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Abstract

The field of nuclear science has considerably advanced since its begin-

ning just over a century ago. Today, the science of rare isotopes is on

the cusp of a new era with theoretical and computing advances comple-

menting experimental capabilities at new facilities internationally. In

this article we present a vision for the science of rare isotope beams

(RIBs). We do not attempt to cover the full breadth of the field, but

rather provide a perspective and address a selection of topics that re-

flect our own interests and expertise. We focus in particular on systems

near the drip lines, where one often finds nuclei that are referred to as

“exotic,” and where the role of the “nuclear continuum” is only just

starting to be explored. An important aspect of this article is the at-

tempt to highlight the crucial connections between nuclear structure

and nuclear reactions required to fully interpret and leverage the rich

data to be collected in the next years at RIB facilities. Further, we con-

nect the e↵orts in structure and reactions to key questions of nuclear

astrophysics.
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1. INTRODUCTION

It has been 127 years since Becquerel first observed what we now know to be radioactivity,

and 74 years since the parallel development of the nuclear shell model by Goeppert-Mayer,

Haxel, Jensen, and Suess (1) in 1949. Just two years after this milestone, in 1951, short-

lived isotopes of krypton (Kr) were produced and separated (2), demonstrating a precursor

to the Isotope-Separation On-Line (ISOL) technique for producing rare isotopes. The con-

tinued development of heavy-ion accelerators opened the study of neutron-deficient isotopes

populated in fusion-evaporation measurements in the 1960s and then in the 1990s the field

of nuclear physics moved toward neutron-rich nuclei with new ISOL and fragmentation

facilities across the globe beginning operations (3).

In this relatively short period of time, nuclear physics and the science of rare isotopes

has developed at an impressive pace. The atomic nucleus is now not only viewed as a unique

laboratory for understanding the fundamental nature and origin of matter, but also as a

window into aspects of a broader class of quantum systems.

In parallel, the field of astrophysics has raced forward. The stage was set in 1957 with

the seminal work of Burbidge, Burbidge, Fowler, and Hoyle exploring the idea of chemical

synthesis in stars (4). Sixty years later, the first observation of gravitational waves from

the merging of two neutron stars and the associated �-ray burst, demonstrated the modern

capability of multi-messenger astronomy, providing unparalleled insight into the processes

relevant at astrophysical sites.

Importantly, the field of nuclear physics does not show any signs of a slowing rate of

progress. Experimentally, facilities available for measurements of rare isotopes continue to

develop and extend their reach. The Rare Isotope Beam Factory (RIBF) in Japan, SPIRAL2
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in France, the Facility for Antiproton and Ions Research (FAIR) in Germany, as well as the

Advanced Rare Isotope Laboratory (ARIEL) at TRIUMF (Canada) are all either running

or scheduled to begin operation soon, and they will all expand both the reach of nuclei

studied in experiments, as well as the techniques for doing so. In the U.S., the Facility

for Rare Isotope Beams (FRIB) began operation in early 2022 and will ramp up beam

power over the next several years to ultimately provide access to thousands of previously

unstudied isotopes. Coupled with cutting-edge detector systems, the experimental discovery

potential of the next decade in the areas of nuclear structure, nuclear reactions, and nuclear

astrophysics is unparalleled in the history of the field.

On the theoretical front, the progress and momentum is equally exciting. For instance,

ab initio methods, starting from two- and three-body forces and treating all nucleons as

active degrees of freedom, have reached 208Pb in 2022 (5), while in 2015 the state of the art

for this type of approach was limited to closed shells below N,Z = 30. In parallel, ab-initio

reaction theory also made impressive progress, most recently reviewed in Ref. (6).

As illustrated schematically in Fig. 1, we discuss in this article the intersection of nuclear

structure, nuclear reactions, and nuclear astrophysics, all of which are ultimately connected

to Quantum Chromodynamics (QCD), and more generally to the Standard Model (SM) of

particle physics. E↵ective field theories (EFT) and approaches inspired by EFT concepts

provide the bridge from these underlying fundamental theories to the rich range of emergent

phenomena observed in exotic nuclei.

Adopting a forward-looking approach, we present in the following sections our vision

for how this path may be followed and what the next period of research may add to the

picture. This work is not intended to cover the full breadth and history of the field, but

rather reflects the specific interests and expertise of the authors. For a comprehensive review

of the field, at least in the US, we encourage the reader to use the 2023 Long Range Plan for

Nuclear Science (7) and its extensive bibliography. We focus, in particular, on systems near

the drip lines, where the impact of near-threshold e↵ects on nuclear properties remains to

be explored in detail. We also highlight the crucial connections between nuclear structure

and reactions required to fully interpret and leverage the rich data that will be collected

in the coming years. Finally, we link the e↵orts in nuclear structure and reactions to key

questions of nuclear astrophysics, and highlight areas in which we see the largest potential

for advancements.

2. EMERGENT PHENOMENA IN EXOTIC NUCLEI AND EXPLORATION OF
THE DRIP LINES

Emergent phenomena are recurrent in nuclear physics and play a prominent role in what are

commonly referred to as “exotic nuclei” (see Sec. 2.2). They notably include the evolution

of shell structure with N/Z asymmetry and excitation energy, the emergence of collective

degrees of freedom, but also exotic structures in states near the edges of nuclear stability,

the so-called “drip lines.”

The exploration of the drip lines is a major science driver in low-energy nuclear physics,

and, to borrow from Ref. (3), stems from the deceptively simple question: “Which combi-

nations of neutrons and protons can form a nucleus?” – where a “nucleus” in this context

means a system bound with respect to nucleon/cluster emission. In simpler terms, this

question is asking where the one-neutron and one-proton separation energies, Sn and Sp

respectively, cross zero. Given that in stable nuclei the typical binding energy per nucleon

www.annualreviews.org • A Vision for the Science of Rare Isotopes 3



Figure 1

A schematic overview of this article, illustrating the intersection of nuclear structure, nuclear
reactions, and nuclear astrophysics, which are all underpinned by e↵ective theories and nuclear
interactions, and ultimately connected to QCD.

E/A ⇡ 8.0 MeV is orders of magnitude below the nucleon mass m ⇡ 1.0GeV/c2, one can

easily see how finding the Sn,p = 0 “drip lines” is inherently a low-energy nuclear physics

problem. At a deeper level, however, this question is really asking how the complexity

of QCD at low energy and the generic properties of fermionic many-body open quantum

systems together shape the limits of the nuclear landscape. The current paradigm in low-

energy nuclear theory, which we discuss more in Sec. 3.1, is to answer this question by

constructing e↵ective nuclear forces derived from QCD in the EFT framework, and then

to use these forces to solve the ab initio quantum many-body problem in a unified picture

of nuclear structure and reactions. However, despite the impressive developments of the

past few decades, reminiscent of the Hydra in ancient Greek mythology, every time some

progress is made in the exploration of the drip lines, a multitude of new challenges emerge

due to the uncanny complexity of the atomic nucleus.

Experimentally, the race for determining the limits of the nuclear chart has always been

a driver for new detector systems and new facilities (8). As a case in point, FRIB is opening a

new era for low-energy nuclear physics, together with other current and upcoming facilities,

as mentioned in Sec. 1. By itself, FRIB and the planned FRIB 400 MeV/u energy upgrade

will triple or even quadruple the number of isotopic chains for which the neutron drip line is

experimentally accessible, thereby extending our knowledge of this line from Z = 10 (Ne) (9)

up to Z=30-60 (10). It will also provide increased intensities at, or beyond, the proton drip

line. The discovery of new exotic isotopes in extreme N/Z conditions is expected to reveal

new phenomena that challenge current theoretical and experimental paradigms.

Already, new tools are being developed to observe and describe exotic structures in

nuclei, but before going over current e↵orts related to the exploration of the drip lines and

speculating over what the future may hold, for context, we will first provide a brief account

of what we have learned in the past few decades by moving away from the valley of stability.
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2.1. Historical perspective

Following the landmark discovery of the atomic nucleus by Rutherford in 1911 (11), it

took about half a century and more than a dozen Nobel prizes to set the foundations

of nuclear physics and develop the necessary experimental tools for the field. Around

1950, the establishment of the shell structure of the nucleus by Goeppert-Mayer, Haxel,

Jensen, and Suess (1) and the development of collective models by Rainwater, Bohr, and

Mottelson (12) defined two seemingly contradictory views of the nucleus with far-reaching

consequences (13). The reconciliation came soon after, when Elliott and Flowers described

the emergence of deformation in 19F from single-particle degrees of freedom in the spherical

shell model (14), leading to the formulation of Elliott’s SU(3) model (15) that describes

deformed solutions in the intrinsic frame via collective couplings without any symmetry

breaking in the laboratory frame.

Even though it lacked a fully microscopic foundation, the nuclear shell model became

a tool of choice due to its practical success and its intuitive appeal. However, to quote

Bethe (16), “Nearly everybody in nuclear physics has marvelled at the success of the shell

model.” Indeed, it was unclear how low-lying nuclear states could be described in a picture

in which nucleons evolve on well defined orbits while having a Fermi momentum around

350 MeV and a highly repulsive interaction at very short distances. The idea that Pauli’s

principle was responsible for this situation had already been suggested, but it was Brueckner

who first showed that, in infinite uniform nuclear matter, large cancellation e↵ects are indeed

at play and e↵ectively result in a renormalization of nuclear forces (17). The proof was later

extended and simplified to finite nuclei by Bethe and Goldstone (16).

To complete the foundation of low-energy nuclear physics, a theory of the underlying

nuclear forces was necessary. Following the groundbreaking work of Yukawa in 1934 (18),

meson-exchange theories were proposed with various degrees of success, until the discovery

of QCD, which happened to be non-perturbative at low energy, rendered the problem seem-

ingly unsolvable. More detailed historical accounts of these developments can be found in

Refs. (19, 20).

