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Abstract: For larger-scale quantum information processing, qubit reset plays an important role, as the
coherent times for qubits are limited. However, previous schemes require either long reset times or a
complex pulse calibration technique, leading to low efficiency in qubit reset. Here, we propose a fast
and simple reset protocol for superconducting transmon qubits based on the coupler-coupled qubits
architecture. In this setup, a mixing pulse is used to transfer the qubit excitation to the combined
excitation of a low-qulity coupler and readout resonator, which will quickly decay to their respectively
ground states, leading to efficient qubit reset to the ground state. Our numerical results show that the
residual population of the qubit’s excited state can be suppressed to 0.04% within 28 ns; the reset time
will be 283 ns if photon depletion of the readout resonator is required. Thus, our protocol provides a
promising way for the high-efficiency superconducting qubit reset.

Keywords: qubit reset; transmon qubit; high efficiency

1. Introduction

As quantum computers can solve some hard problems for classical computing [1-6], it
has attracted much attention in the last few decades. However, when a quantum computer
is running complex and/or large number of operations, it needs the ability to reset qubits to
their ground states quickly with high fidelity [7-11]. A simple reset scheme is to passively
wait for the qubit naturally dissipate to its ground state [12], and the reset time is longer
than the qubit relaxation times (Ty) [13], and thus is not preferable. Subsequently, active
qubit reset has been proposed to break through the limitation from T; and improve the
operational efficiency for qubits [14—22]. Recently, some active qubit reset protocols have
been demonstrated on many quantum computing platforms.

There are two types of active qubit reset protocols for superconducting circuits;
one is the measurement-based reset [14-16] and the other one is the non-measurement
reset [17-22]. In the measurement-based scheme, a qubit can be reset based on measure-
ment results. For instance, if the result is that the qubit is in excited state, a 7 pulse is added
to bring it back to the ground state [14]. However, this method relies heavily on qubit
measurement fidelity and low-latency feedback techniques [19]. For the non-measurement
scheme, a qubit is coupled to a low-temperature dissipative environment in a controlled
way. For superconducting qubits, the dissipation can be naturally provided by a low-quality
readout from a superconducting transmission-line resonator.

There are two mainly technical routes for the non-measurement reset of superconduct-
ing qubits [17-22]. One route is for the frequency-tunable qubit, which can be rapidly tuned
into resonance with the low-quality resonator [17,21,22]. However, it requires complex
calibration techniques to avoid the influence from the crosstalk on neighboring qubits.
Another route is to apply a microwave pulse to induce exchange interaction between the
qubit and a low-quality resonator [18-21]. However, this requires multiple microwave
pulses, which complicates its corresponding experiment realizations.

Appl. Sci. 2023,13, 817. https:/ /doi.org/10.3390/app13020817

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13020817
https://doi.org/10.3390/app13020817
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7612-1114
https://orcid.org/0000-0002-4458-8550
https://doi.org/10.3390/app13020817
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13020817?type=check_update&version=1

Appl. Sci. 2023,13, 817

2 0f 8

Here, we propose a fast and simple reset scheme for a superconducting qubit based
on one of the popular chip designs, i.e., the coupler-coupled-qubits architecture. We
first apply a mixing pulse to transfer the excited state of a superconducting qubit to the
doubly excited state of a coupler and a readout resonator. Then, the doubly excited state
will quickly decay to the ground states of the coupler and a readout resonator, due to
their short coherence times compared with the superconducting qubit. That is, we realize
fast reset for a superconducting qubit, which is used in a mainstream superconducting
qubit chip structure [23-30]. We use the black-box superconducting circuit quantization
method [31,32] to analyze the Hamiltonian of the setup, which can transfer the excited
state of a superconducting qubit to the doubly excited states of a coupler and a readout
resonator. The numerical simulation results show that population of the qubit’s excited
state can be suppressed to 0.04% within 28 ns. Meanwhile, if photon depletion of the
readout resonator is required, the reset time will be 283 ns, which is still far shorter than
the qubit decay time. Therefore, our scheme provides a promising way for the high-
efficiency reset of superconducting qubits, which is necessary for larger scale quantum
information processing.

