
SCIENCE CHINA
Physics, Mechanics & Astronomy

November 2022 Vol. 65 No. 11: 110362
https://doi.org/10.1007/s11433-022-1972-1

Editor’s Focus

c⃝ Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 phys.scichina.com link.springer.com

. Article .
Editor’s Focus

ScQ cloud quantum computation for generating
Greenberger-Horne-Zeilinger states of up to 10 qubits

Chi-Tong Chen1,2†, Yun-Hao Shi1,2†, Zhongcheng Xiang1,2†, Zheng-An Wang3,1†, Tian-Ming Li1,2,
Hao-Yu Sun1,2, Tian-Shen He4, Xiaohui Song1,2, Shiping Zhao1,2,5,6, Dongning Zheng1,2,5,6*,

Kai Xu1,2,3,5,6*, and Heng Fan1,2,3,5,6*

1Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China;
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;

3Beijing Academy of Quantum Information Sciences, Beijing 100193, China;
4Department of Physics, Fudan University, Shanghai 200433, China;

5CAS Center for Excellence in Topological Quantum Computation, University of Chinese Academy of Sciences, Beijing 100190, China;
6Songshan Lake Materials Laboratory, Dongguan 523808, China

Received June 22, 2022; accepted August 10, 2022; published online September 19, 2022

In this study, we introduce an online public quantum computation platform, named as ScQ, based on a 1D array of a 10-qubit
superconducting processor. Single-qubit rotation gates can be performed on each qubit. Controlled-NOT gates between nearest-
neighbor sites on the 1D array of 10 qubits are available. We show the online preparation and verification of Greenberger-Horne-
Zeilinger states of up to 10 qubits through this platform for all possible blocks of qubits in the chain. The graphical user interface
and quantum assembly language methods are presented to achieve the above tasks, which rely on a parameter scanning feature
implemented on ScQ. The performance of this quantum computation platform, such as fidelities of logic gates and details of the
superconducting device, is presented.
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1 Introduction

Quantum computers aim to realize quantum algorithms that
may outperform classical computers. Recently, quantum
supremacy and quantum advantage have been successfully
demonstrated for the sampling output of random quantum
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circuits and Gaussian boson in laboratories [1-3]. Moreover,
cloud (online) quantum computation (CQC) can be accessed
worldwide and conveniently used for various aims, includ-
ing research, application exploration and education. Some
CQC platforms based on superconducting processors have
been launched for use online, such as the IBM quantum ex-
perience (https://quantum-computing.ibm.com), on which a
series of research have been performed [4-12]. It can be ex-
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pected that CQC will be one of the main approaches for near
term applications of quantum computation [13-29]. How-
ever, only limited resources of CQC are available.

As developers, we report a newly implemented supercon-
ducting CQC platform, dubbed as ScQ (ScQ cloud quan-
tum computation platform is available at http://q.iphy.ac.cn,
which is updated at Quafu cloud quantum computation plat-
form http://quafu.baqis.ac.cn), currently equipped with a 1D
array of 10 superconducting qubits. Single-qubit rotation
gates can be performed on each qubit. Controlled-NOT
(CNOT) gates on pairs of nearest-neighbor (NN) qubits on
the chain are available. To demonstrate the performance
of ScQ, we use a well-accepted benchmark, multi-qubit
Greenberger-Horne-Zeilinger (GHZ) states generation of up
to all 10 qubits, to show the capabilities and programming
of our platform. Generally, the prepared GHZ states and
other entangled states can be used as a valuable resource
for various quantum computation tasks and testing princi-
ples of quantum theory [30-43]. These results together with
gate information and device parameters, will be useful for
researchers on ScQ.

Performing tasks with CQC is different from that in labo-
ratories. For example, online gate fidelities will be generally
lower because we can optimize the operation accuracy in the
laboratory for a fixed scheme, which may not be applicable
for CQC. In this sense, online gate fidelities can only be op-

timized for general purposes. CQC is designed to efficiently
produce highly uniform outputs. We also strive to make it
easy to operate. By exploiting CQC, the generation and par-
ticularly verification of multi-qubit GHZ states of up to 10
qubits remain challenging, even if it is a widely used perfor-
mance benchmark for various platforms of quantum compu-
tation.