To add insult to injury, connecting these unknown residual nuclear forces of QCD to

properties of nuclei requires solving the fermionic quantum many-body problem, which in

itself remained too di�cult to handle beyond a few nucleons for decades. This was the

return of the Hydra of nuclear complexity. This “crisis” of nuclear physics and its ultimate

resolution is what led to some of the current e↵orts mentioned in this review. While going

through all the developments of the 1960-1990 period is far beyond the scope of this review,

we highlight in the following selected examples that have particularly strong connections to

current e↵orts.

Shell evolution. In the shell-model picture, nuclei present a shell structure akin to

that in the atomic system and are thus expected to show increased stability near shell

closures, giving rise to the so-called “magic numbers” of protons and neutrons, a feature

which ba✏ed nuclear physicists before 1950. Providing that the residual interaction between

valence nucleons is weak, the shell structure should remain the same with increasing proton-

neutron imbalance. However, as new experiments gave access to nuclei away from the valley

of stability in the late 1980s and 1990s, changes in the traditional shell structure started to

become apparent (see Sec. 2.2).

The empirical shell model (21, 22), based on single-particle energies and two-body ma-

trix elements within a given model space and optimized on many-body data such as energies

of nuclei with more than two particles in the valence space, transitioned to increasingly more
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sophisticated and precise models culminating with the USD family of interactions (23) and

similar models for the fp shells (24, 22). This approach not only provided invaluable sup-

port for experiments at a critical time, but also demonstrated that the renormalization

of nuclear forces in nuclear matter, uncovered by Brueckner, can be e↵ectively achieved

within the shell-model framework well beyond expectations. From there, many theoreti-

cal developments followed to derive shell-model Hamiltonians directly from nuclear forces

in the vacuum (25), i.e without reference to many-body data, which opened the door to

direct comparisons between shell model and ab initio calculations, but also to consistent

calculations of observables within the shell model framework (25).

These shell model developments made it possible to understand the emergence of Islands

of Inversion (IOIs) on the nuclear chart, where nuclear structure deviates from the standard

shell model predictions due to the evolution of shell structure, largely driven by tensor

forces (26). In the IOIs, residual forces between valence nucleons lead to the emergence of

permanent deformation (quadrupole, octupole, etc.) as well as collective phenomena such as

vibrational and rotational motions, and sometimes to the phenomenon of shape coexistence

in which a nuclear state is given by a superposition of two states with di↵erent intrinsic

deformations. See Sec. 2.2 for details. The presence of many emergent phenomena at about

the same energy scale is yet another manifestation of the Hydra of nuclear complexity.

Nuclear halos. Halo structures, discovered in 1985, are among the most emblematic

exotic phenomena uncovered by the exploration of the drip lines (27). Their discovery trig-

gered a wave of new experimental techniques and programs at facilities such as RIKEN,

GSI, GANIL, and NSCL, to not only search for new halo states but also to extend the

limits of their early definition. The realization that weak binding could produce extended

structures in nuclei (28), characterized by the emergence of new e↵ective scales and as-

sociated degrees of freedom, led to the introduction of scaling laws (29) and the general

concept of universality (30, 31), as well as the development of e↵ective field theories for

halo systems (32, 33, 34), which we discuss further in Sec. 3.2.

Nuclei as open quantum systems. More generally, going away from the valley of sta-

bility revealed that other near-threshold e↵ects besides halos were important to understand

exotic nuclei, such as near-threshold clustering (35, 36, 37), or low-` shell evolution (38, 39),

and that these phenomena could be understood as generic phenomena in the open quan-

tum system (OQS) framework describing quantum systems coupled to an environment of

decay channels and scattering states. The description of nuclei as OQSs (40, 41, 42, 43)

emphasizes the role of continuum couplings in the dynamic of, for instance, exotic decay

modes (44, 45, 46), overlapping resonances and superraddiance (47, 48), or trapped res-

onances. In this picture, exotic nuclei, unlike stable nuclei which are isolated from each

other, are coupled through capture and decay, and must therefore be described in a unified

theory of nuclear structure and reactions (49). Ironically, while this review is about rare

isotope physics, it must be emphasized that excited states in stable nuclei are governed by

the same near-threshold physics as exotic nuclei, modulo the extreme N/Z ratio, making

stable-beam facilities such as the ATLAS and ARUNA laboratories ideal places to perform

precise studies to thoroughly test theoretical concepts and methods before being applied on

drip-line systems.

Nuclei as multi-scale objects. The seemingly hopeless problem of deriving nuclear

forces compatible with QCD was formally solved by Weinberg and others with the formula-

tion of a low-energy EFT of nucleon-nucleon interactions based on the approximate chiral

symmetry of QCD (50). This led to the development of so-called “chiral potentials” (19, 51)
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that started rivaling with phenomenological high-precision potentials such as the AV18 in-

teraction (52). As discussed in more detail in Sec. 3.1, fundamentally, the EFT program is

akin to improving order by order the energy or momentum resolution at which one describes

the system of interest. This idea of changing the scale at which a system is described is

also present in renormalization techniques (53), which share much in common with EFTs.

In particular, the introduction of the similarity renormalization group (SRG) method (54)

o↵ered an e�cient and consistent way to renormalize nuclear forces, resulting in so-called

“soft” potentials in which most of the high-momentum contributions due to the “hard”

repulsive core of nuclear forces are absorbed at low-energy. At a practical level, SRG made

computationally costly configuration-interaction (CI) calculations such as the no-core shell

model converge faster in smaller model spaces, which in turn opened new possibilities to

test nuclear forces using exact methods.

In parallel to these developments, the re-introduction of the coupled clusters approach

in nuclear physics (55) made it possible to express the Hamiltonian with respect to a mean-

field reference state on top of which additional many-body correlations are built within the

Hamiltonian via successive excitations. In other words, the many-body problem is solved

in the Heisenberg picture instead of the Schrödinger picture. The paradigm shift lies in

the ability to truncate at the level of correlations instead of configurations, as in usual CI

approaches. Indeed, provided that a good mean-field reference state can be found, only a

modest computational e↵ort is required to capture most of the missing correlations, making

the coupled clusters approach scale polynomially rather than factorially with the nuclear

mass. As a consequence, the reach of ab initio calculations exploded! Surprisingly, the ex-

tension of SRG to many-body systems, giving the in-medium SRG (IMSRG) method (56),

appeared to be practically equivalent to the coupled clusters approach. Detailed studies of

the IMSRG method demonstrated how the renormalization shifts the strength of, for in-

stance, three- and two-body operators entering the Hamiltonian toward one- and zero-body

operators, i.e., how many-body correlations are e↵ectively absorbed into the mean-field.

Following these findings, several ab initio methods were developed that could exploit trun-

cations in many-body correlations and therefore contribute to the study of exotic nuclei.

The EFT/RG paradigm had, and continues to have, a profound impact on how we under-

stand nuclei as multi-scale systems, and opened the possibility to test nuclear forces derived

from QCD on exotic nuclei.

2.2. Breadth of structural phenomena in exotic nuclei

Exotic nuclei are usually understood as nuclei that are not commonly found in Nature, i.e.

that are not stable. However, away from the valley of stability, one can roughly define three

di↵erent regions from a structure point of view, as shown in Fig. 2.

Deeply bound region. The first region includes systems that are predominantly

unstable with respect to � decay but remain well bound with respect to nucleon emission.

Usually, nuclei in this region support bound excited states and can present a proton-neutron

imbalance, defined as N/Z and Z/N on the neutron-rich and proton-rich sides, respectively,

ranging between about 1.0 and 3.0. In this vast region, early measurements of masses,

ground-state spins, and magnetic moments (57, 58) in the Na (Z = 11) isotopes near

N = 20, as well as low-lying excited state energies in 32Mg (59) revealed the first break

in the standard shell model paradigm, which was interpreted as evidence of deformation in

what is now known as the N = 20 IOI (60). With the development of progressively more
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Figure 2

Illustration of the physics of exotic nuclei showing how the distance to the particle-emission
threshold defines the three main regions to consider from a nuclear structure perspective.

powerful radioactive ion beam facilities, new IOIs were identified at N = 8, 14, 20, 28, 40

and 50 (61, 62). The observed disappearance of the shell model “magic numbers” away from

stability, associated with expected shell closures and increased stability in this approach,

was accompanied with the observation of new unexpected sub-shell closures, such as the

N = 32 and 34 sub-shell closures in 52Ca (63, 64) and 54Ca (65).

An open question is whether the shell evolution driven by tensor forces and the mass-

dependence of the mean-field will continue to be the sole drivers behind the emergence of

IOIs and new shell closures, or if new e↵ects will become apparent under extreme N/Z

conditions, even for systems that remain relatively well bound. Somewhat related to shell

evolution, it remains to be seen if a dramatic enlargement of the neutron skin is to be

expected in systems beyond 60Ca, 78Ni, or 132Sn, and how these new data will constrain

the nuclear equation of state and our understanding of neutron stars (66, 67).

Another topic of great interest concerns the tendency of nuclei to exhibit cluster struc-

tures. While nuclear clustering is not specific to exotic nuclei, this phenomenon is bound

to play an important role in our understanding of their properties. Indeed, it has been

shown that nuclear matter appears to be near a phase transition between a nuclear liquid

and a Bose condensate of ↵ clusters (68), but also that the Wigner-SU(4) symmetric part

of nuclear forces, that are mostly responsible for the binding of ↵ clusters, largely controls

nuclear binding in medium-mass and heavy nuclei (69). For that reason, better constraining

nuclear forces on emergent phenomena such as deformation and clustering in light nuclei

might prove critical to understand the dynamics of heavier systems. It will be interest-

ing to see whether the Wigner-SU(4) picture evolves under an increasingly large excess of

neutrons, and what is the role of ↵-cluster correlations in exotic nuclei.

