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Abstract
This white paper is the result of a collaboration by many of those that attended
a workshop at the facility for rare isotope beams (FRIB), organized by the
FRIB Theory Alliance (FRIB-TA), on ‘Theoretical Justifications and Moti-
vations for Early High-Profile FRIB Experiments’. It covers a wide range of
topics related to the science that will be explored at FRIB. After a brief
introduction, the sections address: section 2: Overview of theoretical methods,
section 3: Experimental capabilities, section 4: Structure, section 5: Near-
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threshold Physics, section 6: Reaction mechanisms, section 7: Nuclear
equations of state, section 8: Nuclear astrophysics, section 9: Fundamental
symmetries, and section 10: Experimental design and uncertainty
quantification.

Keywords: nuclear theory, nuclear structure, nuclear reactions, nuclear
astrophysics, equation of state, fundamental symmeties, uncertainty
quantification

1. Introduction

In 2008, the DOE Office of Science awarded a project to Michigan State University (MSU) to
build the facility for rare isotope beams (FRIB) [1]. In May of 2022 there was a ribbon cutting
ceremony for its completion, and the experimental program started. Since then, over 200
proposals have been submitted to the Program Advisory Committee (PAC). Those selected to
run are chosen for their scientific impact and feasibility. The scientific impact of the proposals
as well as the publication of the results relies on a strong collaboration of experiment with
nuclear theory and astrophysical modeling. The published experimental results from FRIB
already cover a broad range of topics, including the discovery of new isotopes [2], the
measurements of a variety of nuclear observables obtained from decay spectroscopy [3–5]
and reactions [6], and have reached the proton drip line for the precision mass spectrometry of
a proton halo candidate [7], for example.

In May of 2023, an FRIB Theory Alliance (FRIB-TA) workshop was held at FRIB on
‘Theoretical Justifications and Motivations for Early High-Profile FRIB Experiments’. This
workshop brought together researchers with a broad range of interests in FRIB science.

The workshop started with a presentation on the capabilities for fast, stopped, and reac-
celerated beams at FRIB. Opportunities for experiments over a wide range of the nuclear
chart, out to the limits of nuclear stability [8], will be opened up as FRIB’s capabilities are
ramped up to the design values, including 400 kW of beam power [9]. The calculated beam
intensities, assuming a beam power of 10 kW, are shown in figure 1. Proposals for the third
Program Advisory Committee (PAC3) were submitted in October of 2024.

The feasibility of a proposal for an FRIB experiment is associated with the production of
specific nuclei together with the instrumentation available. At the workshop, experimentalists
gave talks on a wide range of instrumentation and types of observables that will be measured.
Proposals are most often based on collaborations with theorists to articulate the connection
between the measured observables and the scientific impact. At the FRIB-TA workshop,
theorists gave talks on their present results and future plans. This was followed by discussions
between theory and experiment to consider how the impact of the early FRIB experiments can
be maximized by a close experiment-theory collaboration where results from both sides
advance each other.

This white paper is the product of the collaboration of many who attended the FRIB-TA
workshop. It covers a wide range of topics related to the science at FRIB. The sections are:
section 2: Overview of modern theoretical methods, section 3: Experimental capabilities,
section 4: Structure, section 5: Near-threshold Physics, section 6: Reaction mechanisms,
section 7: Nuclear equations of state, section 8: Nuclear astrophysics, section 9: Fundamental
symmetries, and section 10: Experimental design and uncertainty quantification, followed by
a brief summary.
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The author list starts with the workshop organizers, followed by the list of section leaders and
then the list of contributors. Abbreviations used in the text are given Table I in Appendix C.

2. Overview of modern theoretical methods

The goal of low-energy nuclear structure theory is to build a unified microscopic framework
in which nuclei, nuclear matter, and nuclear reactions can all be explained, described, and
predicted. While this goal is ambitious, it is not beyond the realm of possibility. Hand in hand
with breakthroughs in radioactive ion beam (RIB) experimentation, a rapid transition in
nuclear modeling is taking place. Due to novel theoretical concepts, interdisciplinary colla-
borations, and high performance computing, nuclear theorists have been quite successful in
cracking the nuclear many-body problem.

These are exciting times for theoretical nuclear structure research [11–14]. In the area of
quantum chromodynamics (QCD), the underlying theory of strong interactions that governs
the properties and dynamics of quarks and gluons that form baryons and mesons, significant
progress is being made by computing properties of nuclear interactions, operators, and the
lightest nuclei [15–18].

The nuclear many-body problem with protons and neutrons as degrees of freedom is an
effective low-energy approximation to QCD. Nuclear effective field theory (EFT) has enabled
theorists to construct high-quality two- and three-body inter-nucleon interactions consistent
with the low-energy symmetries of QCD [19–22]. The low-energy coupling constants (LECs)

Figure 1. FRIB beam rates based on primary beam intensities of 10 kW for nuclei out
to the proton and neutron drip lines predicted by calculations with the UNEDF1
energy-density-functional [10]. The thin black line on the neutron-rich side is the
approximate boundary of known nuclei. The red squares are the primary beams
produced by FRIB. These are fragmented to produce the other nuclei shown at the rates
indicated on the right-hand side. The nuclei of interest for a given experiment are
selected by the fragment separator. Figure courtesy of B.M. Sherrill (FRIB).
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that incorporate unresolved short-distance (i.e. high-energy) physics, must be determined
from experiment [23, 24] or eventually from QCD [23, 25].

Ab initio methods, i.e. systematically improvable A-body approaches based on inter-
nucleon interactions [26], have seen dramatic progress over the past decade [27, 28]. Open-
shell systems, excited states, heavy nuclei, and nuclear reactions are now within reach, and
electroweak currents consistent with the strong interaction are available. Broadly, we can
divide Ab initio many-body methods into quasi-exact solutions (no-core–shell model [29],
quantum Monte Carlo [30], lattice effective field theory [31]), and more approximate but
more widely applicable polynomial-scaling methods (coupled cluster [32], self-consistent
Green’s function [33], in-medium similarity renormalization group [34], many-body pertur-
bation theory [35]). In an Ab initio framework, comparison to experimental data can reveal
shortcomings either in the input (nuclear interaction, operators) or in the approximations
made in the many-body solution. A proper understanding of both of these sources of error
will then enable predictions with quantified uncertainties.

For light and medium-mass systems, configuration-interaction (CI) methods employing
effective shell-model interactions optimized to various nuclear structure data offer detailed
descriptions of nuclear excitations and decays [36–38]. In the area of weakly bound or
unbound nuclear states, and reactions at near-threshold energies, modern continuum shell-
model approaches unify nuclear bound states with resonances and scattering continuum
within one consistent framework [39, 40].

For heavy complex nuclei the tool of choice is nuclear density functional theory (DFT)
[41, 42]; the validated global energy density functionals often provide a level of accuracy
typical of phenomenological approaches based on parameters locally optimized to experi-
ment, and enable extrapolations into nuclear terra incognita [43]. The time-independent and
time dependent extensions of DFT [44, 45] have provided quantitative descriptions of one of
the toughest problems of nuclear structure: nuclear large amplitude collective motion, which
includes such phenomena as shape coexistence, fission, and heavy-ion fusion [46–48].

These are exciting times also for nuclear reaction theory. For light nuclei, the combination
of the no-core–shell model (NCSM) with the resonating group method (RGM) enables Ab
initio descriptions of reactions with both nucleons and light composite projectiles. The
method uses modern interactions rooted in chiral EFT, can include 3-nucleon forces and
continuum effects, and has successfully predicted scattering, transfer, and capture reactions
[49–52]. The use of symmetry-adapted bases provides a viable path to extend the approach to
medium-mass nuclei [53, 54]. In addition, methods are being explored to extract nuclear
scattering and reactions from computing eigen-energies of the nuclear systems in external
traps [55–57], or from continuum states at complex energies [58, 59].

For medium-mass and heavy nuclei, we distinguish between direct and compound nuclear
reactions. Traditional descriptions of direct reactions, such as the distorted-wave born
approximation (DWBA) and adiabatic distorted wave approximation (ADWA) are increas-
ingly combined with structure information from microscopic theories, in order to improve
their predictive power [60–65]. Extensions of standard DWBA and eikonal approaches have
been introduced to account for the dynamics between the transferred nucleon and the nucleus
in descriptions of one-nucleon transfer and knockout reactions [66, 67]. The full coupled-
channels (CC) approach accommodates multistep reaction mechanisms and the continuum-
discretized coupled channels (CDCC) and Faddeev methods provide improved treatments of
the breakup contributions [40, 68–70]. Extensions to include more complicated reaction
mechanisms, such as core excitations and four-body channels, have been the focus of recent
work [71–78].
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Compound-nuclear reactions are treated in a phenomenological R-Matrix approach (for
isolated resonances) or statistical Hauser–Feshbach (HF) theory (for overlapping resonances)
[60, 79]. Efforts have been devoted to compiling recommendations for default inputs for HF
calculations, which enable data evaluations as well as initial calculations for thousands of
isotopes for astrophysics application [80, 81]. At the same time, significant progress has been
in replacing the phenomenological models used in HF codes by microscopically-calculated
quantities [81, 82].

From a theoretical point of view, short-lived exotic nuclei far from stability, studied at RIB
facilities, offer a unique test of those aspects of the many-body theory that depend on the
isospin degrees of freedom and the coupling to the continuum space. The challenge is to
develop methods to reliably calculate and understand the properties of new physical systems,
identify the impact of new observables on theoretical models, quantify correlations between
predicted observables, and assess uncertainties of theoretical predictions. The use of advanced
tools of uncertainty quantification and machine learning will help to speed up the cycle
‘observation-theory-prediction-experiment’ of the scientific method [83]. These new tools are
expected to provide meaningful input for planned measurements at FRIB and will be used to
interpret and use new nuclear and astrophysical information obtained at FRIB.

Using rare isotopes in heavy-ion collisions (HICs) produces dense nuclear matter within a
large range of isospin asymmetry [84] and provides a connection to dense neutron-rich matter
present in neutron stars and neutron star mergers [85–87]. In particular, comparisons of HIC
observables to transport model simulations put constraints on the nuclear matter equation of
state at densities well above the saturation density [88–93], currently inaccessible to Ab initio
approaches [94]. Simulations are also used to identify promising observables [95–101],
informing detector and experimental designs. An outstanding challenge in these studies is a
quantitative understanding of model uncertainties [85, 102], addressed by investigations of
different transport models in well-controlled simulation setups as well as through Bayesian
analyses [92, 103, 104] and Bayesian model mixing [105]. The availability of high-perfor-
mance computing has only recently made such studies feasible, providing a path to a com-
prehensive understanding of HIC dynamics [85].

New theoretical ideas in describing atomic nuclei, progress in RIB experimentation, the
arrival of exascale computing platforms [14], and increased collaboration between nuclear
theorists with their computer science and applied mathematics partners [10, 105]—all are
paving the way for today’s progress in theoretical nuclear structure studies. The important
challenge for the field is to connect different many-body approaches, describing the nucleus at
different resolution scales, in the regions of the nuclear landscape where they overlap. By
bridging the gaps, one is aiming at developing one comprehensive picture of the atomic
nucleus, from the single nucleon all the way to the superheavy species. This is an exciting
prospect. On the journey to the comprehensive nuclear theory framework, important mile-
stones will be marked by designer nuclei with characteristics adjusted to specific research
needs [12, 106, 107]. Those rare isotopes are the key to answering questions in many areas of
science and they will also provide society with numerous opportunities [108].

3. Experimental capabilities

3.1. Mass measurements

Expanding the reach of precision mass measurements at a level of δm/m ≈ 10−6
–10−8 [109]

for rare isotopes to the most exotic regions of the nuclear chart is of utmost importance,
enabling the direct observation of nuclear structure phenomena, such as (sub-)shell closures,
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pairing effects, and the onset of deformation. FRIB is set to revolutionize precision mass
measurements by opening a fresh territory within the nuclear chart, over 1300 isotopes with
sufficient production rates and long enough half-lives with mass uncertainties greater than
50 keV/c2, thus, in collaboration with theory, paving the way for groundbreaking discoveries.

The two primary techniques employed in performing direct mass measurements of rare
isotopes at FRIB are the TOF-Bρ technique [110, 111] and using Penning traps at the low-
energy beam and ion trap facility (LEBIT) facility [112]. The TOF-Bρ technique uses the fast
beams produced directly by FRIB and can perform measurements on rare isotopes with half
lives down to 100’s of nanoseconds with a mass precision down to 100 keV/c2.

3.2. Charge radii and nuclear moment measurements

In the last several decades, laser spectroscopy techniques have been extensively used to
determine mean-square charge radius, Rch, and moments of ground and isomeric states
[113–120]. Especially, the bunched-beam collinear laser spectroscopy (CLS) has been almost
exclusively used for charge radius measurements of long chains of radioactive isotopes and
nuclei close to the nucleon drip lines. This is thanks to the bunched-beam CLS technique’s
high resolution due to the Doppler compression [121], and its high sensitivity due to the large
background suppression by bunching the beam in fluorescence measurements [122–124] or
by the virtual background free ion detection in resonant ionization measurements [125].

At FRIB, such CLS experiments are performed at the BEam COoling and LAser
spectroscopy (BECOLA) facility [126, 127], which is designed to accept low-energy beams
typically 30 keV/u from the gas stopping systems [128, 129], the offline batch mode ion
source (BMIS) [130] for long-lived isotopes, and a dedicated local offline ion source [131] at
BECOLA. Time-resolved laser resonant fluorescence and resonant ionization spectroscopy
measurements with bunched beams [124, 125, 127] are performed for highly sensitive
measurements of hyperfine spectra and their isotope shifts. A beam rate of as low as ∼10 s−1

has been achieved for 36Ca ions [132] and 54Ni atoms [133]. BECOLA has been extensively
used to determine charge radius [132–137] and electromagnetic moments [138–140] of
radioactive nuclei. The Resonance Ionization Spectroscopy Experiment (RISE) instrument
was recently integrated into the BECOLA facility in collaboration with MIT to realize
∼1 ion s−1 sensitivity for laser spectroscopy. RISE has been commissioned with offline
beams and hosted the first online experiment in 2024, aimed at determining the charge radii of
sd-shell nuclei near the proton drip line. Similar to LEBIT, BECOLA is the only CLS facility
worldwide making use of rare isotopes from projectile fragmentation, complementing cap-
abilities at ISOL-type facilities [119].

The extraction of Rch from the isotope shift depends on atomic factors that must be
calculated [120, 141] or measured using the King plot [142] involving three or more isotopes
whose Rch are well determined through electron scattering and/or μ-capture measurements.
The uncertainties involve two terms, one for the uncertainty of the hyperfine spectra, and the
other related to the uncertainty of the atomic factors.

3.3. Charge-exchange reactions

Charge-exchange reactions can be used to extract Gamow–Teller strengths in the β+ and β−

directions, for reaction Q values that cannot be probed directly in β/EC decays. At NSCL, the
(t, 3He) reaction [143–150], used for extracting GT strengths from stable nuclei at the S800
spectrometer [151], has proven to be a versatile probe. For early operation at FRIB, tritium
beam intensities that are more than 30 times higher can be achieved. At these intensities,
detailed studies of Gamow–Teller strength distributions in the β+ direction in heavier stable
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nuclei can be investigated, which was previously very difficult. It will become possible to use
the Summing NaI(Tl) gamma-ray detector (SuN) [152] in coincidence with the S800, and use
the Oslo method for extracting level densities and γ-ray strength functions, similar to the β-
Oslo method [153, 154], as described in section 8.2.

The isolation of ΔL = 0 contributions from the measured differential cross sections as a
function of excitation energy, and associated with the Gamow–Teller transition strength, is
facilitated through a multipole decomposition analysis [155–157]. The Gamow–Teller
transition strength is proportional to the ΔL = 0 charge-exchange cross section at small
momentum transfer (q ≈ 0) [158, 159] The proportionality between strength and differential
cross section is represented by the so-called unit cross section (ŝ) [158]. The unit cross
section is calibrated by using a pair of states for which the Gamow–Teller transition strength
is known from β decay or electron capture [158]. If such calibrations are not available,
phenomenological mass-dependent relations for ŝ are employed [160, 161].

Recently, the (d, 2He) reaction in inverse kinematics was developed for probing GT
strengths in the β+ direction on unstable nuclei [162], by using the active target time pro-
jection chamber (AT-TPC) [163] in combination of the S800 spectrometer [151]. At FRIB, it
will be possible to probe GT strengths on neutron-rich nuclei that are important for astro-
physics. The early science program will likely focus on light and medium-heavy systems, to
gain experience with the injection of highly charged ions into the AT-TPC.

The (p, n) reaction in inverse kinematics for probing GT strengths in the β− direction was
developed some time ago. By combining the measurement of the heavy residual particle in
the S800 [151] with the detection of the low-energy recoil neutron from the (p, n) reaction
[164, 165] in the low-energy neutron detector array (LENDA), isotopes across the chart of
nuclei can be studied. An attractive opportunity arises from the coincident study of the (p, n)
reaction and the decay-in-flight by γ emission of the residual nucleus by using GRETINA
[166]. Such measurements will be of impact for nuclear structure and decay studies, and
enable the application of the charge-exchange Oslo method with unstable nuclei.

At FRIB, information about isovector giant resonances that are excited in unstable nuclei
was obtained by using the above-mentioned (p, n) and (d,2He) reactions in inverse kinematics,
as previously used at NSCL and RIBF [162, 164, 167]. To reliably extract resonance para-
meters, the (p, n) reaction in inverse kinematics is the more likely candidate for early FRIB
experiments due to the high luminosity that can be achieved even with modest beam inten-
sities, see e.g. the extracted GT resonance strength distribution from a 132Sn(p, n) experiment
at RIBF [167].

Another opportunity for studying isovector giant resonances is by using rare-isotope
beams as novel reaction probes for stable targets. By cleverly making use of rare-isotope
beams, it is possible to isolate resonances that are otherwise very difficult to study. A good
example is the (10Be,10B) reaction, in which a secondary 10Be beam is used. The measure-
ment of the γ decay in GRETINA from 10B excited states provides separate ΔS = 0, ΔT = 1
and ΔS = 1, ΔT = 1 filters in one experiment. The 10B detection in the S800 spectrometer is
used to extract the excitation energy in the target nucleus. This probe was first used suc-
cessfully to extract information about the isovector giant monopole resonance (IVGMR) in
28Al by using the 28Si(10Be,10B*(IAS)) reaction [168], where IAS refers to the 10 isobaric
analog state of the 10Be ground state. With the much higher beam intensities available at
FRIB, studies of heavy nuclei will be possible. The (10C,10B) reaction can be used to
investigate the β− direction [169, 170], based on the same principle.

Ultimately, the high rigidity spectrometer (HRS) [171] at FRIB will be a game changer for
charge-exchange experiments in inverse kinematics. Until the HRS is available, improve-
ments to the detector systems used in combination with the S800 spectrometer will enhance
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experiments. Increased solid-angle coverage in the transition from GRETINA to GRETA and
adding the ability to perform pulse-shape discrimination in LENDA to remove γ background
in (p, n) experiments are important enhancements.

3.4. In-beam gamma-ray spectroscopy

In-beam γ-ray spectroscopy is a work-horse capability for rare-isotope beam facilities across
the globe. In-beam spectroscopy enables studies of both nuclear structure and reactions from
stability to the most exotic nuclear systems, leveraging techniques from direct reactions to
Coulomb excitation to compound nuclear reactions to explore a broad range of nuclear
properties. At FRIB, in-beam γ-ray spectroscopy is enabled by a number of advanced detector
systems.

The segmented germanium array (SeGA) is an array of 18 single-crystal HPGe crystals
each segmented with 32 outer surface contacts [172]. While limited in solid-angle coverage
and thus efficiency, SeGA offers flexibility for varied installation configurations including
close-packed geometries surrounding a target or configurations at larger distances with varied
angles, allowing optimization of any given experiment. The segmentation of the SeGA
crystals allows good Doppler correction for in-beam spectroscopy, reducing the finite opening
angle of the detectors. SeGA is a versatile detection system which will continue to play an
important role at FRIB in the next years.

For experiments which require high detection efficiency and can tolerate lower energy
resolution (of order 10% FWHM at 1 MeV), the scintillator array CAESAR (CAESium
iodide ARray) is another important tool [173]. CAESAR offers an efficiency of approxi-
mately 40% at 1 MeV with 192 CsI(Na) scintillation crystals in a close-packed array with
very high solid angle coverage. For exotic light systems, where the level density is low and
experiments may only expect to populate a handful of excited states, CAESAR provides a
powerful capability to push to very low production rates.

Finally, the gamma-ray energy tracking array (GRETA) [174] will be completed in 2026
with a full complement of 120 large-volume HPGe detectors housed in 30 Quad modules and
covering approximately 80% of the solid angle around a target position. GRETA takes
advantage of the 36-fold segmentation of each HPGe crystal, combined with digital signal
processing and advanced computational capabilities to reconstruct the position of each γ-ray
Compton scatter or photoelectric interaction. With interaction positions reconstructed with
several mm accuracy, γ-ray tracking algorithms can cluster these together and identify the
most likely scattering sequences, thus allowing rejection of background events which either
did not originate at the target position or did not deposit their full energy. GRETA will
provide a world-unique capability at FRIB, with high-resolution (∼0.2% FWHM), high
efficiency (�30% at 1.3 MeV) spectroscopic capability with excellent peak-to-total (�50% at
1.3 MeV) for experiments with fast and with re-accelerated beams. Combined with advanced
targets and a broad range of auxiliary devices, GRETA will be a key device for a large part of
the FRIB science program.

3.5. Charged-particle, beta and gamma decays

The FRIB Decay Station Initiator (FDSi) is the initial stage of the FRIB Decay Station (FDS)
[175] for early FRIB experiments. It is an efficient, granular, and modular multi-detector
system designed under a common infrastructure. The FDSi brings multiple complementary
detection modes together in a framework capable of performing decay spectroscopy with
multiple radiation types over a range of beam production rates spanning ten orders of
magnitude.
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At the core of the FDSi is a system for stopping incoming radioactive ions and detecting
their subsequent charged-particle decay emissions. Stopping systems include inorganic
scintillators [176] or large area segmented silicon detectors. The choice between the two
detector options depends on the needs of the experimental investigation. Additional detector
arrays surround the central implantation detector to monitor delayed radiation in the form of
photons and/or neutrons. Again, the specific configuration is adjustable to match the science
goals of each experiment. The FDSi can be instrumented with either a 2π or 4π array of HPGe
Clover detectors combined with LaBr/CeBr scintillators for precision timing measurements.
Neutron detection is accomplished with the NEXTi/VANDLE [177] neutron time-of-flight
detection system. Thermal neutron detection is also possible with 3He gaseous counters.

Measuring the strength function following beta-decay can be accomplished using a total
absorption spectrometer. As part of the FDSi the Modular Total Absorption Spectrometer can
be used. MTAS is a one-ton volume of NaI scintillator detectors segmented parallel to the
beam axis. Separate from the FDSi, the Summing NaI (SuN) total absorption spectrometer is
also available [152]. SuN is a 16 inch right cylinder of NaI segmented in eight separate
detectors segmented perpendicular to the beam axis. Both MTAS [5] and SuN [178] have
been used with fast fragment beam to extract the strength distribution of exotic isotopes.

The early science program of the FDSi will predominately focus on the structure of exotic
nuclear systems in medium-mass nuclei using a system with 2π of HPGe Clover detectors
combined with 2π of time-of-flight neutron detection [3, 4] before proceeding to heavier
systems. The development of the FDS will occur concurrently with the operation of the FDSi.

3.6. Neutron emission

The experimental study of neutron-unbound systems near and beyond the neutron drip line is
generally based on invariant-mass spectroscopy, as the direct measurement of the core+xn
system is not possible due to its extremely short lifetime. Invariant-mass measurements allow
for the reconstruction of the relative energy spectrum from the energy and momenta of the
coincident decay particles (charged fragment, neutrons, and γs). A key strength of this
approach lies in the ability to probe correlations between decay particles, including neutrons.
This makes invariant-mass spectroscopy a valuable tool to study exotic phenomena such as
neutron halos or multi-neutron decays.

At FRIB, the standard Sweeper-MoNA setup is dedicated to invariant-mass studies. The
separation of the charged fragments from the neutrons is provided by the 5.3 Tm dipole
Sweeper magnet placed at 30° from the beam axis. The particle identification (PID) of the
fragment of interest is then determined from energy loss (Z selection), position tracking, and
time-of-flight (A selection) measurements using a suite of charged particle detectors posi-
tioned at the focal plane of the magnet. The neutron is detected by the MoNA-LISA position-
sensitive neutron detector [179], placed at about 8 meters from the target. The momentum of
the neutron is reconstructed from the hit position and the time-of-flight information between
the MoNA-LISA array and a plastic scintillator positioned upstream of the target. In addition,
the γ detector CAESAR [173] can be used to identify decays to excited bound states in the
charged fragment.

One of the main advantages of the kinematic complete measurement is the study of the
correlations of the decay particles, including the correlations between the decay neutrons. An
important limiting factor is, however, the neutron detection efficiency and resolution. Given
that a neutron only loses a part of its energy in a single interaction, the same neutron can be
therefore detected multiple times in the array, a phenomenon known as cross-talk. The current
MoNA-LISA efficiency for single neutron detection is approximately 70%. Yet, the
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efficiency drops significantly for multi-neutron events, primarily due to challenges in iden-
tifying and rejecting cross-talk events.

The dominating factor for the overall resolution of the reconstructed relative energy in the
MoNA-Sweeper setup is the position resolution of the neutron detector. In order to overcome
the constraints of the current design, the MoNA collaboration is actively developing a next-
generation neutron detector. This new design aims to significantly enhance the precision in
determining the vertex of neutron interactions by replacing the Photomultiplier Tubes with
Silicon Photomultiplier arrays as readout technology. The new neutron detector aims at
significantly improving neutron position resolution by using a different technique, namely
direct light detection, compared to other traditional neutron detectors that rely on time-
difference measurements. While the over-all detection efficiency will be reduced, the
enhanced resolution will make up for this, resulting in higher quality data. This new detector
system will be used in combination with existing higher-efficiency detectors such as
MoNA-LISA.

3.7. Heavy-ion collisions

Heavy-ion collision experiments at FRIB will proceed in distinct phases, reflecting the
availability of detector technology and beams.

The first experiments at FRIB will rely on arrays of charged-particle and neutron detectors.
The construction of a nearly-4π array of thin, fast plastic scintillators to infer the plane of the
reaction is underway at MSU. This new detector will be added to the high resolution array
(HiRA) [180] and upgraded large area neutron array (LANA) [181]. HiRA is a small array of
Si–Si-CsI(Tl) telescopes for detecting protons and other light, charged particles. Two versions
of HiRA exist with 4 and 10 cm CsI(Tl) crystals, capable of stopping 115 and 200MeV
protons, respectively. The LANA neutron walls are comprised of liquid scintillator bars for
measuring neutron energies by time-of-flight. These walls utilize pulse-shape discrimination
to separate neutrons from gamma-rays, and have a thin, fast-plastic scintillator wall in front to
veto charged particles. These detector arrays will be utilized to measure neutron-to-proton
ratios, directed and elliptic flow, and other observables sensitive to the nuclear equation of
state.

The next phase of heavy-ion collision experiments at FRIB will focus more on ratios of
charged pions, similarly to the SπRIT experiment at RIKEN [182, 183]. These experiments
will require the development of a new time projection chamber (TPC). The most straight-
forward development path in this case is to construct a TPC similar to the Active-Target Time
Projection Chamber and SOLARIS solenoid magnet [163] to run with 200MeV/nucleon
beams. A major task here will be the construction of an inner field cage with the goal of
reducing the space charge effects, arising from the column of positive ions that builds up in
the beam region from the ionized gas. Likely, a higher-density pad plane will also be required
to manage the relatively high charged-particle multiplicities in heavy-ion collisions. The
modified time projection chamber can be used to measure both flow as well as the pion ratios.

The final phase of development currently planned for heavy-ion collision experiments at
FRIB will utilize the HRS [171] and the upgrade of available beam energies to 400MeV/
nucleon with FRIB400. These experiments will require the development of a TPC that will fit
into the gap of the first dipole magnet of the HRS. The planned, usable gap of the HRS dipole
is 15 cm smaller than that of the SAMURAI magnet at RIKEN, which means that the SπRIT
TPC cannot be utilized in this case without major modifications to the design, including
designing the field cage, readout, and other detector components anew. Therefore, it will be
likely more efficient to construct an entirely new detector. While there is an overlap between
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the science enabled by the HRS TPC and the solenoid TPC, described in the previous
paragraph, the HRS TPC will have a higher efficiency for pion identification and will allow
for coincident neutron detection.

3.8. Re-accelerated rare-isotope beams

A unique capability at FRIB is the possibility to post-accelerate rare-isotope beams produced
via fragmentation. This scheme enables the production of high-quality beams at lower
energies than the typical fragmentation regime, regardless of the chemistry of the selected
ions. The main scientific goals of this capability involve the use of reactions to explore the
properties of radioactive nuclei from structural, astrophysical and reaction point of views.

In its present status the ReA linear accelerator is capable to accelerate charged radioactive
ions at energies ranging from 0.3 to 10MeV/nucleon with emittance qualities typical of
primary beams. An upgrade to higher energies is planned to augment the energy reach to
about 20MeV/nucleon [184], depending on the mass-to-charge ratio. The instruments
making use of these beams are the solenoidal spectrometer apparatus for reaction studies
(SOLARIS) [185–187], the separator for capture reactions (SECAR) [188], and the JANUS
setup [189]. In addition, general purpose beam lines are available to accommodate other
instruments.

SOLARIS is a dual mode solenoidal spectrometer that can be used either with a Silicon
array detection setup similar to the HELIOS spectrometer [190], the ISOLDE solenoidal
spectrometer (ISS) [191, 192], or with the AT-TPC [163]. The main purpose of this instru-
ment is to gain access to the structure of radioactive isotopes via simple, one-step and
momentum-matched reactions in inverse kinematics. The silicon array mode is suitable for
beam intensities of 104 pps and above, and provides excellent missing mass resolution
approaching 100 keV and a large solid angle coverage. SOLARIS provides arrays both
backward and forward relative to the target location, hence covering multiple reaction
channels simultaneously. The AT-TPC mode extends the reach to use similar reactions at very
low intensities, down to 100 pps. This is possible thanks to the 2–3 orders of magnitude gains
provided by the large thickness and solid angle coverage of the AT-TPC, without degradation
of the energy and angular resolutions. In addition, the AT-TPC can be used with the high
quality beams of ReA to measure excitation functions in a very efficient manner, simply by
using the energy loss of the beam traveling through the gas and the recorded vertex location
of each reaction. This opens the door to resonance scattering experiments on radioactive
nuclei. Another capability of the AT-TPC is the possibility to detect and measure the particle
decay of unbound resonances and reconstruct their excitation spectrum using invariant mass
methods. This is particularly interesting for the study of threshold resonances.

