown in Fig. 2c. The coupler C; that implements the LRU is
parked below Q to avoid disruption of its computational subspace.

We prepare Q, in the (| 1) + | 2))/+/2 superposition state, and apply
the flux pulse to move the coupler C; such that the |2,0,) state is on
resonance with the |1, 1C> state. The LRU pulse shape is chosen to be a
simple square pulse such that the interaction is fast and diabatic. This
minimizes the effect on the qubit | 1 )-state population. An extra 7y, pulse is
added after the LRU, since the readout fidelity is higher when measuring the
| 0)-state population. The results in Fig. 5a show the measured leakage error
€1, = p, as a function of the pulse parameter 7,z and fo ; ry- It takes 5 ns to
complete the population swapping from the [2,0_) to the |1,1.) state.

To verify the effect of the LRU on the computational subspace of Q;, we
first measured the effect on the population of Q; when this qubit is initially
prepared in the | 1) state, as shown in Fig. 5b. The | 1 )-state population at
the optimal LRU pulse parameters, as marked by the dashed line, is mea-
sured to be 99.33%. To complete the verification, we proceed to compare the
LRU protocol with an identity (I) gate through quantum process tomo-
graphy (QPT)***; since the LRU should ideally not disturb the computa-
tional subspace, it should act as an I gate. A virtual Z gate is calibrated to
compensate for the phase shift on Q; caused by the LRU pulse, which is
applied to the successive XY drive pulses after the LRU pulse with no
physical time overhead during the QPT experiment. The fidelity of the
measured y matrix is calculated to be 99.20% when compared to the I gate,
which is on par with other, slower state-of-the-art attempts at LRU
implementation'"*".

Furthermore, the LRU can be implemented simultaneously with the
reset protocol on the other qubit, since it uses a different coupler, C,.
Similarly to the reset protocol, after interacting with the qubits, all couplers
are made to adiabatically interact with the resonators simultaneously to
transfer the couplers’ population.

Single-shot verification
To fully characterize the reset and LRU performance, we prepare the two
qubits in all nine combinations of two-qubit states in the first- and second-
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Fig. 6 | Pulse sequence and performance verification with single-shot readout.
a The pulse sequences include the state preparation of two qubits, flux pulses applied
on three couplers for reset and leakage reduction, and readout of the qubit popu-
lation. The total duration of the flux pulse sequence is 88 ns. All nine combinations of
two-qubit initial states in the first- and second-excitation subspaces are prepared and
measured. b Single-shot readout results of Q, when all nine two-qubit states have
been prepared, and the reset operation has been performed. The mean reset error for
Qq is calculated from the average of all combinations. ¢ Single-shot readout results
for repeated applications of the protocol to three out of the nine combinations, where
Qo is prepared in the | 1) or | 2 ) state or Q; is prepared in the | 2 ) state, respectively.
The measurement is repeated 200 times to test the stability of the protocol.

excitation subspaces, i.e., [0,0; ), [0p1, ), [052; ), etc. Then, we execute the
full reset protocol, including | 1 )- and | 2 )-state QC SWAP, CR SWAP, and
LRU with the two qubits (Qq and Q;) and the three couplers (Co, C;, and
C,), as shown in Fig. 6a. With the measurement protocol established, we
employ the covariance matrix adaptation evolution strategy (CMA-ES)
algorithm to optimize the pulse parameters g, f;, and f; of each reset pulse to
achieve a lower reset error''.

Time-wise, resetting only the | 1) state of the qubit Qg requires only 9
ns. However, to reset both the | 1) and |2) states, we need to apply flux
pulses on couplers Cy and C, sequentially; these pulses are 31 ns and 30 ns
long, respectively. The CR SWAP takes 27 ns while the leakage reduction
unit needs a 5 ns-long pulse, which can start at the same time as the QC
SWAP pulses. Therefore, the total time needed to implement both reset and
LRU is 88 ns.

Each of the nine states is prepared and measured for 10,000 shots with
single-shot readout (see Suppl. Note V), which set the lower limit on error to
be 10~ for each round of measurement. The results for each measurement
are illustrated as a matrix in Fig. 6(b) as an example to show the reset error
on Qq. The first row of the matrix, where Qq is prepared in the |0) state,
shows that the reset pulse does not bring any additional excitation to the
qubit. The average of the second and the third rows, where Qy is prepared in
the|1)and|2) states, respectively, represents the reset error for these states
of Qo. Simultaneously, the leakage population in Q, is measured for all these
nine combinations, and we average over the third column, where Q; is
prepared in the |2) state, to calculate the remaining leakage error. To
understand the long-term stability and error margin, the results are gathered
from 200 repeated measurements as illustrated in Fig. 6¢. On average, the
adiabatic reset protocol achieves a reset error of 1.87 x 10 (7.87 x 10~°) for
the | 1) (|2)) state. Meanwhile, the leakage reduction reaches an error of
9.50 x 107>, Over time, all three components are robust against random
fluctuations during the span of at least a few hours.

