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Faithfully transferring the quantum state is essential for quantum information processing. Here we
demonstrate a fast (in 84 ns) and high-fidelity (99.2%) transfer of arbitrary quantum states in a chain
of four superconducting qubits with nearest-neighbor coupling. This transfer relies on full control of the
effective couplings between neighboring qubits, which is realized only by our parametrically modulat-
ing the qubits without increasing circuit complexity. Once the couplings between qubits fulfill a specific
ratio, perfect quantum state transfer can be achieved in a single step, and is therefore robust to noise and
accumulation of experimental errors. This quantum state transfer can be extended to a larger qubit chain
and thus adds a desirable tool for future quantum information processing. The demonstrated flexibility of
the coupling tunability is suitable for quantum simulation of many-body physics, which requires different

configurations of qubit couplings.
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I. INTRODUCTION

High-fidelity quantum state transfer (QST) from one
place to another is important for both quantum commu-
nication and scalable quantum computation [1]. Long-
distance QST is an essential element for a quantum
network [2], which requires high-efficiency interfaces for
the transfer of stationary quantum states to flying pho-
tonic qubits [3—7]. On the other hand, short-distance QST
is important for on-chip quantum information processing,
such as communication among quantum processors and
writing (reading) quantum information into (out of) quan-
tum memories [8]. To achieve short-distance QST, which
is our main focus, previously reported methods include
physically moving the qubits holding quantum informa-
tion to other target sites [9]. However, solid-state qubits are
usually static and coupled with each other. Therefore, it is
desired to realize QST in such systems solely through the
interactions between qubits. This goal could be achieved
by sequential swap operations between nearest neighbors
through active control of the qubits, but this method will
result in accumulation of individual operation errors.

Alternatively, QST in a qubit chain can be realized
in a single step [10—17], which eliminates the error-
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accumulation problem. In particular, perfect QST in an
arbitrarily long chain was proposed in Ref. [11] with-
out active qubit control when the coupling strengths
between the qubits fulfill specific conditions. Since then,
the perfect-QST protocol [11] was simulated in nuclear
magnetic resonance [18], and was demonstrated in opti-
cal systems [19,20] with a fixed number of waveguides.
However, it is challenging to realize this protocol in solid-
state quantum systems because it is typically difficult to
precisely preset the couplings among qubits for a fixed
chain. It is even more difficult to realize perfect QST
with variable lengths in the chain. Therefore, to meet
the perfect-QST condition [11], tunable coupling between
qubits is necessary. Moreover, this tunability is also of par-
ticular importance for realizing two-qubit quantum gates
[21-24]. However, the coupling tunability usually comes
at the cost of additional decoherence or circuit complexity
[25-32].

In this work, we adopt a method of parametric modula-
tion of qubit frequencies to realize tunable qubit coupling
strengths [33—38] and experimentally demonstrate perfect
QST in a chain of four coupled superconducting transmon
qubits. In this method, the modulating fields provide con-
trol over qubit-qubit interactions without relying on extra
coupling elements, and thus the circuit complexity remains
the simplest. In our experiment, we first realize a large-
range tunable coupling between two nearest-neighbor
qubits by parametrically modulating only one qubit. We
next verify the coupling-strength tunability for a chain with
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multiple modulations, where the qubits in the middle are
affected by multiple fields, therefore expanding the para-
metric tunability toolbox. Finally, we apply this technique
to a chain with four qubits and experimentally realize QST
in 84 ns with a fidelity of 99.2%, characterized by quan-
tum process tomography. Our experiment is thus in sharp
contrast to the previous demonstrations in optical systems.
The demonstrated flexibility of the coupling tunability
can be further applied to quantum simulation experiments
[39-41], which require different configurations of qubit
coupling strengths.