2 Setup of ScQ

To set up the whole CQC platform, we allow users to ac-
cess the web page of ScQ through a public network. Point-
to-point communication is constructed between the lab com-
puter and backend server for the web page. The framework
of ScQ is summarized in Figure 1. First, the tasks of quan-
tum circuits submitted by different online users are sent to a
web server for syntax checking and task scheduling. Then,
the tasks are translated to certified order strings and subse-
quently sent to the lab system. An agent service program is
installed in the lab computer for constantly requesting tasks
from the web server. Once a task is received, it will be per-
formed by the agent via the lab system. After the computing
of the quantum processing unit (QPU), the results are pre-
treated by the lab computer and returned to the web server
through the agent. Finally, the results are visually displayed

(a) (b)

(c) (d)

Figure 1 (Color online) Framework of ScQ. (a) Client service of ScQ. Users can visit the ScQ website to construct the quantum circuit and run it. The web
server central processing unit (CPU) of ScQ interacts with users through the public network and connects to the experiment control systems in the laboratory
via point-to-point communication. (b) Quantum circuits of measuring the population (left) and coherence (right) of GHZ states. (c) Automatic control of
running quantum algorithms on the superconducting quantum processing unit (QPU) in the lab system. On the experimental computer, we deploy an agent
server as an intermediary to receive commands from the web. The commands of quantum operations will be compiled into microwave pulses and uploaded
to the electronics corresponding to control lines of qubits. (d) 10-qubit chain QPU of ScQ. Each qubit can be independently controlled by the XY control line
(microwave) and Z line (flux bias). Ten readout resonators are coupled to the qubits, which are connected to the transmission line for quantum non-demolition
(QND) measurement [44]. The QPU is mounted in a dilution refrigerator with the base temperature of the mixing chamber being approximately 10 mK.
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on the web and users can download the results for individual
data processing.

In the lab system, the QPU of ScQ consists of 10 qubits in
a 1D array (see Figure 1(d) [44]). Considering the rotating
wave approximation, the Hamiltonian of this system can be
written as:

H/~ =
∑

i

−1
2
ωiσ

z
i +
∑
i< j

gi j(σ+i σ
−
i+1 + h.c.), (1)

where ωi is the frequency of qubit Qi, gi j is the coupling
coefficient of qubits, and σ± = (σx ± iσy)/2 is the raising
(lowering) operator with σx,y,z being Pauli matrices. The fre-
quency of each qubit can be adjusted from 4.0 to 5.8 GHz.
The NN qubits are directly coupled through capacitance, and
the coupling strength is between 10 and 12 MHz. The cou-
pling strength of the next NN qubits is one order of magni-
tude smaller than that of the NN qubits, which is approxi-
mately 1 MHz. All 10 qubits are coupled to one readout line
through their individual readout resonators, the frequencies
of which are between 6.49 and 6.66 GHz.

In the calibration procedure, we bias each qubit to its
idle frequency using an independent Z control line. Taking
into account the AC Stark effect between qubits, we diverge
the idle frequencies of NN qubits by at least 418 MHz and
the frequency gap is even larger during the readout process.
Hence, the crosstalk can be suppressed when qubits are ma-
nipulated and measured. Based on this, we calibrate single-
and two-qubit gates in the lab system. The pulse durations
of single-qubit gates are uniformly set to 30 ns, and the two-
qubit CZ gate is around 40-ns-long. The average random-
ized benchmarking (RB) [45-47] fidelity of single-qubit gates
reaches 99.7%, whereas the average quantum process tomog-
raphy (QPT) [48, 49] fidelity of two-qubit CZ gates reaches
95.5% (see Supporting Information).

