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Abstract
The fundamental properties of unstable atomic nuclei reflect their internal struc-
ture and effective interactions, and can be used to investigate the exotic struc-
tures of unstable nuclei. Laser nuclear spectroscopy, by measuring the hyper-
fine structure and isotope shift in atomic electron spectra, can extract multiple
fundamental properties of atomic nuclei in a model-independent manner, and
represents one of the powerful tools for studying the properties and structures
of unstable nuclei. The multi-step laser resonance ionization method is one of
the techniques for measuring the hyperfine structure and isotope shift of atoms
or ions. Based on this, various resonance ionization spectroscopy experimental
techniques have been developed internationally for studying the fundamental
properties and structures of unstable nuclei at radioactive ion beam facilities.
This paper first introduces the laser resonance ionization method and the vari-
ous resonance ionization laser spectroscopy experimental techniques developed
therefrom. Subsequently, it discusses in detail the collinear resonance ioniza-
tion spectroscopy technique that has emerged in the past decade. This tech-
nique enables simultaneous high-resolution and high-sensitivity measurements
of hyperfine structure spectra, and is playing an important role in studies of the
properties and structures of unstable nuclei across a large mass range of the chart
of nuclides. Finally, it analyzes the current status and application prospects of
resonance ionization laser spectroscopy techniques for domestic radioactive ion
beam facilities.
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Abstract

The fundamental properties of unstable nuclei are highly related to nuclear struc-
ture and effective nucleon-nucleon interactions, and can be used to study various
exotic structures of unstable nuclei. Laser spectroscopy is a powerful tool for
studying nuclear properties and structure by probing the hyperfine structure
and isotope shift of corresponding atoms or ions, from which nuclear properties
can be extracted in a nuclear model-independent manner. Multi-step laser res-
onance ionization spectroscopy (RIS) can be used to measure atomic or ionic
hyperfine structure. Based on this approach, various experimental techniques
have been developed at radioactive ion beam (RIB) facilities worldwide to study
the properties and structure of unstable nuclei. This paper first introduces the
RIS method and related experimental techniques. Subsequently, the recently-
developed collinear resonance ionization spectroscopy technique, which enables
high-resolution and high-sensitivity measurement of hyperfine structure spectra
and plays an important role in studying the properties and structure of unstable
nuclei across large mass regions of the nuclear chart, is discussed in detail. Fi-
nally, the development status of RIS and its application prospects at domestic
RIB facilities are analyzed.

Keywords: unstable nuclei, hyperfine structure, laser resonance ionization,
laser spectroscopy technique

Unstable nuclei are mostly located in unexplored regions of the nuclear chart
and exhibit rich structural phenomena such as halo structures, shell evolution,
and shape coexistence. Related measurements continuously challenge existing
nuclear structure models and theoretical frameworks. Therefore, research on
unstable nuclei represents one of the frontier hotspots in international nuclear
physics basic research [1-4]. With upgrades of existing RIB facilities worldwide
and development of next-generation RIB facilities—such as ISOLDE (Isotope
Separator On-Line DEvice) at CERN [5], RIBF (Radioactive Isotope Beam
Factory) at RIKEN [6], FRIB (Facility for Rare Isotope Beams) at Michigan
State University [7], FAIR (Facility for Antiproton and Ion Research) at GSI
[8], and HIAF (High Intensity heavy-ion Accelerator Facility) at the Institute
of Modern Physics in China [9]—more neutron-rich and proton-rich nuclides far
from the 𝛽-stability line will be produced, providing important conditions for
further studying the properties and exotic structures of unstable nuclei through
various experimental means.

Currently, multiple experimental methods and techniques are used to study
unstable nuclei, typically including nuclear reactions, nuclear decay, and funda-
mental property measurements, which are widely applied at international RIB
facilities [1]. Different experimental techniques for studying unstable nuclei also
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depend on the method of RIB production. RIB facilities mainly produce un-
stable nuclear beams through two approaches: the Isotope Separator On-Line
(ISOL) method and Projectile Fragmentation (PF) [2]. The ISOL method uses
light particle beams (such as p, D, etc.) to bombard thick targets, inducing
nuclear reactions. Reaction products are stopped in the target, then diffused
out and ionized in an ion source, extracted and electrostatically accelerated to
form unstable nuclear beams of tens of keV. The PF method uses high-energy
heavy ion beams (tens or hundreds of MeV) to bombard thin targets, inducing
projectile fragmentation reactions to produce high-energy radioactive nuclear
beams.

