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Rapid and unconditional parametric reset protocol
for tunable superconducting qubits
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Qubit initialization is a critical task in quantum computation and communication. Extensive
efforts have been made to achieve this with high speed, efficiency and scalability. However,
previous approaches have either been measurement-based and required fast feedback,
suffered from crosstalk or required sophisticated calibration. Here, we report a fast and high-
fidelity reset scheme, avoiding the issues above without any additional chip architecture. By
modulating the flux through a transmon qubit, we realize a swap between the qubit and its
readout resonator that suppresses the excited state population to 0.08% + 0.08% within 34
ns (284 ns if photon depletion of the resonator is required). Furthermore, our approach (i)
can achieve effective second excited state depletion, (ii) has negligible effects on neighboring
qubits, and (iii) offers a way to entangle the qubit with an itinerant single photon, useful in
quantum communication applications.
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ubit initialization is fundamental and crucial for many

quantum algorithms and quantum information proces-

sing tasks. The ability to quickly reset qubits to the zero
state 1s one of DiVincenzo’s essential criteria for building a
quantum computer! and is critical for quantum error
correction?>~4, where the reset of syndrome qubits needs to be
accomplished with high fidelity in the time scale of a single qubit
pulse. Furthermore, significant reduction of state preparation and
measurement (SPAM) errors can be achieved by evacuating
residual excited state populations with high fidelity>°. The sim-
plest way to reset qubits is to passively wait for them to de-excite,
but as qubit relaxation times increase beyond 100 us”8, this
method becomes impractically slow. Alternatively, active reset
implementations can shorten the wait time between cycles and
significantly improve computational efficiency®1?.

Various reset protocols for superconducting qubits have been
proposed which fall into two main types: measurement- and non-
measurement-based protocols. In measurement-based schemes, a
qubit is measured and either heralded in the ground statell, or
else is found to be in the excited state and reset via a conditional
n-pulse®!2-15 These protocols depend heavily on measurement
fidelity and suffer from measurement-induced state mixing>1°. In
addition, the hardware implementation of necessary short-latency
feedback loops is also a challenge. In non-measurement based
protocols, qubits are coupled to a lossy environment, usually a
resonator. While numerous approaches to this have been pro-
posed, they each suffer from their own drawbacks. For instance,
in one such approach, flux control!”>18 is used to rapidly tune the
qubit frequency to that of the resonator. However, this process
significantly affects neighboring qubits via crosstalk!®20. Another
approach is based on a microwave-induced interaction between
the qubit and a low-quality factor resonator®2l. However, the
involvement of the second excited state | f) makes these schemes
complicated and necessitates sophisticated calibration. Further-
more, intense microwave driving is required to activate the
required cavity-assisted Raman processes?! =23, affecting adjacent
qubits as well. In21, an additional resonator is required to achieve
the best performance. In contrast to the above methods, the
driven reset scheme proposed inl0 is free from flux control and
complicated pulses. On the other hand, this protocol requires that
the resonator dissipation rate x, be smaller than the dispersive
shift y, imposing a trade-off between readout speed and fidelity.

In this work, we demonstrate a rapid and unconditional
parametric reset scheme for tunable superconducting qubits. By
parametric modulation of the qubit frequency, a controllable
interaction is generated between the qubit and a lossy readout
resonator. This interaction unconditionally transfers the qubit
excitation to the resonator and thus resets the qubit on demand.
Using this method, we can suppress the residual excited popu-
lation to 0.08% +0.08% within 34 ns. We also demonstrate
effective |f) state depletion in the case when leakage to higher
states is non-negligible. Our protocol only involves AC modula-
tion of at most two frequencies and does not need sophisticated
calibration. Moreover, it has a negligible effect on subsequent
gates and other qubits. It is compatible with circuit quantum
electrodynamics systems?4-2¢ and can be applied to all frequency-
tunable superconducting qubits, requiring no additional hard-
ware or modifications to chip components. The method also
imposes no restriction on operation flux position or specific
system parameters such as resonator dissipation rate x, or
dispersive shift.

Results
Theory. Our qubit reset protocol is based on a parametric acti-
vated interaction between a tunable qubit and a rapidly decaying