2. Method

Here, we use the black-box superconducting circuit quantization method [31,32] to
analyze the Hamiltonian of the setup, the building block of which is shown in Figure 1a.
Firstly, the Hamiltonian of the Josephson junction can be described [33] by

H] = 4ECingi — E]Z COS @; (1)

where n; and @; = 4)6(111- +al) (i = ¢, q) are the corresponding charge number operator and
the phase difference. Under the black-boxing quantization condition [31], it is reasonable to
expand the latter in powers of the ¢;. Then, we can divide Equation (1) into the nonlinear
part and the linear parts. We have

N Pn
Hj = —E Tn 2
] <2Cjn + 2Ljn Jn | COS @y + 5 )’ ( )

where Lj,, Cjy, Qn and @, (n = ¢, q) are equivalent inductance and capacitance from the
circuit, and charge and magnetic flux of the Josephson junction, respectively.

Secondly, by decomposing two Josephson junctions in the coupler and qubit, the total
circuit now contains only two separated Josephson junctions, seven capacitors and three
inductors. To simplify the analysis of the circuit, we use the impedance network method to
analyze the circuit—that is, all the capacitances and inductances in the circuit are equivalent
to an impedance network Z(w), as shown in Figure 1b.

Thirdly, in order to transform the phase of the LC circuit into the phase of the junction,
the impedance network Z(w) is decomposed into a series of parallel LC resonant electric
circuits by using the Foster theorem [34] and the two-port network theory [35], as shown in
Figure 1c. The Hamiltonian of the circuit is

2 P2 Pl
n n
— 2 E 2
20, + oL, Jm | cos @ + > | 3)

m=c,q

Hi= )

n=c,q,r

where L, and C;, (n = c,q,r) are corresponding equivalent inductance and capacitance
from the impedance network Z(w), ¢1; = ¢c + ¢4 + ¢r and @) = kgj,.
Finally, to perform secondary quantization processing on the parallel LC circuit, we get

)3

n=c,q,r

2 2
_ t
ZCZ + ZLt, = Z wWna, . 4)

n=c,q,r
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By substituting Equation (4) into Equation (3), the Hamiltonian of the total system can
be rewritten as

H = wca:fac + wquzfraq + w,ajar
2 2
@ P
—Ej <cosq)]c+2]c> —Ejp (cosq)]q+2]q>, @)

where Ej; are corresponding Josephson energies and ¢; is corresponding superconducting
phase difference across the junction. At the same time, ¢1; = Yi—c 4, 9p(a; + al) and
®jc = kjy, where k is the impedance coefficient [31].
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Figure 1. (a) Simplified system diagram of the frequency-tunable coupler. (b) All capacitors and
inductors in the circuit form an impedance network Z(w). (c) The impedance network Z(w) is
decomposed into three series LC circuits by the Foster theorem and the two-port network theory.

3. Results

In this section, we detail our superconducting qubit reset protocol. We firstly reveal
the mechanism of our superconducting qubit reset scheme. Then, we introduce the deriva-
tion process of the Hamiltonian, which realizes superconducting qubit reset. Finally, we
numerically certify our scheme with experimentally reported parameters.

3.1. Summary of the Protocol

The qubit reset scheme is based on the scalable superconducting quantum chip archi-
tecture [23-30], where two superconducting qubits are connected to a frequency-tunable
coupler, as shown in the Figure 2a. For simplicity, we consider only the circuit model of
a single qubit. As sketched in Figure 2b, a frequency-tunable coupler (c) and a readout
resonator (r) couple to a superconducting transmon qubit (q) with coupling strengths g,
and g, respectively. In general, assuming /z = 1, the Hamiltonian of this circuit model is

Hy= Y wala;+ %azaiacac + %a;a;aqaq
ie{cq,r} (6)

+ 8eq (azaq + aca,;) + &yr (a;ar + aqa:),
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where a; (u:f) is the corresponding annihilation (creator) operator, w; is the bare frequency
of the corresponding mode and 7. and 7, are anharmonicity of a coupler and a qubit,

respectively.
a - ——-
( ) 9eq (C)
|_|_¢ |_| [1g91)
1
H Ke o7 | TSl Ky
TG e
-, o - e S
— = _10gl) — ——|190)
<S S Rag
i N [0e0) s
i Ry \\ // Ke
[ ] Coupler |0g0)

Coupler Qubit Readout

o+ Qubit

[ —— —— 1

Figure 2. (a) The circuit diagrams of system model. Two-dimensional arrangement structure of the
qubits and coupler and (b) circuit structure of specific system model. (c) Energy-level diagram of the
qubit reset process. The coupling strength between |0e0) and |1g1) states is G; and x;, and «. denote
the decay rates of readout resonator and coupler, respectively. Under the action of «, and «, the |1g1)
state can rapidly decay to |0g0) state.