DISCUSSION

In summary, we have implemented a fast, high-fidelity, and unconditional
qubit reset protocol on fixed-frequency qubits coupled with a tunable
coupler. Using adiabatic flux pulses on the couplers, our reset protocol
achieves a reset error of (1.87 + 1.12) x 10~ for the | 1 ) state within 9 ns, and
(7.87 £ 1.94) x 107 for the | 2) state in 61 ns. We also perform leakage
reduction, on the qubit in 5 ns with a remaining leakage error of (9.50 + 1.35)
x 107>, Afterwards, the population in the coupler can be transferred to the
readout resonator in 27 ns. In total, the combination of qubit reset, leakage
reduction, and coupler reset takes only 88 ns to complete. The reset error we
achieved is below the suggested threshold for quantum error correction to
achieve improvement over no-reset schemes”, which is between 107> and
107*°, together with the additional benefit of removing leakage in both
qubits. The reset pulses are straightforward to tune up, with at most four
parameters completely defining the entire pulse shape. Remarkably, the
reset of one qubit and the leakage reduction of the other qubit can run
simultaneously to achieve maximal efficiency due to the usage of all available
coupler elements. Moreover, we have recently demonstrated™ that our
processor has a low level of crosstalk, which is promising for the further
scale-up of our design.

The main limitation on the fidelity of the reset protocol is found to be
the frequency separation of the qubit pair. With only 642 MHz of spacing
between the two qubits, the adiabatic pulses have a limited frequency range
to evolve back to the initial state of the coupler in the dispersive regime,
which leads to an incomplete adiabatic transition. Another limiting factor is
the small anharmonicity of the couplers on the current device. During a
| 2 )-state reset operation, the anharmonicities of coupler and qubits affect
the detunings between the energy levels in the second-excitation subspace.
These detunings impose a speed limit on the adiabatic process. The tran-
sition speed of the coupler energy levels needs to match ideally with the
coupling rates between the respective levels according to the adiabatic
condition to ensure a perfect population exchange. Further investigation on
a generalized optimal pulse shape for adiabatic transition in the second-
excitation subspace is needed to improve the fidelity even further, and
depends on the anharmonicities. Likewise, during LRU operation, the small
anharmonicity of the coupler leads to the undesired interaction with the | 1)
state of the qubits when their energy levels are close in frequency. Further
design iterations and development in pulse-shaping techniques to alleviate
these undesirable effects are currently under investigation with more the-
oretical simulations and better parameter-optimization algorithms.

Additionally, the slow decay of photons in the resonators, limited by
resonator linewidths of 0.427 MHz and 0.294 MHz, prevented the ver-
ification of repeated reset with our protocol. These constraints can be
mitigated by the addition of Purcell filters in the readout circuit, which
enables effective resonator linewidths of more than 10 MHz without det-
rimental effects on qubit lifetimes™**, leading to a photon decay time on the
order of a hundred nanoseconds. Furthermore, since the coupling between
the resonator and coupler was initially undesirable during the design phase
and therefore made small, adiabatic multi-level reset of the coupler, similar
to previous demonstrations®, would cost several hundreds of nanoseconds
to implement on our current device, which can be part of future design
considerations. Finally, we note that thermal populations in the couplers
and resonators can set a lower bound for the reset protocol.

To see how to scale up the reset and LRU protocol in the surface-code
implementation based on a 2D square grid, we can start by estimating the
ratio between the number of qubits and couplers. For a code distance d, there
will be & data qubits, & — 1 ancilla qubits, and ¢, = 4d(d — 1) couplers. The
reset and LRU protocol will need ¢, = 3 - & — 1 couplers to fully implement
the scheme. For d > 3, ¢, is always greater than c,, thus guaranteeing the
implementation of our protocol without the need for additional elements.