resonator. Such a parametric modulation induces an effective
tunable coupling between the qubit and other quantum systems
such as another qubit or resonator?’-2% and has been used to
implement multi-qubit quantum gates0-3°, state transfer3®37,
switches for quantum circuits3® and parity measurements3®. In
our reset protocol, the parametric modulation induces Rabi
oscillations between |e, 0) and | g, 1>, where |s,[) denotes the
tensor product of the qubit state |s) (the cases |s) = ’ g> and
|s) = |e) correspond to the ground and excited states, respec-
tively) and the resonator Fock state |/). When the qubit is excited,
as illustrated in Fig. la, the population can be transferred from
the qubit (Je,0)) to the resonator (} g 1>), which then rapidly
decays to the target state | ,0) at decay rate «,, which is mainly
due to the large photon emission rate of the readout resonator.
We consider a qubit-resonator coupled system described by the
Jaynes-Cummings model. In the dispersive regime, there is no
population exchange due to the large detuning between the qubit
and the resonator. The external flux @ is modulated as
O(t) = ® + @, cos(w,,t + 0,,), where @ is the parking flux and
D, Wy, 0,, is the flux modulation amplitude, frequency and
phase, respectively. Due to the nonlinear dependence of the qubit
frequency on the flux bias, the qubit frequency w.(?) is, in general,
described by a Fourier series with non-trivial higher-order terms,
ie. w,(t) =w, + > AW cos[k(w,,t + 6,,)] where A® are the
Fourier coefficients and @, is the average frequency in the
presence of the modulation3!. In the case of small modulation, we
take the leading term of the qubit frequency as an approximation,
ie w,(t) ~ @, + Ag"l) cos[a(w,,t + 6,,)], where a =1 for the qubit
parked away from the sweet spot, and a =2 for the qubit parked
in the sweet spot (in the latter case the odd Fourier coefficients
AZHD vanish3l). The oscillation of the qubit frequency induces a
series of sidebands @, + nw,,, where n is an integer. When the
frequency of one sideband satisfies the constraints

nw, = —A = w, — @, the transition between the states [e,[)

and

g1+ 1) is activated. The effective coupling strength can be
(@) .

derived as g, = g,.J n(’:‘ﬁ)e’ﬁn, where g is the averaged coupling

strength between the qubit and the resonator during the

modulation, J,,(x) are Bessel functions of the first kind, and §8, =

(@)
n0,, — “2sin(a,,) is the interaction phase3!.

We consider the single excitation subspace spanned by

{le,0), |g, 1>}, within which the dynamics of the reset protocol
can be modeled by the non-Hermitian Hamiltonian
0 | gn|eiﬁn
Heff = —ip, . ) (1)
g le K, /2

where |g,| is the absolute value of g,, and the non-Hermitian
term — ix,/2 accounts for the decay of the photon in the
resonator. The population evolution can be expressed as
Py, (t) = |(s|e*iHen'f|so>|2, where the system is initially prepared
in the state ’50>) and |s) is one of the states {|e, 0), ’g, 1>}.

The real parts of the eigenvalues {A;} of H.s determine the
oscillation rate of Py (f), while the imaginary parts of {As

determine the exponential decay rates. We define the reset rate
I' = 2min,(|Im[A;]]) as it is the smallest value of the decay rates
and determines the overall protocol reset speed. Three different
regimes are possible — corresponding to overdamped, critically
damped and underdamped oscillations of Py (¢), respectively - and
our qubit reset works in all three regimes. For small modulation
amplitudes, ie., |g,| < /4, the reset is in the overdamped regime
where the excited state population decays without oscillating. In this
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Fig. 1 Schematic of the reset process and diagram of the device. a Jaynes-Cummings ladder diagram of the qubit-resonator coupled system. |g), |e) and
|0), 1) denote the qubit and resonator lowest two states respectively. The dashed light red circle represents one of the sideband modes induced by the
parametric modulation. The dashed arrow labeled k, illustrates the decay process of the resonator. b Simplified circuit diagram of the chip. Each transmon
qubit is coupled to a readout resonator and an individual Purcell filter. The readout signal is amplified by an impedance-matched Josephson parametric
amplifier (IMPA). ¢ Typical transmon resonance frequency w, with respect to the flux bias. The reset pulse is generated by AWG. After 30 dB attenuation,
it is added to the flux control line. The qubit's frequency modulation (brown) activates effective coupling between the qubit and its readout resonator and
facilitates the reset process. Two cases are depicted: (1) operation point at or near the sweet spot (cyan, main text); (2) operation point away from the

sweet spot (orange, Supplementary Note 5).

regime, the reset rate I' increases with the modulation amplitude. At
the critically damped point |g,| = «,/4, the population shows a
maximum reset rate x,/2 with no oscillation. When the modulation
amplitude satisfies |g,| > x,/4 the reset becomes underdamped, and

the population oscillates at rate y/4|g,|* — k2/4, and the reset rate

remains at x,/2.

Experimental realization. Our experimental setup is depicted in
Fig. 1b and consists of three transmon qubits?>41. Each transmon
is capacitively coupled to a resonator with frequency w,/27 from
6.44 GHz to 6.68 GHz and coupling strength g, /27 around 80
MHz. Individual Purcell filters*>#3, implemented by 1/4 resona-
tors, are inductively coupled to each readout resonator, and XY
control and flux control (Z) lines are coupled to each qubit.
Fig. 1c displays the frequency w, of a transmon qubit with respect
to the flux. The reset pulse is generated from an arbitrary
waveform generator (AWG). After 30 dB attenuation, it is fed
into the Z line, which results in frequency modulation of
the qubit.

We first demonstrate parametric reset on isolated Q1 (Q2, Q3
are tuned to their minimal frequencies through a fixed DC bias).
Fig. 2a shows the detailed sequence: A m-pulse is applied through
the XY driveline to prepare the qubit in state |e). A sinusoidal
parametric reset pulse A sin(w,,t) of duration 1000 ns is applied
through the Z line, with amplitude A and frequency w,,. Finally,
Q1 is measured by the traditional dispersive readout. Fig. 2b
shows the measured |e) population after this reset process, as a
function of modulation amplitude A (displayed in units of the
magnetic flux quantum @,).