II. RESULTS

A. Theory and experimental system

We first briefly discuss how to tune the coupling
strengths in a one-dimensional chain consisting of N
capacitively coupled qubits, as shown in Fig. 1(a). The
system Hamiltonian can be described by

N—1 N—-1
i _ _
=0 j=1

where ajz’i are the Pauli operators on the jth qubit Q;
with transition frequency wj;, and g; is the static coupling
strength between qubits Q;_; and Q;. Full tunability of the
coupling strength can be achieved by our parametrically
modulating the qubits; thatis,each Q; with1 <j <N — 1
is biased by an ac magnetic flux to periodically modulate
its frequency as

a)] = woj + Sj Sin(Vjt + q)])a (2)

where w,; is the mean operating frequency, and ¢;, v;, and
@; are the modulation amplitude, frequency, and phase,
respectively. As the first qubit is not modulated, wy = w,y.
Ignoring the higher-order oscillating terms, when A; =
Wy — we—1y equals to v; (—v;) for odd (even) j, we
get a chain of qubits with the nearest-neighbor resonant
XY coupling in the interaction picture. Then the effective
Hamiltonian (see Appendix A) is

N-1
Hi/h=7) go/" 0 +He, (3)
j=1

where the effective coupling strength

ei(<ﬂ1+ﬂ/2)’ j=1,
Jo(oy—1)e™ ™=/ jis even,
Jo(ej—1)e /D jis odd and# 1,

4)
with J,, (; ) being the mth Bessel function of the first kind.
We can conveniently tune gi by changing o; = ¢&;/v; of
the external modulation.

g = gJi(y) x
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FIG. 1. (a) Perfect QST. The quantum state is transferred from
the first qubit Qp to the last qubit Qu_; in a chain when the
couplings between neighboring qubits satisfy a specific ratio. (b)
The five-qubit chain sample. Five cross-shaped transmon qubits
(Xmons, Qp—Q4) arranged in a linear array. Each qubit has inde-
pendent XY and Z control (labeled as “x” and “f ” respectively),
and is coupled to a separate A /4 resonator for simultaneous and
individual read-out. (c) The operating regime for QST from Q
to Qs, with Q4 being decoupled. Both state preparation and mea-
surement of each qubit are performed at the red points (the idle
points), which are the maximum-frequency spots (sweet spots)
with the best coherence times for Qg, Q,, and Qs. Q, is biased
about 60 MHz below its sweet spot to avoid the unwanted cross
talk between Q; and Q3. The dashed line (the “operating” point)
represents the mean operating frequency of each qubit during the
QST experiment: for Qy, it is fixed at the dashed line; for Q;—Q3,
their frequencies are parametrically modulated around the dashed
lines to achieve the required coupling g/ between neighboring

qubits.

Flux bias

With a wide range tunability of the coupling strength in
hand, we now turn to the demonstration of perfect QST
along a chain of qubits [11]. Initially, we prepare the ith
qubit Q; in state |{; = «|g) + Ble), and all other qubits are
in the ground state |g) (|e represents the excited state). To
realize perfect QST, the coupling strengths need to fulfill
the relation g/ = g'\/j (N —j) [11], where g’ is a constant.
When the system evolves under the Hamiltonian in Eq. (3)
for a specific time t = w/(2g’), perfect QST is achieved,
such that qubit Qy_;_; is in the state |Yy_;_; = |¥;, while
all other qubits are back in |g). In our experiment, we
demonstrate the case of N =4 and i = 0.
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Our experiment is implemented with a superconducting
circuit [42—45], where five cross-shaped transmon qubits
(Xmons, Qy—Q4) [24,46,47] are arranged in a linear array
with nearly identical nearest-neighbor coupling strengths
g/2m ~ 17 MHz, as shown in Fig. 1(b). Each qubit has
independent XY and Z control and is coupled to a separate
A/4 resonator for simultaneous and individual read-out.
The qubits have averaged T ~ 22 us and T, ~ 19 us
at the flux sweet spots. A Josephson parametric ampli-
fier (JPA) [48-51] with a gain of more than 20 dB and
a bandwidth of about 260 MHz is used for high-fidelity
single-shot measurements of the qubits. Meanwhile, we
use a calibration matrix to reconstruct the read-out results
for a better indication of the qubit state. The experimen-
tal setup, read-out properties, and device parameters are
presented in Appendixes B and C.