Laser spectroscopy is a powerful tool for measuring fundamental properties of
unstable atomic nuclei [10-12], primarily for high-precision measurements of
low-energy radioactive beams. Therefore, it is mostly applied at ISOL-type
RIB facilities [13-14]. By measuring the hyperfine structure spectra of atoms,
ions, or molecules of unstable nuclei, laser spectroscopy can precisely extract
nuclear properties such as spin, magnetic moment, electric quadrupole moment,
and charge radius in a nuclear model-independent manner, and has played an
important role in studying the properties and exotic structures of unstable nu-
clei [2,11]. Laser spectroscopy mainly measures hyperfine structure spectra of
atoms, ions, or molecules through two methods: laser-induced fluorescence and
laser resonance ionization. Based on these two methods, various laser spec-
troscopy techniques have been developed internationally, notably collinear laser
spectroscopy based on fluorescence detection and in-source laser spectroscopy
based on laser resonance ionization. Collinear laser spectroscopy obtains hy-
perfine structure spectra of ions or atoms by resonantly exciting them using
the Doppler tuning method with collinear laser and radioactive beams, then
detecting de-excitation fluorescence [2,14]. This method effectively suppresses
Doppler broadening and enables high-resolution measurement of hyperfine struc-
ture spectra, making it applicable for studying unstable nuclei across all mass
regions of the nuclear chart [2]. In-source laser spectroscopy using laser reso-
nance ionization offers higher detection sensitivity, but its resolution is limited
by Doppler or collisional broadening, making it difficult to measure hyperfine
structure spectra of light-mass atoms with small hyperfine splitting. It is cur-
rently mainly used for studying nuclear properties in heavy-mass regions [2].
Laser resonance ionization technology can be applied not only to frontier basic
research on properties and structures of unstable nuclei, but also has various ap-
plication potentials such as laser ion sources [15] and medical isotope production
[16]. In recent years, the newly developed collinear resonance ionization spec-
troscopy method, combining collinear techniques, has achieved breakthrough
progress by simultaneously realizing high-resolution and high-sensitivity mea-
surements of unstable nuclei, playing an important role in studying properties
and structures of unstable nuclei across large mass ranges of the nuclear chart
[17-18]. Recently, this method was also successfully applied for the first time to
spectroscopic measurements of radioactive molecules containing unstable nuclei,
providing new approaches and opportunities for research in nuclear structure,
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nuclear astrophysics, and fundamental symmetries [19-20].

This paper focuses on laser resonance ionization methods and their applications.
It begins with the principles of laser resonance ionization, then introduces in
detail various resonance ionization laser spectroscopy techniques developed in-
ternationally, such as hot-cavity in-source resonance ionization spectroscopy, in-
gas-cell and in-gas-jet resonance ionization spectroscopy, radiation-detected res-
onance ionization spectroscopy, and collinear resonance ionization spectroscopy.
Finally, combined with the current development status of laser spectroscopy
technology in China, the paper discusses application prospects at existing and
next-generation RIB facilities.

Basic Principles of Laser Resonance Ionization

The basic principle of laser resonance ionization is illustrated in Figure 1 [Fig-
ure 1: see original paper], which shows the use of multi-step lasers to resonantly
excite and ionize extranuclear electrons step by step. Figure 1 also presents
three common schemes of laser resonance ionization: non-resonant ionization,
resonant ionization, and field ionization [2]. In non-resonant ionization, the final
step uses a high-power laser with fixed frequency to excite electrons above the
ionization potential. Resonant ionization uses multi-step lasers with continu-
ously tunable frequencies to resonantly excite electrons to autoionizing states.
Field ionization uses multi-step lasers to resonantly excite atoms to Rydberg
states, forming Rydberg atoms that are easily ionized by electrostatic fields or
thermal effects. This is because Rydberg atoms have loosely bound valence
electrons at large distances from the atomic core (with extremely low binding
energies) that are easily ionized through collisions or external field perturbations.
Experimentally, hyperfine structure spectra are obtained by directly detecting
the ionized ions, or by detecting decay products of the ions after ionization, or
by using high-sensitivity ion traps to detect ionized ions, and correlating these
with the frequency of the resonantly excited laser (such as the frequency �1 of
the first-step laser shown in Figure 1).