Finally, one can also speculate about the possibility that past a certain neutron excess,
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deformation could develop not due to traditional factors related to the proton-neutron

interaction (70, 71, 72, 73), but due to somewhat delocalized pairs of neutrons at the

surface, similarly to what might be happening in 8He (74) or 40Mg (75).

Drip line region. The second region is reached when the one-neutron or one-proton

separation energy falls below ⇡ 1.0 MeV and is thus about one order of magnitude smaller

than the average binding energy per nucleon in nuclear matter B(A,Z)/A ⇡ 8.5 MeV, and

ends in a fuzzy manner when �/(2Sn/p) ⇡ 1.0 in the ground state (43), i.e. the ground state

cannot be reasonably described as a narrow resonance anymore, at least in a theoretical

sense. This is the region around the drip lines characterized by near-threshold physics.

While near-threshold physics is not limited to the drip lines and is in fact relevant in many

excited states of well bound nuclei, exotic nuclei in this region present unique opportunities

to test nuclear forces in extreme N/Z conditions due to the sensitivity of near-threshold

phenomena.

For example, as mentioned earlier, below the particle emission threshold weak binding

can lead to the formation of halo structures, providing that the centrifugal barrier is either

nonexistent or low. The spatial extension of halo states strongly depends on the binding

energy of halo nucleon(s) and, in addition, in the case of halos involving more than one

nucleon, angular correlations between halo nucleons can change dramatically depending on

the partial waves involved and the presence or not of Coulomb forces. In the simplest case

of two-neutron halos, such correlations manifest themselves by forming so-called “cigar”

vs. dineutron configurations (76, 77). The presence of ground-state halos in this region is

clearly manifest in Fig. 3.

Above the threshold, in addition to virtual couplings to higher energy scattering states,

couplings to lower energy states open, leading to the formation of resonances and the

phenomenon of particle decay. Resonances, characterized by an energy position and a

width, can be isolated from each other in energy like bound states, but also can overlap and

strongly couple through the continuum of scattering states, leading to the phenomenon of

superradiance (47, 48). Continuum couplings also appear between di↵erent partitions of a

nucleus through decay channels and lead to few-body decay. For example, depending on

the energy pattern of a given isotopic chain, new exotic forms of radioactivity can become

dominant such as two-neutron or two-proton decay (46). To date, the most exotic form of

few-body decay observed is the five-proton decay of 9N (78).

Related to the above is the phenomenon of near-threshold clustering (35, 36, 37).

Nuclei have the tendency to form resonances near decay channels whose wave functions

naturally “align” with the partition of the nearby decay channels, e↵ectively leading to

clustered structures. Why nuclei form such states near decay threshold remains unclear,

but the phenomenon can have consequences on low-energy capture cross sections relevant

for nuclear astrophysics, as mentioned in Sec. 3.6 and 4.3.

The same mechanism of “alignment” of the wave function with nearby decay channels

is also responsible for so-called “trapped” resonances. These are resonances well above a

certain decay channel but close to another one corresponding to a di↵erent partition of the

system. In this case, the trapped resonance presents an abnormally small decay width in

the distant channel because its wave function is aligned with the nearby one.

In the era of RIB facilities in which the drip lines will be pushed well beyond our current

knowledge, one could expect the near-threshold region of the nuclear chart to broaden

on the neutron side as the mass increases. Indeed, when approaching the drip line the

binding energy tends to flatten as the wave function reorganizes to accommodate continuum
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couplings (79). If this is the case, exotic decay modes involving many nucleons could

become common in the medium-mass region and beyond, presenting ideal conditions for

the emergence of universal phenomena.

Broad-resonance and scattering region. The last region is concerned with broad

resonances and ends with the limits of nuclear existence, i.e. when the lifetime of the

ground state is comparable to the times it takes a nucleon to complete an orbit inside the

nucleus or about 10�22s (80, 3, 81). In this region, strong continuum couplings dominate

and time-dependent approaches formulated in the language of reaction theory are often

more appropriate. For example, it is known that at very early and late times, decay is non-

exponential (82), and broad resonances, which can be understood as states in which the

non-resonant part is important if not dominant, have the potential to reveal non-exponential

decay features by magnifying the interference between the resonant and non-resonant parts

of the wave function at long decay times (83, 84). For many broad resonances, the width

is controlled by the distance to a threshold but, in some cases, it can be due to more

complex reasons. In the superraddiance phenomenon mentioned previously, a very broad

(superradiant) state can be formed when the widths of many states with same spin-parity

is “collectivized”, i.e., concentrated in one state while all the other states become narrow.

A common reason for the presence of broad resonances is also the opening of several

decay channels. In neutron-rich systems, the competition between multiple decay modes

often leads to sequential decay involving broad resonances. Such many-neutron resonances

could provide precious information about the poorly known neutron-neutron interaction (85,

86, 87, 88, 89, 90).

Going into the extreme, experimental attempts to form a four-neutron system or tetra-

neutron by removing an alpha from the four-neutron halo ground state of 8He led to the ob-

servation of a low-energy peak in the cross section (91, 92), prompting speculations about the

existence of a four-neutron resonance (93, 94, 95, 96, 97). Later investigations demonstrated

that the peak was only due to the residual interaction between the four neutrons in the

presence of the ↵, but that no proper tetraneutron state could actually form (98, 99, 100).

Perhaps, an alternative avenue to test neutron-neutron forces in extreme conditions is the

hydrogen chain, where the single proton provides the necessary binding to form at least 5H

resonance states according to both theory (101, 102) and experiment (103), and perhaps

even 7H states (104, 105, 106, 107).

2.3. Paradigm shift at the drip lines

Our current experimental knowledge of the drip lines is surprisingly limited. It took almost

50 years to extend the neutron drip line up to oxygen (Z = 8) isotopes, and 20 more

years to push it up to neon (Z = 10) isotopes (108). The proton drip line is also di�cult

to determine experimentally due to the Coulomb barrier that can extend the lifetime of

proton-unbound nuclei by many orders of magnitude (3). It has been crossed up to Z = 83,

but only established stringently up to Z = 13 (109). For context, the highest-Z nucleus

ever created, 294Og, has Z = 118. A summary of our knowledge of the drip lines below

Z = 25 is shown in Fig. 3.

As mentioned in Sec. 2.2, the regions around the drip lines presents many new phe-

nomena related to near-threshold physics, which in itself is already a paradigm shift since

it leads to the idea of the unification of nuclear structure and reactions for the description

of nuclei as open quantum systems. However, this is probably not the end of the story
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Figure 3

Current knowledge of the drip lines up to Z=22 (Ti). The neutron drip line is confirmed up to
Z=10, while the proton drip line is stringently defined as far as Z=13 and locally at heavier
masses.

and, in fact, recent experimental results in systems such as 8He (74), 28,29F (110, 111), or
40Mg (75), are pointing towards the idea of interplay of continuum couplings and emergent

phenomena.

Emergent phenomena such as the formation of a self-consistent shell structure, pairing,

deformation, clustering, and collective motion are well known, even though not fully un-

derstood. Their very existence is in large part what makes the atomic nucleus a complex

system. When two or more such phenomena appear at the same energy scale, subtle in-

terplay can emerge as, for instance, when single-particle and collective dynamics compete

in a particle-plus-rotor type of system, or when pairing and deformation compete to lower

the energy of a nucleus. The accurate description of such interplay from first principles

remains a challenge (112), largely due to the need to fully capture both static (mean-field)

and dynamic (particle-hole) correlations in the many-body description.

Near the drip lines, the proximity of a particle-emission threshold can lead to new types

of interplay mediated via continuum couplings. Above the threshold, the possibility of

decay changes the priorities of quantum systems, which must now obey the generalized

variational principle (40), stating that both the energy and the decay width of the system

must be lowered simultaneously. As a consequence, a given emergent phenomenon can be

promoted or demoted depending on its e↵ect on both the width and the energy of the

system. An example of this phenomenon is expected in excited states of 11Be, where the

rotation of the 10Be core forces the valence neutron to occupy high-` states and form narrow

neutron resonances (113, 81).

Below the threshold, where, by definition, the dynamics of the system is not directly

a↵ected by decay, the relatively small energy cost of continuum couplings e↵ectively forces

the wave function of weakly bound systems to spatially delocalize to, in a sense, “prepare”

for decay. This usually translates into an increased occupation of low-` states. Halo states
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are a prime example of this phenomenon. As an illustration, the ground state of 8He

presents a four-neutron halo structure, each valence neutron being bound by about 0.7

MeV to a tightly bound core of 4He. Yet, the presence of significant deformation was

recently reported (74). It appears that the deformation might be related to the emergence

of dineutron correlations leading to delocalized pairs of neutrons (114). How the halo

dynamics, dineutron correlations, and deformation compete remains to be fully elucidated.

A similar but more enigmatic situation has been observed in the ground state of
40Mg (75), which might present a two-neutron halo structure. The complication in this

case is that the e↵ective core of 38Mg is known to be well deformed (115), a one-neutron

halo structure is suspected in 37Mg, and 39Mg is barely unbound (116), making this isotopic

chain particularly interesting. Surprisingly, 40Mg is su�ciently bound to support bound ex-

cited states (75), making the importance (or lack thereof) of the neutron continuum on this

nucleus as of yet unclear. Most likely, as in 8He, the origin of this puzzle lies in the interplay

between continuum couplings, pairing, and deformation.