All the above quantum gate operations can be remotely
realized through the ScQ platform. Users can design their
own quantum circuits using the drag-and-drop quantum gates
toolbox of the graphic interface or with a quantum assembly
(QASM) language of ScQ (http://q.iphy.ac.cn, http://quafu.
baqis.ac.cn). Particularly, ScQ allows users to scan the ar-
bitrary parameters of single-qubit rotation gates. By click-
ing the “Parameter Setting” button of a quantum gate on
the graphic interface, one can determine whether to use the
gate with a fixed rotation angle in general setting or with
varying parameters in an advanced setting. ScQ also pro-
vides a QASM of coding in Python, which is similar to the
Qiskit of IBM (https://quantum-computing.ibm.com). For
instance, one can add quantum gates to manipulate qubits
after initializing a QuantumCircuit object. In the follow-
ing code, we show the basic imports and generation of a
QuantumCircuit with 10 qubits:

Here one can add gates to manipulate the qubits of
QuantumCircuit, such as adding a Rx gate (rx) with a fixed
angle π/2 on the qubit 0:

where the second line specifies the list of measured qubits,
and the last line indicates that the task is sent to QPU and
measurement result returns.

Compared with other CQC platforms, our ScQ provides a
more direct way to express the “for” loop. For example, a Rx

gate with varying angle from −π/2 to π/2 on the qubit 0 can
be directly expressed as:

where the second parameter of rx gate is a list with multiple
angles. This “for” loop of rotation is completed by the built-
in loop in the lab computer connected to the experimental
QPU. In this way, the time cost of messaging tasks and data
processing will be reduced, especially in tasks concerning the
measurement of off-diagonal elements.

3 Online generation and verification of GHZ
states

It is a performance standard for a quantum setup to pro-
duce multi-qubit entangled states with high fidelity. On the
quantum processor of ScQ, we show the generation of high-
fidelity GHZ states. Particularly, the GHZ states of all possi-
ble blocks of 1D array qubits from 6 to 10 qubits are prepared
and verified, which provides a full figure of merit of the plat-
form. The gate sequence for preparing a 10-qubit GHZ state
is shown in Figure 1(b), which consists of a Hadamard gate
and subsequent series of CNOT gates. Each CNOT gate is
composed of a lab-native CZ gate and two single-qubit rota-
tions. Note that different sequences for preparing GHZ states
have different layers of CNOT gates. We use the circuit in
Figure 1(b) to reduce the layers and crosstalk caused by par-
allel operations.

In the QASM-like expression, the generation and charac-
terization of GHZ states corresponding to Figure 1(b) can be
written as:

https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1972-1
http://q.iphy.ac.cn
http://quafu.baqis.ac.cn
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The above QASM code shows the characterization of the
fidelity of 10-qubit GHZ states. The result of each loop is
provisionally recorded in the lab computer and all results will
return to the web once the whole experiment is completed.

Here, the fidelity of the generated GHZ state is defined
as the distance between the prepared state and target state.
The fidelity of a generated GHZ state should be above 0.5
[33], which ensures the genuine multi-qubit entanglement.
We use the standard method to determine the fidelity, F =
(C + P)/2, where P represents the summation of popula-
tions of states |0...0⟩ and |1...1⟩ corresponding to two diag-
onal elements of the density matrix and C denotes two off-
diagonal elements corresponding to the relative coherence.
We can obtain these two parameters experimentally. First,

we obtain the population P by making multiple measure-
ments along the Z-axis and calculating the probabilities that
the measurement results are in |0...0⟩ state and |1...1⟩ state,
marked as P(|0...0⟩), P(|1...1⟩) respectively. Then we will get
P = P(|0...0⟩) + P(|1...1⟩).