Several strips—labeled n=1,2,3, and corresponding to n-th
order modulations—are visible, where the population of |e) drops
dramatically compared to other regions. In these regions, one of
the qubit’s modulation sidebands is close to the resonator
frequency, and the population transfers from the qubit to the

resonator. When the operation point (w,/27 = 5.784 GHz, w,/
2= 6.441 GHz, A/2n = —0.659 GHz) of the transmon qubit is
close to the sweet spot, the qubit frequency will undergo two
oscillations for every cycle of the parametric drive. As previously
described in the theory section, the actual qubit modulation
frequency is thus 2w,, twice that of the flux modulation
frequency w,,. There are several thin and unmarked strip-
shaped regions in the figure due to the imperfect match between
the operation point (0.004 @,) and the sweet spot. It is worth
noting that sweet spot operation is not a requirement for our
parametric reset protocol, and non-sweet spot operation is also
suitable (see Supplementary Note 5). Three points A, B, C in the
n =1 region were selected and, for each point, the qubit was first
prepared in the |e) state and the population p, of |e) was then
measured as a function of the duration of the parametric reset
pulse 7 by direct readout measurements (see Fig. 2c). Corre-
sponding to small modulation amplitude, point A (blue) lies in
the overdamped regime where the |e) state population decays
slowly and without any oscillation. At point C (red), the
modulation amplitude is large, and the |e) state population
oscillates heavily, corresponding to the underdamped regime.
Solid lines are fit to the theoretical model for Py, (f) (Supple-

mentary Note 4). From the fitting, we extract ;' of 46 ns, which
agrees with the direct measurement of the photon decay
(k71 2 50 ns) of the resonator via AC Stark shift*4. The insert
displays I'/x, vs. |g,|/x, predicted by theory, where T is the reset
rate for qubit state |e). I'/«, increases in the overdamped regime
and saturates at x,/2 in the underdamped regime. Results for
point B, chosen to be close to the critically damped point, are
displayed in green in Fig. 2c and show a population decay much
faster than in the overdamped regime, with no oscillations
observed. A master equation simulation was performed of the
whole process using all experimental parameters, and the results
are shown in Fig. 2d. Due to the limited sampling rate of the
AWG, the amplitude of the modulation signal is heavily
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Fig. 2 Realization of the parametric reset on Q1. a Experimental sequence of the parametric reset. A z-pulse is applied to the qubit and followed by a
sinusoidal parametric reset pulse. The amplitude A and angular frequency w,, are two adjustable parameters. b Two dimensional scan of the |e) population,
pe When wq/27=5.784 GHz, w,/2n = 6.441GHz, A/2x = — 0.659 GHz. The x-axis is the parametric amplitude in the magnetic flux quantum ®q and the
y-axis is the modulation frequency. First, second, and third-order modulations are labeled n=1, 2, 3, respectively. ¢ Time evolution of the excited state
population, after parametric modulation corresponding to the three points A, B, C in the n=1region in b. Dots are the raw data acquired by direct readout
measurements, and solid lines are fits to the theoretical model. The insert shows theoretical values of I'/k, vs. |g.|/k, where I is the reset rate of the qubit
during the reset process. d Master equation simulation of the whole process with the same parameters as the experimental (b).
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Fig. 3 Residual |e) state population measurement and improvement of the readout fidelity. a Residual |e) population measurement with Reference (red)
and Signal (blue) Rabi oscillations with solid sinusoidal fitting curves. From the fitting, two Rabi amplitudes(Asjg and A,es) can be extracted. The Reference
and Signal pulse sequences are shown in the upper left corner. P1 and P2 are two measured points in b. b |e) population measurement with different
parametric reset pulse duration z. Each data point is acquired by a "two-point method" described in the main text. At 34 ns, the population of the |e) decays
to the first minimum value 0.08 £ 0.08% and remains below 0.1% after 1000 ns. The error bars are statistical (+1 s.d.) with 50 repetitions. ¢ Readout
fidelity enhancement with the 34 ns parametric reset pulse. The circles (squares) display the 1Q analysis with (without) the 34 ns parametric pulse. Both
|g) (blue) and |e) (red) are prepared and measured. When preparing the |g) state, the residual |e) state population due to the thermal excitation decreases
more than one order of magnitude after applying the parametric reset pulse. The readout fidelity consequently improves from 96.13% to 99.43% for |g)
and 92.69% to 96.05% for |e) respectively.