The SECAR separator is primarily dedicated to the study of (p, γ) and (α, γ) capture
reactions in inverse kinematics on radioactive nuclei at low energy, directly related to the
study of hydrogen and helium burning in explosive stellar environments. It is equipped with a
windowless target system and is designed with acceptances large enough to transmit the
heavy recoils without significant loss. The primary beam rejection design goal of this
instrument is 10−13, with an additional 10−4 rejection provided by the focal plane detection
system. This extremely high rejection should allow the measurement of resonance strength
down to 1 μeV.

The JANUS setup [189] is dedicated to the measurement of barrier-energy Coulomb
excitation induced by a high-Z target on rare-isotope beams. In the low-energy domain
provided by ReA, multiple excitations occur and reach higher excited states, characterizing
their degree of collectivity from the deduction of B(E2) transition strengths and quadrupole
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moments. The setup is composed of a set of annular silicon strip detectors that detect scattered
beam particles and target recoils, while their Doppler-shifted γ-ray decays are detected by the
surrounding SeGA [172]. Once completed, the GRETA array [174] can be used for Coulomb
excitation studies as well, greatly enhancing the sensitivity for the γ-ray detection.

4. Structure

Experiments at FRIB will provide unprecedented access to properties of neutron-rich nuclei
out to the neutron dripline. Connections between theory and experiment have been discussed
in recent reviews [193–196]. The following sections discuss open theoretical questions in
nuclear structure and how they relate to the variety of experimental data.

In the study of nuclear structure, the goal is to understand the properties of nuclei by
identifying the relevant degrees of freedom, and by connecting these properties to the
underlying interaction between nucleons. The relevant degrees of freedom could be collective
modes like clustering, superfluidity, vibrations and deformations; they could be related to a
set of active orbitals defined by shell gaps; or they could be related to the proximity of the
continuum. The main new information provided by FRIB will relate to how these features are
intertwined and modified in very neutron-rich nuclei, and how these various degrees of
freedom interplay with the continuum. Historically, the various degrees of freedom have been
understood phenomenologically, e.g. by putting in a single-particle spin–orbit potential ‘by
hand’; however these features must arise from the underlying nuclear forces. Studying
neutron-rich systems will help to lift the degeneracy of various explanations of how this
occurs. For example, from an Ab initio standpoint, the one-body spin–orbit potential gets
contributions from both two-body and three-body interactions. Due to the Pauli principle, the
three-neutron force is well understood, hence, changes in the effective spin–orbit potential as
neutrons are added can illuminate its microscopic origin.

First, we examine the evolution of shell structure with examples from several regions of
the nuclear chart. Following this, there are separate sections on collectivity, isospin symmetry,
spin-isospin response, and nuclear pairing. Notations and abbreviations for the shell-model
orbitals and commonly used truncations (model spaces) are described in the Appendix.

4.1. Evolution of shell structure

In nuclear physics, ‘shell structure’ refers to the independent-particle picture in which
nucleons move in an effective mean-field potential and groups of degenerate or quasi-
degenerate single-particle orbitals are separated by energy gaps. The number of nucleons
required to fill all orbitals below one of these gaps is called a ‘magic number’. Many of the
regularities of nuclear data can be qualitatively understood in terms of these magic numbers.
In addition, quantitative CI calculations make use of magic numbers to define the model space
to be used for a given region of the nuclear chart. For example, the 0d5/2, 1s1/2, 0d3/2 orbitals
define the sd model space as a starting point for calculations of the properties of nuclei
between the magic numbers 8 and 20. The textbook magic numbers 2, 8, 20, 28, 50, 82, and
126 apply to nuclei in the valley of stability. Moving away from stability, the mean field
changes and shell gaps disappear or appear in new places, generating new magic numbers.
This phenomenon is called shell evolution, and it has been argued that the primary drivers of
shell evolution are the monopole component of the tensor force [193, 197] and continuum
effects [198, 199]. FRIB is especially well-suited to explore the latter.

Shell structure is not a directly observable property; it is a framework in which to interpret
and understand experimental data. Consequently, various nuclear properties should be
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considered in order to develop a coherent picture of evolving shell structure. Important signals
of a shell gap include a relatively high energy of the first excited 2+ state (for even–even
nuclei); a relatively small electric quadrupole transition strength B(E2; 2+ → 0+); a gap in the
effective single-particle energies (ESPE); and relatively large jumps in differential quantities
derived from binding energies and radii.

The ESPE are the single-particle energies obtained from the differences between the
calculated energy of a pure closed-shell configuration for A nucleons and the energies of pure
single-particle states in nuclei with A ± 1. These ESPE are derived from the CI Hamiltonian
with a given model space and cannot be observed in experiment. For open-shell (mixed) CI
configurations one can obtain theoretical centroid SPE energies for nucleus A using the
energy differences of states for a given (n, ℓ, j) in nuclei with A ± 1 relative to A weighted by
their spectroscopic factors [200, 201]. If the mixed configuration is dominated by the closed-
shell configuration, the ESPE and centroid SPE are the same within a few hundred keV.

In single-nucleon transfer reactions one observes cross sections from nucleus A to states
with (ℓ, j) in the nuclei A ± 1. To compare with CI calculations one requires reaction theory to
extract spectroscopic factors from cross sections. One must make assumptions about the
radial part of the overlap function associated with each of the (ℓ, j) states. These spectroscopic
factors can then be used to compare to calculations and to obtain centroid SPE [201]. Figure 2
shows the energies of 21

+ states in the region N, Z  50. It is evident that the N= 20 magic
number disappears below Z= 14. This region has been called an ‘island of inversion’ [202].
Most nuclei with proton and neutron numbers between 8 and 20 have ground and low-lying
states that are described by configurations within the sd model space. All of these nuclei also
have excited ‘intruder’ states that are described by configurations involving the excitation of
nucleons from p into sd or sd into fp orbitals. For nuclei inside the island of inversion, this
order is inverted (the intruder configuration is the ground state). Other islands of inversion
have been identified in the regions around N= 8 for Z < 5, N= 28 below 48Ca, and N= 40
below 68Ni [203]. Based on CI calculations, a 5th island of inversion is predicted below 78Ni
[204]. In general, whether a nucleus is inside the island of inversion depends on the com-
petition between shell structure and correlation energy [205]. The connection to shape-
coexistence has been recently reviewed in [206]. All of these islands of inversion lie in
neutron-rich regions of nuclei that will be studied at FRIB.

Another experimental signature of magic numbers is given by the double difference in the
binding energies (BE) defined by

( ) ( ) [ ( ) ( ) ( )] ( )D q q q q1 2 BE BE 1 BE 1 , 1q= - - + + -

for isotopes (q = N with Z held fixed) or isotones (q = Z with N held fixed). The example of
D(N) for the calcium isotopes is shown in figure 3, revealing peaks at various (sub)shell
closures. The corresponding shell-model orbitals are indicated at the bottom of figure 3. The
row of ‘?’ beyond N= 36 indicates one of the regions of nuclei to be explored by FRIB. One
will learn how pairing depends on the neutron excess, whether or not 60Ca is a doubly-magic
nucleus, and to what extent the nuclear landscape extends beyond 60Ca.

Likewise, the changes in nuclear charge radii contain important experimental signatures of
shell structure. As an example, the charge radii of the calcium isotopes are shown in figure 3,
displaying several important features. In particular, there is an obvious odd–even oscillation
which has been variously attributed to pairing effects [208] and to quadrupole deformation
[207, 209]. In addition, there are changes in the slope of the charge radii at N= 20 and N= 28
that are associated with the change in the nominally filled neutron valence orbitals in the
sequence 0d3/2, 0f7/2 and 1p3/2. These slope changes in the evolution of charge radii, which
appear in all isotopes at the magic numbers, provide a challenging test for nuclear structure
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models. Experimental data for the charge and matter radii for the heavier calcium isotopes
will provide information on the neutron skin with its linkage to the nuclear equation of state.

On the theory side, shell evolution can be visualized by calculating ESPE as a function of
N or Z. Neutron ESPE around N= 20 and N= 40 as a function of proton number are shown
in figure 4. Representative CI results are obtained with the FSU [210, 211] and jj44a [212]
Hamiltonians for N= 20, 40, respectively. These are compared with the results from a
representative energy-density functional using the Skx interaction [213]. The difference in the
N= 20 gap predicted by FSU and Skx can be traced partly to the strong tensor component of
the FSU interaction, which has the effect of repelling the 0d3/2 and 0f7/2 ESPE [193]. Moving
from 34Si to 28O, the 1p3/2 ESPE bends over and moves into the continuum (the vertical line),
which generally tends to reduce the energy of low-ℓ orbits. The combination of tensor and
continuum effects reduce the N= 20 gap for nuclei from about 6 MeV in 34Si to about 3 MeV
in 28O, resulting in the island of inversion below 34Si. A similar story plays out at N= 40,
shown on the right panel of figure 4, but there are interesting differences related to the
different ℓ values involved. Comparing 0g9/2 with 0f7/2, the smaller gap at N = Z = 40
relative to N = Z = 20 results in a deformed 80Zr ground state compared to a spherical 40Ca
ground state (40Ca has low-lying deformed excited states). The 0g9/2 − 1d5/2 ESPE gap is

Figure 2. Even-even isotopes in the lower region of the nuclear chart. The colors
indicate the energy of the first 2+ state. The filled black circles show the doubly-magic
nuclei associated with the magic numbers 8, 20, 28 and 50. The small open circles
show the doubly-magic nuclei associated with the j-filled numbers 14, 16, 32, 34 and
40. The large open circles indicate the nuclei near the driplines that are the focus of this
section. Two open circles with crosses indicate that these nuclei are observed to be in
islands of inversion. The open circle with ‘?’ for 60Ca indicates that its properties are
not yet known. The triangles are those nuclei observed to decay by two-proton
emission. Adapted from [207]. Reproduced from [195]. CC BY 4.0.
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larger than that for 0f7/2 − 1p3/2, which is why 100Sn is a better doubly-closed-shell nucleus
than 56Ni. Despite this relatively large gap, CI calculations need to explicitly include the 1d5/2
in the model space to obtain the large proton–neutron deformation energy in the region of 80Zr
and in the N= 40 island of inversion below 68Ni. Continuing toward 60Ca, the low-ℓ 2s1/2
and 1d5/2 orbits enter the continuum, closing the N= 50 gap. For 60Ca, these Skyrme ESPE
are very different from those obtained with the LNPS Hamiltonian [214] where the
0g9/2 − 1d5/2 gap is close to zero (see figure 1 in [214]).

Figure 3. Left: experimental D(N) for Z = 20 given by equation (1). The black dots
with error bars are the experimental data. The orbitals that are being filled are shown
(adapted from [207]). Adapted from [132], with permission from Springer Nature.
Right: experimental rms charge radii for the calcium isotopes, compared to theoretical
calculations [132]. Reprinted (figure) with permission from [207], Copyright (2022) by
the American Physical Society.

Figure 4. Left: N = 20 neutron effective single-particle energies as a function of proton
number, computed with the Skx functional [213] (solid lines) and the FSU shell-model
interaction [210, 211] (filled circles). The neutron orbitals below the dashed line are
filled. The vertical lines at N = 8 indicate orbitals in the continuum. Right: same, but
for N = 40, using Skx (lines) and the jj44a Hamiltonian [212] (circles).
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The calculations shown in figure 4 do not explicitly contain continuum components, but
the ESPE implicitly contain effects of the continuum because the interactions are fit to data. In
the regions around 42Si, 60Ca, and 78Ni, the experimental data required to constrain empirical
Hamiltonians (or EDFs) is limited. This will be filled in by new FRIB experiments. Single-
particle models of nucleons in a finite potential well can be used as a qualitative guide to
energies and neutron decay widths, but ultimately, Ab initio Hamiltonians must be con-
structed in a basis that explicitly contains the continuum. section 5 of this whitepaper is
devoted to the physics of the single-particle and many-body states in the continuum.

Experimentally, shell structure can also be illuminated by reactions probing the single-
particle structure of nuclei. Such reactions include light-particle reactions such as (d, p),
performed in inverse kinematics at FRIB, and knockout reactions at fragmentation-beam
energies [215, 216]. The cross sections for these reactions can be used to infer spectroscopic
factors and experimental ESPEs, though some challenges remain in the interpretation of these
reactions (see section 6).

Below, we highlight several ‘outpost’ nuclei, indicated by circles in figure 2. These nuclei
involve relatively simple configurations that can be connected with experiments and used to
assess the theoretical models. Some specific questions of interest for each of these regions are
also discussed.

4.1.1. The region around 28O: neutron clustering. Due to the closed proton shell, the
dominant correlations in the neutron-rich oxygen isotopes are among the neutrons. 28O lies
beyond the neutron dripline, and has recently been observed to decay by emission of four
neutrons with a total energy of 0.46(5) MeV [217]. The phenomenological interpretation is
that the the dominant configuration for the 28O ground state has two neutrons excited from the
sd to the fp shell, placing it in the N= 20 island of inversion.

The charge rms radii, Rch, for oxygen and fluorine isotopes have been calculated with
Ab initio [218] and relativistic mean-field theory [219], among others. However, experimental
data on the ground-state Rch and electromagnetic moments for these isotopes are not yet
available. Laser spectroscopy measurements for oxygen and fluorine isotopes are planned to
be performed at the BECOLA facility at FRIB. The obtained data will be critical for an
understanding of structure and continuum effects around 24O and to benchmark theory in a
continuum-imapcted region of nuclei most accessible to Ab initio type calculations.

4.1.2. The region around 42Si: quadrupole plus continuum. The nucleus 42Si lies in the chain
of the jj magic nuclei 132Sn and 78Ni, but the ESPE gaps at Z= 14 and N= 28 are not large
enough to provide magicity. As with the N= 20 island of inversion, both proton and neutron
gaps are small, so quadrupole correlations become important. There are rapid shape changes
in these nuclei [220]; CI calculations predict a positive 2+ 42Si quadrupole moment,
indicative of a prolate shape [195], and a negative 2+ quadrupole moment for 40Mg.

Due to the lack of experimental information, the empirical Hamiltonians for the region of
42Si are not well established. For the two most widely used Hamiltonians, SDPF-MU [221]
and SDPF-U-Si [222], the predictions for excited states above the 2+ in 42Si are very different
[223, 224]. In the region of 42Si near the neutron dripline, the ESPE for the 1p3/2 and 1p1/2
orbitals will be influenced by the proximity to the continuum, which is also important for
describing two-neutron halos around N= 28 [225].

The first published FRIB experiment established new β-decay lifetimes for the nuclei in
the region around N= 28 toward the neutron dripline [3]. The results were in reasonable
agreement with calculations [226] based on the SDPF-MU [221] Hamiltonian. These β

decays involve first-forbidden β transitions to low-lying states and Gamow–Teller transitions
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to excited states that cross the Z= 20 shell gap starting around 3MeV in excitation (see figure
3 in [226]). The second FRIB experiment with the FDSi studied the detailed γ and neutron
decay spectra of 45Cl to establish the β branching to states up to 8MeV in 45Ar [5]. Compared
to theoretical results with the SDPF-MU Hamiltonian, it was found that the Z= 20 shell gap
needed to be reduced by about 1 MeV to describe the β-decay strength function. This type of
interplay between experiment and theory will be important for future FRIB experiments and
advances in the modeling of nuclei.

4.1.3. The region around 60Ca: pairing in the continuum. Like 28O, the nucleus 60Ca has a
nominally closed-shell proton configuration, and so the dominant collective mode should be
pairing. One difference from 28O is that, primarily due to the mean-field spin–orbit potential,
the N= 40 gap is weaker to begin with and there is a higher density of states near the Fermi
surface. This could lead to a strong interplay between collective pairing and continuum effects
(see section 4.5 below).

The nucleus 60Ca has been observed to be stable against neutron decay in its ground state
[227], but the properties required to determine whether or not N= 40 is a magic number for
60Ca are not yet known. In the region of 60Ca, there are many theoretical extrapolations and
predictions for the location of the neutron dripline [228–231] and the properties of excited
states of nuclei in the region of 60Ca [214, 232–238]. The ESPE gap between the 0f5/2 and
0g9/2 orbitals is the most important unknown quantity. Lenzi et al [214] have used the LNPS
Hamiltonian to extrapolate the neutron ESPE from Z= 28 down to Z= 20. Their
0f5/2 − 0g9/2 ESPE gap for 60Ca is close to zero (see figure 1 in [214]) with the implication
that 60Ca will not exhibit N= 40 doubly-magic features. The recent calculations of Li for the
N= 40 and N= 50 islands of inversion [239] result in 60Ca and 68Ni having similar doubly-
magic properties.

The excitation energy of 2+ states in 56,58Ca have recently been reported [238]. If 60Ca
had a closed shell for N= 40, one would expect the 2+ states of 56,58Ca, coming from the
relatively isolated ( )/f0 n

5 2 configurations, to have about the same excitation energy [237]. The
measured energies [238] fall from 1456(12) keV in 56Ca to 1115(34) keV in 58Ca. It was
concluded [238] that this was caused by a small 0f5/2 − 0g9/2 ESPE gap. The γ-ray transition
for 58Ca only has about four counts above the background in the spectrum (figure 1 in [238])
and the experimental evidence for this 2+ state needs to be strengthened. 61,62,63Ti are
observed [240] to lie in the N= 40 island of inversion below 68Ni. A 9/2+ isomeric state has
been reported in 63Ti [240]. One needs much more experimental spectroscopic information
related to the 0f5/2, 0g9/2 and 1d5/2 orbitals for N > 36 near 60Ca to develop a clearer picture
of the structure in this region of rapid shell evolution.

4.1.4. The region around 78Ni: A 5th island of inversion? The doubly-magic properties of 78Ni
have been established by the observation of the 2+ state at 2.60MeV [241]. Energy spacings
of proton ESPE have been deduced from the γ-ray decays of low-lying states in 79Cu [242].
Based on the excited-state energy systematics for Z= 29, one expects the ground state of
79Cuto have Jπ= 5/2− with an excited state of Jπ= 3/2− at 0.66 MeV. This establishes the
approximate spacing between the 0f5/2 and 1p3/2 proton ESPE. The second excited state
observed at 1.51MeV would then be expected to have Jπ= 1/2− and be related to the ESPE
for the 1p1/2 orbital. The information related to absolute ESPE for these states and other
ESPE around 78Ni require mass measurements for 77,78,79Ni, 79Cu and 77Co. Below 78Ni, CI
calculations predict 76Fe to be the start of a 5th island of inversion with the breaking of the
N= 50 magic number below Z= 28 [204]. The structure physics involves configurations
built on 2p–2h (and higher) neutron excitations across N= 50. This configuration is predicted
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to start as an excited state band below 3MeV 78Ni, and then is lowered in energy to become
deformed ground-state bands (with β ≈ 0.3) in nuclei below 78Ni. Measurements of the radii,
electric quadrupole moment, and magnetic dipole moments of isotopes in the neighborhood
of 78Ni will provide important guidance to understand the structure of this region [243, 244].
The N= 50 gap depends upon the neutron single-particle energies for 0g7/2, 1d5/2 and 2s1/2
which are connected to energies of low-lying states in 79Ni.

As discussed in section 8, the magic number N= 82 for isotopes below 132Sn is
responsible for the binding-energy discontinuity at N= 82 which leads to the r-process
abundance peak for A ≈ 130. How does the structure physics leading to the 5th island of
inversion for N= 50 influence the models and predictions for the structure of nuclei below
132Sn? The 2p–2h excitation across N= 82 will lead to deformed excited states (isomers) and
influence the binding-energy trend across N= 82.

4.1.5. The region around 100Sn: The end of the N = Z line. At the top end of the N = Z line,
the exploration of nuclei around 100Sn will provide many opportunities for connections
between theory and experiment. Quantitative ESPE need to be established from masses and
spectra of 99,100,101Sn, 99In and 101Sb. The nucleus 100Sn also provides a unique opportunity
to study Gamow–Teller β decay. The observed transition probability B(GT) is about a factor
of four smaller than the closed-shell prediction. Details of theoretical results compared to
experiment for this decay are discussed in section 9 on Fundamental Symmetries. For other
nuclei in this region, the large Qβ values enable the study of Gamow–Teller strength up to and
beyond the proton separation energy with total-absorption spectroscopy (TAS), presenting an
interesting challenge for nuclear theory. More details are presented in section 4.4.1. As
described below in section 4.5, the region of the heaviest N= Z nucleus will probe the
evolution of isoscalar pairing approaching the continuum.

Below 100Sn, the nucleus of 80Zr [245] turns out to be substantially more bound and
lighter than expected from systematic trends of nuclear masses, suggesting 80Zr to have a
deformed double shell closure. The isotopes 90,96Zr are near spherical with a very rapid onset
of strong deformation beyond 96Zr within the isotopic chain [246, 247]. Measurement of the
charge radii for the Zr isotopes, combined with theoretical models, will help clarify the
rapidly changing structural evolution taking place in these isotopes. For the odd-mass Zr
isotopes the nuclear spin, magnetic dipole, and electric quadrupole moments can also be
determined from the hyperfine structure via laser spectroscopy. These nuclear moments will
provide an excellent testing ground for nuclear models [248, 249].

4.2. Collectivity

4.2.1. Collective degrees of freedom and connections to microscopic theory. Collectivity
gives rise to simple patterns in the spectra and decay modes reflecting the emergence of new
degrees of freedom related to the coherent motion of many nucleons. FRIB experiments in
conjunction with theory have the potential to offer new insight into a wide range of questions
associated with collectivity, especially in nuclei with extreme proton–neutron imbalance.
How do deformation, shape coexistence [250], clusterization [251], and pairing [251]
influence nuclear structure and observables? What are the dominant collective excitation
modes giving rise to the low-lying structure? How is the structure of halo states influenced by
collective correlations? What are the relevant approximate symmetries arising in the many-
body system, e.g. Sp(3, R) [252–255], SU(3) [256, 257], and SU(4) [258], and how do they
help us to understand the relevant degrees of freedom?
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Ab initio theory in combination with experiment can help to identify the relevant degrees
of freedom for collective structures. This, in turn, can lead to a microscopically motivated
simple picture that accurately describes collective structure. While descriptions of collective
structure were traditionally the domain of phenomenological models, Ab initio approaches are
placing nuclear structure theory on a predictive footing and give insight into how collective
phenomena emerge. Signatures of collective phenomena, including deformation [253, 255],
rotation [259–265] and clustering [49, 251, 266–274], emerge in Ab initio predictions.
However, computational challenges limit the ability of Ab initio calculations to resolve certain
aspects of collective correlations, notably the overall scale of quadrupole correlations.
Furthermore, structure can be highly sensitive to details of the choice of internucleon
interaction (section 2), while electromagnetic (and weak interaction) observables are also
sensitive to in-medium effects arising from the fact that the nucleus does not consist of point
particles [275, 276]. Therefore it is critical to have experimental validation to give us
confidence in the collective picture emerging from Ab initio theory.

Traditional signatures of collective behavior [277] provide a first point of contact
between theory and experiment. These include binding energies, 2+ excitation energies, E2
transitions, and quadrupole moments. FRIB experiments can provide access to regions of the
nuclear chart near, e.g. islands of inversion and near proton and neutron driplines, where new
collective degrees of freedom appear in the low-lying spectrum. FRIB experiments can also
provide measurements of relevant observables across larger swaths of the nuclear chart,
thereby enabling a systematic study of the evolution of these observables along isotopic
chains, to more rigorously test theoretical predictions. Notably, laser-spectroscopy
experiments at BECOLA-FRIB will enable precision measurements of nuclear electro-
magnetic properties such as charge radii, nuclear quadrupole moments, and nuclear dipole
magnetic moments [120]. Recent experimental developments, such as the resonance
ionization spectroscopy experiment (RISE) at BECOLA, will enable these measurements
across the nuclear chart. For light nuclei, e.g. in the pf shell, measurements can be achieved
from the proton dripline to the neutron dripline. In such light nuclei, where radii do not simply
follow the global empirical formula [132, 278], both the radius and quadrupole moment must
be taken into consideration in determining the nuclear deformation.

However, these basic observables are not sufficient to test the more detailed picture
arising in Ab initio calculations, e.g. rotational bands, proton–neutron triaxiality [279], shape
coexistence [280], and halo structure. Further spectroscopic information on excited states and
transitions is crucial. Even where Ab initio methods cannot presently resolve the overall scale
of the binding energy or E2 strengths, correlations among calculated observables [281, 282]
permit robust predictions of relative properties (e.g. excitation energies and E2 ratios)
[283–285] to be tested against experiment. In particular, data on electromagnetic transitions
are sparse in the light nuclei where many of the Ab initio approaches are most applicable. For
E2 transition strengths, Coulex experiments are critical, as lifetimes are often dominated by
M1 decay. These measurements will require reaccelerated beams. Because of the importance
of proton–neutron asymmetry in exotic light nuclei, neutron quadrupole matrix elements
provide an important probe of the collective structure complementary to the electromagnetic
measurements. Ratios of neutron and proton matrix elements (Mn/Mp) [286] can be obtained
by combining Coulomb excitation with inelastic scattering experiments [287]. Recent
developments in precision laser spectroscopy experiments with radioactive molecules
[288, 289] have the potential to enable access to yet-to-be-explored electroweak nuclear
properties across isotopic chains [290]. These experiments promise to yield information on
the weak charge distribution within the nucleus from which information of the quadrupole
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distribution of the neutrons could be extracted [290]. FRIB, in combination with the ongoing
isotope harvesting program [108], will provide various opportunities for these studies.

4.2.2. Octupole excitations. Electric octupole, E3, excitations are observed throughout the
nuclear chart [291]. However, significantly enhanced B(E3) strengths are only expected in
regions of the nuclear chart where the Fermi surface lies between spherical single-particle
levels differing by Δj = Δl = 3, i.e. at proton and neutron numbers of approximately 34, 56,
88, and 136 [292, 293]. Possibly only a handful out of these nuclei with enhanced B(E3)
strengths are statically octupole deformed in their ground states [294]. A sudden increase of
the ( )B E3; 3 01- + strength to 30W.u. and more was recently discussed around the A= 72
prolate-oblate shape transitional point [295], i.e. on the neutron-deficient side of the nuclear
chart where Z ≈ N ≈ 34. A clear theoretical interpretation of the B(E3) strength increase is
missing. Systematic studies of such effects in the corresponding neutron-rich isotopes are also
missing so far. Experimentally, many of the nuclei in the A= 68 mass region and A= 90
mass region, where 96Zr [296] is located, would already be accessible at FRIB with 20 kW
beam power. Their octupole collectivity could be determined using, e.g. inelastic proton
scattering in inverse kinematics with fast beams. Theoretically, octupole deformation has
often been studied at the mean-field level [297–299]. From a shell-model perspective, one
needs to understand the interplay between the sd shell, fp shell and the sdg orbitals in
generating enhanced B(E3) strengths in the A= 68 and A= 90 mass regions.

4.2.3. Pygmy dipole resonance. Properties of the giant dipole resonance (GDR) excited by
isovector (ΔT = 1) probes for excited states with Jπ = 1− are well established for stable
nuclei and are understood as the collective out-of-phase oscillation of all protons against all
neutrons. In the shell model, these are coherent mixtures of 1ÿω 1p–1h states with collective
energies pushed up above 1ÿω. In neutron-rich nuclei, the smaller isoscalar and isovector
dipole strength observed below the GDR is called the pygmy dipole resonance (PDR). It has
traditionally been interpreted as a collective oscillation of the neutron skin against the core,
though this interpretation has been questioned [300]. Understanding the PDR in terms of 1p–
1h and collective contributions remains a theoretical challenge [300–304].

The isovector part of the PDR can influence neutron-capture rates when calculated with
statistical HF approaches [154, 305–307]. To provide more robust predictions for γ-ray
strength functions of rare isotopes involved in nucleosynthesis processes [308–311],
continued experimental and theoretical studies of the structure of the PDR are essential.
Early FRIB experiments will be able to indirectly measure the γ-ray strength function and
access its possible influence on (n, γ) reactions by using experimental approaches such as the
β-Oslo method [153, 154] or (d, pγ) surrogate reactions [312]. (d, p) one-neutron transfer
reactions have already been used to explore the neutron 1p–1h structure of the PDR in more
detail for 208Pb [313], 120Sn [314], and 62Ni [315]. At FRIB, these types of experiments can
be carried out in inverse kinematics at ReA using, for example, SOLARIS [186, 316].
Beyond-mean-field approaches are needed to understand such data and the structure of the
PDR [300, 317, 318]. The science case for direct studies of the complete electric dipole
strength of rare isotopes with the energy upgrade of FRIB, FRIB400, has been presented [84].

4.3. Isospin symmetry

Isospin is an approximate symmetry of the nuclear force which can be traced back to the light
masses of the up and down quarks as compared to typical QCD scales [319, 320]. Isospin is
also broken by the electromagnetic interaction. Naively, because the Coulomb force is
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understood and significantly weaker than the strong nuclear force, isospin-breaking correc-
tions should be trivial to calculate. However, the interplay of correlations with Coulomb and
other isospin-breaking forces leads to non-trivial effects in nuclei which remain a challenge
for theory. In particular, it is difficult to unambiguously disentangle the effects due to isospin-
breaking strong interactions from those due to Coulomb combined with isospin-conserving
strong interactions. Beyond its intrinsic interest, a proper understanding of how isospin-
breaking forces manifest in nuclei is an important component of the theoretical corrections for
superallowed β decays, described in section 9.1.

Powerful probes of isospin breaking effects in nuclei are the masses within an isobaric
multiplet, labeled by isospin T. In the limit of isospin symmetry, the 2T + 1 constituents of
the multiplet would have identical masses (or equivalently, identical binding energies). Iso-
spin-breaking interactions lead to a shift of these masses, given in first-order perturbation
theory by the isobaric multiplet mass equation (IMME): ( )BE T a bT cTz z z

2= + + , where
Tz = (N − Z)/2, and a, b, c are parameters unconstrained by isospin symmetry. Higher-order
terms like dTz

3 and eTz
4 can arise from second-order effects or many-body forces. Exper-

imental results for these coefficients have been compiled [321]. CI calculations of these terms
can be linked to the underlying Coulomb and isospin-dependent interactions [322–325],
while, so far, Ab initio calculations have had difficulties predicting the IMME coefficients
[326]. Charge radii of the T = ±Tz members of the multiplet that can be measured at FRIB
provide a further constraint to help disentangle the contributions of the various sources of
isospin symmetry breaking (see also section 9.1).