Finally, to illustrate the depth of the interplay between continuum couplings and emer-

gent phenomena, we briefly introduce the neutron-rich fluorine (Z = 9) isotopes, right

on the edge of the N = 20 IOI. The unexpected observation of negative parity states in
28F (110), i.e., at N = 19, and of a halo structure in 29F (111), suggests a modification

of our understanding of the IOI. It was proposed that already in 28F, which is unbound,

continuum couplings promote the occupation of negative-parity p3/2 waves, found at higher

energy in well-bound nuclei, which in turn promotes couplings with f7/2 waves leading to

quadrupole deformation. This continuum-induced deformation then proceeds to develop in
29F and heavier isotopes (117, 118), helping with the formation of halo states. While fur-

ther experimental investigations are needed, fluorine isotopes provide yet another example

of the unique and complex interplay in exotic nuclei near the drip lines.

Many more cases of interplay are to be expected in relation to, for instance, near-

threshold clustering. The connection between continuum couplings and the mechanism

leading to clustering in well bound systems remains to be established (35, 36, 37). One

can wonder if solving this problem will provide at the same time a unified understanding

of halo structures and exotic decay modes, which can both be regarded as special cases

of near-threshold clustering if one treats dineutron and diproton correlations as hints of

fermionic pairs (119).

2.4. Towards complete measurements

The previous sub-sections discussed many of the most compelling topics in the area of

nuclear structure, including shell evolution and the nature of the atomic nucleus as an

open quantum system. It is important to realize that experimental studies to address these

physics topics are entering a new era, including not only measurements of systems lying

at, or beyond, the drip lines, but also measurements exploring the limits of nuclei closer to

stability that are pushing to extremes of excitation energy, where the continuum is again a

critical ingredient. The same types of studies will also provide key insights into the structure

of rare isotopes, and help to constrain the drivers of shell evolution across the nuclear chart.

With new RIB facilities coming online, the number of isotopes experimentally acces-

sible, currently estimated at about 3000, is expected to roughly double. At and beyond

the drip lines, the intensity of primary beams at fragmentation facilities such as FRIB will

rapidly extend the experimental reach toward the neutron drip line at progressively higher

12 Crawford et al.



Z. Adding to this, experimental approaches are being developed and deployed to maximize

the information obtained in each experiment, with simultaneous measurement of all emitted

radiations. For example, decay spectroscopy studies, which are often among the first exper-

iments possible for isotopes produced at the lowest yields now routinely include detectors

for charged particle detection (�, ↵ and proton emissions, including conversion electrons),

in addition to �-ray detection arrays and neutron detection setups. As examples, the Isolde

Decay Station at CERN-ISOLDE, the GRIFFIN facility at TRIUMF (120) and the FRIB

Decay Station Initiator (and ultimately the FRIB Decay Station) are all end-stations for

truly complete decay spectroscopy. With these extremely sensitive devices, fully correlated

measurements are possible, in which decay to both bound and unbound excited states are

measured with a complete accounting and detection of emitted gamma-rays and neutrons.

Also applicable to the most exotic systems with low (Hz or lower) rates, increasingly sen-

sitive techniques for direct mass determination, such as multi-reflection time-of-flight mass

spectrometers are emerging at facilities internationally. Beyond masses, other ground state

properties are similarly more accessible as traps and low-energy beam lines are coupled to

advanced laser spectroscopy systems.

Beyond decay spectroscopy, advances and extensions of reaction study experimental se-

tups will also extend the capabilities for in-beam spectroscopy and reactions experiments

to probe nuclear structure. As is the case for decay measurements, reaction studies on drip

line and near drip line nuclei, including Coulomb excitation and nucleon removal/addition

reactions, will be enabled and enhanced in the near future with “complete” experimental

setups including charged-particle, neutron and gamma-ray detection. These are already

in use with R3B (121) at GSI, the SAMURAI set-up at RIBF, and planned at the FRIB

High Rigidity Spectrometer (HRS). The data collected at such facilities allows simultaneous

investigation of the overlap between the ground states of parent nuclei and the bound and

unbound states populated in reactions of the most neutron-rich nuclei, such as the recent

results for the case of proton removal from 25F into bound states and resonant states in
24O (122). Such detailed spectroscopic studies will provide additional information on the

spectrum of exotic nuclei, which can be used to reveal phenomena such as shape coexis-

tence (123) or octupole deformation (124), which were once thought to be rare but might

in fact be quite common (125). At an even more refined level, transition matrix elements,

which can be accessed experimentally by excited state lifetime or Coulomb excitation mea-

surements, can provide detailed information about the structure of nuclei, which can then

be compared with ab initio calculations as was done, for instance, in Refs. (126, 127) for

carbon and oxygen isotopes. One notes that, in heavy nuclei, the experimental challenge

posed by more complex level schemes will be met by the high resolution of next-generation

gamma-ray spectrometers such as AGATA (128) and GRETA (129).

Technical developments of targets will also extend the experimental reach even further

from stability by optimizing the luminosity for measurements of the most exotic systems. As

an example, thick LH2 targets such as MINOS and similar systems (130, 131) will maximize

the total luminosity for direct reactions populating the most neutron-rich systems. The

future prospects for performing reactions on drip line nuclei are bright.
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3. BUILDING A RIGOROUS AND CONSISTENT PATH FROM QCD TO
NUCLEAR REACTIONS

As mentioned already in Sec. 2.1, the discovery of QCD generated the challenge of under-

standing how atomic nuclei emerge out of the fundamental interactions between quarks and

gluons, which at low energies are highly non-perturbative. Lattice simulations of QCD are

now able to simulate at least very light nuclei in terms of these degrees of freedom (see

for example Refs. (132, 133, 134)), or try to extract a baryon-baryon potential from lattice

simulations (135). However, covering a significant portion of the nuclear chart with cal-

culations from first principles will, for the foreseeable future, require more pragmatic and

e↵ective approaches. These we discuss in this section.

3.1. E↵ective field theories

A tremendous amount of progress in nuclear physics over the past few decades has been

driven by the development and application of EFTs. EFTs have emerged as powerful tools

widely used in modern theoretical physics. Applied to nuclear physics, where Weinberg

and others pioneered the construction of an EFT of nucleons and pions in the 1990s (50) ,

EFTs come with the ambitious promise to firmly root calculations of nuclear structure and

reactions in QCD, and to make predictions with fully quantified theoretical uncertainties.

As mentioned in Sec. 2.1, the central idea of an EFT is the development of a formalism that

is tailored for a given “theoretical resolution” appropriate for what one aims to describe.

EFTs therefore provide a natural justification for performing nuclear physics calculations

based on nucleons as degrees of freedom, even though QCD tells us that these particles

themselves are built out of quarks and gluons. Of course, describing nuclei in terms of

nucleons is by no means a new idea, but EFTs enable doing it in a way that maintains a

systematic connection to QCD as the underlying theory, used to inform the construction of

the e↵ective interactions between nucleons.

Quantitatively, the construction of an EFT rests on the separation of a typical momen-

tum scale Q, characterizing the systems and processes one wishes to describe, from physics

at a larger scale Mhi � Q, which are e↵ectively irrelevant and/or even unknown. For nuclei,

one can identify Q by converting typical nuclear binding energies, of the order of few MeV

per nucleon, to typical QCD scales, such as the nucleon mass, that are of the order of 1

GeV.

In an EFT, information from scales ⇠ Mhi enters only indirectly via the so-called “low-

energy constants (LECs)” that determine the coupling strength of interactions in the EFT.

In nuclear physics, the connection to QCD as the underlying theory is given by the fact that

QCD symmetries dictate which interaction terms are present in the EFT – and in fact it is

even possible to use to directly determine LECs. In a few cases, it has already been achieved

to use Lattice QCD calculations to determine LECs (see for example Refs. (136, 137, 138)),

while generally some experimental inputs are needed to render the theory predictive. For

a recent review of nuclear EFTs formulated in terms of nucleons and clusters of nucleons,

see Ref. (34).

The “chiral EFT” mentioned at the outset of this section constructs the strong force

between nucleons in terms of increasingly complex pion-exchange diagrams, augmented by

zero-range “contact” interactions that e↵ectively account for e↵ects that are not resolved

explicitly (such as the exchange of higher-mass mesons). It was subsequently realized that at

su�ciently low energy one can formulate an even simpler “pionless EFT” (139), which uses
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contact interactions only to parameterize the strong interaction between nucleons. Pionless

EFT is in fact driven not so much by “integrating out” pions from chiral EFT, but rather by

the universal physics stemming from the nucleon-nucleon S-wave scattering lengths being

large compared to the typical nuclear length scale associated with pion exchange.

Setting aside that within the community of EFT practitioners there is no overall con-

sensus regarding the implementation of the general EFT paradigm (the details of which

we do not delve into here), it is a fact that potentials describing two- and three-nucleon

interactions derived from (or at least inspired by) chiral EFT are commonly used nowa-

days to calculate nuclear structure observables. There exists a number of notable e↵orts

to extend this program also to the theory of nuclear reactions, including nucleon-nucleus

and nucleus-nucleus reactions, using microscopic approaches that allow for first-principles

calculations; see Refs. (140, 141, ?) for reviews. However, such calculations are typically

limited to relatively light nuclei, and the vast majority of nuclear reactions at present re-

mains treated with phenomenological optical potentials and few-body models without clear

connection to an underlying ab initio formalism. See Ref. (142) for a detailed review of

optical potentials, both phenomenological and derived from ab initio approaches, a topic

which we also return to below in Sec. 3.4.

Figure 4

Tower of e↵ective degrees of freedom in nuclear theory.

3.2. Halo and cluster systems

For certain exotic nuclei with a pronounced halo or cluster structure, it is possible to use

a framework that has become known as halo/cluster EFT (32, 33). A key strength of this

approach, which can be seen as a variant of pionless EFT “lifted” to heavier systems by

including clusters of nucleons as degrees of freedom, is that it makes explicit correlations be-

tween di↵erent observables, linking, for example, low-energy capture reactions to scattering
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observables. See for example Refs. (143, 144) for recent applications.