attenuated by the analog reconstruction filter at a high frequency. | f > (second excited) states in the sequence shown in Fig. 3a. To
We reproduce this lowpass filter effect of the AWG in our acquire the Reference data (red squares), we first apply a 7-pulse
simulation and .ﬁnd.the main feat}lres agree with the experiment 4 flip the population between the ‘ g) and |e) states, then perform
very well. In situations where high-frequency modulation is a a rotation around X between |¢) and | £) of angle 8 (6-pulse)
must (e.g., in the case of large detuning between the qubit and . . A )
.o Varying the angle 0 results in Rabi oscillations of the |e) state

resonator and where the first-order region is preferred), the AWG ) A
population, as the Reference (red) shows. The solid line is a

can be replaced with a microwave source to overcome this ¥ . X : .
P sinusoidal fitting. For the Signal data (blue circles), no m-pulse

limitation. . . o .
To measure the residual |e) state population, we perform a Rabi between ’ g> and |e) is applied. However, there is still a visible and
relatively small Rabi oscillation due to the residual thermal |e)

population measurement (RPM)!%4> involving both the |e) and
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population. The final portion of residual |e) population p, is
calculated by Age/(Agig + Arer), Where Ars and Ag;, are the fitted
amplitudes of the red and blue oscillations, respectively. Without
any parametric reset, the measured |e) residual excited state
population is around 2.38 + 0.06% which corresponds to a 75 mK
effective temperature.

We attribute this relatively high effective temperature to stray
infrared radiation and insufficient thermalization of the sample
box to the cold finger, which can be improved by careful shielding
and better thermal contact*>4°. The time evolution of point C is
shown in Fig. 2c. When 7= 34 ns, the |e) state population decays
to its first minimum and reaches a steady low level after 1000 ns.
Both the first minimum and steady-state points are of practical
significance. The former is useful when reset speed is the priority,
and the reset protocol does not need to be reused immediately;
the latter is insensitive to parametric modulation time and
requires fewer calibrations. To reduce measurement error and
accurately deduce the |e) residual population after the parametric
reset pulse, a "two-point method"4> was used to increase the data
acquisition efficiency. Instead of measuring the whole trace as in
Fig. 3a, only the maximum and minimum points of the oscillation
— marked as P1, P2—were measured (2x 10° times each) to
determine each value of p,. Fig. 3b shows the residual population
of excited state |e) after variable parametric reset duration T
deduced via this two-point method. Each point corresponds to 50
measurements of p, with one standard deviation error bar. The
minimum residual population reaches 0.08 + 0.08% at 34 ns and
remains below 0.1% after 1000 ns, outperforming all existing reset
schemes (Supplementary Note 3). Based on the rate model from
Supplementary Note 6, we estimate the residual excitation
population to be 0.02% in thermal equilibrium.

The parametric reset process decreases state preparation error,
yielding better readout fidelity, as it effectively reduces the
thermal population as illustrated by Fig. 3c, where circles
(squares) represents the measurement with (without) the 34 ns
parametric reset pulse. With the parametric reset, the thermal
excitation p, is reduced by more than an order of magnitude
when preparing the | g) state. Performing state discrimination
analysis yields a significant improvement of the readout fidelity
with ’g> from 96.13% to 99.43% and |e) from 92.69% to 96.05%,
respectively.

Reset of the ‘ f) state by two-tone parametric drive. Leakage to
the second excited state ’ f) can be an important source of error
during two-qubit gates*” and measurements?8. In this section, we
extend the single-tone parametric modulation scheme to one that
uses two-tones in order to achieve effective |f) state reset. In this
case, the reset pulse has the form A, sin(w, t) + A, sin(w,t), where
Ay, A, and wy, w, are the amplitudes and frequencies of the two
tones used, respectively, and the corresponding Fourier expansion
of the qubit frequency has four main frequency components:
2wy, 2w,, wy = w,. As shown in Fig. 4a, depletion of the |f> state
comprises two processes. First, one frequency component of the
parametric modulation causes |f, O> to interact with |e, 1), with
the latter decaying to |e,0) at the resonator dissipation rate «,.
Similarly, |e, 0) decays to |g,0) via the second frequency com-
ponent of the modulation. Fig. 4b is a scanned map of the |e) state
population after a 1000 ns two-tone parametric reset pulse, with
the qubit initially prepared in the { f > state. We consider the case
where A; = A,, and scan w;/27 and w,/27 from 230 MHz to 730
MHz. Two spider-like regions can be seen in the figure, one
consisting of multiple blue strips and the other consisting of
multiple yellow strips. These two regions correspond respectively
to the first and second decay processes mentioned above. Six of

these colored strips are annotated in the figure, where strips 1,2
(4,5) correspond to the regions where 2w, = —A
2wy = —A — 1), and strip 3 (6) corresponds to the region
where w, +w, = —A (0, + w, = —A —#). Here, n=—254
MHz is the anharmonicity of Q1. We perform a master equation
simulation of this two-tone parametric reset process and find that
the results (Fig. 4c) closely agrees with the experiment. See
Supplementary Note 8 for more scan maps and theoretical
explanation. In the rhombus area marked R in Fig. 4b, where
strips 1 and 6 intersect, the two decay processes coexist, and the
region is thus suitable for fast depletion of the ! f) state. In
Fig. 4d-e we consider the case where A, = 1.84; and measure the
time evolution of the | g)le|f > states in the R region. Circular
data points in these figures are experimental data, and the solid
lines fit to a multi-level decay model®. The in-phase(I) and
quadrature(Q) components of each state from the readout are
shown inset in Fig. 4e. The qubit was prepared in the |e) (Fig. 4d)
and ‘ f > (Fig. 4e) states, respectively, and the population of all
excited states 1 — P, is shown in Fig. 4f. The excited population
for both initial states shows nearly exponential decay and reaches
the readout floor within 600 ns (initial state: |e)) and 1000 ns
(initial state: | f)). From the multi-level decay model®’, we esti-
mate the decay rates to be 1/100 ns for state |e) and 1/117 ns for
| f) during the reset process. The measured reset fidelity is
99.23%, limited by the readout fidelity.