B. Coupling tunability through parametric
modulations

As a demonstration, we use the first four qubits (Qy—Q3)
to realize QST, while biasing Qg4 at a low frequency (less
than 4 GHz); Q4 is nearly completely decoupled from the
first four qubits. Synchronization and phase stability of
both the XY control and the Z control are critical for high-
fidelity QST. Therefore, in our experiment, we use two
synchronized four-channel arbitrary-waveform generators
(AWGs) to fully manipulate the four qubits. Figure 1(c)
shows the biasing and operating regime of the four qubits.
Both state preparation and final measurement of each qubit
are performed at or near the maximum-frequency spot (the
idle point at wy; withj = 0, 1, 2, 3) with the best coherence
times. During the QST experiment, all qubits are pulsed
to the “operating” points, w,;. While Qg stays fixed, the
other three qubits are parametrically driven to oscillate
sinusoidally around their operating points to achieve the
required coupling g; between neighboring qubits.

We first demonstrate the tunability of g; by paramet-
ric modulations of the transition frequencies of the qubits.
There are two scenarios of tuning g;: (a) one qubit is mod-
ulated while the other one remains at a fixed frequency;
(b) both qubits are modulated simultaneously. The for-
mer case of parametric modulation has been used to create
entangling gates between two transmon qubits [37,38,52].
However, to our knowledge the latter case with simul-
taneous parametric modulations on two qubits has not
yet been demonstrated experimentally. Figures 2(a) and
2(b) show the experimental results of the two scenarios,
demonstrating smooth and full control of gj’ as a function
of ¢ ') -

C. Calibration and performance of perfect QST

Once proper couplings g]’ between neighboring qubits
in the chain are achieved by appropriate qubit fre-
quency modulations, perfect QST can be calibrated by our
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FIG. 2. (a) Tunable coupling g; between Qg and Q; as a func-

tion of &; with other qubits being decoupled. g| is extracted from
the so-called chevron pattern. Qo is prepared in |e) and biased
at a fixed point w,g, while Qy, initially in |g), is flux biased
to oscillate sinusoidally as w; = w,| + € sin(v¢ + ¢;). Coher-
ent excitation oscillation between Qy and Q; as a function of
vy and time ¢ at fixed &; produces a chevron pattern. The full-
scale oscillation is achieved when v = A} = w,; — w9, and
its frequency gives the effective coupling g| (dots). Two typi-
cal chevron patterns are shown in the inset, with blue and red
corresponding to |g) and |e), respectively, of Q;: the top-left
pattern and the bottom-right pattern correspond to &;/27 = 30
MHz and ¢ /27 = 80 MHz, respectively. (b) Tunable coupling
g5 between Q; and Q; as a function of &,, with other qubits being
decoupled. Both Q; (initially in |e)) and Q; (initially in |g)) are
parametrically driven as w; = w, + &1 sin(vit+ ¢1) and w; =
Wy + &7 sin(vaf + @) simultaneously. Similarly, at v, = A, =
Wy — Wy, the oscillation frequency gives the effective coupling
g5 (dots). The top-left and bottom-right insets show the chevron
pattern with &,/27 = 50 MHz and &,/27 = 140 MHz, respec-
tively. The red lines in (a),(b) are fitted with Eq. (4). The resulting
g1/2m =~ gy/2mw ~ 19 MHz is slightly larger than the value mea-
sured from a static case in which the chevron pattern is measured
while the frequency of one qubit is tuned across the other qubit
with no parametric modulation. The deviation is presumably due
to imperfect deconvolution of the flux pulse (see Appendix D),
so the effective €| and ¢, are slightly larger than applied.