Calculations in halo/cluster EFT often face the challenge that the expansion parameter,

given for example by the ratio of the halo separation energy relative to the first excitation

of the core, might not be particularly small compared to unity (1.0). For example, for

a description of the electric properties of 11Be, it has been estimated to be of the order

0.4 (145). Such relatively large expansion parameters then make it necessary to go to higher

orders in the EFT expansion to achieve reasonable precision, which, however, requires more

experimental data to determine the increasing number of LECs beyond leading order (LO).

A viable path to achieving the needed progress towards precise and accurate reaction

calculations consistent with nuclear structure (and ultimately with QCD) will most likely

be provided by “hybrid” approaches that combine established few-body reaction techniques

with EFT concepts, replacing ad hoc model assumptions with systematic, EFT-driven,

inputs. As an illustration, in the seminal work in Ref. (146), a halo EFT description of
11Be was combined with the so-called dynamical eikonal approximation to calculate one-

neutron transfer reactions of 11Be on 208Pb and 12C. While clearly only a limited set of

atomic nuclei are amenable to a description within halo EFT, the technique is relevant for a

number of reactions that are important for studies of exotic nuclei at rare-isotope facilities.

One might also envision broadening the approach to use more microscopic EFTs to describe

the projectile, while still resorting ultimately to a few-body reaction picture.

In systems in which no experimental input is available to constrain LECs, halo EFT can

be constrained using ab initio results, provided such calculations can be performed. This

idea has been implemented, for example, in Ref. (147), where coupled-cluster calculations

of 60Ca were used to inform an EFT description of 60Ca-n scattering and to explore the

possibility of an Efimov e↵ect, i.e., the existence of three-body states with binding energies

related by a universal scaling factor, in 62C. For systems where experiments can con-

strain the theory, replacing those inputs with more microscopic theory calculations (which

in particular for heavy and exotic nuclei typically still feature large and/or unknown un-

certainties) may not improve either the accuracy or the precision of predictions. However,

from an intellectual point of view, it is certainly satisfying to follow a path like this and

make systematic predictions from first principles, “climbing” the tower of theories depicted

in Fig. 4 from bottom to top.

An alternative to combining di↵erent EFTs through the direct calculation of observables

is provided by finite-volume simulations. When quantum theories are formulated in a finite

geometry, such as a cubic box with periodic boundary conditions, information about their

physical properties is encoded in how the discrete energy spectrum depends on the size of

the box, an important realization that goes back to the work of Lüscher (148). At fixed box

size one can envision simulating a nuclear halo state on the one hand using a microscopic

description in terms of nucleons, using an interaction that is otherwise constrained, and

on the other hand using a few-body halo EFT formulated in the same geometry. The a

priori unknown parameters in the latter framework can then be determined by matching

to the energy levels predicted by the microscopic description. This procedure has great

potential because it can be more informative than matching individual observables directly

and because it is at the same time appealingly straightforward to implement. It is also

already being employed to determine certain LECs of pionless EFT from lattice QCD

data (149, 150). Calculations by the lattice EFT collaboration (see for example Refs. (151,

152)), naturally performed in periodic boxes, can provide the needed microscopic energy

levels, while e�cient finite-volume few-body calculations are also being actively researched,
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e.g., for resonance searches (153, 154, 155, 156) and for light nuclei (157).

3.3. “The great nuclear simplification”

An important feature of the halo/cluster EFT discussed above is its relative simplicity,

achieved through a rather dramatic reduction of the number of dynamical degrees of free-

dom. One might think that this is only possible owing to the peculiar structure of the

systems it is tailored to describe, and that otherwise the majority of the nuclear chart,

including rare isotopes without pronounced halo or cluster features, would have to be de-

scribed by a more generic theory like chiral EFT (and even that may not provide a conver-

gent expansion for the heaviest nuclei). However, there are various indications from recent

work that in a certain sense the nuclear interaction may be much “simpler” than one would

naively think, such as:

1. The finding that the properties of (at least) light nuclei can be described by a perturba-

tive expansion around the unitarity limit (infinite S-wave nucleon-nucleon scattering

lengths) (158, 159, 160) This expansion, which is constructed as a variant of pionless

EFT, is extremely simple at leading order because the two-nucleon interaction has

no scale (and therefore no adjustable parameter) left, leaving only a three-nucleon

force to govern the physics. This force moreover has the particularly simple form of

a momentum-dependent contact interaction and therefore only a single three-nucleon

datum (such as the 3H binding energy) is required to fix it. The actually finite values

of the scattering lengths, along with other corrections and electromagnetic e↵ects,

enter subsequently at higher orders and are treated in perturbation theory.

2. Work that characterizes the nuclear interactions with Gaussian potentials in order

to capture the universal features of low-energy nuclear physics (161, 162, 163). This

approach has a resemblance to pionless EFT with an explicit finite interaction range,

namely the range of the Gaussian potentials, tuned to reproduce observables. How-

ever, by allowing for di↵erent ranges for di↵erent parts of the interaction, the approach

is still phenomenological at its core and does not produce a systematic expansion

with quantifiable uncertainties, and nor does it systematically employ field-theory

concepts. Nevertheless, it is quite striking what level of accuracy can be achieved

for few-nucleon system (or even nuclear matter (164)) in this manner, so overall this

work provides a very interesting glimpse of what might ultimately be achieved with

a systematic but simple EFT approach.

3. The nuclear lattice EFT collaboration is pushing the idea of using a very simple

nuclear interaction deep into the regime of medium-mass nuclei. Using an SU(4)-

symmetric two-nucleon interaction, i.e., setting the scattering lengths in the two S-

wave channels equal (and, of course, large), and adding contact three-nucleon interac-

tion, Ref. (69) produces a leading-order pionless EFT contact interaction, at a fixed

high-momentum cuto↵ determined by the lattice spacing). For the light mirror nuclei
3H and 3He this expansion had previously been shown to work well (165). By aug-

menting this with non-local “smeared” two-nucleon interaction, this work produces

remarkable accurate results for various nuclear ground states up to mass number

50 (69), and also for the spectrum of 12C (166). More recently, Ref. (167) showed

that also the monopole excitation in 4He can be described with this simple interac-

tion. While the smearing aspect is slightly di�cult to relate to other formulations,

at its heart this approach is again close to a variant of pionless EFT with an explicit
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finite range.

4. In this regard it is worth noting that resumming the e↵ective range term that en-

ters in pionless EFT at NLO has been found to give phenomenologically promising

results (168, 169).

5. In a similar spirit of simplifying the nuclear interaction to a minimum amount of

necessary detail, Ref. (170) presents a study of neutron-rich helium isotopes. This

approach starts with a 4He core to which valence neutrons are coupled using a Woods-

Saxon potential with parameters fit to reproduce low-energy ↵-n scattering. The

interaction among valence nucleons in turn is provided by a finite-range potential

acting only in spin-singlet channels. While it is clearly still a model, this approach is

based on an analysis of the relevant scales of the problem, and, similar to an EFT,

it constructs a “leading-order approximation” with few parameters. The accuracy

achieved this way compared to available experimental data suggests again that indeed

not much detail (such as explicit pion-exchange contributions) is needed to describe

even exotic nuclear states far from stability. Overall the findings of Ref. (170) suggests

that a rigorous EFT for such neutron-rich isotopes might exist, but more work is

needed to properly develop such a theory.

While at this point it is not at all clear what the final picture might look like, pursuing

simplicity in a systematic way may very well be the path that ultimately enables a consistent

and rigorous description of nuclear structure and reactions. Ultimately, the tower of EFTs

shown in Fig. 4 may also inspire a reformulation of phenomenological models as, for instance,

in Ref. (171, 172) for deformed nuclei. In that regard, the construction of EFTs for the

nuclear shell model and mean-field approaches will be major steps forward. However, it

remains to be seen how the renormalization of nuclear forces in the medium, on which such

approaches are based, can be formulated at the EFT level.

3.4. Toward nuclear reactions from first principles

As discussed in Sec. 3.2, the EFT framework provides a rigorous way to describe nuclear

reactions for systems that are amenable to a few-body description. However, in many

reactions, such as knockout and transfer processes discussed in Sec. 3.5, the structure of

the target and possibly that of the projectile directly a↵ect the dynamics. This situation

generates a di�cult many-body problem because, by definition, the extraction of reaction

observables requires the explicit definition of all possible reaction channels, the number

of which grows with the number of partitions of both the target and projectile, as well

as with the number of states in each partition. In addition, the relative motion between

clusters in each partition must be described in radial or momentum space. These issues

constitute a significant part of the challenge of unifying the description of nuclear structure

and reactions. Moreover, as the mass of the target increases, the density of low-lying states

“explodes,” and soon enough only statistical descriptions remain as viable options. As

will be discussed in Sec. 3.6, capture reactions, which are critical in many astrophysical

processes, often fall in this category.

Approaches that treat all nucleons as active, such as the no-core shell model with

continuum, have so far been limited to light (A . 10) nuclei (140, 141, ?), while less

microscopic methods such as the Gamow shell model in the coupled-channel formalism can

include a target with a core and reach higher masses (173, 174, 175). However, in both

cases only the two- or three-cluster relative motion can be treated explicitly. In the near
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future, the use of symmetry-adapted approaches will extend the reach of ab initio reactions

involving two clusters into the medium-mass region before the statistical regime (176).