Scalability of the protocol. To study the protocol’s scalability,
parametric resets were simultaneously performed on two qubits
Q1 and Q2. In this case, all qubits were tuned to operation points
near their sweet spots. The sequence is shown in the top part of
Fig. 5a. Both qubits are prepared in the |e) state by a n-pulse, and
parametric modulation is applied separately to each qubit
through their associated flux lines. The time evolution of the
excited state population p, of the qubits is measured with varied
reset duration 7. As seen in Fig. 5a, p, decays quickly and remains
at a low level from 2 ys onwards, demonstrating the feasibility of
our parametric reset protocol in a multi-qubit system. One dis-
advantage of previous reset protocols involving flux pulses!”-18 is
that the Z pulse for the reset can significantly affect all subsequent
gates?0°0->2 or cause a frequency shift of neighboring qubits®3.
The parametric modulation we propose consists of one or two
frequency components only and thus has negligible effects on
neighboring qubits. To prove this, Clifford-based randomized
benchmarking (RB) was performed on Q2(Q3) when Q1 was
reset with a single-tone parametric pulse (the results of RB with
two-tone reset are given in Supplementary Note 10). From the RB
data (Fig. 5b), we find that the reset process decreases the average
gate fidelity by only 0.08% for nearest neighbor qubit Q2, and has
almost no effect on the next-nearest neighbor qubit Q3, with only
0.03% fidelity difference. To further probe the effect of the reset
process on the neighboring qubits, we have also performed a
series of Ramsey measurements, with results given in Supple-
mentary Note 7. Together, these experiments demonstrate that
our parametric reset protocol has a negligible effect on adjacent
qubits in terms of coherence, frequency and gate fidelity.

Discussion

In our single-tone parametric scheme, the first minimum point
has practical significance when there is no immediate gate on the
same qubit or when gates are immediately applied to other qubits,
such as in state transfer®* or quantum simulations°. In scenarios
where photon depletion of the resonator after qubit reset is a
must, a 5/x (250 ns) duration passive wait is sufficient to deplete
the mean photon number below 0.01, corresponding to a
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Fig. 4 Two-tone parametric modulation. a Jaynes-Cummings ladder diagram of the two-tone parametric modulation process. |g), |e), |f) and |0), |1} denote
the lowest energy states of the qubit and resonator, respectively. The dashed pale red and green circles represent one of the sideband modes induced by
the parametric modulation. The dashed arrow labeled «, illustrates the decay process of the resonator. b Scan map of the |e) population after 1000 ns two-
tone parametric modulation. Before modulation, the qubit was prepared in the |f) state. Blue and yellow strips correspond to the |f,0) — |e, 1) — |e, 0) and
le,0) — |g,1) — |g,0) decay processes, respectively. ¢ Master equation simulation with experimental parameters from b. Time evolution of each qubit
state, with the qubit initially prepared as |e) (d) or |f) (e), and then reset with two-tone modulation. Inset figure in e is the 1Q plot of each state. f Time
evolution of all remaining excited states (1 — Pg). The gray dashed line is the readout floor.

negligible stark shift of 51.5 kHz. Taking re-thermalization
(Supplementary Note 6) into consideration, the net fidelity at the
end of this process is 99.86%. An alternative way to achieve
photon depletion of the resonator is to reset the resonator
actively®®>7. If speed is not a priority, a one-tone reset with the
modulation always on is an option, requiring 1000 ns and
achieving 99.9% fidelity. When ’ f) state leakage is not negligible,
two-tone modulation is preferable and it takes 1000 (600) ns for
both the |e) and | f > state (Je) only) to reach the 0.77% readout
floor. In conclusion, the parametric reset schemes we proposed
have a high degree of flexibility that allows them to be used in a
variety of different scenarios. We summarize the performance
and use case scenarios of our protocols in Supplementary Table 2.

We have demonstrated a parametric reset protocol realized in
transmon qubits which can be completed in 34 ns (284ns if one
waits an additional five times the resonator T = 1/k, time for
the resonator to deplete). The speed and fidelity 99.92% (99.86%
if 5/x, is included) of our approach outperforms all existing reset
schemes (Supplementary Note 3) and, furthermore, has the added
advantages of flexibility and scalability. In theory, the reset time
can be further decreased to less than 10 ns by increasing
the modulation amplitude of the reset pulse or by increasing the
coupling strength g, in the qubit design. Moreover, as the RB and
the Ramsey experiments show, our parametric modulation
induces negligible effects on neighboring qubits in terms of gate
fidelity, frequency and coherence. By extending the method to
using two-tone modulation, we are also able to achieve effective
| f > state depletion. Our methods give a practical and universal
way to reset tunable superconducting qubits and offer a pathway

to achieving high-fidelity reset in large-scale qubit systems.
Beyond qubit reset, parametric modulation-induced interaction
can also be used in thermodynamic reservoir engineering3”>8 and
quantum many-body simulations®. Furthermore, this work
provides an efficient way to entangle the qubit state with an
itinerant single photon, particularly useful in quantum commu-
nication and quantum network application>4>%60,