measuring the population of each qubit as a function of
time. Figure 3(a) shows the experimental sequence. Ini-
tially, all four qubits are at their idle points and in the
ground state except for Qp, which is prepared in an arbi-
trary state. Then step pulses are used to change the qubits
from their idle spots to the operating points. Q;—Q3 are
frequency modulated with the calibrated ¢ and v’ such
thatg] : g} 1 g} = V3 : 2 1 /3 as required for perfect QST
[11]. The operation is for various times #, followed by
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FIG. 3. (a) Experimental sequence for QST. Initially, all four

qubits are at their idle points, with only Qo prepared in an arbi-
trary state by R‘;,. Then step pulses are used to change the qubits
from their idle spots to the operating points. Q;—Q3 are modu-
lated to achieve the required coupling ratio for perfect QST. The
operation is for various times ¢, followed by step pulses to return
all qubits to their idle points for the final-qubit-state read-out.
(b) Time evolution of the qubit excited-state populations. The
populations are measured simultaneously at different ¢ for the
case with Qp initially in |e) as an example to calibrate the QST
time. The dashed red lines are numerically simulated results with
the measured parameters based on the Hamiltonian in Eq. (3).
The population evolutions of Q; and Q, are noisier because in
our implementation Q; and Q, are affected by multiple modula-
tions, which lead to more high-order oscillations and cross talk.
The slight deviation between simulation and experimental results
mainly comes from the high-order terms and imperfect read-out
calibration matrix due to the unwanted cross talk between qubits.
At t = 84 ns, QST from Qq to Q3 is achieved.

step pulses to return all qubits to their idle points for the
final-state read-out. Figure 3(b) shows the measured qubit
populations as a function of time with Qg prepared in |e
as an example. As expected, the population of Qg first
spreads to Qp, Qy, and Q3. At # = 84 ns, the population
is transferred to Qsz, while Qp, Q1, and Q, go back to the
ground states, realizing fast and nearly perfect QST. As ¢
becomes longer, the reverse process occurs. At = 168 ns,
the population of Qs is transferred back to Qg. This trans-
fer can keep going back and forth as ¢ increases. As shown
below, this property allows us to better calibrate the QST’s
process fidelity with repeated transfers. This method of cal-
ibration can eliminate the detrimental effect in the “round
trip” of the qubit frequency between the idle and operat-
ing points, and focuses only on the accumulation of errors
during the transfer.
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FIG. 4. (a)Ac) Dependence of phase ¢ of the transferred state
on ¢, ¢;, and @3 of the modulation pulses. The dependences of
¢, on ¢ and ¢, are linear but with opposite slopes as expected.
The dependence of ¢; on @3 deviates from a linear curve due
to an extra phase accumulation. (d) QST process fidelity. Pro-
cess tomography is used to benchmark the QST performance
and is plotted as a function of the number of transfers, which is
controlled by our setting the operating times t = (4n + 1) x 84
ns, equivalent to performing 1,5,9,... transfer processes. The
phase of the transferred state on Qs is deterministic and can be
well controlled by adjustment of the phases in the sinusoidal
modulation pulses as shown in (a)~(c). The process fidelities
presented are all based on the transferred states after proper
phase adjustments. The parameters ¢; and v; (i = 1,2, 3) are crit-
ical for high-fidelity QST and thus are further optimized by the
function fminsearch in MATLAB. Each point is averaged 10000
times and the error bars corresponding to one standard devia-
tion are obtained from ten repeated experiments. The red curve is
a fit based on F = AP™ + 0.25 with 4 = 0.737 and P = 0.992,
demonstrating nearly perfect QST. The bottom-left inset shows
the x matrix after one QST and the top-right inset shows the x
matrix after 105 QSTs. The bar height and color correspond to
the amplitude and phase of the x-matrix element, respectively.