In addition to the IMME, valuable information on isospin-symmetry breaking in nuclei can be
obtained from the study of excitation energy differences of analog states in mirror nuclei (Mirror
energy differences), MED(J, T) = BE(J, T, Tz = +T) − BE(J, T, Tz = −T), and isobaric triplets
(Triplet Energy Differences), TED(J, T) = 2BE(J, T, Tz = 0) − BE(J, T, Tz =
+T) − BE(J, T, Tz = −T), as well as from the measurement of transition probabilities between
analog states in these nuclei. From the theoretical side, approaches based on the interacting shell
model have been shown to reproduce the MED and TED with good accuracy, provided an
isospin-breaking term is added to the effective isospin-conserving nuclear interaction once
Coulomb effects have been taken into account [327, 328]. While a single correction term seems to
hold for the MEDs measured so far, its origin has not yet been fully understood. Tests are needed
very far from stability. Large MEDs have been obtained between isobaric states of non-natural
parity due to the different energy gaps for protons and neutrons caused mainly by the electro-
magnetic spin–orbit interaction [329, 330]. Moreover, the development of accurate effective
interactions that involve more than one major shell are needed to describe non-natural-par-
ity MEDs.

On the experimental side, these studies become quite demanding for the most proton-rich
members of isobaric multiplets because of their low production cross sections toward the
proton dripline and challenges in beam purity. Using proton-rich rare-isotope beams from
FRIB, these studies can be extended to the proton dripline. The high-resolution, high-effi-
ciency GRETA γ-ray spectrometer will enable extending the MED and TED studies and
probe the validity of our understanding of isospin symmetry breaking at largest values of
isospin.

The investigation of MEDs has also put into evidence the role of the continuum (see also
section 5); specifically, the role of the larger radius of low-l orbits with respect to the other
orbits in a major shell [331, 332] in the evolution of the MED as a function of the spin or
excitation energy. More recently, MED studies in the sd shell indicate that, when fractionally
occupied, the radius of the s1/2 orbital is about 1.7 fm larger than the d orbitals. This dif-
ference suddenly decreases, to about 0.6 fm, when occupied by at least one nucleon [333]. A
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similar behavior is observed between the p and the f orbitals in the fp shell [334, 335]. The
measurement of the charge radii and isotope shifts in different regions of the nuclear chart,
and in particular in the proton-rich side, together with an extension of MEDs into the upper pf
shell, will be essential to understand this phenomenon.

4.4. Spin-isospin response

For a given initial state one can study final states reached by processes associated with one-
body operators characterized by their orbital ΔL, spin ΔS, and isospin ΔT tensor structure,
that have ΔTz = −1, 0, +1. There are experiments at FRIB focused on charge-exchange
processes ΔTz = −1, +1 associated with β decay and charge-exchange reactions. Simple
examples are Fermi β decay with (ΔL, ΔS, ΔT)= (0, 0, 1), and Gamow–Teller transitions
with (ΔL, ΔS, ΔT= (0, 1, 1) induced by β decay and charge-exchange reactions such as (t,
3He) (Ebeam  100MeV/u). Experimental methods and instrumentation used for these is
discussed in section 3. The purpose is to study properties of individual low-lying final states,
and to assess strength functions over a large excitation-energy range of final states
[145, 148, 150]. Experiments at FRIB will study the β decay of very neutron-rich nuclei, and
charge exchange on targets away from stability via inverse kinematics.

Exploration of the spin-isospin response of nuclei offers a unique view at the single-
particle degree of freedom as well as bulk properties of the nuclear medium. Characterizations
of the allowed Gamow–Teller spin-isospin response of nuclei uniquely probe the validity of
nuclear structure models up to high excitation energy. In hydrodynamical models of the
nucleus, isovector giant resonances are interpreted as density oscillations of the neutron
versus the proton fluid and continue to provide information on macroscopic nuclear properties
associated with isovector fields.

4.4.1. Beta decay. FRIB beams will provide an unprecedented opportunity to access very
neutron-rich nuclei with large β-decay energy windows. Possible at the lowest beam rates,
one can obtain essential information on the half-lives and the decay properties of very
neutron-rich nuclei that can be used to probe theoretical models at the extremes. The spin and
parity selection rules inherent to β decay enable a characterization of the structure of low-
lying states in the decay daughter, often complementing the structure information obtained
from in-beam γ-ray spectroscopy. The studies of β decay near neutron-rich magic nuclei, such
as 54Ca, 60Ca, 78Ni, and 132Sn [336], are particularly important in this regard to benchmark
the dominant configurations of the respective model spaces defined by the magic nuclei.

When the β Q value is larger than the neutron separation energy of the daughter nucleus,
neutron unbound states will be populated. Calculations for the γ-particle decay competition
for these states requires configurations in the continuum [337]. The neutron emission
hindrance has been linked to the mismatch of the wavefunctions between the precursor and
decay daughter [338]. The other aspect of β-delayed neutron spectroscopy is that it enables
selective studies of neutron unbound states and provides information about the location and
widths of nuclear resonances in nuclei far from stability. This kind of effort is expected to
mainly focus on low-Z nuclei where the expected widths of tens of keV [339] are measurable
with current experimental techniques. Here the goal is to connect data and theoretical models,
including continuum coupling effects [337], which will reveal themselves through
modifications of widths and excitation energies. Neutron-rich nuclei can have multi-neutron
emission [340]. Interesting questions as to the simultaneous or sequential character of β-
delayed multi-neutron emission remained unanswered in the first attempt of a correlation
measurement [341] and pose an interesting challenge for experiment and theory in the future.
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When combined with neutron detection and total absorption methods, the detailed
spectroscopy of β decays will provide access to a broad spectrum of excited states in very
proton–neutron asymmetric systems. The same experimental methods employed in deformed
regions will help establish how the strength distribution evolves with deformation in very
neutron-rich systems [342]. New-generation experiments with polarized β-delayed emitters
can produce spin-resolved strength distributions. The decay studies performed on island-of-
inversion nuclei will provide another set of constraints for nuclear models that set out to
describe such quantities at the intersection of statistical and discrete descriptions of nuclear
physics. Non-statistical aspects of neutron emitting states are discussed in section 6.3.

Neutron emission probabilities and β decay half-lives are important for modeling the r-
process path (see section 8.2). For applications to nuclear astrophysics, experiments will only
provide some information on a limited number of nuclei. All other information needed relies
on calculations provided by nuclear theory. Beta decay for lighter nuclei mainly involves
Gamow–Teller type transitions. But for heavier nuclei, one must include first-forbidden type
transitions. One must assese the renormalization (quenching) needed for these operators in
neutron-rich nuclei either [276] empirically or with the explicit addition of two-body currents.
The latter was also found to be essential for improving the predictions of nuclear magnetic
moments [343].

Theoretical calculations provide detailed information on the β strength distributions to
final states from which neutron-decay probabilities can be obtained. Experimental data related
to these final-state distributions and neutron decay modes will be obtained with total-energy γ

absorption spectrometers such as the summing NaI detector (SUN) and the modular total
absorption spectrometer (MTAS) that is part of the FDSi section 3.5.

One of the early FDSi experiments at FRIB reported a rapid increase in the β-decay
strength distribution above the neutron separation energy in 45Ar in the decay of 45Cl,
interpreted to be caused by the transitioning of neutrons into protons excited across the Z= 20
shell gap [5]. This demonstrates the potential of integrated quantities such as strength
functions to probe the proton single particle degree in neutron-rich nuclei. Advancing decay
spectroscopy in general, the full FDS is aspired by the community (see section [175]).

4.4.2. Charge-exchange reactions. Charge-exchange reactions at intermediate beam
energies (Ebeam  100MeV/u) provide excellent ways to probe the isovector response of
nuclei [143–150]. Charge-exchange reactions can be used to extract weak-interaction
strengths that cannot be obtained from β decay. Even though the charge-exchange reaction is
mediated via the strong nuclear force, it can be used to extract information about allowed
weak transitions associated with the transfer of zero angular momentum (ΔL = 0), with the
transfer of spin (ΔS = 1, Gamow–Teller type) or without the transfer of spin (ΔS = 0, Fermi
type) (see the experimental methods in section 3)

Charge-exchange reactions provide a unique experimental method to obtain Gamow–
Teller strengths in the β+/EC direction in neutron-rich nuclei. From a structure viewpoint this
part of the Gamow–Teller strength is blocked by the filled orbitals in the neutron excess.
Thus, any strength observed provides a test for theoretical models of correlations among the
neutrons. These theoretical models provide EC rates needed for astrophysical applications
(see section 8).

There is significant interest to study isovector giant resonances, which, in a macroscopic
picture, are out-of-phase density oscillations of the neutron and proton matter inside the
nucleus. The characteristics of these isovector giant resonances provide information about
bulk properties of nuclei and the nuclear equation of state that is complementary to that
obtained from isoscalar resonances [344] and helpful for extrapolating to systems with small
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or large neutron-to-proton ratios [167, 345]. Microscopically, isovector giant resonances are
described as collective one-particle-one-hole (1p–1h) excitations in combination with the
transfer of isospin. A systematic study of the excitation energies and collectivity of isovector
giant resonances can be directly compared to Ab initio [162, 165], configuration-interaction
[145, 149, 346], and density-functional [148, 150, 347] models to shed light on remaining
ambiguities in the isovector part of the nucleon–nucleon effective interactions [347, 348].

4.5. Pairing effects

In 1958, Bohr, Mottelson and Pines [349] suggested a pairing mechanism in the atomic
nucleus analogous to that observed in superconductors [350]. Since the publication of that
seminal paper, a wealth of experimental data have been accumulated, supporting the
important role played by neutron–neutron and proton-proton ‘Cooper pairs’ in modifying
many nuclear properties such as deformation, moments of inertia, alignments, etc [351–353].
Driven by advances in experimental techniques, the development of sensitive and highly
efficient instruments and the availability of rare-isotope beams, the pairing correlations can
now be studied in exotic nuclei out to and beyond the neutron dripline. Of particular interest
is the role of neutron–neutron pairing in neutron-rich isotopes, where the effects of weak
binding and continuum coupling are important. Illustrative results for nuclear matter [354]
show that the correlation length, ζ, of an nn pair and their separation distance, d, depend on
the nuclear matter density. At normal density ζ > d, typical of Cooper pairs. At lower
densities that could be relevant in the surface of weakly bound nuclei, ζ < d, and a locali-
zation of di-neutrons appears, signaling a possible Bardeen–Cooper–Schrieffer (BCS) pairing
to Bose–Einstein condensation (BEC) crossover transition as schematically shown in figure 5.

An indicator for weak binding effects could be considered from the following general
arguments. The neutron separation energy is given by Sn ≈ λ +Δ, with λ the Fermi level and
Δ the pairing gap. Near the valley of stability, the quasi-particle binding is dominated by the
mean field and Sn ≈ λ. As we increase the number of neutrons, approaching the drip line,
λ → 0 and Sn ≈ Δ, i.e. correlations dominate. Thus, it is natural to expect that the transition
between the two regimes will start to take place when Sn ≈ Δ.

Two-neutron transfer reactions have provided a unique tool to understand neutron pairing
correlations in nuclei [355–357]. In formal analogy with the case of quadrupole shape fluc-
tuations [357, 358], where an important measure of collective effects is provided by the
reduced transition probabilities (i.e. B(E2)’s), one can associate a similar role to the transition

Figure 5. Schematic illustration of the expected change in behavior between Cooper
pairs and di-neutrons is indicated. Reprinted (figure) with permission from [354],
Copyright (2006) by the American Physical Society.
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operators 〈f|a†a†|i〉 and 〈f|aa|i〉 in the two-particle transfer mechanism between the initial |i〉
and final |f〉 states.

The criteria discussed above can also be related to the asymptotic behavior of the Cooper
pairs → e−Kr. For strongly bound nuclei, /K mS2 2 2 n1k» = , the tail of the particle
density. For weakly bound nuclei, K < 2κ and the pair condensate extends further outside the
surface. While a reaction such as (18O,16O) might be of interest, it seems clear that (t, p)
reactions will continue to play a crucial role to study pairing correlations in neutron rich
nuclei since they are particularly suited to directly probe the 2n pair density.

The Sn isotopes are the classic example of superfluidity in atomic nuclei and their ground
states are well described as a BCS neutron condensate. Following from the criteria introduced
earlier, in figure 6 the S1n and Δ are compared across the isotopic chain, showing an indi-
cation that just above the N= 82 shell closure weak binding effects may start to influence the
low-lying pairing properties of 134Sn and heavier isotopes.

In fact, theoretical calculations based on Skyrme–Hartree–Fock mean field and continuum
RPA predict a significant increase in the neutron pair-transfer strength to low-lying excited 0+

pairing vibrational states. For very neutron-rich Sn nuclei with A > 140, a large increase in
the pairing gap is expected, which results in an increased ground state to ground state pair-
transfer strength [359, 360]. This behavior is attributed to the loosely bound 2p1/2 and 2p3/2
orbitals, extending far beyond the nuclear surface. Currently, it is not possible to study Sn
nuclei with A > 140, but the region where strong transitions to pairing vibrational states are
predicted, just above 132Sn, will be within reach at FRIB once it reaches full power and even
more so with the envisioned 400MeV/u energy upgrade. Having this in mind, it is worth
considering some other cases that would be of much interest to study. An inspection of the
condition S1n ≈ Δ suggests that weak-binding effects might start to show beyond 56Ca and
78Ni.

Crucial theoretical input for these studies will be systematic state-of-the art calculations of
two-neutron transfer strength for a given isotopic chain including the effects of weak binding

Figure 6. Comparison of one neutron separation energy, S1n and pairing gap, Δ, for the
tin isotopic chain.
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and continuum coupling. These will guide the experimental program by suggesting the best
cases to study and provide input to the reaction codes needed to calculate the reaction cross
sections measured in the experiment.

The odd–even staggering in BE(Z, N) is linked to the pairing interactions in nuclei.
Theoretically, the pairing is determined directly from the neutron–neutron J= 0, T= 1
interaction within the valence space, and indirectly from the proton–neutron interaction
between neutrons in the valence space and protons in the core. Thus, BE for neutron-rich
nuclei will provide new insight into the role of these two mechanisms.

A very interesting region in the Segrè chart is the one around the N= Z line. Here, protons
and neutrons occupy the same single-particle orbitals and, therefore, their interaction is
maximized. These nuclei open the possibility of studying different fundamental properties of
the nuclear interaction as for example, the proton–neutron pairing, that presents two different
isospin channels, isoscalar T= 0 and isovector T= 1. While the latter is present also in the
proton-proton and neutron–neutron well-known isovector pairing interaction, the former is
exclusive of the proton–neutron interaction and the T= 0 pairing should manifest mainly in
N= Z nuclei [361, 362].

The BE of nuclei around Z= N can be used to deduce T= 0 proton–neutron pairing
energies, often denoted as Vnp. The Vnp extracted for nuclei up to 74Rb have placed an
essential constraint on microscopic models, and have led to the construction of models with
SU(4) symmetry [363]. High-precision mass measurement for nuclei above 78Rb will provide
the information needed to address the question of how Vnp evolves [363, 364] from the
strongly deformed 80Zr [245] nucleus to the doubly-magic 100Sn nucleus.

5. Continuum physics

Continuum physics is the study of how the structure of quantum systems and the nearby
presence of the continuum of scattering states and decay channels affect each other. Systems
in which continuum couplings are important are called open quantum systems. In low-energy
nuclear physics, continuum physics naturally lies at the intersection between structure and
reaction theory, which are historically concerned with how nucleons self-organize into bound
states (section 4), and how nuclei interact over time in scattering processes (section 6),
respectively. Continuum physics is thus important to understand properties of nuclei that: (i)
are excited near or beyond a given particle emission threshold, or (ii) have a large N/Z
imbalance and lie near or beyond the edges of nuclear stability.

The phenomenology of continuum physics is broad and encompasses halo and universal s-
wave physics (sections 5.3, 5.4), decay and notably exotic decay modes (section 5.2), con-
tinuum-mediated phenomena such as superradiance (section 5.1), as well as complex physics
involving an interplay between continuum couplings and standard emergent phenomena such
as pairing, deformation, or clustering (section 5.3). Some of the most pressing open problems
in the description of nuclei as open quantum systems are, for instance, understanding the
origin of near-threshold clustering, developing accurate and scalable theoretical methods to
describe many-body resonances and broad resonances, and unifying nuclear structure and
reactions in an approach where all decay channels are open. Progress on any of these pro-
blems will help move forward nuclear astrophysics (section 8) and better constrain nuclear
forces in new extreme conditions.

In the coming decades, FRIB will dramatically push forward the exploration of the drip
lines and lead to the discovery of thousands of new isotopes. Continuum physics will thus be
critical for the success of the FRIB mission. Below, we first provide a more detailed account
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of near-threshold physics, and then selected cases of recent developments and studies that
illustrate the status of the field.

5.1. Near-threshold physics

The study of exotic nuclei provides an unparalleled opportunity to explore the physics of open
quantum many-body systems [199]. Quantum systems near thresholds exhibit a rich array of
features, reflecting the coupling between discrete and continuum spaces. In particular, halo
phenomena and the associated threshold discontinuities have been recognized for a long time
[365–371], but only recently have their direct manifestations been observed in experiments.
Single-particle states with low Coulomb and centrifugal barriers are particularly affected by
the continuum threshold resulting, for instance, in discontinuities in various observables
reflecting structural modifications of states such as spectroscopic factors [39, 372, 373], and in
a modification of single-particle energies [374–376]. The theoretical treatment of threshold
phenomena is difficult. Even for bound systems typical basis expansion techniques become
impractical near thresholds, and alternative methods for including continuum couplings must
be considered [50, 367, 377, 378].

Above the threshold, for states embedded in the continuum, additional coupling via the
continuum emerges. Interactions between overlapping resonances leads to collectivization
and distribution of decay widths [373]. The phenomenon of superradiance [379] in which
overlapping resonances naturally segregate into, on the one hand superradiant states strongly
coupled to the continuum and, on the other hand, trapped or decoupled resonances, is an
interesting phenomenon to investigate in future experiments. The complete understanding of
resonances and their widths will require understanding the time dependence of formation and
decay, background and non-resonant components. Aspects of non-Breit–Wigner spectral
functions and non-exponential decay are explored in [380].

The well-known near-threshold alpha clustering phenomenon [381] is another excellent
arena for exploring the effects of continuum couplings. Numerous broad alpha resonances
have been experimentally observed, and there are indications of the isospin symmetry being
broken due to superradiant alignment [382]. The conservation of probability and the asso-
ciated unitarity of the scattering matrix [372, 379] are responsible for non-resonant near-
threshold features such as threshold cusps [371]. An examination of the experimental and
theoretical implications and perspectives on clustering effects in exotic nuclei near threshold
energies, resulting from a recent FRIB Topical Program on ‘Few-Body Clusters in Exotic
Nuclei and Their Role in FRIB Experiments’, provides additional clues on how to study these
effects [383]

A remarkable example showing the full complexity of the near-threshold physics is the
case of β-delayed proton decay of 11Be [384]. The excessive decay rate observed for the beta-
delayed proton decay in 11Be [385] prompted speculations on the nature of the decay
including exotic processes beyond the standard model [386, 387]. The 1/2+ ground state of
11Be nucleus is by itself a remarkable example of a one-neutron s-wave halo state bound by
only 0.5 MeV just below the expected p-wave state. The sequential decay process occurs via a
proton resonance in 11B [388, 389] conveniently located near the threshold and thus strongly
enhancing proton decay instead of alpha decay, despite the latter channel being nearly
3.0 MeV above the α + 7Li threshold [386, 390, 391]. The proximity of the proton resonance
to the neutron decay threshold is also noteworthy. Near-threshold resonances strongly cou-
pled to their corresponding channels are expected to play an important role in astrophysical
processes.
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Theoretical advancements in time-dependent techniques [392, 393] have opened up new
possibilities for studying unstable nuclei and exploring open quantum systems more broadly.
The dynamics of decay provides valuable insights on the interplay between internal dynamics
and decay processes, and more specifically on the formation of the decaying state, exponential
decay, and post-exponential processes driven by non-resonant components. In decays
involving a three-body final state, where energy, momentum, and angular momentum con-
servation laws are insufficient to fully constrain the dynamics, correlations between obser-
vables may offer experimental methods for tracking the evolution of the wave function. See,
for instance, [380].

5.2. Two-nucleon emission

Due to the presence of the Coulomb barrier having a confining effect on the proton density,
the one- and two-proton (2p) drip lines lie relatively close to the valley of β-stability. As a
result, relatively long-lived, proton-unstable nuclei can exist beyond the drip line [394, 395].
The vast territory of proton-unstable nuclides contains rich and unique information on nuclear
structure and dynamics in the presence of the low-lying proton continuum.

The phenomenon of ground state 2p radioactivity has generated much excitement as the
experimental data on lifetimes and correlations between emitted protons provide us with
unique structural information. Direct 2p decays have been found in a handful of even-Z
isotopes, in which single-proton decay is energetically blocked. Currently, 2p radioactivity
has been detected in: 19Mg, 45Fe, 48Ni, 54Zn, and 67Kr. In addition, several broad resonances
associated with prompt 2p decay were reported in, e.g. 6Be [396] and 11,12O [397–400].

In [401], the position of the two-proton drip line has been determined with the help of a
Bayesian model averaging technique by using several global mass models. The most pro-
mising new candidates for the two-proton radioactivity searches at FRIB, with the predicted
lifetimes between 10−7 and 10−1 s turned out to be: 30Ar, 34Ca, 39Ti, 42Cr, 58Ge, 62Se, 66Kr,
70Sr, 74Zr, 78Mo, 82Ru, 86Pd, 90Cd, and 103Te. In some heavy nuclei, such as 103Te and 145Hf,
a competition between alpha and two-proton decay is expected.

For decaying proton pairs, long-range final-state Coulomb interaction is essential. Con-
sequently, to study the mechanism of 2p decay, theoretical models must fully control the
behavior of the decaying system at large distances and long propagation times. Recently, a
realistic time-dependent framework has been developed [393] providing precise solutions
with correct three-body asymptotics. This study demonstrated that the energy and angular
correlations in the Jacobi-Y angle between emitted nucleons strongly depend on the initial-
state structure. Hence, the inter-nucleon correlations provide invaluable information on the
dinucleon structure in the initial state. An illustrative example of time-dependent calculations
of two-nucleon decay is shown on figure 7 for the exotic isotopes of oxygen. Such results
indicate that the anticipated high resolution data from FRIB on energy and angular nucleon–
nucleon correlations will provide unique insights into the structure of proton and neutron pairs
in rare isotopes.

5.3. Experiments near the neutron dripline between N = 20 and N = 28

The nuclear region suitable for early investigation at FRIB includes neutron-rich nuclei
spanning across the neutron magic numbers N= 20 and N= 28, see figure 8. In this region,
the dominance of low-angular momentum components in the ground-state wave functions is
becoming apparent [375, 403]. One can investigate the interplay among the evolution of the
single-particle structure, deformation, effects due to weak binding and continuum, which may
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lead to unexpected emergent phenomena. The interpretation of data will rely on collabora-
tions with theory (discussed in the next section) that takes into account such rich aspects.

The interplay between emergent phenomena and near-threshold physics presents new
interesting ways to study nuclear structure. Halo states, characterized by weak binding and a
spatially extended wave function of valence nucleons, are illustrative. Experimental sig-
natures for the halo formation in light dripline nuclei have been obtained from studies of the
ground-state properties through measurements on masses, charge and matter radii, and

Figure 7. The density distributions of two-nucleon decays from the ground states of
11,12O (2p emitters) and 26O (2n emitter) isotopes for four different time slices. From
[402]. Reproduced from [402]. © IOP Publishing Ltd. All rights reserved.
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spectroscopic information. However, effects of weak binding on their excitation properties
remain largely unexplored [404]. Therefore, important open questions remain with respect to
the existence of various soft or decoupled excitation modes [405], the role of core excitations
and deformation in halo formation and its properties, and the influence of the spatially
extended wave functions on collective modes such as rotations and vibrations. A detailed
understanding of nuclear structure properties of halo nuclei or near-threshold states in general
is also important to predict new halo candidates in heavier mass regions at and beyond N= 50
where mechanisms for the halo formation are expected to be diverse [84, 403, 406].

In general, the formation of halos is favored in weakly-bound states with typical neutron
separation energies Sn < 1MeV and a low centrifugal barrier (ℓ = 0, 1). Therefore, the
location of the neutron orbitals 0f7/2 and 1p3/2 in the N= 20–28 region is critical. The near
degeneracy of these orbitals leads to deformation driven via the Elliott–Jahn–Teller effect,
which tends to lower the p-wave over the f-wave states. Halo aspects have been experi-
mentally observed in (29F [407], 29Ne [408], 31Ne [409], 37Mg [410]) and more are predicted
by theory: 34Na as a one-neutron halo, 31F and 40Mg as two-neutron halos. An overview of
observed and predicted p-wave halo nuclei in the region of interest is presented in figure 8.

These nuclei will be explored at FRIB with a variety of experimental techniques. β decay
properties are among first to be studied as in the FRIB Day-One experiment of Crawford et al
[3]. One- and two-proton removal are used to populate more neutron-rich nuclei. For bound
states, one can carry out excited-state lifetime measurements [411] aimed at transition
strengths and collective modes. Invariant-mass spectroscopy based on neutron decay followed
by the detection of γ-ray decays provides binding and excited-state energies for unbound

Figure 8. Subset of the chart of nuclides ranging from the neutron-rich O (Z= 8) to the
Si (Z= 14) isotopes. The red, gray, and green squares denote known p-wave neutron
halo ground-state systems, anticipated ground-state halo nuclei, and single-neutron p-
wave halo ground-state systems that will be the focus of early FRIB experimental
work, respectively. The yellow squares indicate particle-unbound systems.
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systems. Inelastic scattering on targets such as the (d, d ¢) or (p, p¢) provides selectivity in the
population and characterization of collective states.

For Coulomb breakup reactions, the amplitude and shape of the dB(E1)/dErel distribution
is sensitive to the state configuration (spectroscopic factors, ℓ value), the neutron separation
energy, and perhaps deformation. The expected integrated cross sections and B(E1) strength
are exceptionally large in halo nuclei as a result of the dominance of the electric dipole
strength at low excitation energies (soft E1 excitation). An increase in the dB(E1)/dErel

distribution at small Erel values will be indicative of a halo character related to p-wave
contributions. See [412, 413].

One particular region of interest is the F (Z= 9) isotopic chain where a two-neutron halo
structure has recently been suggested in 29F [407]. FRIB experiments out to 33F will provide
key pieces of new empirical information pertaining to the competition between continuum
effects, deformation, and coherent correlations, and other central or many-body effects, on
ground and excited states [414–416]. Of particular interest is the role played by the occupancy
of the ν1p3/2 orbital.

The ground state of 40Mg presents an intriguing case where an interplay between weak
binding and collectivity might explain the curious low-lying structure observed. The first
spectroscopy studies of 40Mg [417, 418], carried out at RIKEN/RIBF, revealed some intri-
guing differences between the observed γ-ray spectrum and those of the neighboring 36,38Mg
isotopes. The transition energies deviate from the smooth trend seen in lighter isotopes and
cannot be reproduced by state-of-the-art shell-model calculations that have been very suc-
cessful in this region. Thus, one might be tempted to speculate that this could be due to the
effects of weak binding. In fact, 40Mg lies close to the neutron dripline and is a potential
candidate for a halo nucleus with two neutrons occupying the p3/2 orbital [419–421], Of
particular interest are the effects of the continuum on nuclear rotational motion, that have
been studied in [414, 422] in the framework of the particle-plus-core problem using a non-
adiabatic coupled-channel formalism. The subtle interplay between deformation, shell
structure, and continuum coupling can result in a variety of excitations in an unbound nucleus
just outside the neutron dripline, as predicted for the low-energy structure of 39Mg.

In a recent work [404], the coupling of a two-neutron halo to a core was studied in a
phenomenological approach. From the known properties of 38,40Mg, possible particle-core
coupling schemes and their impact on the low-lying excitation spectrum were presented. It is
natural to expect that effects of weak binding on excited states will show when the energy
scales of the two degrees of freedom become comparable:

( ) ( ) ( )E E2 2 . 2ncore 2»+ +

The picture that emerges is one where the low-lying 2+ excitations in 40Mg result from a
strong competition of the core and the 2n subsystems. While this scenario seems appealing, it
is clear that further experimental and theoretical works will be required to fully elucidate the
structure of 40Mg.

It will be important to push the early FRIB β decay experiments in this mass region [3] out
to 40Mg and beyond. Beta decay of halo nuclei has recently been reviewed in [423]. The large
available Qβ value means that a large fraction of the decays will proceed via delayed one- and
two-neutron emissions. How is the final state distribution affected by the two-neutron halo
structure?
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5.4. Ab initio calculations in light nuclei and FRIB physics

The Ab initio framework plays an important role in the FRIB scientific mission by providing a
feedback between models of nuclear forces and observations. However, while the reach of
Ab initio calculations has increased dramatically in the past few decades [27], there remains
many challenges to provide reliable predictions in the medium-mass region and beyond,
notably due to uncertain constraints in some sectors of nuclear forces [378]. Light nuclei
(A� 16) offer interesting opportunities to test our understanding of nuclear forces within the
Ab initio framework, not only because systematic quasi-exact calculations appear computa-
tionally feasible, but also due to the presence of near-threshold phenomena and their inter-
plays with emergent features such as clustering or deformation, on which nuclear forces have
seldomly been tested.

Many light nuclei have been studied that are particle unbound in their ground state, and all
of them have unbound excited states. Neutron-halo states, where the last few neutrons have a
large ground-state spatial extension can be found in 6,8He, 8B, 11Li, and 11Be. Bound states
are characterized by their spin-parity Jπ and energy position E, unbound states can manifest
themselves as decaying resonances defined by their width Γ, inversely related to their lifetime
τ = ÿ/Γ. There are also ℓ = 0 antibound states or virtual resonances affecting the low-energy
scattering cross section.

The description of these inherently time-dependent states starting from high-precision
nuclear forces thus requires a unified approach to nuclear structure and reactions. Extending
Ab initio methods to weakly bound and unbound systems thus presents a considerable
challenge. Some of the state-of-the-art works in this region include for instance the Faddeev–
Yakubovsky calculations with the uniform complex-scaling method [424], the NCSM and its
extensions (NCSM-RGM and NCSMC) based on the resonating group method
[49, 50, 425, 426], and the Gamow density matrix renormalization group (G-DMRG) method
[427, 428] and the no-core Gamow shell model (NCGSM) [39, 428, 429] based on the
Berggren basis [430, 431].

Providing stronger constraints on nuclear forces using near-threshold phenomena will
hopefully improve Ab initio predictions in regions of interest for FRIB, and perhaps offer
valuable insight into the the many-body dynamic of near-threshold states and their interplays
with emergent features, which in turn will help better understand the formation of the drip
lines [43, 228], notably around islands of inversion.