In order to infer the relative coherence C, we need to
introduce a rotation operator P(γ) =

⊗N
j=1(cos γσy, j +

sin γσx, j) [38-41]. The corresponding parity, written as P =
C cos (Nγ + ψ) will oscillate by varying γ. It is clear that
the relative coherence C corresponds to the amplitude of P.
Moreover, the oscillation pattern of the parity P depends on
number of qubits N for the generated GHZ states. In the ex-
periment, after the preparation of GHZ states, all the qubits
should be rotated by the operation P(γ). Then, a Z-axis
measurement will be applied, and the parity will be calcu-
lated P = Peven − Podd, where Peven and Podd correspond to
the summation of all the probabilities of states with an even
number of qubits and an odd number of qubits in the state
|1⟩, respectively. With the change in γ, which is realized by
scanning the parameter feature of ScQ, we will obtain an os-
cillation curve with γ. The period of the oscillation curve
is related to the number of qubits of GHZ states. By fitting
the experimental P with the cosine function, we will obtain
the corresponding relative coherence C of GHZ states. We
prepared GHZ states with qubit number from 6 to 10 with
different combinations of qubits for all possible blocks in the
1D array qubits. The parity oscillation curve corresponding
to each GHZ state is shown in Figure 2 and the results of fi-
delities are shown in Figure 3. The fidelity of 10-qubit GHZ
state generated online reached 77.05%, which approaches the
best records achieved in labs [39], ranging from 66.80% to
81.70% for the 10-qubit case [10,37-39]. The gate sequences

π

π π

π π

π π

π π

Figure 2 (Color online) Parity oscillations GHZ states with 6-10 qubits. Each row corresponds to GHZ states with the same number of qubits. From top
to bottom, the qubits numbers of GHZ state are N = 6, 7, 8, 9, 10. From left to right, the GHZ state consists of the first N qubits and sequential N qubits,
respectively.
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Figure 3 (Color online) Population, coherence, and fidelity of GHZ states with 6-10 qubits. From left to right, the qubit number of GHZ states are
N = 6, 7, 8, 9, 10.

prepared for the GHZ states with different qubit numbers are
shown in Supporting Information.

4 Discussion and conclusion

In summary, we built an online CQC platform ScQ with 10
individually addressable superconducting qubits. The pro-
grammable QPU connected to the public network is available
for every user to program arbitrary quantum circuits. Based
on this device, we show how to use ScQ to generate and ver-
ify GHZ states. The preparation of GHZ states were per-
formed on all possible blocks of qubits in the chain to provide
a full evaluation of the performance of this platform. To facil-
itate a user-friendly experience, we allow users to manipulate
qubits graphically or with a QASM programming language.
The high controllability and efficiency of ScQ demonstrate
the great potential of cloud computing architecture for creat-
ing new junctures in running quantum algorithms and study-
ing quantum many-body problems. Although the results in
current 10-qubit system can be obtained faster and of better
quality on a classical computer with numerical simulations
by software such as QuTiP [50], the experimental realization
will be necessary when the number of qubits increases. It can
be expected that a more advanced device with more qubits
and higher control accuracy will facilitate the applications of
quantum computation.
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Vuletić, and M. D. Lukin, Science 365, 570 (2019).

42 L. F. Wei, Y. X. Liu, and F. Nori, Phys. Rev. Lett. 96, 246803 (2006),
arXiv: quant-ph/0510169.

43 S. Matsuo, S. Ashhab, T. Fujii, F. Nori, K. Nagai, and N. Hatakenaka,
J. Phys. Soc. Jpn. 76, 054802 (2007).

44 A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and R. J.
Schoelkopf, Rev. Mod. Phys. 82, 1155 (2010), arXiv: 0810.4729.

45 E. Knill, D. Leibfried, R. Reichle, J. Britton, R. B. Blakestad, J. D.
Jost, C. Langer, R. Ozeri, S. Seidelin, and D. J. Wineland, Phys. Rev.
A 77, 012307 (2008), arXiv: 0707.0963.

46 C. Dankert, R. Cleve, J. Emerson, and E. Livine, Phys. Rev. A 80,
012304 (2009), arXiv: quant-ph/0606161.

47 E. Magesan, J. M. Gambetta, and J. Emerson, Phys. Rev. Lett. 106,
180504 (2011), arXiv: 1009.3639.

48 M. A. Nielsen, and I. L. Chuang, Quantum Computation and Quantum
Infomation (Cambridge University Press, Cambridge, 2000).