For a general 2D square grid of qubits, placed alternatingly in higher-
and lower-frequency groups™', we can have each qubit connected to one
coupler A that is placed higher in frequency than the higher-frequency
qubits, two couplers B and D that are placed in between the two frequency
groups, and one coupler C placed lower in frequency than the lower-
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Fig. 7 | Diabatic and adiabatic transitions. The qubit and coupler energy levels

(| qubit, coupler >) are coupled with strength g and «/Eg for interactions within the
(a, b) first- and (¢, d) second-excitation subspace, respectively. The qubit level is
stationary while the coupler is transiting across with a duration of time scale T. There
are two limiting scenarios: (a, ¢) in a fast diabatic transition, gT < 1, the population
stays on its original trajectory; (b, d) in a slow adiabatic transition, gT'>> 1, the
population is swapped to the other energy level during the interaction.

frequency qubits. We can then, in a first time step, reset all higher-frequency
qubits through coupler A while performing leakage reduction on all lower-
frequency qubits through coupler C; in a second time step, we perform
leakage reduction on all higher-frequency qubits through coupler B and
reset all lower-frequency qubits through coupler D. However, other coupler
placements may be more favorable from the perspective of what two-qubit
gates one wants to perform.

In conclusion, we have demonstrated the capability to initialize the
state of fixed-frequency qubits using tunable couplers, enabling faster
measurement cycles and reduction of leakage population in quantum-
computing applications.

Methods

System Hamiltonian

We consider the three-mode system in Fig. 1 consisting of a fixed-frequency
transmon capacitively coupled to a readout resonator and a tunable trans-
mon that acts as the coupler element. On the timescales of the reset
operations, we assume that the resonator is the main lossy element and that
the drives are sufficiently weak to invoke the rotating-wave approximation
(RWA). Under these assumptions, we model the qubit and the coupler as
Kerr oscillators™ with anharmonicities &, and o, and the resonator as a lossy
harmonic oscillator with relaxation rate x. As such, we use the system
Hamiltonian

H= Y (w,.a;rai +%a:ajuia,‘) + w,ala,
i=q,c
f i i i @
+ E giq (ai aq + aqai> +gcr (acar + ar“c)’
i=c,r

where the subscripts ¢, ¢, and r label the qubit, coupler, and resonator,
respectively, w; is the frequency of oscillator i, and gj; is the coupling strength
between oscillator i and j. The coupler frequency w,. = w(P(t)) is tunable via
the magnetic flux @(f) that threads through the SQUID loop of the coupler.
Note that we include in this model a stray coupling g, between the coupler
and the resonator. Since the coupler and resonator are not directly coupled
(see Fig. 1), we assume that the stray coupling is smaller than the other
coupling strengths, i.e., g |<g,, &,

Note that [H, N] = 0, where N = ajiaq + aIac + a:a, is the total
excitation number. Hence, the system Hamiltonian is excitation-number
conserving, which is due to the fact that all terms in H contain an equal

number of annihilation and creation operators. Importantly, this means that
H decouples into different blocks labeled by N such that each block can be
studied separately. The dynamics of a qubit starting in, e.g,, its first excited
state can hence be studied within the first-excitation subspace. We will use
this assumption repeatedly below.

Adiabatic Landau-Zener-Stiickelberg transitions

Underlying the reset protocol demonstrated in this article is the idea that we
can adiabatically transfer excitations, i.e., implement SWAP gates, between
the qubit, coupler, and resonator. In this section, we review the theory for
adiabatic state transfers to explain how the coupler can be adiabatically
tuned to transfer excitations from the qubit to the resonator. In particular,
we focus on the case in Fig. 3¢ of transferring the first-qubit-excitation to the
coupler: [100) — [010), where we use the Fock-state labeling |q, c, 7).

For the qubit-coupler SWAP gate, the resonator is far detuned from the
qubit (w, — w, > g,,) such that we neglect its contribution to the dynamics.
The dynamics of the first-excitation subspace reduces to an effective two-
level system (TLS) formed by the qubit and the coupler near resonance:

(€)

qc

s _ | Bael? R
8qc _ch/z 7

with detuning A, = w; — w,. To understand the adiabatic state transfer in
the reset protocol, where we initialize in |100) and transition to [010), we
consider the dynamics as a Landau-Zener-Stiickelberg (LZS) problem*™*.
In the LZS problem, the detuning evolves linearly in time such that A, = —
vat, where v, = o,w.(t) > 0 is the constant speed at which the coupler
frequency increases, or is ramped up with.