As an illustrative example, the NCSMC approach has been applied to investigate near
threshold resonances in several systems. The 3H(d, n)4He and 3He(d, p)4He reactions are
leading processes in the primordial formation of the very light elements (mass number,
A� 7), affecting the predictions of Big Bang Nuleosynthesis (BBN) for light nucleus
abundances [432]. With its low activation energy and high yield, 3H(d, n)4He is also the
easiest reaction to achieve on Earth, and is pursued by research facilities directed toward
developing fusion power by either magnetic (e.g. ITER) or inertial (e.g. NIF) confinement. At
low energies, the fusion reaction rate in 3H(d, n)4He is significantly enhanced by the 3/2+

resonance appearing just about 50 keV above the DT threshold; compared to 210 keV for the
mirror resonance in the 3He(d, p)4He reaction. Using a chiral NN+3N interaction, the
NCSMC calculations [51, 433] were able to reproduce the 3/2+ resonance in the 3H(d, n)4He
channel quite well, revealing its s-wave nature. The outgoing d-wave n − 4He channel is
characterized by a strongly varying diagonal phase shift that does not reach 90o. The NCSMC
calculations were also able to predict the enhancement of the fusion cross section when the
reacting nuclei are polarized [51]. It should be noted that this resonance is responsible for the
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production of 99% of 4He in BBN with the remaining 1% of primordial 4He coming from the
3He(d, p)4He reaction [434, 435].

The NCSMC was also used to investigate resonances in 7Li and 7Be [436, 437]. In [437], a
subthreshold s-wave 1/2+ resonance just above the threshold of 6He+p was reported. For
technical reasons, the calculations had been performed by considering the 3H+ 4He, 6Li+n,
and 6He+p mass partitions separately without taking into account their coupling. Apparently
the same s-wave 1/2+ subthreshold resonance was observed in the 6Li+n mass partition just
below the 6Li(Jπ = 0+, T = 1)+n threshold. In a separate ongoing investigation, a broader
1/2+ resonance seem to play a role in the 3H+ 4He scattering at ∼7MeV. An experimental
search for the predicted 1/2+ resonance above the 6He+p has been performed without
success [438] although an isospin anti-analog (3/2−, 1/2) resonance just above the
(3/2−, 3/2) state also predicted in [437] was found. It is likely that the discussed 1/2+

resonance exist between the 6Li+n and 6He+p thresholds in 7Li and a more realistic pre-
diction of its position and width requires proper coupling of all the mass partitions. Calcu-
lations in this direction are under way.

Recently the NCSMC capability was extended to calculate Fermi and Gamow–Teller β-
decays with the final state bound or in the continuum [391]. Motivated by the TRIUMF
experiment [388], calculations were performed for the 11Be β-decay with the proton emission.
Focusing on the 1/2+ final states, a resonances in 11B have been identified with a substantial
Gamow–Teller strength. By applying a phenomenological adjustment (dubbed NCSMC-
pheno) of the Ab initio calculation, the resonance was shifted to the position observed in the
experiment [388]. The NCSMC-pheno predicted width of the resonance matched closely the
experimentally found width [391]. The calculated Gamow–Teller branching ratio was about
an order of magnitude smaller than that reported in the TRIUMF experiment, although still
two orders of magnitude higher than non-resonant value [384]. It should be noted that the
chiral NN+3N interaction used in [391] reproduced the parity inversion in the 11Be ground
state as well as in the isospin-analog (1/2±, 3/2) resonances in 11B.

The parity inversion in 11Be and its extended halo ground state was investigated within
NCSMC in [378]. It was found that only a chiral Hamiltonian with a non-local 3N interaction
reproduces the inversion. We note that a non-local chiral 3N interaction was utilized in [391].
A near-threshold enhancement of the E1 strength in the photo-dissociation of 11Be was
investigated in [378] with obtained strength in agreement with experiment. The calculations
confirm the non-resonant nature of this enhancement. The ground-state asymptotic normal-
ization coefficient (ANC) predicted in these calculations have been later confirmed in phe-
nomenological calculations investigating the breakup of 11Be and 10Be(d, p)11Be transfer
reaction [439, 440].

In a related unpublished study, the s-wave halo 1/2+ ground state and the d-wave
extended excited 5/2+ state of 15C have been investigated utilizing the NCSMC with the
14C+n continuum channels. The calculated ANCs, /C 1.2821 2 =+ fm−1/2 and /C 0.0485 2 =+

fm−1/2, have been later validated in the experimental data analysis in [441].

6. Reaction mechanisms

Describing the dynamics of interacting many-body systems produced at radioactive beam
facilities provides unique challenges and broad opportunities. Integrating structure and
reaction theory into a unified framework forms the basis for microscopic descriptions of
interacting nuclei and provides critical links to observables. FRIB experiments will play an
important role in testing current reaction theories on nuclei that have so far been out of reach.
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This will highlight areas in need of improvement and increase the reliability of the nuclear
reaction inputs used in applications. Accurate reaction calculations are needed for applica-
tions: reaction cross sections are important ingredients for multi-physics simulations used in
the areas of astrophysics, national security, medicine, and nuclear energy. In addition, a robust
understanding of reaction mechanisms aids in planning and interpreting the experiments that
are used to probe structure aspects of nuclei.

A significant challenge for nuclear reaction theories is the integration of reliable structure
information in the calculations. To quantitatively describe and predict nuclear reaction out-
comes, both the structure information and the reaction mechanisms included in the theory
have to be accurate. In the past decade, efforts have focused on treating structure and reac-
tions on the same footing in Ab initio approaches, which have primarily been applied to light
nuclei, and to integrate more advanced structure descriptions into both direct and statistical
reaction theories, which are used for medium-mass and heavy nuclei. FRIB experiments will
have the opportunity to provide data for chains of isotopes, to study the impact of the
evolution of shell structure and collectivity on reaction observables, and to probe changes in
the relative importance of the reaction mechanisms as one moves away from stability to
nuclei with lower level densities and less binding.

6.1. Ab initio approaches to reactions

An important goal of nuclear theory is to predict both static and dynamic properties of nuclei
in a consistent framework. Remarkable progress has been made in recent years in the
development of many-body approaches from first principles to scattering and nuclear reac-
tions (see [40, 49, 82] for reviews). Truly microscopic approaches take into account nucleon
degrees of freedom along with their correlations within and between the reaction fragments.
Coupled with realistic inter-nucleon interactions, these approaches provide Ab initio predic-
tions of reaction observables, including phase shifts and reaction and scattering cross sections.

For light nuclei, the combination of the NCSM with the RGM, currently applicable for
reactions with both nucleons and light composite projectiles, treats nuclear structure and
reactions on equal footing and has successfully predicted scattering, transfer, and capture
reactions [49–51, 442].

The use of symmetry-adapted (SA) bases, within the SA-NCSM [255, 443], provides a
viable path to extend the NCSM/RGM approach to describe reactions with medium-mass
nuclei [53, 54]. The SA-NCSM can accommodate larger model spaces and reach heavier
nuclei than traditional NCSM methods, including 20Ne [255], 21Mg [444], 22Mg [445], 28Mg
[446], 32Ne and 48Ti [447]. These larger model spaces make it possible to predict collective
observables, such as E2 transition strengths and quadrupole moments, without effective
charges, as well as α-decay partial widths and ANCs [271, 445, 448]. Measurements of these
quantities serve as stringent tests of the predictive power of these Ab initio approaches, which
aim at describing both structural nuclear properties and reaction outcomes, and help identify
potential weaknesses in the theory.

RGM-based methods will provide theoretical support for planned and upcoming FRIB
experiments for neutron-rich isotopes, especially for understanding deformation and the role
of intruder states in the proximity of the drip line (e.g. for He, C, Ne, Mg, and Ca isotopes).
Comparisons between predictions and FRIB data will also be critical for understanding the
impact of these phenomena on reaction outcomes. Collective correlations have been shown to
play a key role in measurements of nuclei across the nuclear chart, and experiments are now
starting to explore such properties for exotic nuclei, see, e.g. [449–451]. Charged-particle
inelastic scattering is particularly sensitive to collective effects and can—with some additional
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development—be performed in inverse kinematics. FRIB scattering measurements will not
only shed light on the evolution of collectivity away from stability; they will also test to what
extent our present theoretical approaches capture the relevant correlations [53, 54, 383, 452].

Nuclear lattice simulations provide a very different, but complementary, approach to
computing Ab initio nuclear structure and reactions using chiral effective field theory [453].
Recent progress has allowed calculations to be performed using high-fidelity chiral interac-
tions to produce accurate predictions for the properties of light and medium-mass nuclei [454]
and measure A-body correlations between nucleons to probe intrinsic shapes, deformation,
and clustering [272, 455]. Efforts are now in progress to develop efficient algorithms to
compute the energies and decay widths of nuclear resonances. Of particular interest are the
properties of neutron-rich nuclei. This includes both excited states of bound nuclei as well as
unbound nuclei past the dripline such as 28O [217] that decay into multi-neutron channels.
There is much interest in understanding continuum scattering features for such multi-neutron
systems [456–458].

In addition, two other methods are being explored to extract nuclear scattering, reactions,
and response functions from spatially localized wave functions: (1) eigenenergies of the
nuclear systems in external traps [55–57], or (2) continuum states at complex energies
[58, 59]. Because these methods use localized wave functions, they could potentially take
advantage of the recent progress of Ab initio structure methods in computing continuum state
observables in the nuclear chart wherever the structure methods are feasible, thus expanding
the applicability of Ab initio continuum calculations. In addition, for both methods, fast
emulations for the input parameters are being developed, which will enable uncertainty
quantification of the continuum predictions and allow for more meaningful comparisons with
experiments. The anticipated FRIB detections of new drip-line nuclei, either shallow bound or
resonant states, and their binding energy and/or width measurements, can provide valuable
benchmarks for these methods and the nucleon interaction theories on which these methods
are based. These continuum methods can then provide inputs for other physics areas, such as
capture reaction cross-sections for nuclear astrophysics and neutrino-nucleus scattering cross-
sections for neutrino oscillation measurements.

6.2. Direct reactions: transfers, inelastic scattering, breakup, and knockout

Direct reactions change few degrees of freedom in the reaction partners and serve as excellent
probes of nuclear structure. Of interest are both individual single-particle and collective
degrees of freedom. Particle transfer reactions are useful for determining the former, and
inelastic scattering is used to probe the latter. Scattering experiments can also be used to study
resonant states in light exotic nuclei. Both transfer reactions and inelastic scattering have been
used extensively to study properties of stable nuclei—and both reaction types can be used to
explore exotic nuclei in inverse-kinematics experiments. In confronting experimental obser-
vables, theory needs to improve the underlying structure description that is assumed in the
reaction model, e.g. moving from simplistic collective or single-particle models to more
sophisticated structure models. It also needs to account for reaction mechanisms that have
been studied, but that are not regularly included when describing experimental observables,
e.g. including two-step reactions, couplings to excited states in deformed nuclei, breakup
contributions, etc. This will be relevant not only to better extract the structure properties of
exotic nuclei from FRIB reaction experiments; it will also shed light on the reaction
mechanisms at work.

An important goal of nuclear theory is to obtain accurate descriptions of the nuclear
reaction dynamics, while taking into account the underlying nuclear structure. While Ab initio
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descriptions of direct nuclear reactions have seen great advances for light systems, a broader
application across the nuclear chart, for a wide range of beam energies, is presently not
feasible. However, in many cases the complicated many-body problem can be reduced to a
few-body problem. For elastic and inelastic scattering, single and multichannel optical
potentials are typically used to solve an effective two-body Schrödinger equation. For single-
particle transfer reactions, one considers an effective three-body problem whose exact solu-
tion can be obtained using Faddeev methods [459]. The approach can be generalized to two-
particle transfer processes leading to a four-body scattering problem that is described within
the Faddeev–AGS equations in momentum space [460] and Faddeev–Yakubovsky equations
in coordinate space [461]. The numerical cost associated with the exact few-body methods
has led to various approximate techniques that have validity within specific kinematic con-
ditions. Commonly utilized techniques include the DWBA, the adiabatic distorted-wave
approximation ADWA, the CDCC, and variants thereof [40, 60, 68–70, 76–78].

Complementing these developments are efforts to use structure information from micro-
scopic theories in reaction calculations. One-body overlap functions from the Green’s
function Monte Carlo and variational Monte Carlo methods are used in descriptions of
transfer and knockout reactions [61, 62] and transition densities from the (quasiparticle)
random phase approximation enter calculations of inelastic scattering and reaction cross
sections [63–65, 462].

To better understand the interplay of nuclear structure effects and reaction mechanisms,
multiple types of reaction data are needed. Elastic and inelastic scattering, in particular
angular distributions, provide stringent checks of the optical model and structure models used.
Inelastic scattering data can be used to study the effect of couplings between ground and
excited states, as well as re-arrangement effects (due to density differences between the
ground and excited states) on the scattering observables [65]. Experimental efforts that study
a chain of isotopes, or at least multiple nuclei with large isospin differences, will be parti-
cularly valuable, as they can shed light on the evolution of nuclear properties with neutron
excess and/or as a function of deformation. Exclusive and inclusive cross sections are needed
to better understand the relative importance of elastic and inelastic breakup mechanisms, as
well as complete and incomplete fusion in transfer reactions [66, 383, 463–472].

A combination of elastic scattering and breakup measurements can potentially provide
information on the structure of one-neutron halo nuclei. This is true if the prediction of the
recoil excitation and breakup (REB) model holds, which finds that the elastic scattering
pattern of one-neutron halo nuclei from a heavier target is very similar to the angular pattern
obtained when the halo nucleus breaks up into its core and halo neutron [473]. Within the
REB model, the ratio of the angular distributions for elastic scattering and breakup is only a
function of the projectile nuclear wave function and can thus provide sensitive information on
the halo structure of the projectile. This ratio method has been studied theoretically for both
one-neutron and one-proton halo nuclei [474–476]. Given the potential impact of this
approach, it is important to experimentally test the predictions of the underlying reaction
model. In particular, it would be valuable to confirm that this new reaction observable is
independent of the reaction process and to establish under which experimental conditions this
independence holds.

The status of the theoretical treatment of nucleon knockout reactions, heavy-ion as well as
proton-induced, was reviewed recently in great detail [477]. The broad conclusions are that (i)
no consistency is achieved yet between different ways of modeling (p, 2p) and (p, pn)
reactions and that (ii) the reduction factor dependence as function of the asymmetry ΔS at the
Fermi surface reported for Be- and C-induced knockout reactions has not been found to
manifest itself in the handful of quasi-free knockout and transfer reactions at the extremes of
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ΔS published so far [477, 478]. The asymmetry Δ = |Sn − Sp| for proton removal and
Δ = −|Sn − Sp| for neutron removal and is defined in terms of proton (Sn) and neutron (Sp)
separation energies, For Be- and C-induced knockout, novel approaches are being developed
to explore inclusion of processes that hinder core survival when a minority nucleon is
removed and the majority nucleon separation energy is low [67, 470]. First valuable attempts
to quantify the uncertainty in knockout reactions evaluate a single aspect, such as optical
model potentials that carry their own sizable uncertainty [479], but do not yet interrogate, as a
whole, something akin to the consistent formalism used over decades to analyze knockout
data [480, 481]. For example, as shown in [481], the geometry of the bound-state potential is
crucial and aspects such as the optical model potentials should not be viewed in isolation. In
general, the use of direct reactions for the extraction of absolute spectroscopic factors27

remains difficult due to uncertainties in reactions models which, at present, are not on the
same footing with the nuclear structure calculations that provided needed input—this is not
different for knockout reactions and remains a challenge and opportunity for nuclear theory
that could advance the field tremendously. Quasi-free knockout of the (p, 2p) or (p, pn) type
becomes only competitive at FRIB after the energy upgrade to FRIB400 [84] so that the
nucleons in the exit channel have at least 200MeV of energy. This energy regime for the exit-
channel proton or neutron inside the nucleus starts to minimize distortions encountered in the
energy-dependent nucleon–nucleon (NN) cross sections that are typically input to models
used to describe quasi-free knockout reactions [84, 477].

6.3. Statistical descriptions of compound-nuclear reactions

Nuclear astrophysics and other applications require cross sections for compound-nuclear
reactions, in particular for neutron-induced reactions [482–484]. Application needs drive
many measurements and nuclear reaction data evaluations [485, 486], which culminate in
evaluated data being broadly made available in databases at the NNDC, IAEA, and other data
centers around the globe. To a large extent, the reaction evaluations rely on reaction
descriptions that contain phenomenological components and thus require nuclear data for
parameter adjustments. For reactions on isotopes that have not been measured, or for
unknown reaction channels, the calculations often have to rely on regional, or even global,
systematics. Experiments that can provide constraints on the models used have potentially
very high impact, not only because a specific reaction involving a particular nucleus will be
better known, but also because the measurements can affect the regional systematics devel-
oped and the results can be propagated through simulations relevant to an application.
Moreover, experiments that probe the limits of validity of the reaction descriptions can
provide impetus and guidance for developing the next generation of reaction theories.

Compound-nuclear reactions are traditionally treated in a phenomenological R-matrix
approach (for isolated resonances) or statistical HF theory (for overlapping resonances) [60,
79–81, 487, 488]. Practical HF calculations require optical-model potentials and nuclear-
structure information in form of level densities and gamma-ray strength functions, plus fission
barriers where decay by fission has to be considered. Spins and parities of low-lying nuclear
levels, and their decay branchings, are needed as well.

Optical-model potentials, which are crucial for both direct and statistical nuclear reaction
calculations, have been the focus of recent research that seeks to ground the potentials in

27 Spectroscopic factors, while not directly observable, provide a useful measure for how well a state calculated in a
many-body framework (e.g. the shell model) or observed in a transfer or knockout reaction can be described as a
simple single-particle or single-hole configuration relative to a (ground) state in the neighboring nucleus. For a more
detailed discussion, the reader is referred to sections 2 and 3.4.1 of [477].
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microscopic calculations, to extend our knowledge of these potentials to unstable targets, and
to quantify associated uncertainties. Some aspects are discussed in the next subsection and a
more in-depth review of recent optical-model developments is given in [82].

Phenomenological level density models and gamma-ray strength functions have become
much more accurate in the last decade, and significant progress has been made in obtaining
these quantities from microscopic approaches. Both shell model and DFT-based approaches
have been employed to predict level densities [489–496]. While Hartree–Fock(–Boguliubov)
methods, combined with a combinatorial approach, can be used across the isotopic chart,
correlations due to many-particle many-hole configurations and/or rotational excitations,
which do affect the level densities, have to be accounted for through (adjustable) correction
factors [497]. Very recent work has laid out a path to go beyond the mean-field approximation
by exploiting boson-expansion methods [498]. Approaches based on the shell model, on the
other hand, are limited by the model space sizes and interactions that are available to shell-
model calculations and therefore are typically restricted to light and medium-mass nuclei, or
heavier nuclei near closed shells. The shell model Monte Carlo (SMMC) method addresses
the challenge of the model space size by reformulating the shell model in the framework of
auxiliary field Monte Carlo [499–501]. Where suitable interactions are available, SMMC can
provide microscopic predictions of nuclear properties across a wide range of nuclear systems,
extending from medium-sized to rare earth nuclei [502–504]. Shell-model approaches do
include correlations beyond those contained in mean-field models, and innovative methods
for efficiently calculating moments and smart model-space truncations [493–495, 505],
coupled with high-performance computers, are pushing the existing boundaries.

Microscopic calculations of gamma-ray strength functions are challenging, as theory needs
to cover a wide range of transition energies, several multipole-parity combinations (E1, M1,
E2, etc), and contain the collective correlations that shape the strength functions. This is
difficult for the shell model—again for reasons related to model-space size and availability of
suitable interactions (in particular for cross-shell excitations). DFT-based methods, in part-
icular the QRPA, have been used to calculate strength functions for a large number of nuclei
[506–508]. Since these calculations construct the strength function from excitations built on
the ground state, they cannot provide reliable predictions for the low-energy portion of the
strength function. Work is underway to push the limits of the shell model [505] and to
account for additional correlations in the DFT-based approaches [509–511]. Such theory
extensions are expected to yield predictions of phenomena such as pygmy resonances, tor-
oidal resonances, and the shape of the low-energy tail of the gamma-ray strength functions
(‘low-energy enhancement’ [512]). Since these features cannot be directly observed in
experiments, it is important to integrate the structure into (direct) reaction descriptions and
plan experiments that are sensitive to the predictions. Shedding light on these features is not
only interesting from a nuclear structure perspective, it is also important for developing more
reliable statistical reaction calculations of neutron capture cross sections.

Experimental quantities, such the average spacings between s-wave and p-wave neutron
resonances at the neutron separation energy (D0 and D1, respectively), and the average
radiative width (〈Γγ〉), are known to provide strong constraints for level density models and
calculated gamma-ray strength functions, but these quantities are not available for unstable
isotopes. Early work showed some promise in getting information on resonance properties
from beta-delayed neutron emission [513, 514]. However, many questions remain. In part-
icular, it is an open question whether beta-decay populates states in the daughter nucleus that
damp into a compound nucleus (which then decays statistically via gamma or neutron
emission) or produces states that decay via direct or semi-direct decay mechanisms
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[515–520]. In the former case, one may infer constraints on level densities and strength
functions from observing the beta-delayed neutron and/or gamma emission.

Similarly, if beta decay, with subsequent neutron emission, proceeds through the com-
pound nucleus stage, one can decouple the nuclear structure effects from the neutron emis-
sion, which is a precondition for using HF codes to describe β–n processes [521]. Recently,
however, evidence for non-statistical neutron emission was discovered, and the concept of
doorway states was used to explain the data [519, 520]. Mounting evidence [522, 523] shows
that the neutron emitting states in medium and heavy nuclei are very narrow. For all of these
situations, a better microscopic description is needed for the description of β-delayed neutron
emission. FRIB will provide ample access to β-delayed neutron emitters in different regions
of the nuclear chart, offering up various bound and unbound single-particle configurations in
various Q-value windows.

Multiple indirect methods have been introduced to obtain information on level densities
and gamma-ray strength functions [154, 524–526]. One challenge for experiments aiming to
obtain information on level densities and gamma-ray strength functions is that the observables
reflect convolutions of these quantities. It is therefore important to explore multiple exper-
imental approaches which can complement each other. One should also consider forward
modeling of the reaction (using theory inputs where needed) and the experimental set-up,
with uncertainty propagation, in order to identify how specific aspects of the level densities
and gamma-ray strength functions are reflected in the observables of a planned measurement.
For level densities, experiments that can shed light on the impact of deformation and shell
closures, the role of correlations, and the dependence on neutron excess would be particularly
valuable. Typical approximations for level density models, such as their dependence on spin
and parity, need to be further investigated. For gamma-ray strength functions, one needs to
better understand the microscopic origin of the observable features of the strength function
including the behavior at low gamma energies, the role of deformation and collectivity, and
the dependence of these properties on neutron excess.

The use of the HF statistical reaction description is only justified when the fusion of the
projectile with the target nucleus produces a compound nucleus in an energy regime of
strongly-overlapping resonances. For light (sd-shell and below) nuclei and nuclei near the
dripline, characterized by low level densities, it is not a priori justified to use the HF
description. Nuclear data evaluators routinely connect R-matrix descriptions at very low
projectile energies with HF descriptions at higher energies, using experimental data as guide
for the evaluations [527, 528]. No information is available to guide calculations for very
neutron-rich nuclei near the dripline. In addition, at low level densities one expects con-
tributions from direct and semi-direct reactions [529–535]. Experimental guidance and
reaction theory developments are needed, e.g. for providing neutron capture rates for astro-
physical simulations.

6.4. Surrogate reactions and reaction mechanisms

In the absence of theoretical predictions for the major ingredients to HF calculations (optical
model potentials, level densities, gamma-ray strength functions), it is important to obtain
constraints for cross section calculations. The surrogate reaction method provides such
constraints for compound nucleus (CN) reactions through a combination of theory and
experiment. The CN designation does not simply refer to a composite system made of two
nuclei—it indicates that the reaction partners fuse and produce a system in statistical equi-
librium. This system remembers the conserved energy, angular momentum, and parity, but
otherwise forgets how it was produced. In the second stage of the reaction, the CN decays—
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by a combination of fission, gamma emission, and particle evaporation. Many reactions of
interest to nuclear astrophysics and societal application are CN reactions.

The surrogate reaction method uses a direct reaction—typically charged-particle scattering
or a transfer reaction—to produce a CN (more precisely, it produces a doorway state that
evolves into a CN). The subsequent decay of the nucleus is observed, and a quantity that is
characteristic of the exit channel of interest (e.g. a fission fragment or a γ-ray characteristic of
a reaction product) is measured in coincidence with the outgoing surrogate-reaction particle.
By combining a theoretical description of the direct-reaction mechanism used to produce the
CN with modeling the decay, and comparing with the coincidence measurement, one can
extract constraints on the CN decay models. This then allows one to produce a data-con-
strained calculation of the desired CN reaction. The method has been reviewed in [524], a
pedagogical introduction into the underlying ideas was given in [526], and more recent
developments for (d, p) reactions have been discussed in [66].

Proof-of-principle applications to 90Zr(n, γ), 95Mo(n, γ), utilizing (p, d) and (d, p) reac-
tions, and the determination of 87Y(n, γ) for the unstable 87Y isotope have demonstrated the
application to neutron-capture reactions [312, 536]. Inelastic alpha particle scattering was
utilized to simultaneously determine neutron-induced fission and radiative capture cross
sections for 239Pu [537]. More recent work has focused on obtaining (n, γ), ( )n n, ¢ , and (n, 2n)
reactions from inelastic scattering with protons and light ions [538, 539] and on measure-
ments in inverse-kinematics. Also considered are (n, p) reactions [540]. Fission reactions,
which were the focus of the earliest surrogate reaction measurements, are being revisited
[541, 542], including in inverse-kinematics experiments [543].

The theoretical description of the reaction that produces the doorway state is non-trivial, as
the excitation energies of the system produced are in the range of a few MeV to 20–30MeV,
two-step reaction mechanisms have been found to contribute, and the role of width fluctua-
tions needs to be considered in some cases [466, 536, 539, 544–546]. Modeling of the CN
decay, to connect with the experimental observable, benefits from knowledge of the structure
of the decaying nucleus. Finally, a better understanding of the evolution from a doorway state
to a CN is desirable.

In addition to investigating the reaction mechanisms in more detail, it is important to
expand, improve, and test the experimental techniques to be used with radioactive beams:
Experimental conditions may make it more difficult to obtain and utilize the decay obser-
vables that have been used in the past, cover a more limited range of excitation energies in the
compound nucleus, have different background challenges, and/or have lower count statistics.
Validating the method by comparing the results from two different surrogate reaction
mechanisms, e.g. (d, p) and inelastic scattering, against each other and against other
approaches (indirect measurements or predictive theory) will be valuable. Theoretical and
experimental work that sheds light on these aspects will not only enable the broader
applicability of the surrogate reaction method; it will also provide new insights into the
interplay of direct and compound reaction mechanisms.

6.5. Optical-model potentials for reaction calculations

Optical-model potentials (OMPs) describe the effective interaction between a target nucleus
and a projectile. They are essential ingredients in analyses of direct reactions, such as elastic
and inelastic scattering, transfers, breakup and knockout reactions, as well as for the
description of compound nuclear reactions. The imaginary part of the OMP reproduces the
loss of flux from the elastic scattering channel due to all other processes that are not explicitly
accounted for in the calculation. The importance of such potentials and various techniques for
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obtaining OMPs are discussed in a recent review [82]. The role of (dispersive) optical-model
potentials for constraining the equation of state (EOS) and for providing input to transport
model simulations are discussed in section 7.4.

Phenomenological nucleon–nucleus optical models that have been adjusted to reproduce a
large collection of nuclear data, such as the Koning–Delaroche (KD) and Chapel–Hill (CH)
OMPs, have been tremendously successful in reproducing not only the data they have been
trained on, but also newer measurements [547, 548], especially if uncertainties are incor-
porated in the study [549]. The extensive collection of data on stable isotopes that was used
for determining these models is unlikely to find a counterpart for unstable nuclei. Thus it
becomes important to (a) pursue approaches that can utilize theoretical predictions of nuclei
and nuclear matter, (b) identify experimental observables that constrain various components
of the optical potentials needed, and (c) strive to collect additional data for OMP training and
testing whenever it is feasible in FRIB experiments. Of particular interest are elastic scattering
cross sections, charge-exchange reactions, and ratios of cross sections measured on different
isotopes along an isotopic or isotonic chain. Bound-state properties can also be used to
constrain and test dispersive optical models [82, 550].

Recent theoretical approaches have employed realistic inter-nucleon interactions, typically
derived within chiral effective field theory, without the need to fit interaction parameters in
the nuclear medium. These models have evolved from earlier theoretical frameworks, such as
the one introduced by Feshbach, which led to the Green’s function formulation [551–553]
and the successful dispersive optical model, as well as the pioneering work by Watson
[554, 555], leading to the spectator expansion of the multiple scattering theory [556]. Notably
successful recent applications include Ab initio nucleon–nucleus potentials for elastic scat-
tering of closed-shell nuclei at low projectile energies (�20MeV per nucleon) based on the
Green’s function technique with the coupled-cluster method [557, 558], the SA-NCSM [559],
and the self-consistent Green’s function method [560]. In these approaches a precise
experimental threshold can be a vital input for achieving faster convergence and decreasing
the uncertainty on the calculated reaction observables. Figure 9(a) shows an example of such
a calculations for 4He + n. Additionally, Ab initio approaches have been employed for light
targets in the intermediate-energy regime (�65MeV per nucleon) using the spectator
expansion of the multiple scattering theory in conjunction with the Ab initio no-core–shell
model [40, 561, 562]. Furthermore, optical potentials have been derived from two- and three-
nucleon chiral forces in nuclear matter [563]. These potentials provide cross sections for
elastic proton or neutron scattering and can be used as input for modeling (d, p) and (d, n)
reactions [564].

It is possible to integrate microscopic nuclear structure information into the construction of
OMPs by using the Feshbach formulation [570]. This approach links the OMP to the
underlying nucleon–nucleon interaction and allows one to build a nonlocal dispersive
potential, where the nonlocality arises from the nonlocal nature of the underlying nucleon–
nucleon interactions [571]. The general form of the OMP in Feshbach formulation is given by
VOP = U0 + Vpol, where U0 is a static energy independent mean field potential, while Vpol is
an energy dependent non-local term constructed using the underlying structure of the many-
body system.

Using these ingredients in the Feshbach formulation, it becomes possible to construct
OMPs based solely on microscopic nuclear structure predicted by theory. An example is
discussed in [569], where an OMP for n + 24Mg was constructed from intrinsic states
provided by shell-model calculations. The resulting neutron scattering predictions are in good
agreement with the experimental scattering data, as shown in figure 9(b). Approaches like this
can provide a viable path for extending OMPs to very exotic nuclei, where measurements will
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remain scarce, but important for validating the predictions. To use this approach to construct
optical-model potentials for exotic nuclei, data is needed to develop and test shell-model
interactions for nuclei in the region of interest, and to test the predictions of the newly-
constructed potentials, e.g. through comparisons to differential proton elastic scattering data
for selected nuclei.