Based on this circuit model, we introduce how to realize our superconducting qubit
scheme. Here, we apply a mixing microwave pulse to the superconducting qubit. With the
rotating wave approximation, the driving Hamiltonian is

Hy =€(t) (ei‘”dtaq + ef"“’dtaz;), (7)
where w, and €(t) are the frequency and the amplitude of the mixing microwave pulse,
respectively. For simplicity, we only consider the case where the pulse amplitude is

constant—that is, () = €. When the frequency w; meet the condition of w; = w, + w, — wg,
the effective Hamiltonian will be in the needed qubit reset form as

H =G (aca:;ar + azaqa:f), ®)

where G is the coupling strength. For the superconducting qubit in |e) state, the state of this
system could be transfer |0e0) state to |1¢1) state under the action of Equation (8). Finally,
the decay (the rate labeled as x. and «;) of the coupler and the readout resonator is used to
dissipate the system to |0g0) state, thereby realizing the reset of the superconducting qubit,
as described in Figure 2c.

3.2. Quantization of the System

As shown in the above, with a mixing microwave pulse, we can easily realize super-
conducting qubit reset with the assistant of two decays (x. and «;). To obtain the effective
Hamiltonian Equation (8), we first use the black-boxing quantization method [31,32] to
quantize the coupled system, and the quantize Hamiltonian is Equation (5), as shown in
the Method Section. Note that, when performing circuit analysis on a superconducting
circuits with frequency-tunable couplers that couple qubits, the SQUID-loop [36] of the
coupler can be equivalent to the single Josephson junction [37]. Therefore, the circuit in
Figure 2b is equivalent to Figure 1a.

In order to produce the desired coupling term, we add a mixing microwave pulse
to the system, and the Hamiltonian of the pulse is Equation (7). The Hamiltonian of the
system is

H=H,+H;. )
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Then, we use the displacement operator and the picture transformation to simplify
the Hamiltonian. Firstly, by displacement unitary, U; = exp(aa} — a*a,) to perform the
picture transform for the Hamiltonian of Equation (9). We have

d
H, = c]l:i{ U1 +U1HU1

A . 1,.2
= wealac +wata, +i <¢xa; —&"ag — §|¢x| ) + wy {a;aq - (oca,; + zx*aq> + |a|2}

P P
_Em<cos<p]q1+ > >—E,C<cosg0]d+ éc)

+e (ei‘*’dtaq + e_i‘*’dta:;) — e(ei‘*’dtuc + e‘i“’dta*), (10)

where ¢j;1 = @j, — ¢p (¢ +a*),and ;1 = kgjq1. To get the similar form of the Equation (5),
we can achieve this goal by selecting the appropriate a. Thus, this parameter « satisfiess
two conditions; that is,

i(u’ca; — éz*a,,) —wy (aa‘; + a*u,,) + e( “"dta + e Wty +> =0, (11)

and e[exp(iwyt)a + exp(—iwyt)a*] is time independent. By solving the differential equa-

tions, we have
€ 71’(4],115
0= ——e , 12
A (12)

where A = w; — wy. Substitute Equation (12) into Equation (10): we get

H, = wca’LaC + a)qu*aq + wra*ar
PTe1 Pin
—Ej. (COS Pje1 + ;C > —Ejp (COS P11+ ;q ) (13)
Apply a transformation with respect to U, = expli (wqa;raq + wealac + weata,)t] to
Equation (13); we get
dLl
H; = dt2 u2 + UZHZUZ
9 9
J
= —Ej | cos¢j, + Tq —Ejc (cos Pl + g ), (14)

where ¢, = ¥ic,q,{@jla: exp(—icwit) + af exp(iwit)]} + pf(e/ A)[expiwat) +exp(—iwqt)]
and q)’IC = kq)’lq. Then, we expand the cosine term in Equation (14) to the fourth order and
remove the constant term. We have

(”]q

" (15)

H3 = —Ej——

where the E; = Ej; + k4E]C.
In order to get the three-coupling term of the Hamiltonian intuitively, we could expand
the ¢} q4, remove the constant term and ignore the high-frequency term. Thus, Equation (15)

can be written as
H3 = H; + H, + Hs. (16)

The first part is the contribution terms

H; = G(aca;a,em + ajaqa:re_i‘”), (17)
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where G = —(¢})?(e/A)p5phE), and 6 = wy — We — wy + wy is the frequency of the
coupling term. The second part is the terms which contribute nothing to our reset scheme:
H, = —%azazacac — Xc,a;raca;ra, — cha:aca;aq — era:;aqa;ra,, (18)

where x. = (¢5)*E; /2 is the self Kerr of the coupler and xcr = (¢5¢4)°E}, Xeq = (9590)E},
Xgr = (994 )?E] are the dispersive coupling of the corresponding mode. As these coef-
ficients are small quantities relative to G; the effect of these terms is negligible in the
Hamiltonian Hj. The third part is the Stark shift caused by a mixing microwave pulse.

