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The Loschmidt echo is a useful diagnostic for the perfection of quantum time-reversal process and the sensitivity of
quantum evolution to small perturbations. The main challenge for measuring the Loschmidt echo is the time reversal of a
quantum evolution. In this work, we demonstrate the measurement of the Loschmidt echo in a superconducting 10-qubit
system using Floquet engineering and discuss the imperfection of an initial Bell-state recovery arising from the next-nearest-
neighbor (NNN) coupling present in the qubit device. Our results show that the Loschmidt echo is very sensitive to small
perturbations during quantum-state evolution, in contrast to the quantities like qubit population that is often considered in
the time-reversal experiment. These properties may be employed for the investigation of multiqubit system concerning
many-body decoherence and entanglement, etc., especially when devices with reduced or vanishing NNN coupling are

used.

Keywords: superconducting qubit, quantum simulation, Loschmidt echo, Floquet engineering

PACS: 03.67.Lx, 03.67.Bg, 03.65.Ta, 85.25.Cp

1. Introduction

The Loschmidt echo is a measure of the recovery of
evolving quantum state when a time-reversal procedure is ap-
plied to the system, which can be used to quantify the sensitiv-
ity of quantum evolution to perturbations.!!! It is a well-known
diagnostic of quantum chaos that captures the dynamical as-
pect in the time domain and has many applications. Suppose
that an initial quantum state |y) evolves for time ¢ under a
Hamiltonian H; and another Hamiltonian H, is applied be-
tween ¢ and 27 in order to recover |yp). In practical situa-
tions, it is not realistic to have H, exactly equal to —Hj, which
would lead to a perfect recovery of |yp). The existing differ-
ence AH = H, + H; between H, and —H| then gives rise to an
imperfect recovery of the initial state.

Due to its special properties, the Loschmidt echo has been

el>3 and entanglement!*!

employed to quantify decoherenc
in many-body systems, and has also been used recently for
coined discrete-time quantum walk study."! In the supercon-
ducting multiqubit systems, the detection of dynamical phase
transitions!® and the characterization of time reversibility for

the out-of-time-order correlator (OTOC) measurement!”! have
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been reported. The OTOC is a recently proposed measure of
quantum information spreading and scrambling in chaotic sys-
tems, which is shown to be directly linked to the Loschmidt
echo in its thermal average.!®]

One of the key challenges for experimentally measur-
ing the Loschmidt echo is the time reversal of quantum-state
evolution. In this work, we use Floquet engineering for the
first time to realize the reversal process and demonstrate the
measurement of the Loschmidt echo in a superconducting 10-
qubit chain. Floquet engineering, using time-periodic driv-
ing, is a powerful tool for the manipulation of quantum states
and the control of their dynamic processes.!”) It has been
applied in superconducting circuits for implementing qubit
switch,[19 qubit-state stabilization,!!!! high-fidelity quantum

[12.13] quantum state transfer,['* and the model of topo-

gates,
logical magnon insulators./>! Taking the advantage of its fea-
sibility in tuning both the magnitude and phase of the coupling
between the nearest-neighbor (NN) qubits, the measurement
of OTOCs and operator spreading have been demonstrated in
a recent experiment.['% Here, using the Bell state as the initial

state, we experimentally study the Loschmidt echo and discuss
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the imperfection of the recovery arising from the coupling be-
tween the next-nearest-neighbor (NNN) qubits and the on-site
interaction in the specific superconducting multiqubit Hamil-
tonian which are not time reversible. Our results indicate that
the Loschmidt echo is very sensitive for probing small pertur-
bations in the quantum-state evolution process, as compared
to, for instance, monitoring the qubit excited populations dur-
ing a time forward and backward state evolution.