6.6. Fission

Nuclear fission, the process by which a heavy nucleus splits into two or more smaller nuclei
along with the release of energy, has been a cornerstone of nuclear physics since its discovery.
Recent advancements and a heightened understanding of its intricacies have spurred renewed
interest in the field, highlighting its significance in both basic and applied nuclear science.
Applications spanning the energy sciences, medical isotope production, and stockpile stew-
ardship have the fission process as a central reaction channel and require high quality nuclear
experimental and theoretical data. In nuclear astrophysics, a comprehensive understanding of
fission is vital to pin down the endpoint of r-process nucleosynthesis and to understand the
outgoing fragments’ masses and energetics in fission recycling [572, 573]. This same
understanding of the fission decay can also inform our knowledge on the structure and
stability of superheavy elements and is at the heart of any analysis of superheavy searches
[574, 575].

In recent years, advances in theory and computation have permitted more comprehensive
microscopic studies of nuclear fission (see [576–578] for recent reviews). This includes
advances in the fidelity of the many-body methods as well as improved analysis techniques to

Figure 9. (a) Total cross section for n + 4He versus the neutron kinetic energy in the
laboratory frame calculated using the Ab initio SA-NCSM with Green’s function
technique, see [559]. The light red band shows the spread from calculations within a
range of HO frequencies ÿΩ= 12–20 MeV. Reprinted figure, with permission from
[Burrows et al Phys. Rev. C 109, 014616 (2024)]. Copyright (2024) by the American
Physical Society. Experimental data is from [565–567]. (b) Differential cross section
for neutron elastic scattering off 24Mg at 1.9 MeV bombarding energy. The solid red
curve corresponds to predictions using the OMP constructed with around 600 intrinsic
states from shell model calculations. The blue dotted line corresponds to calculations
with the real Woods–Saxon potential only. Results with the full potential are in
excellent agreement with experimental data from [568], indicated by black circles. For
details, see [569]. Reprinted (figure) with permission from [559], Copyright (2024) by
the American Physical Society.
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perform systematic studies for a range of isotopes and fission modes [579]. While micro-
scopic global studies are still a major computational challenge, continued methods devel-
opment [580] and the adoption of machine learning into the pipeline [581, 582] promises to
ease the burden of integrating microscopic approaches into r-process simulations. The
enormous progress in leadership class computing systems has enabled unprecedented fidelity
in the simulation of the real-time dynamics of fissioning systems, though it remains incredibly
challenging to properly quantify the uncertainties in a Bayesian manner. Even more chal-
lenging is the inclusion of fission observables in the calibration of microscopic models [583],
though such data promises to be very information-rich. Observables that would be strong tests
for theory include charge and mass yields, total kinetic energies, and their correlations.

One method of producing isotopes of interest is via near-barrier fusion reactions with
exotic projectiles. Relatively high rates of reaccelerated beams in the tin and calcium region in
particular will allow for systematic studies on entrance channel effects in heavy-ion fusion.
Microscopic methods have been successful in describing these reactions in recent years,
though current state-of-the-art many-body methods suitable for large scale calculations are
known to be under-constrained by experimental data [584] or otherwise deficient [585]. At
FRIB one promising region for early experiments of fusion-fission reactions is in the vicinity
of mercury and platinum. This region has several nuclei that exhibit interesting asymmetric
fission modes [586–589], making them good candidates to investigate the impact of shell
effects as one sweeps along the isotopic chains. The same is true of heavier elements, though
higher excitation energies and competing reaction channels such as quasifission may com-
plicate direct fission studies. While this does pose a challenge, the onset of quasifission
provides an opportunity to test time-dependent theoretical simulations of the reaction
dynamics at play in near-barrier heavy-ion reactions. Recent theoretical studies have noted the
similarities in fragment yields and deformed shell effects between fission and quasifission
[584, 590, 591], a phenomenon that can be probed by exploring different entrance channels
leading to the same compound at the same excitation energy. One of the first approved
experiments at FRIB will tackle this with beams of 48,49Ca on 174,173Yb making 222Th. Due to
the varying shell effects and transfer dynamics [592] in these systems, some combinations of
target and projectile will lead to substantially longer-lived pseudo-compound quasifission
fragments. If the build-up of particle-number fluctuations increases as suggested in [593], this
implies that the quasifission mass yields should be broader for more asymmetric entrance
channels. This will also inform similar time-dependent studies of multinucleon transfer
reactions where the fragment mass widths predicted by theory need stringent tests [594] as
well as the strong correlation between proton and neutron transfer noted in some stu-
dies [595].

7. Equation of state

Investigations of the EOS play an essential role in nuclear physics by pursuing the under-
standing of bulk properties of nuclear matter and by providing a crucial input for studies of
collisions of heavy nuclei, cold neutron stars and neutron star mergers, and core-collapse
supernovae. Since the EOS can be both meaningfully constrained by comparisons of phe-
nomenological approaches with data [86, 88, 92, 93, 182, 183, 596–599] as well as calculated
from, e.g. Ab initio approaches [600–603], it can provide important benchmarks for EFTs of
nuclear interactions. Furthermore, constraints on the EOS can provide a unique handle on the
dependence of elementary interactions on the surrounding medium [88, 604–606], including
nonperturbative regions currently inaccessible to Ab initio approaches (e.g. at densities over
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twice that of the saturation density of symmetric nuclear matter nsat and at high temperatures
attained in neutron star mergers [607, 608] and energetic heavy-ion collisions [85, 609]).

The EOS can be written as a sum of isospin-symmetric and isospin-asymmetric con-
tributions. In terms of the energy per particle E, one often uses the expansion around δ = 0,

( ) ( ) ( ) ( ) ( )E n E n S n, , 0 , 32 4d d d= + +

where n is the baryon density, S(n) (sometimes also denoted as Esym) is known as the
symmetry energy, δ is the isospin asymmetry parameter defined as δ = (nN − nP)/(nN + nP),
where nN and nP are the neutron and proton densities, respectively, and ( ) 4d indicates
higher-order terms which are often neglected (for a discussion of these terms, see, e.g. [610]).
In the above equation, the first term represents the energy per particle of symmetric nuclear
matter, while the remaining terms account for the additional contribution occurring when
δ ≠ 0. Both the symmetric and the asymmetric contributions are often further expanded about
the saturation density of symmetric nuclear matter nsat, where the properties of nuclear matter
have been extensively studied. Thus, one can write
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Similarly, the symmetry energy can also be expanded as
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where S0 is the symmetry energy at n = nsat and Lsym (sometimes also simply denoted as L) is
the slope of the symmetry energy at n = nsat.

While there exist fairly well-established constraints on the EOS for conditions similar to
those characteristic of normal nuclear matter (where E0, K0, and S0 are relatively tightly
constrained [93, 344, 611, 612]), its behavior away from nsat and for systems with large
asymmetry in the isospin content remains poorly known [85]. It is, therefore, the subject of
numerous theoretical and experimental efforts worldwide. Currently available and planned
experiments at FRIB include studies of the giant monopole resonance in neutron-rich iso-
topes, nucleon elastic and inelastic scattering on medium-mass and heavy isotopes, and
central reactions of heavy nuclei. These experiments will probe the EOS over the widest
accessible range of isospin asymmetry, both around saturation and up to densities n ≈ 1.5nsat
[85], allowing for robust connections with the physics of neutron stars and their mergers.
With the proposed FRIB400 upgrade of the available beam energies, it will become possible
to study both the isospin- and the density-dependence of the EOS up to n ≈ 2nsat [84, 85].

7.1. Microscopic calculations of the EOS within chiral EFT

In the FRIB and multi-messenger astronomy era, the density regime n ≈ (1–2)nsat, which can
be probed by nuclear theory, nuclear experiments, and neutron star observations, provides a
‘golden window’ of opportunities for dense matter research [613]. Chiral EFT, combined with
algorithmic and computational advances in many-body theory (see section 2), has made
tremendous progress in describing nuclear matter at low densities, n  2nsat, with quantified
theoretical uncertainties; see, e.g. [85, 603, 614] for extensive review articles.
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Theoretical uncertainties in chiral EFT calculations increase rapidly for densities above
n ≈ nsat. Robust statistical comparisons of nuclear theory predictions with empirical con-
straints in this regime will enable rigorous benchmarks of chiral interactions [615, 616] and
model selection between competing EFT implementations, leading to the construction of
improved microscopic EOS models. To this end, advances in chiral EFT are needed to
improve its predictive power in the ‘golden window’ and to resolve issues [231, 617–620]
related to, e.g. regulator artifacts, modified power counting, and differing predictions in
medium-mass to heavy nuclei. In particular, improving chiral three-nucleon forces for next-
generation Ab initio predictions [231, 621, 622] of neutron-rich nuclei, now increasingly
available in experiments, including those at FRIB, will be crucial for confronting theoretical
results with nuclear data. An example of such a cross-cutting research direction is predicting
and measuring mirror nuclei [623, 624] as well as neutron-rich nuclei expected to have large
neutron skins [84], such as 86Ni. Predictions for the structure and evolution of neutron stars
based on the same nuclear interactions can then be confronted with astrophysical observa-
tions, covering physics across more than 18 orders of magnitude. These advances will elu-
cidate key questions in Ab initio many-body theory, including: (i) Where does chiral EFT
break down, and what is the underlying mechanism?; (ii) How should chiral two- and few-
body forces be organized (i.e. the power counting) in a medium?; and (iii) What are the
phases of neutron star matter at n  nsat?

7.2. Isospin dependence of the EOS

Enhancing our understanding of the dependence of the current EOS models on isospin
asymmetry, including studies of nonquadratic and nonanalytic terms in the isospin expansion
of the EOS [610, 625], will be an important task in the FRIB era. To this end, new exper-
imental constraints on low-energy EOS parameters, such as the nuclear symmetry energy at
nsat and nuclear incompressibility, are necessary. As an example, for densities around nsat the
approved FRIB experiment ‘The Isoscalar Giant Monopole Resonance in 132Sn: Implications
on the Nuclear Incompressibility’ (21056) will shed light on the isospin expansion of the
incompressibility of bulk nuclear matter K = K0 + Kτ δ

2, where Kτ represents the deviation of
the incompressibility of bulk nuclear matter away from the symmetric limit (δ = 0) up to the
second order in δ (note that Kτ ≠ Ksym because the nuclear saturation density depends on δ

and δ ≠ 0, see [626, 627]).
As previously discussed, the isospin-dependence of the EOS, which also depends on

density, is not well-constrained at n  nsat. This can be seen in the left panel of figure 10, in
which theoretical predictions for the symmetry energy (i.e. the contribution to the energy per
particle due to the isospin asymmetry) are shown as a function of the baryon density up to
n ≈ 2nsat. Although different EFT predictions agree with one another within uncertainties
(shown as bands), these uncertainties tend to be significant in the ‘golden window’. The
uncertainties are further magnified when constructing, e.g. the neutron star EOS through
physics-guided extrapolations toward high densities present at the centers of heavy neutron
stars (see, e.g. [628]). The left panel of figure 10 also shows a selection of experimental
constraints on the symmetry energy, depicted as symbols with error bars. More precise
experimental constraints on the symmetry energy, e.g. from extractions of neutron skins and
measurements of isospin-dependent observables in collisions of heavy neutron-rich nuclei,
will provide valuable guidance for microscopic models of the EOS for astrophysical simu-
lations. Here, DFT [41, 42] is critical for determining these low-density EOS parameters from
nuclear experiments. However, as PREX–II [629] and CREX [630] emphasized,
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extrapolations to the neutron-rich regime of current DFT models need improvements, for
which microscopic EOS calculations of neutron-rich matter may provide guidance.

EFT calculations of pure neutron matter are particularly relevant here because, in this case,
chiral three-nucleon forces are simplified and have no unknown parameters through next-to-
next-to-next-to-leading order (N3LO) [631, 632]. This results in a good agreement between
different many-body approaches and overall relatively small uncertainties at n  nsat. At
densities away from nsat, experimental constraints on the symmetry energy can be obtained
from studies of central heavy-ion reactions, which we elaborate on in the next subsection.

Differences in the rms charge radii of mirror nuclei are also sensitive to the symmetry energy,
in particular to the slope parameter Lsym [633, 634]. The size of the difference depends on the
product DLsym, where D = |N − Z| is the difference between the number of neutrons and the
number of protons in a nucleus. Several cases have already been measured: 36Ca–36S (D= 4)
[635], 54Ni–54Fe (D= 2) [133], and 32Ar–32Si (D= 4) [636], with results for Lsym consistent with
those extracted from the neutron skin of 48Ca and from the analysis of the gravitational waveform
of the binary neutron star merger GW170817 [637]. These Lsym determinations are model
dependent [207, 624], and more data are required to assess and reduce the model dependence.
FRIB will provide access to the proton-rich nucleus 52Ni in the mirror pair 52Ni–52Cr (D= 4), and
both nuclei in the mirror pair 22Si–22O (D= 6). Ultimately, the mirror pair 48Ca–48Ni is of great
interest due to its large D= 8 and the connection to the neutron skin of 48Ca. However, current
estimates suggest that the production rate of 48Ni, even with FRIB operating at full beam power,
will remain too low for laser spectroscopy in the near future.

7.3. EOS and in-medium properties of nuclear matter from heavy-ion collisions

Heavy-ion collisions (also referred to as central heavy-ion reactions) at beam energies from a
few tens of MeV/nucleon to several GeV/nucleon in the fixed-target frame probe the
broadest range of baryon densities (from a few tenths of to a few times the saturation density)

Figure 10. Left: symmetry energy as a function of the baryon density as predicted by
several chiral EFT calculations (bands). Various experimental constraints are depicted
by symbols with error bars. Theoretical uncertainties are significant and increase
rapidly in the density regime n ≈ (1–2)nsat. Figure modified from [603]. Reproduced
from [603]. CC BY 4.0. Right: selected constraints on the symmetry energy obtained,
among others, from comparisons of experimental data to results of transport
simulations of heavy-ion collisions (bands labeled as ‘ASY-EOS’, ‘FOPI-LAND’,
and ‘Tsang et al’ and symbols labeled as ‘HIC(isodiff)’, ‘HIC(n/p)’, and ‘HIC(π)’).
Figure modified from [85]. Reprinted from [85], Copyright (2024), with permission
from Elsevier.
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and temperatures (from a few MeV to well above one hundred) available in terrestrial
laboratories [85]. In particular, the near-term and future heavy-ion collision experiments at
FRIB, given its world-leading range of accessible proton- and neutron-rich heavy isotopes,
are uniquely posed to probe the symmetry energy component of the EOS at densities up to
2nsat [84, 85].

At the same time, heavy-ion collision experiments can only measure final momentum-
space distributions of particles, and any properties of matter created in the collisions must be
inferred from their influence on the evolution of the collision. Moreover, systems created in
central heavy-ion reactions are short-lived and out-of-equilibrium for significant portions of
their evolution. Consequently, conclusions on the properties of nuclear matter based on
experiments colliding heavy nuclei require comparisons to results of simulations obtained
within the framework of transport models.

Using transport theory to infer features of the colliding systems is a challenging endeavor.
This is because in order to provide a robust description of observables, the simulations need to
describe all stages of the reaction, from the initial nuclei to fragments reaching the detectors,
while taking into account the interplay between numerous details of the underlying physics
which vary in prominence over time. The complex problem of benchmarking the simulations
benefits from the availability of broad and accurate experimental data. This can be primarily
achieved through experimental designs in which 4π detectors register as much information as
possible on reaction events (primarily about charged products of the reaction, as neutral
particle measurements continue to prove difficult, albeit not impossible). The resulting
abundant data sets contain information on particles emitted over broad kinematic ranges and,
therefore, carrying insights on various physics elements driving the dynamics of the colli-
sions. Oftentimes, such comprehensive heavy-ion collision data are analyzed over several
years, if not decades, with subsequent analyses yielding answers to questions that were not
originally considered when the experiment was staged. It follows that the best approach to
heavy-ion collision measurements is to measure as many of the collision products as possible
(i.e. to use comprehensive detectors), irrespective of the particular observable pursued within
a given experimental campaign.

Numerous studies [88, 91, 97–99, 638–640] identify heavy-ion observables particularly
sensitive to the nuclear matter EOS. As an example, the right panel of figure 10 shows
selected constraints on the symmetry energy, including constraints from heavy-ion collisions
obtained using proton and neutron anisotropic collective flows [641], isospin diffusion
[596, 642], ratios of neutron to proton spectra [642, 643], neutron to charged fragments ratios
[644], and ratios of pion spectra [182, 183]. However, the complexity of heavy-ion reactions
also means that a given observable is affected not only by multiple different reaction stages,
but also by various properties of the colliding systems. Consequently, no single observable
tests exclusively the EOS. The impact of the EOS on a given EOS observable, such as
anisotropic collective flows or subthreshold meson yields, often competes with that of, e.g.
the momentum dependence of particle mean fields [645, 646] or details of subthreshold
particle production [182, 647]. This challenge to determine and quantify the influence of
particular physics inputs on chosen observables has to be addressed by theorists and
experimentalists alike, aided by recent developments in statistical approaches and artificial
intelligence methods, thus enabling more stringent constraints.

Notably, the above challenge presents a unique opportunity to shed light on in-medium
properties of nuclear matter and address multiple outstanding problems in nuclear physics,
including the momentum-dependence of the nuclear EOS at densities away from the satur-
ation density, in-medium hadron cross-sections, off-shell dynamics, subthreshold particle
production, and cluster production mechanisms. This opportunity must be met with a
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concerted program to further develop theoretical foundations of various elements of transport
theory and phenomenological solutions used in simulations. On the experimental side, the
isospin-dependence of many processes that constitute an input to transport models will be
thoroughly studied in upcoming experiments at FRIB, creating an opportunity for colla-
borations across different subfields. Similarly, the fact that Ab initio calculations are begin-
ning to be carried out at finite temperatures [648, 649] can also become highly important for
interpretations of experimental heavy-ion data by providing more relevant reference studies.
Indeed, the extrapolation from a non-equilibrium system created in a heavy-ion collision to
the nearest equilibrium state at a given density and temperature is expected to be more reliable
than a similar extrapolation to such a state at the same density and zero temperature.

Below, we briefly overview several key properties of nuclear matter that significantly
influence interpretations of heavy-ion collision data. We note that a robust description of
heavy-ion collisions in the FRIB energy regime calls for including all of these aspects. For a
complementary discussion of these and other inputs to simulations of heavy-ion collisions,
see [85].

7.3.1. Momentum dependence of nucleon interactions. The momentum dependence of
nuclear potentials emerges from elementary NN interactions (which are predominantly
attractive at low NN energies but turn into predominantly repulsive at higher energies) and
from exchange terms [605, 650]. The momentum dependence of mean fields in cold matter at
and below the saturation density can be tested in elastic scattering of nucleons off nuclei.
However, in heavy-ion collisions, the momentum dependence is probed over different
densities and in hot rather than cold matter. Fortunately, while studying the EOS effects
without the influence of the momentum dependence effects is impossible, the opposite is true.
The EOS effects subside in collisions of lighter heavy-ion systems and at higher impact
parameters. At the same time, the influence of momentum dependence is enhanced at high
transverse momenta. These factors allow one to calibrate the momentum dependence (as a
function of density and isospin imbalance) before attempting to extract the EOS from data.
Moreover, microscopic many-body calculations of nucleonic potentials as a function of
density, momentum, and neutron-proton imbalance (and recently even temperature
[648, 649]) make the momentum dependence at different nucleonic densities a subject of
interest in its own right. Furthermore, these calculations can aid the modeling of the collisions
by narrowing the ranges of interaction parameter values that need to be confronted with data.

FRIB, naturally, offers a greater variation of the isospin composition of collided nuclei
than has been available at other facilities to date. At early stages of the collisions, the relative
isospin imbalance in high-density matter primarily reflects that of the original nuclei. The
different response of isospin positive and negative particles to the asymmetric component of
the EOS influences their dynamics during the collision and is ultimately reflected in final-state
observables, such as, e.g. charged pion ratios [97, 182, 183]. Thus, comparisons of
simulations with observables measured in FRIB experiments bear the promise to
simultaneously constrain, e.g. both the density and the momentum dependence of the
asymmetric contribution to the EOS, which would be equivalent to constraining the symmetry
energy parameters and the effective mass splitting between neutrons and protons [182, 647].
Here, careful evaluations of physics assumptions and simulation frameworks are crucial to
meaningful extractions of the properties of nuclear matter; multiple such efforts have already
been started [102, 651].

7.3.2. Influence of a medium on particle cross-sections. The inputs to transport simulations
also include cross-sections for elementary collisions. Following Occam’s Razor principle,
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early transport calculations adopted cross-sections obtained from measurements of elementary
processes. However, these typically led to excessive nucleon stopping as compared to
measurements from central heavy-ion collisions, resulting in a mismatch between the
simulations and the data already on the level of simple rapidity distributions [652, 653].
Moreover, reduced in-medium cross-sections (i.e. cross-sections smaller than those in free
space) not only seemed to be needed by phenomenology, but they also emerged from
microscopic calculations [652, 654–658]. As a result, parametrizations for the in-medium
cross-section reductions were developed and employed in collision simulations covering
broad ranges of incident energy and masses of colliding systems [659–661]. However, the
consensus on the level of cross-section reduction was shaken by recent measurements by the
SπRIT Collaboration of Sn+ Sn systems at 270MeV/nucleon [662]. To reproduce rapidity
distributions for central collisions as measured by the SπRIT experiment, virtually all
transport codes [102] need larger in-medium cross sections than in the case of other data in
this general energy region [663–665]. Among the possible explanations for this puzzle, one
can consider the fact that other experiments in this energy regime used either lighter or
heavier ion species (possibly introducing systematic differences) or that the centrality
selection was less stringent. Still, the issue must be clarified from both the theoretical and the
experimental sides. FRIB will operate in the energy regime in question and can contribute
more significant variations in the isospin composition of the colliding systems at a given mass
than other accelerators. Notably, the isospin dependence of in-medium cross sections remains
poorly understood [658, 666, 667].

7.3.3. Development of off-shell properties and subthreshold production. Subthreshold
production (that is particle creation below nominal energy thresholds) in different isospin
channels can be a sensitive tool for testing the symmetry energy around 2nsat [84, 668].
During a heavy-ion collision, nucleons and other hadrons in the dense region of the system
undergo frequent collisions with each other. In particular, these interactions effectively
decrease a particle’s lifetime in a given state, leading to an increased particle width. Similarly,
particle widths can change in the medium due to a modification of the decay channels,
stemming from altered energy thresholds in the medium. In both cases, significant widths
imply that additional elementary interactions can take place off-shell while still satisfying
energy conservation, facilitating subthreshold particle production [669–671]. The
subthreshold particle production will, in general, be characterized by different thresholds
for different isospin states.

The strong sensitivity of near-threshold pion yields to relatively modest in-medium
particle energy variations can be demonstrated even by transport calculations without genuine
in-medium width enhancements [647]. However, a full exploitation of subthreshold
production as a tool for constraining the symmetry energy calls for using off-shell transport
to reach meaningful conclusions from comparisons to data. While off-shell transport
approaches with positive definite distribution functions (amenable to Monte Carlo sampling)
exist [650, 672–676], they have been sparsely used for simulations of lower-energy heavy-ion
collisions.

7.3.4. Nuclear clusters and correlations. While nuclear clusters emerge as independent
degrees of freedom at densities below the saturation [251, 272, 677–679], their formation in
heavy-ion collisions is generally initiated at higher densities (at most only modestly below
saturation) since several nucleons need to appear in the same phase-space region for the
formation to occur [680, 681]. Moreover, depending on the kinematic region where given
collision products are considered (e.g. midrapidity versus forward rapidity), often the density
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region where the cluster formation occurs can only emerge through decompression from high-
density matter. Since the relative neutron-proton imbalance characterizing the high-
compression stage is retained throughout the nearly-adiabatic expansion [682, 683], the
dependence of cluster yields on the isospin composition in selected kinematic regions
becomes a probe of the symmetry energy at densities above the saturation density and, more
generally, of isovector characteristics at those densities.

In order to fully utilize observables related to nuclear clusters and extract the isospin
properties of nuclear matter, models of cluster production need further development.
Currently invoked production mechanisms [684] can be typically divided into cluster-finding
algorithms based on coalescence, that is with criteria based on the proximity of particles in the
coordinate and momentum space (sometimes also including criteria related to the binding
energy of a cluster [685]), and into models where nuclear clusters are introduced as
independent degrees of freedom that can be produced in elementary scatterings [686, 687]
(which in principle can accommodate the modification of cluster properties due to the
surrounding medium). Both categories of approaches have their shortcomings. Coalescence-
based algorithms, typically applied toward the end of a heavy-ion collision evolution, do not
account for the influence of nuclear clusters on the collision dynamics. Approaches treating
clusters as independent entities usually consider only the lightest clusters (often just
deuterons) due to challenges in including the increasing number of relevant production
channels for heavier clusters. Furthermore, on the theoretical level, cluster formation is related
to intermediate-range correlations and strong quantum effects which extend beyond the
classical mean-field picture utilized in transport. Therefore, the problem of cluster formation
in heavy-ion collisions touches on fundamental properties of nuclear matter, and successful
phenomenological descriptions have the potential to shed light on particular mechanisms
involved.

Notably, similar fundamental questions are apparent in nuclear short-range correlations
(SRCs) that can be measured in, e.g. nucleon knock-out experiments [688–691]. Through
phenomenological descriptions based on inclusion of high-momentum tails in the initial
nucleon distribution or considerations of three- and many-body collisions, SRCs have been
likewise shown to appreciably influence heavy-ion collision dynamics [671, 692–694].
Moreover, SRCs are also shown to be strongly dependent on the isospin composition of the
surrounding medium [695, 696]. Consequently, theoretical descriptions of heavy-ion
collisions at FRIB and FRIB400 might substantially benefit from utilizing models accounting
for effects due to SRCs. Moreover, such investigations hold the promise to complement the
current and planned programs investigating SRCs at the Jefferson Lab and the future
Electron-Ion Collider by studying the dynamical evolution of SRCs in dense isospin-
asymmetric nuclear matter. Here, sensitive observables may include both pion yields [671]
and bulk observables [694]. Such studies can also further advance the understanding of the
role of tensor forces [696, 697] at high densities and the development of off-shell transport
models.

7.4. Optical potentials

As discussed previously in section 6.5, nucleon–nucleus optical potentials are a crucial input for
nuclear reaction studies involving target nuclei beyond the lightest isotopes. The optical potential
can be directly related [698] to the nucleon self-energy, which plays a key role in theoretical
investigations of the EOS. Here, one starts with the momentum- and energy-dependent nucleon
single-particle propagator G(q, ε) in nuclear matter, which is related to the irreducible self-energy
Σ(q, ε) through the Dyson equation G(q, ε) = G0(q, ε) + G0(q, ε)Σ(q, ε)G(q, ε), where q and ε
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are the single-particle momentum and energy, respectively. The nucleon self-energy at positive
energies is identified with the optical potential [698], which can then be inferred from elastic and
inelastic scattering experiments. For isospin-asymmetric target nuclei, one empirically observes in
the optical potentials for proton and neutron projectiles a splitting of the Lane form [699]:
Un,p(E) = U0(E) ± UI(E)δnp, where δnp = (N − Z)/(N + Z) is the isospin asymmetry parameter
expressed in terms of the number of neutrons N and protons Z, UI(E) is called the isovector optical
potential, and the + (−) sign applies in the case of neutrons (protons). Quasi-elastic charge-
exchange reactions (p, n) are especially sensitive to UI(E) [699]. This has been exploited in [700]
to refine the isovector radius and diffuseness parameters of nucleon–nucleus optical potentials and
study correlations between these geometry parameters and the symmetry energy slope para-
meter L.

The optical potential at positive energies is related to the nuclear shell model potential at
negative energies through a dispersion integral connecting the real and imaginary components
of the self-energy, see, e.g. [550, 701]. Therefore, with a sufficient amount of bound-state and
scattering data, dispersive optical potentials can provide unique insights into nuclear structure
and its connections to the EOS. For instance, in [702] the neutron-skin thicknesses Δrnp of
16,18O, 40,48Ca, 58,64Ni, 112,124Sn, and 208Pb were obtained from a dispersive optical model
analysis that included data from elastic scattering angular distributions, total cross sections,
reaction cross sections, and level properties. In particular, the obtained value of
Δrnp(

208Pb) = 0.12–0.25 fm is consistent with models [599] predicting moderate values of
L= 30–90MeV, as well as the broad constraints coming from the PREX-II experiment [629]
that found Δrnp(

208Pb) = 0.283 ± 0.071 fm and L = (106 ± 37)MeV [703].
From the Hugenholtz–Van Hove theorem [704], the single-particle energy at the Fermi

surface is directly related to the energy per particle (̄ )E kf of the medium through
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where kf is the Fermi momentum and MN is the nucleon mass. This relationship has been used
[705] to derive an explicit relationship between the symmetry energy at saturation S0, the
slope parameter L, and the optical potential. Using the global set of nucleon–nucleus optical
potentials available at the time, [705] found S0 = 31.3 ± 4.5 MeV and L = 52.7 ± 22.5MeV.
More generally, the self-energy defines the spectral function
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which can be integrated over the single-particle energy and momentum to obtain the bulk
energy per particle through the Galitskii–Migdal–Koltun sum rule [706, 707]. This technique
is commonly used in self-consistent Green’s function theory to obtain the EOS of nuclear
matter at zero and finite temperature [708, 709]. In the future, consistent microscopic
modeling [710, 711] of the EOS and optical potentials based on the same underlying nuclear
forces will provide an opportunity to establish correlations between the empirical parameters
of the EOS and optical potentials.

Finally, proton and neutron optical potentials (self-energies) are an essential input for
transport model simulations of medium-energy heavy-ion collisions [85], which provide an
additional experimental means of probing the (hot) dense matter EOS. In the past, phe-
nomenological single-particle potentials have typically been used in transport simulation
studies. However, more recently microscopic predictions from chiral EFT have been used to
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constrain single-particle potentials and study their impact on heavy-ion collision observables
[712, 713].

7.5. Upcoming and proposed experiments at FRIB

The experimental approach to studying the nuclear EOS away from saturation density at
FRIB is split into several phases, reflecting the availability of beams and equipment (see
section 3.7). The first heavy-ion collision experiment at FRIB, ‘Measuring the isospin
dependence of the nucleon effective mass at supersaturation density’ (23058), has been
approved in PAC2. That experiment will focus on constraining the momentum dependence of
the nuclear potential around (1–1.5)nsat through measurements of spectral ratios of neutrons
and protons as well as directed and elliptic flow in 56,70Ni+ 58,64Ni reactions at projectile
energies of 175MeV/nucleon. While the sensitivity of the spectral ratio to the momentum
dependence of the symmetry energy drops off with increasing density [643], flow remains a
sensitive observable for the symmetry energy up to 1 GeV/nucleon [714]. The mid-mass,
200MeV/nucleon beams available in the first few years at FRIB will probe a density window
in which both of these observables can yield information about the symmetry energy. This is
especially advantageous as model uncertainties from transport calculations will likely be
different between the two observables. The obtained results can be combined with previous
experimental constraints at low density (both from prior heavy-ion collision experiments at
NSCL [103] as well as with independent constraints from optical models [715]), while at high
density the reference is provided by the current state-of-the-art results from the SπRIT
campaign at RIKEN [182, 183], studying Sn+ Sn reactions at beam energies of 270MeV/
nucleon.