The phase of the transferred state ¢; depends on the
three phases ¢1, ¢,, and @3 of the parametric modulations
as shown in Figs. 4(a)~(c), where the ¢ are the phases
in the corresponding sinusoidal flux drives. ¢ is a linear
function of ¢; and ¢, as expected from Eq. (4). However,
the dependence of ¢, on @3 deviates from the expected lin-
ear curve. This is because ¢, also includes an extra phase
accumulation during Qs’s frequency modulation when ¢;
changes. Nevertheless, ¢, can be fully controlled by ¢, ¢3,
and ¢; individually.
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Quantum process tomography [8,53] is used to bench-
mark the QST performance, and the fidelity is defined
as the overlap between xp; and Xidear (Xidea 1S for per-
fect QST) F = tr(xas Xideal), Where x,, is the derived 4 x 4
process matrix for the experimental operations on four
different initial states, {|g),le), (lg) + |e))/«/§, (lg) —
ile))/ V2}. Figure 4(d) shows the measured process fidelity
as a function of the number of transfers. The number of
transfers is controlled by our properly setting the oper-
ating time. A fit (red curve) based on F = AP™ + 0.25
gives 4 = 0.737 and P = 0.992 without relying on per-
fect state preparation and perfect measurement, demon-
strating nearly perfect QST. This high-fidelity process,
dominantly limited by qubit decoherence, is possible
mainly because the fast-QST approach requires only a sin-
gle step, which minimizes the qubit decoherence effect
and is robust to noise and accumulation of experimen-
tal errors. The pure dephasing time of the transferred
state in the QST is much longer than the average dephas-
ing time of individual qubits at the operating points (see
Appendix C), and this implies the collective dynami-
cal process provides additional coherence protection. We
leave a more detailed study of this protection for future
work.

II1. CONCLUSION

In conclusion, we demonstrate fast and high-fidelity
QST with four superconducting qubits arranged in an array
with nearest-neighbor coupling. This transfer relies on full
control of the effective couplings between neighboring
qubits by our parametrically modulating the qubits. This
tunable technique can be extended to a much-larger sys-
tem, and importantly the transfer can be achieved in a
single step, and is therefore robust to noise and accumu-
lation of experimental errors. The coupling tunability can
be realized in situ without the circuit complexity being
increased, and therefore provides a powerful and desirable
tool for future quantum information processing.

Our experiment can be easily extended to achieve entan-
glement distribution between remote qubits in a chain [20].
Our technique can also be directly generalized to study
topologically protected QST from one end to another [54],
which requires different configurations of the coupling
strengths. In addition, our scheme can be generalized to a
two-dimensional lattice, where the tunable amplitudes and
phases of the coupling strengths allow quantum simulation
of lattice models [40,55].
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APPENDIX A: TUNABLE INTERACTION

Here we present details of how to tune the coupling
strength of two adjacent qubits in a chain of N coupled
qubits. A wide-range coupling tunability can be achieved
through parametric modulations of the qubits w; = w,; +
g sin(v;jt+ ¢;) withj =1,...,N — 1. We define a rotat-
ing frame through U = U; x U, with

N-1 ]
_ | wo . Woj
Ur=exp | =i | 505 +j21: 507 | ¢ (A)
and
N—-1 ” ]
Uy =exp | i a;?" cos(vit+¢p) |, (A2)
J=l .

where o; = ¢; /v;. In this rotating frame, the transformed
Hamiltonian is

dut
H; = U'HU + i7 U

= gio5 a7 e " exp [iar; cos(vit + ¢1)]

N-1
+ Zg,'ojtlaj_ exp [—iaj_1 cos(vj_1t + goj_l)]
j=2

x exp [ia; cos(v;t + ¢;) — iA;t] + Hec. (A3)
When A; = w,; — w,(j—1) equals v; (—v;) for odd (even)
7, if we use the Jacobi-Anger identity

oo

explia cos(vt+ ¢)] = Z i"J () exp[im(vt + @)

m=—00

and apply the rotating-wave approximation by ignoring the
high-order oscillating terms, the effective tunable resonant
qubit-qubit interaction becomes Eq. (3).