2. Device information

In Fig. 1, we show the capacitively coupled chain-like 10-
qubit device used in the present work. Each qubit has a mi-
crowave line for XY control and a flux bias line for Z control,
and is coupled to a A /4 readout resonator that in turn couples
to a transmission line for the measurement. The measurement
setup and method have been described previously.!!®) The XY
pulse, Z pulse, qubit-state readout, pulse sequence timing, and
gate fidelity are carefully calibrated. The device parameters

are listed in Table 1. The frequency of the readout resonator

f; ranges from 6.545 GHz to 6.729 GHz, while the maximum
qubit frequency f, varies between 5.097 GHz and 5.895 GHz,
and f; is the qubit frequency at the idle point. U is the qubit
on-site interaction. The energy relaxation time 77 and the de-
phasing time 7, are measured at the idle point. The NN and
NNN coupling strengths g; j+1 and g; ;1> are measured at the
working point of 4.35 GHz. F, and F; are the readout fidelities
of the ground and first-excited states, respectively.

Transmission line Readout resonator

AR R

Fig. 1. Optical micrograph of the superconducting processor containing 10
transmon qubits arranged into a chain. Each qubit has a microwave line for
the XY control, a flux bias line for the Z control, and a readout resonator for
measurement.

Table 1. Basic device parameters. f; is the readout resonator frequency, fn, is the qubit maximum frequency, and f; is the qubit idle frequency.
U is the qubit anharmonicity. 7; and T are the energy relaxation time and dephasing time of the qubit at idle point, F; and F are the
readout fidelities for the ground and first-excited states, g; ;11 and g; j;2 are the coupling strengths of the nearest-neighbor (NN) and the
next-nearest-neighbor (NNN) qubits, and 8 fg is the detuning for the experiment with |®) as the initial states.

[ O 03 04 Os Os 07 Os Q9 Qo

fr (GHz) 6.545 6.563 6.587 6.609 6.630 6.648 6.642 6.689 6.709 6.729

fm (GHz) 5.308 5.896 5.387 5.097 5.144 5.395 5.327 5.804 5.389 5.726

fi (GHz) 4.454 5.457 4.687 5.018 4.519 5.331 4.945 5.555 5.186 4.820

U/2n (MHz) —212 —264 —-210 —268 —212 —268 —214 —264 —214 —264

T (us) 47.6 26.3 40.4 17.5 23 29.3 46 30.8 38.2 29.3

T (us) 1.97 2.34 1.74 6.36 2.12 36.7 2.63 3.79 3.51 1.54

Fy (%) 97.2 99.2 99.2 99.7 98.1 99.4 99.3 99.4 99.3 99.3

F. (%) 90.4 92.6 92.4 90.7 90.3 91.7 89.9 91.7 92.5 85.6
gj.j+1/2m (MHz) 10.72 10.73 10.99 11.05 10.88 10.48 10.86 10.79 10.78

gj.j+2/2% (MHz) 0.98 0.49 0.96 0.49 0.96 0.49 0.97 0.48
dfe (MHz) 0.950 —0.090 0.002 —0.565 —0.622 0.934 —0.869 0.563 —0.704 1.613

3. Experimental method

In the rotating frame with a common frequency, the sys-
tem is governed by the 1D Bose—Hubbard model!!"~1°]

9 10
=Y gjjr1(@ajn+he)+ Y ;)i +Vu+Vx, (1)
j=1 j=1

where

8
Aij—1)and W = ZgJ"Hz(d;&Herh.c.)

Uil
2" “

10
are the on-site interaction and NNN coupling terms, respec-
tively, &} (@) is the bosonic creation (annihilation) operator,
ta ;j is the number operator.

J
we tune the qubit frequency with ac magnetic flux to have

and A, = d In our experiment,

w;(t) = €jcos(vt), with v and €; being the ac frequency and

amplitude, respectively. The Hamiltonian H (¢) thus describes
= H(t+T) with a period of
T =2n/v. With v>> g; ;i1 and first neglecting Vi and Wy,
we obtain a time-independent Hamiltonian in spin language!®!

a Floquet system satisfying H (t)

eff— Zgjj+l + /+1+ +1G ) (2)

=
in which 6% = (6% £i6”)/2 with 6% being Pauli matrices.
The effective coupling strength has the form!®!