In later phases, the experiments will shift to focus on the flow and yield ratios of charged
pions. These pion measurements will initially concentrate on reactions at lower energies than
those studied at RIKEN. This will allow for the study of sub-threshold pion production, which
is an important input to transport model calculations of the pion ratio [716]. Subsequently, the
increased intensities and larger isospin asymmetry of the FRIB400 beams will allow for
unprecedented studies of the nuclear EOS using spectral ratios of charged pions. In particular,
the increased beam energy will lead to higher overall yields of charged pions. This will allow
for studies with lower beam intensities, which are expected in the case of beams of rare
isotopes with high isospin asymmetry.

8. Nuclear astrophysics

8.1. Motivation and needs for progress in nuclear astrophysics

2022 not only marked the first ever FRIB experiment, but also coincided with the 65th
anniversary of the work that established the first comprehensive theory of nucleosynthesis
laying the foundation of the modern field of nuclear astrophysics [717]. It was evident from
even the early days that studies of the origin of the elements are intimately tied to under-
standing the properties and reactions of both, stable and unstable nuclei (see also [718]).
Therefore laboratory measurements have been central to driving progress in nuclear astro-
physics from the beginning.

With FRIB now online, hundreds of species yet to be probed in terrestrial environments
can become available to experiments. This is particularly timely since in the last few years
observation has begun a revolution of its own, with the first gravitational waves from binary
neutron star mergers detected [719]. Now, we have seen the light emitted from the first multi-
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messenger neutron star merger event (GW170817) [720, 721], which pointed to the presence
of lanthanide elements, implying mergers to be a site of heavy element production. Such
observational abilities will only be enhanced by future gravitational wave dectectors. For
example, Cosmic Explorer [722, 723] and the Einstein Telescope [724] could present the
opportunity to observe many more binary mergers than LIGO. Additionally, GW170817 and
its associated kilonova optical transient being observed across the electromagnetic spectrum
by over 70 observing teams well-demonstrates the incredible ability of the observational
community to perform highly detailed follow-up of events that have been localized by early
detection via various messengers such as gravitational waves, gamma-rays, optical transient
surveys, or neutrinos. In addition to this new access to multi-messenger events, our bank of
metal-poor star observations (which can be tied more directly to individual events due to their
being enriched by fewer events than our Sun [725]) is set to grow as well. Observational
campaigns such as the R-Process Alliance [726] will present a new wealth of abundance data
that we must decipher and integrate into global analyses with other observables.

Studies have shown conclusively that interpretation of observables requires nucleosynth-
esis calculations which account for the uncertainties in the nuclear physics properties of
relevant species (e.g. [727]). This applies to all nucleosynthesis observables such as Solar and
stellar abundances [717, 728], meteorites [729, 730], light curves [731–734], and MeV
gamma emission [735]. This intimate connection between observables and nuclear physics
properties presents the opportunity for not only nuclear physics to inform astrophysics, but
vice versa as well [736]. For instance, questions remain on the ultimate reach of the rapid
neutron capture process (r-process) in neutron star mergers but should late time heating of the
environment from fission or alpha decay take place, this could show itself in the light curve
[737, 738]. This would not only conclusively point to the production of actinides at this site,
but would constrain the fission barriers and branching ratios in the actinide regions
[573, 739], requiring them to be such that production of late time long-lived fission species is
possible. Ultimately, it is fundamental to be able to connect astrophysical simulations that
describe the properties and dynamics of the ejected material [740] with radiative transfer
modeling of the kilonova spectra [741] to be able to determine which specific elements are
produced and under which conditions. Similar efforts are critical to understand observables of
core collapse and thermonuclear supernovae, novae, and x-ray bursts.

Therefore the need for a back and forth between theoretical studies of nucleosynthesis and
nuclear physics experiments is clear, with the FRIB era now providing new exciting prospects
to tackle several of the fundamental questions in nuclear astrophysics (e.g. [572, 742]). In
order to study astrophysical processes, reaction network inputs are needed based on realistic
astrophysical simulations [743, 744], as well as experimental information to constrain the
relevant astrophysical reactions. The nuclear data needs of reaction networks vary among
astrophysical scenarios, and even individual model efforts. As far as unstable nuclei are
concerned, networks typically require capture rates (neutron capture, proton capture, and
alpha capture rates being particularly crucial), other charged particle and neutron induced
rates such as (α, n), (α, p), (n, p), (p, α), beta-decay rates with branching ratios for the
emission of protons or neutrons, continuum electron capture rates, and fission. In neutron
stars, heavy ion fusion rates with unstable nuclei may also play a role. Masses serve as both a
direct network input in the form of separation energies as well as a required input to model
theoretical capture and decay rates where measured rate values are unavailable. Additionally,
the need for nuclear data is not isolated to solely the nucleosynthesis network. For example,
post-processing of network outputs with additional pieces of nuclear data, such as the energy
liberated in individual decays in the different products: electrons, gammas, alpha-particles,K,
is required to make predictions for electromagnetic signals from astrophysical events. This in
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addition requires knowledge of the atomic processes that determine the spectra formation at
the photospheric and nebular phases [745, 746]. Recent studies have also shown that con-
sidering isomers can affect the overall decay of synthesized species at late times and impact
the light curve [747–749]. The wealth of nuclear physics information needed highlights that
nuclear astrophysics will be an FRIB customer for many years to come. Despite the fact that
many important investigations will require longer timescales due to the large number of
measurements and the required synchroneous advances in multiple fields, there are funda-
mental questions that can start to be systematically addressed in the near term. We detail
below some of the motivations and needs for some specific nearer term and longer timescale
investigations.

8.2. Nucleosynthesis on the neutron-rich side of stability

8.2.1. Investigations to constrain nuclear theory approaches and extrapolations.
Investigating the astrophysical production of the elements inevitably leads to a need to
study neutron capture reactions since reaching the heaviest species is only possible through
neutron capture nucleosynthesis. The astrophysical s-, r-, and i processes (slow, rapid, and
intermediate respectively) all proceed via a series of neutron captures to make heavier
isotopes and beta-decays to reach the next highest element number. It is via this dance
between neutron capture and beta-decay that elements all the way up to the actinides can be
made in astrophysical environments. Thus global models for neutron capture, beta-decay, and
fission are crucial nucleosynthesis inputs, so we discuss these specially here.

For neutron captures, very little experimental information exists beyond the stable
species where the s process operates. Additionally, the increasing complex structure of exotic
species in the neutron-rich regions presents a challenge to reaction theory models, which leads
to nucleosynthesis studies being dependent on HF models (previously discussed in
section 6.3). HF utilizes the assumption that the reaction forms an intermediate compound
nucleus that can be treated mostly independently of the initial state, as well as a statistical
averaging to make use of a level density since modeling all level transitions and resonances in
heavy systems can become unfeasible. Although HF methods are known to have issues at
closed shells and toward driplines where statistical averaging is no longer appropriate due to
the level structure, currently there are very few studies of alternative methods to calculate
neutron capture rates globally [527].

The impact of optical-model uncertainties on calculated capture rates remains to be
rigorously studied. This is particularly challenging for target nuclei far from stability. New
global optical models need to be developed, which requires microscopic predictions,
experimental data, or a combination of both. Similarly, more work is required to obtain
realistic gamma strength function (gSF) and level density (LD) models for unstable isotopes.
Studies have found that the gSF and LD models used in HF calculations can produce capture
rates that differ by several factors to an order of magnitude or more, and these uncertainties
propagate to the predictions for astrophysical abundances [750]. For more details on the
present status of HF calculations, see section 6.3.

Given the uncertainty in the calculated capture cross sections resulting from
insufficiently-known level densities and gamma-ray strength functions, indirect methods
will continue to play an important role for determining neutron capture rates. It is via indirect
approaches, such as the surrogate reactions method or Oslo-type measurements (first
discussed in section 3.3), that FRIB can make both immediate and long-term progress toward
informing neutron capture in neutron-rich regions. The Oslo and beta-Oslo methods utilize
charged-particle (transfer or scattering) reactions and beta-delayed gamma-emission
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measurements, respectively, to obtain information on the gamma-decay of the compound
nucleus of interest to the neutron-capture reaction. The experiments yield quantities that are a
convolution of the LD and gSF; methods have been developed to extract both quantities and
provide them for HF calculations; for a review, see [154].

The surrogate reaction method was originally developed to determine neutron-induced
fission; for a review, see [524]. In recent years, theory developments have made it possible to
apply the method also to neutron-capture reactions [66, 524, 526]. Multiple applications have
demonstrated that the method provides meaningful experimental constraints for cross sections
calculations of neutron capture on isotopes near stability [312, 536, 537]. The approach does
not rely on auxiliary quantities like s-wave resonance spacings (D0) or average radiative
widths (〈Γγ〉), which are not available for unstable target isotopes, thus making it a promising
method for exotic, neutron-rich or proton-rich, nuclei. To obtain reaction rates relevant to
astrophysical processes that involve isotopes well outside the valley of stability, it is
necessary to further develop and validate the method beyond the range of current
applications. Both inelastic scattering and (d, p) transfer reactions are good candidates to
reach a large number of exotic isotopes. New developments are underway to explore these
opportunities. For more details, see the discussion in section 6.4 and the references given
there. In general, it is important to test the assumptions underlying indirect measurements and
validate the resulting cross sections against additional measurements or theoretical
predictions. This will not only provide more reliable cross sections, but it will also yield
insights into the underlying reaction mechanisms.

Global models for beta-decay are of equal importance to those for capture rates. Here,
more experimental information to benchmark models is available, but decisively disappears
for many neutron-rich lanthanides, N= 126 nuclei, and beyond. Additionally, the few
relatively recent global beta-decay models have shown a significant difference between model
predictions for rates near and beyond N= 126, and have found that first-forbidden transitions
play an important role here [751, 752]. Nucleosynthesis studies have shown that the beta-
decay model adopted can decisively change predictions for abundances and light curves (e.g.
[733, 753–755]). Global beta-decay models typically make use of methods such as QRPA as
well as HF in order to predict beta-delayed neutron emission probabilities [756], but as is the
case with neutron capture, how appropriate it is to apply approaches like HF should be an
important focus of longer term FRIB investigations.

Fission in the neutron-rich regions is the ultimate unknown territory. With much of our
experimental information quarantined to proton-rich actinides, on the neutron-rich side
experiments have mostly probed species of relevance to reactor physics such as 239Pu, 235U,
and 238U. Although such species are indeed produced in neutron-rich neutron capture
nucleosynthesis such as the r process (for instance 235U and 238U are present in stars and our
Sun), fissioning species impacting nucleosynthesis calculations are predicted to be in regions
that are much, much more neutron-rich [739, 755, 757]. There are few models available
which predict barrier heights globally for neutron-rich actinides, however already this limited
set demonstrates a diversity of possible behavior. For instance, fission rates calculated using
the barrier heights of the Finite Range Liquid Drop Model (FRLDM) model produce an r
process that terminates near A ∼ 295 (around Z, N ∼ 94, 200, a few neutrons past the N= 184
shell closure), whereas nucleosynthesis applications of rates using the HFB-14 fission barriers
are capable of synthesizing nuclei much higher in the chart with an A > 300 [739]. Note that
nucleosynthesis calculations reaching the neutron-rich actinides are very sensitive to the
physics around N= 184, which at the moment is purely a theoretically predicted shell closure,
so searching for experimental hints of shell closures past N= 126 in the future could directly
impact nucleosynthesis studies of actinide production.
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Overall, fission can impact nucleosynthesis observables both by actively participating
during the synthesis, introducing fission cycling into the dynamics and affecting the final
abundances, and by impacting the electromagnetic afterglow (such as light curves and gamma
rays) of the material present. Late-time fission effects on the electromagnetic emission depend
on longer-lived fissioning species that lie closer to where current measurements have taken
place, and so this will be discussed in the long-lived actinide section below as being
potentially approachable by FRIB in upcoming years. However the fission cycling that
influences abundances occurs at much earlier times when the nuclear flow lies in the very
neutron-rich regions near Z= 94, N= 184. Studies have shown that when the synthesis
reaches this deep into the actinides, the fission yields trends (i.e. how yields change along an
isotopic chain) and fission barriers (which affect the nuclear flow) crucially impact the
abundances around the second r-process peak at A ∼ 130 [573, 739, 758]. Furthermore
depending on whether the fission deposition is dominantly symmetric or asymmetric, fission
can also contribute significantly to the light precious metals region around A ∼ 110 [759] as
well as the lanthanide region around A ∼ 150 [760]. Unfortunately, the fissioning nuclei
which have been found to impact r-process abundances lie well beyond the reaches of any
current or planned experiments [573, 739, 758]. Nevertheless, in the long-term future FRIB
could potentially still provide some guidance to fission modelers by working to systematically
extend the reach of probed nuclei in the neutron-rich actinides. Measurements of barrier
heights, fission yields, and decay branchings could provide constraints for extrapolations and
benchmarks for theoretical calculations. Additionally, the outcome of neutron-rich
nucleosynthesis in the actinide region is determined by several fission processes (e.g.
neutron-induced, beta-delayed and spontaneous fission) and alpha decays which could all
play a role in setting the nucleosynthesis abundances. For all the fission processes it is
important to investigate both rates and yields since both are dependent on the fission
kinematics. Despite the challenges of probing the neutron-rich actinide region, it is important
for experiments to push into this desolate frontier since it is connected to some of the biggest
questions in nuclear astrophysics such as the ultimate nucleosynthesis reach of nature (i.e.
how heavy of species can be synthesized) as well as whether or not the superheavy elements
can be produced in astrophysical environments [761–763].

8.2.2. Connecting FRIB to the synthesis of elements beyond tellurium and up to the
actinides. We first discuss the main r process, which synthesizes elements beyond ∼Te all
the way to the heaviest elements found in nature, though it may also be co-produced with
some of the lighter elements. Astrophysical sites of the r process eject material at a variety of
neutron-richness, temperatures, and densities which can host nucleosynthesis. Figure 11
demonstrates the r-process path (most abundance species at a given proton number) for two
distinct types of ejecta that both produce a main r process, one being a hot, low entropy, low
density condition of moderate neutron-richness (Ye = p/(n + p) = 0.2 and another being a
cold, low entropy, high density tidal tail condition which is extremely neutron-rich
(Ye = 0.01). The figure shows the paths at the moment of ‘freeze-out’, that is when the
neutron-to-seed ratio goes to 1 and the path begins to move back toward stability. During this
stage late-time neutron captures as well as beta-decays shape the final abundances, and also
influence any fission fragments that have been deposited around or after freeze-out. As can be
seen from comparing the location of the paths to the thin black line representing currently
probed species, the r-process paths traverse over the presently unexplored territory outside the
black line on their way to stability. Over the course of this journey, their abundances are
altered from the bottom plot to that shown in the top. Therefore numerous opportunities to
inform the evolution of the main r process are possible for FRIB, from measurements of
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nuclei near N= 82, to the lanthanide (a.k.a. rare-Earth) species, as wells as near N= 126 and
beyond. We discuss each of these areas specifically here as well as the science questions that
can be approached via dedicated studies of each region.

Nuclei near N = 82. The Solar isotopic abundance pattern (see figure 11) is clearly
influenced by nuclear structure with ‘peaks’ of especially high abundance seen in the presence
of magic numbers and enhanced stability, as is the case with the second r-process abundance
peak at A ∼ 130. This enhancement in the abundances is known to come from a so-called
‘pile-up’ at neutron shell closure N= 82, where the r process must wait to beta-decay before
capture can proceed beyond N= 82 into the lanthanide region. Additionally processes with
conditions that do not permit significant capture into the lanthanides, such as a so-called
‘weak’ r process (see figure 11), can also reach N= 82 nuclei. Therefore this peak in the Solar

Figure 11. The FRIB production rates compared to the ‘paths’ (most abundance species
at a given proton number) for a ‘weak’ r process (orange), moderately neutron-rich r
process (pink) and a fission cycling r process (red). The snapshot is taken at the
moment of ‘freeze-out’ for each r-process case, and the abundances at this time are
shown in the bottom plot as compared to the Solar r-process residuals from [764]. Also
shown is the path of an i-process calculation (purple) at the moment that the path
significantly populates lead species. The final abundances following the decay of the
nuclei to stable species is shown in the top plot. For the r-process cases, the path is
shown as a line when the abundance is more than 10−11 and as boxes connected by a
line if the abundance exceeds 10−5. For the i-process case the abundance limits for the
line only, boxes plus line is 10−15, 10−9 respectively. Note the significant number of
species whose properties shape the final abundances which are presently unprobed
(outside of the thin black line as in figure 1) but can be reached by FRIB.
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abundance distribution could be a convolution of multiple ejecta components from a single
type of event or could in fact be shaped by different types of events. Disentangling these
possibilities requires pinning down the predicted shape of this peak in the presence of
different conditions. For instance if fissioning nuclei are produced and their fission yields are
assumed to be symmetric, then their daughter products will deposit near A ∼ 130, influencing
second peak abundances [765]. If instead the deposition is mostly asymmetric (e.g.
[766, 767]), the N= 82 peak can be depleted relative to Solar in favor of enhancements in the
abundances of lanthanides and light precious metals like silver [759]. Therefore the shape of
the A ∼ 130 peak connected to N= 82 hints at not only the involvement of different
astrophysical sites but could also point to what specific types of conditions may be present at
a given site.

Thus, around N= 82 is an interesting area to further pin down masses, beta-decay rates,
and neutron emission probabilities (Pn values) due to their influence on the population of key
species. For instance the 129I abundance is connected the physics near N= 82, which is of
interest since the 129I/247Cm abundance ratio in meteorites has been shown to be capable of
peering directly into the conditions of the last r-process event that enriched our Solar System
since this ratio does not change as a function of time due to the similar half-lives of these
radioisotopes [729]. Species near N= 82 are also neutron-rich fission products, which can
produce heat and gamma rays during the nucleosynthesis, affecting electromagnetic signals
from events like mergers and their remnants [733]. Thus pinning down nuclear structure at
and near N= 82 is tied to key astrophysical observables.

How nuclear structure evolves as one approaches the dripline is not only of interest for
fundamental dripline studies, but also of relevance for nucleosynthesis predictions. For
instance, astrophysical conditions with particularly high neutron densities can find the
synthesis to occur very near the dripline (see for example the fission cycling r-process path in
figure 11). The first ever FRIB experiment explored isotopes approaching the neutron dripline
near N= 28 [3], which well demonstrates the special role FRIB can play in illuminating
dripline physics in the neutron-rich regions. Note that the r-process paths of all r-process
example cases in figure 11 show pile-up to occur at N= 82 outside the black line of
previously probed nuclei. Thus pressing N= 82 measurements down toward the N= 82
dripline would take full advantage of the wealth of neutron-rich species FRIB is capable of
making for the first time and would be of great interest to nuclear astrophysics.

Lanthanide nuclei. Neutron-rich lanthanide species (with Z = 57–71, also called rare-
earth nuclei) share a fortuitous overlap with the FRIB production reach. Measurements in this
region have been extended and made more precise in recent years, for example at the
Canadian Penning Trap (CPT) at CARIBU at Argonne [768], Jyväskylä [769], and RIKEN
[770]. Therefore, excellent benchmarks exist for future FRIB experiments to capitalize on
when looking to further such explorations toward currently unprobed species. Thus this area
provides a wealth of discovery opportunities while also capitalizing on more recent efforts.

Rare-earth nuclei are also connected to long standing questions of heavy element
production as well as new observational capabilities. For instance, the Solar isotopic pattern
hints of an enhanced stability of neutron-rich lanthanide species due to a peak found near
A ∼ 164 which is not connected to a closed shell [760, 771]. Since nuclear masses reflect
underlying structure, here mass measurements are especially important. Mass measurements
will also propagate into the nucleosynthesis predictions through separation energies
determining neutron capture and photodissociation rates, as well as beta-decay half-lives and
Pn value predictions. In particular, the properties of Z = 58–62 nuclei with neutron numbers
N ∼ 104–110 have been found to be especially connected to whether simulations can
reproduce the rare-earth peak [772]. Given the overlapping FRIB reach in this area, the
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prospect of resolving the longstanding question of rare-earth peak origins within the next
decade is promising.

Another important open question in heavy element nucleosynthesis is the origin of the
so-called ‘robustness’ or ‘universality’ of lanthanide abundances in the abundance patterns of
metal-poor stars rich in r-process elements. That is, here metal-poor stars have shown a
remarkable consistency with each other as well as the Solar abundance pattern, when it is
common for studies to find the abundance pattern to be sensitive to the astrophysical
conditions present at the nucleosynthesis site [764, 773]. Could this be hinting that the
astrophysical site of r-process production that enriched our Sun is the same as the source that
enriched these stars? Does this mean that the r process occurs in a similar way throughout the
Galaxy? Or does this hint that there are nuclear physics processes at play such as fission
cycling that could wash away any initial differences in the astrophysical conditions? To
address these questions, an understanding of the properties of neutron-rich lanthanides (such
as masses, beta-decay rates, and Pn values) is crucial in order to pin down how rare-earth
abundances are finalized during the r process.

Other key investigations over the last few years also bolster the community’s interest in
the lanthanides, such as modeling kilonova light curves from neutron star mergers as well as a
budding interest in the i process. Although the i process was first proposed decades ago [774],
it has gained traction in recent years through indications that some metal-poor star patterns are
best fit by something with a neutron density between that of an s process and r process
[775, 776]. Additionally, recent hydrodynamic simulations of rapidly accreting white dwarfs
and certain types of AGB stars have shown the neutron densities needed for an i process to be
possible in these environments [777, 778]. This process has been predicted to take place only
a few neutrons away from stability where neutron capture timescales can exceed those for
beta-decay (see figure 11). Thus studies have found that the i process is most sensitive to
neutron capture rates and would greatly benefit from constraints on these models [779] (from
either surrogate measurements or methods such as Beta-Olso informing the strength functions
and level densities that enter neutron capture predictions). The lanthanides are a particularly
interesting region to study from an i-process perspective, with elemental abundance ratios in
stars such as [Ba/Eu] being used to differentiate i-process enrichment from s process and r
process [780]. As noted above another important aspect of the need to improve lanthanide
abundance predictions lies in the sensitivity of kilonovae to the overall lanthanide mass
fraction present in the ejecta. The high atomic opacities of lanthanide species give them the
ability to push the light curve to longer timescales and toward the infrared, thereby providing
the opportunity for conclusive identification of such species in the ejecta (as was the case with
the first ever observed neutron star merger GW170817). New insights into mergers from the
kilonova of this event are still being discussed and future gravitational wave detection
prospects further present an urgency to refine our predictions of the evolution of spectral
features of kilonova [781] so that more conclusive statements can be gleaned about the
amount of mass ejected [734], the geometry of the ejecta [782, 783], and the value of the
Hubble constant [784].

Nuclei near N = 126. The solar abundance distribution also shows a peak at A ∼ 195
associated with nucleosynthesis undergoing pile-up at N= 126. Studying this peak is directly
connected to illuminating the production of platinum and gold as their stable isotopes can be
found at A = 195–196, 198 and A= 197 respectively. Here FRIB has the ability to inform
modeling of reaction rates, beta-decays and masses greatly since at the present there are no
measurements past 206Hg (Z= 80) on the N= 126 isotonic chain. Even though the FRIB
reach will be unable to explore the dripline at N= 126, pushing measurements down this
chain toward the dripline is crucial for an understanding of the strength of this shell closure.
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Current mass models predict very different strengths of this shell closure (i.e. how big of a
drop there is in the one neutron separation energy at N= 126) which leads to different
predictions for how long species are held up here before the synthesis can proceed to the
actinides. Thus the N= 126 shell closure has been referred to as the ‘gateway to the actinides’
and studies have shown that predicting the abundances of long lived-actinides such as 232Th
and 235,238U are sensitive to the mass trends [728, 785, 786] and to beta-decay rates [758]
around N= 126. Additionally, for some nuclear structure models the ability to approach the
heaviest regions of the nuclear chart may only be currently possible at or near closed shells
like N= 126 given the simpler valance structure here compared to that needed to be
considered in the deformed rare-earths. Therefore this area offers a nice overlap between
astrophysical interest and approachability by both nuclear structure theory and experiment.

In addition to the influence that the masses have on the nuclear flow at N= 126 (e.g.
[787, 788]), beta-decay rates around this closed shell have been shown to also greatly affect
abundance predictions. Global rate calculations have found that including first-forbidden
transitions changes predictions significantly [751, 752] which can lead to faster rates to the
right versus left of N= 126. Therefore studying beta-decay strength functions and rates
around N= 126 is impactful for global structure models and astrophysics. Currently, the
nuclear physics uncertainties in the region stymie the ability to conclusively link unique
features of the associated A ∼ 195 abundance peak, such as its overall width, with particular
types of astrophysical conditions. For instance, it had previously been discussed that
potentially neutron star mergers could not be the source of Solar System enrichment due to
the narrow third peak predicted when these very neutron-rich environments see significant
late time neutron capture. However studies later showed that using different beta-decay
treatments can change the third peak abundance predictions toward something more in line
with the Solar width [789]. Another interesting link between third peak abundances and
astrophysical conditions lies in considering ‘slow’ versus ‘fast’ ejecta components, since
studies have shown that fast (i.e. rapidly expanding) ejecta can be tied to a shift in the third
peak toward higher mass numbers [731, 790–794]. In addition to clear connections between
N= 126 and the astrophysical environment, unlike N= 82 and rare-earth regions, there are no
potential contributions from fission deposition here, making N= 126 abundances less
convoluted than other parts of the pattern. Therefore measurements which put N= 126
structure on firmer footing are directly connected to diagnosing whether or not abundance
predictions for a particular astrophysical environment align with observations.

Long-lived actinides. Information on actinide species (found beyond N= 126 and 208Pb)
has been disproportionately mapped out in neutron-deficient regions over neutron-rich
regions. For instance, although it is an important channel during the decay of heavy r-process
species, beta-delayed fission has never been experimentally observed on the neutron-rich side,
so confirmation alone would be important progress. Thus exploratory missions to push the
boundaries on neutron-rich actinide measurements would take incredibly important steps of
great benefit to those modeling neutron-rich actinide properties. This is also a regime that
could shed light on nuclear structure given the speckled branching ratios between beta-decay,
alpha-decay, and spontaneous fission seen here. Additionally, several species in this region
are known to have anomalously long half-lives on the order of days, years, or longer which
can have important consequences for observations of electromagnetic signals from
astrophysical events such as mergers (light curves are sensitive to decays that take place
on the order of the expansion timescale).

For instance it has been discussed since the early days of nuclear astrophysics that 254Cf
with its ∼60 day spontaneous fission half-life could greatly affect kilonovae [717] due to its
high Q-value introducing heat into the system, as well as the high thermalization efficiency of
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fission fragments [731]. Note however that the effect 254Cf could have specifically on
kilonovae has only been discussed in the last few years following GW170817 [737, 738].
254Cf serves as an excellent example of the key pieces of nuclear data lying just outside
current measurements since its direct beta-feeder 254Bk, which provides the only pathway to
populate 254Cf, has unknown branching ratios. Thus, should 254Bk be found to undergo
alpha-decay 100% of the time, the long-standing question of 254Cf’s potential impact of light
curves could be definitively answered. It is not just long-lived 254Cf that makes neutron-rich
actinide branching ratios important to probe. Since neutron-rich actinides are largely
unprobed territory there lies the opportunity to find others like 254Cf. For instance, studies
have found a few neutron-rich rutherfordium isotopes with theoretical spontaneous fission
half-lives on the order of days to also be able to impact light curves greatly and allow for
identification of superheavy elements in the ejecta [733, 795]. Additionally, studies of MeV
gamma-ray emission from real-time r-process events have found gammas with energies
>3.5 MeV to be unique to fission since neutron-rich species that have high enough Q-values
to emit gamma rays in this energy range have already undergone beta-decay [735]. Thus an
observation of gamma-rays at energies >3.5 MeV requires emission of either prompt gammas
from the fission itself or delayed gammas from the beta-decay of the associated neutron-rich
fission daughters [735]. Further probing the gamma spectrum from neutron-rich fission
species would directly inform such studies and potentially change the expected contribution
of prompt fission gammas relative to those from beta-decays. Note that the prospects of
observing real-time MeV gamma rays from a merger are limited to either galactic events or
events in nearby galaxies such as those within the Local Group (e.g. the large magellanic
cloud (LMC)), and further face the challenge of the relative rarity of merger events (estimates
range from ∼20 to ∼400 mergers every Myr in the Milky Way, which is ∼100–1000 times
less frequent than core-collapse supernovae) [796]. Nevertheless, since gamma spectral
features provide a type of fingerprint for specific isotopes, they present the important prospect
of detailed information on the ejecta composition [797, 798]. Additionally, gamma-ray
observations offer unique opportunities to identify the remnants of the Milky Way’s last
neutron star mergers [798, 799].

Spontaneous fission is not the only process of interest since alpha particles have also been
shown to efficiently thermalize in merger ejecta thus long-lived alpha-decays can play a
dominant role in late-time kilonova heating when there are no species undergoing
spontaneous fission to compete with [731, 739, 800]. Alpha-decays on the order of hours,
days, or years can also lead to distinct MeV gamma ray emission from mergers, as is
highlighted by the recently introduced prospect of utilizing the 2.6 MeV gamma-ray line of
208Tl as a beacon of in situ neutron capture nucleosynthesis [796]. Although the role it can
serve to identify the isotopic composition in astrophysical environments has only recently
been highlighted, this particular emission line of 208Tl is well-known in numerous other fields
of science, including clinical imagining studies utilizing 224Ra [801], geological surveys
estimating thorium concentrations [802, 803], nuclear safeguard measures looking for highly
enriched 232U [804], and as a well-established background and calibration point for
experiments [805, 806]. The 208Tl emission line could be visible during the electromagnetic
follow-up of a neutron star merger event, or could be observed locally from an AGB star or
rapidly accreting white dwarf actively synthesizing the heaviest elements, and would
correspond to an unambiguous signature of the production of 208Pb and thus elements lighter
than lead such as gold could be conclusively stated to be present. The 208Tl 2.6 MeV gamma-
ray line shows itself on observable timescales due to the alpha decays feeding this species on
the order of hours (212Bi), days (224Ra) and years (228Ra). Since the observable timescales of
kilonovae and MeV gamma emission align with the decay timescales of long-lived actinides,
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pushing the boundaries of known half-lives and branching ratios in the neutron-rich actinides
has clear and direct connections to deciphering the electromagnetic emission from multi-
messenger events. Thus should developments at FRIB permit studies of this area, this region
offers high impact overlap between measurement opportunities and nucleosynthesis needs.

