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Part 1

ÅWhy nuclear structure in exotic nuclei?

Å Radioactive ion-beam facilities

Å Access nuclear structure via Ʃ-decay methods

Part 2

Å Techniques for studying nuclear ground states

Å Nuclear excitations and related measurements



Exotic isotopes dominate the chart of nuclei

Å 3499 isotopes have been discovered by May 2026

Å ~250 isotopes are known to be stable (<10% of the 

total), the rest are radioactive

Å The properties of exotic isotopes give the full 

picture of how protons and neutrons are bound 

together inside an atomic nucleus

https://frib.msu.edu/public-engagement/learning-resources-and-

programs/brief-history-of-rare-isotopes/list-of-new-isotope-discoveries
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Nuclear shell model and spin-orbital splitting

G. Mayer and J.H.D. Jensen

.

Ragnarsson and Nilsson, 1995



J. Rainwater, A. Bohr, and B. Mottelson

The collective (unified) model

D.L. Hill and J.A. Wheeler, Phys. Rev. 89, 1102 (1953)



¯Unexpected° nuclear properties in exotic nuclei

Å The excitation energy of the first 2+ state, E(2+), is a good 

indicator of nuclear collectivity

Å Relatively large E(2+) (>=1 MeV) is expected for nuclei that 

are either semi or doubly magic, e.g., with N=20

Å 32Mg (Z=12, N=20) exhibits a low-lying 2+ state (< 900 keV) 

even though N=20 is a magic number

Å Neutrons favor excitation across the N=20 shell gap to 

gain extra binding energies Ą N=20 shell is weak

Å Exotic nuclei such as 32Mg have been challenging nuclear 

models in the last few decades, advancing our understanding 

of nuclear evolution towards proton and neutron driplines

Si (Z=14)

Mg (Z=12)

N=20

Neutron #

ƕ=20



Studying exotic isotopes is an experimental challenge

Ʃ+ decay

Ʃ- decay

ƨ decay

148Nd

160Nd

Å Exotic nuclei don®t exist naturally (short-lived)

Å They need to be produced before being studied 

in our laboratories

Å How much we can produce them (statistics) 

makes the difference!



Radioactive ion-beam facilities

The radioactive ion-beam (RIB) facilities produces short-lived isotopes far from stability, via various nuclear reactions 

and delivers exotic beams for experimental measurements

Å Two major types of methods to produce radioactive isotopes

Å Isotope Separation On-Line (ISOL): ISOLDE, IGISOL, TRIUMF, etc

Å In-flight Fragmentation: FRIB, RIBF, GSI, etc

ISOLDE at CERN FRIB at MSU



Isotope Separation On-Line

Å A high-energy primary beam of light particles, e.g., protons, impinge on a 

thick target (a few centimeters) containing heavy elements, e.g., UCx

Å The target is heated to high temperature so that the products diffuse into the 

ion sources, e.g., resonant ionization laser ion sources

Å The ions of interest (mostly single charged) were selected by magnetic mass 

separators

Å The beams can be directly delivered to low-energy experiments, or be 

reaccelerated for reaction experiments

Courtesy of Maria J. G. Borge



In-flight fragmentation

238U

12C

Å A high-energy primary beam of heavy particles, e.g., 238U, impinges on a 

thin target (a few millimeters) of light element, e.g., carbon or beryllium

Å The fragments are produced at large forward momentum, with a velocity 

similar to the primary beams, e.g., a fraction of the speed of light

Å Isotopes of interest are selected by their magnetic rigidity (BƸ=p/q)

Å After BƸ selection, the cocktail beams need to be tagged by their atomic 

numbers and mass-to-charge ratios (next slide)

Å Beam can be delivered to the experimental setup (fast beam), or stopped 

in a gas catcher and reaccelerated to low kinetic energy (slow beam)

Courtesy of Maria J. G. Borge



Particle identification (PID) for cocktail beams

Å Secondary beams from in-flight fragmentation facilities are usually cocktail beams