A more economical avenue consists in reducing the many-body complexity into a few-

body problem through the construction of so-called “optical potentials” that encode the

projectile-target interaction (see Ref. (142) for a recent review). In general, optical poten-

tials include an imaginary part that represents the absorptive component accounting for

processes not explicitly resolved in the calculation. While such potentials can be purely phe-

nomenological, recent developments aim at extracting them directly from ab initio structure

calculations. Many challenges remain in this direction, such as the lack of absorption due

to the insu�cient density of states given by many-body methods or the generalization of

the approach beyond the two-body dynamics, but the general framework o↵ers, in princi-

ple, a link between QCD and reaction observables (177) when the underlying interaction is

derived from an EFT. Due to the high sensitivity of reaction observables to thresholds, and

to details of the structure in general, unresolved questions regarding both the construction

of EFTs as well as their implementation in the many-body sector will need to be resolved

to avoid an uncontrolled error propagation into the construction of optical potentials.

The development of few- and many-body methods including continuum couplings be-

yond one or two particles in the continuum is also important for the successful unification

of structure and reactions. For instance, it is possible to provide benchmarks and inputs for

reaction approaches by calculating energies, resonance widths, or asymptotic normalization

coe�cients (ANCs, characterizing the universal tails of wave functions outside the range of

the nuclear interaction), but also wave functions that can be used for the construction of

optical potentials including e↵ects of continuum couplings within the target – which has

been shown to improve the problem of the insu�cient absorption found within many-body

calculations (178). For few-body systems, essentially exact calculations of many-body reso-

nances are possible up to five particles (179, 114). Finite-volume methods can also be used

to study few-body resonances (153, 154, 156), complementing related approaches for bound

states (180, 181, 182, 183) that can give access to ANCs and therefore also provide impor-

tant inputs for direct capture calculations. In order to improve theoretical calculations of

resonances in many-body systems, a novel technique based on eigenvector continuation has

recently been introduced in Ref. (184).

3.5. Short-range correlations and knockout reactions

Of particular interest for RIB facilities that produce isotopes via in-flight fragmentation

are so called “direct” reactions, such as single-nucleon or two-nucleon knockout, typically

performed at beam energies of ⇠80-120 MeV/u. These reactions have been, and will con-

tinue to be, key tools for nuclear structure studies of the most exotic nuclei, providing

access to information that allows the development of our understanding of shell structure

and single-particle degrees of freedom. Akin to transfer reactions at lower energies, the

cross-sections observed in knockout reactions on light nuclear (Be, C) targets populating

specific final states relate to the occupancy of single-particle orbitals in the beam species.

Information on the quantum numbers of the removed nucleon(s) is accessible through the

width of the momentum distributions of the reaction residues (185). However, despite the

ubiquitous nature of direct reactions as an experimental tool, a complete understanding of

the dynamics of reactions is a challenge, and as such the model dependence of information

extracted in reaction studies is a persistent limitation for the conclusions that can be drawn.
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For the vast majority of direct reactions (e.g. transfer, (e, e’p), knockout), there is a sys-

tematic reduction (or a suppression factor, RS) of experimental cross-sections as compared

to those calculated in the appropriate theoretical framework. For both transfer and (e, e’p)

scattering the observed suppression is consistently RS⇠ 0.5-0.6, a factor attributed to short-

range correlations (SRC) between nucleons which are not captured in the low-momentum

assumptions of the shell-model description of nuclei (186). However, for intermediate-energy

nucleon knockout, the observed suppression appears strongly correlated with the separa-

tion energy asymmetry (�S), the di↵erence in separation energies of the removed nucleon

(proton or neutron) and the other species (neutron or proton) (187). E↵orts to connect

observations from Je↵erson Lab, which showed that the fraction of high-momentum pro-

tons increases in neutron-rich nuclei (188), have demonstrated that the observed correlation

between �S and RS in knockout can only be partially attributed to SRC and structural

impacts (189). It seems apparent that the reaction theory is playing a role in the measured

systematic behaviour in knockout.

A concerted e↵ort of theorists and experimentalists is required to get the most and

most useful information out of knockout experiments and SRC studies. On the theory

side it has been pointed out that, for example, spectroscopic factors are not actual ob-

servables because they depend on an arbitrary choice of a reference potential. The SRG,

introduced in Sec. 2.1, is convenient to elucidate this “scheme dependence” by providing

the concept of a “resolution scale” of the interaction (190), i.e., for a given interaction that

describes the structure of a nucleus it is possible to perform a unitary transformation that

decouples high-momentum physics from low-momentum physics. Such a transformation by

construction leaves all observables invariant, but it changes spectroscopic factor defined as

single-particle overlaps unless one defines them through an operator that is transformed

consistently with the Hamiltonian. A consequence is that any two di↵erent interactions

may give identical results for observables, but would generally yield inconsistent results for

spectroscopic factors. This analysis extends to SRCs, which can be characterized as “scale

and scheme dependent” (191, 192), and moreover to optical potentials (193). An important

conclusion from these studies is that consistency is key to analyze knockout experiments

and SRCs: the scale and scheme, for example in the form as a specific potential defining the

interaction, need to be clearly specified and used consistently throughout the analysis. For

SRC studies, the so-called “generalized contact formalism” (194, 195) has also emerged as a

versatile theory framework for analyzing and interpreting experiments, providing guidance

and inspiration for future work.

Looking forward on the experimental side, for direct reactions at fragmentation facilities

to continue being the powerful tool that they have proven themselves to be, it is imperative

that the theoretical description of the reactions continue to be refined and understood. The

eikonal-model theory applied for the description of nucleon knockout includes consideration

of the contributions from stripping (inelastic breakup), di↵ractive (elastic) breakup and

Coulomb dissociation (185) and yet the correlation between �S and RS persists – e↵orts

are needed to attack this problem from both sides. Experimental work to identify cases

which may enhance certain terms and thus provide insight into aspects of the reaction

description will be key. Similarly, development of the reaction theory from first principles,

even if limited to the lightest nuclei, may provide unique information to refine the eikonal

description for application across the nuclear chart (196).

Future studies will also be moving to higher energy regimes and quasi-free scattering

(QFS) reactions (197) with thick LH2 targets will be essential tools for maximizing reaction
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luminosity in studies of the most exotic nuclei. QFS measurements are thus far typically

considered at 350-450 MeV/u, and seem to show no evidence of correlation between �S

and RS (198) at these energies. Reconciling this situation with that of intermediate-energy

nucleon knockout descriptions, and bridging the energy space between these two remains

a challenge which must be addressed as QFS-type reactions, or proton-induced knockout,

become more common tools.

3.6. Capture reactions on rare isotopes

Direct reactions as described above only constitute a fraction of the plethora of processes

that are interesting and relevant in nuclear physics (199). Another key class of reactions

are compound nucleus reactions, and in particular compound capture processes. Charged

particle, neutron, and gamma-capture reactions all play key roles in both applications (e.g.,

nuclear reactor modeling) as well as in astrophysical scenarios (as discussed in Sec. 4). While

the cross sections and dynamics of such reactions are critical information for a broad range

of applications, the theoretical underpinnings of our understanding of these reactions are

far from complete. Experimentally, there are significant challenges with performing direct

measurements of capture reactions. Neutron-capture reactions are inherently di�cult to

measure due to the complexity of experiments with neutron beams and the lack of a neutron

target. In exotic nuclei, low cross sections combined with the rates of radioactive ion beams

make such measurements di�cult even for charged-particle capture reactions.

Capture reactions can be separated into two categories, which are distinct both regard-

ing their theoretical description and in terms of the experimental techniques needed to

study them. The first is the case where the capture reaction populates individual states

in the final compound nucleus (specific bound states and resonances). Both theoretically

and experimentally the goal for such systems is to describe the properties of the individual

states involved (energy, spin, parity) and, if at all possible, measure the resonance strength

and potential interference with neighboring resonances. When direct measurements of the

resonance strength are not possible, then indirect techniques can be used. In this case the

interplay between nuclear structure and nuclear reactions is more evident and important to

understand.

The second category collects processes where individual resonances are overlapping, in

which case capture reactions need to be described within a statistical model. Within such a

model, the interaction between the incoming particle and the nucleus is described through

an optical model potential, as discussed in Sec. 3.4. In addition, the nucleus is described

using statistical properties like the nuclear level density (NLD) and the spin distribution,

while the de-excitation of the nucleus is described through a �-ray strength function (�SF).

Each of these quantities is calculated through di↵erent theoretical models (see for example

a recent review (200)), which are optimized using experimental data along the valley of

stability. Naturally, when moving away from stability, the model predictions diverge and

therefore the theoretical uncertainties in capture cross sections can reach up to two orders

of magnitude. Experimentally there are very few measurements of charged-particle capture

reactions on unstable nuclei, and even fewer for neutron capture on long-lived radioisotopes.

Therefore, indirect techniques are needed to provide constraints to the theoretical models.

As discussed in Sec. 4, indirect techniques for neutron-capture reactions are heavily used in

astrophysical processes far from stability (200).
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4. FROM NUCLEAR PROPERTIES TO ASTROPHYSICAL PHENOMENA

4.1. Overview of processes in nuclear astrophysics

The connection to astrophysical phenomena has been realized and investigated since the

early days of the field of nuclear physics. Nuclear reactions were identified as the source of

energy generation in our Sun and other stars, and quickly this led to the conclusion that the

same nuclear reactions could be responsible for synthesizing new elements. Still, in the early

1950s it was unclear whether heavy elements were produced already during the Big Bang

or whether there was a possibility that the stars themselves were synthesizing them. The

debate was resolved in 1952 when astrophysicist Paul Merrill (201) observed technetium

(Tc) lines in a stellar spectrum. With the longest isotope of Tc having a half-life of 4.2 My,

the observed Tc could not have come from the Big Bang. This breakthrough observation

led to an exploration of all astrophysical processes that could create the known chemical

elements, which was published in 1957 (4). The conclusions of this seminal work are largely

still valid today, although a lot has changed regarding the details in the six decades since

this early work.