In practice, the most commonly used method is still non-resonant ionization,
since suitable autoionizing states cannot be found for all elements of interest.
However, because the final step of non-resonant ionization requires high-power
lasers to achieve efficient ionization, the intense laser can directly ionize target
atoms or impurity atoms already in excited states due to collisional excitation,
creating large detection backgrounds that greatly affect the sensitivity of hyper-
fine structure spectrum measurements. Field ionization is considered one way
to further improve experimental detection sensitivity. Figure 2 [Figure 2: see
original paper] shows two commonly used field ionization modes in resonance
ionization laser spectroscopy experiments. Figure 2(a) describes how a Rydberg
atom beam of tens of keV is ionized into ions when entering a high electric field
and experiencing a sudden increase in field strength (large field gradient) [21].
Figure 2(b) illustrates collisional ionization of atoms in Rydberg states in the
hot-cavity in-source resonance ionization spectroscopy technique [22].
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In-Source Resonance Ionization Laser Spectroscopy Techniques

The spectral resolution of Resonance Ionization Spectroscopy (RIS) is limited
by the environment and conditions of the ion source (such as temperature, pres-
sure, etc.), typically above GHz [28]. Currently, various in-source resonance
ionization laser spectroscopy techniques have been developed internationally us-
ing different radionuclide reaction target sources, including hot-cavity in-source
resonance ionization spectroscopy, in-gas-cell and in-gas-jet resonance ioniza-
tion spectroscopy, and Radiation Detected Resonance Ionization Spectroscopy
(RADRIS). Figure 3 [Figure 3: see original paper] qualitatively shows the de-
tection sensitivity and resolution of several in-source resonance ionization spec-
troscopy techniques, demonstrating that resolutions are all above GHz and sen-
sitivities can achieve yields below 10 pps. It is worth noting that such in-source
laser spectroscopy often needs to be combined with high-sensitivity detection
methods (such as decay particle detection or high-sensitivity ion trap detection)
to achieve even higher sensitivity (below 1 pps) for hyperfine structure spec-
trum measurements. The following sections provide detailed examples of these
in-source resonance ionization spectroscopy techniques.

2.1 Hot-Cavity In-Source Resonance Ionization Spectroscopy The
hot-cavity in-source resonance ionization spectroscopy technique was first de-
veloped by Alkhazov et al. based on the laser ion source at the ISOL-type RIB
facility IRIS, enabling measurement of hyperfine structure spectra of proton-
rich 154,156Yb isotopes and demonstrating that this method could measure
nuclides with yields as low as 1–10 pps [23,29]. Currently, this hot-cavity in-
source resonance ionization spectroscopy technique is widely used at ISOL-type
RIB facilities. ISOL facilities produce nuclear reactions by bombarding thick
targets with high-energy light ions (such as protons). Reaction products are
typically stopped in the thick target; when heated above 2,000 K, the reaction
products diffuse out of the target and into the ion source. Inside the ion source,
atoms of the reaction products of interest are resonantly ionized by multi-step
lasers. The resulting ions are extracted and accelerated, then mass-separated
and detected (Figure 1 in reference [25]). By measuring the relationship be-
tween ion counts and laser frequency, the hyperfine structure spectrum of the
target atomic nucleus can be obtained. At 2,000 K, the transit time of ther-
mally moving atoms is on the order of 100 �s. Therefore, to improve the duty
cycle between the ion beam and laser beam, the repetition rate of multi-step
pulsed lasers used for resonance ionization is generally 10 kHz or higher [2]. The
resolution of hyperfine structure spectra measured by in-source resonance ion-
ization spectroscopy is affected by Doppler and pressure broadening, typically
on the order of GHz, and is thus currently mainly used for studying heavy-mass
nuclides with large hyperfine structure splitting [30].