Methods

Hamiltonian with parametric modulation. We consider a qubit-resonator cou-
pled system, which can be described by the Jaynes-Cummings model (7 =1
hereafter)

Hy, = wle)(el + w,a’a+g,(a'o_ +ac,), (2)

where w, (w,) is the qubit (resonator) frequency, g, is the coupling strength
between the qubit and the resonator and o, (¢_) is the creation (annihilation)
operator of the qubit. In the interaction picture, when the qubit frequency is
modulated as w,(t) ~ @, + AW cos[a(w,t + 0,,)] (« an integer), to leading-term
approximation the system Hamiltonian can be expressed as

=] . _
Hypo= ¥ g,e™ntag, 4 he 3)
n=-—00

where g, =27, <£> e are the effective coupling strengths in the leading term,

g, is the averaged coupling strength during the modulation, 8, = naf,, —

(a)
AAsin(ocﬁm) is the interaction phase, and J,(x) are Bessel functions of the first kind,

aw,

and A = @, — w, is the effective detuning between the qubit and the resonator
during the sinusoidal modulation®!. Note that for transmon qubits, the modulation
of the qubit frequency also induces a modulation of the coupling strength, the full

expression of which can be found in reference3!.
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Fig. 5 Simultaneous parametric reset of Q1, Q2, and effects of reset pulse
on adjacent qubits. a Time evolution of Q1 (blue) and Q2 (red) |e) state
population when performing a parametric reset on both qubits simultaneously.
The population remains at a steady low level from 2 us onwards. The pulse
sequence for simultaneous parametric reset is inset. b Pulse sequence for
Clifford-based randomized benchmarking (RB) on Q2(Q3). During the RB,
either a parametric reset (with the same pulse duration as the m Clifford
gates) was applied to Q1 or, for comparison, no pulse was applied to Q1. ¢ RB
results for the scenario described in b. The error bars are statistical (1 s.d.)
with 30 repetitions. The average single gate fidelity standard deviation is
0.08%(0.03%) for Q2(Q3).

When the modulation frequency w,, satisfies the constraint naw,, + A =0 (for
integer n) the Hamiltonian approximates to H,,, = g,a0, + gia'o_ by ignoring
rapidly oscillating terms, and Rabi oscillations occur between states |e,l) and
lg.1+1).

Qubit reset rate. When the qubit is prepared in the excited state |e), the time
dependent population can be solved by the effective Hamiltonian H.g of equation
(1). The reset rate T can be derived as:

Ho—yfe—16lgF) llo/s

KY/Z ‘gﬂ|2KY‘/4

For |g,| = «,/4, the reset rate remains at x,/2 and is independent of the effective
coupling |g,|. For |g,| < k,/4, the reset rate I increases with the effective coupling. In
both cases, the reset rate is larger than the free decay rate of the qubit. The
population of the qubit during the parametric reset process can be modeled by

I = 2min(1m]) =

Py (1) = |{s] exp(—iH )]s ). 6)

where the system is initially prepared in the state |so>, and |s) € {le, 0), |g, 1>}.
When |50> = |e, 0), the population of the excited state p, can be shown to be

e_%t(%t—&- 1)2

5 [cos(Mt) + 15 sin(Mt)] ?

Ig,| = x./4
/16)g, 1> —K2
lg,| > &, /4, M =5
% [cosh(Mt) + fT'/Isinh(Mt)}z g, <x,/4, M= 7W
(6)

p. = Pele(t) =

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

DiVincenzo, D. P. The physical implementation of quantum computation.
Progr. Phys. Fortschr. Phys. 48, 771-783 (2000).

Schindler, P. et al. Experimental repetitive quantum error correction. Science
332, 1059-1061 (2011).

Fowler, A. G., Mariantoni, M., Martinis, J]. M. & Cleland, A. N. Surface codes:
towards practical large-scale quantum computation. Phys. Rev. A 86, 032324
(2012).

Reed, M. D. et al. Realization of three-qubit quantum error correction with
superconducting circuits. Nature 482, 382-385 (2012).

Slichter, D. et al. Measurement-induced qubit state mixing in circuit qed from
up-converted dephasing noise. Phys. Rev. Lett. 109, 153601 (2012).

Riste, D., van Leeuwen, J. G., Ku, H.-S., Lehnert, K. W. & DiCarlo, L.
Initialization by measurement of a superconducting quantum bit circuit. Phys.
Rev. Lett. 109, 050507 (2012).

Rigetti, C. et al. Superconducting qubit in a waveguide cavity with a coherence
time approaching 0.1 ms. Phys. Rev. B 86, 100506 (2012).

