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Figure 1 (Color online) (a) The de Broglie wavelengths for various
diatomic molecules as a function of temperature. The orange region
presents the length of the effective interaction range between typical
gaseous molecules. (b) Schematic diagram of scattering integral cross
section as a function of collision energy or temperature for a typical
inelastic collision or reaction.
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Figure 2 (Color online) Variable-angle crossed molecular beams
apparatus at the University of Bordeaux, France [14].
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Figure 3 (Color online) Cold-collision dynamics apparatus at Rad-
boud University, the Netherlands®".
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Figure 4 (Color online) Merged-beam experimental apparatus at the
Weizmann Institute of Science, Israel*?.
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Figure 5 (Color online) (a, b) Comparison of the long-range
interaction energy of the H,0O-H, system obtained by different methods
[62]. Einaps Eingsir and Ejy. are the interaction energy obtained by
ab initio calculations at the CCSD(T)-F12a/AV5Z level, the inter-
molecular potential energy surface [62], and the ABLRI program [63],
respectively.
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Figure 6 (Color online) Definition of the intermolecular coordinates
of the system A-B [63]. The Euler angles (a, f, y) are used to describe
the rotation from the DF frame to the MF frame, while R is the distance
between the two molecules. a; and b; are the position vectors of the ith
particle in A, and jth particle in B, respectively.
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Figure 8 (Color online) Comparison of long-range interaction energy
of the H,O-H, system obtained by the non-degenerate perturbation
theory (Eiy ) and ab initio calculations (Ej,,,) at the CCSD(T)-F12a/
AV5Z level [63].
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Abstract: Cold molecular collision processes exhibit pronounced quantum effects, such as scattering resonances and

quantum tunneling, providing an ideal platform for revealing intermolecular interactions and the quantum nature of

chemical processes. In recent years, this field has witnessed groundbreaking advances in both experiment and theory.

Collaborative efforts between experimental and theoretical studies have elucidated the origins of quantum scattering

resonances at ultralow temperatures, enabling selective control over reaction pathways and product quantum states

through manipulation of molecular spatial orientation. This review focuses on experimental innovations in precise

quantum-state manipulation and detection of cold molecules, methodologies for constructing high-accuracy long-range

potential energy surfaces, developments in quantum dynamics theory, and research progress in representative systems.

Two major challenges are analyzed: (1) Low efficiency in preparing single quantum states of polyatomic molecules and

the urgent need for advanced high-density slow-molecule beam techniques; (2) the curse of dimensionality in

constructing high-dimensional potential energy surfaces and performing quantum dynamics calculations for systems

beyond five atoms. Future progress requires integrating machine learning algorithms, novel quantum-state manipulation

strategies, and external-field control techniques to expand applications of cold molecular collisions in cutting-edge fields

such as quantum control and precision measurement.

Keywords: cold molecular collisions, quantum dynamics, potential energy surface, long-range interactions,
stereodynamics, quantum-state manipulation
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