Å We need to identify the ions on an event-by-event basis

Å The goal is to reconstruct the atomic number (Z) and mass-to-charge ratio (A/Q) of the ions

Å Additionally, the charge (Q) if more than one charge state is transmitted (necessary in the heavy mass region)

Å This is usually done in the so-called BƸ-TOF-ƌE approach

Å A/Q ~ BƸ/Ʃƪ (Ʃ is velocity and ƪ is the Lorentz factor)

Å Z ~ [ƌE f(Ʃ)]1/2 (the Bethe-Bloch energy-loss formula)

N.Fukuda et al., NIMB 317, 323 (2013)

PID for the 238U (345MeV/u) + Pb reaction

BigRIPS at RIBF, RIKEN



Comparison between the two methods

Isotope Separation On -Line

Å Usually very high beam rates

Å Usually excellent beam purities, low 

background

Å Well controlled beam energies allow for 

high-precision measurements

Å One isotope at a time

Å Beam extraction depends on their chemical 

properties

Å Hard to study nuclear states with sub-

millisecond life times

In-flight Fragmentation

Å Study multiple nuclei at the same time

Å Beam production doesn®t depend on the 

chemical properties

Å Capable of studying nuclear states with sub-

millisecond life times

Å Beam purities are generally bad, especially 

for the most exotic species

Å Beam rates are usually not as high as the ISOL 

facilities

Å Particle identification becomes more 

challenging with increasing nuclear masses

Pros

Cons



Ʃ decay: definition

Ʃ decay is a weak process transforming a neutron into a proton, or vice versa (transitions between two neighboring isobars)

Å Ʃ minus decay

Å Ʃ plus decay

Å Electron capture

https://people.physics.anu.edu.au/~ecs103/chart3d/



Ʃ decay energy window, QƩ

QƩdefines the maximum energy that can be released in the Ʃ decay (from parent ground state to daughter ground state) 

Å Ʃ decay can only happen if QƩ> 0

Å ME is atomic (not nuclear) mass excess

Å The energy window of EC is about 1.022 MeV greater than that of Ʃ+ decay of the same nucleus

Å The Q value of an actual Ʃ-decay transition depends on the excitation energy of the daughter nucleus (see next slide)



Classification of Ʃ-decay transition

Å EƩis the total kinetic energy shared between leptons (Ʃ particle®s energy is not 

discrete)

Å SƩ= sƩ+ sƴ = 0 or 1 (more details in the next slide)

Å LƩ= lƩ+ lƴ = n defines the degree of forbiddenness (n)

Å Allowed Ʃ decay

Å LƩ= 0 and í = f́

Å e.g., g9/2 Ą g7/2

Å Forbidden Ʃ decay

Å LƩ= n > 0 and Ʒi Ʒf = (-1)n

Å n = 1 ĄFirst-forbidden transition

Å e.g., g9/2 Ą f7/2

Å n = 2 ĄSecond-forbidden transition¤

Å e.g., g9/2 Ą d5/2

Å For the decay study of exotic isotopes, most of the observed transitions are 

(strong) allowed and (weak) first-forbidden Ʃ decay

!! Populate a clean set of states

I i ɘ́

I f f́

I i = I f + (Lɓ+ Sɓ)

í= ˊf (-1) Lɓ



Classification of allowed transition

Å With LƩ= 0, an allowed transition can be either

Å Fermi transition: SƩ= 0 (ƌI = 0) 

Å Example: 0+ Ą 0+

Å Or Gamow-Teller transition: SƩ= 1 (ƌI = 0 but not 0+
Ą0+, -1 or 1)

Å Example: 0+ Ą 1+

Å Only the Fermi transition allows a 0+ Ą 0+ decay

Å A transition such as 1+ Ą 1+ can be a mixture of Fermi and Gamow-Teller transitions

I i ɘ́

I f f́

I i = I f + (Lɓ+ Sɓ)

í= ˊf (-1) Lɓ



Selection rules of Ʃ decay transition



Ʃ-decay rate, Fermi®s Golden Rule

Å The decay constant is given by Fermi®s Golden Rule:

Å The transition matrix element M describes the strength of coupling between the initial and final states

Å The phase space factor Ƹ describes the volume of phase space available for outgoing leptons

Å Measuring the Ʃ-decay rate (or the partial half-life) of a particular transition gives access to the wavefunctions of 

the initial (in parent) and final (in daughter) states!