171“‘1) , 3)

g~ g,-,,-+1jo( "
where Jy(x) is the Bessel function of order zero.

The effective coupling strength between the NN qubits
can thus be tuned by changing &; and v/2x. It follows the

Bessel function which can be positive or negative leading to

030307-2



Chin. Phys. B 31, 030307 (2022)

a time-reversible system I:Ieff. In order to have a common
coupling strength between each NN qubit pair, we fix v/27
= 120 MHz and only drive the odd qubits with the same
amplitude |€;| = €, so the coupling strength approximates
g;jJo(e/v). In addition, we stagger the phase of the applied
flux with €1,€s5,89 = € and &3, = —€ to partly reduce the
unwanted NNN coupling. In this way, we are able to set iden-
tical coupling strength for each NN qubit pair with adjustable
values from positive to negative.
The Loschmidt echo now can be writen as

L(t) = | (wp| e Aer=Vu =W e =i Hart Vot Wr |y 2. (4

The difference between the Hamiltonians of the forward (from
0 to ) and the imperfect backward (from ¢ to 2¢) evolution is
AH = 2(Vy + V). To discuss the influence of the NNN cou-
pling term Vy, we consider the Bell state |®)s, for qubits 5
and 6 while keeping the other qubits in the ground states in the
10-qubit chain:

1 .
|®)s6 = NG <|01>56 +e'? |1O>56) : &)

. . . ¢ 0,
Since the |®@)s, state is the eigenstate of N = Zj:] i

with the number of excitations N = 1, the Vi term is not
involved, and we can describe the system with an effective
Hamiltonian H.¢+ Vi. In this work, we will consider the over-
lap fidelity in place of £}

2
F(p.80 = (VB AB ) ©®

in which gy is the density matrix of the initial state |yp)
and p is that of the final state at 2r.
on the right-hand side of the equation is squared, as com-

Here the quantity

pared to the usual fidelity definition.?”) Experimental pulse
sequences for the preparation of the entangled Bell state | ),
are shown in Fig. 2(a). All qubits are first biased at their
idle points, and the preparation starts with the application of
an X, gate to qubit 6 followed by a viSWAP gate between
qubits 5 and 6. These operations generate an initial state of
|®)s6 = (|01)s5¢ +1]10)5¢)/V/2, namely, the state in Eq. (5)
with ¢ = /2.

After the initial-state preparation, all qubits are biased to
the working point for the state evolution and time-periodic
driving is applied to the odd-number qubits from O to ¢ and
then from ¢ to 2¢ with a staggered phase. The driving ampli-
tude is € = & = 213.6 MHz for the first period and is € =
&, = 400 MHz for the last period. Here we have Jy(&,/Vv) =
—Jo(&,/V), corresponding to g?fﬁ 1 ~ +4 MHz for &, and &,
respectively, which results in a sign change of Hs and the
corresponding reversal of the system evolution (note we have
v/27 = 120 MHz always). At the end of the evolution, the
qubits are brought back to their idle points for the tomographic
measurement, as is illustrated in Fig. 2(a).

Time-periodic driving

o (a) W Tomography
. | Omo

Q2 ME
Qs
Qa X

- LA~
80"\/\/\/" \\L‘_—/\-/\-/\/\/\/‘_‘”V\\f/"

Qr J/iSWAP '\
Qs "\ Read out
Qo I
Ql()