Early hot-cavity in-source resonance ionization spectroscopy primarily used
Faraday cups or ion detectors to measure hyperfine structure spectra [25].
For measurements of increasingly lower-yield nuclides accompanied by large
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amounts of isobaric impurities, in-source resonance ionization spectroscopy has
been combined with decay detection that measures decay products of target
ions, or with ion detection using high-sensitivity ion trap technology, greatly
improving experimental sensitivity. For example, at CERN’s ISOLDE facility,
in-source resonance ionization spectroscopy combined with a Multi-Reflection
Time-of-Flight Mass Spectrometer (MR-ToF MS) has enabled measurement of
the charge radius of 177Hg (Z = 80) with yields of only a few ions per minute
[26]; at the IGISOL (Ion Guide Isotope Separator On-Line) facility at the
University of Jyväskylä in Finland, in-source resonance ionization spectroscopy
combined with position-sensitive Penning trap mass spectrometry PI-ICR
(Phase-Imaging Ion-Cyclotron Resonance) has enabled measurement of the
charge radius of 96Ag (Z = 47) with yields of only 0.005 pps [27].

To improve the spectral resolution of hot-cavity in-source resonance ionization
spectroscopy, new technologies are continuously being developed, such as the
recently developed Perpendicularly Illuminated Laser Ion Source and Trap (PI-
LIST) [31-32]. The LIST technology was initially developed to improve the
purity of beams produced by hot-cavity ion sources by installing a positively
charged repelling electrode at the extraction aperture of the hot cavity to sup-
press upstream positive ions, thereby addressing the poor selectivity caused by
isobaric impurities [33]. This technology has been applied at CERN-ISOLDE,
improving the suppression of surface-ionized isobaric impurities by more than
1,000 times [34]. The PI-LIST technology, developed based on LIST, suppresses
Doppler broadening and improves spectral resolution by aligning the laser per-
pendicular to the ion source for interaction with atoms. This technology was
first developed and operated on the offline RISIKO (Resonance Ionization Spec-
troscopy in KOllinear Geometry) device at the University of Mainz in Ger-
many, achieving high-resolution (FWHM (Full Width at Half Maximum) ~100
MHz) measurements of hyperfine structure spectra of long-lived nuclides such
as 97,99Tc (Z = 43) and 143,147Pm (Z = 61) [31-32]. However, the geometric
cross-section for interaction between perpendicularly incident laser and atoms
is significantly reduced, thereby decreasing resonance ionization efficiency.

2.2 In-Gas-Cell and In-Gas-Jet Resonance Ionization Spectroscopy
In the 1980s, the University of Leuven in Belgium proposed and developed the
in-gas-cell resonance ionization spectroscopy technique [35-38] for use at the
LISOL (Leuven Isotope Separator On-Line) RIB facility [39]. Using the mea-
surement of 215Ac (Z = 89) at Leuven as an example [40], a primary beam of
22Ne or 20Ne bombards a 197Au target, inducing fusion-evaporation reactions.
The resulting 215Ac+ ions are neutralized in a gas cell filled with argon, and
the 215Ac atoms enter the ionization region with the gas flow, while unneutral-
ized 215Ac+ ions are removed by electrostatic deflection electrodes. The 215Ac
atoms are resonantly ionized by multi-step lasers, and after passing through an
RF ion guide and mass separator, their decay 𝛼 particles are detected to obtain
the hyperfine structure spectrum of 215Ac atoms. Although energy dispersion
caused by collisions with buffer gas results in a spectral line width of 5.8 GHz for
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the 215Ac hyperfine structure spectrum, in-gas-cell resonance ionization spec-
troscopy achieved high-sensitivity measurement of 215Ac with yields of only 8.3
ions/s. This technology has currently been developed and applied at multiple
RIB facilities, such as IGISOL at the University of Jyväskylä [41] and KISS
(KEK Isotope Separation System) at RIKEN-RIBF [42-43].