The lightest of the elements, H, He, and Li, are all produced mainly during the Big Bang.

The nuclear reactions that drive their synthesis involve mostly stable isotopes and have been

studied extensively, although higher accuracy is still needed (202). All other elements are

formed in stars. Up to the region of iron, new elements are formed mainly in the quiescent

phase of a star’s life, although burning cycles that help balance a star’s gravitational collapse

while at the same time producing heavier elements. The nuclear reactions involved in stellar

burning continue to be investigated today; however, the majority of these reactions involve

stable nuclei and are thus outside the scope of the present review article.
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Chart of nuclei with the astrophysical processes marked roughly in the regions they are flowing
through.

Heavy element nucleosynthesis is far more complex. Up until two decades ago the

available observables could be mostly explained by three nucleosynthesis processes. Two

of them involve the capture of neutrons followed by � decay, through the slow (s) (203)
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and rapid (r) (204) processes. A third process (p process) was introduced to explain the

production of roughly 35 neutron-deficient isotopes that cannot be produced by the other

two processes (205). The picture became a lot more complicated when more and more

astronomical observations revealed abundance patterns that could not be explained by

the three aforementioned processes. Therefore, the need for additional nucleosynthesis

processes led to a revived interest in the community to identify, constrain and validate

realistic scenarios that reproduce the new observations (Fig. 5). Some of the proposed

scenarios include the ⌫p process (206) in core-collapse supernova, the Light Element Primary

Process (LEPP) (207), the i process (208), the n process (209) and the weak r process (210).

Therefore, the current and future goal of heavy element nucleosynthesis is to reduce the

uncertainties associated with each of these processes and identify if and how much they

contribute to the observed abundances.

On top of stellar nucleosynthesis, the field of nuclear astrophysics also aims to under-

stand extreme astrophysical phenomena and environments. These include novae, super-

novae, X-ray bursts and neutron-stars. Instead of abundances, the observables may be light

curves at di↵erent wavelengths, neutrinos, �-ray observations from long-lived radioisotopes,

and gravitational waves. Similar to nucleosynthesis processes, an accurate understanding

of the stellar conditions as well as the properties of the involved nuclei is critical for repro-

ducing the observables.

From the nuclear physics point of view, each stellar process and phenomenon requires a

di↵erent set of nuclear inputs. Nuclear physicists work closely with astrophysics modelers

to identify the important properties and (a) measure them in the lab directly, if possible,

(b) provide indirect experimental constraints, or (c) perform theoretical calculations. In

the present review, our goal is not to describe all possible processes and nuclear inputs, but

rather to focus on some concrete examples that rely on input from rare isotope facilities.

4.2. Current status of nuclear astrophysics with rare isotopes

Nucleosynthesis One of the least known processes in nuclear astrophysics is the r process,

despite the fact that it is considered responsible for the synthesis of about half of the iso-

topes of heavy elements. One of the main di�culties in modeling the r process accurately

comes from the nuclear input. The involved nuclei are very exotic, which makes it chal-

lenging to study experimentally, and theoretical predictions are not well constrained. To

date most of the relevant isotopes are not available for experiments at radioactive beam

facilities, although next-generation facilities such as FRIB will ultimately give access to a

large fraction of the important nuclei. The nuclear properties that a↵ect r-process calcula-

tions include nuclear masses, �-decay properties, neutron-capture rates, fission properties,

isomers, and more.

A review of rare-isotope facilities and their connection to r-process nucleosynthesis was

published recently (211). Most of the important nuclear properties can be directly measured,

as long as suitable rare isotope beams are available. In this case the goal is to develop more

powerful facilities that can provide the isotopes of interest. In addition, the study of nuclear

structure and how it evolves far from stability (Sec. 2) has a direct impact on the r-process

flow and the final abundance patterns.

Unfortunately, even with full access to the relevant isotopes, neutron-capture rates on

short-lived nuclei are currently extremely challenging to measure directly. Therefore, indi-

rect approaches are needed to constrain them. These techniques o↵er a unique opportunity
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for connections between nuclear structure, nuclear reactions, nuclear theory, nuclear ex-

periment and astrophysics. Theoretical approaches for capture reactions are discussed in

Sec. 3.6.

Finally, a major aspect of the r process is nuclear fission. The nuclei predicted to

undergo fission within the r process are not available at current rare isotope facilities. For

this reason, theoretical calculations, validated on existing experimental data, are essential

to provide fission properties in r-process models. However, further discussion of this is

beyond the scope of this article and we thus refer the interested reader to dedicated reviews

such as Ref. (212).

A group of processes that generally occur in conditions between the s and r processes

have been proposed to reproduce “strange” astronomical observations. Although these pro-

cesses all take place in di↵erent astrophysical environments, neutron densities and time

scales, we group them here together because the nuclear physics needs to understand them

are similar. Since these processes involve nuclei that are only a few neutrons away from

stability, most of the nuclear physics properties are known experimentally. The most signifi-

cant uncertainties come from the unknown neutron-capture rates (see Sec. 3.6). A reduction

in the nuclear uncertainties will help identify the conditions under which these processes

can create the observed abundance patterns, and also the possible contributions to solar

system or other abundances.

Extreme astrophysical events In the era of multi-messenger astronomy, signals from

stellar explosions provide insights into extreme astrophysical conditions. X-ray observations

from accreting neutron stars (X-ray bursts) provide a window into the properties of matter

at extreme densities inside neutron stars. Neutrinos and electromagnetic observations from

nearby supernovae inform about the elusive explosion mechanism. �-ray measurements and

stardust grains from novae explosions help us understand better the nucleosynthesis and

explosion physics of these sites. Gravitational waves and electromagnetic signatures let us

probe neutron-star mergers.

With such a rich collection of observables and sites, the nuclear physics needs are also

quite diverse. A major success of the nuclear astrophysics community is the fact that all

reactions involved in nova nucleosynthesis are now, to a large extent, measured experimen-

tally. This allows for more accurate modeling of this stellar event, and better estimates of

the contributions that nova explosions have to galactic nucleosynthesis.

In core collapse supernova (CCSN), one of the main nuclear physics inputs is weak

reaction processes, in particular electron capture (EC) rates. ECs regulate the electron

density and strongly influence the dynamics of the collapse. They also produce the neu-

trinos that carry energy out of the collapsing core. In the lab, electron captures can only

be measured within the EC Q-value. However, significant experimental e↵ort has been

dedicated to studying the EC process indirectly through charge-exchange reactions (213).

Currently we are far from having experimental constraints on all relevant EC rates; there-

fore, this is another case where astrophysical models have to rely heavily on theoretical

calculations. Significant e↵ort is devoted to constraining the nuclear theory with exper-

imental data where possible. Another key nuclear input related to CCSN is the nuclear

reaction network that produces key radioisotopes observed by �-ray telescopes. 26Al and
60Fe are two of the dominant radioisotopes, and significant e↵ort has been devoted across

the community to measuring relevant reactions and decay properties to characterize their

production and emission during CCSN events.
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Accreting neutron stars provide a unique insight into dense-matter physics. One key

observable is type I X-ray bursts, which are powered by thermonuclear explosions and have

recurrence times of hours to days. With more than 100 such systems known in our galaxy,

these are the most frequently observed explosions and provide a rich and high-precision

dataset. The modeling of these events, and the conclusions from these models on dense

matter properties, are hindered by unknown nuclear reactions that drive the thermonuclear

explosions. Sensitivity studies have identified important reactions (202), but to date only

a small number has been constrained experimentally since the relevant cross sections are

small and the available beam rates not yet high enough. Indirect approaches are also used

here (similar to the neutron-capture reactions mentioned in Sec. 3.6). In addition, the

possible mechanism that cools the neutron star crust was identified recently (214) as the

cycle of alternating electron captures and �� decays (Urca process). The nuclear physics

uncertainties associated with this process are significant and so far hinder our ability to

accurately describe this potential cooling mechanism.

The Urca process is dominated by pairs of isotopes for which the �� decay predomi-

nantly feeds the ground-state or low-lying excited state of the final nucleus, followed by an

electron capture. Since the majority of the involved nuclei are far from stability, new mass

measurements are needed for an accurate estimate of the �-decay Q-value. In addition, sig-

nificant e↵ort was dedicated to �-decay measurements of the ground-state to ground-state

feeding intensity, in order to identify viable Urca pairs (215).

4.3. Nuclear structure for astrophysics

From the early days of nuclear astrophysics it was clear that the details of nuclear structure

are directly linked to stellar processes and the observables we have from the universe. The

high abundance of Fe-peak nuclei is linked to their high per-nucleon binding energy; the

location of the s-process and r-process abundance peaks is linked to neutron magic numbers

at N=50, 82 and 126; the triple-alpha process would not be nearly e�cient enough without

the presence of a resonance in 12C (Hoyle state). These are just a few examples of direct

connections between a nuclear structure property and an astronomical observable. It is

therefore clear that without an accurate knowledge of nuclear structure, and especially how

it evolves far from stability, we cannot hope to have an accurate description of astrophysical

processes.

During the last few decades several new phenomena have been observed when studying

nuclei at extreme neutron-to-proton ratios, as described in Sec. 2.2. These phenomena,

and in particular shell evolution, can have direct impacts on the final abundance patterns

that are observed today. One example of such an impact was shown in Ref. (216), where

new half-life measurements at the RIKEN facility resulted in a better reproduction of the

solar r-process abundance pattern. Similar measurements at FRIB in the coming years are

highly anticipated, in an e↵ort to disentangle the contributions from various astrophysical

processes.