APPENDIX B: EXPERIMENTAL DEVICE

Fabrication of the experimental device includes the fol-
lowing six main steps: (1) A 100-nm aluminum film is
deposited directly onto a 2-in. c-plane sapphire wafer in
Plassys MEB 550S without any precleaning treatment.
(2) Electron-beam lithography followed by evaporation
of gold is used to create alignment marks for the sub-
sequent lithography steps. (3) Photolithography followed
by inductively-coupled-plasma etching is used to define
transmission line, read-out resonators, control lines, and
large pads of the Xmon qubits. (4) Josephson junctions
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FIG. 5. Details of wiring and circuit components. The experimental device consists of five cross-shaped transmon qubits (Xmons,
Qo—Q4) [24,46,47] arranged in a linear array with nearly identical nearest-neighbor coupling strengths. Each qubit has independent XY
and Z controls, which are properly attenuated and low-pass filtered. A common transmission line is coupled to separate A /4 resonators
for individual read-outs of the qubits. Two four-channel AWGs are used to fully manipulate the four qubits (Qy—Q3) to realize the
QST. The fifth qubit, Q4, is biased with a dc source at a low frequency (less than 4 GHz) and is nearly completely decoupled from the
first four qubits. The master AWG provides two pairs of sideband modulations at different frequencies, in combination with a qubit
generator and a read-out generator as local oscillators (LOs), allowing XY control and read-out of the qubits, respectively. The XY
control signal is divided by a four-way power divider, and the outputs are connected to the respective qubit XY control lines through
separate rf switches. These switches provide selective control of individual qubits. The slave AWG, triggered by the master AWG,
is use to achieve Z control of the qubits through individual flux-bias lines. A JPA at 10 mK with a gain of more than 20 dB and a
bandwidth of about 260 MHz is used as the first stage of amplification, allowing high-fidelity single-shot measurements of the qubits.
A high-electron-mobility-transistor (HEMT) amplifier at 4 K and an amplifier at room temperature are also used before the down-
conversion of the read-out signal to the applied sideband frequencies with the same read-out generator as the LO. Part of the read-out
signal does not go through the dilution refrigerator and is used as a reference to lock the phase of the returning read-out signal from
the device for greater measurement stability.

are fabricated by electron-beam lithography and double-
angle evaporation of aluminum in Plassys MEB 5508S. (5)
The wafer is then diced into 7 x 7 mm? chips. (6) The
selected chip is wire bonded in an aluminum box without
a printed circuit board for final packaging before measure-
ment. We apply as many on-chip bonding-wire crossovers
as possible to reduce the impact of the parasitic modes.
Our sample is measured in a dilution refrigerator with a
base temperature of about 10 mK. Details of our measure-
ment circuitry are shown in Fig. 5. For full manipulation
of four qubits, we use two four-channel AWGs. One AWG
provides two pairs of sideband modulations for XY control
and read-out of the qubits, respectively. The second AWG,

synchronized with the first one, is used to realize individ-
ual Z control of the qubits. The XY control signals are
generated from a single microwave generator modulated
with different sideband frequencies. This method of control
guarantees stable phase differences among the four qubits
during the QST experiment. The read-out signals for indi-
vidual qubits are realized in a similar way to ensure that the
phases of the final demodulated read-out signals are fixed
for each run. A JPA [48-51] at 10 mK with a gain of more
than 20 dB and a bandwidth of about 260 MHz is used
as the first stage of amplification, allowing high-fidelity
single-shot measurements of the qubits. Its gain profile is
shown in Fig. 6. We do not apply any specific impedance
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FIG. 6. Gain profile of the JPA. The JPA is singly pumped at
a frequency of 6.951 GHz. The dashed lines represent the read-
out frequencies for Qy—Qj3, respectively. The maximum gain is
greater than 20 dB and the bandwidth is about 260 MHz.

engineering in the JPA circuit other than 50-Q2 impedance
matching, and the high bandwidth is unintentional.

Read-out-resonator frequencies, qubit frequencies, qubit
coherence times, coupling strengths, and read-out-
resonator decay rates are all presented in Table I. The
read-out frequencies of the four qubits span a range of
about 60 MHz, well within the bandwidth of the JPA. In
the current device, the dispersive shifts x,,. (between each
qubit and its read-out resonator) and the read-out-resonator
decay rates k, are not matched for the best signal-to-noise
ratio.