H; = )(Sa;aq, (19)

where xs = (¢§)*(e/A)*E;. Due to the shift, the superconducting qubit transition fre-
quency (wj) is approximately at the Stark-shifted superconducting qubit frequency w, — As.
This will make the frequency of the mixing microwave pulse not match the frequency in
Equation (17), affecting the reset effect of the superconducting qubit. Here, we compensate
for the excess frequency A; by optimizing the frequency and amplitude of the mixing
microwave pulse; that is, wy; = wc + wy — wg + As. Thus, the effective Hamiltonian in
Equation (17) plays a dominant role in the total Hamiltonian in Equation (16).

3.3. Numerical Simulation

In this subsection, we carry out numerical verification of our reset scheme and analyze
the result. Here, we set w; = 27 x 5 GHz, w, = 27 x 6 GHz, 5. = —27m x 254 MHz,
g = —2m x 254 MHz [21], k1 = x-! = 50 ns and Kq’l = 11.5 us. Obviously, there
are three variable parameters in the Hamiltonian expressed by Equation (12)—that is,
€, w; and w,. We also consider the resonant coupling of Equation (13)—that is, § = 0.
With respect to the resonant condition § = 0, we can get w, as a function of wy, which
is we = wy + wy — wy. Therefore, we can optimize the effect of superconducting qubit
reset by adjusting the amplitude € and frequency w; of the mixing pulse. We perform a
numerical simulation for our superconducting qubit reset scheme by using the Lindblad
master equation of

p1=—ilH,p]+ Y {%gqmi a| +2|1>i<2|)} (20)

i=cr,q

where p; is the density matrix of the considered system, .Z(A) = 2A4p; A" — AT Ap; —
p1.AT A for operator A and ; is the corresponding decoherence rate.

The residual excitation population of a qubit is an important indicator for measur-
ing the superconducting qubit reset scheme. Here, we optimize the residual excitation
population of a qubit by adjusting the amplitude € and frequency wy of the mixing pulse.
By calculating, we have xs = 271 x 11.2 MHz and G = 27 x 23.4 MHz of point A. The
frequency A is produced by x;, which has been canceled by the frequencies w; of the
mixing microwave pulse at optimum point A (¢ = 27 x 240 MHz and w; = 27 x 8.2 GHz)
of Figure 3a. Therefore, the best effect of the superconducting qubit reset at optimization
point A, that is, |0e0) state, can be suppressed to 0.04%, as shown in Figure 3b. In addition,
the qubit reset time is also an important indicator for measuring the superconducting
qubit reset scheme. Thus, we numerically simulate the change in the population of the
excited states of the qubit with time. As shown in Figure 3b, we show that the |0e0) can
be suppressed to 0.04% within 28 ns (population of the |e) decay to first minimum value).
Meanwhile, our results show that the residual excitation population of the superconducting
qubit can be suppressed to 0.1% within 283 ns if photon depletion of the readout resonator
is required. Therefore, our approach provides a promising way for the highly efficient
superconducting qubit reset from the perspective of qubit residual excitation population
and reset time.
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References

Figure 3. (a) Two-dimensional scan of the |0e0) population by adjusting the amplitude (¢) and the
frequency (w) of the mixing pulse. (b) Time evolution of the qubit excited state population, after para-
metric optimization corresponding to the point A, with € = 27t x 240 MHz and w,; = 27t x 8.2 GHz.
At 28 ns, the population of the |0e0) decays to the first minimum value 0.04% and remains below
0.1% after 283 ns.

4. Discussion and Conclusions

We demonstrated a fast and high-fidelity protocol which has the ability to reset a fixed-
frequency qubit to 0.04% in 28 ns without measurement or using a complex pulse. A mixing
pulse on the qubit induces the Rabi oscillation between |0e0) and |1¢1), and the state |1¢1) can
quickly decay to [0¢0) due to large k. and k,. This fast and high-efficient reset of the qubit’s
excited state has practical significance, as it enhances the execution speed of the quantum
algorithm or the quantum simulation based on a scheme with quantum gates. Meanwhile,
based on our scheme, the pulse shape can be further optimized to an arbitrary time-dependent
form to promote the fidelity of operation, or to keep the first minimum point for a much longer
time, which can meet different requirements for various quantum tasks.
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