Comparative half-lives, logft

[1] M. Wang et al., CPC 45, 030003 (2021)

[2] Suhonen, From Nucleon to Nucleus (2007)

[3] N.B. Gove, M.J. Martin, Nucl. Data Tables 10, 205 (1971)

Å The (partial) half-life of an allowed transition is

with         and

Å f0 is the phase space of leptons, corrected by the Coulomb interaction. It is a function of the atomic number 

Z of the daughter nucleus and the total kinetic energy W0 of the leptons. 

Å f0t is called the comparative half-life

Å It is the partial half-life corrected by the phase space

Å The f0t value only depends on the strength of the transition matrix element 

Å Because f0t is usually enormously large, a more convenient number to use is

logft = log10(f0t)

Å Comparative half-life is an extremely important observable in Ʃ decay

Å T1/2 (Ʃ-decay half-life) Ą Iɓ (decay probability of one particular transition) Ą t1/2 = T1/2 / Ƚɓ
Å Using QƩfrom atomic mass evaluation [1] and Ex from experiment, f0 can be either calculated with some 

approximations, e.g., in [2], or taken from tabulated values [3]

Å logft = log10f0 + log10t1/2



Comparative half-lives, logft

Å Although not decisive, the 

comparative half-life gives a quick 

estimate of the classification of the 

transition (allowed or forbidden), and 

thus the spin and parity of the final 

state if the spin and parity of the 

initial state are known, or vice versa. 



Example: Ʃ decay of 60Co

Online logft calculator: https://www.nndc.bnl.gov/logft/



Decay station at radioactive ion-beam facilities

Å The radioactive ion beams are stopped at the center of the decay stations

Å Active stopper, e.g., silicon strip detectors, inorganic scintillators, etc.

Å Measuring both implanted ions and their subsequent Ʃ decays

Å Passive stopper, e.g., tape station, surrounded by Ʃ trigger detectors (mainly 

for decay stations at ISOL facilities)

Å Surrounding detectors for radiation following Ʃ decay

Å HPGe for high-resolution ƪ-ray energy

Å LaBr3 for ƪ rays with finite lifetime (ƻ~100ps)

Å Plastic scintillators for neutrons

ISOLDE Decay Station

FRIB Decay Station initiator



A short detour: studying isomers using decay station

Å Nuclear reaction produces exotic nuclei not only at the ground states but also at the excited states

Å Most of the time, nuclei at excited states decay back to the ground state ¯immediately°

Å Occasionally, the decay can be trapped in a metastable state (isomer), of which the half-life is long enough (>=10 ns) to 

survive the beam transmission to our decay station

Prompt ƪ flash

Example: the 8+ isomer in 76Ni

Delayed ƪ rays
The 8+ state in 76Ni is a seniority isomer 

induced by the two neutron holes on the 

g9/2 orbital below the N=50 shell gap

Last neutron on g9/2

Not from 76Ni, but an isomer in 72Ge (HPGe)



Å Nuclear reaction produces exotic nuclei not only at the ground states but also at the excited states

Å Most of the time, nuclei at excited states decay back to the ground state ¯immediately°

Å Occasionally, the decay can be trapped in a metastable state (isomer), of which the half-life is long enough (>=10 ns) to 

survive the beam transmission to our decay station

Å The origin of the isomer is closely related to the nuclear structure

Å The 8+ seniority isomer in 128Pd suggests robust neutron 

shell closure at N=82

Å Very exotic and hard to access by other experimental 

approaches

H. Watanabe et al., Phys. Rev. Lett. 111, 152501 (2013)
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A short detour: studying isomers using decay station



Å Nuclear reaction produces exotic nuclei not only at the ground states but also at the excited states

Å Most of the time, nuclei at excited states decay back to the ground state ¯immediately°

Å Occasionally, the decay can be trapped in a metastable state (isomer), of which the half-life is long enough (>=10 ns) to 

survive the beam transmission to our decay station

Å The origin of the isomer is closely related to the nuclear structure

A new FRIB experiment is 

coming in two weeks!