To further improve the spectral resolution of hyperfine structure spectra mea-
sured by in-gas-cell resonance ionization spectroscopy, the Leuven team has
recently developed the in-gas-jet resonance ionization spectroscopy technique
[44-45] (Figure 1 in reference [40]), greatly improving experimental spectral res-
olution. In this technique, target atoms are ejected from the gas cell at high
speed through a de Laval nozzle in the resonance ionization region, forming
a collimated supersonic gas jet that provides a low-temperature, low-pressure,
quasi-collision-free environment, significantly reducing energy dispersion caused
by collisions and temperature. Target atoms are resonantly ionized by per-
pendicularly incident lasers in this environment, enabling high-resolution mea-
surement of hyperfine structure spectra of unstable nuclear atoms. The first
online experiment using this technique achieved high-resolution measurement
(FWHM: 394 MHz) of unstable 215Ac nuclides, improving spectral resolution
by nearly 15 times compared to in-gas-cell resonance ionization spectroscopy
[40]. This high-resolution, high-sensitivity in-gas-jet resonance ionization spec-
troscopy technique will also be applied at the S3 Low-Energy Branch (S3-LEB)
of GANIL-SPIRAL2 in France [46] and the Separator for Heavy Ion reaction
Products (SHIP) terminal at GSI in Germany [47].

2.3 Radiation-Detected Resonance Ionization Spectroscopy Laser
spectroscopy experiments on unstable nuclei of superheavy elements (Z ≥ 100)
can provide important information for testing atomic theory and studying
nuclear structure in the superheavy region. The yields of these superheavy
nuclides are often very low; for example, at the SHIP RIB facility at GSI in
Germany, superheavy nuclides produced through fusion-evaporation reactions
typically have yields of only a few pps [48]. In the 1990s, radiation-detected
resonance ionization spectroscopy developed at GSI enabled measurement of
the magnetic moment and charge radius of the heavy-mass unstable nucleus
208Tl (Z = 81) [46]. In recent years, to conduct laser spectroscopy studies of
superheavy nuclei, the experimental team at GSI has optimized and developed
radiation-detected resonance ionization spectroscopy, conducting high-efficiency
(1%) measurements of 155Yb nuclides [48] and ultimately achieving studies of
nobelium (No, Z = 102) isotopes [49].

As shown in Figure 4 [Figure 4: see original paper], radioactive heavy nu-
clides (such as 252,254No) produced through fusion-evaporation reactions enter
a buffer gas cell through an entrance window. In this buffer gas stopping cell,
large numbers of reaction products remain in positive charge states. These pos-
itive ions accumulate on a tantalum filament and are neutralized to atoms. By
heating the tantalum filament to 1,350 K, the adsorbed 252,254No atoms evap-
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orate from the filament. The evaporated atoms are resonantly ionized by lasers
and rapidly guided by extraction electrodes into an 𝛼 detector. By measuring
the relationship between the decay 𝛼 particle count of the target nuclide and
the frequency of the resonantly excited laser, the hyperfine structure spectra
of 252,254No atoms can be obtained. Through this radiation-detected reso-
nance ionization spectroscopy technique, the GSI team achieved, for the first
time internationally, high-efficiency measurement of hyperfine structure spectra
of superheavy 252,254No nuclides (total efficiency of 3.3(1.0)% for 252No and
6.4(1.0)% for 254No). The yield of 254No was only 4 pps, and the measured
spectral broadening was about 4 GHz [49-50]. This represents the heaviest ele-
ment studied by laser spectroscopy to date. This experiment also provided the
first precise determination of the ionization potential of nobelium, (6.62621 ±
0.00005) eV [49,51]. These measurements provide important experimental data
for future theoretical work on superheavy atoms and lay the foundation for laser
spectroscopy measurements of even heavier elements [52].