As illustrated in Fig. 7, the time evolution in the LZS problem is
separated into a diabatic or an adiabatic regime depending on the time scales
of the ramp up. The adiabatic theorem™ gives that the change in the
detuning is adiabatic if the adiabatic condition is satisfied:

| EM (‘ym(t)larH\Yn(t»l
n#m  E, (t)—E,(t) «1 (4)

here stated for an M-level system with instantaneous eigenstates |¥,,(t))
and instantaneous eigenenergies E,,(f), where 0,¥,,(f) denotes the time
derivative of the state. During adiabatic dynamics, a system initially in the
eigenstate | ¥,,(0)) evolves as the instantaneous eigenstate [¥,, (1)) (up to a
time-dependent phase). For the two-level system, the minimum detuning
between the eigenstates occurs at £ = 0, Ay = 2g,.. Using this in (4) sets the
time scale v, ~ 1/T for the diabatic and adiabatic regimes in Fig. 7. If the
ramp-up speed is on a timescale of T > 1/g,, the evolution is said to be
adiabatic. Otherwise, for T'< 1/ Geo the evolution is diabatic.

If we suppose that the initial qubit state |‘I’(O)> = |100) is an initial
eigenstate and evolves fully adiabatically, its time evolution then follows the
instantaneous  eigenstate H |¥ (1) =E_ ()Y, (t)). The positive
instantaneous eigenenergy is

E, (1) = (%t)z +g2. ©)

We note that for large ¢ i.e., detunings vt > g, the instantaneous eigen-
energy matches the coupler frequency: lim E, (t) = w_/2. Hence, the initial
state |100) has adiabatically evolved t6 the state |010). This is the process
used in the reset protocol to transfer a single excitation in the qubit to the
coupler.

Importantly, if the dynamics are not fully adiabatic, some excitation
will remain in the qubit. The remaining population in the qubit after the
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Fig. 8 | Simulated QC SWAP for initial state [100). a Time evolution of the qubit
population, and (b) of the coupler population as a function of coupler frequency
offset f; oc and pulse duration 7c. The system is simulated using the designed pulse
shape in (12), which implements a SWAP operation between the qubit and the
coupler. The dashed line indicates the peak population in the coupler, corresponding
to the maximum population transferred from the qubit. We define the reset error as
the remaining population in the qubit after this transfer.

transition is given by the LZS transition probability

2ng?
Ptra.ns = &Xp <_ gqc) . (6)

Ya

Note that larger values of g, exponentially suppress the remaining popu-
lation, which can be attributed to the increase in the energy gap at the
avoided level crossing in Fig. 7.

Adiabatic transitions of second-excited states
Adiabatic transitions are also feasible between states with more than one
excitation. We exploit this dynamical process in Fig. 3d to reset the second-
excited state of the qubit. Here, we elucidate the transfer of two excitations
from the qubit to the coupler in the form of the transition |200) — [020).
Similar to the single-excitation case, we suppose that the resonator is far
detuned from the qubit (@, — w, > g,,) to neglect its effect on the dynamics.
The remaining states in the second-excitation subspace are [200), |110), and
[020). We model their dynamics as an effective three-level system (3LS)
using the Hamiltonian

ch + th \/quc 0
HP = | V2, 0 Vg, | (7)
0 \/igqc _ch + 4
which derives from (2). Assuming an initial state |200) at ¢ = — oo and that

the dynamics is adiabatic [recall (4)], the transfer to the state [020) is illu-
strated in Fig. 7c, d during a linear change of the detuning A = — v,t. The
figure shows the case of Iaq + occ|>>«/§g Pt this case, the transfer to |020)
approximately occurs in two steps. First, the detuning evolves through the
resonance Ay = — &, and [200) transfers to the intermediate state [110).
Second, the detuning passes the resonance A, = — & and |110) transfers to
[020). We note that the two steps of the transition overlap if
oy + a>~/2g 4 is not satisfied, but the end result is the same.