8.2.3. Connecting FRIB to the synthesis of elements between iron and tellurium. In
astrophysical environments such as neutron star mergers and collapsars there is the possibility
to form a disk around the central remnant (e.g. [807, 808]) and the ejecta from this disk can
have conditions which support r-process nucleosynthesis. Although previous studies
suggested disk material to be more processed and thus generally less neutron-rich than that
which is dynamically ejected earlier during the merger [792, 809], more recent studies which
run their hydrodynamic simulations out to longer times (>1 s) have changed this picture [740,
810–812]. Thus both merger dynamical ejecta and post-merger accretion disks are comprised
of a distribution of ejecta types (e.g. [813, 814]), correspondingly producing a wide range of
elements all the way from the r-process first peak at A ∼ 80 to beyond the third peak at
A ∼ 195. This is achieved via the total ejecta hosting a range of neutron-richness Ye, as well as
a variance in the manner that the temperature and density evolves. We refer to the
components of the ejecta with synthesis taking place between N= 50 and N= 82, and
forming elements with mass numbers between A ∼ 80 and A ∼ 130 such as strontium and
silver, as undergoing a ‘weak’ r process (shown in figure 11). For weak r processes in both
mergers and supernovae, (α, n) reactions can also play an important role [815]. The prediction
of both weak and main r-process production in mergers is supported by the observations
surrounding GW170817, where first a lanthanide-free blue component (such as a weak r
process) was first observed followed by a red component containing lanthanide elements
[720, 721], and further bolstered by the identification of Sr in the absorption spectrum [816].

Thus, in the weak r-process regime between N= 50 and N= 82, there are opportunities
to impact r-process studies through measurements of masses, beta-delayed neutron emission
probabilities Pn, and (α, n) reactions. Additionally, surrogate measurements to inform neutron
capture have begun to penetrate the neutron-rich regions in the N= 50–82 regime relevant for
i-process abundance predictions [817]. Such measurements would not only inform i-process
predictions, but serve to constrain and inform the neutron capture models relevant for the r
process by providing systematics that can be applied further along the isotopic chain.
Studying the Solar System composition of elements from Sr to Sn is therefore dependent on
pinning down the nuclear physics properties of relevance for weak r process as well as weak i
process so that their relative contributions can be teased out. Additionally, how these compare
to contributions from supernovae (e.g. [818–820]) and other events capable of forming
elements between iron and tellurium can then be better addressed.

An additional recent development that makes this region of interest is the prospect of
identifying the signature of fission fragment deposition here. Recent works have demonstrated
that asymmetric fission taking place late during the r process can inject neutron-rich daughter
products which stabilize the abundances of light precious metals such as silver and palladium
relative to the lanthanides [759]. This introduces a new type of ‘universality’ of lanthanide
abundances relative to light precious metals which can be verified through comparison with
trends in stellar abundance ratios [759, 821]. Thus constraining the nuclear properties along
the decay path of fission daughter products would help to constrain whether fission deposition
signatures have been hiding in metal poor stars, which would connect FRIB to approved
future observations with the Hubble Space Telescope aimed at measuring the currently scarce
cadmium (Z= 48) abundances of relevance to this question.

J. Phys. G: Nucl. Part. Phys. 52 (2025) 050501 Major Report

63



Weak processes and in particular (anti)neutrino absorption reactions play a fundamental
role in determining the proton-to-nucleon ratio both in core-collapse supernovae and neutron-
star mergers. Those reactions are expected to operate on nucleons as nuclei typically form
once the neutrino fluxes have substantially decreases as the ejecta moves away from the
neutrino source. However, it is interesting to consider what will happen if neutrino fluxes
remain large once nuclei are formed. Under these conditions, and assuming moderate
neutron-rich ejecta, a kind of r process may operate where the increase in element number is
due to charged-current neutrino reactions instead of beta-decays. This process has been
named νr process [822] and is expected to contribute to the production of neutron deficient
nuclei, the so-called p-nuclei, particularly 92,94Mo and 96,98Ru. Compared with other
alternative scenarios like the νp process, it has the advantage that can produce the long lived
92Nb that has been observed in the early solar system. At the moment, it is unclear the
astrophysical scenario in which the νr process may operate. Most likely it involves
magnetically driven outflows like those found in magneto-rotational supernovae or collapsars.
From the nuclear physics side, it requires neutrino-nucleus cross sections for nuclei to both
sides of the stability valley. They require knowledge of both Gamow–Teller and forbidden
strength distributions that can be determined by charge-exchange reactions (e.g. [149]).

8.3. Nucleosynthesis on the proton-rich side of stability

8.3.1. FRIB Experiments addressing stellar nucleosynthesis. Stellar nucleosynthesis
produces the majority of elements in nature, and proceeds mostly along the valley of
stability through reactions on stable nuclei. This is a consequence of the long burning
timescales that allow ample time for the majority of rare isotopes produced in a nuclear
reaction to decay back to stability before the next nuclear reaction occurs. However, during
the explosive burning of oxygen and silicon during a core collapse supernovae marking the
endpoint of the stellar nucleosynthesis sequence for massive stars, timescales are much
shorter and reactions on rare isotopes become important. This stellar burning stage is
important to explain the origin of isotopes and elements in the Si–V range, and also
contributes, together with thermonuclear supernovae, to the iron peak elements (e.g. [823]). In
addition, explosive silicon and oxygen burning is responsible for the synthesis of a broad
range of γ-ray emitters that are sufficiently long-lived to be ejected by the supernovae to be
observable with space or balloon based gamma-ray observatories [824–826]. The production
of the longest-lived gamma-ray emitters are also important to explain supernova light curves,
meteoritic signatures of early solar system radioactivity (e.g. 53Mn), isotopic signatures in
pre-solar grains (e.g. 44Ti) or the composition of cosmic rays (e.g. 44Ti, 49V, 51Cr, 55Fe, 57Co,
and 59Ni) (see [825] and references therein).

During explosive oxygen and silicon burning, the stable N= Z products of previous
stellar burning, predominantly 16O, 20Ne, 32S, and 28Si, are rapidly driven toward nuclear
statistical equilibrium by a wide range of fusion reactions as well as α, p, and n induced
reactions. As weak interactions are not in equilibrium, the neutron to proton ratio remains
roughly equal and nucleosynthesis proceeds mainly along the N= Z line toward the iron
region, thus involving neutron deficient rare isotopes. However, the region of nucleosynthesis
is broad, and in a few cases, driven by captures of neutrons released in the nuclear reactions,
extends a few mass units out on the neutron rich side, e.g. to 43K, 47Sc, or 59Fe.

In principle, equilibrium nucleosynthesis is expected to be relatively independent of
detailed nuclear reaction rates. However, as temperatures are dropping during nucleosynth-
esis, equilibrium breaks up into an increasing number of equilibrium clusters connected
through slow reactions that are critical for determining the final nucleosynthesis outcome. The
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important reactions for the synthesis of isotopes of interest have been identified in sensitivity
studies [825, 827–829] and include a large number of α, p, and n induced reactions on stable
and radioactive targets up to Ni. It will be feasible at FRIB to produce reaccelerated beam for
many of the radioactive cases of interest, as the relevant nucleosynthesis temperatures are
relatively high (typically 1–3 GK but in some cases reaching up to 5–6 GK) resulting in
relatively larger cross sections, and as the target nuclei are relatively close to stability
facilitating beam production. Proton and α-induced reactions could then be readily measured
directly with the SECAR recoil separator, the JENSA gas jet target, the AT-TPC active target
time projection chamber, or the MUSIC multi-sampling ionization chamber detector (see
discussion of experimental set-ups in section 3).

For (n, p) and (n, α) reactions, probing the reverse reaction may provide valuable
constraints. It will be important to carry out a parallel effort at stable beam and neutron beam
facilities to determine or constrain the reactions on stable targets. Only a comprehensive
program will ultimately advance our understanding of supernova physics and the origin of the
elements.

8.3.2. FRIB experiments addressing the p process. The p process is a classical
nucleosynthesis process defined as being responsible for the synthesis of the rare neutron
deficient stable isotopes between 74Se and 196Hg that cannot be produced by neutron capture
processes, the so called p-nuclei. Nowadays a γ process is thought to be responsible for the
synthesis of the p-nuclei [830]. In the γ process an initial distribution of heavy seed nuclei, for
example produced by a previous s process in a previous generation of stars, is exposed to
sudden heating that induces (γ, n) photodisintegration reactions that drive the composition to
neutron deficient unstable isotopes. The composition is further modified by subsequent (γ, p)
and (γ, α) reactions, as well as the inverse capture reactions capturing the released particles.
Proposed sites are the explosive O/Ne burning in core collapse supernovae, or the outer
layers of thermonuclear supernovae.

A long-standing challenge has been the synthesis of the p-nuclei 92,94Mo and 96,98Ru that
are particularly abundant in the solar system, and cannot be produced with sufficient
abundance in standard γ-process scenarios. Accurate nuclear physics is needed to test various
proposed model solutions to this puzzle, and to ultimately use p-process nucleosynthesis to
probe the physics of core collapse supernova shock fronts, the physics of thermonuclear
supernovae, and the physics of the supernova progenitor stars that potentially impacted the
distribution of heavy seed nuclei for the γ process. The most important reactions have been
identified in sensitivity studies [831–833] and include a mixture of reactions on stable and
unstable neutron deficient nuclei in the A= 71 to A= 196 mass range. While the reactions on
stable nuclei have been measured in many cases, information on the reactions on unstable
nuclei is extremely limited, with first limited experiments only being performed very recently
[834]. There is an opportunity to address this lack of data at FRIB. In particular the important
branchings between (γ, n) and (γ, p) or (γ, α) are mostly located a few mass units away from
stability and can be probed by measuring directly the inverse (p, γ) and (α, γ) reactions. As
level densities tend to be high, important information can already be obtained with limited
early FRIB beam intensities by measuring excitation functions at the upper end or above the
Gamow-window. Such measurements can already provide constraints for statistical model
inputs, especially the relatively uncertain α-optical potential. Experiments can be carried out
using gamma detection arrays such as SuN [835], which can be combined with SECAR for
increased sensitivity.
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8.3.3. FRIB experiments addressing the νp rocess. Neutrino-driven outflows as part of core-
collapse supernova ejecta have long been discussed as site for heavy element nucleosynthesis,
especially for the r process. There has been a tremendous progress in simulations of core-
collapse supernovae allowing for fully self-consistent three-dimensional explosions. These
calculations seem to indicate that strong neutrino fluxes irradiating the innermost supernova
ejecta drive the composition mostly to proton-rich conditions, though small pockets of
neutron rich regions may still produce a weak r process. Under such proton-rich conditions
the νp process is expected to operate. It is a sequence of proton captures and (n, p) reactions
producing neutron-deficient nuclei like 92,94Mo and 96,98Ru. Proton capture reactions operate
closer to the stability than for the rp process and may be more amenable to a statistical
treatment. (n, p) reactions are particularly important and several key reactions have been
identified [836]. (n, p) reactions on unstable targets can be constrained at FRIB by directly
measuring the inverse (p, n) reaction in inverse kinematics by using reaccelerated beams with
for example the SECAR recoil separator in conjunction with a neutron detection array. Proton
capture rates on unstable nuclei can be measured using the same techniques discussed for the
p process.

8.3.4. FRIB experiments addressing the rp process in x-ray bursts. X-ray bursts are
thermonuclear explosions on the surface of neutron stars that accrete matter from a binary
companion. In systems where the accreted material is hydrogen rich, and where the CNO
cycle does not burn all the hydrogen prior to the ignition of the burst, bursts are powered by
the rapid proton capture process (rp process). The rp process synthesizes heavy elements up
to A ≈ 110 via a proton captures and beta-decays proceeding on the proton rich side of the
valley of stability [837–839]. The possible contribution of the rp-process to galactic
nucleosynthesis is an open question. While models predict the ejection of some material
during a burst [840, 841] the historical frequency of events is likely insufficient for a
significant contribution. However, accurate predictions of the nucleosynthesis are needed to
predict possible spectral signatures of the ejected material that could be searched for with
future x-ray observatories, and to predict the composition of the neutron star crust that is
determined by the majority of burst ashes that remains on the neutron star [842]. The latter is
essential for modeling crust processes and neutron star cooling observables in transiently
accreting systems (section 8.4).

Furthermore, due to the slow beta-decays in the reaction sequence, the rp process is
relatively slow and significantly extends and shapes the burst light curve. With accurate
nuclear physics, burst light curve observations in systems with stable bursting behavior,
where multiple bursts can be averaged to obtain a precise light curve, can be compared with
models to extract the surface red shift, which provides a constraint on the mass-radius
relationship of the neutron star and the nuclear equation of state [843].

The important nuclear reactions that affect observables in x-ray bursts have been
identified in sensitivity studies [843, 844] and involve mostly unstable, neutron deficient
target nuclei. In the vast majority of cases, reaction rates have not been measured directly.
With reaccelerated beams at FRIB direct measurements of (p, γ) reactions will be possible
with the SECAR recoil separator once beam intensities reach 106 pps or more. (α, p) reactions
can already be probed at somewhat lower beam intensities using either the JENSA gas jet
target [845], the AT-TPC active target time projection chamber [846], or the MUSIC multi-
sampling ionization chamber [847]. As many of the important reactions are relatively far from
stability, level densities are low and reaction rates tend to be dominated by single, isolated,
narrow resonances. In these cases, indirect experimental approaches can already dramatically
reduce reaction rate uncertainties. These include beta-delayed particle emission, for example
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with the GADGET active target system [848], and (d, n) transfer reactions using the
GRETINA gamma detection array with the LENDA neutron-detection array [849]. Both
techniques are particularly well suited for early FRIB experiments, the former because of the
relatively low beam intensity requirements, and the latter due to the fact that the experiments
can be performed with fast beams avoiding the beam losses from stopping and reaccelerating.
(d, n) transfer reactions can also be measured with the SOLARIS spectrometer taking
advantage of reaccelerated beams from ReA6 for measurements at lower energies. The future
ISLA spectrometer will also open up opportunities for such indirect reaction measurements.

8.4. Accreted neutron star crusts

Transiently accreting neutron stars offer an observational window into the physics of the
neutron star crust [842]. During an accreting outburst, the crust is heated by various types of
thermonuclear x-ray bursts on the surface, as well as by nuclear reactions throughout the outer
and inner crust, induced by the continuously increasing local pressure due to the ongoing
accretion. During the subsequent quiescent phase that can last in quasi persistent transients for
years, the cooling of the crust can be observed through repeated x-ray observations of the
decreasing surface temperature. Such cooling curves provide insights into the structure of the
crust, neutron superfluidity, nuclear pasta, and the nature of the neutron star core. The nuclear
reactions may also induce density jumps that may lead to gravitational wave emission as the
neutron star is rapidly spinning [850]. Interpretation of these observables requires accurate
nuclear physics of nuclei up to mass 110 from stability to the neutron drip line. While the
majority of these nuclei are expected to be within reach at FRIB in the future (including the
FRIB400 upgrade), early experiments can already extend the boundary of known masses,
electron captures, and beta-decay transition strengths of importance for heating and cooling of
the crust through neutrino losses. The FDSi FRIB decay station initiator will be able to
measure ground state to ground state beta-decay transition strengths by measuring beta-
delayed neutrons and gamma rays via the MTAS or SuN total absorption spectrometers [178].
LEBIT Penning trap mass measurements and time-of-flight mass measurements can extend
knowledge of the mass surface significantly, including the critical 40Mg region. New machine
learning techniques, for example using Bayesian mass model averaging, are being developed
to extend the impact of new measurements to short distance extrapolations [230, 851].

Charge exchange measurements on neutron rich nuclei in the EC/β+ direction provide
unique experimental information on the Gamow–Teller strength in this direction [149].
Experiments can be carried out on selected nuclei that can be used to evaluate theoretical
models that are be used for the entire ranges of nuclei required for astrophysical modeling.
Collaboration with theory is needed to help choose the optimal targets. The (d, 2He) reaction
in inverse kinematics with the AT-TPC active target time projection chamber has recently
been developed as a tool [162].

9. Fundamental symmetries

Despite its great success, the Standard Model (SM) of particle physics falls short to explain
many important observed phenomena in cosmology, such as dark energy, dark matter, the
baryon asymmetry of the Universe and the neutrino mass, which calls for the search of
physics beyond the Standard Model (BSM). The test of various fundamental symmetries of
the SM, such as C, P, T-symmetry, lepton and baryon number conservation, existence of
Lorentz-invariant currents beyond the ‘vector minus axial’ (V − A) structure and the flavor-
universality in weak interactions, constitutes a major component in the search of BSM
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physics at the ‘precision frontier’, with the hope to unveil small differences between exper-
imental results and SM predictions. Famous examples of such experiments include neu-
trinoless double beta decay (0νββ), searches for permanent electric dipole moments (EDMs),
parity-violating electron scattering (PVES), muon g − 2, and precision beta decays. Their
importance is well articulated, for example, in the ‘Fundamental Symmetries, Neutrons, and
Neutrinos’ (FSNN) whitepaper for the 2023 Nuclear Science Advisory Committee (NSAC)
long range plan [852].

Many such experiments are carried out in hadron/nuclear systems. Apart from require-
ments of experimental precision, a proper understanding of the relevant hadronic or nuclear
physics is necessary to (1) disentangle the SM background from possible BSM signals, and
(2) properly translate the experimental bounds to constraints on BSM parameters. This is
extremely challenging due to the large QCD uncertainties. Fortunately, the rapid development
of lattice QCD, effective field theory and nuclear Ab initio methods in recent years have made
first-principles calculations with fully-controlled theory uncertainties possible. At the same
time, a data-driven analysis based on dispersion relations allows us to relate the required
hadron/nuclear theory inputs to experimental observables. In this section we discuss exam-
ples of such developments in both theory and experiment that lead to new breakthroughs at
the precision frontier and open new research opportunities relevant to FRIB.

9.1. Nuclear beta decays and CKM unitarity

Low-energy processes mediated by the charged-current weak interaction provide promising
ways to test the SM and search for new physics. Within the SM, the strength of the charged
current reactions is determined by elements of the Cabibbo–Kobayashi–Maskawa (CKM)
matrix [853, 854]. Decays of pions, neutrons, nuclei, kaons, taus, and hyperons allow one to
determine two CKM matrix elements, namely, Vud and Vus, respectively. The SM predicts that
these parameters respect the so-called unitarity relation, |Vud|

2 + |Vus|
2 + |Vub|

2 = 1, where
Vub is so small that it can be neglected at the current level of precision. In recent years, there
has been a resurgence of interest in the precise determination of these matrix elements due to
the emergence of a number of intriguing tensions at the 3σ level. Mutually-inconsistent results
are observed in the determination of Vud from neutron and nuclear beta decays, and Vus from
leptonic and semileptonic kaon decays, and a global fitting also suggests a ∼3σ deficit in the
unitarity relation (see figure 12) known as the ‘Cabibbo-angle anomaly’, which provides a
tantalizing hint for the existence of BSM physics (see, e.g. [855] and references therein).

For a precise determination of Vud useful to test the unitarity relation, a 0.01% precision is
needed for both experiment and theory for nuclear beta decays. We will discuss how FRIB
can play an important role, to provide both the direct experimental inputs (such as the decay
half-lives), and the indirect ones necessary to narrow down the SM theory errors.

9.1.1. Tree-level nuclear structure effects and relations to nuclear charge radii. Superallowed
0+ → 0+ beta decays of T= 1 nuclei provide currently the best determination of Vud because
it is a pure Fermi transition of which theory uncertainties are under better control [855]. The
direct experimental measurables are the so-called ft-values, where t is the partial half-life and f
is the statistical rate function that depends on QEC, the mass difference between the initial and
final atomic nuclei.

An important tree-level nuclear matrix element in the superallowed nuclear beta decay is
the weak transition form factor. At zero momentum transfer, it gives the well-known Fermi
matrix element MF; at finite momentum transfer it probes the actual distribution of the active
nucleons eligible for charged weak transitions, which we denote as ρcw. Both quantities are
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crucial in the precise determination of the beta decay rate, but both are plagued with nuclear
theory uncertainties. First, for superallowed beta decays, we have M M 2F F

0 = in the
isospin limit; but isospin-symmetry-breaking (ISB) interactions, predominantly the Coulomb
repulsion between protons, introduces a correction ( ) ( )M M 1F

2
F
0 2

Cd= - . In the past 6
decades [856] the quantity δC was computed in various nuclear models, but the results show
no sign of convergence (see, e.g. [857] and references therein). Second, the charged weak
distribution ρcw enters the statistical rate function f which, in many existing reviews, was
assumed to be very precisely determined. However, the current understanding of this
distribution is based on traditional shell model calculations [858], of which theory
uncertainties are not properly quantified.

Recent studies show that these quantities can be obtained, in a largely model-independent
way, from experimental measurements of nuclear charge distributions which can be
performed at, say, the BECOLA facility at FRIB (see, e.g. section 3.2). First, for superallowed
beta decays of T= 1 nuclei, isospin symmetry relates ρcw to the charge distributions of the
nuclei within the same isotriplet [859]; the latter can be inferred from the nuclear charge radii.
At the same time, the isospin-mixing effects that generate δC are the same as those inducing
ISB corrections to nuclear charge radii, so by precise measurements of the latter one can also
probe the relevant nuclear matrix elements responsible for δC [860, 861]. Examples of
isotopes whose radii are relevant inputs and accessible at FRIB are 14O, 26Si, 42Ti and 50Fe.

9.1.2. Radiative corrections and Ab initio calculations. To extract Vud from the measured
Fermi superallowed nuclear beta decay ft values, one needs to apply two nuclear structure
dependent corrections. The first is the ISB correction δC discussed in the previous subsection,
and the second is the δNS correction that corresponds to the modification of the single-nucleon
axial γW-box diagram (see figure 13) due to nuclear structure effects. These corrections are

Figure 12. The CKM matrix elements Vud and Vus measured from different charged
weak decay processes: Superallowed nuclear beta decays (0+ → 0+), neutron beta
decay, semiletonic kaon decay (Kℓ3) and leptonic kaon/pion decays (Kμ2/πμ2). Figure
reproduced from [855] with permission. Reproduced from [855]. CC BY 4.0.
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known with a rather large uncertainty especially the latter one. In fact, the current uncertainty
in Vud extracted from Fermi transitions is dominated by theory.

With advances in Ab initio nuclear theory, it now becomes feasible to calculate these
corrections from first principles and with a quantifiable theoretical error. For the p- and light
sd-shell nuclei, the quasi-exact NCSM [29] and its extension the NCSM with continuum
(NCSMC) [49, 425, 862] methods are applicable. Chiral two- and three-nucleon interactions
serve as the input for these calculations.

The NCSM was applied to calculate the δC correction for the 10C → 10B Fermi transition
in the past [863]. It was found that this correction is very slowly converging with the size of
the NCSM harmonic-oscillator (HO) basis due to the sensitivity of the correction to nuclear
radii and to the admixture of the 1-particle-1-hole states in the 0+ ground- and the isospin
analog final states by the Coulomb interaction. These issues should be resolved within the
NCSMC that describes both bound and unbound states in atomic nuclei in a unified way and
provides proper wave function tails for the bound states. By applying the recently developed
formalism for calculating beta decay transitions within the NCSMC [391], the δC correction
for the 10C → 10B Fermi transition are in progress.

The formalism for the calculation of the nuclear structure correction δNS has been
developed in [864]. On the nuclear many-body side, one needs to evaluate matrix elements of
operators consisting of a sequence of an energy-dependent and momentum-transfer-
dependent electroweak current, the many-body nuclear propagator (Green’s function), and
an electroweak current again (see the diagrams in figure 13) between the initial and final
states, e.g. the 0+ ground state of 10C and the final JP(T) = 0+(1) excited state of 10B. The
computation of the many-body Green’s function poses a challenge as it in principle involves
the summation of an infinite number of intermediate eigenstates. However, it turns out that the
calculation of the Green’s function can be facilitated by the application of the continued
fraction Lanczos algorithm [865, 866] that has been implemented and applied within the
NCSM formalism before, e.g. for calculations of anapole and electric dipole moments
[867, 868]. Ongoing δNS calculations suggest that the convergence with the NCSM basis size
is satisfactory, unlike in the δC case, and there is no need to apply the much more involved
NCSMC approach. Still, the δNS calculations are quite challenging due to the momentum and

Figure 13. Diagrammatic description of the γW-box, with top and bottom
corresponding to time-reversed processes.
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energy transfer dependence of the electroweak operators, and integrations involving poles and
residua. The first complete Ab initio calculation [869] agrees well with phenomenological
calculations used so far in the Vud evaluations [870], but with a significantly-reduced theory
uncertainty which indicates the power of the new methodology.

While we presently focus on calculations for the 10C → 10B Fermi decay, the NCSM and
NCSMC formalism would be immediately applicable to the 14O→ 14N decay, and with some
development to the 18Ne→ 18F and 22Mg→ 22Na decays as well. Beyond contributing to Vud

extraction, studying the 10C → 10B itself is already quite interesting as it provides the most
stringent bounds on scalar currents, and any deviation from the SM expectation would be
strongly indicative of new physics.

With the Ab initio results for the nuclear structure corrections within reach, we call for
new measurements of the 10C → 10B Fermi decay to reduce the experimental uncertainties in
particular of the beta decay branching ratio.

9.2. Tensor and scalar currents in electroweak interaction

The ‘vector-minus-axial vector’ (V − A) structure of the charged-current electroweak inter-
action in SM has been established thanks to detailed measurements of angular correlations in
nuclear beta decay. In addition to the tests of CKM unitarity, beta decay efforts are at the front
line in searches for evidence of additional Lorentz-invariant scalar (S) and tensor (T) inter-
actions that arise in SM extensions. In the recent years, experimental developments coupled
with state-of-the-art nuclear-theory calculations have resulted in a new generation of beta
decay studies that continue to achieve unprecedented precision (see [852] for a more com-
prehensive review). In particular, atom-traps and ion-traps have been used to accumulate and
suspend samples of beta-decaying isotopes in vacuum, allowing for the measurements of the
low-energy nuclear recoils, from which the neutrino momentum can be deduced. Experiments
have reached increasingly precise results for the beta-neutrino angular correlations in 8Li
[871, 872] and 8B [873–875]. Atom traps have been used to determine this correlation in 6He
[876] and to polarize 37K atoms to measure the beta asymmetry [877, 878]. These experi-
ments have achieved very high precision (∼0.3%), placing stringent limits on the possible
existence of tensor interactions and right-handed currents. There are well-defined paths to
further improve this precision. In particular, with the help of Ab initio calculations of beta
decay observables, several independent studies have provided precision input for the inter-
pretation of beta decays in 6He [879, 880] and 8Li [282], which greatly improves the previous
state-of-the-art results.

9.3. Two-body axial vector currents

Unlike the vector current, the weak axial current is not conserved in strong interactions,
leading to non-negligible two-body currents which play a significant role in the quenching of
GT decay rates [276, 881, 882]. An appealing feature of chiral effective field theory is that it
provides a framework for systematically constructing electroweak currents which are con-
sistent with the nuclear force.

While this is a SM process, it also factors into searches for new physics. For example, it
has been an open question for decades whether the GT component of the 0νββ transition
operator should use a quenched axial coupling constant gA [883]. The same axial current
enters into the calculation of structure factors for direct detection of dark matter under the
weakly interacting massive particle (WIMP) hypothesis [884, 885], and the γW-box cor-
rection for superallowed Fermi decays [886] (see section 9.1.2).
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It is therefore of great interest to validate chiral EFT’s systematic approach to the weak
axial current. Arguably, the cleanest test of the approach is not the few-nucleon system, but
100Sn. This is because the presence of many particles enhances the effect of two-body currents
to ∼30% compared with the ∼2% effect seen in the decay of 3H [887, 888]. In addition, the
doubly-magic nature of 100Sn leads to the transition being dominated by a single config-
uration, so that the many-body calculation does not need to handle fine cancellations among
equal-sized terms.

Currently, a significant limiting factor in utilizing the decay of 100Sn is the large exper-
imental uncertainty, as illustrated in figure 14, from [889]. Another measurement with similar
precision to the RIKEN result would help clarify the situation.

9.4. Heavy element isotopes for tests of P and T violation

One of the major outstanding puzzles in physics is the predominance of matter over antimatter
in the Universe. Explaining this asymmetry requires, among other things, violation of sym-
metry under CP, equivalent to T violation. While the Standard Model does contain sources of
CP violation, these are insufficient to explain the observed baryon density, indicating the need
for new physics beyond the Standard Model. Many new physics scenarios would manifest as
a permanent EDM of the electron, nucleons, or nuclei [890], which can be searched for
experimentally with very high precision. An especially promising system for searching for
EDMs is in nuclei with static octupole deformation, which leads to parity doubling and
consequentially a dramatically enhanced EDM. Recently it has been proposed that further
significant enhancement in sensitivity could be obtained with radioactive molecules [290].
Consequently, the light actinides and especially Ra and Rn have attracted a lot of interest in
recent years because their odd-A isotopes could be octupole deformed [288, 891–898].

Figure 14. Reduced GT transition probability B(GT) for the decay of 100Sn. The points
labeled GSI-1, GSI-2 and RIKEN are experimental, while the other points are theory.
Note that the ESPM point has been multiplied by a quenching factor 0.752. Taken from
[889]. Reprinted (figure) with permission from [889], Copyright (2019) by the
American Physical Society.
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A recent collaboration between FRIB, Harvard, and MIT has been formed to develop an
experimental apparatus for searches for CP violation with radium-containing molecules, such
as RaF and RaOH. Precision measurements of these systems are expected to provide insights
into the P, T-violating nuclear Schiff moment of 225Ra. Nuclear theory will play an essential
role in connecting Schiff moment measurements with the underlying sources of CP violation.

Recent Coulomb-excitation (CoulEx) experiments established that 222−226Ra are very
likely statically octupole deformed in their ground states, while the even–even Rn isotopes are
not [899–901]. Direct measurements of the relevant experimental observables in the odd-A
isotopes which would be used in EDM searches are still missing, leading to large theoretical
uncertainties for the expected enhancement [902]. These properties can be measured with
laser spectroscopy on ions and molecules, with an early focus on thorium isotopes. FRIB has
developed 232Th+, 232ThO+ and 232ThF+ beams from the offline BMIS, which will be used
for preparatory studies for experiments on short-lived Th isotopes.

In addition to ground-state properties, sub-barrier Coulomb excitation with secondary
beams of these odd-A isotopes will become possible at FRIB. Especially the expected beam
rate for 229Pa at 20 kW power [903] would make such an experiment possible once the
secondary beam is developed and GRETA [174] is available at ReA. 229Pa could possibly
have the closest-lying parity doublet [904], though the experimental situation is still unclear
[905]. Anticipated early-FRIB beam rates for 225Ra are not sufficient to perform detailed γ-
ray spectroscopy experiments after Coulomb excitation for which typically 105 particles per
second (pps) are needed. CoulEx experiments could also test the predicted enhancement of
the ( )B E3; 3 01 1- + strength in U and Th isotopes with mass A ≈ 224–228 [293, 906],
which might prove even more octupole collective than 222−226Ra. Once the secondary beams
are developed, these experiments would already be possible at 20 kW power. Either GRETA
[907] with a Silicon detector array or CHICO2 [908] for particle detection, or the JANUS
setup [189] could be used at ReA.