(b) AC magnetic flux
Q1 M\_
Q2 JLVVV\AL-
Qs L

X

Q4 e ’\/\/\M/\ﬂ\—
Qs AW -
Qs wt
Q7
Qs L \
Qo MVW\__ Read out

Fig. 2. (a) Pulse sequences for the 10-qubit Loschmidt echo experiment. The
Bell state |P)s, is first prepared for qubits 5 and 6 at their idle points with
the rest of qubits remaining in the ground states. Subsequently all qubits are
biased to the working point for the state evolution and time-periodic driving
is applied to the odd-number qubits from O to ¢ and then from 7 to 2¢ with dif-
ferent amplitude and phase. Finally, the qubits are brought back to their idle
points for tomographic measurement and state readout. The orange, blue,
and red pulses represent XY, Z, and readout drives, respectively. (b) Cor-
responding sequences for the single-photon walk and its reversed evolution
experiment in the 9-qubit chain with the excitation on qubit 5.

4. Results and discussion

In the present experiment, we have set the maximum
Loschmidt echo time as + = 160 ns. Figure 3(a) shows the
density matrix representation of the experimentally measured
initial Bell state |®)s, prepared at time = 0. As can be seen
in the figure, the state is close to ideal and the overlap fidelity
with the ideal |®) s state calculated with Eq. (6) is 0.97. Fig-
ure 3(b) shows the result of state tomography at t = 80 ns, mea-
sured with implemented qubit detuning to be discussed below.
In this case, an obvious deviation from the ideal Bell state can
be observed. In Fig. 4, we show our key results of the mea-
sured and calculated overlap fidelities versus the Loschmidt
echo time ¢ for the initial Bell state |®)s.. The circles are
for the experimental data measured using the techniques and
procedures described above while the dashed line is from the
theoretical calculation. We find that the fidelity F decreases
from 1 at # = 0 to about 0.6 at # = 160 ns. The clear decrease
can be identified as resulting mainly from the coupling be-
tween the NNN qubits. Since we have used staggered phase
of the applied flux, the NNN coupling strength between odd-
number qubits has a significant reduction. For instance, when
€/2m = 213.6 MHz, we have Jy(2¢/v) = —0.388, while for
€/271 = 400 MHz, we have Jo(2¢/v) = 0.282.11%1 As a result,
the NNN coupling strength for all qubits is below 0.5 MHz
(see Table 1).
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Fig. 3. Density matrix representations of the experimentally measured Bell
state |®) s for the time of (a) £ = 0 and (b) £ = 80 ns in the Loschmidt echo
experiment with qubit detuning.

e
oo
T

Fidelity
o
o
T

o
=~
T

e
[\
T

|B)56 zé (101)564+i[10)50)

0 1 I 1 I 1 I 1
0 50 100 150

Time (ns)

Fig. 4. Overlap fidelity defined in Eq. (6) versus Loschmidt echo time ¢
for the initial state |®)s. Thick solid and dashed lines represent the calcu-
lated results considering NNN couplings with and without qubit detuning,
respectively. The squares and circles are the corresponding experimental
data. The dash-dotted line is the numerical result without considering the
NNN coupling.

These results indicate that the NNN coupling of small
magnitude can lead to a significant decrease of the overlap
fidelity. In order to see the influence further, we reduce the
NNN coupling by introducing the qubit detuning quantified in
the following way. In Fig. 5(a), we show the numerical results
of the qubit populations at the end of the experiment shown in
Fig. 2(a) with extended Loschmidt time ¢ = 250 ns and consid-
ering NN and NNN coupling strengths given in Table 1. The

time step is taken to be 250/30 ns. We average the populations

in the time period from 125 ns to 250 ns for each qubit. The
value is then maximized by adjusting the frequency detuning
0 fo within a range of +2 MHz for all qubits simultaneously
via the Nelder—Mead algorithm to obtain the optimized detun-
ing 0 fp. The final detuning  fg is listed in the last row of
Table 1. Figure 5(b) shows the result calculated by taking the
detuning into account. In this case, the population leakage
from qubits Q5 and Qg to other qubits is largely suppressed.