APPENDIX C: QUBIT READ-OUT PROPERTIES
AND PROCESS TOMOGRAPHY

With the help of the JPA, all qubits at the idle points
can be read out individually with high fidelities. Figure 7
shows the read-out histograms of each qubit when all other
qubits are in their thermal steady states. Because of the
mismatch of the dispersive shift and the read-out-resonator
decay rate, the two Gaussians in the histograms corre-
sponding to the ground state |g and the excited state |e are
not perfectly separated. The read-out fidelities F, and F,
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e 20 2 20f E
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€ 1o} € 1of
o o
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FIG. 7. Read-out histograms. (a)(d) Histograms for Qy—Qs,
respectively. Each histogram is measured separately with a total
count of 90 000, while the other qubits are in their thermal steady
states. Blue curves are for an initial thermal steady state and
red curves are for an initial thermal steady state followed by the
corresponding 7 rotation.

for each qubit are given in Table II. Here F; is measured
for an initial thermal steady state, while F, corresponds to
an initial thermal steady state followed by the correspond-
ing 7 rotation. The infidelity of F, mainly comes from
the thermal population of the qubit (about 0.02 on aver-
age from an independent measurement) and the Gaussian
tail after thresholding. The lower value of F, is dominantly
due to an extra decay during the measurement time, 2 us
in our experiment. To overcome these imperfections, we
use a calibration matrix to reconstruct the read-out results
based on Bayes’s rule.
For the j th qubit, we have the calibration matrix

1 —F,
F, )

The final state population of the qubit as a column vector
Py can be reconstructed from the measured population P,

_( Fg
F@‘—(l—Fg,

TABLE I. Device parameters. The parameters associated with qubit Q4 are not presented since it is not involved in the QST
experiment.

Parameter Qo Qi Q: Q3
Read-out frequency (GHz) 6.8389 6.8636 6.8794 6.9014
Qubit frequency (GHz) (sweet spot) 4.8354 5.1802 4.9169 5.1916
T1 (s) (sweet spot) 222 18.5 25.1 23.4
T3 (us) (sweet spot) 233 26.5 17.3 10.3
ToE (us) (sweet spot) 24.0 41.1 29.3 32.2
T (us) (operating point) 17.5 21.1 19.8 18.0
T (us) (operating point) 6.1 43 4.8 33
Neighboring-qubit coupling strength g; /2w (MHz) 16.68 17.50 17.52
Qubit-read-out-resonator dispersive shift x,,./2w (MHz) 0.17 0.26 0.2 0.2
Read-out-resonator decay rate «,. /27 (MHz) 0.88 1.06 1.23 0.88

054009-7
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TABLE II. The read-out fidelities for each qubit. The fidelities
are based on the histograms presented in Fig. 7. F, is measured
for an initial thermal steady state. F, corresponds to an initial
thermal steady state followed by the corresponding 7 rotation.

Qo Qi Q2 Qs
ng 0.963 0.951 0.942 0.939
F 0.898 0.869 0.869 0.858

on the basis of the inverse of the calibration matrix:
-1
P; =F, 0 Py

Because of residual ZZ coupling (which depends on the
detuning) between qubits, the histograms of each qubit are
slightly shifted when the other qubits are not in their ther-
mal steady states. In this case, more-thorough calibrations
are needed to get better calibration matrices. We attribute
the imperfect read-out calibration matrices to the deviation
between experimental and simulation results [Fig. 3(b)].
However, after perfect QST [Fig. 4(d)], the tomography
measurement of Q3 does not have this issue since the other
three qubits have all returned to their initial states.

Process tomography is realized by our preparing
four linear independent initial states {|g),|e), (|g) +
|e))/«/§, (lg) — ile))/«/i} on Qy, and performing the cor-
responding final-state tomography of Q3 after the QST. On
the basis of these processes, we derive the 4 x 4 process
matrix y,, [8,53]. The fidelity is defined as the overlap
between xy; and Xigear (Xidear 1S for perfect QST), F =
tr( X Xideal)-

The QST in our demonstration is a dynamical process
in which all qubits, including the middle ones in the chain,
participate, as shown in Fig. 3(b). Complicated and entan-
gled states among the qubits are actually involved in the
QST process. Therefore, even for an initial |e) state, the
decay time for the transferred excitation should be set
by not only the energy-relaxation process but also the
dephasing process of the qubits. The decay times of the
transferred state for an initial |e) state or (|g) + |e))/ V2
superposition state should not be very different. Figure 8
shows the longitudinal and transverse relaxation of the
transferred state with an initial state of |e) and (|g) +
le))/~/2, respectively. These data are part of the data pre-
sented in Fig. 4(d). The decay times of the transferred state
in both cases are about the same and are much longer than
the average dephasing time of the four qubits when they are
stationary and at their operating points. This implies the
collective dynamical process provides additional coher-
ence protection. A more-detailed study of this observation
is beyond the scope of the current work, and we leave it for
future studies.