Adiabatic pulse shaping

In the two previous sections, the adiabatic transitions were described using a
linear ramp up in the coupler frequency. Generally, the linear pulse is not
ideal to achieve fast adiabatic transitions, which is why they are primarily not
used for the reset pulses in Fig. 3. To speed up the adiabatic transitions, we
use the Roland and Cerf protocol’>” to derive a pulse shape that is faster and
still satisfies adiabaticity. We assume that the adiabatic condition in (1) is

satisfied for every infinitesimal time interval from ¢ to ¢ + dt:

i (¥, (D0, HOIY,, (1))
for all n # m. Note that (8) is a more restrictive adiabatic condition than (4),

and the former condition can be derived from the later one by assuming for
all n#m:

«l1, 8)

n#m

|E,, (t) — i(¥,,()19,¥,,(t))| > |E,,(t) — E,(1)]. ©9)

For the two-level system modeling the qubit-coupler single-excitation
SWAP in (3), the adiabatic condition in (8) simplifies to

‘M;;(t)'« (80 + 4gie . (10)

gqc

We multiply the right-hand side of (10) with a scaling prefactor 8 to obtain a
differential equation for the qubit-coupler detuning A,(#):

(11)

2 243
ot Lo '
Note that (10) is satisfied for f << 1.

Given the temporal boundary conditions A, (0) = fy and A, (7) = f, fora
pulse duration of 7, we solve (11) to find the pulse shape

88, (Bgyct + 0)
ch(t) = > 3’ (12)
\/ 1 — 16(Bg, 1) — 32Bdg, t — 160
where the boundary conditions give
_46<f§+4g2c) _fr\/fi+4géc> (13)
ﬁ = )
4g,.7(f7 + 43)
f
b=t (14)

4/fo + 4¢3,
Pulse shapes similar to (12), based on the Roland and Cerf protocol, can
also be found in refs. 32,35,47-49.

Simulation of adiabatic transitions

We simulate the time evolution of the qubit-coupler-resonator system to
evaluate the reset errors of qubit Qo as a function of the coupler fre-
quency offset f, oc and the pulse duration 7oc. In particular, we use the
Hamiltonian in (2) together with the detuning defined in (12), and the
pulse shape shown in Fig. 3a to numerically integrate the Schrodinger
equation with QuTiP ***' in the first- and second-excitation subspaces.
The result for the first-excitation subspace is shown in Fig. 8. The color in
Fig. 8a represents the population remaining in the qubit after a SWAP-
like pulse, with red (blue) indicating high (low) residual population. The
dashed lines mark the optimal parameter values that minimize the reset
error, corresponding to maximum population transfer to the coupler.
Conversely, Fig. 8b shows the coupler population under the same con-
ditions, which is approximately one minus the qubit population, con-
firming the effectiveness of the transfer.

We note that in the experimental counterpart [see Fig. 3c], we
observe deviations from the simulated ideal reset behavior, particularly
visible as asymmetries and reduced contrast in the qubit population
transfer. These distortions are likely due to low-frequency flux noise and
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Fig. 9 | Simulated population dynamics in the two-excitation subspace. a Initial
state population in |200) and its transfer to (b)|110) and (c)|020), shown as a
function of coupler frequency offset f; oc and pulse duration 7oc. The dashed lines
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mark the optimal parameter values based on the extremum (minimum or max-
imum) of each population. The color scale indicates population, with blue indicating
low and red indicating high.

pulse distortions, which are not included in the simulation. Such noise
can alter the effective detuning and coupling strength during the reset
pulse, leading to reduced fidelity and variability in the optimal offset/
duration parameters.

In Fig. 9, we show the simulation of the second-excitation subspace.
The system is initialized in the two-excitation state [200), where both
excitations are in the qubit. Ideally, the applied pulse redistributes these
excitations through the coupler into states such as |110) and |020), con-
serving the total number of excitations. This process is similar to a second-
order SWAP operation. The results show that the population initially in
[200) is partially transferred to [110) and |020), depending on the pulse
parameters. However, the minimum of the |200) population in panel Fig. 9a
does not align exactly with the maxima in panels Fig. 9b, c. This indicates
that the population transfer is not fully directed to a single final state, and
may instead be distributed between multiple output states.

The pulse used was optimized for dynamics in the first-excitation
subspace. While this works well for standard SWAP operations, it may not
perform optimally when multiple excitations are present. Including the two-
excitation subspace in the pulse optimization could improve transfer fidelity
and better control multi-excitation dynamics.

Data availability

All relevant data and figures supporting the main conclusions of the
document are available on Zenodo (https://zenodo.org/records/16979513).
Please refer to Giovanna Tancredi at tancredi@chalmers.se if needed. All
relevant experimental code supporting the document is available online via
GitHub (https://github.com/tergite/tergite-autocalibration). Please refer to
Giovanna Tancredi at tancredi@chalmers.se if needed.

Code availability

All relevant experimental code supporting the document is available online
via GitHub. Please refer to Giovanna Tancredi at tancredi@chalmers.se if
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