220{(a) (b) 0.6
g 170 0.4
S 120
=]
g 70 0.2
20
0

123456789101 2345678910
Qubit Qubit

Fig. 5. Calculated population distribution versus Loschmidt echo time ¢ for
the initial state |®)s,. (a) Consider NN and NNN coupling strengths given
in Table 1. (b) Further consider the optimized qubit frequency detuning 6 fo
in Table 1 to partially cancel the NNN coupling.

The squares and solid line in Fig. 4 are for the experi-
mental and numerical results obtained by considering the qubit
frequency detuning. We can see that the overlap fidelity has a
significant increase compared to the data without considering
the detuning, although it is still smaller than the result calcu-
lated without the NNN coupling, as shown in Fig. 4 with a
dash-dotted line. The latter result without any NNN coupling
only slightly deviates from unity with a fidelity above 0.97
at the end of r = 160 ns, which is attributed to the approx-
imation taken in the derivation of the effective Hamiltonian
Eq. (2) under time-periodic driving. Apparently, qubit detun-
ing partly reduces the remaining NNN coupling and also intro-
duces small nonuniformity of the qubit working point during
the quantum-state evolution.

We point out that the Loschmidt echo is extremely sensi-
tive to small perturbations during the quantum-state evolution,
as compared, for instance, to the qubit excited populations.
In Fig. 6, we show the results of the single-photon quantum
walk from ¢t = 0 to 125 ns, and its time-reversed evolution
from ¢ = 125 ns to 250 ns. The experiment is performed on
a selected 9-qubit chain with the central Qs excited to the |1)
state at t = 0. The measurement process is similar to those
described above and is illustrated in Fig. 2(b). The squares
in Fig. 6 are for the experimental data while the dashed and
solid lines are for those calculated with and without consid-
ering the qubit NNN coupling, respectively. From the data
of Qs calculated with NNN coupling in the figure, we find
the ratio of the qubit population at + = 250 ns to its initial
value at t = 0 ns to be 0.91, which is much higher than the
corresponding Loschmidt echo fidelity of 0.66 at r = 125 ns
(see the dashed line in Fig. 4). This is due to the fact that
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the qubit population only reflects the norm of its excited-state
wave function, whereas the phases of the wave functions are
also involved in the Loschmidt echo experiment in addition to
their norms.

1.0 Q1 Q2 Qs

JAVCA

0.5

-
o o

Population
o
53

AVE AN
Qs

1.0 Q7 Qs Qo

o

0.5

0 100 200 O 100 200 O 100 200

Time (ns)

Fig. 6. Qubit populations versus time for single-photon walk and its reversed
time evolution starting at # = 125 ns in the 9-qubit chain with the excitation
on qubit 5. Symbols are the experimental results, dashed and solid lines
are those calculated with and without considering the qubit NNN coupling,
respectively.

Our experimental results described so far are obtained
with the initial states having single-photon excitation, where
the on-site interaction term V; in the Hamiltonian can be ne-
glected. We find that the time reversed process appears quite
satisfactory if one looks at the time forward and backward evo-
lution from the viewpoint of the qubit populations. The NNN
term does not seem to show an important role in this case. The
situation will be different for the initial states with multipho-
ton excitations. In our previous studies of OTOC in a 10-qubit
chain, the recovery of the initial states is found less satisfac-
tory when the qubit populations are monitored. ['°]

5. Summary

We have successfully performed the Loschmidt echo ex-
periment in a superconducting 10-qubit system using Floquet
engineering and discussed the imperfect recovery of the initial
Bell state arising from the NNN coupling present in the qubit
device. Our results demonstrated that the Loschmidt echo is
very sensitive to small perturbations during quantum-state for-
ward and backward evolution. Further calculations indicate
that the change of the Bell state itself such as the phase ¢
in Eq. (5) will also have a strong influence on the overlap fi-
delity. These properties may be employed for the investigation
of the multiqubit system concerning many-body decoherence
and entanglement, etc., especially when devices with reduced
or vanishing NNN coupling between qubits are used.
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