Figure 9 shows the simulated process fidelity with and
without qubit thermal populations (0.02 on average) as a
function of the transfer number, similar to Fig. 4(d) of the

@ o : . . .

Population of |&> (P.)

0.70k, . . . 1%
0 2 4 6 8
t(us)

FIG. 8. (a),(b) The longitudinal and transverse relaxation of
the transferred state with an initial state of |e) and (|g) +
le))/~/2 (|+) state), respectively. These data are part of the data
presented in Fig. 4(d). Dots are experimental data. Lines are
exponential fits, giving the decay times of the transferred state
Ty =11.8 usand T; = 11.5 us, respectively.

main text. As shown in Fig. 9, the qubit thermal popula-
tions introduce only negligible effect (a fidelity difference
of only 0.03%) on the measured process fidelity. The mea-
sured process fidelity is still dominantly limited by the
qubit decoherence.

1.0f T T T T —
“;0'9' LS R ® No thermal populations i
% ° ., With thermal populations
S50.8fF ® ., 1
80-7- [} - - . -
o e,
o6t e g
0.5k 1 1 1 1 1 n
0 20 40 60 80 100
Transfer number m
FIG. 9. Simulated process fidelity F* with and without qubit

thermal populations (0.02 on average) as a function of the trans-
fer number m. Dots are simulated data. Similarly to Fig. 4(d), fits
with = AP™ + 0.25 give a fidelity difference of only 0.03%
(0.9920 vs 0.9923). In the simulation, we choose 75 = 11.5 us
for all qubits and the measured 7 for each qubit at the operating
point as in Table I.
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APPENDIX D: CROSS TALK AND
DECONVOLUTION OF FLUX-BIAS LINE

Because of the ground-plane return currents, there is
inevitable cross talk (the maximum in our device is about
10%) between flux-bias lines and qubits. That is, changing
the bias on any single qubit’s flux line actually changes all
of the qubit frequencies. However, this cross talk can be
corrected by orthogonalization of the flux-bias lines [56].
For each qubit, we measure its frequency change as a func-
tion of the applied voltage on each flux-bias line. For small
voltages, the frequency dependence is approximately lin-
ear. Therefore, the ratios among the slopes represent the
relative coupling strengths between the flux-bias lines and
the specific qubit. By combing the results from all four
qubits, we can get the qubit frequency response matrix M., .
The inverse of M. gives the orthogonalization matrix M.,
which allows independent control of only the desired qubit
without change of the other qubit frequencies:

0.9934 0.0822  0.021 0.0158

=M = —0.0714 0.9843 0.0595 0.0361
#7777 71 —0.0222 —0.1278 0.9888 0.074
—0.0087 —0.057 —0.0414 0.9447

To achieve high-fidelity QST, flux-bias lines on fast
timescales also have to be carefully calibrated to compen-
sate for the finite rise time and ringing of the flux-control
pulses. These flux-bias imperfections, seen by the qubit,
mainly come from the control circuit, including the AWG
to generate those control pulses and wiring outside and
inside the refrigerator. We use the deconvolution method
to correct the unwanted response in the control system on
the basis of the measured response function of the control
circuit [57]. The performance of this correction can be ver-
ified by measurement of the qubit’s response to a step pulse
on the flux bias based on the sequence shown in the inset

0951k | Corrected
o« i AR M Fll A
= o4s N N
Uncorected ’: I
0.40 :/\ W
0 100 200 300 200

At (ns)

FIG. 10. Qubit response to fast flux bias. The red curve corre-
sponds to the uncorrected response. The blue curve corresponds
to the corrected response after deconvolution. The inset shows
the pulse sequence of the experiment.

in Fig. 10 [58]. The results shown in Fig. 10 demonstrate
an improvement after correction.
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