Place, A. P. et al. New material platform for superconducting transmon qubits
with coherence times exceeding 0.3 milliseconds. Nature communications 12,
1-6 (2021).

Egger, D. J. et al. Pulsed reset protocol for fixed-frequency superconducting
qubits. Phys. Rev. Appl. 10, 044030 (2018).

Geerlings, K. et al. Demonstrating a driven reset protocol for a
superconducting qubit. Phys. Rev. Lett. 110, 120501 (2013).

Johnson, J. et al. Heralded state preparation in a superconducting qubit. Phys.
Rev. Lett. 109, 050506 (2012).

Riste, D., Bultink, C., Lehnert, K. W. & DiCarlo, L. Feedback control of a
solid-state qubit using high-fidelity projective measurement. Phys. Rev. Lett.
109, 240502 (2012).

Salathé, Y. et al. Low-latency digital signal processing for feedback and
feedforward in quantum computing and communication. Phys. Rev. Appl. 9,
034011 (2018).

Campagne-Ibarcq, P. et al. Persistent control of a superconducting qubit by
stroboscopic measurement feedback. Phys. Rev. X 3, 021008 (2013).
Corcoles, A. D. et al. Exploiting dynamic quantum circuits in a quantum
algorithm with superconducting qubits. Phys. Rev. Lett. 127, 100501 (2021).
Roch, N. et al. Observation of measurement-induced entanglement and
quantum trajectories of remote superconducting qubits. Phys. Rev. Lett. 112,
170501 (2014).

Reed, M. D. et al. Fast reset and suppressing spontaneous emission of a
superconducting qubit. Appl. Phys. Lett. 96, 203110 (2010).

McEwen, M. et al. Removing leakage-induced correlated errors in
superconducting quantum error correction. Nature communications, 12, 1-7
(2021).

Krantz, P. et al. A quantum engineer’s guide to superconducting qubits. Appl.
Phys. Rev. 6, 021318 (2019).

Kelly, J. et al. Optimal quantum control using randomized benchmarking.
Phys. Rev. Lett. 112, 240504 (2014).

Magnard, P. et al. Fast and unconditional all-microwave reset of a
superconducting qubit. Phys. Rev. Lett. 121, 060502 (2018).

Zeytinoglu, S. et al. Microwave-induced amplitude-and phase-tunable qubit-
resonator coupling in circuit quantum electrodynamics. Phys. Rev. A 91,
043846 (2015).

Pechal, M. et al. Microwave-controlled generation of shaped single photons in
circuit quantum electrodynamics. Phys. Rev. X 4, 041010 (2014).

Blais, A., Huang, R.-S., Wallraff, A., Girvin, S. M. & Schoelkopf, R. J. Cavity
quantum electrodynamics for superconducting electrical circuits: An
architecture for quantum computation. Phys. Rev. A 69, 062320 (2004).
Wallraff, A. et al. Strong coupling of a single photon to a superconducting
qubit using circuit quantum electrodynamics. Nature 431, 162-167 (2004).
Blais, A., Grimsmo, A. L., Girvin, S. & Wallraff, A. Circuit quantum
electrodynamics. Reviews of Modern Physics, 93, 025005 (2021).

Li, J. et al. Motional averaging in a superconducting qubit. Nat. Commun. 4,
1-6 (2013).

Beaudoin, F., da Silva, M. P., Dutton, Z. & Blais, A. First-order sidebands in
circuit ged using qubit frequency modulation. Phys. Rev. A 86, 022305 (2012).
Strand, J. et al. First-order sideband transitions with flux-driven asymmetric
transmon qubits. Phys. Rev. B 87, 220505 (2013).

NATURE COMMUNICATIONS | (2021)12:5924 | https://doi.org/10.1038/s41467-021-26205-y | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Reagor, M. et al. Demonstration of universal parametric entangling gates on a
multi-qubit lattice. Sci. Adv. 4, eaa03603 (2018).

Didier, N., Sete, E. A., da Silva, M. P. & Rigetti, C. Analytical modeling of
parametrically modulated transmon qubits. Phys. Rev. A 97, 022330 (2018).
Caldwell, S. et al. Parametrically activated entangling gates using transmon
qubits. Phys. Rev. Appl 10, 034050 (2018).

Chu, J. et al. Realization of superadiabatic two-qubit gates using parametric
modulation in superconducting circuits. Phys. Rev. Appl 13, 064012 (2020).
McKay, D. C. et al. Universal gate for fixed-frequency qubits via a tunable bus.
Phys. Rev. Appl 6, 064007 (2016).

Hong, S. S. et al. Demonstration of a parametrically activated entangling gate
protected from flux noise. Phys. Rev. A 101, 012302 (2020).

Li, X. et al. Perfect quantum state transfer in a superconducting qubit chain
with parametrically tunable couplings. Phys. Rev. Appl 10, 054009 (2018).
Lu, Y. et al. Universal stabilization of a parametrically coupled qubit. Phys.
Rev. Lett. 119, 150502 (2017).

Wu, Y. et al. An efficient and compact switch for quantum circuits. Npj
Quantum Inf. 4, 1-8 (2018).

