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Figure 1 The diagram of the architecture and workflow of TenCirChem software package. (a) Architecture of TenCirChem!®. (b) Typical workflow
of variational quantum algorithms and the underlying packages used for each task in TenCirChem. The superscript a represents electronic structure, and

the superscript b represents quantum dynamics®}
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Figure 2 The performance of TenCirChem in electronic structure calculations. (a) Potential energy curve for the symmetric stretching of the O—H
bond in H,O with the 6-31G(d) basis set. The 1s orbital of the O atom is frozen, and the whole system is described by an (8¢, 170) active space and a
quantum circuit on 34 qubits. The FCI energy with STO-3G basis set is included for comparison®; (b) Ground state energy of the one-dimensional
half-filled Hubbard model by UCCSD with increasing coulomb repulsion strength U//%; (¢) VQE ground state energy of H, with parity transformation
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(d) VQE potential energy curve of H, computed on a QPU backend. QPU energies obtained from the classically optimized parameter and the full VQE
optimization process are both shown[*
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Quantum computing has emerged as a transformative approach for tackling complex problems in quantum chemistry, particularly in
simulating multielectron systems and electron-phonon interactions. However, the current noisy intermediate-scale quantum (NISQ)
devices face significant challenges in implementing practical quantum algorithms due to error accumulation caused by increased circuit
depth, qubit counts, and gate operations. To address these challenges, we present TenCirChem, an open-source Python package
specifically designed for implementing variational quantum algorithms in quantum computational chemistry.

TenCirChem demonstrates exceptional performance in simulating unitary coupled-cluster circuits through its innovative use of
compact representations for quantum states and excitation operators. This package supports noisy circuit simulation and provides
advanced algorithms for variational quantum dynamics, enabling researchers to explore complex chemical phenomena. Its capabilities
are exemplified in various applications, including the calculation of potential energy curves and the investigation of quantum gate error
impacts on molecular systems. Moreover, TenCirChem’s seamless integration with real quantum hardware makes it a versatile tool for
both simulation and experimentation.

A key innovation developed within the TenCirChem framework is the Clifford-based Hamiltonian engineering approach for molecules
(CHEM). This algorithm addresses the critical challenge of achieving chemical accuracy with shallow quantum circuits, a fundamental
requirement for practical applications on NISQ devices. CHEM employs a sophisticated Clifford-based Hamiltonian transformation that
operates within the variational quantum eigensolver (VQE) framework using hardware-efficient ansatz. The method ensures four crucial
advantages: (1) generation of initial circuit parameters corresponding to Hartree-Fock energy, (2) maximization of initial energy gradients
with respect to circuit parameters, (3) minimal classical processing overhead without additional quantum resource requirements, and (4)
compatibility with any circuit topology. Through quantum hardware emulator demonstrations, CHEM has achieved chemical accuracy
for systems up to 12 qubits with fewer than 30 two-qubit gates, representing a significant advancement in practical quantum
computational chemistry.

To enhance the efficiency of variational quantum algorithms, we developed the sequential optimization with approximate parabola
(SOAP) method, specifically designed for parameter optimization in unitary coupled-cluster ansatz. SOAP addresses the critical
bottleneck of measurement requirements in VQE by implementing an innovative optimization strategy that approximates the energy
landscape as quadratic functions. This approach minimizes the number of energy evaluations while incorporating parameter correlations
through the integration of average directions from previous iterations. Benchmark studies demonstrate SOAP’s superior performance,
showing faster convergence and enhanced noise robustness compared to traditional optimization methods. The method’s scalability has
been validated through numerical simulations of up to 20 qubits, and its practical efficacy has been confirmed through experiments on
superconducting quantum computers.

For simulating electron-phonon systems, we introduce a variational basis state encoding algorithm that significantly reduces resource
requirements compared to conventional unary and binary encoding schemes. Our approach achieves smaller scaling than traditional
methods for qubits and gates for systems obeying the area law of entanglement entropy, this remarkable reduction in resource
requirements comes at the cost of a constant amount of additional measurements. The algorithm’s effectiveness has been validated
through both numerical simulations and quantum hardware experiments, demonstrating that using just one or two qubits per phonon
mode can produce quantitatively accurate results across various coupling regimes.

The integration of these innovations within the TenCirChem library represents a significant advancement in quantum computational
chemistry. The software package provides researchers with a comprehensive toolkit for developing, testing, and implementing quantum
algorithms, while the novel methods address fundamental challenges in circuit depth, parameter optimization, and resource efficiency.
These developments collectively enhance the practicality of quantum computing for addressing real-world chemical problems in the
NISQ era, offering improved accuracy, efficiency, and noise robustness.

quantum computing, NISQ, TenCirChem, quantum chemistry, quantum dynamics

doi: 10.1360/TB-2024-1150

18


emailto:liwt31@gmail.com
https://doi.org/10.1360/TB-2024-1150

	中等尺寸含噪量子时代的量子计算化学: TenCirChem软件包及其应用
	1量子计算机上的量子计算化学
	2TenCirChem: 高效的量子计算化学软件包
	2.1TenCirChem的基本架构和工作流程
	2.2转换为量子比特
	2.3支持的拟设
	2.3.1酉耦合簇拟设
	2.3.2硬件高效拟设
	2.3.3变分哈密顿量拟设

	2.4TenCirChem电子结构模块
	2.4.1酉耦合簇拟设
	2.4.2硬件高效拟设和噪声线路模拟

	2.5TenCirChem量子动力学模块

	3基于TenCirChem开发的量子计算方法
	3.1基于Clifford线路的哈密顿量工程
	3.2近似抛物线序列优化

	4利用变分基矢编码器对电子-声子系统的有效量子模拟
	5总结与展望

	Quantum-computational chemistry in noisy intermediate-scale quantum era: TenCirChem and its application

