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Figure 1  Collinear laser spectroscopy techniques at RIB facility!®>°. (a) A continuous ion beam produced by the RIB facility is pulsed and neutral-
ized by the RFQ cooler-buncher and charge exchange cell, respectively, and then transmitted into the interaction region where it interacts with the laser
beam; (b) layout of the interaction region for fluorescence-detection-based collinear laser spectroscopy technology, where atoms are resonantly excited
by a single laser beam and the subsequent de-excitation photons is collected by the fluorescence detector (FD); (c) resonant excitation scheme employed
in collinear laser spectroscopy technology; (d) layout of the interaction region for ion-detection-based collinear resonance ionization spectroscopy tech-
nology, where atoms undergo multi-step resonant excitation and ionization, and the resulting ions are collected downstream by the ion detector (ID); (e)
multi-step resonant ionization scheme applied in collinear resonance ionization spectroscopy technology
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Figure 6 Energy levels in Fr atoms for atomic parity violation
studies!'**! and physical mechanism of atomic parity violation!!?#!
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The hyperfine structure reflects the electromagnetic interactions between the atomic nucleus and the surrounding electrons.
Their spectral features simultaneously encode information about both nuclear properties and the structure of atomic and
molecular systems. High-precision measurements of hyperfine structures and isotope shifts using advanced laser spec-
troscopy techniques enable the model-independent extraction of multiple fundamental properties of atomic nuclei, such
as spins, magnetic moments, electric quadrupole moments, and charge radii. Such measurements provide critical experi-
mental inputs for the discovery and investigation of exotic phenomena in unstable nuclei, including halo structure, island
of inversion, shell evolution, and shape coexistence, as well as for testing nuclear theoretical models. Additionally, the
integration of laser spectroscopy with radioactive ion beam facilities has significantly advanced frontier research in atomic
and molecular physics, such as experimental validation of quantum electrodynamics, benchmarking the accuracy of atomic
and molecular structure calculations, and exploration of fundamental symmetries.

In recent years, the continued development of radioactive ion beam facilities has expanded the nuclear chart, enabling ex-
perimental access to an increasing number of unstable nuclei. However, the short lifetimes, low production yields, and sub-
stantial contamination from stable and long-lived isomers present major challenges for laser spectroscopy measurements.
Among various methods, collinear laser spectroscopy, owing to its high spectral resolution, has played an irreplaceable role
in studying the exotic structures of unstable nuclei across various mass regions, while also contributing to related research
in atomic and molecular physics. It has been widely implemented at major radioactive ion beam facilities worldwide. This
review will systematically discuss the measurement principles and methodological features of collinear laser spectroscopy
based on fluorescence detection and collinear resonance ionization spectroscopy based on ion detection. It will also em-
phasize the innovative applications and recent advances of these two techniques in the interdisciplinary research between

nuclear physics and atomic and molecular physics.

collinear laser spectroscopy, collinear resonance ionization spectroscopy, hyperfine structure, unstable nuclei,
highly charged ion, radioactive molecules
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