Collinear Resonance Ionization Spectroscopy

As described above, in-source resonance ionization laser spectroscopy methods,
due to their limited resolution, are mainly used for studying properties and struc-
tures of heavy-mass unstable nuclei. For numerous light-mass and medium-mass
nuclides, high-resolution laser spectroscopy techniques are required. Typical
high-resolution laser spectroscopy methods for unstable nuclei include atom/ion
traps and collinear laser spectroscopy [2]. Atom/ion trap technology is limited
by element type and can mostly only be applied to alkali metal and noble gas
elements. Collinear laser spectroscopy uses collinear laser and high-speed (tens
of keV) atomic or ion beams, greatly reducing Doppler broadening caused by
energy dispersion. Specifically, ions with a certain energy dispersion 𝛿E acceler-
ated to energy E have a velocity uncertainty of 𝛿� = 2mE, resulting in Doppler
broadening of: 𝛿𝜈 = 𝜈02𝐸𝑚𝑐2, where �0 is the transition frequency and m is the
ion mass. As can be seen, Doppler broadening 𝛿� decreases as the ion beam en-
ergy E increases. When ion energies are 30–60 keV, Doppler broadening caused
by ion energy dispersion can be reduced to tens of MHz, comparable to the natu-
ral broadening of atomic transitions. Typical collinear laser spectroscopy based
on this technique usually employs laser-induced fluorescence, so measurement
sensitivity is limited by large background counts from laser-scattered photons
and is commonly used for studying unstable nuclides with yields of 103–104 pps.

The collinear resonance ionization spectroscopy (CRIS) technique developed in
recent years adopts resonance ionization based on collinear ion and laser beams,
simultaneously achieving high-resolution and high-sensitivity measurements of
unstable nuclei [17-18]. The CRIS concept was first proposed by Kudriavtsev
et al. in 1982, initially envisioned for measuring ultra-low-abundance long-lived
rare radioactive nuclides (such as 26Al (Z = 13): T1/2 = 7.4$×10^{5}$ years,
relative natural abundance of 10−14) [53]. In 1991, Schulz et al. [54] verified
the feasibility of this method through online experiments at CERN-ISOLDE.
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The experiment used two-step collinear lasers to excite atoms of nuclides such
as 157,159,175Yb to Rydberg states and measured hyperfine structure spectra
through field ionization, thereby obtaining fundamental properties of these nu-
clides. This experiment used a continuous radioactive beam, achieving a total
detection efficiency of only 0.001%, mainly due to the low duty cycle between the
continuous beam and pulsed laser beam. To avoid duty cycle losses, after the de-
velopment of beam bunching technology based on RadioFrequency Quadrupole
cooler and buncher (RFQ) [55], Flanagan et al. [56] conducted offline verification
experiments of the CRIS technique using pulsed stable 27Al beams, achieving
an experimental detection efficiency of about 3%. Subsequently, Flanagan et
al. [58] successfully applied this CRIS technique at CERN-ISOLDE for studying
properties and structures of unstable nuclei.

Figure 5 [Figure 5: see original paper] shows a schematic of the first CRIS
experimental setup developed internationally at CERN-ISOLDE for studying
unstable nuclei [58]. Radioactive beams of 30–60 keV produced by the ISOLDE
facility are mass-separated, then cooled, bunched, and released in an RFQ [59] to
achieve beam pulsing. After electrostatic deflection into the CRIS experimental
terminal, the pulsed ion beam is first neutralized in a charge exchange cell filled
with K or Na vapor. Unneutralized ions are removed by electrostatic deflection
electrodes, and the neutralized pulsed atomic beam enters the interaction re-
gion through a differential pumping section. In this region, multi-step pulsed
lasers overlap spatially and are synchronized temporally with the atomic beam
to achieve resonant ionization of atoms. The interaction region is maintained
at ultra-high vacuum (10−7–10−8 Pa) to minimize background from collisional
ionization of atoms with stray gas. Ions resonantly ionized by lasers are electro-
statically deflected into a detector for collection, ultimately obtaining hyperfine
structure spectra of target atoms.