A short detour: studying isomers using decay station



Å Nuclear reaction produces exotic nuclei not only at the ground states but also at the excited states

Å Most of the time, nuclei at excited states decay back to the ground state ¯immediately°

Å Occasionally, the decay can be trapped in a metastable state (isomer), of which the half-life is long enough (>=10 ns) to 

survive the beam transmission to our decay station

Å The origin of the isomer is closely related to the nuclear structure

Å The isomers in 166Gd and 164Sm allowed us to 

access the low-lying states in these two exotic 

nuclei, extending the systematics to N=102

Å The data resent evidence for the predicted 

deformed shell closure at N=100

Z. Patel et al., Phys. Rev. Lett. 113, 262502 (2014)

A short detour: studying isomers using decay station



Ʃ-decay half-lives

Å An important ground-state property of exotic nuclei

Å Usually, the first quantity experimentally accessible after a new isotope is identified

Å Provide benchmarks to nuclear models

Å In astrophysics, half-lives are key ingredients to nucleosynthesis processes

T. Nakamura et al. PPNP 97, 53 (2017)



Measuring Ʃ-decay half-lives using RI beams

Å RI beams produced by in-flight fragmentation provide an ideal opportunity to measure half-lives efficiently

Å Identify ions in the cocktail beams event-by-event, and find their implantation position in the detector

Å Look for Ʃ decay around the implantation position within a reasonable time range (e.g., 5 s after the implantation)

Å Count the number of Ʃ decays as a function of ion-Ʃ time difference

Å A simple exponential function won®t fit such decay curves very well

Example: half-life measurement around 78Ni at RIKEN



Measuring Ʃ-decay half-lives using RI beams

Å RI beams produced by in-flight fragmentation provide an ideal opportunity to measure half-lives efficiently

Å Identify ions in the cocktail beams event-by-event, and find their implantation position in the detector

Å Look for Ʃ decay around the implantation position within a reasonable time range (e.g., 5 s after the implantation)

Å Count the number of Ʃ decays as a function of ion-Ʃ time difference

Å A simple exponential function won®t fit such decay curves very well

Å The experimental decay curve includes activities from not only the parent nucleus X1 but also its descendants (X1 is 

extremely far from the stability line)



Deducing half-life using Ʃ-ƪ coincidence

Å Many ƪ rays could be emitted ¯immediately° following Ʃ decays

Å The activity of the parent nucleus X1 can be isolated from the rest by selecting Ʃ decays in coincidence with the unique ƪ 

emissions from X2

Å The single exponential decay function can describe the experimental histogram very well!

Å However, such practice requires statistics (ƪ-detection efficiency is generally not very high)



Deducing half-life using the Bateman equation

Å For the most exotic species, ƪ detection is generally not possible

Å To model the decay curve, the activities from descendants (daughter, granddaughter, etc.) need to be included

Å The Bateman equation describes the activities of the i-th isotope in the decay chain

Å Practically, the decay chain should be truncated at the i-th isotope if the half-life of the (i+1)-th isotope is too long 

to contribute to the total activity

Å Fitting the model that includes all activities to the experimental decay curve allows us to determine the half-life of 

the parent nucleus



Systematics of half-lives

Å Empirical rule: for very exotic nuclei, the half-life T1/2 is inversely proportional to the fifth power of QƩ
Å QƩ is approximately a linear function of N in the mid-shell (if we ignore the odd-even staggering caused by the pairing)

Å logT1/2 is a linear function of N

Around 78Ni:

ZX et al., PRL 113, 032505 (2014)

N=50 N=82