Despite the experimental e↵orts and new facilities, there is still a significant number

of nuclei that will not be reached by experiment in the coming years. It is therefore also

of major importance to ensure that the available theoretical calculations are as reliable as

possible. For this reason, e↵ort is dedicated in the community (and will continue to be)

into measurements that are not necessarily the most important ones from the astrophysical

point of view, but which can be used to test theoretical predictions. One example is the

www.annualreviews.org • A Vision for the Science of Rare Isotopes 25



measurement of �-decay properties, such as half-lives (216), �-delayed neutron emission

probabilities (217) and �-decay intensity distributions (218). For astrophysics, these are

typically predicted using global models like the Quasiparticle Random Phase Approximation

(QRPA) (219, 220).

4.4. Reactions for astrophysics

Nuclear reactions play a major role in astrophysical processes since they drive the energy

release and absorption, as well as the element synthesis and destruction. For stellar pro-

cesses that evolve around the valley of stability many of the relevant reactions have been

measured experimentally. Still, many continue to be elusive since their cross sections at the

relevant stellar temperatures are extremely small. In that regard, underground facilities

have made (and continue to make) significant progress in measuring important reactions in

low-background environments (221). The picture is very di↵erent when looking at astro-

physical processes that take place even a few steps from stability. In these cases, radioactive

beams are necessary for performing these measurements, and these are typically available

with low intensities or not at all.

Radiative capture reactions (described in Sec. 3.6) often dominate astrophysical pro-

cesses. Recoil separators have been developed for this reaction category, with successful

radioactive beam measurements (222). Especially for light masses, the reaction rate is

dominated by a small number of strong resonances, and the focus of previous measure-

ments has been on identifying and if possible directly measuring the resonance strengths.

Moving to heavier masses, individual resonances cannot be resolved, and the reaction rate

varies e↵ectively smoothly as a function of energy. However, due to the higher Coulomb

barrier in heavier nuclei, the capture reaction cross sections become smaller, and in addition

the resolving power of recoil separators gets worse. Three additional techniques have been

developed recently for higher mass capture reaction measurements. The �-summing tech-

nique in inverse kinematics focuses on the measurement of the emitted � rays, therefore the

recoil-beam separation does not matter. This technique uses large-volume �-ray detectors,

significantly increasing the detection e�ciency of the setup. The �-summing technique has

been successfully applied to stable beam reactions (223, 224) and the first radioactive beam

experiment was recently completed at FRIB. The use of a storage ring for capture reaction

measurements was also successfully demonstrated recently with stable beams at GSI (225).

Storage rings have the advantage of circulating the beam up to a million times per second,

e↵ectively increasing the beam intensity that interacts with the target. The only heavy-mass

radioactive-beam proton capture reaction ever measured is the 83Rb(p,�)84Sr (226) done at

TRIUMF. A combination of high-resolution � detection and recoil measurement allowed for

the successful identification of the reaction products and the extraction of the cross section

at astrophysical energies. Despite the new developments, we are still far from being able to

measure all relevant capture reactions directly, therefore indirect techniques, like the ones

mentioned in section 3.6 are still essential. Looking towards the future, the increased beam

intensities of the next generation rare-isotope facilities will allow for more radiative capture

reactions with radioactive beams, either directly or using indirect techniques.

(↵,p), (↵,n) and (p,n) reactions were also identified as important drivers of particular as-

trophysical processes (227, 202, 206). These reactions often have higher cross sections and

successful direct measurements with stable and radioactive beams have been performed.

Di↵erent techniques have been developed for measuring these reactions with radioactive
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ion beams. One such technique is the use of a recoil separator. Recoil separators are tradi-

tionally used for capture reaction measurements, however, the new generation of separators

(e.g., SECAR at FRIB) have the necessary resolving power and can be used for the this

new category of reactions as well. Another new approach is the use of a multi sampling

ionization chamber (MUSIC) (228). These active-target detection systems allow for the si-

multaneous measurement of a broad range of excitation energies, and also multiple reaction

channels. The use of MUSIC for this purpose has been established at Argonne National

Lab and has also been applied at FRIB and other facilities. Future measurements with

these and other techniques will benefit greatly from the increased beam intensities that the

next generation rare isotope facilities will o↵er.

4.5. Plasma e↵ects

As mentioned already, nuclear structure and reactions measurements provide key inputs

to understanding astrophysical phenomena, but in many cases it remains a challenge to

access directly the information of interest under the conditions relevant in astrophysical

sites. This includes the di�culty of performing direct measurements at the appropriate

energies, but also to take into account the potential impact of the plasma-like environment

in stellar systems. The latter may modify decay (electron-capture) rates or reaction rates

with additional (induced) atomic processes, complicating the delicate equilibrium of the

system.

To date, there has been only limited direct experimental e↵ort to couple nuclear

physics measurements with the plasma physics required to capture this complexity. The
3He(d,p)4He fusion reaction was explored in a plasma environment at temperatures of a few

keV using 3He atoms and the interaction of ultra-fast laser pulses with molecular deuterium

clusters (229). This reaction measurement followed years of work in the domain of plasma

physics to explore and understand the properties of plasmas formed in laser-induced explo-

sion of deuterium clusters (see, for example, Refs. (230, 231, 232)). However, such e↵orts

have thus far been limited to light-ion fusion reactions. Work to understand the impact of

the plasma environment on reactions with heavier nuclei or on decay properties has been

constrained thus far to theory.

Plasma physics and high-power ultra-fast laser technology have been advancing rapidly,

in parallel with radioactive ion beam facilities and capabilities. Looking forward, it seems

clear that these research areas will be able to come together to further experimental e↵orts

to understand key decay and reaction properties in plasma environments more relevant to

the astrophysical sites. However, the challenges are substantial – in addition to the di�-

culty of coupling ion beam facilities with the technology (e.g., laser systems) required to

create plasma conditions, development will also be required for diagnostic and experimental

detection systems. This is not an e↵ort that will be completed in short-order, but does rep-

resent an important future direction for a more complete understanding of nuclear physics

in astrophysical environments.

5. CONCLUSIONS

The science of rare isotopes is situated at the intersection between nuclear structure, nuclear

reactions, and processes relevant for nuclear astrophysics. New facilities, including FRIB,

which have begun operation or will do so within the next decade, will enable a host of new
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measurements and the exploration of a large part of the terra incognita located between

the valley of stability and the neutron drip line. In addition to advances in detectors and

measurement techniques, the scientific programs at these facilities will require critical input

from nuclear theory to properly guide, analyze, and interpret experiments involving exotic

nuclei.

In this article, we attempted to highlight some of the exciting new phenomena observed

far from the valley of stability, with particular emphasis on exploring the connections and

interplay between nuclear structure and reactions, both from theoretical and experimental

perspectives. In Sec. 2, we reviewed selected phenomena mostly observed in light nuclei near

the drip lines and speculated over what new phenomena could appear in heavier nuclei and

the challenges they will pose for their coming experimental investigations and theoretical

descriptions.

In Sec. 3.1, we discussed how nuclear EFTs have come a long way since their inception

and are widely celebrated for connecting nuclear physics to QCD. While the study of light

nuclei already opened important and interesting questions regarding the construction and

practical implementation of nuclear EFTs, new observations of exotic nuclei, possibly having

new emergent scales, will bring additional challenges and opportunities. There is mounting

evidence, however, that EFT concepts may be used to construct “simple” interactions that

focus exactly on what is essential for the description of nuclei, including exotic states. In

Sec. 3.3, we collected an overview of some of this work, putting it into the larger perspective,

with the hope of inspiring further research along these lines.

In this article, we have highlighted specific processes, such as knockout and related

reactions (Sec. 3.5), where close connections between experiment and theory are particularly

important. A unified treatment of nuclear structure and reactions is key for rare isotopes

and exotic nuclei, as discussed in Sec. 3.4 and more specifically in Sec. 3.6 for capture

reactions.

Nuclear structure and reactions in exotic nuclei have a direct impact on our understand-

ing of stellar processes. In Sec. 4, we gave an overview of the present status of the field, with

an emphasis on the processes in which rare isotopes play a vital role. The long history of

the field, and in particular the last decade of discoveries both in astronomical observations

and in the science of rare isotopes, have shown that nucleosynthesis is more complex than

previously thought. Looking forward, the field will attempt to disentangle the contributions

of di↵erent astrophysical processes to the synthesis of elements in the Universe. This can

only be achieved with an accurate description of rare isotopes.

However, more broadly, truly understanding the physics of rare isotopes and using these

systems to improve our knowledge of the nuclear interaction as well as that of astrophysical

phenomena requires close collaboration and exchange between theorists and experimental-

ists. This is a challenge that we believe our field is ready to meet, and we look forward to

the next decades of results which will continue to expand our vision of rare isotopes.
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225. Glorius J, Langer C, Slavkovská Z, Bott L, Brandau C, et al. Phys. Rev. Lett. 122(9):092701

(2019)

226. Lotay G, Gillespie SA, Williams M, Rauscher T, Alcorta M, et al. Phys. Rev. Lett.

127(11):112701 (2021)

227. Bliss J, Arcones A, Montes F, Pereira J. J. Phys. G 44(5):054003 (2017)

228. Avila ML, Rehm KE, Almaraz-Calderon S, Ayangeakaa AD, Dickerson C, et al. Nuclear

Instruments and Methods in Physics Research A 859:63–68 (2017)

229. Barbui M, Bang W, Bonasera A, Hagel K, Schmidt K, et al. Phys. Rev. Lett. 111(8):082502

(2013)

230. Ditmire T, Zweiback J, Yanovsky VP, Cowan TE, Hays G, Wharton KB. Nature

398(6727):489–492 (1999)

231. Krainov V, Smirnov M. Phys. Rep. 370(3):237–331 (2002)

232. Bang W, Barbui M, Bonasera A, Dyer G, Quevedo HJ, et al. Phys. Rev. Lett. 111(5):055002

(2013)

www.annualreviews.org • A Vision for the Science of Rare Isotopes 35