In 2012, the first online CRIS experiment achieved measurement of magnetic
moments and charge radii of neutron-deficient 202,205,218m,219,229,231Fr (Z
= 87) isotopes in the heavy-mass region, reaching a detection efficiency of 1%
[58,60-61]. This experiment used pulsed Ti:sapphire lasers with 1 GHz linewidth
for the first resonant excitation step, resulting in spectral resolution >1 GHz. In
2014, the CRIS team used Pockels cell-modulated narrowband continuous-wave
lasers to generate narrowband periodic lasers for resonantly exciting francium,
achieving high-resolution (FWHM: 20 MHz) hyperfine structure spectrum mea-
surements of Fr atoms [62]. However, the pulsed laser power after Pockels cell
modulation was relatively low, directly affecting laser resonance ionization ef-
ficiency. In 2016, the CRIS team used high-power narrowband pulsed lasers
generated by seed amplification technology based on narrowband continuous-
wave lasers to achieve, for the first time, high-resolution (FWHM: 75 MHz)
and high-sensitivity measurement of neutron-rich 78Cu (Z = 29) nuclides in the
medium-mass region with yields of only 20 pps [17]. In 2018, for the short-
lived (110 ms), low-yield (200 pps), high-stable-impurity (106 pps) light-mass
nuclide 52K (Z = 19), the CRIS team first employed 𝛽-decay-tagged collinear
resonance ionization spectroscopy to measure the charge radius of the extremely
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neutron-rich nucleus 52K [18]. The 𝛽-decay-tagged collinear resonance ioniza-
tion spectroscopy method exploits the short half-life characteristic of nuclides
by detecting 𝛽-decay products instead of ions, avoiding interference from large
numbers of stable impurity nuclei. In 2018, the CRIS team completed the first
international spectroscopic measurement of short-lived radioactive molecules
(such as RaF), providing new opportunities for fundamental symmetry studies
at low energy scales [19-20]. In 2019, the CRIS team used field ionization tech-
nology to achieve high-resolution measurement of 113,115In (Z = 49) nuclides,
promising to further improve the sensitivity of the CRIS method [21].

After more than ten years of development, CRIS technology has matured and
become an internationally leading high-resolution, high-sensitivity laser spec-
troscopy technique. Currently, this technique has been used to conduct exper-
imental measurements of unstable nuclear properties across all mass regions of
the nuclear chart, including light-mass K [18,63] and Sc (Z = 21) [64], medium-
mass Cu [17] and Ga (Z = 31) [65], medium-heavy-mass In [66] and Sn (Z = 50)
[67], and heavy-mass Ra (Z = 88) [68] and Fr [62], playing an important role
in studying exotic structures of unstable nuclei. Currently, CRIS technology is
being developed at Michigan State University’s FRIB facility, the University of
Jyväskylä’s IGISOL facility, and China’s BRIF (Beijing Radioactive Ion-beam
Facility) for studying properties and structures of nuclei further from stability.

Summary and Outlook

This paper detailed the basic principles of laser resonance ionization methods
and various online laser spectroscopy experimental facilities developed for study-
ing properties and structures of unstable nuclei, including hot-cavity in-source
resonance ionization spectroscopy, in-gas-cell and in-gas-jet resonance ionization
spectroscopy techniques, radiation-detected resonance ionization spectroscopy,
and collinear resonance ionization spectroscopy.

Currently, RIB facilities are being upgraded and next-generation RIB facilities
are being developed internationally to produce nuclei even further from stabil-
ity near the drip lines. Laser spectroscopy techniques are rapidly developing
and being widely deployed at these RIB facilities. In China, existing BRIF
[69] and the next-generation large-scale facility HIAF under construction [9]
have not previously developed laser spectroscopy experimental platforms for
studying properties and structures of unstable nuclei. Recently, domestically
developed collinear laser spectroscopy equipment based on fluorescence detec-
tion has achieved important progress in offline and online experiments, reaching
the advanced level of similar international facilities [14,70-72]. To study proper-
ties and structures of unstable nuclei with even lower yields at existing and fu-
ture RIB facilities in China, domestic teams are also developing high-resolution,
high-sensitivity collinear resonance ionization spectroscopy technology, which
has already achieved important phased progress and is currently undergoing
offline physics testing [73]. This technology will be combined with RFQ un-
der development and applied at the BRIF facility and future HIAF facility for
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studying fundamental properties and structures of unstable nuclei, as well as
for spectroscopic studies of radioactive molecules.
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