49 A. M. Childs, I. L. Chuang, and D. W. Leung, Phys. Rev. A 64, 012314
(2001), arXiv: quant-ph/0012032.

50 J. R. Johansson, P. D. Nation, and F. Nori, Comput. Phys. Commun.
183, 1760 (2012), arXiv: 1110.0573.

https://doi.org/10.1103/PhysRevA.105.042610
https://arxiv.org/abs/2108.03865
https://doi.org/10.1103/RevModPhys.86.153
https://arxiv.org/abs/1308.6253
https://doi.org/10.1007/BF02650179
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1146/annurev-physchem-032210-103512
https://arxiv.org/abs/1007.2648
https://doi.org/10.1103/PhysRevLett.118.210504
https://arxiv.org/abs/1703.06613
https://doi.org/10.1103/PhysRevResearch.3.043200
https://arxiv.org/abs/2102.07533
https://doi.org/10.1007/s11433-019-1462-9
https://arxiv.org/abs/1812.04385
https://doi.org/10.1007/s11433-022-1892-0
https://arxiv.org/abs/2201.13026
https://doi.org/10.1063/PT.3.4164
https://arxiv.org/abs/1903.03516
https://doi.org/10.1038/nature23474
https://arxiv.org/abs/1611.09347
https://doi.org/10.1088/1367-2630/18/2/023023
https://doi.org/10.1088/1367-2630/18/2/023023
https://arxiv.org/abs/1509.04279
https://doi.org/10.1038/s41534-021-00503-1
https://doi.org/10.1126/science.abb9811
https://arxiv.org/abs/2004.04174
https://doi.org/10.1038/nature13171
https://arxiv.org/abs/1402.4848
https://doi.org/10.1137/S0036144598347011
https://doi.org/10.1016/j.physrep.2017.10.002
https://arxiv.org/abs/1707.02046
https://doi.org/10.1103/RevModPhys.85.623
https://arxiv.org/abs/1204.2137
https://doi.org/10.1119/1.16243
https://doi.org/10.1119/1.16243
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://arxiv.org/abs/quant-ph/0702225
https://doi.org/10.1103/RevModPhys.80.517
https://arxiv.org/abs/quant-ph/0703044
https://doi.org/10.1103/PhysRevX.8.021072
https://arxiv.org/abs/1711.01784
https://doi.org/10.1016/j.physrep.2018.07.004
https://doi.org/10.1016/j.physrep.2018.07.004
https://arxiv.org/abs/1703.01852
https://doi.org/10.1103/PhysRevX.8.021012
https://arxiv.org/abs/1711.11092
https://doi.org/10.1103/PhysRevLett.122.110501
https://arxiv.org/abs/1811.02292
https://doi.org/10.1103/PhysRevLett.119.180511
https://arxiv.org/abs/1703.10302
https://doi.org/10.1126/science.aay0600
https://arxiv.org/abs/1905.00320
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1103/PhysRevLett.106.130506
https://arxiv.org/abs/1009.6126
https://doi.org/10.1126/science.aax9743
https://doi.org/10.1103/PhysRevLett.96.246803
https://arxiv.org/abs/quant-ph/0510169
https://doi.org/10.1143/JPSJ.76.054802
https://doi.org/10.1103/RevModPhys.82.1155
https://arxiv.org/abs/0810.4729
https://doi.org/10.1103/PhysRevA.77.012307
https://doi.org/10.1103/PhysRevA.77.012307
https://arxiv.org/abs/0707.0963
https://doi.org/10.1103/PhysRevA.80.012304
https://arxiv.org/abs/quant-ph/0606161
https://doi.org/10.1103/PhysRevLett.106.180504
https://arxiv.org/abs/1009.3639
https://doi.org/10.1103/PhysRevA.64.012314
https://arxiv.org/abs/quant-ph/0012032
https://doi.org/10.1016/j.cpc.2012.02.021
https://arxiv.org/abs/1110.0573

	ScQ cloud quantum computation for generating Greenberger-Horne-Zeilinger states of up to 10 qubits
	Introduction
	Setup of ScQ
	Online generation and verification of GHZ states
	Discussion and conclusion