Royer, B., Puri, S. & Blais, A. Qubit parity measurement by parametric driving
in circuit qed. Sci. Adv. 4, eaaul695 (2018).

Koch, J. et al. Charge-insensitive qubit design derived from the cooper pair
box. Phys. Rev. A 76, 042319 (2007).

Barends, R. et al. Coherent josephson qubit suitable for scalable quantum
integrated circuits. Phys. Rev. Lett. 111, 080502 (2013).

Heinsoo, J. et al. Rapid high-fidelity multiplexed readout of superconducting
qubits. Phys. Rev. Appl 10, 034040 (2018).

Bultink, C. et al. Protecting quantum entanglement from leakage and qubit
errors via repetitive parity measurements. Sci. Adv. 6, eaay3050 (2020).
Jeffrey, E. et al. Fast accurate state measurement with superconducting qubits.
Phys. Rev. Lett. 112, 190504 (2014).

Jin, X. et al. Thermal and residual excited-state population in a 3d transmon
qubit. Phys. Rev. Lett. 114, 240501 (2015).

Kreikebaum, J. M. et al. Optimization of infrared and magnetic shielding of
superconducting TiN and Al coplanar microwave resonators. Supercond. Sci.
Technol. 29.10, 104002 (2016).

Marques, J. F. et al. Logical-qubit operations in an error-detecting surface
code. Preprint at https://arxiv.org/abs/2102.13071 (2021).

Sank, D. et al. Measurement-induced state transitions in a superconducting
qubit: beyond the rotating wave approximation. Phys. Rev. Lett. 117, 190503
(2016).

Peterer, M. J. et al. Coherence and decay of higher energy levels of a
superconducting transmon qubit. Phys. Rev. Lett. 114, 010501 (2015).
Foxen, B. et al. High speed flux sampling for tunable superconducting qubits
with an embedded cryogenic transducer. Superconductor Sci. Technol. 32,
015012 (2018).

Rol, M. A. et al. Time-domain characterization and correction of on-chip
distortion of control pulses in a quantum processor. Appl. Phys. Lett. 116,
054001 (2020).

Barends, R. et al. Superconducting quantum circuits at the surface code
threshold for fault tolerance. Nature 508, 500-503 (2014).

Chen, Z. Metrology of quantum control and measurement in superconducting
qubits. Ph.D. thesis (UC Santa Barbara, 2018).

Kurpiers, P. et al. Deterministic quantum state transfer and remote
entanglement using microwave photons. Nature 558, 264-267 (2018).

Ma, R. et al. A dissipatively stabilized mott insulator of photons. Nature 566,
51-57 (2019).

McClure, D. T. et al. Rapid driven reset of a qubit readout resonator. Phys.
Rev. Appl. 5, 011001 (2016).

Bultink, C. C. et al. Active resonator reset in the nonlinear dispersive regime of
circuit QED. Phys. Rev. Appl. 6, 034008 (2016).

58. Kienzler, D. et al. Quantum harmonic oscillator state synthesis by reservoir
engineering. Science 347, 53-56 (2015).

59. Kurpiers, P. et al. Quantum communication with time-bin encoded
microwave photons. Phys. Rev. Appl 12, 044067 (2019).

60. Zhong, Y. et al. Deterministic multi-qubit entanglement in a quantum
network. Nature 590, 571-575 (2021).

Acknowledgements

We acknowledge the support from the Key-Area Research and Development Program of
Guangdong Province (2020B0303030002 and 2020B0303030001), the State Key Devel-
opment Program for Basic Research of China (Grant No. 2017YFA0304300) and the
Strategic Priority Research Program of Chinese Academy of Sciences (Grant No.
XDB28000000).

Author contributions

S.M.A. and X.G. conceived the experiment and developed the theory. Y.Z., Z.X.Z. and
S.N.H. built the set-up and carried out the measurement. Z.L.Y. and Z.X.Z. performed
numerical simulations. Y.Z., ZX.Z., SM.A. and Y.R.Z. analyzed the results. Y.Z. and
Z.X.Z. wrote the manuscript. J.A. and S.M.A. edited the manuscript. ZX.Z. and X.X.
developed the software platform for the experiment. HK.L., X.H.S., ZZW. and D.N.Z.
prepared the sample. FM.L,, GLX,, QN.Y.,, M.Y.Z. and H.L.Z. developed room-
temperature electronics. S.Y.Z. supervised the project. All authors contributed to the
discussion of the results and the development of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-021-26205-y.

Correspondence and requests for materials should be addressed to Shuoming An.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available

Reprints and permission information is available at http://www.nature.com/reprints

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

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

© The Author(s) 2021

| (2021)12:5924 | https://doi.org/10.1038/s41467-021-26205-y | www.nature.com/naturecommunications


https://arxiv.org/abs/2102.13071
https://doi.org/10.1038/s41467-021-26205-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Bookmarks
	Rapid and unconditional parametric reset protocol for tunable superconducting qubits
	Results
	Theory
	Experimental realization
	Reset of the |f state by two-tone parametric drive
	Scalability of the protocol

	Discussion
	Methods
	Hamiltonian with parametric modulation
	Qubit reset rate

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