The results from these experiments together with nuclear models for pear-like nuclei will be
essential for the extraction of new physics. Understanding the nuclear structure of these elements
is also important to benchmark theories to extend studies to even heavier elements [909, 910].

Molecules can serve as highly sensitive probes for measuring hadronic P-violation,
offering enhancements of over eleven orders of magnitude compared to atomic experiments
[911]. Recent developments in the field are expected to be implemented at FRIB in the
coming decade [912]. Advances in nuclear theory will be crucial for linking future precision
studies of electroweak nuclear properties, such as anapole moments [867], with tests of the
SM and constraints on new physics.

10. Experimental design and uncertainty quantification

All the topics we have explored cover immense ground in nuclear physics and closely related
areas. We now close with a discussion on the role that scientific computing and computational
statistics will play in tying everything together to foster the experiment-theory cycle for FRIB
science. This cycle is represented schematically in figure 15.

Previous work on experimental design within nuclear physics has usually focused on devel-
oping a cost function to be optimized with respect to experimental choices, including the target
selection. These approaches have tackled, for example, the selection of momentum transfer
measurements for parity violating electron scattering experiments [913, 914], the optimization of
the angle and energy settings in proton Compton scattering [915], and the selection isotopes
candidates for mass measurements at FRIB [916]. The specific nuclear physics domain, as well as
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the details of the different experimental setup vary in a wide spectrum across these and other
similar efforts, but in all of them a constant unifying theme is the focus on uncertainties, both from
experimental and theoretical origin. Bayesian statistics provides an ideal probabilistic framework
to draw conclusions from data in the context of these uncertainties. One main pillar of this
framework lies in the explicit and clear statements of all assumptions about the various sources of
uncertainties and their interactions. By making these assumptions transparent, the framework
naturally lends itself to constant evaluation and refinement of the constructed statistical model. A
second, equally important, pillar of Bayesian statistics resides in the philosophy of iteratively
updating knowledge using new data. This iterative approach integrates expert knowledge and
previous relevant data with new observations to refine our understanding as new information
becomes available. This process is defined through Bayes’ theorem [105, 917]:

( ∣ ) ( ∣ ) ( )
( )

( )D
D

D
P

P P

P
. 8a

a a
=

The posterior distribution P(α|D) contains the new information on the model parameters α, or
anything else we are interested in, conditional on the new data D. The model could be any of the
theoretical frameworks described before, for example DFT [918] or optical potentials [581], or
even data-driven approaches such as neural networks [919], Gaussian processes [920], or
dynamic mode decomposition [921]. The model parameters α could be those describing
interaction strengths or nuclear potential sizes, for example, or hyperparameters controlling the
data-driven model. The posterior distribution is built by the combination of the likelihood P(D|α),
which characterizes the process in which the observed data D could correspond to a given
parameter configuration α, together with the prior P(α), which contains all the previous
information, as well as expert knowledge, on the model parameters α. The evidence P(D) serves
to quantify how well the current overall framework, combining both the theoretical physical
model and the statistical description of the uncertainties, accounts for the data D. See figure 17
below as an example of a 2D representation of a Bayesian posterior distribution for the parameters
of a relativistic mean field model [922].

Figure 15. Schematic representation of the theory-experiment cycle in nuclear physics,
enabled by Bayesian statistics and advanced scientific computing methods (Adapted
from ‘Colloquium: Machine learning in nuclear physics (2022)’ [83]). Reprinted
(figure) with permission from [83], Copyright (2022) by the American Physical
Society.
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The process of constructing an adequate prior and likelihood form for a given situation can
be a non-trivial statistical task, while the actual exploration and evaluation of the posterior
distribution can be computationally challenging. The theory community has recognized
[925, 926] and supported a wide spectrum of efforts in these directions, including recurring
meetings and workshops such as the Information and Statistics in Nuclear Experiment and
Theory series [927], the TALENT school on ‘Learning from Data: Bayesian Methods and
Machine Learning’ [928], and the FRIB-TA Summer School 2023 on Uncertainty Quanti-
fication and Emulator Development [929], the creation of collaborations focused on Bayesian
methods such as BAND [930] and BUQEYE [931] and computational advancements such as
NUCLEI [932], as well as explicit descriptions on the importance of these methods in the
2023 Long Range Plan for Nuclear Science [933]. Figure 16 illustrates the efforts pursued by
the BAND collaboration to create useful software for the community in various aspects
directly related to this section’s discussion.

The calibration and quantification of uncertainties of theoretical models through
equation (8) is often done by Markov Chain Monte Carlo methods [917], requiring hundreds,
thousands, or even millions of evaluations of the model itself. To mitigate the computational
burden that such task entails, a great effort has been done in recent years to develop and
implement emulators [918, 922, 934–965], which are algorithms or models that can mimic
full theory calculations at a much faster pace with a negligible loss in accuracy. This is
usually achieved by either finding and exploiting low-dimensional latent structures to build a
reduced order model [922], or by finding alternative maps between inputs and outputs
through universal approximants such as Gaussian processes [918] or neural networks [582].
The construction of these emulators requires an appreciable computational cost up-front, but
once deployed they allow nuclear theory to reach new calculational frontiers, with the
inclusion of uncertainties.

Figure 16. Flowchart of the various tools that are part of the BAND framework [923]
(Reproduced from ‘Get on the BAND Wagon: a Bayesian framework for quantifying
model uncertainties in nuclear dynamics’ [105]). Reproduced from [105]. © IOP
Publishing Ltd. All rights reserved.
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It is worth noting that these ideas and techniques are not unique to nuclear physics, and
recent decades have seen tremendous developments across many other science disciplines and
engineering [966–968], especially with the rise and rapid development of machine learning
[83, 921]. Even outside of the context of model calibration, surrogate models or emulators
provide a more efficient way to perform large scale systematic studies or for exploring
previously calibrated models for more expensive computational workloads [584]. They can
also be used to access, via extrapolations, new computations that are otherwise infeasible.
Some examples include computing the properties of quantum systems with Monte Carlo sign
problems using parameter extrapolation [935] and the properties of quantum states for dif-
ferent finite spatial volumes [948] and as functions of energy in the complex plane [58] (see
section 6.1). Alternatively, some of these methods can be used to directly create data-driven
physical models [921, 969–971], giving access to new paths for capitalizing on the available
data through the power of machine learning. Further investments in developing and adapting
these technologies for nuclear physics will be crucial in the immediate theory-experiment
cycle, especially if they can also benefit the actual experimental data acquisition and control
(see for example [972] and [973]). Of particular importance will be the creation of user-
focused open software tailored to the nuclear physics community as well as education and
training activities [929, 942, 958–960].

Once various theoretical models have been calibrated and their uncertainties have been
quantified, whenever possible, methods such as Bayesian Model Averaging [974] and
Bayesian Model Mixing [975] can help combine their predictions into a more precise and
reliable overarching model within the Bayesian framework (see [105] for a detailed expla-
nation of both methods within a nuclear physics context). These approaches compute the
uncertainties associated with averaging or mixing models and help in identifying measured
observables that are challenging to be reproduced by the collective of models (see, e.g. [245]).
This helps to focus future community-wide experimental and theoretical efforts for resolving
the discrepancies. In the absence of measured data to compare with, such approaches can help
in identifying regions of interest for targeting future experiments where the variability of the
collective wisdom of models is maximal [230]. Model extrapolations to uncharted territory is
often aided by other machine learning and statistical tools [581, 919, 920, 976, 977]. Similar
to the development of emulators, Bayesian model averaging and mixing methods have
received increasing attention by the nuclear physics community in recent years
[43, 230, 245, 401, 978–984], as well as the creation of user-focused software [985, 986].

As new experimental data becomes available, the calibration and uncertainty quantification
of models should be updated as quickly as possible. Without a swift update process, the
combined theoretical knowledge will lag behind and will not be able to efficiently contribute
to the theory-experiment cycle, leading to sub-optimal decisions and reducing the impact of
new experimental campaigns. To address this issue, recent efforts have started for the con-
struction of pipelines for the continuous calibration of theoretical models, exploiting modern
machine learning tools for the sampling and storing of posterior distributions [924], as well as
leveraging cloud computing infrastructures for the calculation, storage, and distribution, of
data [196, 987]. Figure 17 shows the Bayesian posterior parameter distribution from the
calibration of a relativistic mean field model [922] learned through the normalizing flow-
neural network framework described in [924]. Once the neural network is trained, it can be
shared, deployed, and sampled from easily. Once new data becomes available, it can be used
as a prior starting point for creating a new posterior, truly embracing the Bayesian philosophy
of continuously updating knowledge.

The construction of an online central resource for the storage and continuous update of
these theoretical model calibrations and predictions, as well as other resources and tools such
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as the developed model emulators and updated experimental conditions, will play a critical
role in community efforts. Facilitating interconnection through workshops and easy-to-use
platforms [988], embracing the open source philosophy and leveraging cloud computing
infrastructures, will help lower the entry barrier for researchers across a wide institutional
spectrum, scientific backgrounds, and career stages. This allows many people to add their
efforts to the task of sustaining an efficient and effective theory-experiment cycle in FRIB
science. These efforts will help to broaden participation in the scientific community in this
new era of discovery.

11. Summary

During the last decades, the nuclear theory community sketched a rough road map for a
predictive theory of nuclei. Today, low-energy nuclear theory research has substantially
matured due to new information on exotic nuclei from exotic beam facilities, novel theoretical
methods resulting in quantified predictions, and high-performance computing speeding up the
experiment-theory cycle. The important challenge for the field is to bridge different many-

Figure 17. Comparison between the samples obtained by Markov Chain Monte Carlo
(black) and Normalizing Flows (red) for the relativistic mean field Bayesian calibration
obtained in [922]. The theoretical model has a total of 8 parameters that were calibrated
to the masses and charge radii of 10 nuclei. The normalizing flow samples reproduce all
the features of the corner plot of the original data, overlapping well enough to make it
hard to distinguish between them. (Reproduced from [924]). Reproduced from [924].
CC BY 4.0.
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body approaches, describing the nucleus at different resolution scales, in the regions of the
nuclear landscape where they overlap.

A goal of research at FRIB is to understand the properties of nuclei by identifying the
relevant degrees of freedom, and by connecting these properties to the underlying interaction
between nucleons. The relevant degrees of freedom can be collective modes like clustering,
superfluidity, vibrations and deformation; they can be related to a set of active nucleon
orbitals defined by shell gaps; or they may be related to the proximity of the particle con-
tinuum near the driplines. The main new information provided by FRIB will relate to how
these features are intertwined and modified in nuclei near the fringes of the nuclear chart, and
how these various degrees of freedom interplay with the continuum. In section 4, we used
several specific regions of nuclei of importance for the evolution of nuclear structure to
illustrate how neutron clustering may impact nuclear properties in 28O, the interplay of
quadrupole correlations and the neutron continuum in the region around 42Si, the impact of
pairing in the continuum on the neutron-rich end of the Ca isotopic chain, shell evolution
leading to a 5th island of inversion around 78Ni, and the proximity of self-conjugate, doubly-
magic 100Sn near the proton dripline. While these are specific examples, it is clear that the
very concepts and interplays outlined there will repeat as new territory becomes available on
the nuclear chart during FRIB’s capabiliy ramp-up. Then we singled out aspects of collective
degrees of freedom, isospin symmetry, the spin-isospin response of nuclei, and pairing
effects.

Near-threshold physics is poised to play an important role in the FRIB scientific program,
first and foremost in the exploration of the drip lines, but also in understanding the structure of
low-lying resonances of astrophysical interest involving, for instance, clustering. In addition,
near-threshold physics strongly impacts properties of many light nuclei, which remain the
ideal testing ground for nuclear forces using quasi-exact Ab initio approaches.

Several priorities related to near-threshold physics were identified to advance the FRIB
scientific mission. One of the main challenges that both theorists and experimentalists will
have to face in the exploration of the drip lines is the existence of interplays between standard
emergent phenomena such as deformation, clustering, pairing, or collective motion, and near-
threshold phenomena. In that regard, and considering FRIB technical capabilities, the region
around the N= 20 island of inversion near the neutron drip line, where deformation is known
to emerge, presents a unique opportunity. Specifically, the study of p-wave halo states in this
region, in which p waves are intruder states, could provide valuable insight on how weak-
binding affects deformation and rotational motion. Similarly, neutron-rich fluorine isotopes
recently appeared as an ideal place to study the effect of the intrusion of a low-lying unbound
p wave on nuclear structure in this region. Obtaining a detailed spectroscopy of 28−31F should
be prioritized as well as it may provide important clues as to how far the drip line extends up
to N= 28. At N= 28, the isotope 40Mg, which may or may not have a two-neutron halo
ground state, continues to elude our current understanding of the region. Beta-decay studies in
this region should be prioritized as well. All these studies will provide stringent tests for
nuclear models and help in understanding interplays involving near-threshold phenomena. At
a theory level, continuum couplings need to be better accounted for both in effective and
Ab initio approaches to deal with multi-nucleon resonances and clustered states.

In a broader context, the FRIB scientific program should also seize opportunities to study
exotic phenomena such as two-proton decay or near-threshold clustering, which provide
unique windows on nuclear correlations and few-body dynamics in nuclei. Finally, while not
the primary focus of FRIB, light nuclei must continue to be studied both theoretically and
experimentally to improve the quality of first-principle calculations in regions of interest of
FRIB and provides insight into complex near-threshold emergent phenomena.
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FRIB will bring unprecedented opportunities for exploring bulk behavior of nuclear
matter, including carrying out comprehensive studies of the nuclear matter EOS and its
dependence on both density and isospin content. Experimental campaigns centered on con-
straining the EOS will lead to a better understanding of properties of heavy nuclei as well as
elucidate the evolution and composition of astronomical objects characterized by extreme
densities (such as supernovae, neutron stars, and merging binary neutron star systems) and
provide robust constraints for Ab initio nuclear theory. At and below the saturation density of
symmetric nuclear matter, experimental opportunities to probe the effects of isospin on the
EOS include measurements of giant monopole resonances, electric dipole polarizabilities, and
scattering data for proton- and neutron-rich nuclei. Both well below and well above the
saturation density, relativistic collisions of heavy nuclei (also referred to as central heavy-ion
reactions) provide unparalleled opportunities to constrain the isospin-dependence of the EOS.
Importantly, extraction of the EOS from measurements relies on comparisons of experimental
data to model predictions. A particular challenge in constraining the isospin dependence of
the EOS with experimental measurements lies in the fact that, compared to, e.g. neutron stars,
the isospin excess in experimentally-available nuclei is relatively small and the effects due to
isospin are subtle. Here, FRIB’s unique capability to provide high-statistics beams of proton-
and neutron-rich heavy nuclei will push the boundaries of accessible values of the isospin
imbalance as well as lead to exceptional experimental precision. The proposed FRIB400
upgrade will further dramatically increase the yields of nuclei with large isospin asymmetry,
allowing for measuring properties of extreme neutron-rich nuclei, such as neutron skins, as
well as for studies of dense nuclear matter up to twice saturation density, critical for multi-
messenger astrophysics. On the theoretical side, this opportunity must be matched by
development of comprehensive models characterized by high accuracy. Measurements con-
straining the EOS at and above the saturation density will lead to rigorous tests of Ab initio
approaches such as chiral Effective Field Theory (see sections 7.1 and 7.2). Observables
measured in energetic heavy-ion collisions will not only enable studies of the isospin
dependence of the EOS, but also of the momentum dependence of single-particle potentials,
the dependence of particle cross sections on density, subthreshold particle production, and
nuclear clusters and correlations; here, robust inferences are contingent on reliable inclusion
of relevant physical processes in transport model simulations of heavy-ion collisions (see
section 7.3). Explorations of the influence of isospin imbalance on nucleon elastic and
inelastic scattering on medium-mass and heavy isotopes will lead to tight constraints on
optical potentials and, more generally, nucleon self-energies, directly related to the EOS (see
section 7.4). With some of the relevant FRIB experimental programs underway (see
section 7.5), this is an exciting time for developing strong theoretical foundations for future
interpretations of observables related to the EOS.

Nuclear astrophysics studies aim to illuminate the ultimate origin of the elements we
observe in nature. From the early days of the field, studies have been centered around the
intimate connection between nuclear physics properties and astrophysical observables (such
as Solar and stellar element abundances) and thus have always had theory, experiment, and
observation recognized to be of equal importance. Given that astrophysical environments
produce exotic, unstable nuclei far from stability and beyond currently explored territory,
FRIB experiments have the opportunity to shed light on key nuclear properties affecting the
formation of elements. The information that FRIB can provide is of relevance to nucleo-
synthesis studies on both the neutron-rich and proton-rich side of stability, and would aid to
understand x-ray bursts, accreting neutron stars, core-collapse supernovae, and neutron star
mergers to name a few astrophysical sites. Thus opportunities for FRIB to revolutionize our
understanding of element synthesis exist across the nuclear chart. Particularly exciting is the
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huge range of new isotopes FRIB will be able to produce of relevance for the rapid neutron
capture process (r process) which is believed to be responsible for making the heaviest
naturally occurring nuclei. Such experimental efforts are quite timely given recent leaps
forward in the observational community’s abilities in ‘multi-messenger science’ via collecting
numerous distinct observations from an astrophysical event (such as light curves, gamma
rays, neutrinos, and gravitational waves). Such multi-messenger information combined with
experimental constraints on nuclear properties is the holy grail of nuclear astrophysics, ser-
ving to inform models of astrophysical environments and the synthesis they are capable of. In
this paper we discuss the various needs for nuclear astrophysics studies, including
advancements of global models for nuclear masses, decays (e.g. beta and alpha decays),
reactions (e.g. neutron and proton capture), and fission. We also highlight how probing
specific regions of the nuclear chart and specific isotopes can help to address some of the most
fundamental questions in the field of nuclear astrophysics.

FRIB also offers many opportunities for precision tests of the SM predictions and probe
new physics at low energies; the latter, among other things, is needed to address the various
unexplained observations in cosmology. As an example, precise measurements of nuclear
beta decay lifetimes and correlations (such as ·p pe

 
n ) allow us to test the CKM matrix

unitarity and to constrain exotic electroweak interactions such as scalar and tensor currents;
we have seen a tremendous progress in the development of Ab initio methods to compute tree-
and loop-level nuclear matrix elements in the decay processes. Furthermore, FRIB experi-
ments provides invaluable inputs to pin down important nuclear effects in beta decays, for
instance the measurements of nuclear charge radii help to determine the weak decay form
factor and isospin-breaking corrections, and the measurement of GT decay rates help to valide
chiral EFT’s treatment of the weak axial current. Finally, future FRIB experiments on nuclear
deformations and excitations will greatly propel the search for permanent EDMs that may
provide sources of CP violation to explain the matter-antimatter asymmetry.

In the experimental design and uncertainty quantification section we explore the key role
that scientific computing and Bayesian statistics play in the theory-experiment cycle for FRIB
science. Within this context, we discuss the use of emulators for speeding up the necessary
expensive computations, methods such as Bayesian Model Mixing for combining the pre-
dictions of different theoretical models, and the construction of cloud computing-based
pipelines for the continuous calibration of these models as new data becomes available. We
close the discussion by highlighting that these technologies not only can help in the design of
future experiments at FRIB, but can also lower the barrier for new generations to join the
scientific efforts, creating a more diverse and inclusive scientific community in this new era of
discovery.
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Appendix A Orbitals and magic numbers

The nuclear shell model starts with the association of nuclear structure properties with those
expected from the motion of a single neutron or proton in the average potential of all other
nucleons. The gaps in the spacings of the single-particle energies give rise to ‘magic numbers’
for the number of protons Z and the number of neutrons N. The magic numbers are associated
with those nuclei that have a relatively high energy for the 21

+ state. Experimental results
shown in figure 18.

An example for the neutron single-particle energies (SPE) for 208Pb is shown in figure 19.
These are eigenstates in a spherical potential with a Woods–Saxon shape. The Woods–Saxon
parameters were adjusted to qualitatively reproduce observed structure properties. Similar
SPE spacings are obtained for protons. The neutron number for the energy gaps in the SPE
shown in figure 19 are the shell-model magic numbers; 2, 8, 20, 28, 50, 82 and 126. The SPE
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evolve with the number of protons and neutrons. The detailed ordering and the associated
magic numbers can change.

The magic numbers 28, 50, 82 and 126, referred to as jj magic numbers, are associated
with the gaps formed from the lowering of the j = ℓ + 1/2 orbitals due to the spin–orbit
single-particle potential. The nuclei associated with jj magic numbers are shown in nuclei
figure 20. Doubly-magic nuclei are those with magic numbers for both protons and neutrons.
The jj doubly-magic nuclei are shown in figure 20. The proton–neutron tensor interaction
contained in the Hamiltonians used in CI calculations modifies the effective spin–orbit
splittings for protons/neutrons depending on the filling of the neutron/proton spin–orbit
doublets [197], [193].

For light nuclei, the magic numbers 2, 8 and 20 are observed. These are referred to as ls
magic numbers, and are associated with the filling of a major harmonic-oscillator shell with
No = (2n + ℓ) where both members of the spin–orbit pair j = ℓ ± s (s= 1/2) are filled (except
for No = 0 that contains only the 0s1/2 orbital). The nuclei associated with ls magic numbers
are shown in figure 21. These include three nuclei with ls doubly-magic numbers, 4He, 16O
and 40Ca. There are many doubly-magic nuclei (shown with green circles) associated with
nuclei where one kind of nucleon (proton or neutron) has an ls magic number and the other
kind of nucleon fills the j levels in the order shown at the bottom right-hand side of figure 19.
(Except that for light nuclei, the 1s1 orbital comes below the 0d3 orbital providing the filling
number 16.)

Figure 18. The nuclear chart showing the observed excitation energies of the 21
+ states.

The black lines show where the two-proton (upper) and two-neutron (lower) separation
energies obtained with the UNEDF1 energy-density functional (EDF) [10] cross one
MeV. Reproduced from [195]. CC BY 4.0.
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Figure 19.Neutron single-particle states in 208Pb with three potential models, harmonic
oscillator (left), Woods–Saxon without spin–orbit (middle) and Woods–Saxon with
spin orbit (right). The numbers in square brackets are the maximum number of neutrons
in that each level can contain, the following number is a running sum of the total. In
addition the harmonic oscillator is labeled by the major quantum number N = 2n + ℓ,
the Woods–Saxon is labeled by (n, ℓ) and the Woods–Saxon with spin–orbit is labeled
by (n, ℓ, 2j).
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Figure 20. The nuclear chart showing jj magic numbers. The black lines show where
the two-proton (upper) and two-neutron (lower) separation energies obtained with the
UNEDF1 EDF [10] cross one MeV. The filled red circles shows the locations of
doubly-jj magic nuclei established from experiment. The open red circle for 100Sn
indicates it is probably doubly-magic, but that the 21

+ energy is not yet measured. The
blue circles in the bottom left-hand side are nuclei in the jj doubly-magic number
sequence that are oblate deformed.
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Figure 21. Lower mass region of the nuclear chart showing ls magic numbers, 8, 20 and
40. The black lines show where the two-proton (upper) and two-neutron (lower)
separation energies obtained with the UNEDF1 EDF [10] functional cross one MeV.
The filled red circles show the doubly-magic nuclei 4He 16O and 40Ca. The open red
circle for 60Ca indicates a possible doubly-magic nucleus, but the 21

+ energy is not yet
measured. The green circles are doubly-magic nuclei associated with the j-orbital
fillings. The blue lines indicate isotopes or isotones where the ls magic number is
observed to be broken. Reproduced from [195]. CC BY 4.0.
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Figure 22. The nuclear chart showing the regions of nuclei associated with the
harmonic-oscillator ls model spaces.
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Appendix B Model spaces

In this appendix we describe various model spaces relevant for shell model calculations. The
magic numbers described in appendix A serve to define model spaces that are used to truncate
the number of configurations that are used. The traditional names for model spaces based on
the ls magic numbers for light nuclei are shown in figure 22. For example, sd stands for the
model space with active nucleons in the (0d5/2, 0d3/2, 1s1/2) set of orbitals. The model spaces
s, p, sd, and pf are those for the major oscillator quantum numbers with No= 0, 1, 2, and 3,
respectively, in figure 19. Near N = Z, protons and neutrons occupy the same major
(oscillator) shell. Configurations for neutron-rich can involve protons and neutrons in two
different major shells. For example, in the sd − pf region of nuclei, protons occupy the sd
major shell and neutrons occupy the fp major shell.

In the harmonic-oscillator basis, all of these ls model spaces involve nucleons in the lowest
possible oscillator-energy configuration, often called the 0ÿω configurations. Model spaces
can involve more complex configuations. In the oscillator-basis, excited states involve nÿω
configurations. For example, starting with the sd model space, a 1ÿω basis involves one
nucleon excited from p to sd or one nucleon excited from sd to pf. In the N= 8, 20 and 40
neutron-rich islands of inversion, the model space for neutrons must involve two major shells.
For example, for the N= 20 island of inversion, the model space for neutrons must contain
both sd and pf major shells as shown in figure 23.

Figure 23. The nuclear chart showing the regions of nuclei associated with some larger
model spaces.
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Model spaces for heavy nuclei are shown in figure 24, labeled with the naming convention
used in the NuShellX code [989]. Groups of orbitals are labeled by jn as shown by the labels
on the right-hand side of figure 19. The notation jjnm indicates that protons occupy the jn set
of orbitals and neutrons occupy the jm set of orbitals.

For a given calculation, the choice of model space is based on several interrelated factors.

1. One considers the limitation on the basis dimension connected to the computational
methods and capabilities, as well as the practical consideration how many different nuclei
and states need to be considered for a given experimental situation.

2. One considers to what extent the desired spectroscopic properties are contained within
the model space. For example, an ℓ= 3 transfer reaction cannot be described within the
sd model space. Quadrupole deformation is connected to the mixing of orbitals with
Δℓ= 2 and Δj= 2, and so it is preferable to have both type of orbitals contained in the
model space if one is interested in collective properties [36], [194].

Ab initio no-core calculations for light nuclei are discussed in Sec. 5.4. A method for
truncation is to use a restricted set of ÿω or particle-hole excitations [211,990].

In ‘full-space’ calculations for heavier nuclei, all possible configurations within a given
model space are included. This is currently possible for matrix dimensions up to about 1012 .
In many cases, low-lying states obtained from large-basis calculations can be related to a
selective set of group theoretical based configurations or to those related to the Bohr–Mot-
telson collective model for even–even nuclei and the Nillson model for odd–even nuclei. For
light nuclei the SU(3)-adapted basis has been used since the 1950s (see [991] and references
therein). The symmetry-adapted bases provides a method of truncation for Ab initio calcu-
lations in light nuclei [53, 54]. For heavier nuclei, one can utilize methods like the generator-
coordinate method [193, 992–994] or density matrix renormalization group [995] to obtain a
truncated basis within the model space that reflects the collective properties.

Figure 24. The nuclear chart showing the regions of nuclei associated with the jj model
spaces.
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Appendix C Abberviations

Table 1. Abbreviations.

ADWA Adiabatic distorted wave approximation
ANC Asymptotic normalization coefficient
AT-TPC Active target time projection chamber

BAND Bayesian analysis of nuclei dynamics
BBN Big Bang Nucleosynthesis
BCS Bardeen–Cooper–Schrieffer theory of superconductivity
BEC Bose–Einstein condensation
BECOLA BEam COoling and LAser spectroscopy
BMIS Batch mode ion source
BSM Beyond the Standard Model

CAESAR CAESium-iodide scintillator ARray
CC Coupled channels
CKM Cabibbo–Kobayashi–Maskawa
CI Configuration-interaction
CDCC Continuum-discretized coupled channels
CLS Collinear laser spectroscopy
CN Compound nucleus
CREX 48Ca Radius experiment (JLAB)

DFT Density functional theory
DT deuteron-tritium
DWBA Distorted-wave born approximation

EDF Energy-density functional
EDM Electric dipole moments
EFT Effective field theory
EOS Equation of state
ESPE Effective single-particle energy

FDSi FRIB decay station initiator
FSNN Fundamental symmetries, neutrons, and neutrinos
FRIB Facility for rare isotopes
FRIB400 FRIB 400 MeV/u energy upgrade
FRIB-TA FRIB theory alliance

G-DMRG Gamow density matrix renormalization group
γSF Gamma-ray strength function

GRETA Gamma-ray energy tracking array
GRETINA Gamma-ray energy tracking in-beam nuclear array

HF Hauser–Feshbach
HFB Hartree–Fock Boguliubov
HIC Heavy-Ion Collision
HPGe High purity germaniun (detector)
HRS High resolution spectrometer

ISB Isospin symmetry breaking
IMME Isobaric multiplet mass equation
ISOL Isotope separator on line
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Table 1. (Continued.)

ITER International thermonuclear experimental reactor

LEBIT Low-energy beam ion trap
LEC Low-energy coupling constant
LENDA Low-energy neutron detector array
LD Level density
LISA Large multi-institutional scintillator array

JENSA Jet experiments in nuclear structure and astrophysics
JLAB Jefferson laboratory

MED Mirror energy difference
MONA Modular neutron array
MTAS Modular total absorption spectrometer
MUSIC Multi-sampling ionization chamber detector

NCSM No-Core–Shell Model
NEXTi Neutron (Xn) tracking initiator
NIF National ignition facility
NCGSM No-Core Gamow shell model
NNDC National nuclear data center
NUCLEI Nuclear computational low-energy initiative
NSAC Nuclear science advisory committee
NSCL National superconducting cyclotron laboratory

OMP Optical model potential

PDR Pygmy-dipole resonance
PREX 208Pb Radius experiment (JLAB)

QCD Quantum chromodynamics
QRPA Quasiparticle random-phase approximation

RGM Resonating group method
RIB Radioactive ion beam
RIBF Radioactive ion beam factory
RIKEN Institute of Physical and Chemical Research (Japan)

S800 FRIB’s high-resolution spectrometer
SA Symmetry adapted (basis)
SA-NCSM Symmetry adapted no-core–shell model
SAMURAI Superconducting Analyzer for Multi-particles from Radioisotope beams
SECAR Separator for capture reactions
SeGA Segmented germanium array
SM Standard Model
SπRIT SAMURAI pion-reconstruction and ion-tracker
SOLARIS SOLenoid spectrometer apparatus for reaction studies
SuN Summing NaI(Tl) (gamma-ray detector)

TED Triple energy difference
TOF Time of flight
TPC Time projection chamber

VANDLE Versatile array of neutron detectors at low energy
WIMP Weakly interacting massive particle
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